
Precambrian Research 354 (2021) 106060

Available online 30 December 2020
0301-9268/© 2020 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/).

Pre-orogenic connection of the foreland domains of the Kaoko–Dom 
Feliciano–Gariep orogenic system 
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A B S T R A C T   

Neoproterozoic metasedimentary rocks in the foreland domains of the Kaoko–Dom Feliciano–Gariep orogenic 
system record sedimentation from the breakup of Rodinia to the amalgamation of Gondwana, and thus provide 
ideal subjects for investigation of the mutual pre-orogenic positions of rifted margins of the African and South 
American cratonic blocks. U–Pb isotopic dating of zircon in the Brusque Complex of the northern Dom Feliciano 
Belt, Brazil, provides new constraints on the timing and sources of Neoproterozoic sedimentation along the 
eastern margin of the Luis Alves Craton. The minimum age of sedimentation is constrained by a U–Pb zircon age 
of 811 ± 6 Ma from a dyke cross-cutting the Brusque Complex. U–Pb detrital zircon analysis reveals two distinct 
groups: one with ages ca. 2.2–2.0 Ga consistent with erosion of the adjacent Luis Alves Craton, and another with 
ages ca. 2.1–1.8 and 1.6–1.0 Ga consistent with erosion of Paleoproterozoic to Mesoproterozoic igneous prov
inces and/or supracrustal sequences at the edge of the Congo Craton. The age distributions match with analogous 
rocks of the central Dom Feliciano Belt and the Kaoko Belt, and show similarities with the Gariep Belt, suggesting 
deposition in a system of coeval and spatially related paleobasins around the time of Rodinia breakup. The 
absence of Neoproterozoic detrital zircon close to the age of sedimentation suggests deposition in an intra
continental rift or passive margin. A third group contains a significant proportion of Neoproterozoic ca. 670–560 
Ma zircon, suggesting similarities with the adjacent Itajaí Basin syn-orogenic foreland sedimentary rocks. This 
indicates that foreland basin sediments were partly tectonically interleaved with the pre-orogenic metasediments 
of the Brusque Complex during late-stage orogenic deformation. The findings support an intracontinental rifting 
model for the formation of the Kaoko–Dom Feliciano–Gariep basin system. The data further indicate that the Luis 
Alves Craton was in close proximity to the Congo Craton, and likely with the Nico Pérez Terrane and the Kalahari 
Craton, at the onset of Tonian rifting and the breakup of Rodinia.   

1. Introduction 

The period between the breakup of Rodinia and the amalgamation of 
Gondwana during the Neoproterozoic (ca. 800 to 500 Ma) is interpreted 
to involve the reconfiguration of many of Earth’s major cratonic blocks 
(Johansson, 2014; Li et al., 2008; Merdith et al., 2017a, 2017b). 
Paleogeographic reconstructions at the time of Rodinia breakup vary 
significantly in the placement of continental blocks that now belong to 
the African and South American continents. Some models place the 

African and South American cratons as close neighbours (Johansson, 
2014; Li et al., 2008, 2013), and in other models they are far apart with a 
large oceanic domain between them (Evans, 2009; Gray et al., 2008; 
Merdith et al., 2017a). The latter models contrast with tectonic re
constructions of the orogenic belts exposed today along the South 
Atlantic coastlines, in which authors assume that there was no major 
reconfiguration of continental blocks and instead suggest that pairs of 
previously rifted continental margins came back together during their 
convergent evolution (Basei et al., 2018; Frimmel et al., 2011; 
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Konopásek et al., 2018, 2020; Oriolo et al., 2016; Porada, 1989). 
The breakup of Rodinia and the transition into what would become 

Western Gondwana began with extensive early-Neoproterozoic rifting at 
ca. 840–800 Ma (Basei et al., 2008b; Frimmel et al., 2001, 2011; Hueck 
et al., 2018a; Konopásek et al., 2014, 2018; Porada, 1989), which 
developed by way of convergence into orogenesis active between ca. 
650–550 Ma (Hueck et al., 2018b; Konopásek et al., 2008; Lenz et al., 
2011; Oyhantçabal et al., 2009), leaving behind a ca. 3000 km long 
orogen recently named the South Atlantic Neoproterozoic Orogenic 
System (SANOS) (Konopásek et al., 2020). The southern part of this 
system (Fig. 1) is an orogenic triple junction comprised of multiple 
orogenic belts: the Kaoko, Dom Feliciano and Gariep belts forming a 

North–South oriented belt continuous with the rest of the SANOS, and 
the Damara Belt forming an offshoot junction on the African side of the 
orogen. In the Kaoko–Dom Feliciano–Gariep part of this system, 
orogenesis was the result of convergence between the Congo and Kala
hari cratons on the African side, and the Rio de la Plata craton and other 
smaller crustal blocks such as the Luis Alves Craton and Nico Pérez and 
Curitiba terranes on the South American side (Basei et al., 2000, 2009; 
Frimmel et al., 2011; Frimmel, 2018; Goscombe et al., 2003b; Hueck 
et al., 2018b; Oriolo et al., 2016). The pre-convergent evolution of this 
orogenic system is an extensively discussed topic, as it provides context 
in linking through time the breakup of Rodinia and the amalgamation of 
Western Gondwana. Central to these discussions is whether early- 
Neoproterozoic rifting culminated in breakup of the crust and the 
development of a large ocean known as the Adamastor Ocean (see Fig. 2 
in Konopásek et al., 2020; and references therein), and thus the exact 
pre-orogenic connections between the African and South American parts 
of the Kaoko–Dom Feliciano–Gariep orogen remains an important line of 
research (e.g. Basei et al., 2005, 2011c; Oyhantçabal et al., 2018). 
Recent works have correlated the convergent history of rocks of the 
orogenic hinterland across both the Kaoko and Dom Feliciano Belts 
(Gross et al., 2009; Konopásek et al., 2016; Oyhantçabal et al., 2009, 
2011a); however, connecting the pre-convergence histories of the two 
belts so far remains problematic. 

Some of the most promising targets for investigation of the early 
history of the orogen are the supracrustal schist belts that run the length 
of the orogen, and that outcrop on both sides of the Atlantic Ocean. 
These units are interpreted as rifting-related basin deposits (Basei et al., 
2008b; Campos et al., 2011; Frimmel and Fölling, 2004; Frimmel, 2018; 
Konopásek et al., 2014; Saalmann et al., 2006) that were later deformed 
and metamorphosed in the foreland positions of the orogen (Basei et al., 
2011b; Frimmel et al., 2011; Frimmel, 2018; Goscombe et al., 2003b; 
Saalmann et al., 2006). As such, they should contain a record of the pre- 
convergence history from rifting to the onset of orogenesis. 

The aim of this work is to discuss the mutual pre-orogenic positions 
of rifted margins of the Congo and Luis Alves cratons by studying the 
depositional history and potential source regions of the supracrustal 
rocks of the northern Dom Feliciano Belt using U–Pb detrital zircon 
geochronology. If the African and South American cratons represented 
one coherent crustal block at the beginning of rifting, the provenance 
record of metamorphosed rifting-related sediments on top of them 
should correlate. Studies with large datasets have been published 
investigating the timing of sedimentation and potential sources for these 
supracrustal rocks in the African counterpart of the belt (the Kaoko and 
Gariep orogenic belts) (Andersen et al., 2018a; Hofmann et al., 2014; 
Konopásek et al., 2014, 2017). Similarly, the central parts of the Dom 
Feliciano Belt are well studied (Gruber et al., 2011, 2016; Höfig et al., 
2018; Pertille et al., 2015a, 2015b, 2017) (for a current review of the 
relevant provenance record in Western Gondwana, see Zimmermann, 
2018). However, there is little data for the northern part of the belt 
(Basei et al., 2008a; Hartmann et al., 2003), which represents the direct 
counterpart to the Kaoko Belt in a pre-Atlantic setting (Fig. 1). We 
present a robust dataset of detrital zircon ages from metamorphosed 
clastic sedimentary and igneous rocks of the northern Dom Feliciano 
foreland that enables comparison and possible correlation of syn-rifting 
evolution with the Kaoko Belt in Africa, as well as with the central and 
southern Dom Feliciano Belt. 

2. Geological setting 

2.1. The Kaoko–Dom Feliciano–Gariep orogenic system 

The Kaoko, Dom Feliciano and Gariep belts (Fig. 1) are three 
geographically separate orogenic belts that, prior to the opening of the 
Atlantic Ocean, represented a continuous orogenic system formed dur
ing the Neoproterozoic Brasiliano/Pan African orogenic cycle (Porada, 
1989). The system crops out along the South Atlantic coastlines of South 

Fig. 1. Overview geological sketch of the Kaoko–Dom Feliciano–Gariep 
orogenic system (modified after Konopásek et al., 2017). 1—Luis Alves Craton, 
2—Arroio dos Ratos Complex, 3—Encantadas Complex, 4A—Nico Pérez 
Terrane (Taquarembó Block), 4B—Nico Pérez Terrane, 5—Rio de la Plata 
Craton, 6—Kalahari Craton, 7—Congo Craton, 8—Curitiba Terrane. 
SBSB—Southern Brazilian Shear Belt, FL—Florianópolis, PA—Porto Alegre, 
MV—Montevideo, LÜ—Lüderitz, SW—Swakopmund. 
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America and Africa, and forms the southern part of the larger South 
Atlantic Neoproterozoic Orogenic System (sensu Konopásek et al., 
2020). The Kaoko–Dom Feliciano–Gariep orogenic system is structurally 
symmetric, with an eastern and western foreland domain lying either 
side of an internal orogenic hinterland (Fig. 1). Both foreland domains 
contain fold-and-thrust belts incorporating early- to middle- 
Neoproterozoic rift-related volcano-sedimentary rocks and associated 
basement, overlain by syn-orogenic flysch and molasse deposits (Frim
mel, 2018; Goscombe et al., 2003b; Hueck et al., 2018b). 

The basement of the eastern foreland consists of the 

Archean–Paleoproterozoic Congo and Kalahari cratons, and associated 
Mesoproterozoic crust exposed along the cratons’ western edges (Kröner 
and Rojas-Agramonte, 2017; Kröner et al., 2004; Macey et al., 2018; 
Seth et al., 1998) (Fig. 1). In the Kaoko Belt, the eastern-most part of the 
foreland consists of autochthonous early- to middle-Neoproterozoic 
sedimentary successions lying directly on the Congo Craton basement, 
named the Otavi Carbonate Platform (Hoffman and Halverson, 2008). 
The low-grade Otavi Carbonate Platform is overridden by an imbricated 
fold-and-thrust belt, the Central Kaoko Zone, which consists of deformed 
and metamorphosed early- to middle-Neoproterozoic sedimentary 

Fig. 2. Geological map of the northern Dom Feliciano Belt foreland. MGSZ = Major Gercino Shear Zone, IPSZ = Itajaí–Perimbó Shear Zone. Modified after Basei et al. 
(2006); Campos et al. (2011); De Toni et al. (2020a); Florisbal et al. (2012b); Hueck et al. (2018b). See text for geochronological references. 
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successions interlayered with slices of the basement, and overlain by 
late-Neoproterozoic syn-orogenic sedimentary rocks (Konopásek et al., 
2014, 2017). The equivalent unit in the Gariep Belt is the para
utochthonous Port Nolloth Zone, which comprises all Neoproterozoic 
sedimentary rocks within the fold-and-thrust belt including rift-related 
basin deposits overlain by foredeep sediments (Frimmel et al., 1996; 
Frimmel, 2018 and references therein). The Port Nolloth Zone is over
ridden by the allochthonous Marmora Terrane, consisting of post-rift 
oceanic metabasalts overlain by late-Neoproterozoic siliciclastic and 
carbonate sedimentary rocks (Frimmel and Fölling, 2004; Frimmel, 
2018). 

The orogenic hinterland outcrops on both sides of the Atlantic Ocean, 
and consists of tectonically interleaved orthogneisses, paragneisses and 
migmatites intruded by numerous late-Neoproterozoic plutons. It is 
represented by the Coastal Terrane in the Kaoko Belt (Goscombe et al., 
2005b), and the Cerro Olivo Complex of the Punta del Este Terrane, the 
Várzea do Capivarita Complex, and the Porto Belo and Águas Mornas 
Complexes in the southern, central and northern Dom Feliciano Belt 
respectively (Fig. 1) (Battisti et al., 2018; De Toni et al., 2020a; Gross 
et al., 2009; Oyhantçabal et al., 2009; Silva et al., 2000). The protoliths 
of the metamorphic hinterland consist of Paleoproterozoic cratonic 
basement intruded by early-Neoproterozoic bimodal magmatic rocks 
that are interpreted as remnants of arc-related (De Toni et al., 2020a; 
Koester et al., 2016; Lenz et al., 2013; Martil et al., 2017; Philipp et al., 
2016) or rift-related (Konopásek et al., 2018; Oyhantçabal et al., 2009; 
Will et al., 2019) magmatism, and associated sedimentary cover. The 
episodic crustal stretching, melting and basin sedimentation that formed 
the early-Neoproterozoic parts of the hinterland rocks occurred from ca. 
840 Ma to at least ca. 710 Ma (Basei et al., 2011c; De Toni et al., 2020a; 
Konopásek et al., 2014; Lenz et al., 2011; Martil et al., 2017; Oyhant
çabal et al., 2009), and likely up to ca. 660–650 Ma ending shortly 
before the onset of orogenesis (Konopásek et al., 2017, 2018; Kröner 
et al., 2004). Orogenesis coincides with a strong metamorphic overprint 
in the hinterland rocks at ca. 670–640 Ma (Chemale et al., 2012; Mas
quelin et al., 2012; Oyhantçabal et al., 2009). 

Along the western edge of the hinterland, in the Dom Feliciano Belt, 
is the Granite Belt: an extensive belt of late-Neoproterozoic, syn- and 
post-collisional granitoid batholiths (Fig. 1) (Bitencourt and Nardi, 
1993, 2000; Florisbal et al., 2009, 2012a, 2012b; Hueck et al., 2018b; 
Oyhantçabal et al., 2007; Philipp and Machado, 2005; Philipp et al., 
2013), that intrude the Paleoproterozoic to early-Neoproterozoic units 
of the high-grade hinterland (De Toni et al., 2020a; Koester et al., 2016; 
Lenz et al., 2013; Martil et al., 2017; Masquelin et al., 2012). The 
granitoids predominantly intruded between ca. 630–580 Ma (Florisbal 
et al., 2012b; Lara et al., 2020; Philipp and Machado, 2005), with 
scattered evidence of early magmatism at ca. 660–650 Ma (Chemale 
et al., 2012; Frantz et al., 2003). 

The Granite Belt is in tectonic contact with the western foreland, 
separated by a large strike-slip dominated shear zone system running the 
entire length of the Dom Feliciano Belt, known as the Southern Brazilian 
Shear Belt (Fig. 1) (Bitencourt and Nardi, 2000). The foreland consists of 
a fold-and-thrust belt comprised of pre-orogenic rift-related sedimentary 
successions – known as the Schist Belt – and their associated basement 
rocks (Basei et al., 2011b; Bettucci et al., 2001; Saalmann et al., 2006), 
and a system of foreland basins (Fig. 1) (Almeida et al., 2010; Basei et al., 
2011a; Guadagnin et al., 2010; Hueck et al., 2018b). The Schist Belt is 
comprised of the Brusque, Porongos and Lavalleja complexes in the 
Northern, Central and Southern Dom Feliciano Belt respectively. The 
Schist Belt and foreland basins lie on Archean–Paleoproterozoic base
ment units (Fig. 1). In Uruguay, the basement of the Dom Feliciano Belt 
foreland is the Nico Pérez Terrane (Oriolo et al., 2016; Oyhantçabal 
et al., 2011b). In the Central Dom Feliciano Belt, the basement of the 
foreland is exposed as tectonic windows in the Schist Belt (Saalmann 
et al., 2006). 

2.2. The northern Dom Feliciano Belt 

The foreland basement of the northern Dom Feliciano Belt is the Luis 
Alves Craton, which is predominantly comprised of Paleoproterozoic 
granulitic gneisses of the Santa Catarina Granulite Complex (Fig. 2) 
(Basei et al., 2009; Hartmann et al., 2015; Passarelli et al., 2018). The 
complex is made up of ca. 2.2–2.0 Ga orthogneisses, interspersed with 
mafic–ultramafic enclaves and subordinate paragneisses (Basei et al., 
1998a, 2009; Hartmann et al., 1999, 2000). The southern margin of the 
Luis Alves Craton is covered by the Itajaí Basin (Fig. 2) (Basei et al., 
2009; Passarelli et al., 2018), which consists of volcano-sedimentary 
successions deposited in an orogenic foreland environment (Basei 
et al., 2011a) with a maximum age of deposition constrained by U–Pb 
zircon dating of interlayered volcanics at ca. 560–550 Ma (Guadagnin 
et al., 2010). The Itajaí Basin is weakly deformed, with deformation 
increasing south-eastwards towards the Itajaí–Perimbó Shear Zone 
where it is in contact with the foreland fold-and-thrust belt (Fig. 2) 
(Basei et al., 2011a). 

The fold-and-thrust belt is predominantly comprised of meta
morphosed volcano-sedimentary sequences of the Brusque Complex 
intruded by a series of Neoproterozoic granitoids between ca. 630–585 
Ma (Fig. 2) (Florisbal et al., 2012b; Hueck et al., 2019). A narrow sliver 
of crystalline basement of unknown age and origin, known as the São 
Miguel Complex, is exposed at the north-western contact with the Itajaí 
Basin (Fig. 2) (Basei et al., 2011b). Syenogranites intruding this foreland 
basement have been dated at 835 ± 9 Ma and 843 ± 12 Ma (U–Pb 
zircon), and are interpreted as A-type granitoids marking the beginning 
of rifting that lead to the formation of the Brusque Complex paleobasin 
(Parapente Granite, see Fig. 2) (Basei et al., 2008b). This is within error 
of a 833 ± 3 Ma (U–Pb zircon) age found in granitic to syenitic rocks of 
the Richtersveld Igneous Complex in the Gariep Belt, which is similarly 
interpreted as evidence of the earliest crustal thinning in the region 
marking the beginning of continental breakup (Frimmel et al., 2001). 

A basement inlier—the Camboriú Complex—outcrops along the 
coast in central part of the Brusque Complex (Fig. 2). The Camboriú 
Complex is predominantly comprised of migmatitic felsic orthogneisses 
interleaved with amphibolites (Martini et al., 2019), which predomi
nantly show U–Pb zircon ages of 2.2–2.0 Ga comparable with the Luis 
Alves Craton (Hartmann et al., 2003; Silva et al., 2000, 2005). 

The southern border of the Brusque Complex is in tectonic contact 
with the Florianópolis Batholith, and the two units are separated by the 
large-scale Major Gercino Shear Zone (Fig. 2). The Florianópolis Bath
olith is the northern exposure of the Granite Belt (Fig. 1), and is 
comprised of a vast series of Neoproterozoic granitoids that intruded the 
western edge of the hinterland represented by the ca. 800 Ma migmatitic 
orthogneisses of the Porto Belo Complex (De Toni et al., 2020a) and the 
Paleoproterozoic Águas Mornas Complex (Fig. 2) (Silva et al., 2005). 
The granitoids were emplaced predominantly between ca. 630–590 Ma 
(Chemale et al., 2012; Florisbal et al., 2012b). 

2.3. Early evolution of the Brusque Complex 

The rocks in this study belong to the metamorphosed volcano- 
sedimentary successions of the Brusque Complex, which forms a 
NE–SW oriented belt of predominantly pelitic schists divided into a 
northern and southern section by an elongate syn-orogenic granitic 
batholith (Fig. 2) (Valsungana Batholith). Metamorphism in the Brusque 
Complex is characterised by a general increase in metamorphic grade 
from NW–SE (Basei et al., 2011b; Campos et al., 2011, 2012). In the NW, 
the Brusque Complex metapelites are dominated by lower-greenschist 
facies chlorite – mica schists and phyllites, and a narrow garnet zone 
in the centre and southern parts of the belt suggests metamorphic con
ditions reached maximum lowermost amphibolite facies (Fig. 2). The 
Brusque Complex rocks are intensely deformed, showing evidence of 
multiple deformation structures associated with its prolonged contrac
tional history (Basei et al., 2011b; Campos et al., 2011). 
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There is little published work available concerning the early evolu
tion of the Brusque Complex, as poor exposure and the intensity of 
deformation makes any stratigraphic subdivision difficult. Despite this, 
three sequences are generally described based on the presence or 
absence of volcanic sub-units (e.g. Basei et al., 2006, 2011b). The lower- 
most and upper-most formations—the Rio do Oliveira and Rio da Areia 
sequences respectively—are described as being dominated by meta
sedimentary rocks, with some mafic and rare felsic metavolcanics 
interlayered within (Basei et al., 2011b; Campos et al., 2011). The upper 
sequence is described as containing a large proportion of metacarbonate 
rocks, and the lower sequence frequently containing calc-silicate lenses 
of volcanogenic origin (Basei et al., 2011b; Campos et al., 2011). The 
middle formation—the Botuverá sequence—is described as entirely 
clastic, varying in composition between metapelitic and metapsammitic 
and containing no metavolcanic or metacarbonate rocks (Basei et al., 
2011b). 

There is also little published data to constrain the timing of sedi
mentation of the Brusque Complex protolith. The upper limit is loosely 
placed at ca. 840 Ma at the start of basin formation (Basei et al., 2008b), 
but within the Brusque Complex itself there are currently no reliable 
constraints on the upper limit of sedimentation. Basei et al. (2008a) 
reported a minimum age at ca. 570–540 Ma based on the two youngest 
detrital zircon grains from pelitic schists of the Brusque Complex. 
However, this age is contradicted by the well-constrained age of intru
sion of granitic plutons and dykes into the Brusque Complex metasedi
ments between ca. 620 and 580 Ma (Campos et al., 2012; Hueck et al., 
2019). Currently, these post-metamorphic magmatic rocks remain the 
only robust constraint on the minimum age of sedimentation into the 
Brusque Complex paleobasin. 

Fig. 3. Outcrops of metaigneous rocks: a) photo of the metamorphosed and deformed felsic dyke BB12A, b) an accompanying sketch of the same road-cut outcrop 
outlining the cross-cutting nature of the dyke relative to remnant S0, c) road-cut outcrop BA22, d) detail of outcrop BA22 showing bimodal volcanics, e) outcrop 
JBE37, f) detail of outcrop JBE37 showing foliation-parallel nature of felsic rock. 
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3. Geochronology 

3.1. Materials and methods 

Zircon U–Pb ages were determined at the Institute of Geology of the 
Czech Academy of Sciences, Prague, Czech Republic, using laser abla
tion inductively coupled plasma mass spectrometry (LA-ICP-MS), and 
the complete isotopic dataset is presented in Electronic Appendix A. For 
detrital zircon data, U–Pb age spectra are presented as cumulative dis
tribution curves with 95% confidence intervals after Andersen et al. 
(2016) and using the visualisation package (detzrcr) of Andersen et al. 
(2018b), and as frequency histograms with 30 Ma binwidths and 
adaptive kernel density estimate (KDE) curves as described in Ver
meesch et al. (2016) using the software package (densityplotter version 
8.4) of Vermeesch (2012). Only concordant dates with calculated 
discordance within ± 10%, are included. Concordance is calculated 
from ages, using (206Pb/238U) / (207Pb/206Pb) for 207Pb/206Pb, and using 
(206Pb/238U) / (207Pb/235U) for 206Pb/238U. 207Pb/206Pb dates are re
ported for data > 1.0 Ga, and 206Pb/238U dates for data < 1.0 Ga. 
Description of zircon separation and analytical methods is provided in 
Electronic Appendix B. Locations of analysed samples are plotted in 
Fig. 2. 

3.2. Description of metaigneous samples and results of U–Pb zircon dating 

3.2.1. Sample BB12A 
Sample BB12A (Fig. 2) (27◦ 18.940′ S, 49◦ 07.682′ W) was collected 

from a felsic dyke intrusive in metapelitic schists. The dyke is approxi
mately 30 cm thick, and is folded and metamorphosed together with the 
schists indicating intrusion prior to deformation and metamorphism of 
the host rock (Fig. 3a and b). The metamorphic mineral assemblage is 
dominated by quartz, plagioclase and K-feldspar, with minor white 
mica, chlorite and biotite, and accessory opaque minerals. Chlorite 
pseudomorphs after garnet completely replace poikiloblastic garnet, 
suggesting overprint at lower metamorphic conditions. The original 
magmatic texture has been almost completely overprinted by meta
morphism and deformation, although K-feldspar crystals much larger 
than those in the matrix remain as inclusions in garnet pseudomorphs 
suggesting that the magmatic fabric is locally preserved. 

From 42 spot analyses in oscillatory-zoned parts of the zircon grains, 
25 concordant dates combine in a concordia U–Pb age of 811 ± 6 Ma 
(Fig. 4a and b), interpreted as the age of intrusion and crystallisation of 
the dyke. Zircon grains range from ca. 60 to 150 μm in length, and most 
are idiomorphic and show oscillatory zoning in cathodoluminescence 
(CL) images (Fig. 4c). Some grains show truncated zoning at the edges, 
which are likely fractured and abraded inherited zircons. Of the 
remaining 17 analyses, three are discordant likely due to lead loss at an 
unspecified time, and the rest are older than the major cluster of dates 
and likely represent inherited grains. 

3.2.2. Sample BA22 
Sample BA22 (27◦ 12.195′ S, 48◦ 39.853′ W) is a fine-grained meta- 

rhyolite, consisting of quartz, plagioclase, K-feldspar, minor amounts of 
muscovite, and with accessory garnet and opaque minerals. The outcrop 
consists of a series of metamorphosed, interlayered mafic and felsic 
volcanic rocks interspersed with metapelitic schists (Fig. 3c and d). The 
outcrop shows a penetrative metamorphic foliation, overprinting any 
previous magmatic texture. However, due to layering of the mafic, felsic 
and pelitic layers, and the presence of abundant K-feldspar, we interpret 
the sample as a metamorphosed felsic volcanic rock. 

Only a small number of zircon grains were recovered from the 
sample, varying between 70 and 190 μm in length and 60 and 130 μm in 
width. The grains predominantly show sector zoning, with minor 
oscillatory zoning, and are strongly fractured and rounded. Of 22 grains 
analysed, 19 yielded concordant dates. Four grains were analysed twice, 
and repeated dates were not plotted. The data are plotted in Fig. 5a, and 

show that the dates mainly cluster at ca. 2.05 Ga. Due to similarities with 
the surrounding samples (see below), we interpret all zircon grains as 
inherited. 

3.2.3. Sample JBE41B and JBE37 
Samples JBE41B (27◦ 19.083′ S, 49◦ 12.516′ W) and JBE37 (27◦

Fig. 4. Results of U–Pb zircon dating of sample BB12A: a) zircon U–Pb con
cordia plot for sample BB12A (analysed by LA–ICP–MS), b) detail of inset 
showing combined 25 data points used for calculation of the concordia age 
(data point error ellipses are plotted at 2σ level, MSWD = mean square 
weighted deviation), and c) cathodoluminescence images and individual dates 
of example zircon grains. 
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20.192′ S, 49◦ 10.536′ W) were collected from approximately foliation- 
parallel felsic layers within the garnet-schists of the Brusque Complex. 
Both outcrops consist of a series of felsic layers approximately 10–30 cm 
thick, interlayered with garnet-bearing schists. The samples contain the 
mineral assemblage quartz, plagioclase and K-feldspar, with subordinate 
biotite, white mica, chlorite and opaque minerals. Chlorite pseudo
morphs after garnet in sample JBE37 contain K-feldspar inclusions 
similar to sample BB12A. Based on field observations and the presence 
of blastoporphyritic K-feldspar, we interpret the protoliths of the sam
ples as metamorphosed felsic volcanic rocks. However, due to meta
morphic overprint it remains difficult to conclusively differentiate them 
from a meta-arkose. 

For sample JBE41B, 28 zircon grains were analysed and 27 yielded 
concordant dates with 2σ uncertainty ≤ 10%. The data are plotted in 
Fig. 5b, and the resulting spectrum shows age peaks at ca. 1.90, 1.50 and 
1.20 Ga. All of the zircon grains are interpreted as inherited/detrital. 

For sample JBE37, analysis of 112 zircon grains produced 109 
concordant dates with 2σ uncertainty ≤ 10%. The data are plotted in 
Fig. 5c, and the resulting spectrum shows a single dominant age peak 
centred at ca. 2.10 Ga, with a much smaller peak at ca. 1.80 Ga, and 

some individual data between ca. 3.00–1.00 Ga. All of the zircon grains 
are also interpreted as inherited/detrital. 

3.3. Description of metasedimentary samples and results of U–Pb detrital 
zircon dating 

3.3.1. Sample JBD24 
Sample JBD24 (26◦ 48.324′ S, 48◦ 35.838′ W) is a micaceous 

quartzite collected from within the Itajaí–Perimbó Shear Zone, close to 
the northern contact with the underlying basement (Basei et al., 2011b) 
(Fig. 2). The rock is intensely folded and deformed, though weakly 
metamorphosed, containing quartz, muscovite, biotite, chlorite and 
plagioclase, with accessory opaque minerals. Zircon grains are mostly 
ca. 50 to 120 μm in length, and show varying degrees of fragmentation 
from whole, prismatic crystals to small, abraded fragments. The ma
jority show oscillatory zoning, and often with truncated edges likely due 
to transport and abrasion. No grains appear to have metamorphic 
overgrowth rims, and few show sector zoning or no zoning at all. 

Analysis of 140 grains yielded 118 concordant dates. The spectrum of 
dates (Fig. 6a) shows distinct peaks at ca. 2.20 Ga and 660 Ma, with 
individual data in the intervals between ca. 2.10–0.80 Ga, and ca. 
3.60–2.30 Ga. 

3.3.2. Sample BB08 
Sample BB08 (26◦ 55.544′ S, 48◦ 38.055′ W) is a carbonate-bearing 

phyllitic metarhythmite collected from a coastal outcrop within the 
southern part of the Itajaí–Perimbó Shear Zone (Fig. 2). The rock is 
strongly deformed, with a primary metamorphic foliation containing 
intrafolial folding that is overprinted by a steep, pervasive crenulation 
cleavage parallel to the Itajaí–Perimbó Shear Zone. The style of defor
mation at this outcrop is consistent with other high-strain parts of the 
Brusque Complex (Basei et al., 2011b). 

The rock contains quartz, muscovite, biotite, chlorite, plagioclase 
and calcite, with accessory opaque minerals. Zircon grains vary between 
ca. 60 and 200 μm in length. Most of the grains show oscillatory zoning, 
with some showing sector zoning and other more complex internal 
structures. The majority of grains are abraded and fragmented, and some 
show thin CL-bright overgrowth rims. 

101 analysed zircon grains yielded 82 concordant dates. The data 
show a similar bimodal distribution to sample JBD24, with distinct 
peaks at ca. 2.15 Ga and 670 Ma, and minor peaks at ca. 625 and 560 Ma 
(Fig. 6b). Individual data appear over the intervals between ca. 
2.95–1.75 Ga and ca. 750–500 Ma. The two youngest individual zircon 
grains are ca. 84 Ma and 375 Ma, which are significant outliers. These 
two grains are likely from contamination, either from beach sediment 
cemented onto the rock by dissolution and precipitation of calcite, or 
otherwise introduced during the separation process. 

3.3.3. Sample BA23 
Sample BA23 (27◦ 10.511′ S, 48◦ 43.054′ W) was collected in the 

southeast section of the Brusque Complex from a large, loose block at the 
foot of an isolated steep slope (not in situ, but inferred to be close to its 
original position on the hill above). The sample is a weakly foliated 
micaceous quartzite containing quartz, muscovite, biotite, chlorite and 
garnet, with accessory opaque minerals. Zircon grains range between ca. 
80 and 150 μm in length, and are mostly fragmented and abraded. Most 
grains have oscillatory or sector zoning, and many show featureless 
overgrowth rims. A smaller number show complex zoning patterns or no 
zoning at all. 

Isotopic dating yielded 136 concordant dates from 140 analysed 
zircon grains. The age spectrum (Fig. 6c) shows the majority of dates 
cluster at a single peak ca. 2.00 Ga. A minor, long-wavelength peak 
centred at 2.70 Ga encompasses a series of individual dates between ca. 
3.15–2.30 Ga. 

Fig. 5. U-Pb zircon age data for analysed metaigneous samples, presented as 
frequency histograms and KDEs. n = number of data. 

J.J. Percival et al.                                                                                                                                                                                                                               



Precambrian Research 354 (2021) 106060

8

3.3.4. Sample BB10B 
Sample BB10B (27◦ 16.964′ S, 48◦ 55.006′ W) was collected from the 

southern-central part of the Brusque Complex, from a strongly foliated 
quartz-rich schist containing quartz, muscovite, biotite, and chlorite, 
with accessory opaque minerals. Zircon grains range from ca. 50 to 120 
μm in length, and ca. 30 to 50 μm in width. Many grains are elongate and 
euhedral, showing sector or oscillatory zoning. Thin, CL-bright 

overgrowth rims are common. 
Analysis of 182 zircon grains yielded 172 concordant dates. The 

spectrum of ages (Fig. 6d) shows a broad distribution of dates from ca. 
2.20–1.00 Ga, with the highest proportion centred at a peak at ca. 1.25 
Ga. The remaining data are distributed between ca. 2.20–1.30 Ga with 
minor peaks at ca. 2.00, 1.80, 1.50 and 1.35 Ga. 

Fig. 6. U-Pb detrital zircon data for analysed metasedimentary samples, presented as frequency histograms and KDEs. n = number of data.  
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3.3.5. Sample BC20A 
Sample BC20A (27◦ 14.919′ S, 49◦ 04.959′ W) was collected from a 

strongly deformed garnet-bearing schist in the south-western part of the 
Brusque Complex. The sample contains quartz, garnet, muscovite, bio
tite, chlorite and plagioclase, with accessory tourmaline and opaque 
minerals. Zircon grains range from ca. 50 to 200 μm in length. Grains 
vary in shape and structure: some are euhedral with oscillatory zoning, 
while others have abraded edges, are often fractured, and with complex 
internal structures. 

Isotopic analysis of 140 zircon grains produced 136 concordant 
dates. The data (Fig. 6e) show a broad distribution of dates between ca. 
2.10 Ga and 900 Ma, with a major peak at ca. 1.25 Ga and minor peaks at 
ca. 1.95, 1.80, 1.55 and 1.35 Ga. 

3.3.6. Sample BB14A 
Sample BB14A (27◦ 15.128′ S, 49◦ 09.412′ W) is a quartzite collected 

from the western part of the Brusque Complex. The sample contains 
quartz, muscovite and biotite, with accessory rutile and opaque min
erals. Zircon grains range from ca. 80 to 200 μm in length, and are 
predominantly elongate and rounded. Most grains show oscillatory 
zoning, with only a few showing sector or complex zoning patterns. The 
grains are mostly fragmented and abraded 

From 168 zircon grains analysed, 166 produced concordant U–Pb 
dates. The resulting age spectrum (Fig. 6f) shows distinct peaks at ca. 
2.15, 1.95, 1.80, 1.55 and 1.15 Ga. 

3.3.7. Sample BB22 
Sample BB22 (27◦ 13.358′ S, 49◦ 09.847′ W) is a quartzite collected 

from the low-grade section of the Brusque Complex in the north-west. 
The sample contains quartz and muscovite, with accessory titanite and 
opaque minerals. Zircon grains range from 70 to 250 μm in length, and 
are predominantly elongate and rounded. Most grains show oscillatory 
zoning, and are mostly fragmented and abraded. Some grains show more 
complex zoning patterns. 

Isotopic analysis of 154 zircon grains produced 148 concordant U–Pb 
dates. The corresponding age spectrum (Fig. 6g) shows the majority of 
dates centred at a large peak at ca. 2.20 Ga, with two minor peaks at ca. 
2.10 and 2.05 Ga. 

4. Discussion 

4.1. Constraining the age of sedimentation 

The concordia U–Pb zircon age of 811 ± 6 Ma from sample BB12A 
represents the youngest cluster of data in the sample, and likely the 
crystallisation age of the dyke. Because the youngest detrital zircon 
grains from neighbouring samples (e.g. BB10B and BC20A; Fig. 2) are ca. 
1.00 Ga, it is not likely that the ca. 800 Ma zircons in sample BB12A 
represent xenocrystic grains. Furthermore, considering that the rock is 
deformed and metamorphosed together with the host schists, we inter
pret that the dyke intruded the Brusque Complex protolith prior to the 
onset of orogenic evolution at ca. 650 Ma. Due to issues with stratig
raphy, there is no constraint on what level of the Brusque Complex basin 
is represented by these metasediments, though it suggests that at least 
part of the Brusque Complex protolith was deposited prior to ca. 811 Ma. 

This age is close to estimates of earliest sedimentation in the 
Porongos Complex of the central Dom Feliciano Belt foreland, which has 
been constrained to ca. 810–770 Ma by dating of syn-depositional vol
canics (Pertille et al., 2017; Saalmann et al., 2011). These ages also 
correlate well with ca. 820–785 Ma syn-sedimentary magmatism in the 
Coastal Terrane of the Kaoko Belt hinterland (Konopásek et al., 2008, 
2018), ca. 800 Ma magmatism in the Porto Belo Complex of the northern 
Dom Feliciano Belt hinterland (De Toni et al., 2020a), and ca. 790 Ma 
magmatism in the Várzea do Capivarita Complex of the central Dom 
Feliciano Belt hinterland (Martil et al., 2017), suggesting a genetic 
relationship between the early Neoproterozoic rocks of the foreland and 

hinterland domains (e.g. Battisti et al., 2018). Importantly, the dyke 
post-dates estimates for the beginning of continental rifting, and thus 
basin formation, in the Kaoko–Dom Feliciano–Gariep orogenic system at 
ca. 840 Ma (Basei et al., 2008b; Frimmel et al., 2001). All these data 
constrain the beginning of sedimentation in the Brusque Complex to 
between ca. 840–811 Ma. 

None of the other potential metaigneous samples (BA22, JBE41B and 
JBE37) produced a cluster of dates that could be interpreted as a 
magmatic age. Thus, the ca. 811 Ma age obtained from sample BB12A 
provides the current best constraint for the minimum age of sedimen
tation of the Brusque Complex protolith. 

4.2. Detrital zircon age patterns 

Three distinct detrital zircon age patterns are identified within the 
studied samples (Fig. 7a). Sample BA22 contained too few zircons to 
confidently assign to a group, and so is not included in any further 
analysis. 

The first pattern shows a polymodal age distribution, as seen in 
samples BB10B, BC20A, BB14A and JBE41B (Fig. 7b). These samples 
have age peaks predominantly within a range from ca. 2.10 to 1.00 Ga 
(Fig. 7b), with major Paleoproterozoic peaks at ca. 2.10, 1.95 and 1.80 
Ga, and a series of peaks in the Mesoproterozoic at ca. 1.55, 1.35 and 
1.20 Ga. Using the 1-O parameter of Andersen et al. (2016) to statisti
cally determine likeness between samples, samples BC20A, BB10B and 
JBE41B all show a perfect match within the sample confidence intervals 
(1-O = 0.00 for each comparison), and sample BB14A matches poorly 
with each (1-O = 0.11 for each comparison). 

The next is a unimodal distribution pattern seen in samples BA23, 
BB22 and JBE37. The data show detrital zircon ages almost entirely 
within the Paleoproterozoic, and the pooled KDE (Fig. 7c) is dominated 
by a large, narrow peak at 2.20 Ga, with a series of smaller peaks be
tween ca. 2.15–2.00 Ga. Sample JBE37 shows a good match with sam
ples BA23 and BB22 (1-O = 0.03 and 0.02 respectively), and sample 
BA23 matches well with BB22 (1-O = 0.05). The pooled data do not 
show a strictly unimodal distribution pattern, but individually the 
samples show generally unimodal distributions (Fig. 5-c, 6-c, -g). The 
most noticeable difference when comparing the polymodal and the 
unimodal sample groups is the complete absence of Mesoproterozoic 
zircon age peaks in the latter, and the absence of a 2.20 Ga peak in the 
former. 

Finally, an approximately bimodal distribution pattern is seen in 
samples JBD24 and BB08, and when these samples are pooled (Fig. 7d) 
the data show significant peaks at ca. 665 Ma and ca. 2.20 Ga, a minor 
peak at ca. 560 Ma, and individual dates distributed between ca. 
2.10–0.80 Ga and between ca. 3.50–2.30 Ga. These two samples match 
perfectly within their confidence intervals (1-O = 0.00). 

4.3. Polymodal detrital zircon pattern and its possible sources 

When pooled, the major peaks in the polymodal pattern at ca. 2.10, 
1.95, 1.80, 1.55, 1.35 and 1.20 Ga are distinct (Fig. 7b). Notably, there is 
no peak at 2.20 Ga, which is the dominant Paleoproterozoic age peak 
seen in the unimodal and bimodal pooled relative frequency plots 
(Fig. 7c and d). The oldest peaks in the pooled polymodal plot are at ca. 
2.10 and 2.00 Ga, which correlate with magmatic ages of ca. 2.05–1.95 
Ga from the Congo Craton basement of the Kaoko Belt (Kröner et al., 
2004), as well as with similar ages reported from basement rocks of the 
Luis Alves Craton (Basei et al., 1999, 2009) and the Camboriú Complex 
(Silva et al., 2000). As the most proximal cratonic basement rocks to the 
Brusque Complex, the Luis Alves Craton would be the most likely 
candidate for protosource material for the Brusque Complex sediments. 
However, the absence of a ca. 2.20 Ga age peak suggests a closer affinity 
to the Congo Craton basement, which, unlike the Luis Alves Craton, does 
not contain a record of ca. 2.20 Ga activity. 

The presence of Mesoproterozoic zircon grains in the polymodal 
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sample group indicates a significant contribution from Mesoproterozoic- 
aged protosource rocks, which were otherwise almost entirely absent 
during sedimentation of the protoliths of the unimodal sample group. 
However, rocks of this age are so far unknown from the basement rocks 
exposed in the northern Dom Feliciano Belt. In the southern Dom 
Feliciano Belt (Fig. 1), rocks with ages corresponding to the Meso
proterozoic peaks in the polymodal pattern, at ca. 1.50 and 1.40 Ga, are 
known only from the Nico Pérez Terrane in Uruguay (Gaucher et al., 
2011; Mallmann et al., 2007; Oriolo et al., 2019; Oyhantçabal et al., 
2018; Sánchez-Bettucci et al., 2004). A ca. 1.55 Ga crystallisation age is 
also recorded within the Capivarita Anorthosite in the exposed basement 
of the Granite Belt in the central part of the Dom Feliciano Belt in Rio 
Grande do Sul (Chemale et al., 2011). Given their distal nature to the 
northern Dom Feliciano Belt, though, it is unlikely that these rocks 
directly contributed to sedimentation into the Brusque Complex 
paleobasin. 

The 1.55–1.40 Ga ages are common, however, in Mesoproterozoic 
magmatic rocks intruding the Congo Craton of Namibia and SW Angola 
(e.g. Bybee et al., 2019; Lehmann et al., 2020; Luft et al., 2011; Seth 
et al., 1998), providing possible protosources for the Brusque Complex 
sediment. The best-fit source rocks for the observed ages in the poly
modal group come from metamorphosed supracrustal rocks of the 
Okapuka Formation and the underlying Epupa Metamorphic Complex in 
the Kaoko Belt (Fig. 7b). Part of the Congo Craton, the Epupa Meta
morphic Complex is dated at ca. 1.85–1.75 Ga (Kröner et al., 2010, 
2015), and is intruded by granitoid rocks with ages primarily clustered 
at ca. 1.50, 1.35 and 1.20 Ga (Drüppel et al., 2007; Kröner et al., 2015; 
Kröner and Rojas-Agramonte, 2017; Seth et al., 2003). These basement 
rocks are overlain by the ca. 1.35 Ga volcano-sedimentary Okapuka 
Formation (Fig. 1), which contains detrital zircon spanning ca. 
2.05–1.40 Ga that was likely sourced from the nearby basement. The 
formation is intruded by magmatic rocks with ages between ca. 
1.20–1.05 Ga (Kröner and Rojas-Agramonte, 2017). 

The underlying Paleoproterozoic basement may represent part of the 
source for the Brusque Complex sediments, however it is equally likely 
that these rocks represent the protosource and that the Brusque Complex 
sediment is sourced directly from the Mesoproterozoic sedimentary 
cover (Okapuka Fm.) and associated intrusive rocks. Recycling of older 
sedimentary successions has been proposed by Andersen et al. (2018a) 
to explain the detrital zircon record in equivalent rocks in the Gariep 
Belt, and they point to preserved fragments of Meso- and Paleoproter
ozoic sedimentary cover on the surrounding cratonic basement as evi
dence of this recycling system. Similarly, Konopásek et al. (2017) and 
Konopásek et al. (2018) inferred an extensive Mesoproterozoic sedi
mentary cover sequence as the source for the Neoproterozoic succes
sions of the Kaoko Belt foreland. Given the presumed pre-Atlantic 
proximity of the Kaoko Belt to the northern Dom Feliciano Belt 
(Konopásek et al., 2017; Porada, 1989), we judge this inferred extensive 
Mesoproterozoic cover sequence as the most likely candidate for the 

(caption on next column) 

Fig. 7. Brusque Complex U–Pb detrital zircon data grouped into three patterns: 
a) cumulative proportion curves of each sample with 95% confidence intervals 
(shaded columns delineate major common age fractions), b) pooled polymodal 
group (samples BC20A, BB10B, BB14A and JBE41B), c) unimodal group 
(samples BA23, BB22 and JBE37), and d) bimodal group (samples BB08 and 
JBD24). Bars at the top of figures b, c and d show age ranges of relevant pro
tosources, and the coloured columns behind the data show the best fit proto
sources for each group that correlate to major age fractions. Data for reference 
bars: Congo Craton + Mesoprot. from Kröner et al. (2015, 2004); Kröner and 
Rojas-Agramonte (2017); Seth et al. (1998, 2003), Namaqua Metamorphic 
Complex from Becker et al. (2006); Bial et al. (2015); Clifford et al. (2004), Luis 
Alves Craton from Basei et al. (2009); (Hartmann et al., 1999); Hartmann et al. 
(2000), Coastal–PET Terrane from Basei et al. (2011c); Goscombe et al. 
(2005a); Konopásek et al. (2008); Lenz et al. (2011); Oyhantçabal et al. (2009), 
Granite Belt from Florisbal et al. (2012b); Lara et al. (2020); Philipp and 
Machado (2005). 

J.J. Percival et al.                                                                                                                                                                                                                               



Precambrian Research 354 (2021) 106060

11

Mesoproterozoic zircon populations in the Brusque Complex rocks. 

4.4. Unimodal detrital zircon pattern and its possible sources 

Zircon ages at ca. 2.20 Ga, corresponding to the largest peak in the 
unimodal pooled zircon age distribution pattern (Fig. 7c), are known 
from local basement rocks of the Luis Alves Craton, the Camboriú 
Complex and the Águas Mornas Complex (Basei et al., 2009; Hartmann 
et al., 1999, 2000; Silva et al., 2000, 2005). The closest basement unit of 
the Luis Alves Craton is the Santa Catarina Granulite Complex, which 
outcrops immediately to the north of the Itajaí Basin (Fig. 1). Zircon 
grains from granulitic gneisses of this complex mostly preserve U–Pb 
ages of ca. 2.20–2.10 Ga, with less common ca. 2.40–2.30 Ga ages and 
minor occurrences of ca. 2.00 Ga zircon (Basei et al., 2009; Hartmann 
et al., 1999, 2000). Ages corresponding to the smaller peaks at ca. 2.10 
and 2.00 Ga are also known from the Camboriú Complex (Silva et al., 
2000, 2005), as well as from exposed Congo Craton basement in the 
Kaoko Belt (Kröner et al., 2004). As the samples from the unimodal 
group contain only single zircon age peaks, which correspond to ages in 
the local basement, we interpret the unimodal group as reflecting first 
generation detrital zircon and thus direct erosion of the basement. 

The Brusque Complex contains both local basement-derived sedi
ment and recycled sediment, however the absence of a 2.20 Ga age peak 
in the polymodal group suggests that these two sources did not mix. This 
indicates that the inferred Mesoproterozoic sedimentary cover source 
was completely eroded before any of the local basement was exposed. 
Inferring from this that the sediment was sourced locally implies also 
that the Mesoproterozoic sedimentary sequences covered the Luis Alves 
basement prior to erosion into the Brusque Complex paleobasin, and 
thus that the Congo and Luis Alves cratons were in close proximity prior 
to Neoproterozoic rifting. 

Both the unimodal and polymodal sample groups do not contain 
zircon age peaks younger than 1.20 Ga, and even the youngest indi
vidual zircons are no older than ca. 0.9–1.0 Ga (Fig. 7b and c). 
Considering the minimum age of sedimentation at ca. 810 Ma, the 
Brusque Complex metasediments therefore contain no zircon grains 
sourced from syn-sedimentary igneous rocks. This is typical of rift basin 
or passive margin environments, where the influx of material into the 
basin is dominated by older grains sourced from the surrounding craton 
(Cawood et al., 2012). 

4.5. Bimodal detrital zircon pattern and its possible sources 

The two samples with bimodal age distribution contain the youngest 
zircon grains of all the studied samples, with between one third and one 
half of the total analysed grains dated in the Neoproterozoic. Using the 
youngest zircon age peak as a conservative estimate of the timing of 
sedimentation (Dickinson and Gehrels, 2009), the maximum age of 
sedimentation of the protolith is ca. 560 Ma (Fig. 7d). However, the 
much more robust peak at ca. 665 Ma is a safer benchmark for the 
maximum sedimentation age, considering the possibility of lead loss in 
the small number of younger grains during late-stage orogenic defor
mation or modern weathering. This post-dates the ca. 811 Ma minimum 
age of sedimentation constrained in this study by at least ca. 150 million 
years, implying the presence of two temporally distinct sedimentary 
protoliths. This observation remains difficult to confirm in the field, as 
the younger rocks appear to be metamorphosed at similar greenschist 
facies conditions as the low-grade Brusque Complex rocks, and they 
exhibit a deformation style indistinguishable from the high-strain zones 
of the Brusque Complex further inland (see Basei et al., 2011b). Indeed, 
it is possible that ancient lead loss could account for the Neoproterozoic 
zircon peaks by skewing Mesoproterozoic ages along the concordia to
wards younger values (e.g. Andersen et al., 2019). However, the large 
Neoproterozoic fraction (up to ca. 45%), the low-grade metamorphic 
conditions, and the remarkable similarity of the detrital signature to that 
of the adjacent Itajaí Basin (see section 4.6) favours the former 

interpretation. Further, two distinct depositional episodes have also 
recently been identified in the Porongos Complex of the central Dom 
Feliciano Belt foreland (Battisti et al., 2018; Höfig et al., 2018). 

The ca. 2.20 Ga age peak and the spread of individual Mesoproter
ozoic and Paleoproterozoic dates between ca. 2.10–1.00 Ga (Fig. 7d) 
show similarities with the unimodal and polymodal groups respectively 
(Fig. 7b and c). The ca. 665 Ma age fits well with earliest estimates of the 
timing of orogenesis in the Dom Feliciano Belt (De Toni et al., 2020b), 
and thus the most likely protosource for the ca. 665 peak is the orogenic 
hinterland. The hinterland rocks record ca. 650–645 Ma zircon ages 
(Chemale et al., 2012) associated with orogenesis in the northern Dom 
Feliciano Belt, and up to ca. 665–660 Ma (Frantz et al., 2003; Masquelin 
et al., 2012) in the southern Dom Feliciano Belt. The number of grains 
between ca. 640–600 Ma fit with known ages from the Granite Belt, 
which intruded the orogenic hinterland between ca. 640–580 Ma 
(Chemale et al., 2012; Florisbal et al., 2012b). 

Considering this possible protosource, the distribution pattern shown 
in Fig. 7d can thus be explained by a combination of recycled (meta) 
sedimentary rocks with a detrital zircon content matching the unimodal 
and polymodal sample groups of the Brusque Complex, and syn- 
orogenic rocks sourced directly from the orogenic hinterland. 

4.6. Comparison with the Itajaí basin 

The data suggest that the sedimentary protoliths of the bimodal 
sample group were sourced from erosion of the rising orogen, and thus 
they possibly represent syn-orogenic flysch- or molasse-type sediments 
similar to the Itajaí Basin. In support of this, the data from the Itajaí 
Basin show remarkably similar detrital zircon patterns, with the same 
primary age fractions with major peaks at ca. 650–550 Ma and 

Fig. 8. Comparison between detrital zircon signatures of samples BB08, JBD24, 
and the Itajaí Basin: a) individual cumulative distribution curves with 95% 
confidence intervals (shaded columns delineate major common age fractions) 
b) KDEs and frequency histograms, with pooled Itajaí Basin data. Data for Itajaí 
Basin from Guadagnin et al. (2010). See Fig. 7 for age range references. 
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2.20–2.05 Ga, and a distribution of individual ages between ca. 
2.00–1.00 Ga (Fig. 8a and b). Further, the ages corresponding to the 
small peak at ca. 560 Ma in the KDE curve are known from syn- 
sedimentary volcanism in the Itajaí Basin (Guadagnin et al., 2010), 
although the small number of grains younger than 600 Ma (8 grains) 
make this correlation only speculative. 

The Itajaí Basin shows a typical orogenic foreland deformation style 
(e.g. Condie, 2016), with the margin closest to the foreland fold and 
thrust belt (i.e. the Schist Belt) showing stronger deformation than the 
opposite margin (Basei et al., 1998b; Guadagnin et al., 2010). Given the 
proposed source rocks and similarities with the Itajaí Basin sediments, 
we interpret samples JBD24 and BB08 as belonging to syn-orogenic 
sediments deposited in a foreland basin setting similar to the Itajaí 
Basin, or possibly part of the Itajaí Basin itself. The proximity and 
structural correlation of these rocks to the Itajaí–Perimbó Shear Zone 
(Fig. 2) lends support to this interpretation, as parts of the foreland basin 
closest to the leading edge of the fold-and-thrust belt would likely 
become tectonically interleaved with the Brusque Complex, making the 
deformation history between the two distinct protoliths 
indistinguishable. 

4.7. Comparing the Kaoko–Dom Feliciano–Gariep Neoproterozoic 
foreland units 

The Brusque Complex zircon distribution shares many similarities 
with the foreland fold-and-thrust belt cover sequences of the central 
Dom Feliciano Belt (Porongos Complex), the Kaoko Belt and the Gariep 
Belt. Fig. 9 compares detrital zircon data from these four regions, 
showing pooled data from various published detrital zircon studies 
(Andersen et al., 2018a; Gruber et al., 2011; Höfig et al., 2018; Hofmann 
et al., 2014; Konopásek et al., 2014, 2017; Pertille et al., 2015a, 2017), 
with samples grouped together based on the patterns as recognized in 
this study. The same two detrital zircon age distribution patterns as seen 
in the Brusque Complex are recorded in each of the other regions, with 
only minor differences (Fig. 9a and b). The Lavalleja Complex in 
Uruguay is often interpreted as the continuation of the Schist Belt in the 
southern Dom Feliciano Belt (Basei et al., 2008a). However, due to the 
small number of published detrital zircon datasets and poor age con
straints (see Hueck et al., 2018b), the potential correlation of the Lav
alleja Complex with the rest of the Schist Belt will not be further 
discussed. 

The pooled polymodal group of the Porongos Complex samples 
matches well with the Brusque Complex rocks of this study (Fig. 9a and 
c). Using the 1-O parameter of Andersen et al. (2016), they show a 
perfect pairwise overlap within 95% confidence intervals (1-O = 0.00). 
Like the Brusque Complex, the pooled data of the Porongos Complex is 
missing a 2.20 Ga peak, suggesting a majority African affinity for the 
sedimentary protosources (Fig. 9c). The similarities between the units 
imply that they shared the same source, which supports the interpre
tation that the Schist Belt of the Dom Feliciano Belt represents sediment 
deposited into a coeval and spatially related system of paleobasins. 

The Porongos Complex unimodal group also shows a good match 
with the equivalent Brusque Complex rocks (Fig. 9b) (pairwise overlap 
1-O = 0.04). The Paleoproterozoic peaks between ca. 2.20–2.00 Ga in 
the samples with unimodal distribution have been linked with local 
basement rocks of the Encantadas Complex (Pertille et al., 2015a, 2017), 
and can also be correlated with ca. 2.50–2.00 Ga basement rocks of the 
Taquarembó Block, part of the Nico Pérez Terrane (Fig. 9d) (Oyhant
çabal et al., 2011b, 2018 and references therein). The similarities in age 
between the Brazilian Nico Pérez Terrane (Taquarembó Block) and the 
Luis Alves Craton, most notably the presence of ca. 2.20 Ga rocks which 
are absent on the African side of the orogen, suggests that these cratonic 
blocks may represent a continuous basement unit. 

For the Kaoko Belt, the two sample groups are pooled based on the 
patterns as recognised in this study and as constrained by the local 
stratigraphy (Fig. 9b and c) (Konopásek et al., 2014, 2017). Konopásek 

et al. (2017) showed that the pre-orogenic stratigraphic position of the 
Kaoko Belt metasedimentary rocks can be distinguished based on their 
detrital zircon signatures, with the lower sequences containing both 
Paleoproterozoic and Mesoproterozoic ages, and the upper sequences 
dominated by Paleoproterozoic ages only. The Kaoko Belt polymodal 
group shows strong similarities to the Brusque and Porongos Complexes 
(Fig. 9a) (pairwise overlap 1-O = 0.03 and 0.02 respectively). The 
Mesoproterozoic peaks at ca. 1.55, 1.40 and 1.20 Ga match well with 
those from the Brusque Complex, and the same with the Paleoproter
ozoic peaks between ca. 2.10–1.80 Ga and the notable absence of ca. 
2.20 Ga zircon. The only significant difference between the Meso
proterozoic detrital signals of the Kaoko and Dom Feliciano Belts is the 
presence of a ca. 1.05 Ga peak in the Kaoko Belt rocks (Fig. 9c), which 
can also be found in the foreland supra-crustal rocks of the Gariep Belt 
(Basei et al., 2005; Hofmann et al., 2014, 2015). 

The pooled unimodal group shows a prominent Paleoproterozoic 
peak similar to the Brusque and Porongos complexes (Fig. 9d). However, 
the peak is centred at 1.80 Ga, resulting in a poor pairwise overlap 
comparison (Fig. 9b) (1-O = 0.11). This age peak fits with erosion of the 
local Congo Craton basement (Kröner et al., 2004; Luft et al., 2011). 

Konopásek et al. (2017) recognised the gradual disappearance of 
Mesoproterozoic zircon from the upper parts of the Kaoko Belt supra
crustal sequences, and suggested that this reflects the complete erosion 
of Mesoproterozoic supracrustal source rocks into the lower parts of the 
paleobasin, with the upper sequences representing erosion of the 
exposed local basement. Given evident similarities in detrital zircon 
signatures, it is possible that the Brusque Complex protolith was 
deposited in the same way; the rocks with polymodal zircon distribution 
representing the lower strata, and those with unimodal distribution the 
upper strata of the basin. This interpretation would necessitate a com
plete revision of the current stratigraphy of the Brusque Complex (Basei 
et al., 2006, 2011b), as the samples with polymodal and unimodal 
patterns come from all known stratigraphic levels. However, given 
problems with exposure in the northern Dom Feliciano Belt, it remains 
difficult to test this hypothesis, and is otherwise beyond the scope of this 
study. 

Data from the Port Nolloth Zone of the Gariep Belt (Andersen et al., 
2018a; Hofmann et al., 2014) also fit into unimodal and polymodal 
groups (Fig. 9 a and b). The polymodal group contains the same late 
Mesoproterozoic age peaks at ca. 1.30, 1.20 and 1.10 Ga (Fig. 9c), 
however there is a conspicuous absence of early Mesoproterozoic ages 
ca. 1.50 Ga, resulting in poor pairwise overlap comparisons (1-O: 
Brusque Complex = 0.18, Porongos Complex = 0.22, Kaoko Belt =
0.22). The Namaqua Metamorphic Complex outcropping along the 
western edge of the Kalahari Craton contains abundant Mesoproterozoic 
rocks dated between ca. 1.30–1.00 Ga (Becker et al., 2006; Bial et al., 
2015; Clifford et al., 2004), and has no record of 1.50 Ga events, making 
these rocks the most likely protosource. The Gariep unimodal group is 
dominated by a single Paleoproterozoic peak at 1.90 Ga, which fits with 
basement of the Kalahari Craton (Fig. 9d) and closely matches the Kaoko 
Belt unimodal group (pairwise overlap 1-O = 0.04). Andersen et al. 
(2018a) interpret the Gariep Belt detrital zircon signature as the result of 
mixing of various protosources during sedimentary recycling events 
prior to Neoproterozoic rifting, similar to the inferred Mesoproterozoic 
sedimentary cover of Konopásek et al. (2017). However, the differences 
between the Gariep Belt and the rest of the orogen clearly shows there is 
local variation in the recycled sediment protosources, 

The similarities in detrital signatures strongly suggest that the pre- 
orogenic supracrustal rocks of the Brusque Complex, Porongos Com
plex and the Kaoko Belt partly shared the same source, and that the 
Gariep Belt shared at least some of the same protosources. The proto
sources for the polymodal group are clearly of African affinity, with no 
clear equivalent in the South American rock record, suggesting that the 
sediment was sourced from Mesoproterozoic (volcano-)sedimentary 
sequences containing recycled African detritus. 
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Fig. 9. Comparison between detrital zircon data of the pre-orogenic metasediments of the Brusque Complex, the Porongos Complex, the Kaoko Belt and the Gariep 
Belt (Porth Nolloth Zone): a) cumulative distribution curves for pooled polymodal group, b) cumulative distribution curves for pooled unimodal group, c) KDEs and 
histograms for polymodal group and d) KDEs and histograms for unimodal group. Data are grouped according to the patterns as identified in this study. Data sources: 
Brusque Complex from this study, Porongos Complex from Gruber et al. (2011); Höfig et al. (2018); Pertille et al. (2015a, 2015b, 2017), Kaoko Belt from Konopásek 
et al. (2014, 2017), Gariep Belt from Andersen et al. (2018a); Hofmann et al. (2014). Nico Pérez age range from Oyhantçabal et al. (2018) and references therein. See 
Fig. 7 for references for the remaining age-range bars. 
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4.8. Tectonic setting and evolution of the Schist Belt 

Fig. 10 shows schematic cross sections across the northern Dom 
Feliciano Belt and the Kaoko Belt, outlining the proposed evolution of 
the Schist Belt as inferred from the Brusque Complex U–Pb zircon data 

and correlations with the other units. During the pre-rifting stage at ca. 
1.0 Ga–850 Ma, the Congo and Luis Alves cratons were connected, 
accompanied by Mesoproterozoic terranes and cover sequences associ
ated with the amalgamation of Rodinia (Fig. 10a) (Bial et al., 2015; 
Miller, 2012). The lack of detrital zircon close to the age of 

Fig. 10. Schematic cross sections outlining the proposed evolution of the Kaoko–Dom Feliciano Belt as inferred from U–Pb detrital zircon data: a) pre-rifting stage ca. 
1.0 Ga–850 Ma, the Congo and Luis Alves cratons are connected, together with Mesoproterozoic terranes and cover sequences associated with Rodinia amalgamation, 
b) rifting from ca. 840 Ma, erosion of an extensive Mesoproterozoic cover sequence, sedimentation into the rift basin from at least ca. 810 Ma, c) rifting continues, 
complete erosion of the Mesoproterozoic cover and erosion of the Luis Alves and Congo Craton Basement, d) rift inversion and convergence leads to orogenesis at ca. 
650, and the erosion of the rising hinterland leads to sedimentation (flysch) into syn-orogenic basins, e) continued convergence leads to the movement of the orogenic 
front towards the east and the formation of the Kaoko Belt, more sedimentation into both foreland basins, and late deformation in the west leads to deformation and 
metamorphism of the syn-orogenic sediments in the Brusque Complex. 
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sedimentation within the pre-orogenic sediments of the Kaoko–Dom 
Feliciano–Gariep Belt indicates the absence of magmatic activity on the 
crust of either basin margin at this time. Based on the model of Cawood 
et al. (2012), the pre-orogenic sediments of the Brusque Complex, 
Porongos Complex, Kaoko Belt and Gariep Belt best fit into an exten
sional setting, as the youngest 5% of zircon are>150 m.y. older than the 
age of sedimentation (Fig. 11). This finding supports a pure intra
continental rifting model for the formation of the Kaoko–Dom Felic
iano–Gariep basin (Konopásek et al., 2018, 2020), and is in 
disagreement with various proposed subduction-collision models that 
place arc-magmatism inside and/or at the margin of the basin during or 
before its opening (De Toni et al., 2020a; Koester et al., 2016; Lenz et al., 
2013; Martil et al., 2017). Based on this interpretation, the basin formed 
by intracontinental rifting from ca. 840 Ma (Basei et al., 2008b), with 
sedimentation into the Brusque Complex paleobasin from at least ca. 
810 Ma (Fig. 10b). The complete erosion of the Mesoproterozoic cover 
sequences on the South American side, and the near-complete erosion on 
the African side, led to erosion of the Luis Alves and Congo cratons into 
the rift basin (Fig. 10c). 

The period prior to convergence and orogenesis consisted of either 1) 
rift-drift transition and the development of the Adamastor Ocean (e.g. 
Basei et al., 2018 and references therein), or 2) continued intra
continental rifting and little to no oceanic spreading (e.g. Konopásek 
et al., 2020). Due to the continued lack of geochronological constraints 
on sedimentation into the Brusque Complex paleobasin, the duration of 
rifting cannot be inferred from our data. However, based on the lack of 
evidence of late-Neoproterozoic subduction-related metamorphism, the 
syn- to post- collisional nature of the Granite Belt (Bitencourt and Nardi, 
1993, 2000; Florisbal et al., 2012a, 2012b), and evidence in the Kaoko 
Belt of crustal stretching and sedimentation up to ca. 660 Ma 
(Konopásek et al., 2020), the latter model is favoured for this 
interpretation. 

Based on similarities with the Itajaí Basin, we interpret the syn- 
orogenic sediments of the Brusque Complex as belonging to a colli
sional foreland setting (Fig. 11). This suggests that, after rift inversion 
and convergence led to orogenesis at ca. 650 Ma (De Toni et al., 2020b), 
the eroding rising hinterland fed into proximal syn-orogenic basins 
(Fig. 10d). Finally, continued convergence led to the movement of the 
orogenic front towards the east (Fig. 10e), where the hinterland over- 
rode the Congo Craton margin and led to the development of the 

Kaoko Belt from ca. 580 Ma (Goscombe et al., 2003a; Konopásek et al., 
2008). This late-stage convergence is reflected in the northern Dom 
Feliciano belt by the deformation of syn-orogenic sediments and their 
possible incorporation into the Brusque Complex (Fig. 10e). 

4.9. Tectonic implications for pre-orogenic configuration 

Based on pre-Atlantic plate reconstructions (Heine et al., 2013), and 
correlations between basement units (Konopásek et al., 2016), the 
Brusque Complex and Kaoko Belt foreland fold-and-thrust belts were 
located at approximately similar positions on either side of the orogenic 
hinterland (Fig. 12). The identification of a single source for significant 
parts of the pre-orogenic supracrustal rocks of the Dom Feliciano and 
Kaoko belts provides strong evidence to also correlate these rocks prior 
to early-Neoproterozoic rifting. Considering their deposition into a 
system of coeval, spatially related paleobasins, the Congo Craton, Luis 
Alves Craton and Nico Pérez Terrane must have been in close proximity 
at the onset of early-Neoproterozoic rifting (Fig. 10). Despite differences 
in protosources, the similarities in sedimentation history of the Gariep 
Belt suggests the involvement of the Kalahari Craton as well. 

This means that, considering the correlation between the northern 
and central parts of the Schist Belt (Fig. 12), the rifting stage beginning 
at ca. 840–830 Ma (Basei et al., 2008b; Frimmel et al., 2001) may have 
involved a combined Luis Alves – Nico Pérez terrane rifting from the 
Congo and Kalahari cratons (Johansson, 2014; Konopásek et al., 2018). 
Although some authors argue that these cratonic fragments were sepa
rated by wide oceanic domains at the time of sedimentation (e.g. Foster 
et al., 2015), the data from this study support tectonic models that place 
these crustal blocks together in Rodinia at the onset of rifting (e.g. 
Konopásek et al., 2020; Oriolo et al., 2016; Oyhantçabal et al., 2011a; 
Philipp et al., 2016; Rapela et al., 2011). 

The results of this study also contradict suggestions that the Major 
Gercino Shear Zone, and possibly the rest of the Southern Brazilian 
Shear Belt, separates distinct sedimentary rocks of African affinity on 
one side, and South American affinity on the other (Basei et al., 2000, 
2008a). Although there are differences in source region for parts of the 
sedimentary protoliths that correlate with local African or South 
American basement, the Mesoproterozoic detrital zircon ages in both 
belts show a shared source with clear African affinity, and based on this 
study there is no indication that the Major Gercino Shear Zone repre
sents a syn-sedimentary, pre-orogenic structure that separated basins 
with entirely different source regions. 

5. Conclusions  

1) U–Pb zircon dating of a felsic dyke intruding sedimentary rocks of 
the Brusque Complex constrains the minimum age of sedimentation 
into the Brusque Complex paleobasin at 811 ± 6 Ma. This age cor
relates with sedimentation age constraints in the Porongos Complex, 
Kaoko Belt and Gariep Belt, and with the age of pre-orogenic mag
matism and sedimentation in the orogenic hinterland. 

2) U–Pb detrital zircon dating of metamorphosed magmatic and sedi
mentary rocks of the Brusque Complex reveals three distinct sample 
groups. The first group shows a polymodal age distribution, with 
peaks in both the Meso- and Paleoproterozoic. The second group 
contains only Paleoproterozoic ages, dominated by a single age peak. 
The third group shows a mostly bimodal age distribution, with a 
major Neoproterozoic age fraction.  

3) Potential protosources for the Mesoproterozoic zircon grains in the 
polymodal sample group are all of African affinity. The most likely 
source for the sediment was Mesoproterozoic sedimentary cover of 
the Congo Craton bearing recycled zircon grains. We suggest that the 
Mesoproterozoic sediment also covered the Luis Alves Craton prior 
to Neoproterozoic rifting. The Paleoproterozoic zircon grains from 
the unimodal sample group were likely sourced from local basement 
represented by the Luis Alves Craton and Camboriú Complex. 

Fig. 11. Summary cumulative distribution function plot (with 95% confidence 
intervals) showing the difference between the detrital zircon crystallisation age 
and the sedimentation age of the various sample groups in this study. Point A 
and B are from Cawood et al. (2012), showing the points used to predict tec
tonic setting: A–youngest 30% of grains with < 100 M.y. difference suggests 
convergent tectonic setting, >100 M.y. difference suggests collisional foreland 
setting; B–youngest 5% of grains with < 150 M.y. difference suggests collisional 
foreland setting, >150 M.y. difference suggests extensional setting. Sedimen
tation ages are based on this study and from other sources in the text. 
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Fig. 12. Overview map showing the correlation of metasedimentary rocks of the Kaoko–Dom Feliciano Belt orogenic forelands (modified after Hueck et al., 2018b; 
Konopásek et al., 2017; McCourt et al., 2013; Oyhantçabal et al., 2011b; and Passarelli et al., 2018). NMC = Namaqua Metamorphic Complex, RDLP = Rio de la Plata 
Craton, NP = Nico Pérez Terrane, LA = Luis Alves Craton, CT = Curitiba Terrane. For KDE figures see Fig. 7 for references. Coloured bars behind KDE curves 
represent probable protosource regions, and the colours correspond to those regions as shown in the map. 
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4) The Neoproterozoic zircon grains in the bimodal sample group post- 
date sedimentation in the Brusque Complex paleobasin as con
strained in this study, suggesting that these rocks belong to a later 
paleobasin formed in a different tectonic environment. Similarities 
with the Itajaí Basin suggest that they represent parts of a syn- 
orogenic foreland basin, with sediment sourced from the rising 
orogenic hinterland. The rocks were likely tectonically interleaved 
with the Brusque Complex during late-stage orogenic deformation. 

5) The absence of Neoproterozoic zircon at or close to the age of sedi
mentation in the pre-orogenic sediments of the Brusque Complex 
implies that the paleobasin did not evolve within a convergent tec
tonic setting, supporting a pure intracontinental rifting model for 
basin formation.  

6) Comparison of pre-orogenic Brusque Complex detrital zircon data 
with equivalent rocks in the Porongos Complex, Kaoko Belt and 
Gariep Belt indicates a shared source and/or shared basin evolution, 
implying that these sediments were deposited into a system of coeval 
and spatially related paleobasins. The data imply that the Luis Alves 
Craton, Congo Craton, Nico Pérez Terrane and Kalahari Craton were 
in close proximity at the start of Neoproterozoic rifting and the 
breakup of Rodinia. 
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