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on the presence and provenance of Aptian-Albian shallow-marine incursions in the Araripe Basin but to date, lit-
tle attention has been given to its paleodrainage evolution during sedimentation stages. Understanding the
paleodrainage evolution is crucial for determining sediment sources and how topographic changes relate to
the geodynamic development of the northern part of South America during the fragmentation of Gondwana,
and this study investigates the provenance of Mesozoic rift and post-rift sedimentary rocks in the Araripe
Basin using a multi-proxy dataset comprising major and trace element concentrations, Sm-Nd isotopic compo-
sition, and detrital zircon U-Pb ages. The low Eu/Eu* ratios (0.3-0.9) and high Th/Sc ratios (>0.64) in the most
of analyzed samples suggest a felsic and silicic source. The eNd(0) values (—12.3 to —23.7) and Tpy ages (1.68
to 2.55 Ga) of analyzed samples suggest overall ancient crustal sources. The presence of oval and elongated
zircon grains suggests a major contribution of first-cycle transport sediments. The presence of 2.3-1.8 Ga and
0.63-0.58 Ga U-Pb zircon ages further indicates the dominant contribution of the Borborema Province influenced
by the Brasiliano cycle (650-520 Ma). The low contribution of Tonian (~940 Ma) zircons to the U-Pb zircon age
distribution of the rift-beginning stage sample associated with published paleocurrent direction suggests sources
located in the northern and northwestern terranes of the Borborema Province. The increase of Tonian (0.9-1.0 Ga)
zircon grains during the rift stage suggests a provenance change with a dominant source in the eastern terranes
during the rift stage. During the post-rift I stage, the decrease of 1.2-0.72 Ga zircon ages suggests a change in
the source areas, with the paleodrainage coming from northern Borborema Province, similar to that of the rift-
beginning stage. The samples of the post-rift II stage exhibit dominant contributions of Paleoproterozoic and
Neoproterozoic U-Pb ages related to the Albian to Cenomanian uplift of the Borborema plateau during the open-
ing of Equatorial Atlantic Ocean. Together with previous published studies, these findings highlight the significant

role played by the post-rift continental uplift to the paleodrainage of the northern part of South America.
© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The geodynamic cycles also referred to as the Wilson Cycle (Wilson,
1969), have been responsible for the dispersal and subsequent reassembly
of continents throughout Earth'’s history. This complex movement of con-
tinents repeats throughout geological times and has been recorded in
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crustal rocks since 3.0 Ga (Bleeker, 2003; Van Kranendonk et al., 2010;
Shirey and Richardson, 2011). Uplift and spreading processes during the
embryonic to mature stages of the ocean basins' life cycle (Wilson,
1969), the interplay between driving forces, resisting factors, and crustal
weakening contribute to form a diverse range of rifts (Brune et al.,
2023). The best example of these processes is the Pangea fragmentation.
The Pangea fragmentation began at the end of the Triassic and devel-
oped into three phases during the Jurassic and Cretaceous (Moulin et al.,
2010; Heine et al., 2013). Three superblocks were formed after an Early
Jurassic disruption driven by geodynamics, kinematic, and plate tectonic
changes in Western Gondwana (Matos, 1999; Sahabi et al.,, 2004; Eagles
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Fig. 1. Pre-drift reconstruction of South America and Africa showing the Andean belt, Archean/Proterozoic cratons, and Brasiliano/Pan-African provinces of western Gondwana.
(B) Tectonic compartmentation of Borborema Province with the division into Northern, Central, and Southern sub provinces. (C) The schematic map of the Borborema Province shows the
Northern and Southern sub-province subdivisions. Map based on Ferreira et al. (1998), Van Schumus et al. (2011), Neves et al. (2015), de Brito Neves and Campos Neto (2016) de Brito
Neves and Passarelli (2020), Matos et al. (2021a, 2021b), and Godot Souza et al. (2022).



M.A. Rodrigues, R.V. Santos, M. Roddaz et al.

and Kénig, 2008; Moulin et al,, 2010; Heine et al., 2013). Before the Creta-
ceous breakup, an early rift basin developed in the central and northern
Gondwana within the so-called Afro-Brazilian Depression (Assine, 2007;
Kuchle et al., 2011; Scherer et al.,, 2014; Guzman-Gonzilez et al., 2020).
The rifting between South America and Africa was diachronic and con-
trolled by preexisting Proterozoic structures (Matos, 1992). In the
Borborema Province (Northeast Brazil, Fig. 1), the Mesozoic sedimentary
record of the rift basins (i.e. Araripe, Rio dos Peixes, Potiguar) provides im-
portant constraints on the geodynamic and tectonic processes that con-
trolled the dislocation of Western Gondwana. However, the evolution of
these rift basins was aborted during the opening of the South and Equato-
rial Atlantic Oceans, which occurred between 90 and 135 Ma (Heine et al.,
2013; Hall et al., 2018; Dummann et al., 2023). The Araripe Basin is an ex-
ample of an aborted rift basin that formed along the Cariri-Potiguar trend
(Matos, 1992; Camacho and Sousa, 2017) (Fig. 1). This basin is located on
the Precambrian terranes of the Transverse Zone in the Borborema Prov-
ince (Assine, 2007; Fambrini et al., 2020; de Brito Neves et al., 2023)
(Fig. 1) and has a unique record of pre-rift to post-rift sediments.

Deciphering the long-term evolution of paleodrainages is important to
understand how topographic changes are related to the geodynamic
evolution of large continental areas, such as the northern part of South
America during the Gondwana fragmentation. To depict the
paleodrainage evolution, provenance studies are important. The prove-
nance of the meso-Cenozoic sedimentary record of the Amazonian basins
was addressed by different studies (Basu et al., 1990; Roddaz et al., 2005,
2012, 2021; Figueiredo et al., 2009; Hoorn et al.,, 2017; van Soelen et al.,
2017; Horbe et al., 2019; Rodrigues et al., 2023). In contrast, little is
known about the provenance of the Mesozoic sedimentary succession
of the Araripe Basin. Most of the paleogeographic studies focused on the
existence and provenance of the Aptian-Albian shallow marine incur-
sions that have affected the Araripe Basin (Machado Junior et al., 1990;
Assine, 1994; Arai, 2014, 2016; Custédio et al., 2017; Godot Souza et al,,
2022). To date, no study has addressed the paleodrainage scenario during
the rift stage and post-rift stage, after the continental break-up.

In this study, we present new whole-rock and zircon geochemistry,
Sm-Nd isotopic composition, and U-Pb detrital zircon ages to character-
ize the sedimentary provenance during the tectonic stages of the Araripe
Basin based on the academic thesis by Rodrigues (2023). Our data extend
and complement the first U-Pb zircon dataset published by Godot Souza
et al. (2022) and will help to better understand and reconstruct the
evolution of the Araripe Basin during the rift and post-rift stages.

2. Geological setting
2.1. Borborema Province

The Borborema Province (Almeida et al.,, 1981) is located in the north-
eastern South American Platform and represents a mosaic of tectonic
blocks with Paleoproterozoic basement and scattered Archean nuclei,
Meso to Neoproterozoic supracrustal rocks, and large intrusions of granitic
rocks emplaced during the Neoproterozoic Brasiliano orogen, from 650 to
520 Ma (de Brito Neves et al., 2000; van Schmus et al., 2008, 2011; da Cruz
et al, 2014) (Fig. 1). This complex orogenic system resulted from
the breakup of a Paleoproterozoic supercontinent during the late
Mesoproterozoic to early Neoproterozoic (van Schmus et al., 2008;
Guimardes et al., 2016). The Borborema Province is situated between the
West Africa-Sdo Luis craton to the north, the late Neoproterozoic
terranes (Brasiliano/Pan African), and the Phanerozoic Parnaiba Basin to
the west. It is limited to the south by the S3o Francisco-Congo Craton
(Fig. 1) (Pimentel and Fuck, 1992; de Brito Neves et al., 2000; Guimardes
et al,, 2016). It is possible to identify structural and tectonic continuations
of the Borborema Province in the African continent, mainly in the domains
of the Trans-Saharan and Central Africa Orogens (Caxito et al., 2020).

Three major sub-provinces were proposed to divide the Borborema
Province: the northern, central, and southern sub-provinces (de Brito
Neves et al., 2000; Neves, 2003; Van Schmus et al., 2008, 2011; Santos
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et al., 2010; Neves et al., 2015) (Fig. 1). The Northern subprovince,
located north of the Patos Shear Zone System (PaSZ) includes the Rio
Grande do Norte, Ceard, and Médio Coreati domains (Fig. 1) and consists
of various geological groups from the Archean (S3o José do Campestre
Massif and Granjeiro Complex (Dantas et al., 2004; Dantas et al.,, 2013;
Freimann, 2014; Vieira, 2019; Archanjo et al., 2021)), and Paleo- to
Neoproterozoic supracrustal rocks, and granitic intrusions (de Brito
Neves et al., 2000, 2003; Van Schmus et al.,, 2003; Archanjo et al., 2021).

The Central subprovince, known as the Transversal Zone Domain (de
Brito Neves et al., 2000), lies between the Patos and Pernambuco shear
zone systems (PeSZ). It is characterized by transcurrent faults such as
the “Paraiba transversal zone” and “Pernambuco transversal zone”
(Ebert, 1970; Van Schmus et al., 2011) (Fig. 1). This zone experienced
block rotation during the late Brasiliano fragmentation (Jardim Sa
et al,, 1992; Van Schmus et al.,, 2011), hosting several defined terranes
based on structure, geology, and geochronology (Santos et al., 1998;
de Brito Neves et al., 2000; Van Schmus et al., 2011) (Fig. 1, Table 1).
The Agude Coremas, Sdo José do Caiana, and Icaicara Terranes, located
on the western side of the Transversal Zone Domain, share lithological
and structural similarities and possess pre-Brasiliano basement inliers
of Paleoproterozoic ages (de Brito Neves and Passarelli, 2020).
The Piancé-Alto Brigida Terrane in the eastern part consists of
late Neoproterozoic rocks (Cariris Velhos suite and Santana do Garrotes
Formation (1000-640 Ma)) formed during the Cariris Velhos event
(de Brito Neves et al., 2005; Santos et al., 2010; Van Schmus et al., 2011).

The Pernambuco shear zone system (PeZS) separates the Central and
Southern subprovinces. The latter encompasses the Sergipano and Riacho
do Pontal belts and the Pernambuco-Alagoas Domain, which can be di-
vided into Western and Eastern segments, separated by the Tucano-Jatoba
Cretaceous sedimentary basin (Angelim and Kosin, 2001; da Cruz et al.,
2014; Neves et al., 2015) (Fig. 1). The Riacho do Pontal Belt has Archean
basement lenses (2.7-3.0 Ga), late Neoproterozoic plutons (920-1000
Ma), and Neoproterozoic metavolcanosedimentary units (de Brito Neves
et al,, 2015). The western segment of the Pernambuco-Alagoas Domain
is formed by the Mesoproterozoic paragneiss complex which presents
several detrital zircon populations with Neoarchean (2.6-2.7 Ga), Paleo-
proterozoic (1.9-2.0 Ga) and Stenian-Tonian (875-1050 Ma) U-Pb ages
(da Cruz et al,, 2014).

2.2. Intracontinental basins

2.2.1. Parnaiba Basin

In the northeast part of the South America Platform, the Phanerozoic
Parnaiba Basin represents a cratonic basin, formed during the post-
collisional stages of the Brasiliano Pan-Africano event (Vaz et al., 2007;
Assis et al.,, 2019). The sedimentation occurred during the Gondwana
amalgamation in the Ordovician (De Castro et al., 2014; Assis et al.,
2019). Three large transgressive-regressive depositional sequences
were identified: the Silurian Serra Grande, the Devonian Canindé, and
the Permo-Triassic Balsas Group (Goes and Feijo, 1994; Goes, 1995; Vaz
et al.,, 2007; Hollanda et al., 2014) highlighting two other depositional se-
quences: the Jurassic Pastos Bons Formation and the Cretaceous Corda,
Grajad, Codé, and Itapecuru formations. Detrital U-Pb zircon ages from
the first three sequences indicate contributions from Rhyacian-Orosirian
(2.3-2.05 Ga), Stenian-Tonian (1.2-0.72 Ga), and Ediacaran (635-541
Ma) sources, probably originated from the southern and central parts of
the Borborema Province (Hollanda et al., 2014). During the Triassic-Juras-
sic (Mosquito Formation) and Cretaceous (Sardinha Formation), several
magmatic events affected the Parnaiba Basin (Heilbron et al., 2018;
Klocking et al., 2018; Miloski et al., 2019). Basaltic dykes, sills, and other
mafic magmatic bodies occurred interlayered with and intruded in thick
sedimentary succession (Miloski et al., 2019).

2.2.2. Araripe Basin
The Araripe Basin is >9000 km? and is one of the largest basins
located in northeast Brazil. It was formed during the break-up of
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Table 1
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Borborema Province sub-division with general information about rock types, U-Pb ages, and Sm-Nd isotopic compositions.

Borborema Province

Domain/terrane Type of rocks Age (Ga) eNd (0) Tpm (Ga) References
Northern sub-province
Médio Coreatt Domain  Orthogneiss, migmatites (Granja 2.35-2.27 (Granja Complex) 2.38-2.61 Santos et al. (2008), Fetter et al. (2000),
Complex); paragneiss (Martinopole  0.77 (Martinopole Group) Araujo et al. (2012)
Group); volcano-sedimentary rocks; 0.56-0.52 (granitoids)
granitoids
Ceard Central Domain  Granitoids (Tamboril-Santa Suiteria  0.65-0.61 (granitoids) —2148t0 —19.09  2.19-2.69 Costa et al. (2013)
Complex); metasedimentary rocks (granitoids) (granitoids)
(Ceara Group) 1.8-0.74 (detrital zircon) ~ —25.79 to +2.12 1.95-24 Arthaud et al. (2015)
(metasediments) (metasediments)
Oroés-Jaguaribe Terrane Metasedimentary and metavolcanic ~ 1.9-0.65 - - Parente and Arthaud (1995), Arthaud
rocks; orthogneiss et al. (2008)
Serid6 Terrane Orthogneiss; metasupracrustal rocks 2.4-1.74 —37.51t0 —28.69 3.20-2.5 Hollanda et al. (2011)
Sdo José do Campestre  Granitoids and metasupracrustal 3.45-2.70 —6.18 to +3.36 4.1-32 Dantas et al. (2013), Dantas et al.
Terrane rocks (2004)
Central sub-province
Sdo Pedro Terrane Orthogneisses (TTG, granites, 3.3-25 —22.64to —43.78 2.29t03.48 Archanjo et al. (2021)
granodiorite) “Granjeiro Complex”
Metavulcano-sedimentary rocks Archean and Neoproterozoic —5.2 to —27.3 1.13t0 3.16 Brito Neves et al. (2022)
(Ipueirinha Group)
Orthogneisses; granites and 2.0-23 —6.67 to —29 13to24
supracrustal rocks (metamorphic
rocks) “Ouricuri and Bodocé”
Acude Coremas Terrane ~ Orthogneisses; granites 2.0-2.1 —6.3to —28.38 1.17 t0 2.92 de Brito Neves and Passarelli (2020)
(“Itaporanga”); Brasiliano granites
Metamudstones (Unidade Bom Jesus) 0.61
Sdo José do Caiana Orthogneisses; paragneisses granites; 2.1-2.2 —1498to —29.38 1.8t02.7 de Brito Neves and Passarelli (2020),
Brasiliano granites; metasedimentary Kozuch (2003), Scherer et al. (2014)
rocks
Icaicara Terrane Ortho-paragneisses “Complexo 2.0-2.1 —8.95 to —28.46 13t023 de Brito Neves and Passarelli (2020)
Parnamirim” and “Barro Complex”;  0.99-0.95
migmatites; metasedimentary rocks
Piancé-Alto Brigida Metasedimentary, metavolcanic, and 1.0-0.64 —43.6to —2.0 1.08-2.5 de Brito Neves et al. (2005), Van
Terrane metaplutonic rocks; granitoids Schmus et al. (2011)
Alto Pajed Terrrane Ortho and paragneiss; mylonite; 2.1t00.64 —32.8to —6.4 1.04-3.09 Rodrigues and de Brito Neves (2008);
granitoids; metasedimentary, Santos et al. (2010); de Brito Neves
metavolcanic, and metaplutonic rocks et al. (2005); Van Schmus et al. (2011)
Alto Moxoté Terrane Ortho and paragneiss (Sertania 2.1-2.3 (orthogneiss) —25.0to —16.7 2.2-25 Santos et al. (2004); Rodrigues and de
Complex); amphibolite; granites 2.2-1.9 (detrital zircons) Brito Neves (2008); de Brito Neves et al.
(2001); de Brito Neves et al. (2005);
Van Schmus et al. (2011)
Rio Capibaribe Terrane Metasedimentary rocks; orthogneiss; —232to —5.3 2.2-13 de Brito Neves et al. (2005); Van
tonalites Schmus et al. (2011)
Southern sub-province
Riacho do Pontal Granites; schist; gneiss 3.0-0.92 —15.1to —7.9 1.43-1.60 de Brito Neves et al. (2015); Van
Domain Schmus et al. (2011)
Pernambuco-Alagoas  Ortho and paragneiss; granitoids 2.6-0.87 —38.3 to —8.00 1.37-3.59 da Cruz et al. (2014)
Domain

Sergipano Domain Metasedimentary and metavolcanic
rocks; granitoids; orthogneiss and

migmatites

2.83 (orthogneiss)

Neoproterozoic plutons

D’el Rey Silva (1995); Silva Filho and
Torres (2002)

Gondwana and the opening of the South Atlantic Ocean (Assine,
1992, 2007; Matos, 1992; Maisey, 2000; Fambrini et al., 2020). The
Araripe Basin comprises five sequences and represents a rift aborted
sedimentary basin which starts during the Jurassic and ends in the
Early Cretaceous.

The Cariri Formation (Beurlen, 1962) outcrops on the eastern side of
the Araripe Basin and it is formed by fluvial coarse-grained sandstones
and conglomerates (Assine, 1992, 2007; Silvestre et al., 2017; Fambrini
et al,, 2020). The age of this formation is under dispute (Caputo and
Crowell, 1985; Assine, 1992, 2007; Coimbra et al., 2002; Fambrini et al.,
2020), but a recent study suggests an Ordovician age (Cerri et al.,, 2022).
The Cariri Formation is sourced from Neoproterozoic, Cambrian, and
Paleoproterozoic rocks from the Transversal and Southern zones of the
Borborema Province (Cerri et al., 2022), and represents the pre-rift
sequence.

The mudstones of the Brejo Santo Formation were deposited
during the late Jurassic extensional events that affected the northern

Gondwana and the pre-rift sequence (Garcia and Wilbert, 1995; Ponte
and Ponte Filho, 1996; Assine, 2007; Fambrini et al., 2013, 2020; Vieira
Melo and Carvalho, 2018) followed by the deposits of the Tithonian Missdo
Velha Formation corresponding to the “Rift-beginning stage”. The Missao
Velha Formation consists of fluvial sandstones with paleocurrents toward
SE and presents fossil wood fragments (Dadoxilon benders (Brito, 1987))
(Assine, 2007; Scherer et al., 2014; Fambrini et al., 2020).

The Neocomian Abaiara Formation is related to the implantation
of half-graben systems in the Araripe Basin during the Rift stage
(Assine, 2007; Scherer et al., 2014; Fambrini et al., 2020). It comprises
the fluvio-deltaic-lacustrine deposits with dispersed paleocurrents
(Scherer et al., 2014). The presence of syn-depositional normal faults in-
dicates active extensional tectonics during the sedimentation (Scherer
et al., 2014). However, the rift sedimentation was aborted when the
major deformation started at the Equatorial branch (Matos, 1992). Ero-
sive processes predominated until the Aptian, causing erosion of the
high blocks and peneplanation of the relief (Assine, 2007).
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The post-rift deposition of the Araripe Basin is divided in two
sequences. The fluvial, lacustrine, and transitional marine Aptian—Albian
Santana Group (“Post-rift ") is formed by the Barbalha, Crato, Ipubi, and
Romualdo formations (Neumann et al.,, 2003; Assine, 2007). The basal
Barbalha Formation is characterized by fining upward sandstone with
mudstone interval sequences (Assine, 1992) with a black shale interval
with limestones termed the Funddo Member (Rios Netto et al., 2012a),
or Batateiras layer (Hashimoto et al., 1987; Assine et al., 2014). Palynolog-
ical analyses in the black shale layer indicate late Aptian ages (Lima and
Perinotto, 1984; Hashimoto et al., 1987; Barbosa et al.,, 2006; Rios Netto
et al.,, 2012b). The basal fluvial paleocurrents measured by Assine (1994)
present SE direction. The Crato Formation is characterized by micritic lam-
inated limestones interlayered with calciferous shales (Assine, 2007;
Fambrini et al., 2020). The rich fossiliferous association suggests a lacustrine
paleoenvironment (Assine et al., 2014) during the late Aptian (Lima, 1978;
Assine, 2007). Evaporitic sedimentary rocks of the Ipubi Formation
succeeded the sedimentary rocks of the Crato Formation (Assine et al.,
2014). The fossiliferous-rich conglomerates, fine-coarse sandstones, shales,
and limestones of the Romualdo Formation were deposited in a shallow
marine environment (Assine et al., 2014; Custédio et al, 2017).
Paleocurrents measured in tidal-influenced sandstones indicate NNW-
SSE paleocurrent directions (Custddio et al., 2017). The age of the Romualdo
Formation is early to middle Aptian or early Albian and based on microfos-
sils (Coimbra et al., 2002; Heimhofer and Hochuli, 2010), whereas, palyno-
logical data indicate a late Aptian age (Rios Netto et al., 2012b).

The Post-rift Il sequence starts with the Araripina Formation, which
overlays the Romualdo Formation in the eastern part of the basin and
rests directly on the basement in the western part (Assine, 2007;
Fambrini et al., 2020). It is formed by fine to coarse-grained sandstones
deposited in a lagoon paleoenvironment (Assine, 2007). Palynological
associations suggest a mid-Albian age (Lima, 1978). The Albian-
Cenomanian Exu Formation is characterized by fluvial sandstones
(Assine, 2007) with paleo flows to the west interpreted to have come
from the eastern Borborema Province (Assine, 2007).

3. Methods
3.1. Sampling and stratigraphic constraints

In total, we collected thirty-nine samples from the Cretaceous
sedimentary rock successions cropping out in the Araripe Basin (Fig. 3
and details in the Supplementary dataset). Eleven samples were
analyzed for zircon U-Pb dating and zircon trace elements. To improve
the statistical quality of our interpretations, we used the U-Pb zircon
ages published by Godot Souza et al. (2022) (Figs. 2, 3; Table S1 in the Sup-
plementary dataset). Nineteen samples were measured for their bulk
major and trace element concentrations, and nine for their Sm-Nd isotopic
composition. The locations of the analyzed samples can be found in Fig. 2
and Table S1 in the Supplementary dataset.

Two samples (M2AR 4-2; M2AR 4-1) were collected in sandstone and
siltstone levels of the Rift-beginning sequence of the Brejo Santo Forma-
tion, exposed along the Transnordestina railway, near Brejo Santo city
(Fig. 2, Table S1 in the Supplementary dataset). M2AR 4-2 was collected
for major and trace element concentrations and Sm-Nd isotope analyses,
and M2AR 4-1 was collected for U-Pb age analyses. M2AR 5-1 and
M2AR 3-1 samples were collected in the Rift stage sequence. Both samples
were used for U-Pb zircon analyses in the Abaiara Formation outcrop ex-
posed in the BR-116 highway, near the Padre Cicero Village in the Milagres
city (Fig. 2, Table S1 in the Supplementary dataset).

Three samples were collected from the “Post-rift I” Barbalha Forma-
tion. The M2AR 8-1 sample was collected in the fluvial facies of the
lower Barbalha Formation at the Salamanca River valley described by
Scherer et al. (2015) and Fambrini et al. (2016, 2019), and was analyzed
for U-Pb zircon ages. M2AR 9-1 was collected in the Rio da Batateira
Geosite, the eastern sector of the Crato city (Figs. 2, 3 and Table S1 in
the Supplementary dataset) and corresponds to the Batateira Layer

Sedimentary Geology 470 (2024) 106680

(Assine, 2007) or Batateira Formation (Ponte and Appi, 1990). This sam-
ple was analyzed for major and trace element concentrations and Sm-
Nd isotope analyses. Godot Souza et al. (2022) analyzed the ARA-05
sample from the same sedimentary succession for U-Pb age. M2AR
11.1 was collected in the upper part of the Barbalha Formation in the
Chico da Cascata passage above the Batateira Layer (Assine, 2007) and
was analyzed for U-Pb zircon ages.

The M2AR 101 and 10.751I samples were collected in the outcrop ex-
posed at the Trés Irmdos Mine and were analyzed for U-Pb zircon ages
and major and trace element concentrations. Godot Souza et al. (2022)
collected the ARAP-47 sample in the same outcrop (Fig. 3). M2AR 101
was collected in the laminated sandstones, and M2AR 10.75 Il in the
gray-colored shale level (see Fig. 5 in Godot Souza et al. (2022)).
Three outcrops of the “Post-rift I” Romualdo Formation were sampled.
The M2AR 2-2 and M2AR2-3 samples were collected on the western
side of the basin near Araripina city (Fig. 2), in the thin layers of
coquinas and limestone coquinoids (Sales, 2005; Prado et al,
2015; Fambrini et al., 2020). These samples were analyzed for
their major and trace element concentrations. On the eastern side of
the basin, we collected seventeen samples from the Maozinha and
Sobradinho outcrops (Fig. 2, Table S1, and Fig. S1 in the Supplementary
dataset), which were described in Custdédio et al. (2017). At the
Sobradinho outcrop, we collected two samples for U-Pb zircon analyses
(M2AR 7-2; 7-5), and nine samples (M2AR 7-3; 7-4; 7-5BS; 7-6;
7-7; 7-8 XI; 7-8XII; 7-8 VII; 7-8 VIII BS) for major and trace element
concentrations and Sm-Nd isotopic composition. At the Mdozinha
outcrop, we collected two samples for U-Pb zircon analyses
(M2AR 6-1; 6-9D), and four samples (M2AR 6-2; 6-3; 6-9BS; 6-8BS)
for major and trace element concentrations and Sm-Nd isotopic
composition (Fig. 3).

The “Post-rift I[I” sequence Araripina Formation and Exu Formation out-
crops are exposed along the PI-142 road between Marcolandia and
Caldeirdo Grande cities on the crystalline basement (Fig. 2 and Fig. S1 in
the Supplementary dataset). We collected two samples from the Araripina
Formation: a coarse-grained sandstone (M2AR 1-3) for U-Pb zircon ages,
and siltstone (M2AR 1-3) for major and trace element concentrations and
Sm-Nd isotopic isotopes. The M2AR 1-4 and M2AR 1-5 samples were col-
lected in the Exu Formation for major and trace element concentrations,
Sm-Nd isotopic composition, and U-Pb zircon analyses.

3.2. Major and trace element concentrations

The major and trace element concentrations and loss on ignition
(LOI) were measured at the Service d'Analyse des Roches et Mineraux
(SARM, INSU facility, Vandoeuvre-Les-Nancy, France) by ICP-OES and
ICP-MS. Analytical details are available at https://sarm.cnrs.fr/index.
html/ and in Carignan et al. (2001). Precision is better than 5 % for
elements measured by ICP-OES, and 10 % for elements measured by
ICP-MS (see Supplementary dataset for details). The major elemental
concentrations (LILE, HFSE, and TTE) of the analyzed samples were nor-
malized to the Post Archean Australian Shales (PAAS) concentrations
(Taylor and McClennan, 1985; Pourmand et al., 2012). We used the
major element concentrations to calculate the chemical index of alter-
ation (CIA). It is defined as CIA = [Al,03 / ((Al;03 + CaO* + Nap) +
K,0)] x 100 (in molar proportions), in which CaO* represents the CaO
content in the silicate fraction (Nesbitt and Young, 1982).

3.3. Sm-Nd isotope composition

The samples were processed for Sm-Nd isotopes at the Geochronos
Laboratory of the Geosciences Institute of the Universidade de Brasilia.
Before chemical preparation, the samples were dried at 60 °C for
approximately 12 h. Sample digestion and extraction of Sm-Nd iso-
topes follow the procedures described in Goia and Pimentel (2000).
The isotopic ratios of both elements were measured using a Thermo
Scientific TRITON Plus thermal ionization mass spectrometer. During
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Fig. 2. Geological map of the Araripe Basin showing the stratigraphic record of the rift-beginning, rift, and post-rift stages (modified from Assine, 2007 and Fambrini et al., 2020). The
number in the map refers to samples from this study (black) and Godot Souza et al. (2022) (red).

the Nd runs, isotopic normalizations were made using the natural ratios
of 6Nd/!*Nd = 0.7219. The accuracy of the measurements was
estimated by repeated analysis of the BHVO-2 standard. Repeated anal-
ysis of the BHVO-2 standard gave a "*>Nd/!**Nd ratio of 0.512996 +
0.000006 (2SD, n = 10) (Weis et al., 2005).

The measured '**Nd/"**Ndsampie and "**Sm/"**Ndgample ratios were
expressed in epsilon notation and reflect the fractional deviation in
parts per 10* unit from the "#*Sm/'#*Nd from the Chondritic Uniform
Reservoir (CHUR). This notation is defined as:
Nd (©) = [("2Nd/MNd) e 0/ (FNG/N) g () = 1] x 10°
where t indicates the time at which ¢Nd is calculated. Here, no time
correction was applied (t = 0), and the "*Nd/"*Ndcjur (0) = 0.512638
(Jacobsen and Wasserburg, 1980).

The TDM and TDM* ages were calculated as follows (DePaolo, 1981;
DePaolo et al., 1991; Augustsson and Bahlburg, 2008).

Tow = 11 [(“NA/ ™ Nolampicoday — NI/ 4N) )/ (475 Nl atay — 7S/ Nt atay) + /N
Tow = I[N/ "N ampters =N/ N 1,)/ (*¥7Sm/ "N s s~ "4/ Sm/ " Nelowas) + 1/ + Ts;

where Ts is the estimated stratigraphic age. For the '47Sm/'**Nd;ust,
Ts was calculated assuming that the 'Sm/"*Ndcyst, today = 0.11
(Albaréede and Brouxel, 1987). The model of Goldstein et al. (1984) was

used, where N ('*7Sm) = 6.54 x 1072 a~", "3Nd/"**Ndpw, roday =
0.51315, '7Sm/"*Ndpwm, today = 0.217, "*Nd/"**Ndcnur = 0.512638,
and "Sm/"Ndcyur, today = 0.1967.

3.4. Detrital zircon

3.4.1. U-Pb geochronology and trace element concentrations

The samples were processed at the Geochronos Laboratory of the
Geosciences Institute of the University of Brasilia (Brazil). First, they
were fragmented in a rock crusher, sifted, and concentrated using a
pan to separate the heavy mineral fraction. A Frantz magnetic separator
was used to remove the magnetic fraction. At the Géosciences
Environnement Toulouse (GET) (France) laboratory, approximately
150 zircons were handpicked from each sample under a binocular micro-
scope and mounted in epoxy resin. The resin disks were then polished,
cleaned, and carbon-coated, then, cathodoluminescence (CL) images
of zircon grains were obtained using a scanning electron microscope
(SEM) Tescan Vega 4 equipped with a Bruker 30mm? EDS system, work-
ing at 10 kV with a beam current of 3 10 nA.

Trace element concentrations and U-Pb ages in zircons were mea-
sured with an Element HR-ICPMS (ThermoScientific) coupled with a
femtosecond laser (ESI — New Wave NWRfemto) at the [CPMS labora-
tory of Géosciences Environnement Toulouse GET, Toulouse, France.
Before each analysis session, the ICP-MS was tuned by ablating a NIST
SRM 610 glass reference material (Jochum et al., 2011), to ensure ac-
ceptable levels of sensitivity, stability, oxide, and fractionation (U/Th).
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Fig. 3. Stratigraphic chart of the Araripe Basin (taken from Assine, 2007) showing the samples analyzed in this study (in black color) and by Godot Souza et al. (2022) (in red). Loc. and
Geoch. refer to location and major and trace element analysis respectively. The lithology description was based in Assine (2007) and Fambrini et al. (2020).

The analytical conditions of the LA-ICPMS system were: spot size of 30
um, frequency of 8 Hz, and fluence of ~2 J/cm?. The GJ-1 (Jackson
et al., 2004) was used as the primary standard, and Nist SRM (Jochum
et al, 2011) for trace element analysis. Si (stoichiometric content
15.38 %) was employed as an internal standard to determine trace
element concentration in the zircons. The accuracy and reproducibility
of the analyses were checked by repeated analyses of reference mate-
rials (91500 (Wiedenbeck et al., 2004); Plesovice (Slama et al.,
2008); AUS-7 (Kennedy et al., 2014); Maniitsoq (Marsh et al.,, 2019))
(see Supplementary dataset for details). Data processing and correction
of laser-induced fractionation (LIEF) were performed using the IOLITE
v4.0 software (Paton et al,, 2011) as a time-resolved signal, and individ-
ual signal inspection was done with the assistance of VisualAge (Petrus
and Kamber, 2012) with exponential plus linear modeling. Our
measurements of 91500 yielded weighted mean 2°°Pb/238U ages of
1063 £+ 10 Ma (20, n = 309) in agreement with the recommended
age of 1062.4 + 0.4 Ma (Wiedenbeck et al., 1995).

The effective U-Pb ages were 2°°Pb/?38U ages for zircon grains with
ages <1.5 Ga and 2°’Pb/2%Pb ages for grains with ages >1.5 Ga (Spencer
et al., 2016). Ages with discordance degrees >10 % and samples with
few zircons were not considered because of their low statistical repre-
sentation (Vermeesch, 2004). Detrital zircon age data are visualized
and compared using kernel density estimation (KDE) diagrams
(Vermeesch, 2013). To investigate the difference between detrital zir-
con U-Pb age distributions, we implemented the non-matrix metric
multi-dimensional scaling (MDS) statistical technique (Vermeesch,
2013). The MDS is a “superset of principal component analysis” that,
given a table of pairwise ‘dissimilarities’ between samples, produces a
‘map’ of points on which ‘similar’ samples cluster closely together, and
‘dissimilar’ samples plot far apart (Vermeesch, 2018). Following the lat-
est recommendations by Vermeesch (2018), we use the Kolmogorov-
Smirnov test to produce an MDS map comparing analyzed samples.

3.4.2. Morphology

For the morphology characterization of analyzed zircons, we
adopted the roundness and elongation classifications proposed by
Augustsson et al. (2018). These classifications are specifically applicable

to grains with concordant U-Pb ages. Broken grains without obvious de-
trital shapes in the CL images were not analyzed. Regarding roundness,
we employed a simplified version of Powers's (1953) and Gdrtner et al.'s
(2013) framework, categorizing grains as euhedral, subangular to
subrounded, or rounded. For elongation, we relied on length-to-width
ratios to differentiate between round crystals (with ratios below 1.3),
oval crystals (ranging from 1.3 to 1.8), and elongated crystals (exceed-
ing 1.8) (Powers, 1953).

4. Results

4.1. Major elements, large-ion lithophile elements (LILE), high field strength
elements (HFSE), and trace transition elements (TTE)

On the eastern part of the Araripe Basin, the rift-beginning sample
M2AR 4.2 (Brejo Santo Formation) is strongly depleted in MgO, Na,0,
K50, Sc, Rb, Cs, Ba, and Sr relative to PAAS. The post-rift [ M2AR 9.1
(Barbalha Formation) sample is strongly enriched in MnO, CaO, P,05,
Y, Nb, V, Co, Cu, and Ni relative to PAAS. The M2AR 10.75 Il sample
(Crato Formation) has enrichment in MnO, MgO, Ca0, Sr, Y, and Nb.
All the post-rift I samples from the Sobradinho outcrop (Romualdo For-
mation) are depleted in Al;03, Na,0, TiO,, Cs, K;0 (except for M2AR
7.6), P,0s, Sc (except for M2AR 7.6 and 7.8 VIII), SiO, (except for
M2AR 7.4) and Ba (excepted M2AR 7.8 VII) against PAAS. High
enrichment in CaO is noted for M2AR 7.8 XI, M2AR 7.7, M2AR 7.5,
M2AR 7.8 VII, and M2AR 7.8 XXII samples, while all other samples
from the Sobradinho outcrop are depleted against PAAS (Table S7 in
the Supplementary data). All the post-rift [ samples from the Maozinha
outcrop (Romualdo Formation) (M2AR 6.9, M2AR 6.8, M2AR 6.3, M2AR
6.2) are depleted in Al,03, Na,0, TiO,, Cs, Sr, and V against PAAS and all
the samples present slight enrichment in K,0 and high enrichment in
MgO and Nd against the PAAS (Table S7 in the Supplementary data
and Fig. 5). On the western part of the Araripe Basin, the post-rift [
stage samples M2AR 2.3 and M2AR 2.2 (Romualdo Formation) are
enriched in CaO and MnO against the PAAS. M2AR 2.3 is also enriched
in P,0s. All other elements are depleted relative to PAAS. Post-rift II
M2AR 1.3 (Araripina Formation) is depleted in SiO,, Fe,03, MgO, Rb,
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Cs, Ba, Sr, Y, Nb, V, Co, Cu, and Ni relative to PAAS. The M2AR 1.5 sample
(Exu Formation) is enriched in SiO,, TiO, P,0s, Sr, Zr, Nb, Hf, and Cr
relative to PAAS (Table S7 in the Supplementary data and Fig. 5).

The CIA can be useful for indicating the degree of source-area
weathering and the paleo-weathering conditions of ancient sediments
(Nesbitt and Young, 1982; Fedo et al., 1995). We do not have CO, data
for our analyses and some samples have high carbonate content (e.g.
M2AR 2.2, M2AR 2.3, M2AR 7.8 VII, and M2AR 7.8 XI), thus we cannot
correct for Ca in carbonates to obtain CaO*. To calculate CaO*, we have
assumed the value CaO = Na,O0 if CaO > Na,O (Bock et al., 1998). CIA
values for unaltered plagioclase and K-feldspars typical of unaltered
upper crustal rocks are approximately equal to 50, whereas higher CIA
values represent higher degrees of weathering. The CIA value of the
PAAS standard, representing the composition of the upper continental
crust is equal to 67 (Taylor and McClennan, 1985). The grain-size
sorting effect can be evaluated using the Al/Si ratio as it can be consid-
ered a proxy for sediment grain size (Bouchez et al., 2011). The sedi-
mentary sorting effect favors heavy mineral concentrations such as
zircon and quartz dilution in the coarser fraction, which could modify
the trace element ratios used as provenance proxies (McLennan et al.,
1993; Roddaz et al,, 2014). The analyzed samples exhibit high levels of
loss on ignition (LOI) ranging from 6.6 % to 42.6 %, with an average of
21.5 %. The presence of high concentrations of CaO in the Post-rift I sam-
ples (M2AR 9-1; M2AR 10.75 II; M2AR 7-8 XI; M2AR 7-8 VII; M2AR 2-3
and M2AR 2-2) may explain the high LOI concentrations. Additionally,
the presence of organic material, particularly in the black shale samples
(M2AR 7-8 VIII; M2AR 6-9, and M2AR 6-8), could further contribute to
these high LOI, as discussed in Heiri et al. (2001) and Beaudoin (2003).

On the eastern part of the Araripe Basin, the calculated CIA value
from the rift-beginning sample (M2AR 4-2, Brejo Santo Formation) is
95, much higher than those of the PAAS. The calculated CIA values for
the post-rift I stage samples range from 61 to 83. On the western side,
the CIA value of the post-rift Il stage sample (M2AR 1-5 — Exu Forma-
tion) is 93. We were unable to calculate CIA values for the M2AR 1.3
(Araripina Formation), M2AR 2.2, and M2AR 2.3 (Romualdo Formation)
samples because they have concentrations below the detection limit
(Table S7 in the Supplementary data).

The rift beginning sample M2AR 4-2 (Brejo Santo Formation) has an
Al/Si ratio of 0.40. The post-rift [ stage samples have an Al/Si ratio be-
tween 0.10 and 0.43. On the western side, the post-rift I stage samples
of the Romualdo Formation (M2AR 2-2 and M2AR 2-3) have 0.29 and
0.38 Al/Si ratio values, respectively. The post-rift Il stage M2AR 1.3
(Araripina Formation) and M2AR 1.5 (Exu Formation) samples have
Al/Si values of 0.53 and 0.18.

The Cr/Th ratio value of the rift-beginning stage sample M2AR 4-2
(Brejo Santo Formation) is 12.6. The Cr/Th ratios of the post-rift I stage
samples range from 0.4 to 10.3 (S7 in the Supplementary data). The
Cr/Th ratios of the post-rift Il stage samples M2AR 1-3 (Araripina Forma-
tion) and M2AR 1-5 (Exu Formation) are 22.81 and 7.29, respectively.
The Th/Sc ratio value of the rift beginning stage sample M2AR 4-2
(Brejo Santo Formation) is 0.29. The Th/Sc ratios of the post-rift I stage
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samples exhibit strong variations ranging from 0.32 to 1.92. The Th/Sc
ratios of the post-rift I stage M2AR 1-3 (Araripina Formation) and
M2AR 1-5 (Exu Formation) samples are 1.21 and 1.24, respectively.

4.1.1. Rare Earth Elements (REEs)

The Eu anomaly was calculated relative to chondrites: Eu/Eu* =
Euy / (Smy x Gdy)”, where N refers to the chondrite-normalized con-
centration value (Condie, 1993). This parameter facilitates comparisons
between sediments derived from basic or felsic sources (Cullers, 2000)
and the PAAS (Taylor and McClennan, 1985; Pourmand et al., 2012).
For instance, low Eu/Eu* ratios (0.3 to 0.94) are characteristic of felsic
and silicic source rocks in fine-grained sedimentary protoliths, whereas
higher Eu/Eu* ratios (0.71-1.02) of fine-grained sedimentary rocks indi-
cate more mafic and less differentiated source rocks (McLennan et al.,
1990; Cullers, 2000). The cerium anomaly (2Ce) normalized to PAAS
is calculated as follows (De Baar et al., 1985): QCe = 2 x (Cesample /
CePAAS) / [(Lasample / LaPAAS) + (Prsample / PrPAAS)]v where Xsample is the
concentration of samples and Xpaas refers to the concentration of the
PAAS standard.

When normalized against PAAS, most analyzed samples have rela-
tively flat REE patterns, variable Eu anomalies, and slight enrichment
in Heavy REEs (HREE). The exceptions are the two samples from the
post-rift Il stages which are an enrichment in Middle REEs (MREE) for
the sample of the Exu Formation and a depletion in MREEs for the sam-
ple of the Arapina Formation (Fig. S8 Supplementary dataset). The Ce
anomaly of the rift beginning stage (M2AR 4-2 — Brejo Santo Forma-
tion) is 0.89. The post-rift stage samples have variable Ce anomalies be-
tween 0.82 and 1.45. The post-rift II stage sample of the Araripina
Formation has a QCe value close to that of the PAAS (1.04) while the
post-rift I sample of the Exu Formation has QCe much higher than
PAAS (1.50) (Table S7 in the Supplementary data). All the analyzed
values are systematically higher than those measured in authigenic
smectites and seawater (Qe < 0.50) (De Baar et al., 1985) and they do
not show any variation with the stratigraphic position. There is no cor-
relation of the Qe ratio with REE contents, the CIA values, the Al/Si ratio,
the Cr/Th ratio, the Th/Sc ratio, the Eu/Eu*, and the gnq (0) values
(Table S2, Supplementary dataset). The Eu/Eu* ratio of the rift
beginning stage sample of the Bejo Santo Formation is 0.80. The post-
rift I stage samples have Eu/Eu* ratios between 0.60 and 1.31. The
post-rift Il stage samples have a similar Eu/Eu* ratio (0.74). All analyzed
samples have Eu/Eu* ratios higher than the PAAS (i.e., Eu/Eu* = 0.58)
(Table 2).

4.2. Sm-Nd isotopes

The Sm-Nd isotope compositions of early Cretaceous sedimentary
rocks of the Araripe Basin are presented in Table 2 and Fig. 5. Ages and
the eng (T) values of samples were calculated based on stratigraphic
ages from Assine (2007) and Fambrini et al. (2020). For the Abaiara
Formation we used 140 Ma; for the Barbalha Formation, 119 Ma; for
the Romualdo Formation, 113 Ma; for the Araripina Formation, 110

Table 2

Sm-Nd systematics of analyzed sedimentary rocks from Araripe Basin.
Madre  Sample Formation  Age Sm Nd 475m/14Nd - 3Nd/'**Nd = +20 €Nd (0) ena(ry TDM  TDM*
de Dios (ppm) (ppm) (107) (Ga)  (Ga)
1 M2AR 04.2 Abaiara Berriasian-Hauterivian 4611 23.760 0.1173 0.511973 +18 —12.98 —11.6 1.68 1.68
2 M2AR 09.1 Barbalha Aptian 5.119 26.808 0.1154 0.512008 +16 —12.28 —11.1 1.59 1.63
3 M2AR 10.75 1 Crato Aptian 9.796 50356  0.1176 0.511431 +3 —23.54 —224 255 244
4 M2AR 02.3 Romualdo  Aptian 0.821 4811 0.1031 0.511796 +33 —16.42 —15.1 1.71 1.91
5 M2AR 06.2 Romualdo Aptian 5.957 32.205 0.1118 0.511973 +5 —12.97 —11.8 1.60 1.67
6 M2AR 07.3 Romualdo Aptian 6.512 35.054 0.1123 0.511640 +6 —19.47 —183 2.10 2.14
7 M2AR 07.6 Romualdo  Aptian 11.091 68.069  0.0985 0.511430 +6 —23.57 —222 212 243
8 M2AR 01.3 Araripina Albian-Cenomanian 0.834 6.518 0.0774 0.511422 +13 —23.72 —22.1 1.80 242
9 M2AR 01.5 Exu Albian-Cenomanian 34.019 189.053 0.1088 0.511673 +16 —18.82 —17.7 1.98 2.09

Ages and the eNd (T) values of samples were calculated based on stratigraphic ages from Assine (2007) and Fambrini et al. (2020). For Abaiara Formation we used 140 Ma; for Barbalha
Formation, 119 Ma; for Romualdo Formation, 113 Ma; for Araripina Formation, 110 and for Exu Formation, 100 Ma.
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and for the Exu Formation, 100 Ma. The rift beginning stage sample has
an engq (0) value of —13.0, and eng (T) value of —11.6. Its Tpy (o) age is
1.68 Ga and its Tpym (+) age is 1.68 Ga. The post-rift I stage sample of
the Barbalha Formation has an eng (0) value of —12.3, enq (T) value of
—11.1, Tpm (0 age of 1.59 Ga and Tpwu () age of 1.63 Ga. Other post-
rift [ stage samples have lower eng (0) values between —16.4 and
—23.6, lower eng (T) values between —11.8 and —22.4, and older Tpy
(0y and Tpy (+) ages (Table 2). The analyzed samples of the post-rift II
stage have variable enq (0) and engq (T) values, lower than those of
the beginning rift and Barbalha Formation samples but within the
range of those of other post-rift I stage samples. They have also older
Tom (0y and Tpu (+) ages than those of the beginning rift and Barbalha
Formation samples (Table 2).

4.3, Detrital zircon

4.3.1. U-Pb geochronology

The U-Pb zircon ages of the analyzed Mesozoic sedimentary rocks of
the Araripe Basin are presented in Table 3 and Fig. 6. Individual analysis
can be found in the Supplementary dataset. For simplification, the U-Pb
zircon age distribution of each analyzed sample was grouped into the
four tectonic stages that defined the tectonic evolution of the Araripe
Basin during the Mesozoic: the rift-beginning stage, the rift stage, the
post-rift [ stage, and the Post-rift II stage.

The U-Pb zircon age distribution of the rift beginning stage sample is
dominated by Paleoproterozoic ages (2.5-1.6 Ga) (40 %), especially
Rhyacian-Orosinian (2.3-1.8 Ga) ages (33 %). Subordinate zircon popu-
lations include 25 % of Neoproterozoic ages (1.0-0.54 Ga), and 23 %
of Mesoproterozoic ages (1.6-1.0 Ga). The Archean age (>2.5 Ga) grains
represent 8.5 % and Paleozoic/Mesozoic age (<541 Ma) grains are 3.5 %.
The U-Pb zircon age distribution of the rift stage sample is dominated
by Neoproterozoic ages (1.0-0.54 Ga) (38 %), especially Ediacaran
ages (635-541 Ma) (19 %). Subordinate zircon populations include
32 % of Paleoproterozoic and 14 % of Mesoproterozoic zircon ages.
The Paleozoic/Mesozoic age (<541 Ma) grains are 9 %, and Archean
age (>2.5 Ga) grains represent 7 %. The U-Pb age distribution of
the post-rift I stage samples is dominated by Paleoproterozoic ages
(2.5-1.6 Ga) (53.3 %), especially Rhyacian (2.3-2.0 Ga) (24.5 %), and
Statherian (1.8-1.6 Ga) zircon ages (18 %). Subordinate zircon
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populations include 31.2 % of Neoproterozoic ages (1.0-0.54 Ga), and
7.6 % of Archean ages (>2.5 Ga). The Mesoproterozoic ages (1.6-1.0
Ga) represent 4.4 % and Paleozoic/Mesozoic age (< 541 Ma) grains
are 3.5 %. The proportion of Stenian-Tonian (1.2-0.7 Ga) zircon
strongly decreases in the U-Pb age distribution of the post-rift [ sam-
ples compared to that of the rift stage samples. The U-Pb age distribu-
tion of the post-rift I stage is dominated by Neoproterozoic ages (1.0-
0.54 Ga) (46.4 %), especially Ediacaran (635-541 Ma) zircon ages (41
%). Subordinate zircon populations include Paleoproterozoic ages
(2.5-1.6 Ga) (33.2 %), Paleozoic/Mesozoic ages (<541 Ma) (11.7 %),
and Archean ages (>2.5 Ga) (6.7 %).

In addition to the concordant zircon ages described above, all the an-
alyzed samples contain a significant proportion of discordant zircon
ages. The rift beginning sample and the rift sample show discordant
grains with upper intercepts between 2.0 and 2.4 Ga and lower inter-
cepts around 0.48 Ga (Fig. S6 in Supplementary data). The post-rift [
sample has upper intercepts between 2.2 and 1.9 Ga and lower inter-
cepts between 0.5 and 0.19 Ga, respectively (Fig. S6 in Supplementary
data). The post-rift II of the Exu Formation has an upper intercept at
2.3 Ga and a lower intercept at 0.48 Ga (Fig. S6 in Supplementary
data). Finally, the trace element concentrations of concordant and dis-
cordant zircon from the Araripe Basin show similar characteristics
(Fig. S6 in Supplementary data). Most grains are plotted in the continen-
tal arc field, which suggests a main contribution from old continental
crust. However, some zircon grains, generally from the Ediacarian
(0.63-0.54 Ga), Calymmian (1.6-1.4 Ga), and Rhyacian (2.3-2.0 Ga)
ages, plotted in the mid-ocean ridge field (Fig. S6 in supplementary
data), which suggest some juvenile contribution.

4.3.2. Morphology

The results of the zircon morphological analysis are summarized
in Table 4 and illustrated in Figs. 8 and 9. The analyzed zircon grains
generally have mean lengths of 70 um and 230 pm. The rift-beginning
stage sample (M2AR 4.1) contains 78 % subangular to subrounded, 17 %
rounded, and 5 % euhedral grains. In terms of elongation, 41 % are oval,
33 % are elongated, and 25 % are round grains. The rift stage sample
(M2AR 5.1) contains 66 % subangular to subrounded, 18 % rounded,
and 17 % euhedral grains. In terms of elongation, 46 % are oval, 37 % are
elongated, and 17 % are round grains. The post-rift I samples (M2AR

Table 3
Numbers and percentages (%) of U-Pb ages.
Time (Ma) Age Geological framework Rift-beginning Rift Post-rift [ Post-rift 11
Number % Number % Number % Number %
145.0-100.5 Early Cretaceous 1 — Parnaiba Basin” 1 0.10%
251.9-145.0 Jurassic/Triassic 1 0.50 % 1 0.60 % 1 0.40 %
298.9-251.9 Devonian 1 0.50 %
358.9-298.9 Carboniferous 2 1.00 % 1 0.60 % 3 0.40 %
419.2-358.9 Devonian 1 0.10%
443.8-419.2 Silurian 1 0.50 % 2 030%
485.4-443.8 Ordovician 2 — Felsic dykes (ca. 460 Ma)* 3 0.40 % 1 0.40 %
541.0-485.4 Cambrian 3 — Brasiliano Orogeny (620-510 Ma)*® 2 1.00 % 12 7.60 % 17 220% 28 10.90 %
635-541 Ediacaran 27 13.70% 31 19.50% 167 2130% 105 41.00 %
720-635 Cryogenian 4 — Metavulcanosedimentary belts (mostly <650 Ma)? 16 8.10% 13 8.20% 47 6.00 % 7 2.70%
1000-720  Tonian 5 — Ophiolite complexes (820-650 Ma)® 6 3.00 % 17 10.70% 31 3.90 % 7 2.70 %
1200-1000  Stenian Tonian rift-related rocks (900-860 Ma) 15 7.60 % 17 10.70% 22 2.80% 2 0.80 %
Cariris Velhos Event (1000-920 Ma)
1400-1200 Ectasian 27 13.70% 4 2.50 % 9 1.10% 2 0.80 %
1600-1400 Calymmian 7 — Paleo/Mesoproterozoic rift-related plutons (ca. 1.7-1.5 Ga) 3 1.50 % 1 0.60 % 4 0.50 % 1 0.40 %
1800-1600  Statherian Oros-Jaguaribeano Belt (ca. 1.8-1.7 Ga)*® 9 4.60 % 1 060% 141 18.00% 13 510%
2050-1800 Orosinian 8 — Paleoproterozoic basement units* 34 1730% 19 12.00% 73 9.30% 37 14.40%
2300-2050 Rhyacian 31 15.70% 29 1820% 192 2450% 32 12.50%
2500-2300 Siderian 5 2.50 % 2 1.30% 12 1.50 % 3 120%
2800-2500 Neoarchean 9 — Archean nuclei inliers® 12 6.00 % 10 6.30 % 45 5.70 % 13 5.10%
3200-2800 Mesoarchean 1 0.60 % 3 0.40 % 2 0.80 %
3600-3200 Paleoarchean 5 2.50 % 12 1.50 % 2 0.80 %
Total grains 197 100% 159 100% 785 100% 256 100 %

2 Geological framework of Borborema Province described by Caxito et al., 2020.
b Geological framework of Parnaiba Basin based on Vaz et al., 2007 and Assis et al., 2019.
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Zircon statistics. Grains with length/width ratios of 1.3-1.8 are oval, grains with higher and lower ratios are elongated (Elon) and round (Rou), respectively; euh = euhedral, ro = rounded,

sa-sr = subangular to subrounded.

Sample Formation Age Shape (%) Roundness (%) # of concordant/total ages ~ Mean (interval of) grain length (um)
Elon Oval Rou Euh Sa-sr Ro
M2AR01.4  Exu Albian-Cenomanian 39 37 24 10 68 22 41/106 92 (60-172)
M2ARO01.3  Araripina Albian 41 16 42 29 66 5 111/126 135 (65-211)
M2AR06.1  Romualdo Aptian 69 25 6 26 69 4 117/129 236 (104-416)
M2AR06.9 Romualdo Aptian 56 30 15 18 72 10 61/113 103 (38-184)
M2AR07.2  Romualdo Aptian 57 28 15 20 61 18 93/122 113 (53-219)
M2AR07.5 Romualdo Aptian 59 25 16 31 59 10 51/126 167 (93-284)
M2AR10.I  Crato Aptian 73 18 10 10 82 8 62/110 119 (59-204)
M2AR 11.1 Barbalha/Crato ~ Aptian 51 37 11 29 67 4 70/109 156 (60-344)
M2AR08.1  Barbalha base Aptian 52 33 15 9 80 10 87/128 150 (62-310)
M2AR 05.1  Abaiara Berriasian-Hauterivian 37 46 17 16 66 18 82/110 147 (66-259)
M2AR 04.1  Brejo Santo Jurassic 33 41 25 5 78 17 63/124 100 (62-180)

8.1, M2AR 11.1, M2AR 101, M2AR 7.5, M2AR 7.2, M2AR 6.9, and M2AR
6.1) contain 59 %-80 % subangular to subrounded, 18 %-4 % rounded,
and 31 %-9 % euhedral grains. In terms of elongation, 18 %-37 % are
oval, 73 %-51 % are elongated, and 16 %-6 % are round grains.

5. Discussion

5.1. Influence of weathering, authigenesis, and anoxic conditions on
provenance proxies

The Eu anomalies expressed as Eu/Eu®, elemental ratios (Cr/Th, Th/
Sc, Zr/Sc), and Sm-Nd isotopic compositions of sedimentary rock have
proven to be useful tools for determining the provenance of ancient
sediments (McLennan et al., 1993). For instance, low Eu/Eu* ratios
(0.3 to 0.94), high Th/Sc (>0.64), and low Cr/Th (<15) of fine-grained
sedimentary rocks are characteristic of felsic and silicic source rocks,
whereas higher Eu/Eu* ratios (0.71-1.02), higher Cr/Th (>22), and
lower Th/Sc (<0.4) of fine-grained sedimentary rocks suggest more
mafic and less differentiated source rocks (McLennan et al., 1993;
Cullers, 2000). However, before determining the provenance of the
analyzed sedimentary rocks, it is important to evaluate the effects of
grain-size sorting and diagenesis, on trace element ratios, and REE
concentration of the analyzed sedimentary rocks.

The grain-size sorting effect can be evaluated using the Al/Si ratio as it
can be considered as a proxy for sediment grain size (Bouchez et al., 2011).
The sedimentary sorting effect favors the concentration of quartz and
heavy minerals like zircon in the coarser fraction (McLennan et al., 1993;
Roddaz et al., 2014). The samples M2AR 4-2; M2AR 6.8BS; M2AR 6-9BS;
M2AR 7-3; M2AR 7-6; M2AR 7.8VII; M2AR 7-8VIII; M2AR 7-8XI; M2AR
7-8 XXII; M2AR 2-2; M2AR 2-3; M2AR 1-3, and M2AR 9-1 have high Al/
Siratios (0.29-0.53) (Table S7 in the Supplementary data, Fig. 5), suggest-
ing a high concentration of fine and clay-rich sediments (Bouchez et al.,
2011). The samples M2AR 7-7; M2AR 6-3; M2AR 7-5BS; M2AR 7-4;
M2AR 1-5; M2AR 6-2; and M2AR 10-75II have low Al/Si ratios (0.10-
0.24), suggesting that these samples are enriched in quartz. There is no
correlation of the Al/Si ratio with the REE content, Eu/Eu*, Cr/Th, Th/Sc,
and eng (0) (see Table S2 in the Supplementary dataset), which indicates
that sedimentary sorting has not modified these provenance proxies.

Diagenesis can promote the remobilization of Eu under reducing
conditions (MacRae et al., 1992). These processes can modify the REE
patterns, the Eu/Eu*, and Cr/Th ratios (Tribovillard et al., 1996). Com-
pared to PAAS, authigenic smectites formed in deep-water environ-
ments are characterized by LREE depletion, HREE enrichment, and
strong negative Ce anomalies (Q2Ce < 0.50, De Baar et al., 1985). Most
samples from the Araripe Basin, mainly the post-rift I samples have Ce
anomalies (Q2Ce) higher than 0.80 (Table S7 in the Supplementary
data) indicating that authigenic smectites were not incorporated during
the early diagenetic process. These samples have flat REE patterns
against PAAS corresponding to the “shale” field (Fig. 4), typical of
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continental clays (see Moiroud et al., 2016), and hence are not influ-
enced by authigenesis. The sample M2AR 4-2 from the rift-beginning
stage, and the sample M2AR 2-3 from the post-rift I stage are enriched
in HREEs over LREEs and plotted between the “shale” and “seawater”
fields (Fig. 4). They both have QCe > 0.80 suggesting that the formation
of authigenic smectites if occurred was a minor process. The low Eu/Eu*
ratio values suggest that the diagenetic remobilization of Eu under
reducing conditions was negligible in the analyzed samples.

In the rift-beginning stage, the sample M2AR 4-2 presents low Th/Sc
values (0.3), low Th/Cr (0.05), and high Eu/Eu* ratios (0.8), which sug-
gest trace element ratios typical of “basic” sediments (Table S7 in the
Supplementary data, Fig. 5), whereas in the post-rift I and post-rift II
stages all the samples show felsic and silicic parameters. Three samples
(M2AR 4-2, 7-5, and 7-8 VII) present high Eu/Eu* ratios (0.8-1.3). The
positive Eu anomaly in the post-rift I stage (M2AR 7-5, and 7-8 VII)
could be explained by the remobilization of Eu under reducing condi-
tions, as suggested by geochemical and paleontological proxies onto
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Fig. 4. HREE/LREE vs. MREE/MREE* diagram. HREE/LREE and MREE/MREE* values are
calculated following Martin and Scher (2004), where HREE = Tm + Yb + Lu, LREE =
La + Pr + Nd, MREE = Gd + Tb + Dy (all PAAS normalized), and MREE* = the average
of HREE + LREE. The MREE bulge and “bell-shaped” REE profiles correspond to REE
patterns observed in fish teeth, Fe-Mn oxides, organic matter, and pore waters, while
“HREE-enriched” profiles correspond to modern seawater (Huck et al., 2016; Moiroud
etal, 2016). These end-members reflect the REE contents of marine sediments influenced
by seawater or authigenic phases, while “flat” REE patterns are characteristic of continental
clays (see Huck et al., 2016; Moiroud et al., 2016 for a review).
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Fig. 5. Stratigraphic variation of the Nd isotope composition (expressed as eNd(0)/ for the round points, and eNd(T)/ for the rhombus points). The lengths of the horizontal bar for the
Sm-Nd isotopic compositions correspond to 20 analytical errors (see Table 2). Selected trace element ratios (Eu/Eu*, Th/Cr; Th/Sc and, Al/Si see text for details) of analyzed samples
(green points — Rift stage; blue points — Post-rift | stage; yellow points — Post-rift I stage). The horizontal bars for the Eu/Eu*, Th/Cr, and Th/Sc, ratios correspond to 5 %
(i.e., the Eu concentration analytical error, see Supplementary material), 15 % (i.e., the sum of the Cr and Th concentration analytical errors), and 25 % (i.e., the sum of the Th
and Sc concentration analytical errors). Pink and gray rectangles indicate the value range for basic and felsic sediments, respectively (Cullers, 2000).

the Romualdo Formation (i.e. Sobradinho section in Bom et al., 2021).
The low Eu/Eu” ratio values suggest that the diagenetic remobilization
of Eu under reducing conditions was negligible in the rest of the
analyzed samples. The REE concentrations of the post-rift Il analyzed
samples (M2AR 1-3 and M2AR 1-5) against PAAS show contrasting pat-
terns. The samples plot outside of the shale field suggesting that the REE
concentrations have been perturbed by post-depositional processes
(see Supplementary dataset Fig. S8). M2AR 1-5 shows a strong enrich-
ment in HREEs (Fig. S8) that could be associated with a primary phase
of the pedologic process. In a study of the lateritic process in a tropical
environment, Viers and Wasserburg (2004) indicated that the Zr disper-
sion could elevate the HREE concentrations at the early stage of the
weathering process, and the Zr could remove the REEs during that
phase explaining the HREE enrichment, for the sample. However, the
provenance proxies of the other analyzed samples were not affected
by the effects of grain-size sorting and the diagenesis process.

5.2. Provenance interpretations

The €Nd (0) values (—12.3 to —23.7) together with the Tpy ages
(1.68 to 2.55 Ga) suggest an old crustal source for all the sedimentary
rocks analyzed in the Araripe Basin (Table 2, Fig. 5). Proximal terrains,
such as the Sdo José do Caiano and Agude Coremas have negative eNd
(0) values (—6.3 and —28.4) and Tpy; ages between 1.8 and 2.6 Ga
(de Brito Neves and Passarelli, 2020) (Table 1). Distal areas, such as
Médio Coreati and Ceara Central Domains (Fig. 1) also present Tpy
ages between 1.6 and 2.5 Ga, and negative eNd (t = crystallization)
(between +-0.5 and —25.8) (Santos et al.,, 2008; Arthaud et al., 2015).
The Eu/Eu* and Th/Sc ratios of mainly the sedimentary rocks analyzed
suggest a felsic and silicic source, with the exception of the rift-
beginning sample (M2AR 4.2) which presents some contribution of a
basic source (Fig. 5).
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The U-Pb zircon age distribution of the analyzed samples indicates
multiple sediment sources. The significant presence of Rhyacian to
Orosirian (2.3-1.8 Ga), and Ediacaran (0.63-0.54 Ga) ages is the common
feature among all tectonic stages. These zircon ages can be found in other
places of the Borborema province (Fig. 1, Table 1). The discordant detrital
zircon grains may provide additional information about the source and the
influence of the Brasiliano cycle in the Borborema Province. In all stages
(except in the Araripina Formation sample — M2AR 1-3), the upper inter-
cept indicates Paleoproterozoic sources (2.2-1.8 Ga) and the lower inter-
cept indicates the crystallization of Cambrian-Ordovician (489-460 Ma)
post-orogenic granites (see Supplementary dataset Fig. S6).

Additional constraints can be obtained from the MDS graph (Fig. 7),
which represents statistically the degree of similarity in U-Pb zircon age
distribution between analyzed samples (Vermeesch, 2013, 2018). In this
map (Fig. 7), alike samples cluster closely together and are linked by solid
and dashed lines (closest and second-closest neighbors), whereas “dissim-
ilar” samples plot far apart. In the MDS map (Fig. 7), the rift beginning and
rift samples plot apart suggesting different sources for these stages. The U-
Pb age distribution of the post-rift I stage is connected with dashed lines
with those of the rift-beginning and rift stages suggesting common sources.
The U-Pb age distribution of the post-rift II stage is connected by solid lines
to other U-Pb distributions suggesting similar sources.

The main peak ages (2.3 to 1.8 Ga, 33 %, and 0.72 to 0.54 Ga, 22 %) (Fig. 6,
Table 3) during the beginning of the rift (Brejo Santo and Missdo Velha for-
mations — 152-145 Ma) may be sourced by the Borborema Province. The
sources of Paleoproterozoic grains could be represented by supracrustal
rocks from Sdo Pedro, Sdo José do Caiano, Agude Coremas terranes (2.1-
2.2 Ga), and Caic6 Complex (Sdo Padro terrane 2.15-2.2 Ga) from the Cen-
tral sub-province; and the Orés-Jaguaribe Terrane (2.2-1.7 Ga) from the
Northern sub-province (Parente and Arthaud, 1995; Hollanda et al,, 2011;
de Brito Neves and Passarelli, 2020). The Cryogenian-Ediacaran (0.72-
0.54 Ga) (22 %, Table 3) may have been sourced by the Brasiliano (0.7-
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0.55 Ga) granitoids and metavulcanosedimentary belts that are widespread
in the Borborema Province (Ferreira et al., 1998; de Brito Neves et al., 2003;
Costa et al., 2013). The Rio Salgado belt rocks could also have been a source
of recycled sediments, because they have pre brasiliano igneous intrusions
(ca. 780 Ma), Ediacaran (635-541 Ma), and Tonian (ca. 940 Ma) detrital zir-
con grains (de Brito Neves and Campos Neto, 2016). Zircon grains younger
than 450 Ma could be associated with post-orogenic granites (Amaral et al,,
2017), however, they may also have come from recycled sediments
(Parnaiba Basin; Mauriti Formation?) given the low number of zircons of
this age (<4 %, Table 3). In the Southern sub-province, the Riacho do Pontal
Domain presents supracrustal sequences with Paleoarchean ages up to 3.5
Ga, Paleoproterozoic ages (2.2-2.0 Ga); and volcano-sedimentary se-
quences with late Tonian to Ediacaran ages (820-530 Ma) (Caxito et al.,
2017). However, the analyzed samples do not have a significant percentage
of Tonian grains (3 %, Table 3), which suggests that there is no significant
source from the eastern Central sub-province (Pianc6-Alto Brigida and
Alto-Pajei Domain, Figs. 1, 6) and the internal zone of the Riacho do Pontal
Domain, Southern sub-province (Fig. 1). The paleocurrent data of the
Missdo Velha and Brejo Santo formations indicate S-SE paleo directions
(Assine, 1994, 2007; Fambrini et al., 2013; Godot Souza et al., 2022), and
suggest a sedimentary provenance of the northern terranes.

The rift stage (Abaiara Formation) occurred during the Neocomian
(145-130 Ma). The associated sedimentary rocks are characterized by
a significant population of U-Pb zircon ages between 2.3 and 1.8 Ga
(30%), 1.2 and 0.72 Ga (22 %), and 0.72 and 0.54 Ga (28 %) (Table 3,
Fig. 6). The Paleoproterozoic grains could be sourced by supracrustal
rocks from the Sdo José do Caiano and Agude Coremas terranes (2.1-
2.2 Ga) placed in the Central sub-province; and, the Caic6 Complex
(Sdo Padro terrane 2.15-2.2 Ga) and Orés-Jaguaribe Terrane (2.2-1.7
Ga) localized the Northern sub-province, similarly to what occurred
during the rift beginning stage (Fig. 10). Similarly, the Cryogenian
and Ediacaran zircons (0.7-0.55 Ga) may have been sourced by the
Brasiliano granitoids and metavulcanosedimentary belts (Ferreira et al.,
1998). The main difference between the rift-beginning stage samples is
the abundance of Stenian-Tonian age (1.1-0.72 Ga) detrital zircon grains
(Table 3, Fig. 6), which we interpret to indicate a change in the source
areas during the deposition of sedimentary rocks of the rift stage. The
Piancd-Alto Brigida and Alto-Pajet Domain (de Brito Neves et al., 2005)
present rocks from the Cariris Velhos cycle (970-960 Ma) with an over-
print of 550-510 Ma Brasiliano granitoids (de Brito Neves et al., 2005). In
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the Internal Zone of the Riacho do Pontal Domain, it is also possible to
find 1000-960 Ma plutonic rocks (Kozuch, 2003; Santos et al., 2010) re-
lated to the same tectonic event (Caxito et al., 2017). There are different
interpretations of paleoflow during the deposition of sedimentary units
from the rift stage. Godot Souza et al. (2022) indicated paleocurrents to-
ward the south; Fambrini et al. (2019) suggested paleoflow to the north
toward the Iguatu and Rio do Peixe basins, whereas Assine (1994, 2007)
suggested paleoflows to SSW. The abundance of Stenian-Tonian (1.2-
0.72 Ga) zircon grains (22 %, Table 3) suggests a dominant source
located in the eastern terranes (Fig. 10), which is supported by the
paleocurrent direction found by Assine (1994, 2007).

The analyzed samples of the Aptian first post-rift I stage (Barbalha,
Crato, and Romualdo formations) contained a significant population of
U-Pb Paleoproterozoic ages, between 2.3 and 1.6 Ga (52 %, Table 3)
and Neoproterozoic ages (720-541 Ma) (27 %, Table 3). This post-rift [
stage does not present an important percentage of Tonian detrital
zircons, which we interpret to suggest a decrease of sedimentary
input from the eastern terranes of the Central sub-province (Rio Gravata
and Alto-Pajett Domain) (Fig. 1) when compared with the rift
sequence. The increase of Paleoproterozoic zircon ages, mainly Statherian
(1.8-1.6 Ga) grains, suggests a major contribution from the Northern
sub-province (Stathenian belts in the Ceard Domain and Alto Moxoté
subdomain) (Lages et al., 2019). Additionally, the paleoflows to the SE
of the sedimentary rocks of the Barbalha Formation (Assine, 1994;
Fambrini et al., 2019, 2020; Godot Souza et al., 2022) might suggest a
contribution from the Orés-Jaguaribe Terrane, but also from the Ceara
Domain, which has a Paleoproterozoic basement and plutonic suits
(2.3-2.1 Ga), Neoproterozoic granites (640-560 Ma), and Brasiliano
molasses rocks (530 Ma) (Fetter et al., 2000; Arthaud et al,
2015), and recycled sedimentary from the Parnaiba Basin (Hollanda
et al, 2018). The Albian-Cenomanian sedimentary rocks of the
second post-rift phase (“post-rift II”, Araripina and Exu formations)
are characterized by a significant increase of Cryogenian-Ediacaran U-
Pb ages (720-541 Ma) (44 %) and an important percentage of
Paleoproterozoic ages (2.3-1.6 Ga) (32 %) (Table 3). The Araripina For-
mation was deposited in the western part of the Araripe Basin in the
basement (Assine, 2007; Fambrini et al., 2020). The M2AR 1-3 sample
has 85 % of Neoproterozoic ages (720-541 Ma), which could come
from proximal sources, such as Sdo Pedro Terrane (Fig. 1), where
there are Brasiliano plutons (de Brito Neves et al., 2023). The
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Paleoproterozoic ages (2.3-1.6 Ga) and the subordinary Archean ages
(3.6-2.5 Ga) are present only in the Exu Formation sample (M2AR 1-
4), and may have come also from Sdo Pedro Terrane (“Granjeiro Com-
plex”, de Brito Neves and Passarelli, 2020). However, the paleoflow of
the Exu Formation indicates a direction to the W-SW (Assine, 1994;
Godot Souza et al., 2022 and this study, see Supplementary material
Fig. S1), which suggests a change of the sedimentary sources from NW
to NE. In this scenario, the sources of the Araripina Formation may

M2AR 13
= 807418 Ma

M2AR 1.4
1254431 Ma

M2AR 6.1
1732450 Ma

M2AR 5.1
SE1E3Ma

M2AR 4.1

2183 +44 Ma

have come from proximal terranes, as discussed above, and the Exu For-
mation sample may have come from the eastern part of Orés Jaguaribe
Terrane (Serid6-Jaguaribe domain, Hollanda et al., 2011), which had a
“long-lived Paleoproterozoic magmatic history” (Hollanda et al., 2011).

Overall, the zircon grains exhibited a diverse range of lengths, and most
were categorized as oval and elongated (Fig. 9). These characteristics sug-
gest that most of the zircon grains were from a first-cycle sediment trans-
port and less expressed recycling (meta)sedimentary units (Augustsson

M2AR 100
1703+ 30 Ma

100 um

Fig. 8. Cathodoluminescence images of selected grains with different ages, roundness, and elongation. Rift-beginning stage: M2AR 4.1, Rift stage: M2AR 5.1, Post-rift I stage: M2AR 8.1,

M2AR 10.1, M2AR 6.1, M2AR 7.9; Post-rift Il stage: M2AR 1.3 and M2AR 1.4.
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Fig. 9. Detrital zircon elongation vs. concordant age. The field for oval grains (length/width = 1.3/1.8) is marked by a horizontal gray bar. Broken grains without a clear shape in the
cathodoluminescence images were not included.

et al, 2018). We investigated the correlation between zircon shape, U- (0.63-0.54 Ga) are present in both oval and elongated shapes across
Pb ages, and potential zircon-producing events. The dominant zircon all the stages. This suggests that sedimentation sorting did not influence
populations — Rhyacian to Orosirian (2.3-1.8 Ga), and Ediacaran the U-Pb zircon age distribution and emphasizes the dominant
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Fig. 10. Schematic paleogeographic maps based on sample provenance interpretations. Each time step corresponds to one of the tectonic stages that affected the Araripe Basin between the
late Jurassic and the Cenomanian. The paleogeographic reconstruction is based on the kinematic model of Heine et al. (2013), and the paleogeographic maps from Godot Souza et al. (2022),
and Matos et al. (2021a, 2021b). The Borborema Province sub-divisions and their references are listed in Fig. 1. The Capianga Lake geometry (Map A) and the highland location in Map B were
based on Kuchle et al. (2011). The paleoflow directions were based on data from Fambrini et al. (2019), Assine (1994, 2007), Custddio et al. (2017), Godot Souza et al. (2022), and this study.
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contribution of the Borborema Province basement and the Brasiliano
granitoid plutons.

5.3. Paleogeographic implications

Our provenance dataset brings new constraints on the paleogeographic
evolution of the Araripe Basin and to a larger extent, to the northern part of
the South American platform from the Jurassic to the Cenomanian.

During the late Jurassic-Neocomian times (152-139 Ma), the
Araripe Basin was part of the so-called Afro-Brazilian (Garcia and
Wilbert, 1995; Assine, 2007; Kuchle et al., 2011) depression formed in
response to early rifting caused by lithospheric stretching of the central
and northern Gondwana before the breakup (Assine, 2007; Kuchle et al.,
2011; Scherer et al., 2014; Guzman-Gonzalez et al., 2020). During this
period, the Brejo Santo and Missdo Velha formations of the Araripe
Basin were deposited (Assine, 2007; Fambrini et al., 2020) and were
part of the basal sequence (SEQ-1) that characterized the first infilling
stage of the Afro-Brazilian depression (Dom Jodo Stage, Kuchle et al.,
2011). This basal sequence (SEQ-1) is characterized by Capianga Lake
lacustrine deposits (Kuchle et al., 2011) that extend through the
Recdncavo, Tucano, Jatobd, Araripe, Sergipe, Alagoas, and Gabon basins
(Fig. 10). This Afro-Brazilian depression had a depocenter in the
Recdncavo-Tucano-Jatoba Basin and no evidence of internal structural
high that could have compartmentalized the depression is found
(Kuchle et al., 2011). Our provenance data further suggest that the
source area during the early rift stage (SEQ-1) was located in the north-
ern and northwestern terranes of the Borborema (Fig. 10, Table 1). This
agrees with the hypothesis of Assine (1994), who suggests a source lo-
cated in the basement block localized toward the north, near the
Parnaiba lineament (Patos shear zone) based on the occurrence of
paleocurrents to the southeast in the Araripe Basin.

The rift stage is recorded in the Afro-Brazilian depression by the de-
velopment of an unconformity overlying the first sedimentary sequence
(SEQ-1) and by the deposition of two sedimentary sequences (SEQ-2
and SEQ-3) (Kuchle et al., 2011), which correspond to the deposition
of the Abaiara Formation in the Araripe Basin (Assine, 2007; Kuchle
etal, 2011). In the Araripe Basin, the rift stage is marked by the increase
of Tonian zircon grains (Table 3, Fig. 6) and the contribution of the
Central Sub-province eastern terranes (Fig. 10). Additionally, the signif-
icant percentage of Cariris Velhos ages (0.9-1.0 Ga) (Table 3) suggests
that the eastern terranes (Pianc6-Alto Brigida and Alto Pajeti) consti-
tuted a topographic high during the rift climax suggesting a separation
between the Araripe and Sergipe-Alagoas basins. Our findings are in
agreement with the suggestions of Scherer et al. (2014), who proposed
a regional rearrangement of the paleodrainage system at the end of
the first rift stage deposition related to fragmentation tectonic activity
between Africa and South America (Fig. 10).

In the early Aptian (120 Ma) the continental break-up occurred
between the Brazilian northeast and the western African basins
(Potiguar and Benin, Pernambuco-Paraiba and Rio Muni; Jequitinhonha-
Camumu and Gabon basins) (Heine et al., 2013). At ca. 115 Ma, the
South Atlantic and Equatorial rift systems broke up and started
experiencing post-rift thermal subsidence (Milani et al., 2007; Heine
et al., 2013). In the Araripe Basin, the Aptian post-rift I successions
were deposited. The basal Barbalha Formation correlates with the
Marizal Formation in the Recéncavo-Tucano-Jatoba Basin and presents
similar fluvial paleoflow (N-NW to S-SE) (Assine, 1994, 2007; Freitas
et al,, 2017). The Batateiras layer (Assine, 2007) is deposited in a lake
under anoxic conditions and correlates with the Trairi Layer (Ceara
Basin) and Ponta do Tubardo Layer (Potiguar Basin) (Hashimoto et al.,
1987; Assine, 2007). Our data suggest a change in the source areas
compared to the rift phase with contributions from N-NW to S-SE
sources, similar to what is observed in the rift-beginning stage. This in-
terpretation is based on the decrease in Tonian U-Pb zircon ages, and
the increase in Paleoproterozoic and Neoproterozoic zircon ages
(Fig. 5, Table 3). Our data further suggest that the eastern region stops
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to supply detritus to the Araripe Basin. Furthermore, our findings suggest
that the area located to the E-NE of the Araripe Basin, which was a source
during the rift stage, was not a topographic high during the Aptian.

The Albian-Cenomanian post-rift II fluvial and alluvial Araripina and
Exu formations are characterized by paleocurrent directions toward
WSW (Assine, 1994; Godot Souza et al, 2022, and this study; see
Supplementary Fig. S1) with probably proximal eastern sources. We
ascribed this change in provenance to the Albian-Cenomanian uplift of
the Borborema plateau that occurred after the Gondwana breakup
(Assine, 2007; Eagles, 2007; Eagles and Konig, 2008; Matos et al., 2021a,
2021b), as indicated by the increases of Archean and Neoproterozoic zir-
cons in the sedimentary rocks of the Exu Formation. This uplift may have
induced drainage reorganization at the local scale such as in the Araripe
Basin (this study ), Potiguar Basin (Baesso et al., 2021), and Sao Luis-Grajat
Basin (Nascimento et al., 2007), and also at the regional scale such as in
Guyana (Roddaz et al,, 2021; Girault et al., 2023). This drainage reorganiza-
tion along the Equatorial margin was also contemporaneous with the
establishment of the so-called “Sanozama” paleodrainage in western
Amazonia (Rodrigues et al., 2023), which might suggest that the entire
northern part of South America experienced major drainage reorgani-
zation in response to the post-rift uplift of the equatorial Atlantic rifting.

6. Conclusion

The provenance study of the sedimentary rocks of the Araripe Basin
(NE Brazil) based on a multi-proxy dataset (major and trace element
concentrations, Sm-Nd isotopic composition, and detrital zircon U-Pb
ages) yields the following conclusions:

* The eNd (0) values (—12.3 to —23.7) together with the Tpy ages (1.68
to 2.55 Ga) suggest an old crustal source for the sedimentary
rocks analyzed. The presence of Rhyacian to Orosirian (2.3-1.8 Ga)
and Ediacaran (0.63-0.54 Ga) U-Pb zircon ages further suggests the
dominant contribution of the Borborema Province basement,
influenced by the Brasiliano cycle (650-520 Ma).

* The low contribution of Tonian (~940 Ma) grains to the U-Pb zircon
age distribution, with published paleocurrent direction, suggests
sources located in the northern and northwestern terranes of the
Borborema Province, probably near the Parnaiba lineament (Patos
shear zone), the rift-beginning stage;

* The increase of Stenian-Tonian (1.2-0.72 Ga) zircon grains in the

U-Pb zircon age distribution of the Abaiara Formation suggests a

dominant source located in the eastern terranes during the rift stage.

The significant percentage of Cariris Velhos ages (0.9-1.0 Ga) further

indicates that the eastern terranes (Riacho do Gravata and Alto Pajet)

constituted a topographic high during the rift climax, which may have
separated the Araripe and Sergipe-Alagoas basins;

The decrease of Tonian U-Pb zircon ages and the increase of

Paleoproterozoic and Neoproterozoic zircon ages in the U-Pb zircon

age distributions of the post-rift I sedimentary rocks (Santana Group)

suggest a change in the source areas with sources located in the north-
ern terranes of the Borborema Province similar to what is observed in
the rift beginning stage;

The Albian-Cenomanian post-rift II fluvial and alluvial Araripina and

Exu formations are characterized by dominant contributions of

Paleoproterozoic and Cryogenian-Ediacaran (720-541 Ma) zircon ages,

which we interpret to suggest proximal sources located in the NE. We as-

cribed this change in provenance to the Albian to Cenomanian uplift of
the Borborema plateau during the Equatorial Atlantic Ocean formation.

Finally, similarly to other recently published studies, our provenance
data emphasize the major role played by the post-rift uplift of the
Brazilian craton in shaping the late Cretaceous paleodrainage of the
northern part of South America.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2024.106680.
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