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1. Introduction 

Heilbron et al. (2020) present a review of their model for the Ribeira 
section of the South Atlantic Neoproterozoic orogenic system (SANOS), 
which, together with its northward and southward continuation into the 
Araçuaí and Dom Feliciano belts, constitutes the Mantiqueira province 
on the Brazilian side of the South Atlantic Ocean. They lean mainly on 
geochemistry and related tectonic discrimination diagrams as they 
construct a ~340 m.y. long (860–520 Ma) history of multiple subduc-
tion, accretion and arc formation events. Their evolutionary history, 
which has become longer and more complicated over time, has recently 
been shown to have fundamental problems and is challenged by alter-
native interpretations (Meira et al., 2015, 2019a,b; Fossen et al., 2017, 
2020; Cavalcante et al., 2019; Konopásek et al., 2020). Unfortunately, 
Heilbron et al. (2020) inadequately deal with these problems and 
alternative models, thereby missing the opportunity to present an 
open-minded and constructive discussion of the orogenic evolution of 
this interesting region. 

The purpose of this short comment is to expose fundamental prob-
lems and implications of Heilbron et al.’s (2020) model. We mainly 
comment upon 1) the inconsistent and selective use of geochemical 
tectonic discrimination diagrams that makes the authors refuse alter-
native models; 2) their four additional arguments against an 

intracontinental orogenic model; 3) the fundamental space problem and 
failures of the Heilbrons et al.’s (2020) kinematic model; 4) the chro-
nology of the orogenic events in the central Ribeira belt that is incom-
patible with the timing of multiple terrane collisions implied by 
Heilbron et al.’s (2020) model, and 5) the geochronologic and strati-
graphic constraints from the southern part of the orogenic system, which 
is a direct continuation of the Ribeira belt. All these data speak against 
the presence of a large Adamastor ocean. 

2. Geochemical discrimination diagrams must be used with care 

Major- and trace-element based diagrams for discrimination of 
geotectonic setting of igneous rocks (e.g., Pearce and Cann, 1973; Pearce 
and Norry, 1979; Pearce et al., 1977; Wood, 1980) have been exten-
sively used (and abused) since they were first introduced in early 1970’s. 
In contrast with the rather grim conclusions of Li et al. (2015), we 
consider such diagrams as useful projections that may often help to 
constrain the geodynamic setting of ancient magmatic suites, particu-
larly of mafic composition. 

Unfortunately, Heilbron et al. have not chosen a consistent set of 
diagrams that would facilitate systematic comparison between individ-
ual magmatic suites discussed in their work. Moreover, several of their 
diagrams are problematic, and interpreted in a too simplistic way, 
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sticking to just one of the possible interpretations and not discussing the 
alternatives or simply the entire spread of the data. 

Nowadays the mostly abandoned diagram of Pearce et al. (1977) (see 
Fig. 7 in Heilbron et al., 2020) is based on the major elements Mg, Fe and 
Al that are fractionated by early magmatic ferromagnesian minerals (e. 
g., olivine, pyroxenes) and feldspars. Hence already the original authors 
caution against using their MgO–FeOt–Al2O3 plot for intrusive rocks, 
restricting its scope solely to phenocrysts-free lavas. For this reason, this 
projection seems inappropriate in the present case. 

The diagrams of Pearce et al. (1984), even though still popular in the 
granitoid community, also suffer from several shortcomings. In partic-
ular the Y + Nb vs. Rb diagram, employed also in the current work, 
discriminates (some of the possible) sources of granitic magmas but not 
necessarily the geodynamic setting of melting. For instance, 
syn-collisional granites are simply assumed to be exclusively strongly 
peraluminous, pelite-derived granites, while a variety of other sources 
may be involved, both metasedimentary and metaigneous. Similarly, 
Pearce with co-workers stressed that post-collisional granites cannot be 
easily discriminated, as they originate by interaction of magmas coming 
from variable crustal and mantle sources, depending, among other fac-
tors, on the crustal composition of the colliding plates and collision 
geometry (Pearce, 1996). The ambiguity associated with the discrimi-
nating power of the Y + Nb vs. Rb diagram has been documented by 
rigorous testing in dedicated work (Förster et al., 1997). 

The high Ba–Sr contents of intermediate to acid magmatic rocks are 
taken by Heilbron et al. as evidence for the origin of these from sub-
duction fluid-modified asthenospheric mantle. However, already the 
detailed discussion of the Ba–Rb–Sr ternary plot by El Bouseily and El 
Sokkary (1975) shows that such compositions are characteristic of 
(quartz) diorites, granodiorites and some of the granites. Indeed, one can 
propose that similarly low Rb/Ba and Rb/Sr ratios can also be produced 
by partial melting of plagioclase-rich sources, such as metagraywackes 
(Sylvester, 1998) or intermediate–basic metaigneous basement (e.g., 
Rapp and Watson, 1995). Granulitic, melt-depleted sources stripped of 
Rb by some earlier anatectic event represent another viable alternative. 

In general, since magmas parental to individual igneous suites in 
variable geotectonic settings may form from variable sources at a range 
of P–T conditions, and further change composition through differenti-
ation processes such as fractional crystallization/accumulation, magma 
mixing and/or crustal contamination, geotectonic discrimination dia-
grams do not give absolutely conclusive answers. This was emphasized 
by Konopásek et al. (2020), who concluded that the LILE enrichment 
and TNT (Ta, Nb, Ti) anomalies in NMORB- or Primitive Mantle 
normalized spider plots presented for many Neoproterozoic igneous 
rocks of the Mantiqueira province may represent a poor indicator of 
tectonic setting, in keeping with the general current knowledge that 
geochemical discrimination diagrams must always be used in combi-
nation with independent evidence to characterize tectonic environment 
(e.g., Bonin et al., 2020). Hence, when conflicting evidence appears, 
such as the space problem discussed below, geochemical data should not 
stop us from considering alternative geotectonic models. For the Ribeira 
belt, the space problem is extremely severe, and the alternative is a 
(predominantly) intracontinental model, as argued by Meira et al. 
(2019a, b) and Konopásek et al. (2020). 

In addition to the geochemical data of igneous rocks, Heilbron et al.’s 
(2020) tectonic model relies on the occurrence of juvenile mafic mag-
matism to support their interpretation. Juvenile mafic magmatism is 
indeed a well-known characteristic of modern island arcs and active 
continental margins, both at the volcanic front and back-arc settings. 
However, such magmatism does not exclusively occur in these tectonic 
environments (see discussion in Meira et al., 2020). For example, 
post-collisional to late-orogenic setting with attending orogenic root 
delamination or rifting-related thinning could be geodynamic possibil-
ities to account for the available geochemical and isotopic data for the 
Ribeira belt. 

3. Their four arguments against intracontinental orogeny 

The first two arguments of Heilbron et al. (2020) that add to the 
purely geochemical argument are the interpretation of some metasedi-
mentary successions in the Ribeira belt as being fore-arc and back-arc 
basin deposits, respectively. Since this interpretation is born out of 
their own arc model, the argument is circular and will not be dealt with 
any further. The latter two points concern ultramafic pods (ophiolites) 
and medium to high-pressure metamorphism, and these are treated 
separately below. 

3.1. Mafic pods and ophiolites 

Well-preserved ophiolites that represent actual oceanic crust are 
typically considered as evidence in support of oceanic subduction. 
However, well-preserved ophiolites have not been found in the Man-
tiqueira province. Heilbron et al. (2020) mention ultramafic lenses, but 
their statement that “more complete ophiolitic rock assemblage is pre-
sent in the Araçuaí belt” is misleading, as those weathered and poorly 
exposed (ultra)mafic metamorphic rocks do not present any ophiolite 
stratigraphy. These ultramafic lenses do not necessarily represent pieces 
of oceanic crust. They could for example have formed by rift-related 
magmatic underplating or hyperextension, and later incorporated into 
the orogen. This is the current interpretation of ultramafic lenses and 
associated metasediments in the Pyrenees, which is now understood as a 
modern intracontinental orogenic belt (Clerc et al., 2012; Tugend et al., 
2014). As another example, mafic (metabasalt and metagabbro) and 
ultramafic rocks of the traditional Alpine ophiolites have been reinter-
preted as representing crust/mantle transition at the base of hyper-
extended continental crust formed at late stages of rifting (Manatschal 
et al., 2006; Mohn et al., 2010). Ultramafic lenses also define a certain 
tectonostratigraphic level in the Scandinavian Caledonides, interpreted 
as exposed subcontinental mantle of hyperextended continental litho-
sphere and not oceanic lithosphere, and thus unrelated to the orogenic 
suture (Andersen et al., 2012). Hence, ultramafic and mafic rocks in 
orogenic belts that may appear, and even classify, as ophiolite frag-
ments, must not be considered as unambiguous evidence of a 
pre-collisional ocean, let alone oceanic subduction. 

3.2. P-T conditions 

Heilbron et al. (2020) mention medium- to high-pressure meta-
morphism and evidence for a “paired metamorphic belt” in support for 
subduction. However, high-pressure/low-temperature metamorphism 
of the type characteristic for subduction is to our knowledge not docu-
mented from the Ribeira belt. Pressures from 6 to 8–9 kbar dominate the 
Ribeira–Araçuaí belt (e.g., Bento dos Santos et al., 2015; Cavalcante 
et al., 2019; Peixoto et al., 2018). In a recent comprehensive study of 
metamorphic conditions, Meira et al. (2019a) document peak P-T con-
ditions at ~8 kbar and 600 ◦C around 620 Ma, becoming hotter under 
somewhat lower pressure around 570 Ma. These estimates fit a model 
where crustal thickening initiates before 620 Ma, followed by partial 
melting and crustal collapse (Cavalcante et al., 2013, 2018, 2019; Meira 
et al., 2019a). Hence, we do not see existing P-T data from this orogen as 
evidence for subduction and prolonged arc activity. 

4. The space problem and their kinematic model 

Heilbron et al. (2020) call for 340 million years of subduction. In 
2008, Heilbron et al.’s orogenic model involved “only” 190 Ma of sub-
duction (790–600 Ma), and they stated that “this scenario is not 
compatible with a paleogeography of a narrow ocean between the São 
Francisco–Congo and Angola paleocontinents during the Neo-
proterozoic”. This is a critical observation, because all models for the 
Ribeira belt implying subduction of an extensive oceanic domain are in 
conflict with the so far unquestioned connection (the “continental 
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bridge”) between the São Francisco and Congo cratonic foreland do-
mains. More specifically, Tupinambá et al. (2012) estimated that an 
ocean of 1300–13,000 km width was subducted during these 190 Ma. 
With this subduction period being almost doubled (340 m.y.) in Heil-
bron et al.’s (2020) review, such an ocean must have been even larger, 
comparable in width to the Atlantic or the Pacific, according to their 
own reasoning. Konopásek et al. (2020) highlighted the fact that this 
represents a cardinal space problem that is incompatible with the 
confined setting of the Ribeira and Araçuaí belts. Together with inde-
pendent evidence, they raised the question of whether or not the Ada-
mastor ocean actually existed. 

Heilbron et al. (2020), following Heilbron et al. (2008), claim that 
this fundamental space problem can be resolved by constructing a 
continental shear zone that cuts the entire Congo craton in two, from 
west to east and from top to bottom. Note that the term “craton” is here 
used rather loosely about the Congo–Tanzania–Bangweulu continental 
block as assembled prior to the Pan-African orogenic cycle, a block that 
experienced only mild and local Neoproterozoic reworking (e.g., Collins 
and Pisarevsky, 2005). In Heilbron et al.’s model, their hypothetical and 
highly speculative megashear acted as a continental transform zone that 
opened up a huge Neoproterozoic ocean, and then reversed to close the 
ocean again. This hypothetical shear zone (alternative 1 in Fig. 1) was 
suggested to run eastward from the Kwanza horst (Figs. 15 and 17 in 
Heilbron et al., 2020, following Heilbron et al., 2008 and Tupinambá 
et al., 2012), also referred to as the Malange block (De Boorder, 1982) 
and Malange uplift (e.g., Hudec and Jackson, 2002). The Kwanza horst 
(Fig. 2) is a Mesozoic horst whose location and orientation may have 
been controlled by older ductile basement fabrics of unknown age (de 
Wit et al., 2008). Older movement on the north side of this horst is 
sometimes referred to as dextral strike-slip, based on the change in strike 
of fabrics in the West Congo belt near the fault (Fig. 2). However, it is 
unclear whether this rotation reflects dextral movement along the 
Kwanza Horst lineament or simply orogenic folding; the West Congo 
orogenic fabrics show the opposite sense of rotation to the north, as part 
of a late Pan-African fold system. Hence, it is also possible to explain the 
map pattern as a result of orogenic folding and later (Mesozoic?) normal 
faulting. If the rotation is taken as evidence of dextral movement along 

the horst, this deformation would be Cambrian, according to the 
geochronologic work by Monié et al. (2012), and therefore younger than 
the hypothetical megashear suggested by Heilbron et al. (2020). 

The odd orientation of the Kwanza Horst may support the existence 
of a pre-Mesozoic basement structure along this western margin of the 
Congo craton. However, we find no geophysical or geologic data sug-
gesting that it extends laterally across the entire craton as a fundamental 
Neoproterozoic structure. Instead, the Congo craton is almost unani-
mously presented as a single Neoproterozoic continental unit from the 
Central African belt to the Damara orogen in the south, unaffected by 
any dissecting Pan-African transcurrent deformation zone (e.g., Unrug, 
1993; Carvalho et al., 2000; Trompette, 2000; Hanson, 2003; Collins and 
Pisarevsky, 2005; de Wit et al., 2008; Li et al., 2008; Begg et al., 2009; 
Pérez-Gussinyé et al., 2009; Evans et al., 2016; Globig et al., 2016; 
Salminen et al., 2018). Such an E–W shear zone (called the Luanda shear 
zone by Heilbron et al., 2008 and Tupinambá et al., 2012) would also 
have to offset the entire Congo craton, first with a sinistral sense during 
the opening and then with a dextral sense of shear during the closing of 
the oceanic domain. 

The several thousand kilometers of displacement called for by Heil-
bron et al. (2020) is as large or larger as for any known continental 
strike-slip shear zone on this planet. It does not appear so large on 
Heilbron et al.’s Fig. 17, because their cartoon-style figures do not show 
much of the oceanic crust that they call for. Their original version pre-
sented by Heilbron et al. (2008) shows this more clearly (Fig. 3) with 
Angola located completely east of their Congo craton, even though the 
duration of subduction (190 m.y) was much less than the 340 m.y. 
presented by Heilbron et al. (2020). This model would also have severe 
implications for the eastern part of the Congo craton, where the N–S 
trending Mesoproterozoic Kibaran belt (Fig. 1) appears unaffected by 
E–W Neoproterozoic lateral movements. 

We note that Heilbron et al. (2020) make a very brief reference to 
what de Wit and Linol (2015) name the Central Angola Mobile Belt. Wit 
and Linol (2015) consider this poorly described belt as a NW–SE 
trending Paleoproterozoic zone interpreted as an Eburnian (2.3–1.9 Ga) 
Himalaya-type collision or suture zone that includes some Archean 
fragments (reworked mainly around 2 Ga) and some 1.4 Ga Kibaran 
granites, with some evidence of Pan African deformation (Linol pers. 
com., 2020). The Pan-African reactivation indicated by de Wit and Linol 
(2015) appears to be limited, as we have not been able to find any 
description of such reactivation in the literature. 

Altogether we find little or no geoscientific evidence for the existence 
of an enormous shear zone that completely separates the Congo craton 
into two parts during the Pan-African/Brasiliano orogenic history. 
Should it happen to exist, would it actually resolve the space problem of 
Heilbron et al.’s (2020) arc/subduction model? To evaluate this further, 
it is necessary to first accurately reconstruct the orogenic region to its 
pre-Atlantic situation (Figs. 1 and 2). The reconstruction allows us to 
render the CAMB alternative (“2” in Fig. 1) as kinematically unrealistic, 
because motion along this is incompatible with the well-documented 
dextral transpression in the Ribeira belt (e.g., Vauchez et al., 1994). 
The other proposal made by Heilbron et al. (2020, see their Fig. 17), 
indicated as “1” in Fig. 1, could kinematically close an ocean to the 
south. However, the space problem would still exist north of the shear 
zone. Our reconstruction (Fig. 2) shows that a substantial part of the arc 
and arc-related units are located north of this hypothetical shear zone 
(note that Fig. 17 in Heilbron et al. portrays this shear zone reaching the 
SF craton too far to the north). Hence such a shear zone provides no 
solution for the ocean subducted during the supposed 630–580 Ma arc 
activity in the Araçuaí belt. As demonstrated by Fossen et al. (2020), the 
arc/subduction model predicts an ocean on the order of 1000 km to have 
existed north of this hypothetical shear zone, which is quantitatively 
impossible given the undisputed confined setting of the Araçuaí–West 
Congo section: all of the convergence that can be produced in the Ara-
çuaí–West Congo section is needed to invert the thin pre-orogenic rifted 
crust to thick orogenic crust (Cavalcante et al., 2019; Fossen et al., 

Fig. 1. Reconstruction to 200 Ma (pre-Atlantic rifting and opening) using 
GPlates and the Seton et al. (2012) model. IB, Irumide belt; LA, Lufilian arc. 
Arc-terranes of the arc-subduction model in the Ribeira-Araçuaí are marked in 
red (see Fig. 2 for more details). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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2020). Hence, the arc/subduction model must be replaced by an intra-
continental tectonic model for the Araçuaí belt. This has fundamental 
consequences for the Ribeira belt, since the Rio Doce “arc” of the Araçuaí 
belt is part of the outer arc system of Heilbron et al. (2020) (Corrales 
et al., 2020). 

5. Geochronologic constraints from the Ribeira belt 

P-T-t-d data from metamorphic rocks from two different geological 
domains (Embu and Costeiro domains) in the central Ribeira belt, 
interpreted as two distinct terranes (Embu and Oriental terranes) in the 
multiple subduction model of Heilbron et al. (2020), indicate a ~80 m.y. 
long single and continuous orogenic event (~640-560 Ma) in both do-
mains. This orogenic event consists of a crustal thickening stage 
(~640-600 Ma) followed by a late-orogenic stage (600-560 Ma) (Meira 
et al., 2019a, 2020). These data are incompatible with the interpretation 
of coeval development of two independent magmatic arc systems (Inner 
and Outer arc systems) earlier than 595 Ma, and late diachronous col-
lisions from 595 to 520 Ma, as proposed by Heilbron et al. (2020). 

6. Geochronologic and stratigraphic constraints from the 
Kaoko–Dom Feliciano–Gariep belt 

Further south, the sedimentological data of Hoffman and Halverson 
(2008) from the Neoproterozoic sedimentary cover of the Congo Craton 
in Namibia show that active stretching of the pre-orogenic continental 
crust compatible with pre-breakup rifting ended in the period between 
the Sturtian and Marinoan global glaciations, i.e. between ca. 660–645 
Ma (e.g. Rooney et al., 2015). Early orogenic evolution is recorded in the 

Fig. 2. Close-up of the reconstruction in Fig. 1, showing the arc systems as interpreted by Heilbron et al. (2020), extended into the Araçuaí based on Tedeschi 
et al. (2016). 

Fig. 3. Heilbron et al.’s kinematic model as redrawn from Heilbron et al. 
(2008) for 640–610 Ma, i.e. long after their subduction initiation at around 860 
Ma. Note the enormous offset by the hypothetical shear zone. An, Angola; CF, 
Cabo Frio; Co, Congo; SF, RP, Rio de la Plata; São Francisco. 
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relics of the hinterland domain in the Dom Feliciano Belt, which shows 
crustal thickening and thrust tectonics at ca. 650 Ma (Lenz et al., 2011; 
Martil et al., 2016; De Toni et al., 2020). Finally, orogenic flysch 
deposition on the African side of the orogenic system before the onset of 
Marinoan glaciation at ca. 645 Ma (Konopásek et al., 2017) shows that at 
this time, no large oceanic domain existed between the foreland do-
mains of the Kaoko–Dom Feliciano–Gariep orogenic system. All these 
data suggest that there was only 10–15 m.y. available for ocean crust 
formation and its subsequent consumption by hypothetical subduction 
(Konopásek et al., 2020). This would have resulted in only a very narrow 
ocean, in stark contrast to the 340 m.y. of subduction and accretion 
proposed by Heilbron et al. (2020) for the adjoining Ribeira belt. It 
seems highly unlikely that the Ribeira section of a continuous orogenic 
system (SANOS) would be so fundamentally different from its northern 
(Araçuaí) and southern (Dom Feliciano) parts. 

7. Conclusions 

The evolutionary model presented by Heilbron et al. (2020) for the 
Ribeira belt, which involves a complicated 340 m.y. long history of 
subduction, multiple arc systems, microcontinents and collisions and 
final closure of a large oceanic environment as late as 520 Ma, has 
fundamental problems that were not sufficiently treated in their review: 

- The space needed for their thousands of kilometers of oceanic envi-
ronment is very difficult to accommodate.  

- The suggestion to cut the Congo craton in two by a transform shear 
zone implies several 1000 km of displacement and would make it 
perhaps the largest shear zone in the world. There is no geologic or 
geophysical evidence for its existence, and we consider this as a 
hypothetical thought experiment only.  

- Heilbron et al.’s (2020) “arc” environment and their Neoproterozoic 
Adamastor ocean continue northwards across their hypothetical 
shear zone and deep into the Araçuaí belt. Hence the shear zone 
model fails as a kinematic explanation of the arc/subduction model. 

- Very limited time is available for oceanic development in the Kao-
ko–Dom Feliciano–Gariep belt to the south.  

- Metamorphic and geochronologic data from the Ribeira belt fit 
intracontinental models.  

- The available whole-rock geochemical data from the orogenic 
magmatic rocks are consistent with, but do not prove an arc/sub-
duction tectonic setting. Such data allow for other geodynamic in-
terpretations, including continental collision- and rift-related 
environments. 

Any model applied to the Ribeira belt must deal with these problems 
and must be consistent with the tectonic evolution of adjacent parts of 
the orogenic system. Heilbron et al.’s (2020) complex arc/subduction 
model is further complicated by the unsolved and apparently unsur-
passable space problem. It is therefore important that we explore 
simpler intracontinental orogenic models, where the voluminous mag-
matism is explained in other ways, rather than just complicating an 
existing problematic model. 
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Geochronological review of the Precambrian in western Angola: links with Brazil. 
J. Afr. Earth Sci. 31, 383–402. 

Cavalcante, G.C.G., Egydio-Silva, M., Vauchez, A., Camps, P., Oliveira, E., 2013. Strain 
distribution across a partially molten middle crust: insights from the AMS mapping 
of the Carlos Chagas Anatexite, Araçuaí belt (East Brazil). J. Struct. Geol. 55, 
79–100. 

Cavalcante, C., Fossen, H., de Almeida, R.P., Hollanda, M.H.B.M., Egydio-Silva, M., 
2019. Reviewing the puzzling intracontinental termination of the Araçuaí-West 
Congo orogenic belt and its implications for orogenic development. Precambrian 
Res. 322, 85–98. 

Cavalcante, C., Hollanda, M.H.B.M., Vauchez, A., Kawata, M., 2018. How long can the 
middle crust remain partially molten during orogeny? Geology 46, 839–842. 

Clerc, C., Lagabrielle, Y., Neumaier, M., Reynaud, J.-Y., Saint Blanquat, M., 2012. 
Exhumation of subcontinental mantle rocks: evidence from ultramafic-bearing 
clastic deposits nearby the Lherz peridotite body, French Pyrenees. Bull. Soc. géol. 
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