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Preface

This thesis is the result of a four-year PhD project that started in April 2017. The project was funded by
the department of Geosciences at the Arctic University of Norway (UiT), with additional funding from
Diku Norway and CAPES Brazil (project UTF-2018-10004). The additional funding enabled four
fieldtrips to Brazil and Uruguay, where I conducted fieldwork and collected samples for processing and
analysis back at UiT and around Europe. Additional funding from the Norwegian Research School for
Dynamics and Evolution of Earth and Planets (DEEP), University of Oslo (UiO), also funded three visits
to the Institute of Geological Sciences, Polish Academy of Sciences, Krakow, where I spent a total of
three months training at the Geochronology and Isotope Geochemistry Laboratory learning techniques

in Lu—Hf and Sm—Nd garnet geochronology.

The educational requirements for the PhD program were met by the completion of four short courses
run by the DEEP PhD school at UiO (and in collaboration with UiT), as well as a research ethics course
and short course in P-T modelling at UiT. One year of the total four-year project was assigned to duty
work, which included practical teaching of petrology, structural geology, and field geology courses. Part
of this duty work also included maintenance of and responsibility for the rock cutting, crushing and

mineral separation labs at the Department of Geosciences, UiT.

Over the course of the PhD, I presented results related to this work at the following international
conferences/meetings: European Geosciences Union (EGU) General Assembly in Vienna, Austria, in
2019 and 2021 (online); Thermal and mechanical evolution of collisional and accretionary orogens in
Ttest’, Czech Republic. I also attended and presented work at yearly local meetings associated with

DEEP and the Geoscience Research Academy of Tromse (GReAT).

In this work I discuss the evolution of the South Atlantic Neoproterozoic Orogenic System by
investigating the pre-orogenic and tectono-metamorphic history of the Dom Feliciano Belt foreland in
southern Brazil and Uruguay. The thesis consists of an introduction, including a brief synthesis, and

three papers.

The three research articles are as follows:

I. Percival, J. J., Konopasek, J., Eiesland, R., Slama, J., Campos, R. S., Battisti, M. A.,
Bitencourt, M. F., 2021, Pre-orogenic connection of the foreland domains of the Kaoko—
Dom Feliciano—Gariep orogenic system, Precambrian Research, vol. 354, pp. 106060,

https://doi.org/10.1016/j.precamres.2020.106060
11




II.

II1.

Percival, J. J., Konopasek, J., Anczkiewicz, R., Ganered, M., Slama, J., Campos, R. S.,
Battisti, M. A., Bitencourt, M. F., Tectono-metamorphic evolution of the northern Dom
Feliciano Belt foreland, Santa Catarina, Brazil: Implications for models of

subduction-driven orogenesis, in review at Tectonics

Percival, J. J., Konopasek, J., Oyhantgabal, P., Slama, J., Anczkiewicz, R., Diachronous
two-stage Neoproterozoic evolution of the southern Dom Feliciano Belt, Uruguay, in

preparation for submission to Journal of Metamorphic Geology or Tectonics
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SECTION | Synthesis






1 Introduction

Orogeny is a complex process controlled by the interactions between numerous continental and oceanic
plates and minor crustal bodies over potentially many tens of millions of years. As such, the final
geometry of an orogen can vary significantly depending on the dominant tectonic processes taking place
during orogenesis. Three end-member types are generally recognised across both ancient and modern
orogens (Fig. 1)—collisional, accretionary and intracontinental (Cawood et al., 2009; Raimondo et al.,
2014)—and understanding the timing and conditions of tectonic events within an orogen are integral in
developing a consistent tectonic framework within which to describe it. Due to the interrelated nature
of the processes driving the three dominant orogen types, recognising identifying characteristic features
can be difficult, particularly in ancient orogens where much of the information has been lost. To
understand the entire evolution of an orogen, from pre-orogenesis to post-collision, it is essential to

develop and integrate robust geochronological, structural, and thermobarometric datasets.

The South Atlantic Neoproterozoic Orogenic System (SANOS, sensu Konopasek et al., 2020) formed
from the convergence of a series of continental plates during the amalgamation of Gondwana (Fig. 2a),
and is now divided by the South Atlantic Ocean. For many years, the various belts that comprise the
SANOS have been predominantly described as collisional or mixed collisional-accretionary orogenic

belts preceded by the complete subduction of a large proto-Atlantic oceanic domain known as the

(a) Collisional orogen

—> <« I:> —> <«
(b) (i) Retreating accretionary orogen (if) Advancing accretionary orogen

(C) Intracontinental orogen (no subduction)

Nﬁ

Figure 1. Schematic cross sections depicting the three major orogen types (modified after Cawood et al., 2009). (a) Collisional
orogen — subduction leading to collision between two continents; (b) (i) Retreating accretionary orogen — subduction resulting
in magmatism, accretion of smaller continental terranes, and back-arc spreading; (ii) Advancing accretionary orogen —
subduction resulting in magmatism, accretion of smaller continental terranes, and crustal thickening; (c) Intracontinental orogen
— crustal thickening in a within plate setting, far removed from active margins and subduction processes.



Adamastor Ocean (Basei et al., 2000; Hartnady et al., 1985; Heilbron and Machado, 2003; Pedrosa-
Soares et al., 1998). A large, pre-orogenic proto-Atlantic Ocean located between the African and South
American cratons was first proposed to describe the southern part of the SANOS in terms of continental

collision (Porada, 1979), and since then the subduction—collision model has come to dominate the
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Figure 2. Geological overview of the SANOS. (a) Schematic reconstruction of Western Gondwana showing the location of the
SANOS, Par. = Paranapanema Craton, Sao Fr = Sao Francisco Craton (modified after Konopasek et al., 2020). (b) Simplified
geology of the southern SANOS (based on Bitencourt and Nardi, 2000; De Toni et al., 2021; Konopasek et al., 2017; McCourt
et al., 2013; Oyhantcabal et al., 2011a), showing the position of the African and South American continents at the onset of the
opening of the South Atlantic Ocean (after Heine et al., 2013). LA = Luis Alves Craton; NP = Nico Pérez Terrane; RP = Rio
de la Plata Craton; DFB = Dom Feliciano Belt.



scientific thinking surrounding the SANOS. However, a growing body of research in recent years
suggests that a large Adamastor Ocean may not have existed at all, which has led to increasing support
for alternative models involving accretionary orogeny with the SANOS in the back-arc position, or
purely intracontinental orogeny (Cavalcante et al., 2019; Fossen et al., 2020; Konopasek et al., 2018;
Konopasek et al., 2020; Meira et al., 2019a; Meira et al., 2019b).

The Kaoko-Dom Feliciano—Gariep orogenic system, outcropping along the Atlantic coastlines of
Uruguay, southern Brazil, and Namibia, is one such sub-system of the SANOS that is classically
characterised as a collisional orogen preceded by the subduction of a large Adamastor Ocean (Hartnady
et al., 1985; Porada, 1979, 1989). However, even more so than in the northern SANOS, contrasting
interpretations of crucial units have resulted in conflicting models of orogenesis almost since the
inception of the concept of the Adamastor Ocean. This conflict is driven primarily by a lack of sufficient

geochronological, structural, and metamorphic data.

Constraining the timing and conditions of tectonic events prior to and during orogenesis is key to
understanding the evolution of orogenic belts. In particular, the geometric configuration of continental
plates prior to orogenesis and the nature of earliest crustal thickening are crucial pieces of information
needed to understand the dominant processes that facilitate mountain building. In this study, a
multidisciplinary approach was taken to investigate the orogenic evolution of various units within the
Dom Feliciano Belt, with particular focus on supracrustal metasedimentary rock of the orogenic
foreland. The key study areas are located in Santa Catarina, Brazil, and in south-eastern Uruguay (Fig.

2b).






2 Background

2.1 The South Atlantic Neoproterozoic Orogenic System
(SANOS)

The South Atlantic Neoproterozoic Orogenic System (SANOS; sensu Konopasek et al., 2020) comprises
the system of Neoproterozoic orogenic belts that outcrop along the coastlines of the South Atlantic
Ocean (Fig. 2). The SANOS includes the Dom Feliciano, Ribeira and Araguai belts in South America,
and the Gariep, Damara, Kaoko and West Congo belts in Africa. The system is generally divided into a
northern (Ribeira—Araguai—West Congo belts) and a southern (Kaoko—Dom Feliciano—Gariep—Damara
belts) domain. Overall, the tectonic structures of the belts fit within the framework of typical orogens,
showing internal hinterland and external foreland domains. The hinterland is characterised by high
metamorphic grades and extensive magmatic activity, whereas the foreland is characterised by low- to
medium-grade metamorphism and fold-and-thrust tectonics with vergence away from the hinterland.
Altogether, the orogenic system is roughly symmetrical, with eastern (African) and western (South

American) forelands flanking a single internal hinterland.

Both the eastern and western forelands are comprised of basement domains overlain by variably
deformed and metamorphosed supracrustal sequences. The basement consists of Archean—
Paleoprotereozoic cratonic crust (Egydio-Silva et al., 2018; Kroner et al., 2004; Oyhantgabal et al., 2018;
Passarelli et al., 2018; Seth et al., 1998; Thomas et al., 2016)—including the Congo—Sao Francisco,
Kalahari, and Luis Alves cratons, and the Nico Pérez Terrane (Fig. 2a)—and the supracrustal units
represent their Paleo—Neoproterozoic volcanosedimentary cover (Frimmel, 2018; Hoffman and
Halverson, 2008; Hueck et al., 2018; Juliani et al., 2000; Konopasek et al., 2014; Konopasek et al., 2017,
Oriolo et al., 2019). A large proportion of the cover sequences were deposited during the Tonian breakup
of Rodinia after major continental rifting starting from ca. 1000 Ma, and are interpreted as rift-related
to transitional passive margin successions (Alkmim et al., 2017; Basei et al., 2018; Frimmel, 2018;
Pecoits et al., 2016; Philipp et al., 2004; Tack et al., 2001). Deposited on top of these units are syn-
orogenic foreland basin sediments (Basei et al., 2000; Guadagnin et al., 2010; Konopasek et al., 2017).

The hinterland consists of amphibolite- to granulite-facies metaigneous and metasedimentary rocks,
showing high-temperature and generally moderate- to low-pressure metamorphic conditions (Bento dos
Santos et al., 2011; Goscombe and Gray, 2007; Gross et al., 2006; Gross et al., 2009), that are intruded
by large volumes of late Neoproterozoic granitic rocks. The igneous protoliths of the metamorphic rocks
are largely dated between ca. 860—770 Ma and are interpreted as remnants of large-scale continental
rifting (Konopasek et al., 2008; Konopasek et al., 2018; Meira et al., 2019b; Passarelli et al., 2019; Will
et al., 2019) or early arc magmatism (De Toni et al., 2020b; Heilbron and Machado, 2003; Heilbron et



al., 2020; Koester et al., 2016; Martil et al., 2017; Masquelin et al., 2011). High-grade metamorphism
and partial melting in the hinterland took place between ca. 655-570 Ma (Cavalcante et al., 2018; Franz
et al., 1999; Goscombe et al., 2005a; Konopasek et al., 2008; Lenz et al., 2011; Masquelin et al., 2011).
The granitoids intruded predominantly between ca. 630575 Ma along the western part of the hinterland
(Florisbal et al., 2012¢; Oyhantcabal et al., 2007; Philipp and Machado, 2005; Tedeschi et al., 2016),
and between ca. 585-480 Ma along the eastern part (Konopasek et al., 2016; Kroner et al., 2004;
Pedrosa-Soares et al., 2011).

2.2 History of the tectonic models of the SANOS

The study of the SANOS has a long history, although it was only with the seminal studies of Porada
(1979, 1989) that the tectonic evolution of the system was discussed in detail within an all-encompassing
model involving a classic Wilson cycle involving continental rifting, ocean opening, and collisional
orogenesis. This discussion followed on naturally from the gradual acceptance of plate tectonic theory,
transitioning into a blossoming of studies on both sides of the Atlantic advocating for the novel tectonic
processes of subduction, accretion, and plate collision being the driving forces behind orogenesis within
the individual belts (e.g. Kroner, 1975; Kroner, 1977; Martin and Porada, 1977). Porada (1979) initially
only proposed a genetic connection between the belts of the southern and central SANOS, including the
Gariep, Damara, and Kaoko belts in Africa, and the Dom Feliciano and Ribeira belts in South America.
They proposed that the evolution of the system began with the opening of a three-armed rift above a
mantle plume, from which a ‘proto-South Atlantic Ocean’ opened along the northern and southern
branches. The eventual closure of this ocean and subsequent collision between the African and South
American cratons, according to this model, is what led to orogenesis (Fig. 3). Porada (1989) further
expanded the model to include other belts of the South Atlantic, including the Araguai Belt in Brazil
and the West Congo Belt in Africa, painting a picture of an extensive but interconnected system of
orogenic belts spanning from the easternmost cape of Brazil to the southernmost cape of Africa.
However, it was Hartnady et al. (1985) that introduced the term Adamastor Ocean to refer to the
hypothetical oceanic domain that was consumed prior to orogenesis, and this title has continued to be

in use since.

Since its inception, the Adamastor subduction—collision model has been continuously built upon by
researchers on both sides of the South Atlantic and along the entire length of the orogenic system.
Having started as a model to explain the evolution of the southern belts (Hartnady et al., 1985; Porada,
1979), the Adamastor Ocean was gradually brought northwards into the Ribeira, Araguai, and West
Congo belts (Heilbron et al., 2008; Pedrosa-Soares et al., 2001; Pedrosa-Soares et al., 1998; Porada,

1989). However, from the earliest days of the model the direction of subduction remained contentious,



with some researchers advocating for westward subduction of the Adamastor Ocean beneath the South
American Cratons and others for eastward subduction beneath the African cratons. Some of the earliest
arguments proposed that, based in part on the asymmetry of major deformation structures and clear
evidence of nappe transport towards the east in the African foreland, subduction must have been directed
towards the west (Fragoso-Cesar, 1980; Frimmel et al., 1996; Frimmel and Frank, 1998; Porada, 1979,
1989). As more of the belt was being studied in the context of collisional orogenesis, others instead
interpreted the direction of subduction towards the east, citing thrust structures in the South American
foreland with the opposite vergence as indicating nappe transport top-to-the-west, and the voluminous
granitic rocks within the belts of South America as indicating arc magmatism resulting from subduction
(e.g. Pedrosa-Soares et al., 1998). Both models require the consumption of a large oceanic domain, but
notably they differ with respect to the location of the suture between the South American and African
cratons. For eastward subduction, this suture is found between the remnants of the proposed arc and the
western foreland, whereas with westward subduction the suture must be found between the arc and the

eastern foreland.

Along the western side of the orogen, the subduction—collision model hinges on the interpretation of the

linear granitic belts as remnant parts of long-lived magmatic arcs active between ca. 860—600 Ma. In

(a) Rifting from ca. 950 Ma

s

(b) Ocean spreading until ca. 645 Ma
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(c) Convergence from ca. 630 Ma, formation of magmatic arc

F:%

(d) Collision between ca. 600-580 Ma
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Figure 3. Schematic cross section showing the (west-directed) subduction—collision model for the formation of the SANOS.
Time estimates based on reviews in Fossen et al. (2020) and Konopasek et al. (2020), and from Basei et al. (2018). (a-b) Rifting
and ocean spreading from ca. 950 Ma (ca. 850 Ma for the southern SANOS) to ca. 645 Ma; (c) Subduction initiation and
formation of a magmatic arc from at least 630 Ma, with the start of the Granite Belt; (d) Collision between the arc and the
passive margin (the Congo and Kalahari cratons colliding with the Luis Alves and Nico Perez) between ca. 600-580 Ma; (e)
Thrusting of the arc over the passive margin, forming the suture between the South American and African cratons, and
deformation and metamorphism of the foreland sediment.



the northern SANOS, this is supported by extensive geochemical datasets that, when plotted within
tectonic discrimination diagrams, are consistent with arc magmatism (Heilbron et al., 2020; Pedrosa-
Soares et al., 2001). In the southern SANOS (the Dom Feliciano Belt) the evidence is less clear, as most
geochemical and structural studies interpret large volumes of ca. 635-580 Ma granites, referred to as
the Granite Belt (Basei et al., 2000), as the result of post-collisional magmatism (Bitencourt and Nardi,
1993, 2000; Florisbal et al., 2012b; Oyhantcabal et al., 2007). Despite this, there are still a number of
studies that posit that the Granite Belt represents the eroded roots of a long lived magmatic arc, and they
generally cite thrusting of the Granite Belt to the west over the foreland as indicating eastward
subduction (Basei et al., 2000; Basei et al., 2018; Silva et al., 2005b). Several studies also interpret
earlier ca. 800—770 Ma igneous activity in the hinterland as indicating arc magmatism associated with
much earlier east-directed subduction (De Toni et al., 2020b; Koester et al., 2016; Lenz et al., 2013;
Masquelin et al., 2011), which is consistent with the majority of interpretations from the northern
SANOS (Heilbron et al., 2020). In support of these subduction—collision models, slivers of amphibolite
and ultramafic rocks within the foreland supracrustal sequences are often interpreted as remnants of
dismembered ophiolites, and are used as evidence for the location of a suture zone between the
hinterland and western foreland (Fig. 3) (Amaral et al., 2020; Arena et al., 2018; Pedrosa-Soares et al.,
2001; Pedrosa-Soares et al., 1998).

Ultimately, models involving eastward subduction have come to dominate the literature and is the
generally accepted orogenic model in most publications today. However, there still remains some
ambiguity, particularly within the southern SANOS. The majority of studies advocating for west-
directed subduction of the Adamastor Ocean have come from geological studies along the African side
of the southern SANOS (e.g. Diener et al., 2017; Frimmel et al., 1996; Frimmel and Frank, 1998; Germs,
1995; Passchier et al., 2002), and central to this east/west ambiguity is the distinct lack of evidence of
high pressure metamorphism in either of the eastern or western belts (Frimmel, 2018). The presence of
high pressure/low temperature metamorphic rocks is common across most orogens involving subduction
and is thus generally considered indicative of relict subduction (see Fossen et al., 2020 and refernces
therein). The absence of such subduction markers along the entire length of the belt is striking, and has,
in part, led to models of intracontinental orogeny in place of subduction—collision (Fig. 4), which was
notably discussed during the 90s by Trompette (1994, 1997) in the northern SANOS, and Diirr and
Dingeldey (1996) in the southern SANOS. The intracontinental orogenic model proposes that instead
of long-lived subduction of the Adamastor Ocean preceding crustal thickening, orogenesis was initiated
by the inversion of an extended rift basin, with little to no oceanic crust developed between the African
and South American cratons (Fig. 4). The discussion of intracontinental orogeny has further picked up
speed in recent years, particularly for the belts in the northern SANOS (Araguai, Ribeira and West
Congo belts) where the long-lived connection between the Congo—Sa@o Francisco cratons provides

strong evidence for significant intracontinental deformation and a distinct lack in space for the presence
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of a large oceanic domain preceding orogenesis (Cavalcante et al., 2018; Cavalcante et al., 2019; Fossen
et al., 2020; Konopasek et al., 2020; Meira et al., 2015; Meira et al., 2019a; Meira et al., 2019b). Such
arguments are less common in the southern SANOS (Dom Feliciano, Kaoko, Gariep and Damara belts),
where relict oceanic crust of the Marmora Terrane obducted over the margin of the Kalahari Craton
indicates at least a minor amount of oceanic crust developed after rifting (Konopasek et al., 2020),
although some interpretations characterise these rocks as forming within a back-arc tectonic setting

(Frimmel, 2018).

(a) Rifting from ca. 950 Ma
<] b/ *Te < % * ——

(b) Continued rifting/crustal stretching until ca. 660 Ma
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(c) Rift inversion and crustal thickening from ca. 660—-650 Ma
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Figure 4. Schematic cross section showing the intracontinental model for the formation of the SANOS. Time estimates based
on reviews in Fossen et al. (2020) and Konopasek et al. (2020). (a) Rifting and sedimentation from ca. 950 Ma (ca. 850 Ma for
the southern SANOS); (b) Rifting continues throughout the Neoproterozoic without the transition into major ocean floor
spreading and continental drift; (c) Rift basin inversion triggers crustal thickening and top-to-the-west directed thrusting at ca.
660—650 Ma; (d) Thermal relaxation leads to lower crustal melting (post-collisional magmatism) from ca. 630 Ma.

2.3 The Dom Feliciano Belt

The Dom Feliciano Belt outcrops along the Atlantic coastlines of southern Brazil and Uruguay and
represents the south-westernmost orogenic belt of the SANOS (Fig. 5). The belt is typically grouped
with the Kaoko and Gariep belts in Africa, forming part of the larger Kaoko—Dom Feliciano—Gariep
orogenic system (Konopasek et al., 2020). This orogenic system was formed by the interactions between
four major cratons—the Rio de la Plata and Paranapanema cratons in South American, and the Congo
and Kalahari cratons in Africa—and two smaller interstitial cratonic bodies showing close association
with the two African cratons (Oriolo et al., 2016b)—the Luis Alves Craton and Nico Pérez Terrane.
Given early interpretations of the pre-orogenic setting of the southern SANOS as a three-armed rift
system, the Kaoko—Dom Feliciano—Gariep belts, which run predominantly north—south, are often also
grouped with the east-west trending Damara Belt located between the Congo and Kalahari cratons

(Porada, 1979, 1989). The Dom Feliciano Belt lies along the eastern shoulders of the Luis Alves Craton
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and Nico Pérez Terrane, which collectively represent the cratonic foreland of the belt (Fig. 5). The Nico
Pérez Terrane and Luis Alves Craton are, in turn, accreted to the eastern margins of the Rio de la Plata
(Oriolo et al., 2016b; Oyhantcabal et al., 2018) and Paranapanema cratons (Passarelli et al., 2018),

respectively.

The tectono-stratigraphic divisions most commonly used to describe the structure of the Dom Feliciano
Belt were defined by Basei et al. (2000), who separated the belt into three major sub-units (excluding
the cratonic foreland). These are, from east to west, the Granite Belt, the Schist Belt, and the foreland

basins. In addition to these three units, the Coastal-Punta del Este Terrane, which outcrops
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Figure 5. Simplified geological map of the Dom Feliciano Belt in southern Brazil and Uruguay (based on Bitencourt and
Nardi, 2000; De Toni et al., 2021; Konopasek et al., 2017; Oyhantcabal et al., 2011a).
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predominantly to the east of the Granite Belt, represents the easternmost tectonostratigraphic domain.
With few exceptions, this tectonic architecture is consistent along the entire length of the belt (Fig. 5),
with one exception being the Sao Gabriel Terrane, which outcrops to the west of the Schist Belt solely
in the foreland of the central Dom Feliciano Belt. The belt is typically divided into northern, central,
and southern sections based on major exposures in Santa Catarina (Brazil), Rio Grande do Sul (Brazil),
and Uruguay, respectively. To facilitate discussion of the orogenic evolution of the belt in the
introduction and the three papers that comprise this thesis, the individual tectono-stratigraphic units are
further characterised as belonging to the orogenic hinterland or foreland, following the system of
Konopasek et al. (2020). In this context, the foreland refers to the units west of and including the Schist

Belt, whereas the hinterland comprises the units east of and including the Granite Belt (Fig. 5).

2.3.1 The Granite Belt

The Granite Belt is made up of large volumes of granitic rocks that intruded the Dom Feliciano Belt
between ca. 635 and 580 Ma (Chemale et al., 2012; Florisbal et al., 2012c; Frantz et al., 2003;
Oyhantgabal et al., 2007), representing much of the exposure of the belt in its central and northern
sections (Fig. 5). The Granite Belt is made up of three major batholiths: the Florianopolis, Pelotas and
Aigua batholiths in the northern, central, and southern Dom Feliciano Belt, respectively (Basei et al.,
2000). Early interpretations describe the Granite Belt as the exposed roots of a magmatic arc produced
by subduction of the Adamastor Ocean (Porada, 1989), and this interpretation has continued to be
applied to various models to this day (Basei et al., 2000; Basei et al., 2018). However, since at least the
early 90s, marked by the influential study of Bitencourt and Nardi (1993), an alternative interpretation
proposes that the Granite Belt represents post-collisional magmatism—that is, magmatism forming after
Neoproterozoic collision between the African and South American Cratons (Florisbal et al., 2009;
Florisbal et al., 2012a; Florisbal et al., 2012b; Florisbal et al., 2012¢; Oyhantgabal et al., 2007). A major
focus of Papers II & III concerns the nature of the Granite Belt as indirectly determined by the timing

and conditions of metamorphism and deformation recorded in the foreland.

2.3.2 The Schist Belt

The Schist Belt is a narrow (<40km) belt of metasedimentary rocks deformed and metamorphosed in
the supracrustal foreland position of the Dom Feliciano Belt. The belt consists of a series of
metamorphosed sedimentary to volcanosedimentary rocks overlying the reworked cratonic basement of
the foreland, primarily consisting of pelitic to psammitic schists and phyllites, metacarbonates, calc-
silicates, and meta-mafic to -felsic volcanic and intrusive rocks interlayered within the sediment (Basei

et al., 2011a; Basei et al., 2013; Saalmann et al., 2006; Sanchez Bettucci et al., 2001). The protolith of
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the Schist Belt is generally accepted to consist of pre-orogenic volcano-sedimentary successions likely
deposited from ca. 850 Ma after major rifting and the breakup of Rodinia (Basei et al., 2008a; Basei et
al., 2011a), although interpretations of the timing of sedimentation, the number of sedimentary episodes,
and the tectonic setting vary (Basei et al., 2000; Battisti et al., 2018; Hofig et al., 2018; Oyhantgabal et
al., 2021). The Schist Belt is comprised of the Brusque, Porongos and Lavalleja complexes, outcropping
in the northern, central, and southern Dom Feliciano Belt, respectively (Fig. 5), and is the primary focus
of the three papers presented in this thesis. Although most studies assume continuation of the Schist Belt
across the entirety of the Dom Feliciano Belt based on similarities in deformation, metamorphic grade
and lithology, the correlation of these three complexes has so far not been confirmed using concrete

geochronological data or modern thermobarometric modelling.

Notably, the timing of metamorphism and deformation in much of the Schist Belt is entirely unknown,
and the sources and timing of sedimentation of the protoliths of the Schist Belt are unknown or
seemingly inconsistent. Although there is already a large detrital zircon database from the Porongos
Complex in the central Dom Feliciano Belt (Hofig et al., 2018; Pertille et al., 2015a; Pertille et al.,
2015b; Pertille et al., 2017), and some from the Lavalleja Complex in the south (Oyhantcabal et al.,
2021), the same cannot be said for the Brusque Complex which distinctly lacks a robust dataset which
could allow a comparison of the sedimentary source regions across the entire Schist Belt. A small
number of data are presented by Basei et al. (2008b), who then interpret a sedimentary source from the
adjacent Paranapanema Craton. However, they present a total of 22 dates from two samples from the
Brusque Complex, which is not particularly statistically convincing. Furthermore, Basei et al. (2011a)
constrained the timing of sedimentation of the Brusque Complex protolith to between ca. 640 to 600 Ma
based on the youngest individual detrital zircon grains and reported ages of felsic volcanic rocks (Basei
et al., 2008Db; Silva et al., 2002). However, this age range partly conflicts with the timing of intrusion of
major granite batholiths into the complex from ca. 615 Ma (Hueck et al., 2019). In the Porongos
Complex, the timing of earliest sedimentation is well constrained by the dating of interlayered volcanic
rocks, which provide ages between ca. 810 and 780 Ma (Pertille et al., 2015b; Saalmann et al., 2011).
However, major detrital zircon age peaks between ca. 615 and 580 Ma are also recorded in parts of the
complex (Pertille et al., 2015a; Pertille et al., 2015b), prompting recent studies proposing that parts of
the Schist Belt are comprised of syn-orogenic sedimentary rocks (Battisti et al., 2018; Hofig et al., 2018).
Finally, the Lavalleja Complex provides the greatest hurdle in correlating the units of the Schist Belt, as
geochronological constraints suggest large parts of the sedimentary record of the complex date to the
Mesoproterozoic (Oriolo et al.,, 2019), which conflicts with estimates of the timing of earliest
sedimentation in the Schist Belt protolith as during the early to middle Neoproterozoic (Chemale, 2000;
Pertille et al., 2017; Saalmann et al., 2011).
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Clearly, based on these observations, the early assumption that all of the metasedimentary rocks of the
Schist Belt shared a single paleobasin is likely incorrect. However, establishing to what degree they do
have a shared history is key to reconstructing the evolution of the Dom Feliciano Belt and furthering
our understanding of the pre-orogenic position of the major cratons. The Brusque Complex is the least
studied of the three Schist Belt complexes, lacking both a reliable constraint on the timing of
sedimentation and a significant detrital zircon database, therefore representing a distinct gap in
knowledge. The focus of Paper I is to constrain the timing of sedimentation in the Brusque Complex,
and to develop a robust detrital zircon dataset for comparison with the rest of the Schist Belt, as well as
with equivalent supracrustal rocks along the eastern foreland of the Kaoko—Dom Feliciano—Gariep

orogenic system.

Although there are some estimates of the timing of peak metamorphism in the Schist Belt, they are
predominantly based on indirect constraints such as the intrusion of granitic batholiths and detrital zircon
ages. There are currently no published studies containing geochronological constraints that can be
directly linked to peak metamorphism, although a single, imprecise muscovite—whole rock Rb—Sr age
of 658 £ 26 Ma from the Porongos Complex remains the only current estimate of the timing of this event
(Lenz, 2006; MSc. thesis). Similarly, the current estimates of peak metamorphic conditions (lower
greenschist to lower amphibolite facies) are based primarily on petrological observations of mineral
assemblages or classical thermobarometry (Basei et al., 2011a; Campos et al., 2011), and there are
currently no studies applying modern methods of thermodynamic modelling to estimate more precise
P-T conditions from which we could derive a P-T path. Papers II & III address these absences by
providing geochronological data and P-T estimates from the forelands of the northern and southern

Dom Feliciano Belt.

2.3.3 The Coastal-Punta del Este Terrane

In addition to the three primary tectonostratigraphic units defined by Basei et al. (2000), a fourth unit—
the Punta del Este Terrane—is located to the east of the Granite Belt in southern Dom Feliciano Belt in
Uruguay (Preciozzi et al., 1999). The Punta del Este Terrane comprises the granulite-facies rocks of the
basement Cerro Olivo Complex, as well as low-grade (maximum greenschist facies) metasedimentary
syn- to post-orogenic cover sequences known as the Rocha and Sierra de Aguirre formations (Abre et
al., 2020; Bossi and Gaucher, 2004; Masquelin et al., 2011; Preciozzi et al., 1999; Silva Lara et al.,
2021). The Cerro Olivo Complex is represented by rocks with igneous and sedimentary protoliths
recording ages between ca. 800-770 Ma, with a strong high-temperature metamorphic overprint
between ca. 655-640 Ma (Lenz et al., 2011; Masquelin et al., 2011; Oyhantcabal et al., 2009; Will et
al., 2019).
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Hasui et al. (1975) first distinguished these metasedimentary cover units in southern Uruguay as being
separate from the Schist Belt primarily based on their location east of the Granite Belt, and their
interpretation of the Granite Belt and associated host gneisses as a median massif—a major geological
division within pre-plate tectonic geosynclinal theory. The exotic nature of these rocks relative to the
other supracrustal units of the Dom Feliciano Belt was further emphasised by Basei et al. (2005), who
correlated the Rocha Formation with the Oranjemund Formation in the Gariep Belt on the opposite side
of the Atlantic. Later, the basement of the Punta del Este Terrane was also identified as having
connections with units in Africa, being correlated with the Coastal Terrane of the Kaoko Belt (Basei et
al.,, 2011b; Gross et al., 2009; Oyhantcabal et al., 2009; Oyhantgabal et al., 2011b). Importantly,
Oyhantgabal et al. (2009) recognised similarities in age between the igneous protoliths of the Cerro
Olivo Complex and the rift-related igneous rocks preserved in the Coastal Terrane (Konopasek et al.,
2008). These two units preserve an important magmatic episode between ca. 800—770 Ma, which helps
to cement a pre-orogenic connection between the easternmost domain of the Dom Feliciano Belt with
the westernmost parts of the African belts. Based on this correlation, the collective unit has been recently

referred to as the Coastal-Punta del Este Terrane (Konopasek et al., 2014; Konopasek et al., 2018).

Until recently, the only known rocks of this age in the Dom Feliciano Belt were from the Punta del Este
Terrane in Uruguay, and many studies have thus emphasised the uniqueness of the terrane relative to
the rest of the belt, asserting that these rocks must have amalgamated against the eastern flank of the
Granite Belt sometime after subduction of the Adamastor Ocean and intrusion of the granites (Basei et
al., 2011Db). Since then, however, rocks of similar age and metamorphic grade to those found in the Cerro
Olivo Complex have been identified in the Varzea do Capivarita and Porto Belo complexes in the central
and northern Dom Feliciano Belt, respectively (Costa et al., 2020; De Toni et al., 2020b; De Toni et al.,
2021; Martil et al., 2017; Philipp et al., 2016). Unlike the Cerro Olivo Complex, the latter two units are
located within the western part of the Granite Belt (Fig. 5). If the possible connection between all of
these units is accepted, this position within the Granite Belt seemingly contradicts the interpretation that
the Coastal-Punta del Este Terrane was juxtaposed against the eastern margin of the Dom Feliciano Belt

sometime after intrusion of the granites (e.g. Basei et al., 2011b).

Alternatively, these observations suggest that the Coastal-Punta del Este Terrane may represent
surviving relicts of the hinterland of the orogen, forming the country rocks into which intruded the Aigua
Batholith and the other granites of the Granite Belt (Masquelin et al., 2011). High-grade metamorphism
recorded in these rocks between ca. 655-640 Ma has been interpreted as early crustal thickening during
convergence between the South American and African cratons (Battisti et al., 2018; Lenz et al., 2011).
If the Granite Belt represents post-collisional magmatism and not a magmatic arc, then it is possible that

this high-grade metamorphic event, occurring some 10 to 25 million years before large-scale
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magmatism, marks the timing of early convergence in the Dom Feliciano Belt, and thus may be coeval

with thrusting of the hinterland over the foreland of the Dom Feliciano Belt (Paper II).

2.3.4 Connection with the Kaoko and Gariep belts

The orogenic connection between the western (Dom Feliciano Belt) and eastern (Kaoko and Gariep
belts) parts of the southern SANOS is primarily based on the similarity in ages and lithologies found
across both sides of the orogen. As previously mentioned, the syn-orogenic sedimentary cover in the
southern Dom Feliciano Belt (Rocha Formation) has been correlated with similar rocks (Oranjemund
Group) in the Gariep Belt based on a detrital zircon provenance study (Basei et al., 2005). Similarly, the
Coastal Terrane (Kaoko Belt) and the Punta del Este Terrane (southern Dom Feliciano Belt) are
correlated based on the ages of their respective igneous protoliths, the age of intrusive rocks similar to
the Granite Belt, and the timing and degree of granulite-facies metamorphism (Konopasek et al., 2016;
Konopasek et al., 2018; Oyhantcabal et al., 2009; Will et al., 2019). However, the timing of the main
phase of transpressive deformation recorded in the Kaoko Belt, between ca. 580—550 Ma, makes it clear
that the high temperature metamorphism recorded in the hinterland (Coastal-Punta del Este Terrane)
between ca. 655—-640 Ma relates to an earlier event, or to a much earlier phase of orogenesis (Goscombe
et al., 2005a). The metasedimentary rocks of the Kaoko Belt represent the eastern foreland equivalents
of the Schist Belt, comprising a transpressive fold and thrust belt with tectonic vergence to the east
(Goscombe et al., 2003a; Goscombe et al., 2003b; Goscombe et al., 2005b). Without any constraints on
the timing of deformation and metamorphism in the equivalent part of the Dom Feliciano Belt (the
foreland in general, and the Schist Belt in particular), it is not possible to make a connection between
the tectonic evolution of the two halves of the belt, or to fully understand the relationship between
Cryogenian high temperature metamorphism in the hinterland and Ediacaran transpression in the

foreland.
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3 Aims and Objectives

The P-T-D-t history of the metamorphosed supracrustal rocks of the Dom Feliciano Belt foreland (the
Schist Belt) is largely unknown. In particular, works using modern methods for estimating P-T
conditions (phase equilibria modelling) and precise geochronological estimates of the timing of
metamorphic events are lacking. Furthermore, although there are already reliable constraints showing
an orogenic connection between the eastern and western parts of the Kaoko—Dom Feliciano—Gariep
orogenic system, their potential pre-orogenic relationship is not so well understood. Thus, the aim of
this work is to improve our understanding of the pre-orogenic, metamorphic, and structural history of
the Dom Feliciano Belt foreland. With this work, I hope to constrain the relative pre-orogenic positions
of the major cratonic bodies involved in Neoproterozoic orogenesis, determine the potential correlation
between the foreland supracrustal rocks of the Kaoko—Dom Feliciano—Gariep belts, and help to develop
a consistent model of orogenesis in the Dom Feliciano Belt. To achieve this, the following questions

were posed:

e What was the pre-orogenic relationship between the foreland supracrustal rocks of the Dom
Feliciano, Kaoko and Gariep belts? (Paper I)

e  What were the relative pre-orogenic positions of the major cratonic bodies involved in orogenesis
(Luis Alves, Nico Perez, Congo, and Kalahari cratons)? (Paper I)

e  What were the conditions of Neoproterozoic metamorphism in the foreland supracrustal rocks,
and at what time did metamorphism occur? (Papers II & III)

e  When did earliest crustal thickening in the orogenic foreland begin? (Papers II & III)

e  What was the relationship between the hinterland and foreland domains in the Dom Feliciano Belt?

(Papers II & III)

Paper I presents geochronological data from the Brusque Complex (the northern Schist Belt), exploring
the connection between the supracrustal rocks of the forelands of the southern SANOS and the pre-
orogenic positions of the cratons. Paper Il presents the results of structural analysis, thermodynamic
modelling, and geochronology from the Brusque Complex, providing an overview of tectonic events
from the start to the end of orogenesis in the northern Dom Feliciano Belt. Paper III presents the results
of thermodynamic modelling and geochronology from the Lavalleja and Campanero complexes
(foreland) and the Cerro Olivo Complex (hinterland) in the southern Dom Feliciano Belt. This data is
used to explore the relationship between the hinterland and foreland domains, and the paper builds on
the results and interpretations from Papers I & II to develop a tectonic model for the southern Dom
Feliciano Belt that is consistent with the rest of the southern SANOS. Overall, the results of the thesis
provide novel data used to better understand the evolution of the Dom Feliciano Belt and southern

SANOS in particular, and the SANOS as a whole.
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4 Approach and methods

The aims of this thesis are addressed using a combination of analytical and investigative methods
including field work, isotope geochronology, phase equilibria modelling, structural analysis, and
mineral geochemistry. The motivation behind the use of these wide-ranging techniques is to find a
complimentary combination that can help to resolve the complex and long-lived evolution of the Dom
Feliciano Belt and the southern SANOS. This section outlines the major approaches and methodologies

used during this work.

4.1 Mapping and structural analysis

Four field trips to Santa Catarina, Brazil, and two to southern Uruguay were undertaken between 2017
and 2019 to collect structural data and samples for analysis. The field studies in Santa Catarina form the
basis of Papers I & I1. The fieldwork was focused on mapping and sampling the metasedimentary cover
sequences of the foreland (Brusque Complex), including their relationship with adjacent
tectonostratigraphic units and major structural features. Fieldwork in Uruguay formed the basis of Paper
III, with a focus on the foreland supracrustal (Lavalleja Complex) and basement (Campanero Unit)

complexes, as well as the hinterland basement (Cerro Olivo Complex).

Due to the poor outcrop situation in southern Brazil and Uruguay, particularly inland away from the
coast, collecting a good spread of reliable structural data proved difficult. Partly for this reason, field
mapping and structural analysis in the Brusque Complex in Santa Catarina was prioritised over the
course of the study due to a distinct lack of published data from this area. This data formed the structural
foundations for Paper II. The smaller structural dataset obtained from southern Uruguay was
supplemented by previously published studies, although the data collected still formed the groundwork
for Paper I1I.

4.2 Geochronology and geochemistry

Reliably constraining the timing of major orogenic events is key to developing a consistent and reliable
tectonic model. Knowing the timing of sedimentation, deformation, and metamorphism in the foreland
of the Dom Feliciano Belt, and correlating these events across the southern SANOS, is vital in answering
the main questions posed in this study. Multiple geochronological methods were used to constrain the
timing of these events, which involved various analytical techniques in the collection of isotopic data

for mineral geochronology.
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4.2.1 Zircon and monazite U-Pb

The U-Pb decay system is one of the most widely used geochronometers in the study of tectonics, as
well as within many other geological disciplines. This is, in part, because of the extremely robust decay
constants evaluated for ***U and >*°U, which are considered to be among the most accurate and precise
in geochronology (e.g. Mattinson, 2010). Another benefit of the U-Pb system is the independent
radioactive decay chains of the parent isotopes >**U and U, to the daughter isotopes °°Pb and **’Pb,
respectively. The evaluation of both decay systems allows their comparison as an internal check for the
reliability of evaluated dates, most commonly using concordia plots. Ideally, given optimal conditions
within a given mineral, where the system is closed and there has been no external loss or addition of U
or Pb, the results of isotope analysis should plot along a concordia curve, and the combination of
multiple analyses can combine to give a concordia age. However, even in the situation when samples
are discordant (that is, do not plot along the concordia), the distribution of data within the concordia plot
can still be used to infer information about the timing of events, such as Pb loss, that contribute to the

discordance.

In Papers I & 111, laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) was used
to obtain U-PDb zircon ages, as the method allows the rapid in situ analysis of the large numbers of zircon
grains needed for detrital zircon investigations (Paper I) and the formation of reliable concordia ages
(Paper III). For Paper I1I, secondary ion mass spectrometry (SIMS) was used for samples with small
numbers of zircon grains, and to confirm one LA-ICP-MS age. Zircon grains were imaged by
cathodoluminescence (CL) prior to analysis, and monazite grains were imaged using back-scattered
electron (BSE) imaging. For Papers II & I1I, SIMS was used to analyse U-Pb in monazite, due to the
small sample sizes and small grain sizes, and the high precision and high spatial resolution of the

method.

Monazite trace element chemistry was also analysed to investigate the Rare Earth Element (REE)
partitioning between monazite and garnet to establish if they grew in equilibrium. Monazite and garnet
directly compete for the heavy REEs during growth, and in general it has been found that the partitioning
of these elements into these two minerals is consistent (e.g. Hermann and Rubatto, 2003; Rubatto et al.,
2006; Warren et al., 2018). Thus, comparing the trace elements from these minerals within one sample
can help determine if they grew together, and thus help to interpret the meaning of analysed ages (Paper

).
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4.2.2 Garnet Lu-Hf and Sm-Nd

In Papers II & I11, isotope dilution ICP-MS was used to obtain Lu—Hf and Sm—Nd garnet ages. Garnet
Lu—Hf and Sm—Nd geochronology is one of the most useful geochronometers for medium- to high-
grade metapelitic rocks, as the timing of garnet growth can often be tied to a specific event or events
using microstructural observations and mineral geochemistry (Anczkiewicz et al., 2014; Konopasek et
al., 2019; Pollington and Baxter, 2010). Furthermore, the Lu—Hf and Sm—Nd geochronometers can be
coupled to constrain the entire timescale of garnet growth, and thus by inference the duration of prograde
metamorphism (Lapen et al., 2003; Soldner et al., 2017; Soldner et al., 2020). Garnet is also a key
mineral used when employing phase equilibria modelling (e.g. Gaidies et al., 2006), and thus the timing
of garnet growth as determined by Lu—Hf and Sm—Nd geochronology can be directly linked to specific
pressure and temperature conditions allowing the interpretations of specific tectonic events (Jung et al.,

2019; Walczak et al., 2017).

Garnet Lu—Hf and Sm—Nd geochronology does not come without its complications, however. Among
the most problematic obstacles are high-Hf/high-REE mineral inclusions. Common inclusions in garnet
that can concentrate large amounts of the daughter Hf isotope include zircon and rutile. In the case of
zircon, it is common for metasedimentary rocks to contain older inherited grains that did not grow in
equilibrium with the matrix assemblage, and therefore do not preserve the same '"*Hf/'""Hf ratio.
Because of the high Hf concentrations in zircon, even a small volume of inclusions can completely
overwhelm the signal preserved in garnet and result in erroneous ages (Scherer et al., 2000). Similarly,
common mineral phases that contain high concentrations of Sm and Nd include REE-bearing minerals
such as monazite and apatite. Such minerals, particularly Nd-rich monazite, can overwhelm the Sm/Nd
ratio of the garnet and result in an age that is too young and imprecise (Pollington and Baxter, 2010,

2011; Thoni, 2002).

To obtain accurate and precise ages, it is vital to attempt to remove as many of these inclusions from
the garnet as possible prior to analysis. Most of the sample preparation for Lu—Hf and Sm—Nd isotope
analysis, therefore, is taken up by removal of these inclusions, first by mechanical picking under the
microscope to remove visible inclusions and then through dissolution (Anczkiewicz and Thirlwall,
2003; Lagos et al., 2007; Pollington and Baxter, 2011). The first stage of dissolution attempts to dissolve
mineral inclusions out of the garnet (for example, monazite), and the second stage is the selective
dissolution of the garnet leaving refractory inclusions behind (for example, zircon) which can then be
removed mechanically. This final step also prepares the samples for element separation and final
isotopic analysis. The methods for sample preparation used in Papers II & III follow that of

Anczkiewicz et al. (2004).
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In Papers II & I1I, trace elements were analysed across garnet grains using LA-ICP-MS to determine
the distribution of the isotopes of interest, which are then used to interpret the meaning of the ages.
Using the method as described above and in greater detail in Papers II & III, the resulting isochron
ages will be an average age of the entire growth of the garnet as there is no discrimination between the
collection different parts of the garnet during mechanical picking. However, due to the fractionation of
Lu over Hf during garnet growth, following a profile predicted by Rayleigh fractionation, garnet tends
to concentrate Lu in the cores resulting in much higher Lu to Hf ratios in garnet cores compared to its
rims. The preferential Lu enrichment in the cores means that whole-grain garnet Lu—Hf ages tend to be
biased towards early garnet growth (Lapen et al., 2003). In contrast, Rayleigh fraction of Sm and Nd
suggests that Sm—Nd ages tend to be biased more towards later garnet growth, and thus the combination
of Lu—Hf and Sm—Nd geochronology can give a minimum estimate of the duration of garnet growth
(Lapen et al., 2003). The trace element profiles are used to determine the true distribution of Lu, Hf, Sm

and Nd.

4.2.3 Mica Ar-Ar

In Paper II, Ar—Ar geochronology was used to date the cooling of biotite within the Brusque Complex
during exhumation, and the recrystallisation of muscovite during late orogenic deformation along sub-
vertical high-strain zones. Ar—Ar geochronology of micas is one of the few geochronometers that can
be used to date events occurring at low metamorphic conditions and is particularly useful at constraining
events along shear zones and faults where the growth and recrystallisation of mica is common. However,
because the closure temperature of Ar—Ar within micas is relatively low (~300-400°C; Grove and
Harrison, 1996; Harrison et al., 2009), the geochronometers are particularly susceptible to changes in
temperature and partial or complete resetting. This is even more problematic in slowly cooling rocks,
such as plutonic or metamorphic rocks, and so care needs to be taken when interpreting the meaning of

these ages (Schaen et al., 2020).

4.3 Phase equilibria modelling

There are various methods available for estimating the pressure—temperature (P-T) conditions of
metamorphic rocks, which all rely on the chemical equilibrium between or within minerals as a function
of pressure and temperature. Classical thermobarometry allows the calculation of P or T using individual
chemical reactions within or between minerals, and the combination of multiple techniques can result
in adequate P-T estimates. Computational phase equilibrium modelling was used to estimate P—T

conditions for the rocks in this study, however, as it allows for a broader and more developed

24



understanding of the stable and metastable mineral assemblages and compositions formed during a
rock’s metamorphic history. Using this method, assemblage stability diagrams, or pseudosections, can
be calculated by modelling the phase relations within a constrained bulk composition defined by a given
rock, which then represent estimates of the equilibrium assemblages of that rock over P-T space. The
mineral assemblage observed in a given rock can then be compared with the calculated pseudosection,
defining a range of P—T values that can be used to constrain the conditions at which a rock was
metamorphosed. This estimate can be further refined by calculating the compositional and/or modal
proportional variation of individual minerals—such as garnet—as isopleths within the pseudosection
and comparing these values with observed mineral compositions in the rock (Stiiwe and Powell, 1995).
Ultimately, phase equilibria modelling has the potential to produce reliable estimates of P-T through

multiple stages of the metamorphic evolution of a rock, enabling the construction of P—T paths.

4.3.1 Modelling methods and assumptions

For Papers II & III I have used the Perplex (ver. 6.9.0) modelling software of Connolly (2005) in
combination with the thermodynamic dataset DS6.22 of Holland and Powell (2011). Perplex is one of
the leading thermodynamic modelling packages available for phase equilibria modelling and receives
regular updates and fixes. The solution models we used were predominantly those from White et al.
(2014), as they were calibrated with the dataset of Holland and Powell (2011) and made specifically for

modelling of metapelitic rocks. Some exceptions are outlined in Papers 11 & II1.

Bulk rock compositions were analysed using inductively coupled plasma emission spectroscopy (ICP-
ES) and atomic absorption spectroscopy (AAS) (Papers II & IIT). One major assumption made when
constraining the bulk rock composition in this way is that the analysed bulk rock accurately reflects the
effective composition of the sample examined under thin section. Many metamorphic rocks show
significant heterogeneity, which is particularly obvious in low- to medium-grade, layered schists such
as those studied in Paper II. Using the mineral assemblage observed in a thin section that was cut from
part of the sample that is not representative of the average bulk composition may result in an erroneous
pseudosection and/or modal compositional isopleths that do not intersect. Attempts were made to avoid
this by cutting multiple thin sections from different parts of the sample and analysing mineral
compositions across each of these sections to get a broad overview of the mineral assemblage and

chemistries within the rock.

The mineral assemblage observed in a metamorphic rock ideally represents the stable assemblage
formed at the metamorphic climax, which typically occurs when a rock reaches a peak in temperature
and is at its least hydrated state. However, unless the rock has very rapidly cooled from this peak

temperature, or has somehow otherwise escaped further metamorphism, there will often be signs of
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retrograde metamorphic reactions as the rock attempts to maintain thermodynamic equilibrium with
changing P-T conditions. This requires careful petrological study of the samples to determine what, if
anything, remains of the relict peak mineral assemblage, and what represents retrograde or secondary

overprint.

It is also possible that thin sections reveal small sub-domains within a sample that contain isolated
mineral assemblages that are not in equilibrium with the matrix assemblage, which can potentially reveal
the P-T conditions during earlier stages of metamorphism. One sample from this study (Paper I1I)
showed such features, and in this case the effective bulk composition of the isolated domain was

determined by thin section 2D volume estimation in combination with mineral compositional analysis.

Another assumption made for the modelling in this study is the conversion of all analysed iron into FeO
(with the exception of one sample in Paper II), effectively ignoring Fe,Os in the system. Iron analysed
during whole rock compositional analysis is typically reported as Fe,O3 (Fe*") due to the oxidation of
FeO (Fe*") during sample preparation. The conversion of Fe;Os to FeO was done with samples
containing no significant Fe,Os-bearing phases, as the absence of such minerals implies that the small
amount of Fe,Os present in the rock will have a negligible effect on the chemical equilibrium of the
system. This assumption is supported by studies investigating the effect of Fe;Os on modelling of
metapelitic rocks (e.g. Diener and Powell, 2010; Forshaw and Pattison, 2021). For the one sample in
this study containing a significant proportion of Fe,Os-bearing phases (Paper II), the concentrations of
Fe,0s and FeO were separately analysed by titration and used for pseudosection modelling. In this case,
the relatively large proportion of Fe,Os-bearing phases (in particular, hematite and magnetite) indicated

the importance of Fe*" for the chemical system.
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5 Summary of papers

Paper |

Percival, J. J., Konopasek, J., Eiesland, R., Slama, J., Campos, R. S., Battisti, M. A., Bitencourt, M. F.,
2021, Pre-orogenic connection of the foreland domains of the Kaoko—Dom Feliciano—Gariep
orogenic system, Precambrian Research, vol. 354, pp. 106060,
https://doi.org/10.1016/j.precamres.2020.106060

The supracrustal rocks of the Schist Belt in the Dom Feliciano Belt have long assumed to be a continuous
unit with a shared pre-orogenic sedimentary history (Basei et al., 2000). More recently, studies have
further proposed a pre-orogenic connection with rocks from the hinterland (Battisti et al., 2018), as well
as with the foreland supracrustal rocks of the Kaoko Belt in Namibia (Konopasek et al., 2020). However,
data from the central and southern parts of the Schist Belt has recently challenged this view, with the
finding that parts of the Schist Belt record markedly different ages of sedimentation; age constraints
from the central Schist Belt suggests predominantly Neoproterozoic sedimentation, whereas the
southern Schist Belt records Mesoproterozoic sedimentation (Oriolo et al., 2019; Pertille et al., 2017;
Saalmann et al., 2011). To investigate the potential correlation of these units across the southern
SANOS, Paper I is focused on the pre-orogenic history of the Brusque Complex metasediments that
comprise the foreland supracrustal sequences of the northern Dom Feliciano Belt. The Brusque Complex
is the least studied of the Schist Belt sub-units, and available constraints on the timing and sources of
sedimentation are imprecise or inconsistent (Basei et al., 2005; Basei et al., 2011a). Furthermore, the
current position of the northern Dom Feliciano Belt implies close proximity to the Kaoko Belt prior to
the opening of the Atlantic, and thus represents the best location to study a possible connection between
the African and South American supracrustal sequences (Fig. 2b). The study is based on the
interpretation of zircon U-Pb data from the Brusque Complex, including detrital and igneous zircon

from metapelitic, metapsammitic and metavolcanic rocks.

A concordia age of 811 &= 6 Ma was obtained from igneous zircon within a deformed and metamorphosed
felsic dyke intruding the sedimentary protolith of the Brusque Complex, which constrains the minimum
timing of earliest sedimentation into the paleo-basin to sometime before ca. 811 Ma. This is close to
estimates for the timing of rifting (i.e. basin formation) at ca. 835 Ma (Basei et al., 2008a), and is
consistent with age constraints from the central Schist Belt (Porongos Complex) of ca. 810—780 Ma
(Pertille et al., 2017; Saalmann et al., 2011). Furthermore, it matches the timing of igneous activity in
the hinterland (Coastal-Punta del Este Terrane) between ca. 820-770 Ma (Konopasek et al., 2008;
Konopasek et al., 2018; Lenz et al., 2011; Oyhantcabal et al., 2009).
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Detrital zircon analysis reveals that the Brusque Complex metasedimentary rocks fall into two distinct
groups based on age patterns: one group containing only Paleoproterozoic-aged zircon between 2.2-2.0
Ga, and another with both Paleo- to Mesoproterozoic age peaks of between ca. 2.1-1.8 and ca. 1.6-1.0
Ga. The detrital zircon ages from the Paleoproterozoic sample group are consistent with erosion of the
adjacent Luis Alves Craton. This sedimentary source is unsurprising assuming that the current relative
positions of the supracrustal rocks and the Luis Alves craton reflects their past positions during
sedimentation, and it confirms interpretations that the Brusque Complex was deposited along the
shoulder of the craton. The Mesoproterozoic ages from the second group of samples, however, are not
known from basement rocks in southern South America, and instead are more consistent with the
igneous provinces and/or sedimentary cover sequences of the African cratonic margins (the Congo and
Kalahari cratons). This suggests a major sedimentary source of African affinity. The detrital zircon ages
and patterns are nearly identical to those from the central Dom Feliciano Belt (Porongos Complex),
indicating a shared sedimentary source. Similarities are also found when compared with the eastern

foreland supracrustal rocks in the Kaoko Belt, and to a lesser extent in the Gariep Belt.

We interpret this data as indicating that sedimentation occurred in a shared system of basins at the onset
of, and during, rifting between the African and South American Cratonic blocks during the Tonian. This
implies that the cratons involved in late-Neoproterozoic orogenesis were in close proximity prior to
rifting and intracontinental basin formation at ca. 810 Ma, which has major implications for pre-orogenic

plate reconstructions.

Paper ll

Percival, J. J., Konopasek, J., Anczkiewicz, R., Ganered, M., Slama, J., Campos, R. S., Battisti, M. A.,
Bitencourt, M. F., 2021, Tectono-metamorphic evolution of the northern Dom Feliciano Belt
foreland, Santa Catarina, Brazil: Implications for models of subduction-driven orogenesis, in

review at Tectonics

The metamorphosed supracrustal rocks within the foreland of the Dom Feliciano Belt (the Schist Belt)
occupy a unique position along the western edge of the SANOS, potentially recording the structural and
metamorphic evolution of Neoproterozoic orogenesis from its earliest stages. In particular, the Schist
Belt should be an ideal candidate to test subduction—collision models of orogenesis, as it lies
immediately to the west of the proposed suture (e.g. Basei et al., 2018). Thus, if the Adamastor
subduction—collision model is accurate, the Schist Belt should record collision between the arc (the
Granite Belt) with the South American passive margin (the Schist Belt). Although there are various
studies describing deformation and metamorphism affecting the Schist Belt during Neoproterozoic

orogenesis (e.g. Basei et al., 2011a; Saalmann et al., 2006; Sanchez Bettucci et al., 2001), there are
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currently no reliable constraints on the timing or conditions of these events, and detailed study of the
tectono-metamorphic history of the foreland supracrustal rocks in the northern Dom Feliciano Belt (the
Brusque Complex) is almost completely lacking. Unravelling orogenic events as recorded within the

Brusque Complex can hopefully also shed light on the validity of alternative tectonic models.

Structural mapping of the Brusque Complex reveals that early deformation occurred during top-to-NW
thrusting with tectonic transport near-perpendicular to the trend of the orogenic belt. This deformation
was associated with prograde regional metamorphism along a geothermal gradient of ~25°C/km,
reaching peak conditions of 540-570°C and 5.5-6.7 kbar. These observations suggest earliest
deformation and metamorphism in the Schist Belt occurred during early orogenic crustal thickening
driven by thrusting and tectonic burial. We used garnet—whole rock Lu—Hf geochronology to date the
timing of earliest garnet growth in the highest-grade rocks of the Brusque Complex, which constrains
prograde metamorphism, and by inference the timing of thrusting, to between ca. 660—650 Ma. A
combination of garnet—-whole rock Sm—Nd and monazite U-Pb geochronology constrains the end of this
event to between ca. 650-645 Ma. Finally, a biotite Ar—Ar cooling age suggests that thrust-driven

exhumation of the Brusque Complex resulted in cooling at ca. 635 Ma.

Structural mapping further reveals a second set of major deformation structures that are oriented parallel
with the primary NE-SW trend of the belt. These consist of upright folds, crenulations, and axial planar
cleavages showing association with retrograde overprint of the earlier fabric. This style of deformation
contrasts with the dextral strike-slip dominated deformation recorded in the Major Gercino Shear zone
at the south-eastern boundary with the Granite Belt. These observations are consistent with a transition
from thrusting to partitioned transpression as reported by De Toni et al. (2020a), where the pure shear
component of transpression is concentrated in the foreland and the simple shear strike-slip component
is concentrated in the hinterland. Large granitic batholiths aged between ca. 615-585 Ma intrude the
Brusque Complex parallel to the orientation of these structures (Hueck et al., 2019), indicating intrusion
during or after deformation. P-T modelling and garnet dating from a metavolcanic rock adjacent to these
intrusions shows that at least parts of the complex were at pressures of ~2.2—3.2 kbar by ca. 600 Ma.
Muscovite Ar—Ar ages from shear zones within the complex indicate localised deformation continued

until at least ca. 570 Ma.

Our results show that the foreland reached metamorphic conditions typical for orogenic crustal
thickening ca. 20-30 million years prior to the onset of massive magmatic activity in the hinterland
characterised by the intrusion of the Granite Belt. This unequivocally indicates that early deformation
and peak metamorphism in the northern Schist Belt does not record collision with the Granite Belt,
suggesting the absence of a large Adamastor Ocean between the hinterland and foreland domains prior
to convergence. Instead, based on this data, we believe it is more likely that crustal thickening as the

result of convergence between the Congo and Luis Alves Cratons began ca. 660—-650 Ma with thrusting
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of a high-grade metamorphic hinterland over the foreland, and that granitic magmatism was the result
of post-collisional melting processes and not arc magmatism (Bitencourt and Nardi, 1993, 2000;
Florisbal et al., 2009; Florisbal et al., 2012a; Florisbal et al., 2012b; Florisbal et al., 2012¢; Lara et al.,
2017; Oyhantgabal et al., 2007). Such a delay of ca. 20-30 Myr between the timing of earliest recorded
crustal thickening and large-scale melting is typical of hot, internal parts of orogens (England and
Thompson, 1986; Jamieson et al., 2011; Jamieson and Beaumont, 2013). We suggest that orogenesis in
the northern Dom Feliciano Belt was initiated by rift-basin inversion driven by far-field forces
transmitted through the crust in an intracontinental or back-arc rift setting (e.g. De Toni et al., 2020b;

Konopasek et al., 2018; Konopasek et al., 2020).

Paper lll

Percival, J. J., Konopasek, J., Oyhantcabal, P., Slama, J., Anczkiewicz, R. 2021, Diachronous two-
stage Neoproterozoic evolution of the southern Dom Feliciano Belt, Uruguay, in preparation for

submission to Journal of Metamorphic Geology or Tectonics

Like the Brusque Complex in the northern Dom Feliciano Belt, the southern part of the Schist Belt (the
Lavalleja Complex) potentially records tectonic events from throughout the entire evolution of the
orogen. Furthermore, the southern Dom Feliciano Belt contains the largest exposure of Tonian-aged
rocks in the hinterland, which are preserved in the basement of the Punta del Este Terrane (the Cerro
Olivo Complex). By studying and comparing the tectono-metamorphic histories of the hinterland and
foreland domains of the southern Dom Feliciano Belt, we hope to see if the tectonic model presented in
Paper 1I is applicable along the entire length of the belt, and if not, what this can tell us about the
tectonic evolution of the southern SANOS in general. One noticeable difference in the southern foreland
compared to the northern and central sections is the presence of a sliver of Paleoproterozoic basement
thrust over the Schist Belt (Mallmann et al., 2007; Oyhantgabal et al., 2018; Rossini and Legrand, 2003),
which already alludes to differing tectonic processes between the various parts of the belt. As such, the
aim of Paper I1I is to determine the conditions and timing of metamorphism and deformation in 1) the
Tonian-aged, high-grade hinterland rocks (Cerro Olivo Complex), 2) the foreland supracrustal rocks
(Schist Belt), and 3) the foreland basement nappe (Campanero Unit). To do this, we use a combination

of structural mapping, phase equilibria modelling, and geochronology.

Previous studies have shown that the Cerro Olivo Complex hinterland rocks experienced granulite-
facies metamorphism associated with top-to-W thrusting (Masquelin et al., 2011). Our P-T modelling
shows that the hinterland rocks experienced near-isothermal decompression from ~10 kbar and ~770°C,
down to ~6 kbar, which we interpret to reflect rapid thrust-driven exhumation. Garnet Lu—Hf and zircon

U-Pb geochronology constrains the timing of this event to between ca. 655—-640 Ma, which is consistent
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with the timing of crustal thickening recorded in the northern foreland, as discussed in Paper I1. After
high-T metamorphism and associated thrust-dominated deformation in the hinterland at ca. 650 Ma,
sub-vertical dextral strike-slip shear zones developed along the boundary between the hinterland and
foreland, and the foreland and the Rio de le Plata Craton, such as is observed in the northern part of the
belt (Paper II). Intrusion of the Granite Belt from ca. 630 Ma was focused along the Sierra Ballena
Shear Zone between the hinterland and foreland (Lara et al., 2017; Oyhantgabal et al., 2007).

In contrast, P-T modelling of the Lavalleja Complex revealed that prograde metamorphism in the
foreland supracrustal rocks reached up to only lower amphibolite facies conditions, between ~6—7kbar
and ~550-570°C, similar to the schists in the Brusque Complex (Paper II). However, the timing of this
event is dated by garnet Lu—Hf geochronology at 582 + 23 Ma, which, although imprecise, indicates
that garnet growth (and thus peak metamorphism) occurred much later in the southern foreland than in
the hinterland and northern foreland. P-T modelling of the foreland basement nappe (the Campanero
Unit) indicates similar pressures but higher temperature conditions of ~4-9 kbar and ~670—770°C, and
monazite U-Pb dating shows that this high-T metamorphism and partial melting occurred close to
timing of metamorphism in the Lavalleja Complex, at ca. 585-570 Ma. These observations support
previous interpretations that the Campanero Unit represents a deep part of the foreland basement thrust
over the more distal foreland supracrustal rocks. Deformation within the foreland at this time appears to
have been dominated by NW-directed thrusting. We interpret this as reflecting a transpressional
structure similar to a restraining bend contractional duplex, where the foreland is caught between two
major sinistral shear zones at the boundaries with the Rio de la Plata Craton and the hinterland,

developing thrusts with movement oblique to the trend of the orogen.

This metamorphic event from ca. 585 Ma is also coeval with the intrusion of large volumes of magmatic
rocks into the southern foreland (Lara et al., 2017) and the sinistral reactivation of previously dextral
major strike-slip shear zones bordering the foreland (Oriolo et al., 2016a; Oriolo et al., 2016c). Thus,
unlike in the northern Dom Feliciano Belt, a significant amount of sinistral transpressional deformation
in the southern section appears to have occurred from ca. 585 Ma, which is coeval with sinistral
transpressional orogenesis in the Kaoko and Gariep belts (Frimmel, 2018; Goscombe et al., 2003a;
Goscombe et al., 2003b; Goscombe et al., 2005a; Goscombe et al., 2005b; Goscombe and Gray, 2008).
This diachronous two-stage orogenic history, marked by 1) early thrusting and crustal thickening
transitioning into dextral transpression, followed by 2) sinistral transpression, suggests a major tectonic
shift within the southern SANOS, which appears to be recorded heterogeneously along the length of the
orogen. We suggest that this tectonic shift was driven by the convergence and incorporation of the

Kalahari Craton into orogenesis (e.g. Oriolo et al., 2016a).
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6 Concluding remarks and future research

Prior to the completion of this thesis, there were no significant detrital zircon data from the Brusque
Complex to allow a comparison and correlation between the central and northern Schist Belts, or to
demonstrate a clear pre-orogenic connection between the western and eastern foreland supracrustal
rocks. Paper I provides a contribution for further research into the evolution of the southern SANOS,
as well as for Neoproterozoic plate tectonic reconstructions of the transition from Rodinia to Gondwana.
This work also provides the first geochronological constraints for the timing of sedimentation (Paper
I) and metamorphism (Paper II) in the Brusque Complex of the northern Dom Feliciano Belt foreland,
as well as metamorphism in the southern foreland (Paper III) (summarised in Fig. 6). With these data,
it is possible to further correlate records of pre-orogenic rifting in the foreland with that seen in the
hinterland, as well as to correlate crustal thickening in the northern foreland with high temperature,
decompressive metamorphism and thrusting in the hinterland (Papers 1I & III). Metamorphism in the

southern foreland, in contrast, shows a stronger temporal connection with later transpressive orogenesis
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Figure 6. (previous page) Summary of major tectonic events using available geochronological data from the southern SANOS.
Data from this work (Papers I, IT & III) are represented by filled shapes, and data from other works are represented by unfilled
shapes. Data are grouped by location from the western to eastern forelands (left to right), and within these domains they are
grouped from north to south (left to right). SGT = Sao Gabriel Terrane; TFB = Tijucas Fold Belt; EKZ = Eastern Kaoko Zone;
CKZ = Central Kaoko Zone. Sources for data: northern foreland — Basei et al. (2008a); Basei et al. (2011a); Campos et al.
(2012); Florisbal et al. (2012c); Hueck et al. (2019); Silva et al. (2003); Silva et al. (2005b); Vlach et al. (2009), central
foreland — Cerva-Alves et al. (2021); Chemale (2000); Gubert et al. (2016); Hartmann et al. (2011); Pertille et al. (2017);
Remus et al. (1999); Remus et al. (2000a); Remus et al. (2000b); Saalmann et al. (2011); Silva et al. (2005a); Siviero et al.
(2021), southern foreland — Gaucher et al. (2008); Hartmann et al. (2002); Lara et al. (2017); Lara et al. (2020); Oriolo et al.
(2016c¢); Oyhantcabal et al. (2007); Oyhantgabal et al. (2009); Oyhantcabal et al. (2012); Rapalini et al. (2015), northern
hinterland — Chemale et al. (2012); Florisbal et al. (2012c); Passarelli et al. (2010), central hinterland — Babinski et al. (1997);
Frantz et al. (2003); Gross et al. (2006); Gruber et al. (2016); Koester et al. (2016); Martil (2016); Oliveira et al. (2015); Philipp
et al. (2016); Silva et al. (1999); V6lz et al. (2020), southern hinterland — Basei et al. (2000); Hartmann et al. (2002); Lara et
al. (2020); Lenz et al. (2011); Masquelin et al. (2011); Oyhantcabal et al. (2007); Oyhantcabal et al. (2009); Will et al. (2019),
Coastal Terrane and Kaoko Belt — (Franz et al., 1999); Goscombe et al. (2003b); Goscombe et al. (2005a); Konopasek et al.
(2008); Konopasek et al. (2016); Konopasek et al. (2018); Kroner et al. (2004); Seth et al. (1998), Gariep Belt — Frimmel and
Frank (1998).

in the eastern foreland, where the hinterland is thrust over the foreland in the Kaoko Belt and a small
amount of oceanic crust is thrust over the foreland in the Gariep Belt (Fig. 6). The results presented in
this thesis highlight the importance of the development and integration of robust geochronological and

structural datasets, and thermodynamic modelling, for the study of orogenic belts.

6.1 Future work

6.1.1 Further fieldwork and detailed structural analysis in the southern

foreland

The direction of thrusting of the Campanero Unit is difficult to ascertain given the presence of two
lineations in the high-T S1 foliation, and detailed structural analysis is hindered by poor outcrop
exposure. Although it is not possible to rule out that L2 is the result of pure shear stretching orthogonal
to the shear direction, assuming consistent transport-parallel stretching lineations there are two possible
scenarios supported by the combined geochronological and structural data: 1) S1 and L1 were produced
by an early (ca. 640—630 Ma) low-angle shear event, possibly correlated with west-directed thrusting
seen in the Cerro Olivo Complex, and this was followed much later by NNE-directed low-angle
thrusting during transpression and sinistral reactivation of the Sierra Ballena Shear Zone, producing L2
by overprinting S1, and developing E—W-trending S2; 2) both lineations developed during the period
ca. 585—570 Ma, where L1 and NW-directed thrusting immediately preceded L2 and NNE-directed
thrusting, with the direction of tectonic transport rotating during the transpressional episode at ca.
585—570 Ma. Whichever scenario is considered, orogen-parallel stretching contributed significantly to
the Neoproterozoic tectono-metamorphic evolution of the Nico Perez Terrane. Such a scenario could be
explained through lateral extrusion of the foreland between the restrictive Sarandi del Yi and Sierra
Ballena shear zones during oblique transpression, like what is described in the Kaoko Belt (Goscombe

et al., 2005b). Further complicating the model are the undeformed, ca. 630 Ma granites that appear to

34



be intruding the Zanja del Tigre Complex (Oyhantcabal et al., 2009). Exactly how these granitic bodies
escaped the ca. 580 Ma transpressional event without being deformed together with the schists is
currently unexplained by our model, although possibly they represent underlying rocks exposed as
basement inliers beneath another thrust sheet comprised of the Zanja del Tigre Complex supracrustal
rocks, and deformation of the overlying schists simply reflects thin skinned tectonics. Ultimately, further
detailed strain analysis of the Campanero Unit and adjacent rocks is needed to develop a more robust

model.

6.1.2 Intracontinental or back-arc rifting?

One of the primary findings put forth in this study is the high likelihood that orogenic crustal thickening
(i.e., continental convergence between the Luis Alves—Nico Perez and the Congo—Kalahari) was already
underway by ca. 660—650 Ma, and the low likelihood that subduction arc magmatism was responsible
for formation of large volumes of magmatic rocks intruding the orogenic hinterland (the Granite Belt)
between ca. 630-580 Ma. This implies the absence of a large Adamastor Ocean, and probably the
tectonic setting at the onset of convergence was more similar to an extended rift basin with little to no
oceanic crust. However, what cannot be fully answered by the data collected in this study is whether
this rift basin was the result of intracontinental or back-arc rifting. Many recent studies in the northern
SANOS advocate for intracontinental rifting, which greatly simplifies the geological evolution of the
orogen and explains many contradictions and data unexplained by the various subduction—collision
models (Cavalcante et al., 2019; Fossen et al., 2020; Konopasek et al., 2020; Meira et al., 2015; Meira
et al., 2019b). In contrast, the predominant alternative model in the southern SANOS is that the pre-
orogenic tectonic setting for the Dom Feliciano Belt was an arc or back-arc active between ca. 900 and
700 Ma (De Toni et al., 2020b; Koester et al., 2016; Lenz et al., 2013; Martil et al., 2017). These
interpretations are supported by the presence of the Sao Gabriel Terrane in the central Dom Feliciano
Belt preserving arc magmatism between ca. 900 and 700 Ma (Philipp et al., 2018), as well as the reported
arc-like geochemistry of igneous rocks in the hinterland of the belt. However, some studies propose that
these latter rocks could well be entirely rift-related, and simply inheriting arc-like geochemistry from
the melting of their source rocks (Konopasek et al., 2020). This would place the evolution of the southern
SANOS more in line with recently proposed intracontinental orogenic models for the northern sections.
In any case, further work is needed to integrate the existing data into a fully realised model, or to find

further evidence supporting those that currently exist.
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ABSTRACT

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 Itajai 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

African and South American cratons as close neighbours (Johansson,
2014; Lietal., 2008, 2013), and in other models they are far apart with a

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

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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Konopasek 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; Konopasek et al., 2014, 2018; Porada, 1989), which
developed by way of convergence into orogenesis active between ca.
650-550 Ma (Hueck et al., 2018b; Konopasek et al., 2008; Lenz et al.,
2011; Oyhantcabal et al., 2009), leaving behind a ca. 3000 km long
orogen recently named the South Atlantic Neoproterozoic Orogenic
System (SANOS) (Konopasek 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
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Fig. 1. Overview geological sketch of the Kaoko-Dom Feliciano-Gariep
orogenic system (modified after Konopasek et al., 2017). 1—Luis Alves Craton,
2—Arroio dos Ratos Complex, 3—Encantadas Complex, 4A—Nico Pérez
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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 Konopasek 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; Oyhantcabal 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; Konopasek et al., 2016; Oyhantcabal 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 Folling, 2004; Frimmel, 2018;
Konopasek 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;
Konopasek et al., 2014, 2017). Similarly, the central parts of the Dom
Feliciano Belt are well studied (Gruber et al., 2011, 2016; Hofig 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
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America and Africa, and forms the southern part of the larger South
Atlantic Neoproterozoic Orogenic System (sensu Konopasek 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 (Kroner
and Rojas-Agramonte, 2017; Kroner 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
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successions interlayered with slices of the basement, and overlain by
late-Neoproterozoic syn-orogenic sedimentary rocks (Konopasek 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 Folling, 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
Vérzea do Capivarita Complex, and the Porto Belo and Aguas 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; Oyhantcabal 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 (Konopasek et al., 2018; Oyhantcabal 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;
Konopasek et al., 2014; Lenz et al., 2011; Martil et al., 2017; Oyhant-
cabal et al., 2009), and likely up to ca. 660-650 Ma ending shortly
before the onset of orogenesis (Konopasek et al., 2017, 2018; Kroner
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; Oyhantcabal 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;
Oyhantcabal 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; Oyhantcabal
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).
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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 Itajai 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 Itajai Basin is weakly deformed, with deformation
increasing south-eastwards towards the Itajai-Perimbdé 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 Sao
Miguel Complex, is exposed at the north-western contact with the Itajai
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 Camborii Complex—outcrops along the
coast in central part of the Brusque Complex (Fig. 2). The Camborit
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 Floriandpolis Batholith, and the two units are separated by the
large-scale Major Gercino Shear Zone (Fig. 2). The Floriandpolis 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 Aguas 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 Botuverd sequence—is described as entirely
clastic, varying in composition between metapelitic and metapsammitic
and containing no metavolcanic or metacarbonate rocks (Basei et al.,
2011b).
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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.

50 cm

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 Sy, ¢) 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 (2%6ph 238y / (297Pb/2%6PD) for 207Pb/zOGPb, and using
(2%pb/238y) / (27Pb/235U) for 206Pb/238U. 207Pb/2%°Pb dates are re-
ported for data > 1.0 Ga, and 2°°Pb/%*®U 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 pm 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 pm in length and 60 and 130 pm 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
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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 2c level, MSWD = mean square
weighted deviation), and c) cathodoluminescence images and individual dates
of example zircon grains.

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

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 26 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 2¢ uncertainty < 10%. The data are plotted in
Fig. 5¢c, 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
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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 Itajai-Perimbé 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 pm 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 Itajai-Perimb6 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 Itajai-Perimb6 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 pm 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 pm 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. 6¢) 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.
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Fig. 6. U-Pb detrital zircon data for analysed metasedimentary samples, presented as frequency histograms and KDEs. n = number of data.
3.3.4. Sample BB10B overgrowth rims are common.

Sample BB10B (27° 16.964’ S, 48° 55.006' W) was collected from the Analysis of 182 zircon grains yielded 172 concordant dates. The
southern-central part of the Brusque Complex, from a strongly foliated spectrum of ages (Fig. 6d) shows a broad distribution of dates from ca.
quartz-rich schist containing quartz, muscovite, biotite, and chlorite, 2.20-1.00 Ga, with the highest proportion centred at a peak at ca. 1.25
with accessory opaque minerals. Zircon grains range from ca. 50 to 120 Ga. The remaining data are distributed between ca. 2.20-1.30 Ga with

pm in length, and ca. 30 to 50 pm in width. Many grains are elongate and minor peaks at ca. 2.00, 1.80, 1.50 and 1.35 Ga.
euhedral, showing sector or oscillatory zoning. Thin, CL-bright
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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 pm 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 pm 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 pm 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 (Konopasek 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 Varzea 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
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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 (I-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 (Kroner 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 Camborii 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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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 BB0O8 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 Kroner et al. (2015, 2004); Kroner 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); Konopasek et al. (2008); Lenz et al. (2011); Oyhantcabal et al. (2009),
Granite Belt from Florisbal et al. (2012b); Lara et al. (2020); Philipp and
E/Iachado (2005).

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; Oyhantcabal et al.,
2018; Sanchez-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 (Kroner et al., 2010,
2015), and is intruded by granitoid rocks with ages primarily clustered
at ca. 1.50, 1.35 and 1.20 Ga (Driippel et al., 2007; Kroner et al., 2015;
Kroner 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 (Kroner 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, Konopasek et al. (2017) and
Konopasek 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
(Konopasek et al., 2017; Porada, 1989), we judge this inferred extensive
Mesoproterozoic cover sequence as the most likely candidate for the
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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 Camborit
Complex and the Aguas Mornas Complex (Basei et al., 2009; Hartmann
etal., 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 Itajai 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 Camboriti Complex (Silva et al.,
2000, 2005), as well as from exposed Congo Craton basement in the
Kaoko Belt (Kroner 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 Itajai Basin (see section 4.6) favours the former
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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; Hofig 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 Itajaf 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 Itajai Basin. In support of this, the data from the Itajai
Basin show remarkably similar detrital zircon patterns, with the same
primary age fractions with major peaks at ca. 650-550 Ma and
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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 Itajai Basin (Guadagnin et al., 2010),
although the small number of grains younger than 600 Ma (8 grains)
make this correlation only speculative.

The Itajai 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 Itajai Basin sediments,
we interpret samples JBD24 and BB08 as belonging to syn-orogenic
sediments deposited in a foreland basin setting similar to the Itajai
Basin, or possibly part of the Itajai Basin itself. The proximity and
structural correlation of these rocks to the Itajai-Perimb6 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; Hofig et al., 2018; Hofmann
et al., 2014; Konopasek 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. 9¢). 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
Taquarembé Block, part of the Nico Pérez Terrane (Fig. 9d) (Oyhant-
cabal et al., 2011b, 2018 and references therein). The similarities in age
between the Brazilian Nico Pérez Terrane (Taquarembé 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¢) (Konopasek et al., 2014, 2017). Konopasek
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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. 9¢), 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 (Kroner et al., 2004; Luft et al., 2011).

Konopasek 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 (I-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 Konopasek 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, ¢) KDEs and
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Fig. 7 for references for the remaining age-range bars.
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4.8. Tectonic setting and evolution of the Schist Belt 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,
Fig. 10 shows schematic cross sections across the northern Dom accompanied by Mesoproterozoic terranes and cover sequences associ-

Feliciano Belt and the Kaoko Belt, outlining the proposed evolution of ated with the amalgamation of Rodinia (Fig. 10a) (Bial et al., 2015;
the Schist Belt as inferred from the Brusque Complex U-Pb zircon data Miller, 2012). The lack of detrital zircon close to the age of
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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, €) 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 (Konopasek 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. Konopasek
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
(Konopasek et al., 2020), the latter model is favoured for this
interpretation.

Based on similarities with the Itajai 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

0.75+
polymodal group

unimodal group

bimodal group

Brusque Complex
Porongos Complex
Kaoko Belt

Gariep Belt

Cumulative proportion

0.25}

Itajai Basin

1000 1500 2000 2500
Zrc crystallisation age minus sedimentation age (Ma)

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.

15

Precambrian Research 354 (2021) 106060

Kaoko Belt from ca. 580 Ma (Goscombe et al., 2003a; Konopasek 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 (Konopasek 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; Konopasek 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.
Konopasek et al., 2020; Oriolo et al., 2016; Oyhantcabal 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-PDb 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.

U-PDb 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.

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 Camboriti Complex.

2)
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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 Itajai 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.

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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