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A B S T R A C T

Existing models of tectonic evolution of the Neoproterozoic orogenic system rimming the shores of the South
Atlantic Ocean (the Araçuaí–Ribeira–Congo and Dom Feliciano–Kaoko–Gariep belts) interpret the belts as
subduction-related orogens and emphasize the role of the “Adamastor Ocean” in their pre-collisional evolution.
A critical problem in such an interpretation is the confined nature of the northern termination of the orogenic
system, as well as a very short time span between the end of rifting and onset of convergence recognized in its
southern part. In this contribution, we review the data for the pre- and synorogenic evolution of this system of
orogens (here collectively called the South Atlantic Neoproterozoic Orogenic System) and show that the data
speak against the presence of a large oceanic domain before the onset of its orogenic evolution.

We propose a new and simple intracontinental model, suggesting that Neoproterozoic oceanic crust played
only a minor role in the development of the South Atlantic Neoproterozoic Orogenic System and that its overall
architecture and thermal evolution is the result of inversion of large-scale rift structures with a protracted, and
probably episodic, extensional history. True oceanic crust probably developed only in the southern part of the
rift system, but it must have been narrow, akin to the Red Sea–Gulf of Aden stage of the “Adamastor Rift”
evolution just before the onset of convergent thickening.

1. Introduction

Discussions on how the Neoproterozoic orogenic belts exposed
along the coasts of the South Atlantic Ocean (Fig. 1) fit the plate tec-
tonic model commenced shortly after its introduction in the late 1960’s.
Porada (1979, 1989) provided the first detailed interpretation of geo-
logical evolution of the orogenic belts today known as the Dom Feli-
ciano, Ribeira and Araçuaí belts on the South American side, and the
Gariep, Damara, Kaoko and West Congo belts on the African side of the
South Atlantic, herein referred to as the South Atlantic Neoproterozoic
Orogenic System (SANOS). Porada (l.c.) suggested that the Wilson
Cycle started by the development of a three-armed rift that continued to
open along its north–south branches as a “proto-South Atlantic Ocean”,
the closure of which culminated by continental collision giving rise to
the Neoproterozoic orogenic system. Later on, Hartnady et al. (1985)
introduced the idea of the Adamastor Ocean and since then, the pre-
sence, extent and subduction of oceanic crust preceding the formation
of the above orogenic belts have been discussed under this name.

The early idea of a subduction-related nature of the SANOS sug-
gested by Porada (1989) was questioned in the 1990s, and its origin

was for some time discussed in terms of intra-continental deformation
without major intervention of oceanic crust (Trompette, 1994, 1997,
2000; Dürr and Dingeldey, 1996). However, at the turn of the millen-
nium, tectonic models involving subduction of a wide Adamastor Ocean
as a driving force for the late Neoproterozoic convergent evolution of
the SANOS were re-introduced (Pedrosa-Soares et al., 1998; Basei et al.,
2000; Heilbron and Machado, 2003) and since then generally accepted.
Despite the lack of evidence for low-temperature/high-pressure meta-
morphism, authors have presented mainly two arguments for the sub-
duction-related convergence models. The first is the occurrence of mafic
and locally ultramafic metamorphic rocks with early Neoproterozoic
protolith ages and MORB-like geochemistry, interpreted as relics of the
Adamastor oceanic crust (Pedrosa-Soares et al., 1992, 1998; Heilbron
and Machado, 2003; Ramos et al., 2018; Amaral et al., 2020). The
second argument is the presence of linear plutonic complexes with
apparent subduction-related geochemical imprint. These ca. 630–575
Ma (see Table 1 in supplementary material) plutonic associations are
interpreted as exhumed deep parts of magmatic arcs that formed above
subducting oceanic crust (Basei et al., 2000, 2018; Heilbron and
Machado, 2003; Pedrosa-Soares et al., 2001, 2011; Heilbron et al.,
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2013; Tedeschi et al., 2016).
The purpose of this review is to critically evaluate various geolo-

gical data from the SANOS that have direct consequence for the pre-
sence or absence of an oceanic domain that was potentially consumed
prior to its formation (Fig. 2). We show that the oceanic subduction
model has important spatial and temporal implications that complicate
interpretations of granitoid rocks in the hinterland of the orogenic
system as magmatic arc complexes. Altogether, the data summarized in
this contribution favor a largely intracontinental orogenic setting in the
northern part, and a Red Sea/Gulf of Aden-type setting in the southern
part of the South Atlantic Neoproterozoic Orogenic System, without the
need for a wide oceanic domain.

2. Large-scale structure of the South Atlantic Neoproterozoic
Orogenic System (SANOS)

Altogether, the SANOS with all its different elements, the
Ribeira–Araçuaí–West Congo belts in the north and the Kaoko–Dom
Feliciano–Gariep belts in the south, represents a ca. 3000 km long
orogen (Fig. 3). Like most other orogenic belts, its overall structure can
broadly be described in terms of an external low- to high-grade foreland
section surrounding an internal hinterland characterized by higher
metamorphic temperatures, partial melting and extensive magmatic
activity (Fig. 3b).

The western (South American) and eastern (African) forelands of
the SANOS are represented by Archean–Paleoproterozoic basement
domains (Seth et al., 1998; Kröner et al., 2004; Engler, 2009; Thomas
et al., 2016; Fossen et al., 2017; Egydio-Silva et al., 2018; Oyhantçabal
et al., 2018; Passarelli et al., 2018; Cavalcante et al., 2019) with vari-
able Mesoproterozoic magmatic and/or metamorphic reworking (e.g.
Tack et al., 2001; Becker et al., 2006; Drüppel et al., 2007; Chemale
et al., 2011; Guadagnin et al., 2015; Kröner and Rojas-Agramonte,
2017; Oriolo et al., 2019), and their deformed and metamorphosed
Paleo- to Neoproterozoic cover sequences (Guj, 1970; Hoffmann and
Prave, 1996; Tack et al., 2001; Hoffman and Halverson, 2008;
Konopásek et al., 2014, 2017; Alkmim et al., 2017; Frimmel, 2018;
Hueck et al., 2018).

The northern part of the hinterland consists of high-temperature
mylonites and migmatites generally formed at temperatures exceeding
700 °C and pressures of 6–8 kbar (e.g. Vauchez et al., 2007; Monié
et al., 2012; Heilbron et al., 2008; Bento dos Santos et al., 2011;

Cavalcante et al., 2018a, 2018b). The southern part is represented by
uppermost amphibolite- to granulite-facies rocks metamorphosed at
medium to low pressures (Goscombe and Gray, 2007; Gross et al.,
2009). In large parts of the hinterland, metamorphosed igneous rocks
appear with protolith ages ranging ca. 860–770 Ma, which have been
interpreted as either remnants of an early magmatic arc (Heilbron and
Machado, 2003; Masquelin et al., 2012; Lenz et al., 2013; Koester et al.,
2016; Martil et al., 2017; Peixoto et al., 2017; De Toni et al., 2020) or
products of rifting-related igneous activity (Konopásek et al., 2008,
2018; Will et al., 2019; Passarelli et al., 2019; Meira et al., 2019a). The
high-grade metamorphism and associated partial melting in various
parts of the hinterland domain took place between ca. 650 and 570 Ma
(Franz et al., 1999; Goscombe et al., 2005; Konopásek et al., 2008; Lenz
et al., 2011; Cavalcante et al., 2018a), accompanied and also post-dated
by 170 m.y. of massive magmatism between ca. 650 and 480 Ma
(Fig. 4). Along the entire orogenic system, the late Neoproterozoic
plutonic rocks are arranged into linear complexes, with early igneous
activity (ca. 630–575 Ma) mostly concentrated along the western flank
of the hinterland (Philipp and Machado, 2005; Oyhantçabal et al.,
2007; Pedrosa-Soares et al., 2011; Florisbal et al., 2012b, Peixoto et al.,
2017, Lara et al., 2020 and references therein), and later magmatism
(ca. 585–480 Ma) in its interior or along its eastern flank (Seth et al.,
1998; Kröner et al., 2004; Janoušek et al., 2010; Pedrosa-Soares et al.,
2011; Konopásek et al., 2016) (Fig. 3c).

3. The Araçuaí–Ribeira–West Congo belts – the northern domain
of the SANOS

The Brazilian part of the northern SANOS trends N–S in the north
(Araçuaí Belt) and NE–SW in the south (Ribeira Belt; Fig. 3). The
African part – the West Congo Belt – is situated along the west coast of
central Africa, from Gabon in the north to Angola in the south. How-
ever, the African side lacks exposure of Neoproterozoic rocks and Pan-
African orogenic structures south of a fault-controlled structure known
as the Kwanza Horst south of Luanda (Fig. 3a). The Ribeira Belt is in
continuity with the Araçuaí Belt (e.g, Egydio-Silva et al., 2018), but
different groups of researchers have made independent tectonic sub-
divisions and interpretations. Most of these are quite complex, invol-
ving multiple magmatic arcs and collisional events (Heilbron et al.,
2017a) recorded by tectonic units of the Ribeira Belt that are difficult to
extend northward into the Araçuaí Belt. The entire orogen is considered
to terminate within a continental environment defined by the pre-
Atlantic horse-shoe shape of the São Francisco–Congo Craton (Alkmim
et al., 2006).

3.1. The pre-orogenic rift basin, possible ophiolites and sutures

Rift sedimentation and associated magmatism in the northern part
of the SANOS is known to have occurred from close to 1000 Ma. This is
recorded in a ca. 10 km thick unit of metasedimentary and meta-
volcanic rocks on both the African (West Congo Supergroup) and
Brazilian (Macaúbas Group and Andrêlandia Megasequence) sides
(Fig. 5). Together, these units constituted a Tonian–Cryogenian rift
basin in the northern SANOS, with sedimentation continuing into the
Ediacaran. The relatively poorly understood Tonian–Cryogenian rifting
history of the northern SANOS is generally considered to consist of two
main episodes.

The first rift episode (ca. 950–870 Ma) is linked to extensive vol-
canism in the West Congo Supergroup (De Paepe et al., 1975;
Kampunzu et al., 1991) and tholeiitic magmatism on the Brazilian side.
This magmatism has been explained in terms of mantle plume activity
as a part of a Large Igneous Complex (Kuchenbecker et al., 2015; Castro
et al., 2019; Chaves et al., 2019).

The second rift episode has been linked to ca. 730–675 Ma alkaline
magmatism in the São Francisco basement along the Atlantic coast
(Teixeira et al., 1997; Rosa et al., 2007), tholeiitic basalts with pillow

Fig. 1. Schematic reconstruction of the Africa–South America connection prior
to opening of the Atlantic Ocean. (Meta)cratonic complexes are shown in black.
Abbreviations: RP – Rio de la Plata, PP – Paranapanema, SF – São Francisco.
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structures in the Macaúbas Group (Pedrosa-Soares et al., 2008) and
basaltic volcanism at ca. 700 Ma in the West Congo Supergroup
(Kuchenbecker et al., 2015 and references therein). Glacial units were
deposited during the second rift event, most extensively on the Brazi-
lian side, and capped by carbonates on the African side. On top are
synorogenic deposits (Fig. 5; Tack et al., 2001) of very low meta-
morphic grade on the West Congo and São Francisco cratons, and of
higher grade in the internal parts of the Araçuaí Belt.

Formation of oceanic crust in the Macaúbas Basin has been sug-
gested, based on limited occurrences of rather poorly dated (816±72
Ma) amphibolite and ultramafic rocks on the Brazilian side of the
orogen (Pedrosa-Soares et al., 1998, 2001). This led Pedrosa-Soares
et al. (1998) to interpret these rocks as remnants of an ophiolite
marking an orogenic suture zone. Recently, Amaral et al. (2020) sug-
gested that the formation of oceanic crust lasted from ca. 675 Ma until
its early subduction at ca. 630 Ma, thereby disregarding the ca. 816 Ma
age presented by Pedrosa-Soares et al. (1998). Based on an unpublished
U–Pb zircon age, Amaral et al. (2020) further argued that oceanic crust
was forming at 600 Ma in the southern Araçuaí Belt. From gravimetric

data in the West Congo Belt, Byamungu et al. (1987) proposed a suture
zone underneath the sedimentary cover along the Congo coast. How-
ever, no record of oceanic rocks has been found on the African side of
the orogen.

In the Ribeira Belt, MORB-type metabasic rocks dated at 848±11
Ma (Heilbron and Machado, 2003) have been interpreted as products of
a “magmatic event compatible with the generation of oceanic litho-
sphere” between the São Francisco margin and the higher nappes
(Oriental Terrane; Fig. 3a) of the Ribeira Belt (Heilbron et al., 2008).
According to Heilbron and Machado (2003), such an ocean would be
forming over ca. 58 million years and be 1160 km wide.

In summary, the temporal extent of the Neoproterozoic rifting, and
the timing of possible rift–drift transition is poorly constrained, as is the
potential time interval between the termination of rifting and onset of
convergence followed by deposition of flysch sediments in the northern
part of the SANOS.

Fig. 2. Schematic presentation and comparison of the two discussed tectonic models for the origin of the SANOS. Subduction-driven models for (a) the Araçuaí Belt
based on Tedeschi et al. (2016) and (b) for the Ribeira Belt based on Heilbron et al. (2017a, 2017b), Peixoto et al. (2017) and Schmitt et al. (2016). The models are
compared with an intracontinental model (c) for both belts. Similarly, the subduction-driven model for the Dom Feliciano–Gariep Orogen (d) is compared with a
largely intracontinental model with only a small amount of oceanic crust (e). The resulting orogenic stage of maximum crustal thickening in the SANOS is sche-
matically shown in (f).
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3.2. The foreland of the Araçuaí–Ribeira–West Congo belts

The foreland of the northern SANOS is a classical fold-and-thrust
belt that developed on both continental margins. The kinematics is
predominantly thrusting onto the craton, i.e. top-W along the São
Francisco margin and top-E in the West Congo Belt. The foreland suc-
cessions consist of metamorphosed Paleo- to Mesoproterozoic supra-
crustal rocks (Espinhaço Supergroup), and the Neoproterozoic
Macaúbas Group and West Congo Supergroup, deformed under sub-

metamorphic to amphibolite-facies conditions (Tack et al., 2001;
Alkmim et al., 2017).

While deformation in the most peripheral parts mainly affected the
metasedimentary cover of the São Francisco and Congo cratons, base-
ment was involved towards the hinterland. In the Araçuaí Belt, a major
mylonite zone characterizes the transition from the foreland to the
high-temperature hinterland (e.g., Vauchez et al., 2007). The timing of
deformation and metamorphism in the low-grade foreland north of the
SANOS is reflected by illite K–Ar ages ranging from 645 to 603±9 Ma

Fig. 3. a) Simplified geological map of the SANOS showing the geological units mentioned in the text. The mutual position of the African and South American
continents (from Heine et al., 2013) is shown shortly before the onset of opening of the Atlantic Ocean. b) Overview map showing position of the hinterland (yellow)
and foreland (blue) geological units of the SANOS. c) Distribution of main Neoproterozoic magmatic complexes within the SANOS. Magmatic rocks are divided into
four groups based on their intrusion ages.

Fig. 4. Summary of published geochronological data, showing extent of igneous activity in different parts (orogenic belts) of the SANOS. In accord with the
interpretation provided in the text, the data were separated into magmatic activity related to rifting and that associated with orogenic evolution. Note different scale
of the horizontal axis of the diagram for the two tectonic regimes. The data used for the diagram are provided as a supplementary table. The estimated timing for
onset of orogenic thickening in the Araçuaí Belt is after Cavalcante et al. (2018a) and in the Ribeira Belt after Meira et al. (2019b). The onset of orogenic thickening in
the Dom Feliciano Belt is constrained from the age of granulite-facies metamorphism in the hinterland (Lenz et al., 2011; Martil et al., 2016) and the discussion
presented in Sections 5.3 and 5.5. The commencement of crustal thickening in the western foreland of the SANOS is constrained by ages provided by Goscombe et al.
(2003) for the Kaoko Belt and Frimmel and Frank (1998) for the Gariep Belt. The timing for end of rifting in the Kaoko Belt is based on data by Hoffman and
Halverson (2008) and the discussion in Sections 5.3 and 5.5.
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in low-grade sediments on the São Francisco Craton (Espinhaço Su-
pergroup; Süssenberger et al., 2014). Deformation of the Araçuaí
foreland basin affected synorogenic sediments possibly as young as the
latest Ediacaran (ca. 550–542 Ma; Warren et al., 2014), suggesting that
foreland thrusting was still going on in the latest Ediacaran and possibly
into the Cambrian.

Along the southeastern rim of the São Francisco Craton, the rift-
related basin fill (Andrelândia Megasequence; Paciullo et al., 2000) was
deposited on the São Francisco continental crust throughout most of the
Neoproterozoic, with the youngest part being younger than 620 Ma
(zircon U–Pb ages; Belém et al., 2011). In the western Ribeira Belt, this
deformed Neoproterozoic cover occurs together with reworked base-
ment rocks in the westerly tectonic units (Juiz de Fora and Andrelândia
tectonic domains; Fig. 3a).

3.3. The hinterland of the Araçuaí–Ribeira–West Congo belts

The hinterland evolution in the northern part of the SANOS (Fig. 3b)
was characterized by extensive magmatism and high-temperature
(> 700 °C) deformation associated with partial melting. Most of the
hinterland is found in the Araçuaí Belt, where it consists of (from west
to east): (1) high-temperature (ca. 750 °C) mylonites thrust onto re-
worked São Francisco Craton, and associated leucocratic veins

suggesting a melting event at ca. 577 Ma (Petitgirard et al., 2009;
Vauchez et al., 2007); (2) tonalites and granodiorites emplaced in
metasediments between ca. 650 and 585–580 Ma, and interpreted as
both synorogenic and arc magmatism (Mondou et al., 2012; Tedeschi
et al., 2016), and (3) migmatites associated with peraluminous leuco-
granites (Carlos Chagas Domain in Fig. 3a; Cavalcante et al., 2013,
2018a). These migmatites were formed during orogenic crustal thick-
ening involving extensive crustal heating and partial melting of the
middle–lower crust, and slowly crystallized from ca. 600 to 572 Ma
(Cavalcante et al., 2018a). Peak pressures of 6–8 kbar characterize the
entire hinterland, with no evidence of high-pressure mineral assem-
blages (Petitgirard et al., 2009; Cavalcante et al., 2014).

The African part of the hinterland is exposed along the western edge
of the West Congo Belt (Fig. 3b) as migmatized metasediments thrust
eastward onto younger metasedimentary units. In terms of geochro-
nology, this area is poorly studied, and we define it as a part of the
hinterland based on preliminary Cambrian ages of melt crystallization
in the southernmost part of the West Congo Belt (Monié et al., 2012).

The northern SANOS hinterland hosts a large amount of magmatic
rocks dated between ca. 860 and 570 Ma. These rocks have been in-
terpreted as the roots of four different magmatic arcs: Serra da Prata
Complex or arc – 856–838 Ma (Peixoto et al., 2017), Rio Negro arc –
790–600 Ma (Tupinamba et al., 2012), Serra da Bolivia arc – 650–590

Fig. 5. Schematic tectonostratigraphic columns for the foreland and hinterland domains in the northern part of the SANOS. See Section 3 for references related to
timing of geological processes.

J. Konopásek, et al. Earth-Science Reviews 205 (2020) 103201

6



Ma (Heilbron et al., 2013), all in the Ribeira Belt, and Rio Doce arc –
630–585 (Tedeschi et al., 2016), in the Araçuaí Belt (Fig. 3c). The
youngest (525–480 Ma) batch of granitic intrusions in the hinterland
has been explained by late- to post-orogenic gravitational collapse
(Marshak et al., 2006) involving delamination and removal of litho-
spheric mantle (Pedrosa-Soares et al., 2011), or very late slab break-off
(Valeriano et al., 2016).

In the Araçuaí hinterland there are migmatitic high-grade metase-
dimentary rocks whose protolith deposition was synorogenic, some
with maximum depositional ages around 600 Ma (Richter et al., 2016).
In line with the magmatic-arc tectonic model, these rocks have been
interpreted as fore-arc or back-arc deposits (Peixoto et al., 2015;
Richter et al., 2016). Various high-grade metasedimentary units in the
Ribeira Belt hinterland have been also interpreted as being deposited in
fore-arc or back-arc settings (Heilbron et al., 2017a), even though most
of the units are demonstrably associated with Mesoproterozoic/Ar-
chean basement.

Recent contributions by Meira et al. (2019a, 2019b) discarded the
complicated evolution of multiple arcs and terrane-margin collisions
and presented evidence for intracontinental orogeny. According to their
model, crustal thickening related to convergent movements between
the São Francisco and Congo cratons would heat the middle crust and
produce some partially molten rocks at ca. 615 Ma, followed by a more
widespread partial melting event at around 580 Ma, which the authors
tentatively related to extensional collapse. Crustal thickening and initial
melting at around 620–615 Ma followed by more pervasive partial
melting at ca. 590–560 Ma fit well with the data and model presented
for the Araçuaí Belt by Cavalcante et al. (2018a, 2019) and are largely
consistent with the model favored in this work.

4. The Kaoko–Dom Feliciano–Gariep belts – the southern domain
of the SANOS

Similar to the northern part of the SANOS, the southern part also
shows a distinct W–E tectonic zonation (Fig. 6). The Arche-
an–Paleoproterozoic crust of the Nico Pérez–Luis Alves terranes
(Oyhantçabal et al., 2018; Passarelli et al., 2018, Figs. 3a and 6a,f)
represents the western foreland, which is along its eastern flank covered
by metamorphosed Mesoproterozoic and Neoproterozoic volcano-sedi-
mentary cover (Hueck et al., 2018; Oriolo et al., 2019). The hinterland
is represented by the granulites and high-grade ortho- and paragneisses
of the Punta del Este–Coastal Terrane (Fig. 3a). The protolith ages of
metaigneous rocks in this unit fall between ca. 820 and 770 Ma,
whereas the ages of their low-pressure granulite/amphibolite-facies
metamorphism range between ca. 650 and 630 Ma (Konopásek et al.,
2008, 2018; Oyhantçabal et al., 2009; Lenz et al., 2011; Will et al.,
2019). Large volumes of granitoid rocks collectively named as the
Granite Belt (Figs. 3c and 6b,g) intruded between ca. 635 and 580 Ma
along the contact of the foreland with the Punta del Este–Coastal Ter-
rane (see summary in Philipp and Machado, 2005; Konopásek et al.,
2016 and Figs. 3c and 4). Basei et al. (2008, 2018) interpreted the
Granite Belt as a magmatic arc related to subduction of the Adamastor
Ocean. Other authors emphasized the syn- to post-collisional nature of
granitoid rocks of the Granite Belt and associated their emplacement
with collision of the western foreland with the easterly Punta del Es-
te–Coastal Terrane (Bitencourt and Nardi, 1993; Oyhantçabal et al.,
2007; Florisbal et al., 2012a, 2012b).

On the African side of the southern SANOS, the hinterland has been
thrust over the foreland represented by the Archean–Paleoproterozoic
Congo Craton in the north and by the
Paleoproterozoic–Mesoproterozoic rocks at the western edge of the
Kalahari Craton in the south (Figs. 3a and 6d,e,i). Similar to the South
American part of the southern SANOS, the African foreland is covered
by relics of Mesoproterozoic volcano-sedimentary rocks (Becker et al.,
2006; Kröner and Rojas-Agramonte, 2017; Fig. 6d) and by an extensive
Neoproterozoic (meta)sedimentary unit recording the pre-collisional

rifting to early syn-collisional period (Guj, 1970; Hoffmann and Prave,
1996; Hoffman and Halverson, 2008; Konopásek et al., 2014, 2017;
Frimmel, 2018; Figs. 3a and 6d,e,i).

4.1. Neoproterozoic rifting in the Kaoko–Dom Feliciano–Gariep belts

The oldest dated manifestation of the early Neoproterozoic exten-
sion is recorded by sporadic granitic–syenitic magmatism in the base-
ment of the foreland domains (ca. 835 Ma; Frimmel et al., 2001; Basei
et al., 2008; Figs. 6a,i). The first period of extensive igneous activity is
dated between ca. 800 and 770 Ma in the hinterland domain collec-
tively called the Punta del Este–Coastal Terrane (Konopásek et al.,
2008, 2018; Oyhantçabal et al., 2009; Lenz et al., 2011; Fig. 6b,c,g). In
the Punta del Este Terrane in Uruguay and in associated units in Brazil,
magmatism of this age was interpreted as representing an early Neo-
proterozoic magmatic arc (Lenz et al., 2013; Koester et al., 2016; Martil
et al., 2017; De Toni et al., 2020). However, this largely felsic igneous
activity was contemporaneous with deposition of early rifting-related
sedimentary rocks in the Kaoko–Dom Feliciano–Gariep (and Damara)
belts, and the rare mafic plutonic rocks are devoid of arc-like geo-
chemical imprint. Therefore, Konopásek et al. (2018) suggested that the
ca. 800–770 Ma igneous rocks in the Punta del Este Terrane represented
products of rifting-related lower/mid-crustal magmatism.

In the Coastal Terrane, which represents a supracrustal part of the
Punta del Este–Coastal Terrane, the ca. 820–785 Ma volcanic activity
accompanied clastic sedimentation sourced in the neighboring pre-
Neoproterozoic basement (Konopásek et al., 2014, 2018). Volcanic
rocks of similar age also appear as a part of the western foreland cover
in the central Dom Feliciano Belt (ca. 810–770 Ma; Saalmann et al.,
2011; Pertille et al., 2017). Along the edge of the exposed eastern
foreland (Congo Craton), the early stage of rifting was manifested by
the sedimentation of the> ca. 780 Ma coarse-grained fluvial clastic
rocks (Martin, 1965; Guj, 1970; Fig. 6d,e) followed by igneous activity
dated at ca. 755–745 Ma (Hoffman et al., 1996). In the Gariep Belt, the
rifting-related sedimentation started after ca. 770 Ma by deposition of
fluvial to fluvio-deltaic sediments accompanied by ca. 750–740 Ma
volcanic activity (Borg et al., 2003; Frimmel et al., 1996; Frimmel,
2018; Fig. 6i).

The next stage of the rift development is best characterized along
the southwestern edge of the Congo Craton. Metamorphosed clastic
sediments in the foreland part of the Kaoko Belt are intercalated with
ca. 740–710 Ma metavolcanic rocks (Fig. 6d) and the source of the
clastic sedimentation was still the Congo Craton basement (Konopásek
et al., 2014). According to the data from the eastern part of the Kaoko
Belt and from the Otavi Platform (Figs. 3a and 6e), the rifting termi-
nated shortly after the development of a thick glaciogenic horizon re-
lated to the Sturtian global glaciation (Hoffman and Halverson, 2008;
Konopásek et al., 2017).

In the Gariep Belt, the sedimentation post-dating the ca. 750–740
Ma volcanic activity has been dominated by calcareous deposits
(Fig. 6i), followed by a major unconformity that hinders any correlation
with the evolution in the Kaoko Belt or Otavi Platform (Frimmel, 2018).

4.2. Early (ca. 650–630 Ma) crustal thickening in the Kaoko–Dom
Feliciano–Gariep belts

On the western side of the southern SANOS, the beginning of crustal
thickening is constrained indirectly by several features. The hinterland
(Punta del Este Terrane) in the southernmost Dom Feliciano Belt un-
derwent an early granulite-facies metamorphism at ca. 7–10 kbar and
830–950 °C, followed by decompressional reequilibration at ca. 5.0–5.5
kbar and 790–830 °C (Gross et al., 2009) at ca. 650 Ma (Oyhantçabal
et al., 2009; Lenz et al., 2011). Cooling of the Punta del Este Terrane
was determined at ca. 630–620 Ma (Ar–Ar in amphibole and K–Ar in
white mica – Oyhantçabal et al., 2009; Will et al., 2019), so the time
interval of 650–630 Ma represents the best estimate of compression-
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driven exhumation of the Punta del Este Terrane. Similar timing was
determined for early movements along shear zones crosscutting the
foreland (Oriolo et al., 2016). In the central Dom Feliciano Belt, an
early compression-related exhumation of the hinterland is documented
in Rio Grande do Sul state in Brazil. A granulitic nappe with protolith
ages and geochemistry very similar to the Punta del Este Terrane
basement rocks has been emplaced onto the foreland during, or shortly
after, the metamorphic peak estimated at ca. 650 Ma (Martil et al.,

2016; Battisti et al., 2018; Fig. 6f,g).
The only exposed part of the hinterland on the African side of the

southern SANOS is the Coastal Terrane in the Kaoko Belt. The rifting-
related volcanosedimentary rocks in this unit record a ca. 650–630 Ma
partial melting event (Franz et al., 1999; Goscombe et al., 2005;
Konopásek et al., 2008) at ca. 680–730°C and 6–7 kbar (Goscombe and
Gray, 2007). This early metamorphism was followed by intrusion of
plutonic rocks (Figs. 3c and 6c) that have been correlated with early

Fig. 6. Schematic tectonostratigraphic columns for the foreland and hinterland domains in the southern part of the SANOS. See Section 4 for references related to
timing of geological processes.
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intrusions of the Granite Belt in the northern Dom Feliciano Belt
(Konopásek et al., 2016).

The early collision in the western part of the southern SANOS is also
manifested on the African side by the deposition of flysch sediments,
which have been recognized along the entire eastern foreland of the
southern SANOS (Konopásek et al., 2017; Fig. 6c,d,h). The presence of
the Marinoan (ca. 645–635 Ma) glaciogenic deposits within these flysch
sediments in the Kaoko Belt already containing ca. 650 Ma detrital
zircon provides another evidence that the crustal thickening in the
Kaoko–Dom Feliciano–Gariep belts and exhumation of its core com-
menced at, or shortly before, ca. 650 Ma (Konopásek et al., 2017).

4.3. Late (ca. 580–550 Ma and beyond) convergence in the Kaoko and
Gariep belts

Crustal thickening along the eastern edge of the southern SANOS
started at ca. 580–575 Ma. This was documented in the Kaoko Belt by
the dating of garnet growth in the gneisses and schists of the foreland
(Goscombe et al., 2003) and of the earliest magmatism (Figs. 3c and 6c)
along the contact of the foreland with the overriding Coastal Terrane
representing the hinterland domain (Seth et al., 1998; Konopásek et al.,
2008). In the low-grade Gariep Belt, Ar–Ar ages of ca. 573–576 Ma
(hornblende) were interpreted by Frimmel and Frank (1998) as the
timing of building of an accretionary wedge. The metamorphic peak in
the Kaoko Belt is recorded by low-pressure granulite-facies mineral
assemblages and partial melting of the foreland basement with its
metasedimentary cover directly underneath the hinterland (Goscombe
et al., 2003). The metamorphic peak took place at ca. 550 Ma (Kröner
et al., 2004; Goscombe et al., 2005; Konopásek et al., 2008) and was
accompanied by voluminous magmatism (Seth et al., 1998; Janoušek
et al., 2010). Similarly, Frimmel and Frank (1998) interpreted the
Ar–Ar ages of 547–543 Ma (hornblende) as the timing of culmination of
thrusting in the Gariep Belt. Ar–Ar dating of micas and amphibole from
the Kaoko Belt has suggested cooling of the eastern foreland between
ca. 530–500 Ma and the late activity of major shear zones as young as
490–480 Ma (Gray et al., 2006). Frimmel and Frank (1998) obtained
similar ages for cooling of white mica in the Gariep Belt.

4.4. Granitoid magmatism in the Kaoko–Dom Feliciano–Gariep belts

The Granite Belt at the western edge of the southern SANOS is a unit
that, due to its position and shape, was interpreted as a continental
magmatic arc (Basei et al., 2000, 2018). Apart from isolated ca. 650 Ma
intrusions (Chemale Jr. et al., 2012), the main magmatic activity
started at ca. 625 Ma and persisted until ca. 570 Ma (Fig. 4; Table 1 as
supplementary material and references therein). In addition to this
voluminous magmatism that took place along the foreland–hinterland
transition, coeval magmatic rocks intruded the foreland itself
(Oyhantçabal et al., 2009; Florisbal et al., 2012b; Lara et al., 2020).

The thrusting of the hinterland Coastal Terrane over the eastern
foreland in the Kaoko Belt commenced at ca. 580–575 Ma, which is
documented by the age of the oldest magmatic rocks along the contact,
as well as by the dating of the associated early prograde metamorphism
(Seth et al., 1998; Goscombe et al., 2003; Konopásek et al., 2008). This
is also the time when the magmatism in the Granite Belt was on the
decline, because most of the tectonic activity had shifted to the African
side of the orogenic system. A still elevated thermal gradient in the
hinterland produced large volumes of ca. 565–550 Ma granitoid rocks.
These are exposed within, or along eastern flank of, the Coastal Terrane
where they seal the contact with the underlying foreland represented by
the Congo Craton with its Neoproterozoic cover (Seth et al., 1998;
Kröner et al., 2004; Konopásek et al., 2008; Janoušek et al., 2010).

5. Discussion

5.1. Was there an ocean prior to formation of the Araçuaí–West Congo
belts?

The northern part of the SANOS has been classified as a confined or
partially confined orogen (e.g. Pedrosa-Soares et al., 2001; Alkmim
et al., 2006), because it was, until the opening of the Atlantic, sur-
rounded by Archean and Paleoproterozoic continental lithosphere to
the east (Congo Craton), north and west (São Francisco Craton).
However, the same and other authors considered its pre-orogenic evo-
lution as involving a long period of subduction and associated arc
magmatism (e.g., Pedrosa-Soares et al., 2001; Tedeschi et al., 2016;
Richter et al., 2016; Amaral et al., 2020). This magmatic arc model
appears incompatible with the confined nature of the orogenic system,
which is defined by an uninterrupted connection between the São
Francisco and Congo cratons called the “São Francisco–Congo cratonic
bridge” (Alkmim et al., 2006). Such a connection makes the develop-
ment of a wide ocean virtually impossible. Therefore, the existence of a
large oceanic domain between the São Francisco and Congo cratons,
and development of a long-lived magmatic arc as a consequence of its
subduction, have been questioned (Fossen et al., 2017, 2020;
Cavalcante et al., 2019) by pointing out two critical problems: (1) The
model involves ca. 50 m.y. (630–580 Ma) of subduction of oceanic crust
(Gonçalves et al., 2016; Tedeschi et al., 2016; Amaral et al., 2020),
which implies an ocean on the order of> 1000 km in width (Fig. 7).
Such a wide ocean is incompatible with the confined intracontinental
environment of the Araçuaí–West Congo Belt; (2) Reconstruction of the
thickened Araçuaí–West Congo orogenic crust shows that the amount of
shortening possible within the continental embayment of the São
Francisco and Congo cratons was fully taken up by shortening of the
continental crust under the Macaúbas Basin (Cavalcante et al., 2019).

Cavalcante et al. (2018a) have shown that there is an overlap be-
tween the U–Pb crystallization ages for the rocks from central (Rio Doce
arc, 580 Ma; Fig. 3c) and eastern (Carlos Chagas Domain; 600–570 Ma;
Fig. 3a) hinterland regions of the Araçuaí Belt. The migmatites and
associated leucogranites of the eastern Araçuaí hinterland were inter-
preted as the result of partial melting of the middle/lower crust due to
crustal thickening (Cavalcante et al., 2018a). The granitic rocks of the

Fig. 7. A diagram showing the relationship between the spreading/subduction
rate and width of the developed/consumed oceanic domain. The diagram is
contoured for the duration of the spreading/subduction process, with high-
lighted estimated duration of: 1) development of oceanic domain in the Araçuaí
Belt (Amaral et al., 2020); 2) consumption of oceanic lithosphere and related
building of the Rio Negro magmatic arc in the Ribeira Belt (Tupinamba et al.,
2012); 3) magmatism in the Serra da Bolivia arc in the Ribeira Belt (Heilbron
et al., 2013); 4) magmatism in the Rio Doce arc in the Araçuaí Belt (Tedeschi
et al., 2016), and 5) possible development of oceanic domain in the Kaoko–Dom
Feliciano part of the southern SANOS (this work). MAR – Mid-Atlantic Ridge,
EPR – East-Pacific Rise. Note that contemporaneous subduction and spreading
is not taken into account.
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central Araçuaí hinterland were interpreted either as a magmatic arc
(Tedeschi et al., 2016), or as intrusions synkinematic to the orogenic
deformation promoted by the Africa–South America convergence
(Mondou et al., 2012). The later interpretation is consistent with the
age overlap mentioned by Cavalcante et al. (2018a). Furthermore, the
time span of synkinematic magmatic activity plus the>60 km crustal
thickness estimated for the Araçuaí Belt (Cavalcante et al., 2014), imply
onset of the São Francisco and Congo cratons convergence and related
crustal thickening well before 600 Ma. Such a time frame is in-
compatible with subduction of oceanic crust from 630 to 580 Ma, as
suggested by the widely published subduction-related models (e.g.
Amaral et al., 2020 and references therein).

5.2. Was there an ocean prior to formation of the Ribeira Belt?

This question was discussed by Tupinamba et al. (2012), who rea-
lized that the interpretation of extensive arc magmatism (790–600 Ma –
Tupinamba et al. (2012); 860–580 Ma – Heilbron et al., 2017b; Peixoto
et al., 2017) implies consumption of an extensive oceanic domain be-
tween continents on opposite sides of the orogenic system (Fig. 7). The
situation is similar to that of the Araçuaí–West Congo section, although
the “nutcracker” kinematic model of Alkmim et al. (2006) allows for
some more kinematic flexibility in the Ribeira section of the SANOS.
Some workers have tried to resolve the obvious spatial problem by
assuming a lithospheric-scale shear zone on the African side of the
system that would allow for thousands of kilometers of lateral offset
(Heilbron et al., 2008; Tupinamba et al., 2012; Almeida et al., 2013).
We have not been able to find evidence for such a shear zone in these
articles or in any of the published literature, so we consider this in-
terpretation to be a solely model-driven and speculative attempt to
create space for a wide oceanic domain in the Ribeira section. Hence a
simpler model that takes into consideration only extension and crustal
thinning without the formation of a major ocean should be considered,
as suggested by Trompette (1994, 1997), and more recently by Meira
et al. (2015, 2019a, 2019b).

5.3. Time constraints for possible extent of an oceanic domain in the
Kaoko–Dom Feliciano–Gariep belts

In contrast with the northern part of the SANOS, there are no ob-
vious spatial limitations for the development of an oceanic domain in
the Kaoko–Dom Feliciano–Gariep section prior to its convergent evo-
lution. However, the exposure of weakly metamorphosed to un-
metamorphosed sedimentary rocks in the easternmost Kaoko Belt and
in the Otavi Platform in Namibia provides two independent constraints
on a possible time gap between the end of rifting and earliest mani-
festation of convergence in the northern Kaoko–Dom Feliciano–Gariep
orogen.

Hoffman and Halverson (2008) provided a wealth of sedimentolo-
gical and structural data from the Otavi Platform that show a major
change in tectonostratigraphic evolution between the deposition of
sediments related to Sturtian and Marinoan global glaciations. While
the glaciogenic deposits associated with the Sturtian glaciation and the
directly overlying sedimentary rocks were deposited during active de-
velopment of crustal-scale normal faults, the overlying strata including
the Marinoan glaciogenic deposits were laid down during regional
subsidence compatible with cooling of the lithosphere after active
stretching. As the current estimate for the extent of the Sturtian global
glaciation is ca. 717–660 Ma (Macdonald et al., 2010; Rooney et al.,
2014, 2015) and for the Marinoan glaciation ca. 645–635 Ma
(Hoffmann et al., 2004; Condon et al., 2005; Rooney et al., 2015; Prave
et al., 2016), the possible break-up or at least the end of active rifting
must have taken place between ca. 660 and 645 Ma.

The onset of convergence in the Kaoko–Dom Feliciano–Gariep
Orogen is dated indirectly by the deposition of orogenic flysch on its
African side. The flysch sedimentary rocks are present along the entire

eastern foreland of the southern SANOS and their maximum age is set at
ca. 650 Ma based on the youngest detrital zircon age peak (Konopásek
et al., 2014, 2017). The real age of deposition of the flysch is not known
for any of its exposures except the deposits in the eastern Kaoko Belt,
where they appear below the Marinoan (645–635 Ma) glaciogenic
horizon (Konopásek et al., 2017). Such finding places the onset of de-
position of the flysch sediments in a narrow time interval between ca.
650 and 645 Ma.

Finally, the initial convergence is manifested by thickening-related
metamorphism along the western edge of the Dom Feliciano Belt.
Unfortunately, no precise ages exist for the metamorphism of the se-
dimentary cover of its foreland. So far, the only time estimate for the
initial contraction in the southern SANOS comes from dating of peak
metamorphism of the hinterland (Lenz et al., 2011), and from dating of
thrusting-related flat fabrics in the granulitic nappe in the central Dom
Feliciano Belt (Figs. 3a and 6g; Martil et al., 2016). All these data point
to active thrust tectonics at ca. 650 Ma.

The formation of the Granite Belt along the western edge of the
hinterland not only started shortly after the crustal stretching has
ceased, but first and foremost ca. 25–15 m.y. after compression-driven
exhumation of the hinterland and its thrusting onto the foreland, and
the synkinematic character of the early Granite Belt intrusions was
discussed by several authors (Bitencourt and Nardi, 1993; Oyhantçabal
et al., 2007; Florisbal et al., 2012a). Thus, instead of being a subduc-
tion-related magmatic arc, we suggest that the Granite Belt originated
during early inversion of the rift basin as a result of indentation of the
western rift shoulder into a thinned and hot lithosphere of the rift
center represented by the Punta del Este–Coastal Terrane.

All the presented data show that the maximum possible lifetime of
an oceanic domain (i.e. its opening and closure) preceding the orogenic
evolution of the southern SANOS is only ca. 10–15 Ma. Within this time
span, a potential oceanic domain would reach a large extent (ca.
1000–1500 km) only at extreme spreading rates of 20 cm/y, which is
considerably more than the maximum current spreading rate on the
planet of about 15 cm/y, as observed across the Pacific–Nazca
boundary along the East Pacific Rise (DeMets et al., 2010). If we take
into account a more conservative value of 4 cm/y that has been the
opening rate throughout most of the history of the South Atlantic Ocean
(e.g. Müller et al., 2008), the oceanic crust would only reach a width of
ca. 400–600 km (Fig. 7).

5.4. On the origin of the arc-like whole-rock geochemical signature of
plutonic complexes along the western hinterland edge of the SANOS

As discussed above, the pre-orogenic evolution in the SANOS is
characterized by too limited space to accommodate any large oceanic
domain in its northern segment and too short time for its development
in the south. These are our key objections against the geodynamic
models invoking the formation and subsequent subduction of the
Adamastor Ocean. Yet, a problem that merits discussion is the apparent
continental-arc geochemical signature of a large number of plutons in
the Araçuaí and Ribeira belts. Many authors have claimed that the
distribution of largely linear Tonian–Ediacaran plutonic complexes
along the whole western hinterland edge of the orogenic system, as well
as their broad compositional range (including intermediate–basic
rocks) and whole-rock composition have to reflect a long-lived sub-
duction of oceanic crust with attending formation of island- and/or
continental arcs.

Arguably the best studied case is the so-called G1 Supersuite or “Rio
Doce arc” connecting the central part of the Araçuaí Belt with the
Ribeira Belt (Pedrosa-Soares et al., 1998, 2001). Here, the ca. 625 and
574 Ma association of westerly Opx-bearing rocks and easterly tonali-
tes–granites±minor diorites/gabbros was interpreted as a tilted
crustal section of an arc, including its lower crustal roots (Gonçalves
et al., 2014, 2018; Tedeschi et al., 2016). Similar arguments were put
forward for the magmatic complexes in the Ribeira Belt: the older Serra
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da Prata (856–838 Ma: Peixoto et al., 2017) and younger Rio Negro
(790–605 Ma: Tupinamba et al., 2012). The whole association has been
interpreted as a Tonian primitive intra-oceanic arc evolving to more
continental or transitional arcs during the Rio Negro stage (Peixoto
et al., 2017). Lastly, some authors viewed also the southerly Granite
Belt that rims the Punta del Este–Coastal Terrane in southern Brazil and
Uruguay as a vestige of a large Neoproterozoic magmatic arc (Basei
et al., 2000, 2018; Da Silva et al., 2005). However, these authors never
published any geochemical data supporting a subduction-related origin
of the Granite Belt.

The whole-rock geochemical evidence for presumed arc-related
origin in the studies from the Araçuaí and Ribeira belts came mainly
from the major-element discrimination diagrams (Batchelor and
Bowden, 1985), the calc-alkaline character of the magmatic rocks and
their enrichment in Large Ion Lithophile Elements (LILE) over High-
Field Strength Elements (HFSE). This enrichment has been variously
expressed as negative Ta–Nb–Ti (aka ‘TNT’) anomalies in the NMORB-
or Primitive Mantle-normalized spiderplots or, simply projected in
trace-element based geotectonic diagrams (Pearce et al., 1984). As will
be shown below, such arguments can be equivocal, and certainly do not
rule out an alternative interpretation.

5.4.1. ‘Calc-alkaline’ chemistry
We emphasize that the term “calc-alkaline” is not rigorously defined

anymore (Bonin et al., 2020 and references therein), which represents a
problem in this discussion. Having been originally introduced by
Peacock (1931), it should refer to rock suites that show moderate en-
richment in calcium over alkalis. Unfortunately, over the years, the
term calc-alkaline became synonymous to subalkaline magmatic suites
lacking the strong progressive iron enrichment that characterizes the
tholeiitic trend (Irvine and Baragar, 1971). Thus defined calk-alkaline
rocks (actually ranging from calcic to alkali-calcic sensu Peacock) are
often associated with arcs, active or ancient. However, such composi-
tions can also be found within regions of continental extension, e.g. in
the Basin and Range Province and the Gulf of California, as well as
within continental collision settings, both syn- and post-collisional
(Barbarin, 1999; Sheth et al., 2002; Arculus, 2003).

5.4.2. Presence of the negative ‘TNT’ anomalies
A characteristic feature of mafic subduction-related magmas is en-

richment in elements of low ionic potential, such as LILE (Cs, Rb, Ba,
K…), Pb, Th and U. These elements are readily mobile in hydrous fluids
and thus thought to be transported from the subducting slab to the
mantle wedge (Saunders et al., 1991; Pearce and Peate, 1995; Tatsumi
and Eggins, 1995). On the other hand, the water-insoluble, “con-
servative” elements with high ionic potential, typically represented by
the HFSE, are retained in the slab and thus their budget in arc-related
magmas is controlled solely by the mantle wedge contribution (Pearce
et al., 2005). As a consequence, the NMORB-normalized spiderplots
should be characterized by the presence of significant negative Ta, Nb,
Ti (‘TNT’) anomalies.

These anomalies will persist in products of fractional crystallization
from the primary arc-related basaltic melts, a process considered im-
portant in the lower crustal roots of arcs (Hildreth and Moorbath, 1988;
Grove et al., 2003; Annen et al., 2006; Ulmer et al., 2018). On the mass-
balance basis, it would have to be followed by delamination of the
heavy, garnet-bearing lowermost crust into the asthenospheric mantle
(Arndt and Goldstein, 1989; Kay and Kay, 1993; Lee and Anderson,
2015). Moreover, the negative Ti anomaly would be further amplified
by the fractionation of Ti-magnetite and/or Ti-bearing ferromagnesian
minerals.

On the other hand, melt-inclusion study has demonstrated a dearth
of andesitic liquids in some arcs (Reubi and Blundy, 2009). Then the
andesitic magmas are assumed to originate mostly by mixing–mingling
of siliceous and basaltic magmas in the upper crustal reservoirs. Indeed,
many arcs show overwhelming field, petrological and geochemical

evidence of interaction between compositionally dissimilar magmas, as
well as microtextural record for chemical and thermal disequilibria and
exchange of xenocrysts (Didier and Barbarin, 1991; Vernon, 1991;
Hibbard, 1995; Barbarin, 2005).

In contrast, the felsic magmatic rocks originating by anatexis of
continental crustal sources – regardless whether in arcs, collisional and
post-collisional orogenic settings or rifts – may yield very confusing
geochemical signal. The most difficult part is geochemical finger-
printing of post-collisional granitoids that can be potentially generated
from the greatest range of sources and thus acquire variable composi-
tions, including a subduction-like one (Pearce, 1996).

Rather than the true geodynamic setting, the whole-rock geo-
chemistry in such cases tends to reflect the composition of the source,
which is often characterized by long crustal residence and complex
recycling history (Pearce et al., 1984; Pearce, 1996; Förster et al., 1997;
Frost et al., 2016). Critically, partial melting of metasedimentary rocks
coming from ancient subduction-related sources would produce
granitic magmas characterized by LILE/HFSE enrichment and thus also
the eye-catching TNT anomalies resembling genuinely subduction-re-
lated suites (Janoušek et al., 2010; Konopásek et al., 2018).

The strong enrichment of LILE over HFSE is not only one of the
principal characteristics of the arc-related magmas but also of the
continental crust as a whole (Rudnick and Gao, 2003; Taylor and
McLennan, 2009 and references therein). This geochemical signature
has been taken by many workers as evidence that subduction zones may
represent an important place of crustal growth (Kelemen, 1995; Jagoutz
and Schmidt, 2012). Taken together, the presence of TNT anomalies in
NMORB- or Primitive Mantle normalized spider plots on its own may
represent a poor indicator of tectonic setting and thus cannot be re-
commended in absence of further evidence coming from structural,
petrological and geotectonic research.

5.5. A predominantly intracontinental orogen model

Obvious spatial problem with the presence of an extensive oceanic
domain between the São Francisco and Congo cratons in the northern
part (Fossen et al., 2017, 2020; Cavalcante et al., 2019), as well as the
short time span between the active crustal stretching and onset of
orogenic evolution in the southern part (Konopásek et al., 2017, 2018)
are the critical features reviewed in this paper that point at a largely
intracontinental setting of the SANOS. Such a tectonic setting would not
be unique, as intracontinental orogeny has been described from several
continents, notably the Pyrenees (Beaumont et al., 2000), the Peterman
(Cambrian) and Alice Springs (Devonian–Carboniferous) orogens in
Australia (Raimondo et al., 2010), the central Asian examples north of
the Tibetan Plateau (Raimondo et al., 2009), or the Paleoproterozoic (Li
et al., 2011) and early Paleozoic (Faure et al., 2009) orogens in China.
Intracontinental orogens show a range of features characteristic of
orogens in general, including high-temperature metamorphism and
migmatization, magmatism and even continental subduction (Faure
et al., 2009). They also show a range in orogenic width, from the 150
km wide Pyrenees to the 1300 km width estimated for the early Pa-
leozoic orogen of SE China (Faure et al., 2009). The ca. 500 km wide
SANOS falls in the middle of this range, although it represents a longer
intracontinental orogenic belt than e.g. the Pyrenees or the Australian
examples. The SANOS can be said to differ with respect to the large
amount of melt involved, consistent with the general notion that the
system was unusually hot (e.g., Bento dos Santos et al., 2015;
Cavalcante et al., 2018a; Vauchez et al., 2019), regardless of whether it
is considered as inter- or intracontinental.

The above-summarized data point to a very limited extent or even
non-existence of oceanic crust between the exposed African
(Congo–Kalahari) and South American (São Francisco–Luis Alves–Nico
Pérez) foreland basement domains prior to Neoproterozoic (Brasiliano/
Pan-African) convergence. A large number of data suggests that the
Neoproterozoic period of episodic rifting lasted from ca. 840 Ma up to
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ca. 660 Ma in the southern SANOS (see the summary in Konopásek
et al., 2018) and from ca. 950 up to ca. 650 in the northern SANOS
(Castro et al., 2019). It is thus very likely that the so-called “ophiolites”,
i.e. associations of metamorphosed ultramafic and/or mafic rocks in the
Araçuaí and Ribeira belts dated at ca. 850–820 Ma (Pedrosa-Soares
et al., 1992, 1998; Heilbron and Machado, 2003) and 645 Ma (Amaral
et al., 2020), and also undated analogous occurrences in the southern
Dom Feliciano Belt (e.g. Will et al., 2014; Peel et al., 2018; Ramos et al.,
2018), represent mafic underplates or syn-sedimentary volcanics and
pieces of the sub-crustal mantle incorporated into the crust during
rifting and/or orogenic convergence. This interpretation is in line with
that of Trompette (1994, 1997), who due to dubious geochemical af-
finities of the magmatism and numerous fragments of cratonic crust
interpreted the Araçuaí–West Congo–Ribeira belts as mainly in-
tracontinental. Also Meira et al. (2019b) suggested that the ca. 800–750
Ma mafic and granitic magmatism in the central Ribeira Belt was re-
lated to crustal thinning during an extensional event.

The ages of the oldest (ca. 860–760 Ma; Tupinamba et al., 2012;
Heilbron et al., 2017b; Meira et al., 2019b) metamorphosed igneous
rocks with apparent subduction-related geochemical signature in the
northern SANOS (Ribeira Belt) also overlap with the timing of rifting in
its southern part (see Section 4.1). Metaigneous rocks of similar age and
geochemistry are omnipresent in the hinterland domain of the Kao-
ko–Dom Feliciano–Gariep belts (see summary in Konopásek et al.,
2018). However, as has been discussed by Konopásek, loc.cit. and
above (Section 5.1.), the apparent subduction-related imprint (calc-al-
kaline chemistry and LILE–HFSE enrichments), especially in felsic
magmatic rocks, may reflect the geochemical signature of the source
rather than the true geodynamic setting. In line with this argument, we
suggest that, just like in the Kaoko–Dom Feliciano–Gariep hinterland,
the 860–760 Ma granitoid rocks in the Ribeira Belt hinterland origi-
nated during rifting-related melting of the local lower crust with, or
without, contribution of the underlying lithospheric mantle.

There are no reliable age data that would document igneous activity
in the hinterland of the entire SANOS between ca. 760 (± 20) Ma and
ca. 650 (± 10) Ma (Fig. 4). This time gap has been either interpreted as
the time of already established and continuing subduction activity (e.g.
Heilbron et al., 2008; Peixoto et al., 2017), or in the majority of cases as
the period of continental drift and formation of the Adamastor Ocean
(e.g. Pedrosa-Soares et al., 2001, 2008; Basei et al., 2000, 2008;
Frimmel, 2018). However, at least in the southern SANOS foreland, the
above-mentioned period shows igneous activity and faulting suggesting
active stretching of the lithosphere (Frimmel et al., 1996; Borg et al.,
2003; Hoffman and Halverson, 2008; Konopásek et al., 2014, 2018)
compatible with ongoing rifting.

The data from the Kaoko–Dom Feliciano–Gariep belts suggest that
inversion of the “Adamastor Rift” (sensu Konopásek et al., 2018) in the
southern SANOS started along its western shoulder at ca. 650 Ma. This
is recorded by the granulite-facies metamorphism in the lower–mid-
crustal rocks of the hinterland in the southern SANOS and their
thrusting over the western foreland (Lenz et al., 2011; Battisti et al.,
2018). The timing of early orogenic thickening in the southern SANOS
corresponds closely with the period of inversion of the Paramirim au-
lacogen (Fig. 3a) in the Araçuaí Belt of the northern SANOS
(Süssenberger et al., 2014), as well as with the inferred onset of oro-
genic thickening in the Ribeira Belt (Meira et al., 2015, 2019b).

5.6. A relic of the “Adamastor” oceanic crust in the southernmost part of
SANOS?

Despite the evidence for largely intracontinental setting of the
SANOS, some oceanic crust may have developed, as manifested by the
interpreted oceanic origin of the allochthonous uppermost tectonic unit
in its southernmost part (the Marmora Terrane in the Gariep Belt; see
e.g. Frimmel, 2018). Based on their tectonic position east of the as-
sumed magmatic arc, as well as imprecise Ar–Ar ages of 630–600 Ma

determined by Frimmel and Frank (1998), these oceanic rocks were
interpreted by Frimmel (2018) as a relic of a back-arc basin. However,
data from the central and southern Dom Feliciano Belt presented above
show that the basement of the Granite Belt (i.e. the assumed magmatic
arc) was undergoing contraction from ca. 650 Ma and was exhumed
already by ca. 630 Ma. This means that the formation of oceanic crust at
630–600 Ma in this overall contractional setting is unlikely.

Some of the mafic metaigneous lithologies in the Marmora Terrane
of the Gariep Belt represent metamorphosed tholeiitic basaltic–ande-
sitic rocks with low Ti, Th/Nb and primitive (strongly radiogenic) Nd
isotopic compositions. Their characteristic features are LREE-depleted
chondrite-normalized REE patterns and Primitive-mantle-normalized
spiderplots lacking negative Nb–Ta anomalies, resembling NMORBs
(Will et al., 2014). The other metabasic rocks from the Marmora Ter-
rane are alkaline, showing more enriched REE patterns but likewise
lacking negative Nb–Ta anomalies. They thus resemble EMORB- or OIB-
like basalts unrelated to subduction (Dilek and Furnes, 2011, 2014;
Pearce, 2014).

Based on the geological evidence presented above, we interpret the
remnants of the ocean floor in the Gariep Belt as the only exposed relics
of the Adamastor “Ocean”. The fact that these rocks were obducted on
top of the eastern foreland is in line with our interpretation that they
represented a narrow domain of oceanic lithosphere that was not dense
and strong enough to initiate subduction (Doglioni et al., 2007). We
also note that the oceanic crust must have formed in the rather short
time interval of ca. 660–650 Ma. For this reason, we suggest that the
pre-convergence geometry in the southern part of the Kaoko–Dom Fe-
liciano–Gariep orogen was similar to the present-day Red Sea–Gulf of
Aden rift zone, and the large-scale geometry of the entire Adamastor rift
system was probably reminiscent of the present-day East African Rift
Zone, although probably wider (Fig. 8).

5.7. Final note about paleogeographic reconstructions of the transition from
Rodinia to Gondwana

As discussed by Konopásek et al. (2018), the developing Adamastor
rift system was probably situated along an active margin of a large
continental domain (Rodinia) and not in its deep interior, as suggested
by some of the current paleogeographic reconstructions (e.g. Evans,
2009; Li et al., 2013). Also, the summary of pre-convergent evolution of
the SANOS presented in this work rules out any reconstruction that
places the São Francisco–Congo, Kalahari and Rio de la Plata (including
the Nico Pérez–Luis Alves) cratonic domains far apart from each other
in post-Mesoproterozoic times (e.g. Evans, 2009; Merdith et al., 2017).
In fact, recent paleomagnetic data from the southern edge of the Congo
and northern edge of the Kalahari cratons by Salmien et al. (2018)
suggest that their present mutual position is largely the same as it was
at the end of the Mesoproterozoic, only partly modified during the
Neoproterozoic. It has to be noted that Salmien et al. (2018) suggested
rifting and large-scale drift of the Congo and Kalahari cratons between
ca. 1.1 and 1.0 Ga, however the geological record shows continuous
rifting between adjacent margins of these cratons from ca. 800–660 Ma
(Hoffmann et al., 2004; Hoffman and Halverson, 2008), which dis-
qualifies such an interpretation.

In our view, the best published paleogeographic reconstruction re-
lated to the pre-convergent evolution of the SANOS is the one by
Johansson (2014), though also this reconstruction needs modification
based on the geological record and implications presented in the cur-
rent work. Johansson (2014) presented a reconstruction of Rodinia, in
which all the basement blocks present along the eastern edge of the
South American continent are attached to the Congo and Kalahari
cratons during the early development of the Adamastor Rift between
850 and 750 Ma, and these blocks represent a continental margin facing
an open ocean to the east (Fig. 9a). In the next step, based on published
literature, Johansson (2014) presented the break-up and drift of the São
Francisco, Paranapanema and Rio de la Plata blocks away from the
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Congo and Kalahari cratons associated with the growth of the Ada-
mastor Ocean from ca. 750 Ma (see Fig. 4 in Johansson, 2014). At this
point, we suggest modification of the reconstruction based on the data
presented above. The Adamastor Ocean with its later subduction is
removed, and the evolution continues by ongoing closure of the Bra-
siliano (Clymene) Ocean (Fig. 9b). The gradual closure of this oceanic
domain is compensated by ongoing widening of the Adamastor Rift and
by the opening of the Mozambique Ocean (Fig. 9b). Final closure of the
Brasiliano (Clymene) Ocean at ca. 650 Ma and beyond leads to collision
of the Amazonian Craton and surrounding crustal blocks with the São
Francisco, Paranapanema and Rio de la Plata cratons. This collision
initiates inversion of the Adamastor Rift and orogenic development of
the SANOS between ca. 650 and 480 Ma (Fig. 9c), leading to assembly
of western Gondwana.

6. Conclusions

1) The confined character of the northern SANOS, which terminates
against rifted, but unbroken, São Francisco–Congo cratonic base-
ment, poses a space problem for existence of a large oceanic domain
(Adamastor Ocean) that could be subducted prior to the orogenic
evolution.

2) No obvious space problem for the presence of an oceanic domain

exists in the southern SANOS. However, sedimentological data from
the Neoproterozoic sedimentary cover of the Congo Craton in
Namibia, timing of early convergence and thickening in the Dom
Feliciano Belt and orogenic flysch deposition on the African side of
the orogenic system suggest only 10–15 m.y. of life time (i.e. be-
tween opening and closure) for a potential Adamastor Ocean.

3) Apparent subduction-related geochemical signatures (calc-alkaline
character and LILE/HFSE enrichments expressed as negative
Ta–Nb–Ti anomalies in NMORB-normalized spiderplots) of volumi-
nous magmatic rocks along the entire SANOS are interpreted as
spurious, largely inherited from their sources.

4) In the southern part of the SANOS, the voluminous magmatism
along the western edge of the hinterland commenced ca. 20–25 m.y.
after the onset of crustal thickening, which is incompatible with its
earlier proposed subduction-related origin.

5) Regarding the presumed ophiolite sequences, metamorphosed ju-
venile mafic volcanic rocks (of largely unconstrained age) associated
with fragments of mantle rocks are interpreted as mafic underplates
or syn-sedimentary volcanics and pieces of the local lithospheric
mantle incorporated into the crust during rifting and/or orogenic
convergence.

6) The reviewed data point to an intracontinental character of the
SANOS, i.e. to a much simpler model than previous models that

Fig. 8. Interpretative figure showing possible configuration and extent of separation of pre-Neoproterozoic crustal blocks representing the basement units of the
SANOS close to the end of active crustal stretching. Pre-convergent architecture of the SANOS is interpreted as an extensively rifted continental margin (Adamastor
Rift), resembling the geometry of the present-day Red Sea–Gulf of Aden–East Africa rift system. Note that there is no general agreement about subduction polarity
west of the rift system.
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considered numerous arc complexes, terrane collisions and related
deformation phases. Our model involves a long period of episodic
crustal stretching between ca. 950 and ca. 650 Ma in the northern,
and between ca. 835 and ca. 660–650 Ma in the southern SANOS.
This rifting only evolved into the formation of a narrow oceanic
domain (max. 400–600 km wide at a spreading rate of 4 cm/y) in
the southernmost SANOS, where the former oceanic crust is now
exposed as an allochthonous unit in the Gariep Belt. Further to the
north, the “Adamastor Rift” probably never opened into an oceanic
domain.

7) Such an interpretation implies that the pre-convergence geometry in
the southern part of the Kaoko–Dom Feliciano–Gariep Orogen was
similar to the present-day Red Sea–Gulf of Aden rift zone, and the
large-scale pre-convergence geometry of the entire SANOS re-
sembled the present-day East African Rift Zone.
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