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Abstract: The Macururé Domain, the largest unit of the Sergipano Orogenic System in NE Brazil, comprises a supracrustal
succession intruded by numerous Brasiliano/Pan-African plutons. In this study, we present U-Pb and Lu—Hf isotopic data on
detrital zircon from quartzites, integrated with lithological, geochemical and published geochronological results, to constrain
provenance and tectonic setting. Detrital zircon U-Pb spectra show prominent peaks at 2000—-1980 and 1000-950 Ma, which
correspond to the Paleoproterozoic Orogeny and the Cariris Velhos event. The Paleoproterozoic grains, with ey(f) values
ranging from —15.6 to +0.5, and Archean model ages of 3.5-2.5 Ga indicate that crustal reworking dominated during
Paleoproterozoic source formation. Tonian grains, with e(¢) values from —24.7 to +8.4 and model ages of 3.2-1.3 Ga, suggest
contributions from both juvenile crust and ancient reworked components. These isotopic signatures differ from those of the Sdo
Francisco Craton and instead point to sources within the Borborema Province. The youngest grains (808—739 Ma) are
contemporaneous with sedimentation and magmatism in the adjacent Canindé Domain, supporting a coeval basin development
in an extensional setting, followed by basin inversion and continental collision at the onset of the Ediacaran.
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Zircon is a common minor component of clastic rocks that survives
the sedimentary cycle due to its physicochemical stability and
refractory character, ultimately becoming the last record of eroded
ancient areas (e.g. Wilde et al. 2001). The high concentration of
U-Th—Pb makes this heavy mineral a powerful tool for geochrono-
logical studies applied to sedimentary provenance and crustal
evolution (Hoskin and Schaltegger 2003; Gehrels 2011; Cawood
et al. 2012).

The standard application of this technique aims to provide time
constraints on the sedimentation period, in which the youngest
clastic constituent yields an estimate of the maximum depositional
age (Coutts et al. 2019; Vermeesch 2021). This approach is
important for Precambrian strata, where biostratigraphic age control
is absent (Gehrels 2011). Potential source areas can be identified by
matching detrital ages with known igneous and metamorphic
zircon-forming events (Andersen ef al. 2018). In addition, the age
distribution patterns observed in detrital zircon spectra are directly
linked to the tectonic setting of the basin in which the sediments

were deposited (Cawood et al. 2012), enabling the elucidation of
broad aspects of the geodynamic evolution of a region.

Besides the distribution of ages, the proportion of juvenile and
recycled material plays a key role in understanding the genesis of a
crustal segment. Once zircon preserves the Hf isotope signature of
the magma source from which it crystallized, combining detrital
ages and Lu—Hf isotope compositions is a valuable tool for
distinguishing protosources with the same crystallization age
(Griffin ef al. 2004). When integrated with whole-rock geochem-
istry and lithological data, these isotopic tools allow a more robust
characterization of source areas, capturing not only their timing of
formation but also their compositional and tectonic nature (Nesbitt
and Young 1984; Floyd and Leveridge 1987). This combined
approach plays a key role in ancient orogenic systems, where
complex interactions between cratonic blocks, arc systems and rift-
related magmatism demand multiple, complementary lines of
evidence to trace provenance.

The Sergipano Orogenic System (SOS), located in the southern-
most segment of the Borborema Province, is part of a large
Brasiliano/Pan-African orogen that extends to the Central African
Orogenic Belt (Van Schmus ez al. 2008; Caxito ef al. 2020b). Most
geodynamic reconstructions of this area have been based on
geochemical and isotopic signatures of magmatic rocks (Oliveira
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et al. 2010; Pereira et al. 2023). In a pioneering work, Oliveira et al.
(2015b) defined a general provenance framework for the main
metasedimentary successions comprising the SOS. Subsequent
studies (Lima et al. 2018; Neves et al. 2019; Passos et al. 2022)
expanded the regional database with U-Pb zircon ages of igneous
and sedimentary rocks, and a large number of in situ analyses are
now available.

The Macururé Domain is the most prominent geological unit of
the SOS. It consists mainly of the Macururé Complex, which
includes a metasedimentary succession of phyllites and schists
interlayered with thick successions of quartzite, intruded by late
Cryogenian—Ediacaran plutonic rocks (Davison and Santos 1989;
Silva et al. 1995). In this work, we adopt an integrated approach,
combining the first coupled U-Pb and Lu—Hf analyses on detrital
zircon with lithological and geochemical data from metasedimen-
tary rocks of the Macururé Complex. These newly acquired data are
integrated with the existing detrital zircon database of the SOS. This
study aims to: (i) determine the provenance and tectonic setting of
its metasedimentary rocks through detrital zircon geochronology
and Hf isotopes; (ii) assess source-to-sink connections between the
Macururé Domain and neighbouring domains of the SOS using
integrated geochronological, isotopic and geochemical evidence;
and (iii) propose a tectonic model for sedimentation within the
regional context of the Southern Borborema Province.

Geological setting
Borborema Province

The Borborema Province in NE Brazil formed through the
convergence of the Amazonian, Sdo Luis—West Africa and Sdo
Francisco-Congo cratons during the assembly of Western
Gondwana in the course of the Brasiliano/Pan-African Orogeny
(Fig. 1a) (Brito Neves et al. 2000; Caxito et al. 2020a).

The basement of the Borborema Province is mainly composed of
Paleoproterozoic orthogneisses related to the Rhyacian Orogeny
(2.2-2.0 Ga) and localized Archean nuclei (Van Schmus er al.
2011; Rosa et al. 2020). Late Paleoproterozoic associations in the
central and northern subprovinces are interpreted as extension-
related magmatism emplaced during the Statherian—Calymmian
transition (Amaral et al. 2015; Lages et al. 2019). Metavolcanic—
sedimentary sequences and orthogneisses, correlated with the
Cariris Velhos event (1.0-0.9 Ga), have been recognized in the
Central and Southern sectors of the Borborema Province (Brito
Neves et al. 1995; Carvalho 2005; Guimaraes et al. 2016; Caxito
et al. 2020b). In addition, late Neoproterozoic supracrustal
successions covering the basement were intruded by widespread
Brasiliano/Pan-African magmatism (650-530 Ma) represented by
several batholiths, stocks and dyke swarms (Neves et al. 2015;
Amorim et al. 2018).

The continental-scale Patos and Pernambuco shear zones are
considered major crustal limits that divide the Borborema Province
into Northern, Central and Southern subprovinces (Van Schmus
et al. 2008, 2011). The Southern Subprovince is bounded to the
north by the Pernambuco shear zone and to the south by the Sao
Francisco Craton (SFC), and includes the Pernambuco-Alagoas
Domain (PEAL), and the Sergipano and Riacho do Pontal orogenic
belts (Fig. 1b).

Sergipano Orogenic System

The SOS has a triangular shape, and stands between the PEAL and
SFC, corresponding to the western sector of the Central Africa
Orogenic Belt (CAOB) in pre-drift reconstructions (Castaing et al.
1994; Caxito et al. 2020a). The SOS was formed by the
amalgamation of different crustal segments with ages ranging

from Rhyacian to late Ediacaran during the closure of a basin along
the northern margin of the Sdo Francisco Craton (Oliveira et al.
2010; Pereira et al. 2023).

From north to south, the SOS is divided into the Canindé, Pogo
Redondo, Marancd, Macururé, Vaza Barris and Estincia domains
(Davison and Santos 1989), separated by regional shear zones
(Fig. 1c). The Estancia, Vaza Barris and Macururé domains largely
consist of metasedimentary rocks (Davison and Santos 1989; D’el-
Rey Silva 1999), while the Marancd, Pogo Redondo and Canindé
domains include abundant magmatic and metasedimentary rock
types, whose metamorphism conditions reach amphibolite facies
(Oliveira et al. 2010). Figure 2 shows a simplified stratigraphy of the
SOS, and Supplementary Table S1 summarizes the available detrital
zircon geochronological data for its metasedimentary successions.

The Canindé Domain consists of: (i) Tonian basement slices
(1006-989 Ma: Passos et al. 2022); (ii)) the metavolcanic—
sedimentary sequence of the Novo Gosto unit and a bimodal
association of the Gentileza unit (743—701 Ma: Passos ef al. 2021,
2022); (iii) a 719-704 Ma layered gabbroic complex (Pinto et al.
2020; Passos et al. 2022); and (iv) a suite of Brasiliano granitoids
(640—611 Ma: Oliveira et al. 2015a; Santos 2016; Soares et al.
2019). Detrital zircon geochronological data for the Novo Gosto
unit show a dominance of Tonian grains, with less expressive
Rhyacian and Cryogenian contributions (Oliveira et al. 2015b;
Passos et al. 2022). The youngest detrital zircon displays an age of
625 Ma, suggesting that sedimentation may have occurred syn-
chronously with the Brasiliano/Pan-African Orogeny (Oliveira et al.
2015b).

The Marancé and Pogo Redondo domains comprise Tonian
migmatites (980-960 Ma) and A-type orthogneisses (967—
940 Ma), intruded by Brasiliano granitoids between 636 and
617 Ma (Carvalho 2005; Oliveira et al. 2010, 2015a; Lima 2016;
Lima et al. 2024). Quartzite and metaconglomerate samples from
the Marancé Domain yielded a roughly unimodal distribution of
detrital zircon data at 1000-980 Ma, indicating massive erosion of
Tonian source areas (Oliveira et al. 2015b).

The Macururé Domain comprises the central and northern
portions of the SOS, extending for c. 350 km across eastern Sergipe
and northern Bahia. It consists of metasupracrustal rocks of the
Macururé Complex, metamorphosed in greenschist-amphibolite
facies, and an intrusive suite ranging from mafic—ultramafic to
granitic rocks (643—603 Ma: Oliveira et al. 2015a; Pereira et al.
2023). The Macururé Complex includes phyllites, schists,
metarhythmites and metagreywackes, interleaved with quartzite
and calc-silicate rocks. U-Pb detrital zircon data for the Macururé
Complex reveal a heterogeneous provenance dominated by
Rhyacian and Tonian contributions (Van Schmus et al. 2011;
Oliveira et al. 2015b; Neves et al. 2019). These authors argued for a
pre-Brasiliano deposition for the sedimentary succession based on
the absence of zircon grains younger than 900 Ma (Oliveira et al.
2015b).

The Vaza Barris and Estancia domains encompass an anchime-
tamorphic to low-grade psammopelitic and carbonate sequence
(Davison and Santos 1989). U-Pb detrital zircon data reveal distinct
detrital age spectra from the base to the top of the successions, with a
predominance of Rhyacian ages in the lowermost units, followed by
increasing contributions of Tonian, Cryogenian and Ediacaran ages
towards the top (Oliveira et al. 2015b).

Structural windows of Archean—Paleoproterozoic basement are
exposed within the metavolcano-sedimentary successions of the
Vaza Barris and Macururé domains (Fig. 1c). The Mesoarchean
crystalline cores of the Simdo Dias and Itabaiana domes consist of
migmatitic orthogneisses with tonalite—trondhjemite—granodiorite
affinities, yielding crystallization ages between 2.86 and 2.73 Ga
(Oliveira 2012; Santiago et al. 2018; Rosa et al. 2020). The Jirau do
Ponciano Dome comprises basic—acidic metavolcanic (2.07—
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Fig. 1. Geological framework of the study area. (a) South America—Africa connection along the western margin of the Gondwana supercontinent, with the
position of the main cratonic blocks. The outlined area corresponds to the extent of the Sergipano and Central African orogenic belts. (b) Division of the
Borborema Province into the Northern, Central and Southern subprovinces, bounded by the Patos (PSZ) and Pernambuco (PESZ) shear zone systems.
PEAL, Pernambuco-Alagoas Domain; RPB, Riacho do Pontal Belt. (¢) Tectonic compartmentalization of the Sergipano Orogenic System (SOS). The
Itaporanga Shear Zone (ISZ), Sao Miguel do Aleixo Shear Zone (SMASZ), Belo Monte-Jeremoabo Shear Zone (BMJSZ) and Macururé Shear Zone (MSZ)
mark the limits between the domains. Source: (b) from Van Schmus ef al. (2008, 2011); and (c) Davison and Santos (1989).
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Fig. 2. Simplified stratigraphy and event chart based on available geochronological data for the Sergipano Orogenic System (SOS). Maximum depositional
ages (yellow stars) refer to the youngest single grain of the formation or informal unit (see Supplementary Table S1). Middle Cryogenian (Sturtian) and late
Cryogenian (Marinoan) glaciations are marked at c. 720 and c¢. 635 Ma. Source: Sdo Francisco Craton (Oliveira 2012; Rosa ef al. 2020), Rhyacian basement
(Lima et al. 2019; Tesser et al. 2022), Tonian migmatites and granitoids (Carvalho 2005; Lima ef al. 2024), pre-Brasiliano metamafic and metagranitoids
(Pinto et al. 2020; Passos et al. 2021, 2022), Brasiliano mafic rocks and granitoids (Oliveira ez al. 2015a; Pereira et al. 2020, 2023, 2024), metasedimentary
sequences (Van Schmus et al. 2011; Oliveira et al. 2015b; Lima et al. 2018, 2019; Neves et al. 2019; Passos et al. 2022); the metamorphic ages are after
Oliveira et al. (2010) and Passos et al. (2022); the middle (Sturtian) and late Cryogenian (Marinoan) glaciation ages are according to Hoffman ez al. (2017).

2.05 Ga) and metasedimentary rocks of the Nicolau-Campo Grande Results
Complex, interpreted as remnants of a Rhyacian—Orosirian
continental arc (Lima et al. 2019). At the northern limit of the
SOS, ultrahigh-temperature diatexites of the Arapiraca Complex
(2.03-1.96 Ga) are considered a continental fragment pulled away

from the Sdo Francisco—Congo palaeocontinent (Tesser et al. 2022).

Geological outline of the Macururé Complex

In the eastern sector of the Macururé Domain, garnet-bearing
muscovite—chlorite-biotite phyllites and metarhythmites are pre-
dominant, accompanied by subordinate garnet-mica schists,
metagreywackes and metacarbonate rocks. Centimetre-to-metre

Analytical methods . ) . . .
y layers of impure quartzite are interbedded with the phyllites and

The analytical techniques employed in this study were: (1) X-ray
fluorescence (XRF) and inductively coupled plasma mass spec-
trometry (ICP-MS) for whole-rock major and trace element
analyses; (2) laser ablation-quadrupole ICP-MS (LA-Q-ICP-MS)
for U-Pb dating of detrital zircon; and (3) laser ablation-
multicollector ICP-MS (LA-MC-ICP-MS) for Lu-Hf isotopic
analyses of zircons. Detailed analytical procedures are provided in
the Supplementary material.

schists. Prominent hills near the cities of Nossa Senhora de Lourdes
and Porto da Folha are defined by thick sequences of muscovite-rich
quartzites, which exhibit complex fold interference patterns due to
multiple deformation events (Bueno er al. 2009). Table 1
summarizes the main mineralogical and textural features of the
analysed metasedimentary rocks.

Phyllites are grey, brown or reddish in colour, with a characteristic
lustrous appearance. They contain idioblastic gamet porphyroblasts
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Table 1. Petrographical characteristics of the metasedimentary rocks from the Macururé Complex

Rock group Texture Mineral assembly
Major Accessory
Phyllite Lepidoblastic, porphyroblastic, poikiloblastic Qz+Pl+Ms+ Bt + Chl+ Grt Tur + Opq
Schist Lepidoblastic, porphyroblastic, poikiloblastic Ms+Bt+Qz + Pl+ Grt+ Chl Tur
Metarythmite Lepidodoblastic, porphyroblastic Ms+ Chl+ Bt+ Qz + Kfs + Pl + Grt Zm =+ Opq
Metagreywacke Porphyroclastic Qz+P1+Kfs+Ms + Chl+ Opq + Cal Rt+Zm + Tur
Metarcarbonate Granoblastic, lepidoblastic Cal+Ms+ Chl + Qz + Kfs + P1 Zm+Opq
Quartzite Granoblastic, porphyroclastic, lepidoblastic Qz+Pl+Kfs+Ms Bt+Chl+ Ap + Rt+Zm

Mineral abbreviations follow the recommendation of Warr (2021).

ranging from 0.2 to 0.5 mm in size. Foliation is defined by reddish-
brown biotite crystals (c. 0.5 mm), which are partially altered to
chlorite. The matrix comprises very-fine-grained (<0.01 mm) quartz,
plagioclase and microcline. Muscovite and chlorite are aligned along
the schistosity within the matrix. Accessory phases include
disseminated opaque minerals and green tourmaline prisms.

Schist samples are medium grained and typically display a well-
developed lepidoblastic texture defined by the alignment of biotite
and muscovite (Fig. 3a). Garnet porphyroblasts are idioblastic, and
contain inclusion trails of quartz, biotite and opaque minerals
(Fig. 3b). Internal foliation within the garnet crystals is curved,
suggesting syntectonic growth during prograde deformation. Fine-
grained quartz and biotite also occur in pressure shadows around
garnet. Quartz and plagioclase comprise granoblastic lenses
orientated with the schistosity in some samples.

Metarhythmites exhibit a bimodal layering of millimetre-thick
metapelite and metapsammite (Fig. 3¢). The metapsammite consists
of very-fine-grained quartz and feldspar, set in a matrix rich in
muscovite, chlorite and some biotite. The metapelite layers
primarily contain brown biotite, muscovite and sparse detrital
grains. The alignment of mica blasts defines a slaty cleavage.
Opaque minerals are the main accessories.

The metagreywackes (Fig. 3d) consist of poorly sorted quartz
grains and minor amounts of feldspar, ranging from very fine to very
coarse granulation, with a predominance of ¢. 0.3 mm. These grains
are embedded in a recrystallized quartzofeldspathic matrix,
including chlorite, muscovite and biotite. Rare tiny grains of
green tourmaline, zircon and rutile are dispersed throughout. In
addition, some samples include carbonate and opaque minerals
associated with the matrix.

Fig. 3. Field and petrographical features of
metasedimentary units from the Macururé
Domain. (a) Medium-grained muscovite—
biotite schist with conspicuous garnet
porphyroblasts. (b) Lepidoblastic texture
defined by the alignment of muscovite
(Ms) and biotite (Bt) in (a), with quartz
(Qz) pressure shadows around syntectonic
garnet (Grt). (¢) Alternating layers of fine-
grained arenite (light grey) and siltite
(dark grey) in metarhythmite. Tiny black
spots in the siltite are oxidized garnet
porphyroblasts. (d) Poorly sorted, fine- to
medium-grained reddish metagreywacke,
preserving faint sedimentary layering
despite the metamorphic overprint.

(e) Muscovite-rich quartzite displaying a
well-developed foliation. (f) Thin section
of (e), showing stretched quartz grains and
aggregates with undulose extinction, and
muscovite blasts defining a mylonitic,
spaced foliation. Kfs, K-feldspar; P,
plagioclase.
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Metacarbonate rocks are light-medium grey marls featuring
centimetre-thick intercalations of dark grey impure carbonates.
Metamarls consist of fine-grained muscovite and chlorite (c.
0.2 mm), strongly orientated and situated between a polygonal
calcite mosaic and quartz. Rare opaque minerals align with the mica
orientation. Calcite veinlets are injected along the foliation. Impure
metacarbonates display very-fine granulation (<0.1 mm) and
comprise a polygonal mosaic of calcite, with interstices filled by
muscovite, quartz and feldspar. Thin calc-silicate levels (1-10 cm)
typically contain plagioclase, amphibole, epidote and quartz. Near
intrusions, the calc-silicate rocks give place to a more massive
structure and porphyroblastic texture, marked by the development
of large crystals of amphibole and garnet.

Quartzites are light grey to yellowish and fine-medium grained
(Fig. 3e). They are predominantly composed of xenoblastic,
inequigranular quartz displaying a granoblastic texture. Muscovite
is present in variable proportions, qualifying them as muscovite-
bearing quartzites (<5 vol%) or muscovite quartzites (>5 vol%).
These crystals define a poorly developed foliation, locally forming
anastomosing networks around porphyroclasts of plagioclase and
microcline, both of which are extensively altered to sericite. Minor
biotite and opaque minerals occur in association with muscovite.
Larger quartz grains commonly exhibit patchy undulose extinction
and deformation lamellae, with interlobate to amoeboid grain
boundaries. Fine-grained recrystallized quartz aggregates are
present along these boundaries, indicating dynamic recrystalliza-
tion. In some samples, well-developed foliation, elongated quartz
grains and aligned muscovite define a mylonitic fabric (Fig. 3f).

In contrast to quartzofeldspathic rocks, pelitic protoliths undergo
significant mineralogical transformations during metamorphism,
making them more suitable for assessing metamorphic conditions.
According to Bucher and Grapes (2011), garnet appears in
metapelites at c¢. 450°C, and the first garnet-biotite pairs may
form at c. 470°C. The observed mineral assemblage in phyllites and
schists, therefore, indicates metamorphism under greenschist—lower
amphibolite facies, corresponding to the garnet zone of Barrovian-
type metamorphism. The absence of staurolite suggests that
conditions did not exceed the lower amphibolite facies. The
mylonitic fabric observed in quartzites is attributed to nappe
tectonics, developed along low-angle shear zones with SW-directed
mass transport, consistent with the main collisional structures of the
SOS. Finally, the partial replacement of biotite by chlorite reflects
retrograde metamorphic overprinting.

Geochemical characterization

Major and trace element results are given in Supplementary
Table S2. Whole-rock geochemical data for phyllites, schists and
greywackes show variable contents of SiO, (55.00-77.11 wt%),
TiO, (0.57-1.16 wt%), Al,O3 (10.68-22.62 wt%), Fe,O3* (4.34—
12.95 wt%), MgO (0.45-5.51 wt%), CaO (0.07-7.21 wt%), Na,O
(0.98-3.52 wt%), K,O (1.47-4.95 wt%) and P,Os (0.02—-0.28 wt
%). As the geochemical composition of these fine-grained, matrix-
rich rocks overlaps widely, they are treated together here.

Quartzite samples differ from the others by their higher and
narrower range of SiO, contents (88.64-92.33 wt%), moderate
Al,O5 (4.76-7.00 wt%) and K,O (1.90-2.82 wt%), and very low
values of TiO, (<0.14 wt%), Fe,03* (<1.17 wt%), MgO (<0.11 wt
%), CaO (<0.01), Na,O (<0.55 wt%) and P,Os (<0.01%).

The contents of TiO,, Al,Os3, Fe,03* and MgO decrease with
increasing Si0O,, indicating the removal of unstable ferromagnesian
components with the enhancement of sediment maturity (Fig. 4a—d).
Conversely, K,0, Na,O and CaO display weak negative correla-
tions with SiO, (Fig. 4e—g). Across all variation diagrams, the
metapelites exhibit compositions similar to the Post-Archean
Australian Shale (PAAS) (Taylor and McLennan 1985), whereas

quartzite samples spread close to Proterozoic Cratonic Sandstone
(Condie 1993). This behaviour indicates that quartzite protoliths
were composed of more mature detritus relative to the protoliths of
the metapelites and metagreywackes.

Phyllites, schists and metarhythmites show abundances of rare-
earth elements (REEs) ranging from 89 to 305 ppm (128 + 57 ppm
on average), lower than the PAAS (184.8 ppm: Taylor and
McLennan 1985). The analysed rocks are enriched by a factor of
100 and 10 times for the light REEs (LREEs) and heavy REEs
(HREES), respectively, relative to the chondrites (McDonough and
Sun 1995). Chondrite-normalized (expressed by the subscript ‘CN’)
REE patterns feature weak to moderate fractionation, with La/Ybcy
ratios between 3.6 and 13.4 (Fig. 4h). The fractionation degree is
more pronounced among the LREEs (La/Smcy =2.5-4.1) than the
HREEs (Gd/Ybcny=0.9-2.3). They display virtually absent Ce
anomalies (Ce/Ce* =0.86-1.10) and significant negative Eu
anomalies (Euw/Eu*=0.42-0.77), which are typical features of
post-Archean sedimentary rocks (Taylor and McLennan 1985).

The average concentration of ferromagnesian trace elements Ni
(47+16 ppm), Co (19+ 11 ppm) and V (122 + 32 ppm) are within
the range reported for both PAAS and upper continental crust
(UCC) (Taylor and McLennan 1985; Rudnick and Gao 2003). Trace
element compositions of metapelitic rocks from the Macururé
Complex normalized to the UCC are presented in Figure 4i. Most
samples cluster near unity, with marked depletions in Sr and
P. Overall, the concentrations of high-field strength elements
(HFSEs) and large ion lithophile elements (LILEs) are similar to
those of PAAS.

Detrital zircon U-Pb geochronology and Lu—Hf isotope
geochemistry

Three quartzite samples from the Macururé Complex were analysed
for U-Pb geochronology. Of the 370 detrital zircon grains initially
dated, 247 yielded concordant ages with discordance of less than
10%. Lu—Hf isotopic compositions were obtained from 113 of these
concordant grains. The complete U-Pb and Lu—Hf results are
provided in Supplementary Tables S3 and S4, and a summary of the
results is shown in Table 2.

Muscovite quartzite: sample SOS-1254

Sample SOS-1254 is a muscovite quartzite, cropping out as a
50 cm-thick layer intercalated with garnet-bearing biotite-musco-
vite phyllites near the external ring of the Nossa Senhora de Lourdes
interference structure (Fig. 1c).

Zircon grains are colourless, pale pink and light grey, translucent,
and rarely limpid. Their sizes range from 80 to 310 pm. Most grains
are rounded to subrounded, with length/width ratios of 1:1 and 3:1.
Only a few preserve their original prismatic shape (Fig. 5).

Of the 120 analysed grains, 80 yielded concordant results within
10%. They are anhedral to subhedral and show regular broad or fine
oscillatory zoning (53%), typical of igneous zircon (Corfu 2003).
The remaining grains are homogeneous (10%) under cathodolu-
minescence (CL) images or reveal complex internal structures,
dominated by irregular diffuse (14%) and concentric (8%) zoning.
Internal features showing chaotic (5%), convolute (5%) and patchy
(4%) patterns are less common. No clear relationship was observed
between zoning type and Th/U ratios, which vary from 0.24 to 2.04
(Fig. 6a).

Detrital zircon U-Pb dates range from Siderian to Tonian
(Fig. 6b). The kernel density estimate (KDE) plot for the concordant
and subconcordant populations shows an almost bimodal distribu-
tion, with prominent peaks at 2100-1900 and 1200-800 Ma
(Fig. 6¢). One subconcordant grain provided a Siderian
207Pb/2%Pb date of 2354 +31 Ma.
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Fig. 4. Major and trace element geochemistry of metasedimentary rocks from the Macururé Complex. (a)—(g) Variation diagrams of selected oxides (wt%)
plotted against SiO,. The compositions of PAAS, UCC and Proterozoic cratonic sandstones are shown for comparison. (h) Chondrite-normalized REE patterns
and (i) UCC-normalized multi-element diagrams for phyllites, schists and metarhythmite samples. Source: (a)—(g) compositions are from Taylor and McLennan
(1985), Condie (1993) and Rudnick and Gao (2003); normalization values are after McDonough and Sun (1995) and Rudnick and Gao (2003).

About 40% of the grains are in the Rhyacian—Orosirian age
interval, with a peak at 1980 Ma. They have subchondritic
'7°Hf/'""Hf,,, ratios between 0.281075 and 0.281517, equivalent
to ey(f) values from —15.6 to —0.7 (Fig. 6j). Hf-TSy model ages
spread from the Paleoarchean to the Neoarchean, ranging from 3.5
to 2.6 Ga (Fig. 6k).

The second cluster peaks at 960 Ma and contains zircon grains
from the Mesoproterozoic (20%), early Neoproterozoic (28%) and
middle Neoproterozoic (11%) intervals. '7°Hf/'""Hf,, ratios of the
Mesoproterozoic grains vary from 0.281949 to 0.282289, recording
negative to positive eyg(f) values between —7.1 and +5.1. They
yielded Paleoproterozoic Hf-T5y; model ages ranging from 2.2 to
1.6 Ga.

The early Neoproterozoic population has varying '"°Hf/'77Hf,,
ratios between 0.281851 and 0.282252, corresponding to subchon-
dritic and suprachondritic eygf) values from —12.3 to +3.5.
Hf-TSy model ages range from 2.5 to 1.6 Ga.

The youngest zircon population records non-radiogenic
7®Hf/'"7Hf,,, ratios in the range of 0.281558 and 0.282069,
equivalent to £y(¢) values from —24.7 to —6.0. Hf-T5y; model ages
spread from the Mesoarchean to the Rhyacian (3.2-2.1 Ga). The
youngest single grain yielded a 2°°Pb/?3%U date of 808 £ 13 Ma.

Mylonitic muscovite quartzite: sample SOS-1260

This sample is a mylonitic muscovite quartzite exposed in an
operating quarry located in the external ring of the Nossa Senhora de
Lourdes interference structure, along the road to the Escurial village
(Fig. 1c).

Zircon grains are pale pink and light grey, mostly clear and less
commonly translucent or opaque. Grain sizes range from 133 to
380 um. Larger grains exhibit subrounded shapes but still preserve
their original prismatic habit, whereas smaller grains are rounded
and subspherical. Length/width ratios range from 3:1 to 1:1 (Fig. 5).
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U-Pb zircon analyses performed on 180 detrital zircon grains
returned 114 concordant to subconcordant dates within 10% of
discordance. Most zircon grains display regular magmatic textures,
such as oscillatory (63%) and sector (3%) zoning (Fig. 6d).
Homogeneous unzoned grains account for 15% of the analysed
population, while more complex zoning patterns make up 19% of
the total (irregular concentric 8%, diffuse 5%, convolute 4%, and
chaotic, cross-bedding and patchy c. 2%). Despite the diversity of
internal structures, Th/U ratios do not vary significantly between the
zoning types, ranging from 0.14 to 1.63.

Concordant and subconcordant U-Pb dates spread from the
Mesoarchean to the Cryogenian, with two significant clusters at
2100-1900 and 1150-700 Ma (Fig. 6e, f). Only one xenocrystic core
yielded an Archean 2°’Pb/?%Pb date of 2904 +29 Ma. The older
cluster encloses 27% of the grains and gives a peak on the KDE plot at
2000 Ma (Fig. 6f). Many of these grains show disturbed internal
textures, consistent with late- to post-magmatic modification. Middle
Paleoproterozoic grains yielded '7*Hf/'”"Hf;,, between 0.281302 and
0.281541, corresponding to subchondritic to chondritic ey(f) values
from —10.4 to +0.1 (Fig. 6j). Hf-TSy model ages range from the
Mesoarchean to the Neoarchean, between 3.1 and 2.5 Ga (Fig. 6k).
' ' ' The younger cluster peaks at 950 Ma and represents 72% of the
analysed population: 15% Mesoproterozoic, 40% Tonian and 17%
middle Neoproterozoic. Most exhibit undisturbed internal structures
compatible with a magmatic origin.

The Mesoproterozoic population displayed '7*Hf/'7"Hf;,, ratios
ranging from 0.281836 to 0.282366, consistent with negative to
positive eyft) values between —8.9 and +8.4, with Siderian—
Ectasian Hf-T5,,; model ages (2.4-1.3 Ga).

Representative grains of the Tonian period provided
'76H{/'7Hf],, ratios between 0.281883 and 0.282285, equivalent
to subchondritic and suprachondritic ey¢(f) values ranging from
—10.3 to +4.4. Hf-TS,; model ages vary from 2.4 to 1.3 Ga.

The middle Neoproterozoic group encloses grains with initial
76H£/177Hf ratios between 0.282150 and 0.282333, corresponding
to eg(t) values from —5.2 to +3.3. Hf-TSy, model ages spread from
the Orosirian to the Calymmian (1.8—1.5 Ga). The youngest single
grain provided a 2°Pb/>*8U date of 739 + 14 Ma.
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Muscovite-bearing quartzite: sample SOS-1274

Sample SOS-1274 is a muscovite-bearing quartzite exposed along
the road near the Iguagu locality. It belongs to a thick quartzite
package that forms prominent hills between Gararu and Porto da
Folha (Fig. 1c).

Detrital zircon grains are mostly clear and pale pink. Translucent
and opaque brown grains are less common. Grains range from
prismatic to spherical, but subrounded shapes predominate (Fig. 5).
Length/width ratios vary between 4:1 and 1:1, and some grains
contain inclusions of opaque minerals.

Seventy detrital zircon grains were dated, of which 53 are
concordant within 10%. They are anhedral to subhedral. Oscillatory
zoning (36%) and homogeneous unzoned (34%) structures prevail
under CL. Less frequent patterns include irregular concentric
(13%), diffuse (9%), chaotic (4%), convolute (2%) and sector (2%)
zoning (Fig. 6g). Internal features related to secondary overprint are
more common in the older population. Regardless of zoning type,
Th/U ratios range from 0.07 to 1.54.

This sample displays a bimodal age distribution (Fig. 6h, i).
Nearly half of the zircons (49%) yield Orosirian dates, defining two
peaks at 2000 and 1800 Ma. This population has '"°Hf/'"7Hf,,
ratios ranging from 0.281283 to 0.281533, corresponding to ep(?)
values between —9.0 and +0.5 (Fig. 6j). Mesoarchean—Neoarchean
Hf-T§, model ages oscillate from 3.1 to 2.5 Ga (Fig. 6k).

Mesoproterozoic grains comprise 17% of the analysed concord-
ant population. These grains show '"®Hf/'”7Hf;,, ratios between

enrt)
Hf-T5\ (Ga)
%

epd?t)
Hf-T5y (Ga)
epd?)
Hf-T5 (Ga)

%

Concordant/analysed grains

80/120
114/180
53/70

718420/8879989
720250/8889560
693659/8901596

Coordinates®

Table 2. Summary of U-Pb and Lu—Hf isotopic data from detrital zircon in quartzite samples of the Macururé Complex

-, age interval not sampled.*Universal Transverse Mercator coordinate system, South American 1969 datum, 24S zone.

Sample ID
SOS-1254
SOS-1260
SOS-1274
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Fig. 5. Cathodoluminescence (CL) images for representative detrital zircon grains from quartzite samples of the Macururé Domain. The scale bar
corresponds to 50 um. The grey and orange circles indicate the approximate location of the U-Pb and Lu—Hf spots, together with the U-Pb age (Ma),

concordance (%) and Hf isotopic compositions (£¢(7)/T5)-

0.282071 and 0.282196, consistent with negative to positive eydf)
values from —10.0 to +2.7. Hf-T5y; model ages spread from the
Siderian to the Statherian (2.4-1.7 Ga).

The remaining 34% of detrital grains are clustered in the early
(26%) and middle (8%) Neoproterozoic interval ages, marking a
prominent peak at 1000 Ma and a subordinate 750 Ma. Early Tonian
zircons record '7°Hf/'"’Hf,, values from 0.282137 to 0.282385,
equivalent to subchondritic to suprachondritic ei4(f) values between
—1.0 and +7.7. Their Hf-T5y; model ages range from 1.8 to 1.3 Ga.

One middle Neoproterozoic grain analysed for Lu-Hf gave a
negative eyg(f) value of —2.3 ('"°Hf/'""Hf;,,=0.282192) and an
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Orosirian Hf-TSy; model age of 1.8 Ga. The youngest single grain
yielded a 2°Pb/?*8U date of 782 + 12 Ma.

Discussion

On the protolith compositions, weathering conditions

and source characteristics

The bulk-rock geochemistry of siliciclastic rocks is controlled by a
complex interplay of protolith composition, source characteristics
and tectonic setting, modulated by weathering, transport and
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Fig. 6. Detrital U-Pb data for quartzite samples from the Macururé Domain. (a), (d) and (g) Textural features of concordant and subconcordant zircon
grains relative to their U-Pb dates and Th/U ratios. (b), (e) and (h) Wetherill concordia diagrams displaying all analysed data. Discordant data are shown as
hollow ellipses. Concordant data within 10% are shaded according to the proportion of common Pb for each analysed spot, expressed as absolute values of
fr06- (€), (f) and (i) KDE plot with the main age peaks and the youngest single grain (YSG). Plots of U-Pb age v. (j) 17(’Hf/l77Hf(,) and (k) eyg(?). Crustal
evolution trends in (k) assume a '"®Lu/'77Hf ratio of 0.015 for average continental crust. KDE plots also show the distribution of Hf-TS,, model ages for
the two main zircon populations. CHUR, chondritic uniform reservoir; DM, depleted mantle. Source: (k) ratio from Griffin et al. (2004).

diagenesis (Nesbitt and Young 1982; Taylor and McLennan 1985;
McLennan et al. 1993; Fedo et al. 1995; Rollinson and Pease 2021).
This implies that geochemical data on clastic sediments is a helpful
tool for characterizing processes such as hydraulic sorting, chemical
weathering and detrital mineralogy of the source region (Rollinson

and Pease 2021).

The degree of maturity of the studied samples can be visualized in
a ternary plot of ferromagnesian oxides, silica and alkalis, which
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shows an increase from metapelites and metagreywackes to quartzites
(Fig. 7a). Prolonged weathering breaks down the unstable mafic
minerals, depleting sediments of ferromagnesian components, while
the destabilization of feldspars and micas impoverishes the alkali
content (Rollinson and Pease 2021). This increases the volume of

residual quartz, leading to the high levels of compositional maturity

observed in quartzites. In the classification scheme for siliciclastic
rocks by Herron (1988), metapelites and metagreywackes plot in the
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(1995); and (e) from Floyd and Leveridge (1987).

shale and wacke fields, consistent with immature sedimentary
protoliths. Otherwise, the quartzites fall within the subarkose field
(Fig. 7b).

The chemical index of alteration (CIA) is a good measure of
chemical weathering (Nesbitt and Young 1982), defined as CIA =
100 x molar [Al,05/(Al,O3 + CaO* + Na,O + K,0)], where CaO*
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corresponds to CaO in the silicate fraction of the sample. CIA values
for the metapelitic rocks vary from 47 to 77 (65 + 7 on average) and
overlap the range observed in the quartzites (60-68; 67 +6 on
average), indicating minimal to moderate chemical weathering.
In the (CaO* +NayO0)-Al,05—K,0 compositional space, the
metapelites plot mainly along the weathering line of granodiorite
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composition (Nesbitt and Young 1984), suggesting derivation from
intermediate to acidic source areas (Fig. 7c). The quartzite samples
lie away from metapelites and approximate the Al,O3;—K,O joint,
which may reflect the feldspar content in the protoliths (Bahlburg
and Dobrzinski 2011).

The index of compositional variability (ICV), where ICV =
(Fe,05 +K,0 +Na,0 + CaO + MgO + MnO + Ti0,)/Al,03, is an
effective measure of the compositional maturity of source rocks
(Cox et al. 1995). Quartzites yield ICV values <1.0 (0.62-0.77;
0.68 £ 0.06 on average), consistent with compositionally mature
subarkose protoliths (Fig. 7d). Except for two samples, the ICV
values for the metapelitic rocks are consistently above 1.0 (0.98—
1.86; 1.36 +0.27 on average), indicating that metapelitic protoliths
were dominated by immature sediments. Thus, we argue that the
detritus constituting the quartzites does not record a simple source-
to-sink history but rather successive episodes of erosion and
sedimentation. However, the metapelites and metagreywackes
certainly represent compositionally immature, first-cycle deposits.

Igneous rocks formed in active continental margins typically
show high contents of incompatible elements (e.g. LILEs and
LREEs), strongly negative Eu and Nb-Ta anomalies, and low
contents of transition metals (e.g. Ni, V and Co) related to extensive
magma fractionation (Pearce 1982; Wilson 1989). In such settings,
immature clastic rocks retain the composition of proximal sources
due to the presence of unstable grains and lithic fragments (Floyd
and Leveridge 1987; Rollinson and Pease 2021). Phyllite, schist and
metarhythmite samples show high and variable LILE concentra-
tions, and REE patterns moderately enriched in LREE, with
pronounced negative Eu anomalies and nearly flat HREEs. These
features are typical of felsic—intermediate rocks from mature
continental arcs, rather than young and undifferentiated arcs
(McLennan et al. 1993). Figure 7e indicates that immature
samples have low La/Th ratios at moderate Hf concentrations,
akin to those observed in acidic-dominated arcs (Floyd and
Leveridge 1987). Thus, the geochemical evidence suggests that
the source materials for the metapelite samples were primarily
composed of felsic igneous rocks exhibiting an arc-like signature.

Detrital zircon record

A detailed examination of the internal features of the dated grains
demonstrates the dominance of regular concentric zoning, character-
istic of igneous zircon crystals (Corfu 2003). Homogenous unzoned
patterns represent the second most common feature, followed by
disturbed zonation structures, such as convolute, chaotic and diffuse
zoning (Fig. 6). These complex patterns are more frequent in the older
zircon population, suggesting late- to-post-magmatic transformations
related to metamorphic overprint or interaction with aqueous fluids
(Corfu 2003; Rubatto 2017). In contrast, most zircon grains with well-
preserved oscillatory zoning occur in the younger age fraction. These
grains tend to be less rounded, with some retaining prismatic and
pyramidal faces, indicating either short transport distances or limited
residence time in surface environments.

Depositional ages

Given that a sedimentary deposit cannot be older than its youngest
constituents, the age of this component can be used to constrain its
maximum depositional age (MDA) (Gehrels 2011, 2014; Coutts
et al. 2019). However, commonly used methods for deriving the
MDA from detrital zircon populations (e.g. youngest single grain,
youngest graphical peak or youngest grain cluster) often underesti-
mate or overestimate depositional estimates (Coutts er al. 2019;
Vermeesch 2021). To overcome this limitation, Vermeesch (2021)
recommended the use of maximum likelihood ages (MLA), a purely

statistical method that employs the maximum likelihood model of
Galbraith and Laslett (1993).

In our dataset, MLA provided values of 820 & 11 Ma for sample
SOS-1254, 766 + 10 Ma for sample SOS-1260 and 786 + 14 Ma
for sample SOS-1274 (see the Supplementary material). These
estimates are slightly older than those obtained with the youngest
single-grain approach, which returns ages of 808 +13, 739+ 14
and 782+ 12 Ma, respectively. Nevertheless, they are notably
younger than the previously reported MDA of ¢. 900 Ma for the
Macururé Complex (Van Schmus et al. 2011; Oliveira et al.
2015b; Neves et al. 2019). These new results indicate that the
subarkose protoliths of the quartzites were deposited synchron-
ously with, or after, the sedimentation and volcanism of the Novo
Gosto unit in the Canindé Domain (Oliveira et al. 2015b; Passos
et al. 2022). The minimum depositional age is constrained by the
emplacement of the early collisional Camara pluton at 643 +2 Ma
(Pereira et al. 2023).

Sediment dispersal across the Southern Borborema
Province

Middle  Paleoproterozoic ~ (2000-1980 Ma) and  early
Neoproterozoic (1000-900 Ma) ages dominate the detrital zircon
record of the analysed quartzites, matching the timing of the
Rhyacian Orogeny (2.2-2.0 Ga) and Cariris Velhos event (1.0-
0.9 Ga) in the Borborema Province. Scarce Siderian and
Neoarchean components stand out from this background. We
compiled and compared published U-Pb zircon and Sm—Nd whole-
rock data from surrounding geological domains to interpret these
results and identify potential sediment sources.

The northernmost segment of the Sao Francisco Craton records
several zircon-forming events from the Mesoarchean to the
Rhyacian. Protolith crystallization of migmatites and granulites
occurred during 2.83-2.73, 2.58-2.47 and 2.18-2.15 Ga, followed
by migmatization coeval with granulite-facies metamorphism at
2.08-2.07 Ga (Oliveira 2012, 2014; Santiago et al. 2018; Rosa et al.
2020). The last magmatic episode in the area corresponds to the
emplacement of the acidic-intermediate Araua dyke swarm at
2.0 Ga (Barbosa et al. 2018).

Despite the abundance of Rhyacian ages in the studied quartzites,
Archean grains are virtually absent in the Macururé Complex (Van
Schmus et al. 2011; Oliveira et al. 2015b; Neves et al. 2019),
indicating negligible or no cratonic contribution (Fig. 8a). This
interpretation is consistent with the Nd isotopic evidence. Sm—Nd
data obtained by Oliveira et al. (2015b) for the metasedimentary
units of the Macururé Complex yielded Nd-7py; model ages ranging
from 1.8 to 1.3 Ga, which are notably different from those observed
in the Sdo Francisco Craton (Fig. 8b, ¢). The predominance of
Tonian and Paleoproterozoic ages, combined with young Nd-Tpy
model ages, points to derivation from the Borborema Province,
possibly linked to the erosion of nearby sources such as the Poco
Redondo, Maranc6 and PEAL domains.

The basement of the Borborema Province is mainly composed of
Paleoproterozoic orthogneisses and migmatites related to accre-
tionary and collisional processes that took place during the
Rhyacian Orogeny (Caxito et al. 2020a; Neves 2021). The most
likely candidate as a source area for the Paleoproterozoic age
fraction identified in the Macururé quartzites is the Jirau do
Ponciano Dome (Fig. 8a). It comprises amphibolites (tholeiite to
calc-alkaline basalt—andesite) and acidic metavolcanic (calc-
alkaline dacite-rhyolite) rocks showing U-Pb zircon ages
between 2.07 and 2.05 Ga, interleaved with paragneisses that
carry Mesoarchean and Siderian grains (Lima et al. 2019).
Alternatively, the UHT diatexites from the Arapiraca Complex
(2.03-1.96 Ga: Tesser et al. 2022) also constitute a plausible source
of zircon grains, principally for the younger ones.

Downl oaded from http://pubs. geosci encewor| d.org/gsl/jgs/article-pdf/doi/10.1144/jgs2025-034/ 7372234/ j gs2025-034. pdf by Uni versi dade Federal do Para user on 17 July


https://doi.org/10.6084/m9.figshare.c.8092568

Crustal evolution of the Sergipano Belt, NE Brazil 13

(@) [5141 13] 21 [ ®) L 10
Macururé Complex L p—
n =247 (this study) B oa = P
or JJ;#. S \\ A N 4 \\
ZIRCON U-Pb AGES = F ®%40% - \
JLDetritaI § -10 | cv \§:‘°< /}}b\
= L N < 6
(. Igneous S < o § s
.r‘.”_"fyletamorphic % -20 < SEC \\\ \ ‘
- N \ [
N \ A
55 4 -30 | Macururé Complex N -
Sdo Francisco C;l]’gtﬂrgl @ Novo Gosto Unit R
| ® Maranc6 Complex Sl
40 | ~70Gg ~
1 1 1 1
1.0 1.5 20 2.5 3.0 3.5
Nd'TDM (Ga)
(c) 0.21
(| Jirau do Ponciano Dome I
h Arapiraca Complex S0.17}
2 n=247 Z ,
| 3 | N
! =
| & 0.13
| £ A
I = L / —
|
. . M ///’ )
- - 0.09 _ - -
Poc¢o Redondo and p— SFC >
Marancé domains e -
n=220 -
0.05 | | 1 |
0.5095 0.5100 0.5105 0.5110 0.5115 0.5120
143 144
Nd/"Nd 700 ma)
Canindé Domain
n=592

L e e e L B e s o e s S e S R S S LA S e h p e

T
500 1000 1500 2000 2500 3000 3500 4000

U-Pb age (Ma)

Fig. 8. Potential source areas for metasedimentary rocks of the Macururé Complex. (a) Kernel density estimation (KDE) plots for the main pre-Brasiliano
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metamorphic grains were filtered by discordance (<+10%) and best age (*°°Pb/**3U age < 1500 Ma and 2°°Pb/*°’Pb age > 1500 Ma) in agreement with our
dataset. Vertical bars indicate the main zircon-forming events recorded in the Borborema Province: [1] Rhyacian Orogeny (2.2-2.0 Ga); [2] Statherian
taphrogeny (1.8—1.7 Ga); [3] Cariris Velhos event (1.0-0.9 Ga); [4] Canindé event (740680 Ma); and [5] Brasiliano Orogeny (650-530 Ma). Plots of (b)
Nd-Tpn model ages v. xd700 may and (€) 3Nd/ ]44Nd(700 May V- 147Sm/"**Nd comparing the isotopic signature of metasedimentary rocks from the
Macururé, Marancé and Canindé domains with potential source areas. Source: (a) Sao Francisco Craton (Oliveira 2014; Barbosa et al. 2018; Santiago et al.
2018; Rosa et al. 2020), Arapiraca Complex (Tesser ef al. 2022), Jirau do Ponciano Dome (Lima et al. 2019), Pogo Redondo and Marancé domains
(Carvalho 2005; Oliveira et al. 2015a, b), and Canindé Domain (Lima et al. 2018; Pinto et al. 2020; Passos et al. 2021, 2022); and (b) and (c) Sdo
Francisco Craton (Van Schmus ef al. 1995; Oliveira 2014; Oliveira et al. 2015b), Jirau do Ponciano Dome (Lima et al. 2019), the Cariris Velhos-like source
includes data from orthogneisses and metasupracrustal rocks from the Cariris Velhos Belt (Kozuch 2003), and orthogneisses and migmatites from the Pogo
Redondo and Maranc6 domains (Oliveira ez al. 2015a, b); the isotopic data in (b) and (c) are from Oliveira ef al. (2015b) and Passos et al. (2022).

The source of the c. 1.1 Ga detritus is intriguing, given the Complex (Van Schmus et al. 2011; Guimaraes et al. 2012). These
scarcity of magmatic rocks of this age within the Borborema authors suggested that zircon grains older than 1.0 Ga in the region
Province. This period correlates with the collisional assembly of the represent an early rifting stage predating the Cariris Velhos event.
Rodinia supercontinent (Van Schmus et al. 2008). A xenocrystic Detrital zircon grains in the 1000-900 Ma interval reveal the
zircon population dated at 1091 + 13 Ma was described in a 985 Ma contribution of Cariris Velhos sources. This event was first
metafelsite of granitic composition intercalated with the Riacho recognized in the Central Borborema Province, where metavolcanic
Gravata Complex in the Alto Pajei Domain (Guimardes et al. rocks and granitic orthogneisses record crystallization ages ranging

2012). Similar detrital ages were documented in the Sdo Caetano from ¢. 1000 to 920 Ma (Brito Neves et al. 1995; Kozuch 2003).
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Other important occurrences of orthogneisses and amphibolites
have been described in the Riacho do Pontal Belt (1002-956 Ma:
Caxito et al. 2014; Amaral et al. 2023), PEAL (1027-953 Ma:
Neves et al. 2021a; Bezerra et al. 2024), and SOS (1006-940 Ma:
Carvalho 2005; Passos et al. 2022; Lima et al. 2024) in Southern
Borborema Province. The Pogo Redondo migmatite (980-957 Ma)
and the Serra Negra orthogneisses (967-940 Ma) are classic
representatives of the Cariris Velhos event in the SOS (Fig. 8a).
More recently, Passos et al. (2022) reported U-Pb ages of 1006—
989 Ma for orthoamphibolites and mylonitic gneisses of the
Canindé Domain basement. Sm—Nd isotopic signatures of the
metasedimentary rocks from the Macururé Complex broadly
overlap with the Cariris Velhos source-type field, together with
samples from the Marancé Complex and the Novo Gosto unit
(Fig. 8b, c). This pattern highlights the significant contribution of
Tonian crustal segments to the Neoproterozoic supracrustal
sequences of the SOS.

The middle Neoproterozoic ages form a minor population
clustering around c¢. 840 Ma, but define a continuum from c. 880
to 800 Ma. Although subordinate, this interval is widely recognized
in metasedimentary units in the Borborema Province (Guimardes
et al. 2012; Cruz et al. 2014; Silva Filho ef al. 2014; Neves et al.
2015; Basto et al. 2019; Passos et al. 2022), suggesting that it may
correspond to a significant magmatic episode post-dating the Cariris
Velhos event. For instance, a metagabbro from the Paulistana
Complex of the Riacho do Pontal Belt yielded 883 +4 Ma (Caxito
et al. 2016), while orthogneisses from the Rio Capibaribe Domain
(Central Subprovince) and PEAL (Southern Subprovince) provided
zircon ages of 869-852 Ma, interpreted as corresponding to the
protolith crystallization (Neves et al. 2015, 2021b). A continental
rifting setting has been evoked to explain the intraplate character-
istics of these rocks, representing a new attempt to break up the Sdo
Francisco palaeoplate (Caxito et al. 2016; Neves et al. 2021b).

The youngest detrital zircon population, with grains as young as
740 Ma, had not previously been reported from the Macururé
Complex. The most probable source is the Canindé Domain, whose
metagranitic and metamafic rocks are the only units in the Southern
Borborema Province recording this time span (Pinto ez al. 2020;
Passos et al. 2021, 2022).

In summary, our new geochronological evidence indicates that
the Borborema Province to the north was the main source of detritus
for the metasedimentary rocks of the Macururé Complex.

Tracing crustal growth and reworking episodes

Our newly acquired Lu—Hf isotopic data were compared with
potential crust-forming events across the Borborema Province and
neighbouring terranes to investigate the processes of crustal
evolution recorded by detrital zircon.

Paleoproterozoic grains record strongly negative to slightly
positive £;;(f) values between —15.6 and +0.5, with Hf-75,,; model
ages spreading from the Paleoarchean to the Neoarchean between
3.5 and 2.5 Ga (Fig. 6k). The predominance of subchondritic £4(¢)
values indicates that reworking ancient crusts was a significant
mechanism leading to crustal differentiation during the Rhyacian—
Orosirian.

A few grains show chondritic to slightly positive ey(¢) values
from 0 to +0.5 and Hf-7T5y mode ages of c. 2.5 Ga, pointing to
partial melting of a Neoarchean juvenile source. The oldest Hf-T,,
(3.5-3.1 Ga) is recorded by seven grains that display strong negative
epd(t) values (—15.6 to —9.0), suggesting crustal reworking of
Paleoarchean sources with a contribution, to a lesser extent, of
Mesoarchean juvenile material. Remarkably, most Hf-7Tp,; model
ages for Paleoproterozoic grains are concentrated around 2.7 Ga,
attesting to a significant crustal residence time and a long-term
reworking of crustal components.

These inferences agree with the Hf composition recorded by the
basement of the Northern Borborema Province (Fig. 9), which
points to the reworking of Archean sources for the 2.19-2.07 Ga
granitoids from the Troia Massif (Costa et al. 2018). In the Central
and Southern sectors of the Borborema Province, the Hf signature of
the Paleoproterozoic basement is constrained by inherited zircon
populations hosted in Brasiliano granitoids (Lima et al. 2021b;
Brainer et al. 2024). The ey values exhibit a wide range, from
supra- to subchondritic signatures, which indicate contributions
from mixed magma sources, including both mantle-derived and
crustal components.

The Hf isotopic signature of the late Mesoproterozoic—middle
Neoproterozoic populations is characterized by highly variable
subchondritic to suprachondritic ey(¢) values between —24.7 and
+8.4, along with Hf-Tp,; model ages ranging from 3.2 to 1.3 Ga
(Fig. 6k). There is no direct relationship between the crystallization
age and the Hf composition. Still, the eyf(¢) values become
progressively more negative towards younger ages, demonstrating
the increasing role of reworking processes with time. Positive eg(?)
values are accompanied by the younger Hf-T5,, model ages of ¢. 1.4
and 1.3 Ga, implying a short crustal residence time related to the
addition and reworking of newly generated juvenile crust during the
Cariris Velhos event.

Likewise, a reworking-based model can account for the Lu—Hf
signature observed in Cariris Velhos-related grains. The KDE plot for
the Hf-Tfy; of this population shows a prominent peak at 1.7 Ga
(Fig. 6k). These grains typically retain positive ey4(¢) values, aligned
with the evolutionary trend depicted by the 1.57 Ga Forquilha
protoliths in the Northern Borborema Province (Fig. 9) (Amaral et al.
2015). In this context, the mixture of Statherian—Calymmian juvenile
crust with older crustal components is a feasible way to explain the
observed Hf signature. Pure reworking of Paleoproterozoic—Archean
crustal components seems to have been subordinate and is evidenced
by older Hf-Tf5,; and strong negative £y;(¢) values.

Regardless of the specific generation model, the crustal evolution
processes acting during the Tonian were similar across the Southern
Subprovince. This is demonstrated in a plot of crystallization age
v. eHf ;) (Fig. 9), where Tonian zircon grains perfectly match the Hf
isotopic composition of orthogneisses from the Riacho do Pontal
Belt (Caxito et al. 2020b) and PEAL (Bezerra et al. 2024). A good
correspondence is also observed with Tonian detrital zircon grains
from the Ipueirinha Group (Basto ef al. 2019) in the Central
Subprovince.

Although the data from this study do not include any Ediacaran
zircon population, the Lu-Hf compilation indicates that the
reworking of pre-existing crust largely dominated the Brasiliano
Orogeny (Fig. 9). In contrast, juvenile additions are clearly defined
in the northwestern part of the Borborema Province and its African
counterpart, the Dahomey Belt (Ganade de Araujo et al. 2014;
Ganade et al. 2016; Pitombeira et al. 2021).

The combined U-Pb and Lu—Hf isotopic data for the CAOB align
with the crustal trends observed in the Southern Borborema
Province (Fig. 9). The parallel vertical arrays are thought to reflect
mixing between mantle- and crust-derived components during the
Paleoproterozoic, Tonian and Cryogenian—Ediacaran. These simi-
larities suggest that these once-contiguous domains experienced a
similar geodynamic evolution.

Lastly, the U-Pb ages and Lu—Hf isotopic signatures in detrital
and igneous zircons from the Sdo Francisco Craton significantly
differ from those observed in the analysed quartzites (Fig. 9). This
region experienced significant additions of new crust during the
Paleoarchean, Mesoarchean and Neoarchean (Guadagnin et al.
2015; Passos et al. 2022; Fachetti et al. 2024), partly recorded by the
Borborema Province basement (Neves 2021). These findings afford
additional support for a non-cratonic derivation of the investigated
rocks.
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Lima 2021; Amorim ef al. 2018; Basto ef al. 2019), Northern Boborema Province and Dahomey Belt (Ganade de Araujo et al. 2014; Amaral et al. 2015;
Ganade et al. 2016; Costa et al. 2018; Pitombeira ef al. 2021), and Central African Orogenic Belt (Ateh et al. 2017; Lima ef al. 2017; Djerossem et al.
2021; Kamguia Kamani ef al. 2021; Azeuda Ndonfack et al. 2022; Ngatcha et al. 2022; Yomeun et al. 2022).
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Tectonic setting for the deposition of metasupracrustal
sequences in the SOS

Detrital zircon age distributions are key tools for unravelling the
tectonic context of ancient sedimentary basins (Cawood et al.
2012), especially when dealing with deformed and metamorphosed
sequences, where most stratigraphic relationships are no longer
preserved.

Sedimentary basins form in diverse tectonic environments,
including convergent, collisional and extensional settings. The
difference between the zircon crystallization age (CA) and the
depositional age (DA) offers insights into these tectonic settings
(Cawood et al. 2012). Convergent margin basins typically show
more than 30% of zircons with CA — DA <100 Ma due to the
prevalence of arc-derived detritus, resulting in nearly unimodal age
spectra. Collisional basins contain 10-50% of zircons with CA —
DA <150 Ma, while extensional settings usually show less than
5%, reflecting limited syndepositional magmatism.

We compiled and reprocessed U—Pb detrital zircon data from the
SOS metasedimentary sequences using the filters for best age,
discordance and MDA applied in this work, intending to evaluate
their tectonic significance in the evolution of the Southern
Borborema Province.

Marancé Domain

The KDE plot for all metasedimentary units from the Maranco
Domain displays a unimodal distribution of detrital ages with a peak
at 960 Ma, close to the MDA of 954-915 Ma (Fig. 10a). Older
components are subordinate. This behaviour resembles the age
distribution patterns observed in sedimentary deposits emplaced
along active continental margins (Fig. 10b) (Cawood ef al. 2012).

An orogenic context was initially proposed for the Cariris Velhos
event in the Southern (Carvalho 2005; Oliveira et al. 2010; Caxito
et al. 2014) and Central (Kozuch 2003; Van Schmus et al. 2011)
Borborema Province. Nevertheless, the dominance of bimodal
magmatism, granitoids with A-type affinities and the absence of
Tonian metamorphism argue in favour of an extensional origin for
the magmatism in an intraplate environment (Guimaraes ef al. 2012,
2016; Neves et al. 2021a; Lima et al. 2024). Lima et al. (2024)
proposed that the 940 Ma Serra Negra A-type granites from the
Marancé Domain were generated by the partial melting of calc-
alkaline granitoids triggered by underplated basaltic magmas in an
extensional setting. They further suggest that rift-related normal
faulting may have uplifted and exhumed Tonian rocks in the area,
making them susceptible to erosion and thus supplying detritus to
the metasedimentary rocks of the Marancé Complex. A rift basin
model effectively explains the detrital zircon signal of the Maranco
Complex, consistent with environments where basin-margin
sediments are sourced predominantly from erosion of the adjacent
rift shoulder (Olierook et al. 2019). In this model, alluvial fans play
an important role in promoting the erosion of rift flanks and the
incision and recycling of older alluvial fans, rendering a strong
margin provenance signal.

Canindé Domain

Detrital age spectra of the Novo Gosto unit are dominated by Tonian
zircons (c. 950 Ma), with subordinate Ediacaran (c. 640 Ma) and
Rhyacian (c. 2000 Ma) peaks (Fig. 10c). The Canindé Domain
comprises amphibolites derived from tholeiitic basalts (Novo
Gosto, 743 Ma; Gentileza, 701 Ma), interleaved with clastic
sediments yielding an MDA of 625 Ma. Mafic volcanism coincided
with the emplacement of gabbroic intrusions (719-704 Ma) and A-
type rapakivi granites (720—708 Ma) (Nascimento 2005; Pinto et al.
2020; Passos et al. 2022).

Passos et al. (2022) proposed an accretionary setting (740—
680 Ma) for this region, marked by arc-related magmatism and
back-arc volcanism—sedimentation represented by the Novo Gosto
unit. However, the lack of near-depositional zircon ages weakens
this interpretation (Fig. 10c). In addition, Oliveira e al. (2015b)
identified c¢. 39% Cryogenian—Ediacaran zircon grains in a
metagreywacke from the Novo Gosto unit, supporting sedimenta-
tion coeval with Brasiliano magmatism.

These observations align better with an extensional setting, as
previously proposed by Nascimento (2005) and Oliveira et al.
(2010). The bimodal association of basaltic and rhyolitic magmas,
lacking intermediate terms, is typical of rift environments (Frost and
Frost 2019). The Canindé gabbros show trace element signatures
akin to continental flood basalts (Tarney and Jones 1994), while
associated granitoids display A-type, within-plate geochemical
affinities (Nascimento 2005). Pillow-like amphibolites suggest that
the basin may have evolved into a proto-ocean (Oliveira ef al. 2010).
The short interval between deposition and metamorphism, linked to
atectonic switch from extension to compression, supports the model
of'rift inversion. In this context, the near-depositional detrital zircon
population can be interpreted as derived from synrift magmatism.

Macururé Domain

The sedimentary record of the Macururé Domain has been
interpreted as deep-marine deposits of a passive margin on the
Sao Francisco—Congo palaeoplate (D’el-Rey Silva 1999), as a basin
adjacent to the presumed Pogo Redondo—Maranco arc (Carvalho
2005), and as a passive margin of the PEAL (Oliveira ef al. 2010).

Our detrital zircon data, combined with previous studies (Van
Schmus et al. 2011; Oliveira et al. 2015b; Neves et al. 2019) reveal
a heterogeneous signature with strong Paleoproterozoic and Tonian
signals (Fig. 10e). CA —DA values are <150 Ma for 5% and
>100 Ma for 30% of the youngest grains, consistent with a
collisional setting (Fig. 10f). However, this interpretation conflicts
with the regional tectonic context, as the collisional zone developed
in the SOS between 630 and 625 Ma. In addition, the dominance of
older detritus aligns more closely with deposition in an extensional
setting.

A distinctive zircon population dated to c¢. 780-740 Ma,
identified for the first time in the studied quartzites, is contempor-
aneous with volcanism in the adjacent Canindé Domain, suggesting
a possible spatial and temporal connection. Given the synorogenic
nature of sedimentation in the Canindé Domain, exhumation and
erosion of its rocks are unlikely sources for this detritus. A more
plausible explanation involves a shared palaeodrainage system that
enabled sediment transport between the two domains. This is
supported by similar Sm—Nd signatures between the Macururé
Complex and the Novo Gosto unit (Fig. 8b, c) and by the
subrounded shapes of the younger grains, which suggest a short-
distance transport from proximal sources.

Vaza Barris and Estiancia domains

KDE and CA — DA plots for the Vaza Barris (Fig. 10g, h) and
Estancia (Fig. 101, j) domains reveal marked shifts in provenance
from the base to the top of the successions.

The Jueté Formation (JP-159F) in the Estancia Domain and the
Itabaiana Formation (FS-113) in the Vaza Barris Domain show
dominant Paleoproterozoic peaks with minor Archean contribu-
tions, and MDA values of 2072 and 1965 Ma, respectively. These
samples plot in the collisional and convergent fields, suggesting a
direct relationship with the structuring of the Rhyacian Orogen in
the Sao Francisco Craton.

On the other hand, an extensional setting is inferred for
the Ribeirdpolis (FS-104) and Palestina (FS-166) formations
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Fig. 10. Kernel density estimation (KDE) plots and cumulative proportion curves showing the difference between the measured crystallization age for
detrital zircon grains and the depositional age of the succession in which they occur (Cawood et al. 2012) for the metasedimentary samples of the (a) and
(b) Marancd, (c) and (d) Canindé, (e) and (f) Macururé, (g) and (h) Vaza Barris, and (i) and (j) Estancia domains. The youngest single grain of each
sample (see Supplementary Table S1) was taken as the maximum depositional age.
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(Fig. 10h), deposited after c. 875 and 798 Ma, respectively.
Carbonates resting above the diamictites of the Ribeiropolis, Jueté
and Palestina formations record 37Sr/%6Sr ratios consistent with late
Neoproterozoic seawater and §'3C values typical of post-glacial
carbonates (Sial ez al. 2010).

The uppermost units (Frei Paulo FS-118, Lagarto FS-F and
Palmares JP-159F) display a high proportion of zircon grains
approximating the depositional age and plot within the collisional
field (Fig. 10h—j). Youngest zircon ages between 615 and 550 Ma
imply sedimentation post-dating the collisional phase in the SOS,
suggesting derivation from the orogen itself. Therefore, these units
are likely to represent deposits of a peripheral foreland basin, as
proposed by Oliveira et al. (2015b).

Pre-orogenic connection and Western Gondwana
assembly

The Sao Francisco Craton and the Borborema Province basement
formed part of a Rhyacian orogenic continent, later affected by
intermittent rifting (Ganade ez al. 2021; Neves 2021). The detrital
record in the SOS metasedimentary sequences reflects successive
stages of this evolution.

Until the early Neoproterozoic, the S3o Francisco Craton
remained a coherent landmass. Between 940 and 910 Ma, plume-
related mafic dykes intruded the craton (Evans et al. 2016; Chaves
et al. 2019), coinciding with A-type granite emplacement in the
SOS (Lima et al. 2024). The erosion of Tonian rocks supplied
detritus to the Marancé Complex, yielding unimodal detrital signals
and Sm—Nd isotopic signatures resembling those of Cariris Velhos
sources.

After a magmatic lull, bimodal magmatism (c. 740-680 Ma) and
clastic sedimentation took place in the Canindé Domain above a
stretched Tonian crust (Nascimento 2005; Passos et al. 2022). In
this probable rift environment (Oliveira et al. 2010), Tonian
proximal sources are likely to have acted as topographical highs,
becoming the primary source for the sedimentary rocks in the
Macururé and Canindé domains.

In the Estancia and Vaza Barris domains, sedimentation occurred
along the northern margin of the Sdo Francisco palaeoplate. Craton-
derived detritus dominated the sedimentation of the basal units,
followed by Cryogenian carbonates that record the marine
incursions within the rift.

Magmatic activity resumed at c. 640 Ma, during the beginning of
the Brasiliano Orogeny, with the emplacement of mafic—intermedi-
ate magmas (Pereira er al. 2020, 2023, 2024). Geochemical and
isotopic compositions indicate magma derivation from a litho-
spheric mantle previously metasomatized by sediments, related to
the Rhyacian accretionary events (Pereira ez al. 2024). Underplating
basaltic magmas triggered partial melting of the lower crust, leading
to the generation of contemporary I-type granitoids. The ages of the
crustal granites (630—-625 Ma) of the Macururé Domain currently
provide the only constraint on the probable timing of basin inversion
and continental collision.

Following the PEAL-SOS collision, orogenic erosion fed the
Estancia and Vaza Barris foreland basins. The prevalence of detrital
zircons younger than 600 Ma in the Lagarto and Palmares
formations, with no local magmatic equivalents, points to sediment
supply from distal detrital sources via fluvial systems.

Conclusions

The Macururé Complex is a metasedimentary succession dominated
by phyllites, metarhythmites, metagreywackes, schists and quart-
zites. Geochemical data indicate that the quartzites represent
compositionally mature, recycled sedimentary deposits, whereas
phyllites, metarhythmites, metagreywackes and schists are derived
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from immature, first-cycle sediments. U-Pb dating of detrital
zircons has revealed a bimodal age distribution with prominent
Tonian (1000-950 Ma) and Rhyacian—Orosirian (20001980 Ma)
components, correlating with major tectonic events in the
Borborema Province, notably the Cariris Velhos event and the
Rhyacian Orogeny. Lu-Hf isotopic data show that the
Paleoproterozoic zircons reflect the reworking of Archean crust
(endt) —15.6 to +0.5 and HE-Ty, 3.5-2.5 Ga), while the younger
Tonian zircons (egff) —24.7 to +8.4 and Hf-7Sy; 3.2-1.3 Ga)
indicate both juvenile crust addition and crustal reworking during
the Cariris Velhos event. The youngest detrital zircons (c. 808—
739 Ma) suggest sediment deposition concurrent with magmatism
in the adjacent Canindé Domain. Sm-Nd isotopic similarities
between the Macururé and Canindé domains further support a
shared provenance linked to the wholesale erosion of Cariris Velhos
terranes. An extensional tectonic setting is proposed for the
sedimentation of these units, with spatially and temporally coeval
deposition.
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