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The Kaoko Belt in northwestern Namibia formed during the assembly of Gondwana in the Neoproterozoic to
Cambrian Pan-African orogenic cycle. The belt has a complex tectonic architecture, in which a variety of
basement units and metasedimentary associations became juxtaposed along shear zones and experienced
widespread intrusive magmatism, generally confined to its western domain. We present a large new dataset of
whole-rock geochemical and isotope data, as well as U-Pb zircon ages, encompassing a wide variety of granitoids
and subordinate basic rocks across the Kaoko Belt. This is complemented by whole-rock isotope analyses from
various basement and metasedimentary units and by a compilation of data from the literature. The new dataset
strengthens previous models that correlate the granitoids in the Kaoko Belt to the coeval Florianépolis Batholith
in the South American Dom Feliciano Belt, which we use to shed new light on the tectonic organization and
evolution of the Pan-African orogenic cycle in the Neoproterozoic. The similarities in the compositional range of
granitoids from both sub-domains of the Western Kaoko Belt, namely the Orogen Core and the Coastal Terrane,
suggest that the entire zone comprises a heterogeneous but comparable and consistently diverse association of
rocks. The comparison to South America underscores that, while the granitoids have “crust-like” isotopic sig-
natures, these are in sharp contrast with those of the mostly Archean to Paleoproterozoic basement rocks of both
the Kaoko and Dom Felicano belts. This suggests that the magmatic sources of the intrusive magmatism of the
Kaoko Belt are likely a mixture of autochthonous crustal melting with an important mantle-derived input at some
point after the Paleoproterozoic. This input was probably driven by accretionary orogeny and/or rifting that took
place in the Tonian, Ediacaran, or both. The presence of more juvenile associations in the western domain of the
Kaoko Belt may indicate an isotopic boundary within the belt that mirrors the tectonic configuration of the Dom
Feliciano Belt in South America. This isotopic border, which would correspond to the Puros Shear Zone, could
have acted as a terrane boundary from the earliest stages of the tectonic evolution of the Kaoko Belt.

1. Introduction post-collisional systems, in which the contribution of magma from the

partial melting of crustal material is of enormous importance (e.g., Miller

The near-ubiquitous presence of intermediate to silicic intrusive
igneous rocks (granitoids sensu lato) in all types of orogenic belts means
that understanding their petrogenesis is an invaluable asset for recov-
ering crustal growth/recycling mechanisms and reconstructing tectonic
processes (Brown, 2007; Saint Blanquat et al., 2011; Annen et al., 2015;
Moyen et al., 2021; Jacob et al., 2021). Especially in the case of syn- to
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etal., 2003; Cawood et al., 2013; Jacob et al., 2021), these rocks can also
constitute tracers of magmatic sources within the continental crust and
act as windows to the tectonic architecture of their host system by
combining tools such as whole-rock geochemistry, isotope studies, and
(inherited) zircon geochronology (Villaros et al., 2012; Gaschnig et al.,
2013; Laurent et al., 2014; Moyen et al., 2017; Gao et al., 2023).
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The joint use of bulk-rock geochemistry, isotope geochemistry and U-
Pb-Hf isotope ratios in zircon has proven to be effective in recognizing
variations in the crustal sources of the widespread granitic magmatism
in the Neoproterozoic Pan-African Dom Feliciano Belt in South America
(Florisbal et al., 2012a; Hueck et al., 2016, 2020a; Lara et al., 2020,
2021). The Kaoko Belt in northwestern Namibia, the tectonic counter-
part of the Dom Feliciano Belt across the South Atlantic (Frimmel et al.,
2011; Oyhantcabal et al., 2011; Konopasek et al., 2016, 2018; Basei
et al., 2018; Will et al., 2020; Silva Lara et al., 2022), is also charac-
terized by abundant and widespread Neoproterozoic magmatic rocks,
especially in its western domains (Masberg et al., 2005; Konopasek et al.,
2008; Jung et al., 2009; Janousek et al., 2010, 2023). However, whereas
individual magmatic associations have been the focus of detailed
petrogenetic considerations, the magmatic record of the Kaoko Belt as a
whole has not been studied so far, largely due to a lack of a compre-
hensive database. Moreover, as the Kaoko Belt has a complex internal
architecture with a remarkable variety of basement fragments, this kind
of analyses has the potential of providing valuable insights into the
tectonic organization and evolution of the orogen.

In order to address the above, this paper presents a large new dataset
of geochemical data (major and trace elements, as well as Rb-Sr and Sm-
Nd isotopes) and zircon U-Pb ages of Neoproterozoic granitoids and
subordinate associated basic-intermediate rocks from the Kaoko Belt.
This is complemented by data from the literature and by whole-rock
isotope analyses from a series of basement and metasedimentary sam-
ples from the various domains of the belt. Based on the compiled dataset,
and considering its connections to comparable units in South America,
we discuss the possible magmatic sources of the magmatism, as well as
the implications for the tectonic evolution and crustal architecture of
southwestern Gondwana during the Pan-African orogenic cycle.

2. Geological setting

The assembly of southwestern Gondwana during the Neoproterozoic
Pan-African orogenic cycle led to the formation of a system of orogenic
belts surrounding cratonic nuclei that characterize the basement geol-
ogy of the South Atlantic coasts of Africa and South America. The
southernmost belts in this system are the Dom Feliciano Belt in south-
eastern South America (e.g, Hueck et al., 2018 and references therein),
and the Saldania, Gariep, Damara and Kaoko belts in southwestern Af-
rica (Frimmel, 2018; Goscombe et al., 2018 and references therein).
These systems were formed during the tectonic interaction of the Congo,
Kalahari, and Rio de la Plata cratons, along with several smaller crustal
fragments (Frimmel et al., 2011; Basei et al., 2018; Konopasek et al.,
2018, 2020; Hueck et al., 2022). Credible correlations between the
western terranes of the Kaoko Belt and the easternmost units of the Dom
Feliciano Belt are among the best direct links between the geology on
both sides of the South Atlantic (Frimmel et al., 2011; Oyhantcabal et al.,
2011; Konopasek et al., 2016, 2018; Basei et al., 2018; Will et al., 2020;
Silva Lara et al., 2022), and are thus particularly important in the
reconstruction of the paleogeography and tectonic models of southwest
Gondwana. In addition, a series of Archean to Proterozoic basement
fragments in the southern South American Platform may have been parts
of the Angola Block (Congo Craton) prior to the Pan-African orogenic
cycle (Hueck et al., 2022).

2.1. The Kaoko Belt

The Kaoko Belt follows the South Atlantic coast from southern
Angola to central Namibia for over 400 km. It mostly comprises an as-
sociation of Neoproterozoic metasupracrustal rocks (Damara Super-
group) with exposures of Archean and Proterozoic basement rocks,
along with widespread Neoproterozoic granitic intrusions. The archi-
tecture of the Kaoko Belt is divided into four main segments (Goscombe
et al., 2003a, 2017, 2018; Goscombe & Gray, 2008; Ulrich et al., 2011;
Fig. 1), from east to west: the Eastern Kaoko Zone (foreland); the Central
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Kaoko Zone (orogenic escape Zone); and the Western Kaoko Zone, which
is further divided into the Orogen Core to the east and the Coastal
Terrane to the west. Each domain is separated from each other by major
structural lineaments and shear zones (Goscombe & Gray, 2008; Foster
et al., 2009; Oriolo et al., 2018).

The Eastern Kaoko Zone corresponds to a foreland fold-and-thrust
belt overlying basement rocks, the largest of which is the Paleoproter-
ozoic Kamanjab Inlier (e.g, Kleinhanns et al., 2015), which are
commonly ascribed to the Angola Block, and, consequently, the Congo
Craton (Jelsma et al., 2018). An alternative interpretation of the Angola
Block having drifted off the Kalahari Craton in the early Neoproterozoic
has also been speculated upon (Frimmel et al., 2011). The sedimentary
cover comprises predominantly carbonatic rocks of the Otavi Group and
includes two diamictite units that record the Stuartian and Marinoan
glaciations, respectively, covered by molasse sediments of the Ediacaran
Mulden Group (Hoffman et al., 1998, 2021; Konopasek et al., 2017). The
sequence was exposed to sub-greenschist facies temperatures and re-
cords east-verging folds truncated by a system of brittle west-dipping
thrust faults that culminates in the Sesfontein Thrust at the western
margin of the zone (Goscombe & Gray, 2008; Oriolo et al., 2018).

To the west of the Sesfontein Thrust, the Central Kaoko Zone is
dominated by a medium-grade metasedimentary sequence in complex
association with basement inliers. Basement rocks are diverse and
include relatively confined Archean associations to the south, as well as
a predominantly Paleoproterozoic association with subordinately Mes-
oproterozoic intrusive bodies, grouped together as the large Epupa
Complex to the north and extending into southern Angola (Seth et al.,
1998; Franz et al., 1999; Kroner et al., 2004, 2010, 2015; Jung et al.,
2012; Kroner & Rojas-Agramonte, 2017). The metasedimentary associ-
ation includes mainly metaturbidites and records a Barrovian meta-
morphic sequence from greenschist to upper-amphibolite facies, stacked
by E-verging nappes that become tighter and steeper to the west,
culminating in the Puros Shear Zone (Goscombe et al., 2003a, b, 2005a;
Will et al., 2004; Goscombe & Gray, 2008; Seth et al., 2008; Jung et al.,
2014). This shear zone is the clearest structural lineament of the Kaoko
Belt, and corresponds to a mylonitic belt, up to 5 km wide, with pre-
dominantly sinistral strike-slip and inverse kinematics, developed
mainly under amphibolite-facies conditions (Konopdsek et al., 2005;
Goscombe & Gray, 2008; Ulrich et al., 2011; Oriolo et al., 2018).

The eastern portion of the Western Kaoko Zone, also known as the
Orogenic Core, encompasses some of the highest-grade units of the
orogenic belt. It is subdivided into three domains, the upper-
amphibolite-facies Hartmann Domain in the north, the lower
amphibolite-facies Khumib Domain in the center, and the upper
amphibolite- to granulite-facies Hoarusib Domain in the south
(Goscombe et al., 2003b, 2005a; Seth et al., 2008; Jung et al., 2014). The
dominant unit is composed by metasedimentary rocks from the Damara
Supergroup, but Proterozoic basement slivers are interspersed within
the Orogen Core, especially in its southern portion, and both were
intruded by abundant acidic magmas along its entire length during the
Neoproterozoic (Seth et al., 1998; Kroner et al., 2004; Konopasek et al.,
2008; Janousek et al., 2010). The western portion of the Orogen Core
was profoundly affected by the Three Palms Shear Zone, a wide network
of transpressive sinistral shear zones that include several branches, such
as the Hartmann, Village and Khumib mylonitic zones. Rocks associated
with the Coastal Terrane (see below), including remnants of Tonian
orthogneisses, predominate to the west of the Three Palms Shear Zone,
but may also occur in between some of its individual branches
(Konopasek et al., 2008, 2014; Oriolo et al., 2018).

Finally, the westernmost domain of the Kaoko Belt is the Coastal
Terrane. It stretches from the Three Palms Shear Zone to the Atlantic
Ocean and consists of a long-lived magmatic system associated with a
varied association of ortho- and paragneisses. The metasedimentary
units of the Coastal Terrane are relatively more juvenile and show less of
a Congo cratonic provenance signature than the rest of the Kaoko Belt
(Konopasek et al., 2014; Goscombe et al., 2018). The terrane also
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Fig. 1. Geological map of the Kaoko Belt with location of analyzed samples, and connection between South American and African Pan-African orogenic belts in a
post-Gondwana break-up situation (inset). WKZ/CKZ/EKZ — Western/Central/Eastern Kaoko Zone; TPSZ/PSZ: Three Palms/Puros Shear Zone; HMZ/KMZ/VMZ:
Hartmann/Khumib/Village Mylonitic Zone; ST: Sesfontein Thrust; CT: Coastal Terrane; OC: Orogen Core; WR: Whole-rock. Modified from Goscombe & Gray (2008),

Jung et al. (2009), and Kroner et al. (2015).
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includes the main occurrences of Tonian orthogneisses and early-Pan-
African granitic rocks as old as 650 Ma in the Kaoko Belt (e.g.,
Konopasek et al., 2020), both of which correlate with the easternmost
units of the Dom Feliciano Belt in South America (Seth et al., 2000,
2008; Frimmel et al., 2011; Oyhantcabal et al., 2011; Konopasek et al.,
2016, 2018; Basei et al., 2018; Will et al., 2020; Silva Lara et al., 2022).

In addition to these four domains, the Pan-African rocks immediately
to the south of the Etendeka Plateau, known as Ugab Zone, are also
sometimes considered part of the Kaoko Belt in its interference zone
with the northern Damara Belt (e.g., Goscombe et al., 2018). This area is
not considered in this contribution for two reasons: first, the tectonic
subdivision of the Kaoko Belt does not apply to the Ugab Zone, thus
restricting the aims of this contribution; second, the magmatism intru-
sive in the Ugab zone is much more strongly associated, from a
geochronological perspective, with that of the Damara Belt, which is
younger than that of the Kaoko Belt (e.g., Seth et al., 2000; Masberg
et al., 2005; Passchier et al., 2007; Jung et al., 2009; Schmitt et al.,
2012).

The tectonic evolution of the Kaoko Belt was a multi-stage process.
The Coastal Terrane has an older orogenic history than the rest of the
system, recording high-grade metamorphism and magmatism from ca.
650 Ma until 590 Ma. It has been often interpreted as a magmatic arc

Precambrian Research 405 (2024) 107366

during this period (e.g., Goscombe & Gray, 2007; Konopasek et al.,
2014), though this has been challenged more recently in favor of an
intracontinental evolution (Konopasek et al., 2020; Janousek et al.,
2023, more details in section 5.3). At ca. 590 to 580 Ma, the Coastal
Terrane was thrust southeastwards onto the rest of the Kaoko Belt,
accompanied by widespread transpression and regional metamorphism
between 580 and 550 Ma. This was followed by late-stage shear-zone
reactivation and magmatism associated with the extrusion of the
orogenic core, juxtaposing terranes that record starkly contrasting
metamorphic conditions (Goscombe et al., 2005a, 2017). In this context,
the main shear zones between the individual terranes of the belt are
interpreted alternatively as early terrane boundaries from 580 Ma on-
wards (Goscombe & Gray, 2008; Foster et al., 2009) or as the result of
strain localization during the late stages of the orogeny after ca. 550 Ma
(Konopasek et al., 2005; Ulrich et al., 2011).

2.2. Pan-African magmatism

Granitic intrusions are a significant part of the geological history of
the Kaoko Belt. They do not occur in the Eastern and Central Kaoko
zones, but are restricted to the two terranes that comprise the Western
Kaoko Zone, namely the Orogen Core and Coastal Terrane. There,

Fig. 2. Field aspects of Pan-African granitoids of the Kaoko Belt. A: Leucocratic granitoid intrusive into muscovite-quartz schist in the Orogen Core (OC); B: mafic
magmatic enclave hosted in biotite-rich granodiorite, cut by late leucogranitic dyke, Tora Bay, Coastal Terrane (CT); C: Undeformed megacrystic granite with K-
feldspar phenocrysts, OC; D: granitic inselberg, OC; E: magmatic banding in pink leucocratic granite grading into pegmatite, CT; F: Late pink granitoid dykes with
magmatic banding, CT; G: swarm of mafic magmatic enclaves in hornblende- and biotite-bearing grandiorite, CT. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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however, they constitute as much as ca. 20 % of the area of the orogen
(Goscombe et al., 2018). Apart from larger, mappable plutons and
stocks, they also occur as countless bodies too small for the scale of
geological maps within metasedimentary and basement associations
(Fig. 2A). Larger intrusive bodies are particularly common close to the
various sprays of the Three Palms Shear Zone, along which they are
elongated following the NNW-SSE lineament of the Kaoko Belt, in some
cases over tens or even hundreds of kilometers.

The earliest Pan-African granites within the Kaoko Belt occur in the
Coastal Terrane. An age of 656 + 8 Ma (U-Pb zircon evaporation) re-
ported by Seth et al. (1998) for a monzogranitic augengneiss along the
Hoanib section might represent an early magmatic pulse, though similar
ages have been interpreted as high-grade metamorphism of Tonian to
Cryogenian basement in equivalent units in the Dom Feliciano Belt in
South America (Oyhantcabal et al., 2009; Basei et al., 2011a; Lenz et al.,
2011; Will et al., 2019; Silva Lara et al., 2022). The best-studied
magmatic association in the Coastal Terrane is the Angra Fria
Magmatic Complex (Konopasek et al., 2016; Janousek et al., 2023),
which comprises two suites with different ages but relatively similar
compositions ranging from gabbroic to granitic. The older suite has ages
between 626 and 620 Ma and is variously deformed, whereas the
younger suite was emplaced between 586 and 574 Ma and preserves a
weak magmatic foliation, with only localized sub-solidus overprint.
Other well-studied granitic associations from the Coastal Terrane are the
Nk Pluton and the Torrabaai-Koigabmond Complex in the Tora Bay
region (Fig. 2B, Masberg et al., 2005; Jung et al., 2009). The former
comprises fine- to medium-grained granodioritic to granitic gneiss
associated with numerous granitic veins, whereas the latter includes an
association of different intrusions comprising undeformed quartz-
diorite, granodiorite and leucogranite. The best age constraint for the
Torrabaai-Koigabmond Complex is ca. 550 Ma, based on U-Pb analyses
of both zircon and monazite (Jung et al., 2009), which also provides a
younger estimate for the crystallization age of the deformed Nk pluton.
Other granites and orthogneisses from the Coastal Terrane yielded U-Pb
zircon ages between ca. 575 and 560 Ma (Seth et al., 1998; Franz et al.,
1999).

Moving towards the eastern portion of the Western Kaoko Zone, the
abundant granodiorite to granite bodies emplaced along the various
sprays of the Three Palms Shear Zone are grouped into the Boundary
Igneous Complex (Konopasek et al., 2008; Janousek et al., 2010). Within
this complex, the megacrystic melanocratic granite and granodiorite of
the Amspoort Intrusive Suite are the most characteristic intrusive rocks
of the Kaoko Belt, being distinguished by their porphyritic texture with
centimetric K-feldspar phenocrysts and varied degrees of solid-state
deformation (Fig. 2C, D). Other varieties included in the complex are
fine- to medium-grained felsic granitoids (Janousek et al., 2010).
Magmatic ages range from ca. 580 to 550 Ma, the youngest of which are
from granite bodies that were affected by late local shear zones (Seth
et al., 1998; Kroner et al., 2004; Goscombe et al., 2005b; Konopasek
et al., 2008). The tectonic position of the Boundary Igneous Complex
within the Kaoko Belt is somewhat ambiguous, as it is strongly linked to
the wider domain of the many interlinked sprays of the Three Palms
Shear Zone, the easternmost of which is the Village Mylonitic Zone
(Konopasek et al., 2008; Oriolo et al., 2018). This section of the Western
Kaoko Belt includes rocks that are associated with both the Orogen Core
and the Coastal Terrane (Konopasek et al., 2008, 2014; Goscombe et al.,
2018). Both the Coastal Terrane and the Orogen core are cross-cut by
numerous post-tectonic pegmatitic veins (Fig. 2 E, F), in which
Goscombe et al., (2005b,2018) recognize three generations with
different orientations at ca. 530, 515 and 508 Ma.

3. Samples and methods
In order to investigate the variety of geochemical and isotopic sig-

natures in the Pan-African granitoids of the Kaoko Belt and investigate
the possible sources involved in their genesis, we compiled a large
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dataset including new analyses performed in samples collected
throughout the belt, as well as data published over the past three de-
cades. The novel dataset includes results from a total of 33 samples of
granitoids and subordinate associated basic rocks from the Western
Kaoko Zone, representing units from both the Coastal Terrane and
Orogen Core. Almost all samples were analyzed for major and trace el-
ements and Sr-Nd isotopes, and 12 samples were also dated by U-Pb in
zircon using the LA-ICP-MS method, in order to detail the intrusive
history of these units. Details on the location and characterization of
each sample are given in the Supplementary Material A, as well as a
listing of the methods applied to each sample, whereas details on the
analytical methods applied in this study are presented in the Supple-
mentary Material B. The geochemical and isotope dataset of the gran-
itoids was complemented with data from the literature, including
subordinate associated basic rocks, mostly from detail petrogenetic
studies (Masberg et al., 2005; Konopasek et al., 2008, 2016; Jung et al.,
2009; Janousek et al., 2010, 2023), as well as a few more samples from
regional studies (Seth et al., 1998, 2002; Kroner et al., 2004; Jung et al.,
2014).

As discussed above, the limits between both the Coastal terrane and
the Orogen Core are ambiguous, due to the pervasive effect of the Three
Palms Shear Zone. In the organization of our dataset, we consider all
granites between the Puros Shear Zone and the westernmost spray of the
Three Palms Shear Zone (Fig. 1) to correspond to the Orogen Core,
including the granites commonly associated with the Boundary Igneous
Complex (Konopasek et al., 2008; Janousek et al., 2010). Data on 13 new
samples from the Orogen Core come predominantly from this complex,
representing both its megacrystic (Amspoort-type) and equigranular
leucocratic units, and were collected between the Sechomib and Hoanib
sections of the belt. The remaining 20 new samples represent granites
from the Coastal Terrane, and correspond to a diverse set of magmatic
units ranging from tonalite to leucogranite. While some samples come
from the eastern portion of the Coastal Terrane along the Hoarusib
River, most samples are from the Skeleton Coast, covering an expanse
approximately between Mowe Bay and Torra Bay. Because the Coastal
terrane counts with a high number of analyses (20 new samples, added
to a dataset of ca. 100 samples compiled from the literature) and spreads
over a large geographic area, we subdivide this dataset into three
geographic regions. This subdivision is useful to identify eventual
regional variations in the sources involved in the generation of the units
(see section 5). The northern portion encompasses the Angra Fria
Magmatic Complex studied by Janousek et al. (2023) in the homony-
mous locality (Fig. 1). The central portion corresponds broadly to the
region between the Hoarusib and Hunkab rivers, and is almost entirely
represented by the new dataset. Finally, the southern portion of the
Coastal Terrane represented in this dataset extends approximately from
the Uniab to the Koigab rivers, and includes the units around Torra Bay
studied by Masberg et al. (2005) and Jung et al. (2009), besides new
samples analyzed in this study.

In addition to the data collected from the Pan-African magmatic
granitoids, 49 samples of basement rocks and metasedimentary rocks
from the Damara Supergroup were also analyzed for isotope geochem-
istry. They provide a more detailed characterization of the isotopic
signature of regional units within the belt, which can then be compared
to the intrusive units. Of these, 17 samples correspond to basement
units: six from the Eastern Kaoko Zone, mostly gneiss and granite from
the Kamanjab Inlier; and 11 from the Central Kaoko Zone, representing
gneisses from the Epupa Complex and Archean to Paleoproterozoic in-
liers in the Hoarusib and Hoanib river sections. The remaining 32
samples represent metasedimentary rocks from all four domains of the
Kaoko Belt, representing very low- to high-grade metamorphic units. As
with the sampled granitoids, the location and the characterization of
these samples are summarized in the Supplementary Material A. The
regional isotope dataset was further complemented by data from the
literature, compiled from Seth et al., (2002,2008), Goscombe et al.,
(2003b 2005b), Masberg et al. (2005), Goscombe & Gray (2007), Jung
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et al., (2007,2012), Janousek et al. (2010), Kroner et al. (2010),
Konopasek et al., (2014,2017), and Kleinhanns et al. (2015). In order to
allow for a meaningful comparison between the different units, and
considering that not all analyzed granitoids have good age constraints,
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the isotope ratios 87Sr/86Sr(i) and eng were (re-)calculated for the entire
dataset for an age of 550 Ma, corresponding to the end of the main
regional metamorphic event of the Kaoko Belt (section 2).
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green shade, and were discarded for the remaining plots in this figure; B: Modified wt. % SiO3 vs. NayO + KO classification diagram of Middlemost (1994); C:
Si0,-K20 classification plot of Peccerillo & Talor (1976); D: SiO, vs. FeOt/(FeOt + MgO) plot of Frost et al. (2001); E: SiO5 vs. Modified Alkali-Lime Index (MALI)
diagram of Frost et al. (2001); F: ASI vs. A/NK binary plot of Shand (1943). See text for the origin of data compiled from the literature. Diagrams plotted using GCDKit
(Janousek et al., 2006). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Results further, it is important to consider the potential impact of the low-grade
metamorphic overprint and solid-state deformation that affected many

4.1. Elemental geochemistry magmatic units of the Kaoko Belt. In addition to having taken samples
predominantly from little-deformed zones of the investigated outcrops,

Results from the new analyses are presented in the Supplementary we followed the approach of Janousek et al. (2023) in testing eventual
Material C. Before the whole-rock geochemical data can be interpreted modifications of the original major-element contents using the ternary
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Fig. 4. Normalized multi-element diagrams of different subsets of the Pan-African granitoids of the Kaoko Belt. A, C, E, G: Chondrite-normalized (Boynton, 1984)
REE patterns; B, D, F, H: Primitive mantle-normalized (Sun & McDonough, 1989) trace elements. All plots are compared to the total variation of predominantly basic-
intermediate and acid composition groups, as defined in Fig. 3, except for individual outliers. See text for the origin of data compiled from the literature. Diagrams
plotted using GCDKit (Janousek et al., 2006).
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plot for identification of chemical weathering of felsic and mafic igneous
rocks of Ohta and Arai (2007). As most samples plot relatively close to
the trend of un-weathered igneous rock (Fig. 3A), we assume that using
the whole-rock geochemical data for the interpretation of the magmatic
evolution of the analysed rocks is reasonable, even if minor alteration
cannot be completely ruled out in some instances. In this sense, the five
samples that fall furthest away from the un-weathered trendline
(Fig. 3A) were discarded from subsequent consideration in terms of their
more mobile major-element compositions. Overall, the compiled dataset
includes rocks with SiO5 contents that mostly range from ca. 40 to 78 %,
with basic to intermediate compositions coming from a subordinate
group of samples of gabbroid and tonalitic enclaves associated with the
granitoids (e.g., as reported by Janousek et al., 2010, 2023, illustrated in
Fig. 2B, G). These samples form a group that, with the inclusion of a few
more differentiated compositions, consistently yields geochemical sig-
natures that are different from the rest of the compilation (see
Fig. 3B-H). Overall, in the total alkalis vs. silica (TAS) plot (Middlemost,
1994), a majority of samples plot within the granite, granodiorite, and
quartz monzonite fields, with only a subordinate number of diorite and
gabbro compositions (Fig. 3B). There is a predominance of calc-alkaline
to high-K calc-alkaline compositions in the SiOg vs. K20 plot of Pecce-
rillo & Taylor (1976), with lowest KO values constrained to the
basic-intermediate group of samples (Fig. 3C). The slight tendency of
more acid samples to advance into the shoshonitic field and towards
more ferroan compositions in the SiOy vs. FeOy/(FeO; + MgO) plot of
Frost et al., (2001, Fig. 3D),observed in near-minimum melt composi-
tions, is a typical feature of highly differentiated granitoids. Otherwise,
there is a clear predominance of compositions plotting in the magnesian
field. On the other hand, calc-alkalic to alkali-calcic signatures pre-
dominate for the entire dataset in the SiO5 vs. Modified Alkali-Lime
Index (MALI) diagram of Frost et al. (2001), with a subordinate group
of calcic to calc-alkalic samples corresponding to the group of
basic-intermediate samples (Fig. 3E). Finally, in the ASI vs. A/NK binary
plot of Shand (1943), there is a predominance of slightly to moderately
peraluminous signatures, followed by a separate cluster of metal-
uminous to weakly peraluminous compositions associated with more
basic samples (Fig. 3F).

Overall, there are not many notable distinctions between the signa-
tures of the granitoids from the Orogen Core and the Coastal Terrane, or
between the different regions of the Coastal Terrane, in the diagrams
described above (Fig. 3). The southern portion of the Coastal Terrane,
for instance, is somewhat more ferroan and peraluminous than the rest
of the dataset, in addition to a slight high-K calc-alkaline affinity, though
there is still a meaningful overlap with results from other domains of the
belt.

Chondrite-normalized REE plots (Boynton, 1984) are shown in
Fig. 4, distinguishing between samples from the Orogen Core and the
different regions of the Coastal Terrane, and between new and published
data. The total range of the entire dataset is also represented in each
diagram, excluding strong outliers (see below), and differentiating be-
tween the two groups of samples established in Fig. 3, i.e., predomi-
nantly basic-intermediary and predominantly acid. Considering the size
of the dataset, the variations in the observed signatures between the
different groups are not especially large. In particular, the samples from
the Orogen Core and from the northern sector of the Coastal Terrane
have similar signatures with normalized contents varying within an
order of magnitude, always above unity. Both have signatures that
predominantly have a moderate fractionation, though two samples of
possible amphibole cumulates from the northern Coastal Terrane
analyzed by Janousek et al. (2023) stand out for their convex-upwards
patterns. The southern and central portions of the Coastal Terrane, on
the other hand, have more heterogeneous signatures, with normalized
contents varying within a range of almost two orders of magnitude, and
including some samples with overall depleted values that do not straddle
above a few tens of units. The predominant fractionation trend is still
moderate, though a group of samples from the central portion of the
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Coastal Terrane yield almost flat patterns (seven samples with Lay/Yby
< 6.00). In general, lower Layn/Yby ratios are mostly associated with the
group of basic-intermediate samples, though the contrast is not as clear
as with major-element signatures (Fig. 3). The Coastal Terrane also in-
cludes the clearest outlier of the entire dataset, sample NABR-112e,
which is a pegmatitic granitoid characterized by strongly depleted
REE values (mostly below unit) and an extreme positive Eu anomaly
(Eu/Eu* = 24.4). For the rest of the dataset, Eu anomalies are mostly
negative, ranging from moderate to strong, particularly in the Orogen
Core (median Eu/Eu* of 0.59) and in the southern portion of the Coastal
Terrane (median Eu/Eu* of 0.58). By comparison, the anomalies of the
northern Coastal Terrane (Angra Fria Magmatic Complex) are more
moderate (median Eu/Eu* of 0.72), whereas a subordinate population of
samples from the central portion of the same terrane have positive
anomalies (four samples with Eu/Eu* > 1).

Primitive mantle-normalized trace element diagrams (Sun &
McDonough, 1989) are also shown in Fig. 4, following the same orga-
nization as the one for REE data. For this diagram, individual analyses
from Masberg et al. (2005) and Jung et al. (2009) that did not include
some crucial elements (e.g., U, Th) were discarded. In general, the most
notable patterns are enrichments in LILE (Cs, Rb, Ba, K), as well as U and
Th, and depletions in some HFSE (Nb, Ti) and P. Note that Ta was not
plotted in this diagram, in order to keep an internal consistency of the
dataset, as it was not analyzed in the samples from the southern Coastal
Terrane compiled from published data. However, negative anomalies of
the element are also very common in the available dataset, as observed
before in the Amspoort Intrusive Suite and Angra Fria Magmatic Com-
plex (Janousek et al., 2010, 2023). There are slight differences in a
comparison between the different terranes, as samples from the Orogen
Core typically have the flattest patterns of the dataset, whereas the
anomalies (both positive and negative) are more pronounced in the
Coastal Terrane (particularly in its southern and central sectors), which
is also reflected in the relative range of compositions observed for the
different terranes. The same sample that produced an outlying pattern in
the REE diagram (sample NABR-112e) also deviates from the typical
trace elements signatures, displaying more pronounced negative
anomalies and more depleted compositions in general.

4.2. Isotopic geochemistry

All results from the new analyses are presented in the Supplementary
Material D. Fig. 5 presents a comparison of new and recalculated
87Sr/865r(550) and enqcss0) values, in order to illustrate the signatures of
the main regional units of the Kaoko Belt at the time of the regional
magmatism and interrogate their influence as possible crustal sources.
Because the different basement units have varying pre-Pan-African
geological evolutions, it should be noted that the long-term stability of
the isotopic signatures of these units prior to 550 Ma is less robust for the
more mobile Rb-Sr system than for the Sm-Nd system. 87Sr/865r(550)
ratios from granitoids range widely from ca. 0.695 to 0.720, whereas engq
(550) values are predominantly between —10 and —2 (Fig. 5). Both pa-
rameters indicate a participation of ancient crustal material during the
genesis of the granites, while excessively low 87Sr/86Sr(550) ratios (i.e.,
below 0.6989) are likely caused by over-recalculation from recent Rb
and/or Sr disturbances. There are only three samples with positive enqg
550y values, two rocks with tonalitic and granitic compositions from a
single outcrop of the central region of the Coastal Terrane characterized
by abundant mafic enclaves, and one from a mafic dolerite from the
Orogen Core analyzed by Janousek et al. (2010). Most of the samples
from the southern region of the Coastal Terrane correspond to those
from the Nk Pluton and Torrabaai-Koigabmond Complex analyzed by
Masberg et al. (2005) and Jung et al. (2009). They cover a compositional
range that stands apart from the remaining groups by having the lowest
end(ss0) values and relatively low 87Sr/865r(550) ratios. In comparison,
the other groups (Orogen Core and central and northern portions of the
Coastal Terrane) have predominantly overlapping signatures.
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On the other hand, the remaining lithological groups of the Kaoko
Belt have much broader compositional ranges (Fig. 5). Basement rocks
have 87Sr/868r(550) values that mostly range from 0.705 to 0.880,
whereas eng(sso) ratios are between —7 and —29. There are general dif-
ferences between the signatures of different basement associations. The
basement of the Eastern Kaoko Zone, which mostly corresponds to
samples from the Kamanjab Inlier, is characterized by more elevated
87Sr/868r(550) ratios and more radiogenic engcsso) signatures (predomi-
nantly from 0.712 to above 0.800, and from -22 to —11, respectively).
These ranges partially overlap with the signatures of basement samples
from the Orogen Core, which are mostly represented in the compilation
by Mesoproterozoic orthogneisses and their host rocks (Jung et al.,
2012). That said, the there is a predominance of more radiogenic enq(sso)
ratios (mostly between —8 and —15) in the latter. On the other hand,
basement samples from the Central Kaoko Zone, comprising both
Archean and Paleoproterozoic basement slivers, the latter coming from
the Epupa Complex, yield 7Sr/ 86$r(550) ratios mostly between 0.706 and
0.766 and eng(ss0) values from —28 to —7. The compositional range of
the metasedimentary rocks from all domains of the Kaoko Belt occupies
a somewhat intermediate position between the signatures of the base-
ment rocks and granitoids, with about half of the results overlapping
with the field delimited for the Pan-African magmatism and the rest
spreading out to other areas of the plot.

The main first-order differences observed between the major units of
the Kaoko Belt are also evident in Nd evolution diagrams (Fig. 6)
following de Paolo (1981). Both single-stage and two-stage Nd Tpy
model ages following Liew & Hofmann (1988) were calculated for the
analyzed granitoids (Supplementary Material D), as the latter approach
is commonly recommended for granitic rocks in order to correct for
trace-mineral-controlled fractionation of 1*’Sm/!**Nd during fractional
crystallization and partial melting (e.g., Janousek et al., 2016; Bea et al.,
2023). While the calculated model ages of most samples do not vary
greatly between both calculating approaches, individual samples with
elevated *7Sm/1**Nd ratios lead to outlying old single-stage model
ages. Hence, we prefer the use of two-stage model ages for the analyzed
granitoids (Fig. 6), as it corrects for these outliers while still using a
consistent approach to the calculation of the entire dataset, without
incurring in significant changes for the rest of the dataset. This is in
accordance with most recent recommendations (Janousek et al., 2016;
Bea et al., 2023). In this diagram it is evident that all units of the Kaoko
Belt yield model ages indicative of long crustal residence times, with the
overwhelming majority of samples yielding Paleoproterozoic and
Archean model ages. Basement units have the oldest overall signatures,
with the possible exception of the restricted basement within the Coastal
Terrane, which includes Tonian associations for which there are little
available data. Metasedimentary rocks yield particularly scattered data,
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but they result, in general, in Nd Tpy model ages that are younger than
those for their immediate basement. On the other hand, the analyzed
granitoids yielded the most sharply defined signatures, with Nd Tpy 2stg
model ages basically restricted to the Paleoproterozoic. By comparing
the different granitoids with one another, there seems to be a slight
tendency of older signatures for the southern portion of the Coastal
Terrane, for which most model ages are Siderian (2.5 - 2.3 Ga).

4.3. Zircon U-Pb

A total of 12 samples of granitoids from the Kaoko Belt were selected
for zircon U-Pb dating using the LA-ICP-MS method. Two samples are
representative of the magmatism intrusive in the Orogen Core between
the Hoanib and Hoarusib rivers, whereas the remaining ten samples
correspond to granites from the Coastal Terrane sampled along the
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Skeleton Coast. All spot analyses performed, and their corresponding
interpretation, are presented in the Supplementary Material E. A sum-
mary of the results is presented in Fig. 7 and in the paragraphs below,
whereas descriptions of the analyzed samples and zircon populations
and detailed explanations of the interpretation of the analytical results
of each sample are presented in the Supplementary Material F. Many of
the analyzed samples resulted in individual single-crystal ages covering
many tens of Myr, surpassing possible analytical causes for the distri-
bution and requiring geological causes for overdispersion. Because of
this, for most samples we present more than one possible solution for
calculating pooled ages from our dataset, in order to represent different
alternatives for the best central ages and associated uncertainties. For
each sample, our preferred age is given in bold, with preference being
given to concordia ages over mean ages, as they consider all radiogenic
Pb/U and Pb/Pb ratios collectively (Ludwig, 2008). On the other hand,
mean 2°°Pb,/238U ages considering a more expansive selection of single-
crystal analyses result in broader uncertainties that may be more
representative of the actual uncertainties involved in dating these
samples (Fig. 7).

The two samples from the Orogen Core come from the Boundary
Igneous Complex, consisting of fine- to medium-grained (sample NABR-
31,557.6 + 4.5 Ma/529.6 + 8.2 Ma) and megacrystic (Amspoort Suite,
sample NABR-34, 571.6 + 1.8 Ma/568.2 + 8.2 Ma) varieties (Fig. 7).
The preferred ages obtained for these samples are within the range of
previously published ages for the complex (Seth et al., 1998; Kroner
et al., 2004; Konopasek et al., 2008), and represent the intense mag-
matism that accompanied the regional metamorphism associated with
transpression in the Kaoko Belt between 580 and 550 Ma, following the
eastwards-oriented thrusting of the Coastal Terrane at ca. 590-580 Ma
(e.g., Goscombe et al., 2005a, 2017).

The results of samples from the Coastal Terrane range from ca. 595 to
555 Ma (Fig. 7). Though there is a clear predominance of ages older than
the ones typically observed in the Orogen Core (ie., >580 Ma),
capturing its older geological evolution relative to the rest of the Kaoko
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Belt, no rocks corresponding to the earliest magmatic stages in this
terrane (650-620 Ma, Seth et al., 1998; Goscombe et al., 2005b;
Konopasek et al., 2016) were dated. The oldest dated sample (NABR-
112a,594.9 + 3.5 Ma/592.4 + 5.3 Ma) corresponds to a mafic enclave,
identified in the field as an early magmatic stage in the corresponding
outcrop. It is followed by a group of seven samples with partially
overlapping ages between ca. 587 and 577 Ma: sample NABR-113a,
tonalite with biotite and garnet, 587.1 + 1.1 Ma/579.3 + 3.9 Ma;
sample NABR-114a, biotite-bearing porphyritic granite, 583.3 + 1.4
Ma/581.2 + 3.8 Ma; sample NABR-112c, tonalite, 582.7 + 2.5 Ma/
579.3 £+ 3.9 Ma; sample NABR-106b, biotite-bearing tonalite to grano-
diorite, 579.5 + 3.4 Ma/579.3 + 4.2 Ma; sample NABR-111, coarse-
grained pink leucogranite, 579.3 + 8.7 Ma/586 + 12 Ma; sample
NABR-116b, biotite granite with multiple mica-schist enclaves, 577.9 +
2.0 Ma/573.9 + 6.1 Ma; and sample NABR-116c, biotite-bearing tona-
lite with mafic enclaves, 576.7 + 1.2 Ma/568.9 + 6.2 Ma. The two
youngest samples correspond to late granite-pegmatite veins with
limited zircon content, resulting in less well-defined ages (sample NABR-
112e, 555 + 3 Ma; sample NABR-116d, ca. 557 Ma). The ages above are
not only well within the range of ages previously published for the
Coastal Terrane, but are also in accordance with the relative magmatic
stratigraphy determined in the field for the two outcrops for which
multiple samples were dated (NABR-112 and NABR-116, three samples
each). In some cases, there can be an overlap between the pooled ages
from the older samples and individual crystals interpreted as inherited
in the younger samples, suggesting a partial recycling of older magmatic
stages that is typical for protracted igneous evolutions (e.g., Matzel et al.,
2006; Miller et al., 2007; Schaltegger et al., 2009; Barboni et al., 2013),
and which is well characterized in the correlated Floriandpolis Batholith
(Basei et al., 2021). Conversely, younger zircon populations in the oldest
samples of these sets coincide with the age of the late pegmatite veins,
suggesting a late- to post-magmatic disturbance of the isotopic system
associated with this late magmatic stage.
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Fig. 7. Summary of new zircon U-Pb ages reported in this work. The ages plotted correspond to the preferred pooled age calculated for each sample (usually
concordia ages) and their associated uncertainties. An additional (broader) error margin is also plotted, corresponding to the uncertainty calculated for weighted
mean 2°°Pb/?8U ages considering a more expansive selection of single-crystal analyses, which may be more representative of the actual uncertainties involved in
dating these samples. Detailed descriptions of how each age was calculated and the entire U-Pb dataset are presented in Supplementary Materials F and E,

respectively.
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5. Discussion

5.1. South American connections of the Pan-African granitic magmatism
of the Kaoko Belt

Understanding the petrogenesis of the Pan-African granitoids in the
Kaoko Belt is critical for reconstructing the pre-Mesozoic configuration
of tectonic units on either side of the South Atlantic Ocean, and thus for
elucidating the formation of southwestern Gondwana. This is particu-
larly true for the Coastal Terrane, which is probably the best candidate
to link the basement geology of the southern portions of Africa and
South America (e.g., Frimmel et al., 2011; Oyhantcabal et al., 2011;
Konopasek et al., 2016, 2018; Basei et al., 2018; Will et al., 2020; Silva
Lara et al., 2022). This correlation encompasses similarities between the
magmatism of the Coastal Terrane and the coeval Floriandpolis Batho-
lith in the Dom Feliciano Belt, as well as associated basement and (meta-
) sedimentary units. A recent contribution by Janousek et al. (2023)
compares in detail, including in petrogenetic terms, a set of granitoids
from the Coastal Terrane (Angra Fria Magmatic Complex) and a selec-
tion of rocks from the Floriandpolis Batholith in the Dom Feliciano Belt
(mostly in the Porto Belo Peninsula, South Brazil). The new data pre-
sented and compiled in this work, together with the wealth of data
available from other units of the Floriandpolis Batholith, allow us to
expand this comparison in terms of geochronological and isotopic re-
sults (Fig. 8). The figure is based on the new dataset reported in this
contribution, in addition to U-Pb data from Seth et al. (1998), Franz
et al. (1999), Kroner et al. (2004), Goscombe et al., (2005b), and
Konopasek et al., (2008,2016) for the Kaoko Belt, and Silva et al.,
(2002,2003,2005), Jelinek et al. (2005), Passarelli et al. (2010),
Chemale et al. (2012), Florisbal et al., (2012a), Corréa (2016), Basei
et al. (2021), Peruchi et al. (2021), and Moraes et al. (2023) for the
Florian6polis Batholith, and whole-rock isotopic geochemical data
compiled from the same database used in Fig. 5 for the Kaoko Belt, in
addition to data recalculated from Lopes (2008), Passarelli et al. (2011),
Chemale et al. (2012), Florisbal et al., (2012b,c), Corréa (2016), Hueck
etal. (2016), Peruchi et al. (2021), and Moraes et al. (2023) for the Dom
Feliciano Belt. The latter also includes units that comprise the regional
context of the Florianépolis Batholith, which will be relevant for the
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discussion in the following sections.

A comparison of the U-Pb dataset for both domains (Fig. 8A) high-
lights some important similarities, in particular the prevalence of two
main pulses of magmatic activity at ca. 620-610 and 590-580 Ma. They
are recognized by the two main peaks in the KDE plots of single-crystal
U-Pb ages, which are mirrored by the prevalence of pooled ages at the
same time intervals. It is notable that apparent gaps in pooled ages
shown in Fig. 8A, especially in the Kaoko Belt, are still represented in the
KDE plots, suggesting that a subsumed magmatic activity persisted
during this period, and is now preserved as inherited antecrysts that
were likely recycled in later magmatic phases. This is a common feature
of long-lived magmatic systems (e.g., Matzel et al., 2006; Miller et al.,
2007; Schaltegger et al., 2009; Barboni et al., 2013). This is especially
notable for the conspicuous gap in pooled ages from the Kaoko Belt
between ca. 610 and 595 Ma, an age interval that is only recorded by
individual zircon crystals preserved in younger intrusive bodies. This
period is not absent in the pooled ages from the Floriandpolis Batholith
as is the case in the Kaoko Belt, but it still represents a time of relatively
less pronounced magmatic activity during the compared time period.

Another important distinction between both belts is that the early
phase of magmatism (especially 640 — 600 Ma) is predominant in South
America, whereas the later phases, between ca. 580 and 550 Ma, are
much more prevalent in the Kaoko Belt. This latter period corresponds to
the main regional metamorphic event in the belt following the thrusting
of the Coastal Terrane at ca. 590-580 Ma (e.g., Goscombe et al., 2005a,
2017), and was accompanied by widespread magmatism in both the
Orogen Core and Coastal Terrane. In contrast, the equivalent period in
the Dom Feliciano Belt is characterized by waning orogenic activity,
with deformation progressively localizing into transcurrent shear zones,
especially from 600 Ma onwards (Oriolo et al., 2016a; Hueck et al.,
2018, 2020b). Intrusive magmatism, usually associated with late reac-
tivations of the same shear zones, continued until ca. 570-560 Ma (e.g.,
Oriolo et al., 2018; Lara et al., 2021; Silva Lara et al., 2022; Moraes et al.,
2023) but subsequent magmatism, as young as 520 Ma, is mostly limited
to individual intrusions and more abundant volcanism associated with
late sedimentary basins (Sommer et al., 2005; Basei et al., 2011a, b;
Matté et al., 2016). In contrast, post-570 Ma magmatism is much more
common in the Kaoko Belt, as is best illustrated by the pooled ages
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compiled in Fig. 8A. As most of these younger ages were acquired using
zircon evaporation and thermal ionization techniques, this period is
admittedly underrepresented in the compilation of single-spot U-Pb
ages.

In addition to the U-Pb data, and expanding upon earlier compari-
sons (e.g., Konopasek et al., 2016; Janousek et al., 2023), the isotopic
geochemistry of the Floriandpolis Batholith also has distinctive simi-
larities with the signatures obtained from the granitoids of the Western
Kaoko Belt (Fig. 8B). Both granitic associations have overlapping ranges
in terms of eng(ssoy and 87Sr/868r(550) values, although Nd signatures
from the African granites are slightly more radiogenic (including a few
positive enq(sso) values) then what is observed in South America. The
similarities between both associations also expand to a comparison with
other regional units of the Kaoko and Dom Feliciano belts. In particular,
both the Floriandpolis Batholith and the Neoproterozoic intrusive
magmatism in the Kaoko Belt have notably more juvenile signatures
than that of other regional macro-units on both sides of the South
Atlantic, i.e., ancient crystalline basement and metasedimentary units
metamorphosed in the Neoproterozoic. In fact, there are significant
similarities between the signatures of these regional units in the Kaoko
and Dom Feliciano belts. For example, there is a patchy overlap between
the metasedimentary rocks of the Damara Supergroup and of the Brus-
que Group in the Dom Feliciano Belt. On the other hand, the isotopic
signatures of the oldest basement fragment in the northern Dom Felic-
iano Belt, the Camboriti Complex, have similarities with the Archean
units that predominate in the Central Kaoko Zone (see Fig. 5). This is in
accordance with the proposal that various basement fragments distrib-
uted along the extension of the Dom Feliciano have a common origin
with the Angola Block of the Congo Craton (Hueck et al., 2022). The
regional tectonic implications that can be derived from these observa-
tions will be expanded in the following sections.

Having further established the comparison between the Neo-
proterozoic granitoids of the Kaoko Belt and the Floriandpolis Batholith,
the discussion can shift towards the implications of the new and
compiled dataset, using the extensive literature on the granitic mag-
matism of the Dom Feliciano Belt (and in particular the Florian6polis
Batholith) as an additional framing perspective.

5.2. Magmatic sources: Crust vs. Mantle

The relative contribution of mantle- and crust-derived material in the
sources of intermediate to acid magmas and their consequence for the
long-term accretion of juvenile material to the continental crust is a
topic of significant debate (e.g., Moyen et al., 2017; Jacob et al., 2021
and references therein). The isotopic signatures of the granitoids from
the Kaoko Belt, in particular of the Sm-Nd and Rb-Sr systems, which
have a strong predominance of values indicative of the reworking of old
continental crust, have long been interpreted as an indication that for-
mation of these granitoids was predominantly controlled by the partial
melting of crustal sources (Seth et al., 2002; Masberg et al., 2005; Jung
et al., 2009; Janousek et al., 2010, 2023). By itself, however, the pre-
dominance of such isotopic signatures with crustal affinities does not
necessarily imply in a predominance of crustal sources for the origin of
magmatic associations, as crustal contamination is very efficient in
overprinting the signatures of mixed mantle-crust magmas and of the
subduction-metasomatized asthenosphere (Couzinié et al., 2016; Moyen
et al., 2017; Lino et al., 2023), due to the incompatible nature of the
trace elements involved in these analyses. For example, Jacob et al.
(2021) highlight that even if the bulk mass of a granite originates
overwhelmingly from the mantle, its Hf isotopic signature will essen-
tially be controlled by the subordinate crustal contamination, if the
mantle source is depleted and the magma experiences significant frac-
tional crystallization. Conversely, Ducea et al. (2015) estimates that at
least 50 % of the isotopic signature of magmatic arcs is controlled by the
upper plate.

In order to reconstruct potential “hidden” mantle-derived inputs that
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are most susceptible to crustal contamination (not to mention intrinsic
processes such as fractional crystallization), it is useful to also consider
minor basic units associated with the more voluminous intermediate to
felsic rocks. The traditional interpretation is that these associations are
the result of mechanical mingling of basic magma (typically interpreted
as a mantle-sourced) that interacted with the main acid magmas, and
that the ultimate composition of the granitoid is a result of mixing both
magmatic end-members (e.g., Didier & Barbarin, 1991; Barbarin, 2005;
Perugini & Poli, 2012). The dataset compiled here includes restricted
basic-intermediate rocks (gabbro to diorite) associated with the granit-
oids, mostly in the form of enclaves (Janousek et al., 2010, 2023, as well
as individual samples in this study) or restricted intrusions (Jung et al.,
2009). These samples have clear compositional affinities, particular in
their major-element signatures, in which they constitute a well-defined
group of basic-intermediate samples in most diagrams (Fig. 3). This af-
finity, however, does not extend uniformly to their isotopic composition.
On the one hand, the samples with isotopic signatures with highest
mantle affinity (i.e., more radiogenic Nd-Hf and less radiogenic Sr
compositions) and least differentiated geochemical characteristics
within the Pan-African magmatic suite come from mafic enclaves hosted
within the megacrystic granites of the Amspoort Suite and within the
Angra Fria Magmatic Complex within the Coastal terrane, which were
interpreted by Janousek et al., (2010, 2023) as minor inputs of CHUR-
like mantle sources. In the case of the former, the authors downplay
the significance of mixing of such magmas in the petrogenesis of the
igneous association, due to its bimodal nature. On the other hand,
restricted quartz-diorite intrusions investigated by Jung et al., (2009)
have isotope ratios that widely overlap with nearby differentiated as-
sociations, and were therefore interpreted by these authors to be the
result of melting of Pan-African metabasaltic source rocks in the lower
crust. Similarly conflicting observations have also been made in South
America, where the predominance of more “primitive” elemental sig-
natures coming from units associated with the presence of subordinate
mafic rock types in the Florian6polis Batholith is commonly interpreted
as indicative of important mantle-sourced input that persisted for tens of
Myr (Bitencourt et al., 2008, Florisbal et al., 2009, 2012b). However,
few of these assumed mantle affinities in South America have been
confirmed by direct isotopic evidence, and it is notable that a more
detailed U-Pb-Hf investigation of zircon crystals from mafic magmatic
enclaves associated with some of the earliest units of the Florianépolis
Batholith yielded Lu-Hf signatures that are in fact less radiogenic than
that of the more acid granitoids by which they are hosted (Basei et al.,
2021). This observation led the authors to suggest scenarios alternative
to that of a basic mantle-derived magmatic input to the formation of the
enclaves, such as autoliths or the episodic mingling of magmas with
similar compositions over a long period of time.

Considering that the evidence above is inconclusive, it is necessary to
consider the comparative shift in isotopic affinities of the investigated
magmatism relative to other regional units. The fact that the isotopic
signatures of the Kaoko Belt granitoids are considerably “less crustal”
than those of the basement rocks of the Kaoko Belt has long been
interpreted as indicating that the former are not the result of direct
partial melting of the latter (Masberg et al., 2005; Janousek et al., 2010,
2023). In comparison, there is much more significant overlap between
the isotopic compositions of the granitoids with that of the metasedi-
mentary sequences of the Kaoko Belt, though the latter often have sig-
natures that extend much farther into “crust-like” values (Figs. 5, 6).
While the petrographic and geochemical signatures of the granitoids
make it very unlikely that they are predominantly derived from the
melting of metasedimentary sources (see section 5.3), it is possible that
part of the “mantle-like” isotopic budget of the granitoids may have been
derived from these associations.

In order to better compare the isotopic signatures of units with
contrasting geological ages, which is not ideal in the diagram of Fig. 5,
Fig. 9A presents a Nd evolution diagram following de Paolo (1981), in
which the different units are plotted according to their geological age as
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determined by U-Pb in the same sample or in comparable samples in the
literature. In the case of the metasedimentary rocks, which do not have
unique crystallization ages, the data is plotted assuming the regional age
of 550 Ma used for reference on other isotopic diagrams (Figs. 5 and 6).
This diagram is inspired by a similar plot of Lu-Hf data from zircons
compiled for granitoids and associated basement domains of the Dom
Feliciano Basement in South America (Hueck et al., 2022, Fig. 9B).
While a similar compilation is not possible for the Kaoko Belt, because a
consistent Lu-Hf dataset representative of all major geological associa-
tions there has not been established yet, the few available data (Jung
et al., 2012; Konopasek et al., 2016; Oriolo et al., 2016b) are consistent
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with the Lu-Hf evolution of the Dom Feliciano Belt (Fig. 9B). In addition,
considering the similarities between the magmatism on both sides of the
Atlantic (section 5.1), the Lu-Hf plot offers a useful point of comparison,
because it has the advantage of having a much larger coverage of the
diagram, as it includes data from individual crystals that may represent
subordinate populations in the analyzed samples (i.e., inherited cores or
recent overgrowths). In any case, both diagrams in Fig. 9 indicate that
the main basement associations in both belts are dominated by rocks
with Archean to Paleoproterozoic model ages, though in the Kaoko Belt
there is a significant presence of juvenile material in the late Paleo-
proterozoic, which is not present in South America. Assuming that these



M. Hueck et al.

basement associations are correlated, as has been speculated upon by
many authors (Oyhantcabal et al., 2011, 2018; Rapela et al., 2011;
Oriolo et al., 2016b, 2019; Basei et al., 2018; Konopasek et al., 2018,
2020; Percival et al., 2021; Hueck et al., 2022), this period would
correspond to the assembly of a complex basement association within
the Congo-Sao Francisco paleocontinent, which would have stayed more
or less undisturbed except for intra-plate magmatism until the early
Neoproterozoic. In this context, Hueck et al. (2022) suggests that at least
three different shifts in the U-Pb-Hf zircon dataset in South America
seem to correspond to discrete periods of juvenile input in the Meso-
proterozoic, Tonian and Ediacaran, modifying the dominant crustal
signature of the region (Fig. 9B). This evolutionary trend, also observed
in several other orogens throughout Gondwana (e.g., Oriolo et al., 2017;
Ganade et al., 2021), seems to be corroborated by the Nd isotopic evo-
lution of the Kaoko Belt (Fig. 9A), and is in accordance with the limited
Hf isotope data (Jung et al., 2012; Konopasek et al., 2016; Oriolo et al.,
2016Db). Even in this framework, the magnitude of the shift in the rela-
tive signatures of the Pan-African granitoids suggest an important
assimilation of post-Paleoproterozoic juvenile material. The mechanism
through which the “mantle-like” isotopic budget was perpetuated into
the granitoids is likely a combination between the influence of more
radiogenic metasedimentary source rocks and one or more mixtures
between mantle-sourced magma with autochthonous crustal melting.
To test the feasibility of the latter scenario of mixing between mantle-
derived melts and crustal anatexis sourced from the ancient basement of
the Kaoko Belt, Fig. 10 presents mass-balance models of isotopic sig-
natures aimed at exploring the amount of juvenile material needed to
achieve the isotopic shifts described above, based on the equations
presented by DePaolo and Wasserburg (1979). The input parameters
used for modelling and the resulting calculated values are presented in
the Supplementary Material G. Using the 87Sr/86$r(550) VS. ENA(550)
scheme of Fig. 5 as a basis, Fig. 10A simulates mixing lines between
different crustal compositions and mantle-derived end-members. The
crustal components consider isotopic ratios from the data compiled for
the basement of the belt and average upper-crust elemental composi-
tions (Rudnick & Gao, 2003). The mantle-derived end-member con-
siders an E-MORB elemental composition (Sun & McDonough, 1989;)
and depleted mantle (DM) isotopic ratios (de Paolo, 1981; Chauvel &
Blichert-Toft, 2001), representing a mantle-derived basaltic composi-
tion extracted from a moderately enriched mantle source. An enriched
mantle source is likely in this case, considering that the complex asso-
ciation of varied Archean to Paleoproterozoic basement fragments of the
Kaoko Belt indicates a protracted collisional assembly and, conse-
quently, an enrichment of its lithospheric mantle, but DM isotopic ratios
are used because it is not advisable to extrapolate through time the
isotopic values of the more localized E-MORB reservoir. The model as-
sumes equivalent partial melt proportions of both sources for simplicity.
As illustrated in Fig. 10A, a mixture starting from the mean and median
basement compositions would require an input of ca. 70-75 % of
mantle-derived magma to achieve an isotopic signature equivalent to
the median granitoid composition. While this value seems to confirm the
supposition that an important mantle-derived source was involved in the
generation of the granitoids, the participation of mantle sources in these
results seems somewhat too elevated, considering key geochemical
features such as the high KO content and the moderately high alumina
saturation index. Of course, the results could be refined by changing
some of the assumptions in this simplified model, leading to variations in
the results. For example, the inclusion of the metasedimentary rocks of
the Kaoko Belt as possible crustal source rocks would result in a
reduction of the mantle-derived component necessary for achieving
isotopic signatures typical of the granitoids. On the other hand, varia-
tions in the relative proportion of partial melting of the mantle/crust
sources would change the contents in Sr-Nd-Hf of the primary mantle
melt relative to the crust, thus modifying the mixing proportion required
to get the observed isotopic shifts. Because of the incompatible nature of
the elements involved in the models and their considerable higher
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abundance in crustal rocks compared to the mantle, this would likely
imply in a more significant contribution of mantle material to the iso-
topic budget of the mixture. Also, assuming a less depleted mantle-
derived source would also necessitate higher proportions of juvenile
material in the mixture. That said, because the wide-ranging and in-
clusive character of the compiled dataset can lead to the conflating of
different magmatic associations (as discussed above), we choose not to
over-refine the modelling, highlighting instead its exploratory
character.

Another important limit of this model is that it considers a single
mantle-derived input at 550 Ma, which is probably an over-
simplification, as indicated by the compiled time-integrated isotope data
of the Kaoko Belt (Fig. 9). To expand upon this scenario, Fig. 10B il-
lustrates how a similar shift of Nd isotope signatures as the one described
above can be achieved by a combination of successive juvenile accretion
events. In this figure, trajectory I summarizes a scenario similar to the
one illustrated in Fig. 10A, that is, in which the mean isotopic signature
of the Kaoko basement evolves from its original Archean-
Paleoproterozoic signature considering an average upper crust
147Sm/'*4Nd ratio of 0.1193 (Chauvel et al., 2014) until 550 Ma, when it
is mixed with the mantle-derived end-member, which in this case re-
quires a juvenile of ca. 60-65 % to achieve mean granitoid compositions,
which is somewhat below to that of the model in Fig. 10A. Alternatively,
trajectory II distributes the necessary mantle-sourced input to cause this
shift in three consecutive mixing events, after which the isotopic
signature of the resulting mixture continues to evolve over time,
following the new mean crustal composition. In this illustrative solution,
the isotopic shift observed in the compilation is achieved by combining a
mixing of ca. 40-45 % mantle-derived material in the Mesoproterozoic
(1,500 Ma), followed by an addition of ca. 30 % juvenile material in the
Tonian (800 Ma), and finally an accretion of other 40 to 45 % of mantle-
derived basaltic sources in the Ediacaran (550 Ma). Once more, this
model follows simplified assumptions, and it is possible that the nature
of mantle-derived material varies over time between different accre-
tionary events. This could imply in significant changes in the mantle
contribution if less radiogenic isotope ratios are assumed for the mantle-
derived end-member. In any case, the results from the models suggest
that it is likely that the relatively more radiogenic Nd-Hf signatures of
the granitic magmatism in the Kaoko Belt compared to its Archean and
Paleoproterozoic basement are the result of significant juvenile input
after the Paleoproterozoic, leading to intermediate isotopic signatures
(e.g., Arndt and Goldstein, 1987; Jacob et al., 2021).

5.3. Crustal diversity in the Kaoko Belt tracked by its Neoproterozoic
magmatism

Assuming, as discussed above, that crustal sources played a role in
the genesis of the Pan-African magmatism of the Kaoko Belt, the
geochemical and isotopic diversity of the compiled dataset can be used
as tracers for the lithological variety of magmatic sources within the
belt, and its tectonic organization into different domains. Various
possible crustal sources have been suggested for these granitoids in the
literature. In a detailed petrogenetic evaluation of the megacrystic
Amspoort Suite, the most conspicuous unit of the Border Igneous
Complex in the Orogen Core, Janousek et al. (2010) suggested crustal
sources with a predominance of metapsammites with minor metaig-
neous contribution. More recently, Janousek et al. (2023) proposed a
model of fluid-present partial melting of igneous rocks ranging from
basaltic to tonalitic in composition and fluid-absent melting of inter-
mediate to acid rocks, with subordinate influence of metapsammites, for
the protracted generation of the Angra Fria Magmatic Complex in the
northern portion of the Coastal Terrane. To the south of the Coastal
Terrane, Jung et al. (2009) suggested the partial melting of medium-K
basalt to explain quartz diorite and granodiorite of the Torrabaai-
Koigabmond Complex, and a dominance of metapsammites (possibly
from the so-called Nk Formation of the Damara Supergroup, see Jung
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et al. (2009)) as source of leucogranite in the same unit. In the same
region, the so-called Nk granitic pluton is suggested to have been
derived from anatexis of intermediate magmatic and metapsammitic

sources (Masberg et al., 2005).
In order to assess these hypotheses and test the compiled dataset for
possible source rocks, we compare it to compositions from melts
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produced experimentally from diverse starting materials, using the di-
agram projecting the granitoid compositions from biotite onto the Ca +
Al/3Al + 2(Na + K)/Al + (Na + K) plane (Fig. 11), proposed by Moyen
etal. (2017). Only compositions with SiO; values > 62 % wt. are plotted
in this projection in order to maintain the same compositional range as
for the experimental dataset compiled by the same authors, and because
the projection is less suited for more basic compositions. Also, while this
diagram does not account for the input of mantle-sourced magmas
(which is a very reasonable possibility in the studied magmatism, see
section 5.2), such a contribution, modified through assimilation and
fractional crystallization, should result in compositions plotting in the
field of melts derived from basalts, as it would represent a geochemical
evolution analogous to the recycling of (mantle-derived) basaltic sour-
ces. In this plot, most samples converge towards the Al + (Na + K) vertex
of the ternary system, which corresponds to the granitic minimum
composition, from which the main trends radiate. When compared to
the experimental dataset assembled by Moyen et al. (2017), the field
corresponding to compositions associated with sedimentary sources is
mostly represented by samples from the southern and, to a lesser degree,
northern portions of the Coastal Terrane (Fig. 11A), which is in accor-
dance with a slight predominance of peraluminous compositions in
these rocks (Fig. 3F). Elsewhere, most samples fall along trends corre-
sponding to compositions that plot below the dashed line corresponding
to a ratio of 2:1 between the 3 Al + 2 (Na + K) and the (Ca + Al) ver-
texes, which separates more mafic from more felsic sources. This in-
cludes trends associated with all tectonic settings, i.e., the Orogen Core
and the three sub-regions of the Coastal Terrane. Such discriminations
are less useful towards the Al + (Na + K) vertex of the ternary system, in
which there is a large overlap of experimental melts resulting from
different starting materials due to its affinity with eutectic compositions.

The observations above can further be compared with Sm-Nd iso-
topic signatures from samples for which this data is available (Fig. 11B).
In this diagram, the more radiogenic compositions tend to concentrate
closer to the Al + (Na + K) vertex, whereas enq(sso) values indicative of a
stronger influence of old crustal sources mostly spread along the main
trends plotting outwards of the ternary diagram. Interestingly, this in-
cludes both the trend plotting over the field associated with sedimentary
sources as well as the one comprising samples that plot over the field
associated with basaltic starting compositions. Both trends are espe-
cially prevalent in samples from the southern portion of the Coastal
Terrane, which reflects the comparatively less radiogenic enq(sso) values
of this region in general (Fig. 5B). In fact, this prevalence of less radio-
genic signatures within the southern portion of the Coastal Terrane,
together with the major-element signatures compatible with the incor-
poration of metasedimentary rocks in its magmatic sources in the same
region, is the clearest set of characteristics that separates any group of
granitoids from another in the compilation. Considering that the sam-
ples that, in this diagram, have the most affinity with metasedimentary
sources are not characterized by more juvenile Nd signatures as would
be expected from Fig. 5, it is possible that the influence of the incor-
poration of metasedimentary material in the crustal sources of the
magmatism did not have a major impact in the resulting isotopic sig-
natures. In contrast, the other major subdivision of granitoids have
overall very similar signatures, reflecting the observations also applied
to the geochemical dataset in general (Figs. 3, 4). The compositional
similarities of coeval rocks from the two main sub-division of the
Western Kaoko Zone, namely the Orogen Core and the Coastal Terrane,
is suggestive of at least a partial equivalence between the crustal units
involved in the genesis of the Pan-African magmatic in both terranes,
and disagrees with the idea of a sharp terrane boundary between them
(e.g., Goscombe & Gray, 2008, see section 5.4).

5.4. Tectonic architecture of the Kaoko Belt in the context of the South
Atlantic Pan-African systems

The tectonic evolution of the Kaoko Belt and of its South American
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counterpart, the Dom Feliciano Belt, has traditionally been interpreted
in terms of an accretionary orogen followed by continental collision (e.
g, Basei et al., 2000, 2005, 2008, 2018; Goscombe & Gray, 2007,2008;
Konopasek et al., 2008; Oyhantcabal et al., 2009; Saalmann et al., 2011;
Frimmel et al., 2011; Oriolo et al., 2016a; Passchier et al., 2016; Philipp
et al., 2016; Goscombe et al., 2017; Frimmel, 2018; Hueck et al., 2019;
Will et al., 2019, 2020). In this configuration, the Coastal Terrane and
the Florian6polis Batholith in the Dom Feliciano Belt originally would
have evolved as a magmatic arc outboard and to the west of the rest of
the Kaoko Belt, as consequence of eastward subduction of the Adamastor
oceanic lithosphere. Only later, with the thrusting of the Coastal Terrane
over the Kaoko Belt proper at ca. 590-580 Ma, would the rest of the Belt
have experienced regional metamorphism and deformation, until ca.
550 Ma. Some recent versions of this model (e.g., Hueck et al., 2019),
from a South American perspective, estimate that the collision to the
west of the Coastal Terrane took place at ca. 615 Ma. This would mean
that remnants of the arc stage (>615 Ma) are relatively underrepre-
sented on both sides of the Atlantic, because of the overall low long-term
preservation potential of arc rocks (e.g., Hawkesworth et al., 2010).

More recently, an alternative view proposes that closure of an intra-
continental basin without subduction (of Adamastor oceanic litho-
sphere) would explain the Kaoko Belt (Konopasek et al., 2018, 2020;
Fossen et al., 2020; Percival et al., 2021, 2022; Janousek et al., 2023).
These authors suggest that continental extension and rifting in the
Tonian without developing into a drifting stage would give rise to the rift
basin in which sediments that are now found as metasedimentary cover
rocks in all orogenic associations in the system were deposited. Defor-
mation, metamorphism and intrusion of abundant granitic magmas then
took place when extension was inverted to compression, leading to
successive convergence of the main crustal segments.

To address the conflicting models, it is useful to consider the inte-
grated isotopic architecture of the Kaoko and Dom Feliciano belts, and
its implications for the relative contribution of crustal and mantle
sources for the origins of the investigated Pan-African magmatism, as
discussed in sections 5.2 and 5.3. The shift in isotopic signatures sug-
gestive of a post-Paleoproterozoic juvenile input discussed above for the
Kaoko Belt is also observed in the western domain of the Dom Feliciano
Belt (i.e., Floriandpolis Batholith and its basement within the Punta del
Este Terrane, see Fig. 8B and 9B), constituting a well-characterized
isotopic boundary within the belt, the Major Gercino-Sierra Ballena
lineament (e.g, Basei et al., 2000; Hueck et al., 2018, 2019, 2020a; Lara
etal., 2021 and references therein). The resulting configuration is that of
an isotopically “young” crustal segment (Coastal Terrane/Floriandpolis
Batholith/Punta del Este Terrane) that is surrounded on both sides by
ancient basement with dominantly Archean signatures. As discussed in
section 5.2, based on the available isotopic evidence (Fig. 9) and the
modelling presented in this manuscript, this requires a significant ju-
venile input at some point after the assembly of most of the basement
terranes in the Paleoproterozoic.

One straightforward solution for this input could be the impact of
juvenile accretion during the formation of an Ediacaran continental arc
along the western margin of the Kaoko Belt, in the subduction-based
tectonic model mentioned above (e.g, Basei et al., 2000, 2005, 2008,
2018; Goscombe & Gray, 2007,2008). This model proposes Eastwards-
dipping subduction of the Adamastor Ocean below the western margin
of the Angola Block, with the ultimate suture corresponding to the
present-day Major Gercino-Sierra Ballena Lineament in South America.
Because this model proposes that both the Coastal Terrane and the
Orogen Core of the Kaoko Belt would have been developed in the same
tectonic context (i.e., the upper plate, with a continental arc until ca.
615 Ma), it is in agreement with the similarities reported here for the
geochemical and isotope signatures of the granitoids hosted in both
terranes. The main differences between them, particularly the predom-
inance of older intrusion ages in the Coastal Terrane, would be the result
of the juxtaposition of the latter over the rest of Kaoko Belt occurring
only later, at ca. 590-580 Ma, consequently leading to regional
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metamorphism and abundant magmatic activity (e.g., Goscombe et al.,
2005a, 2017). The fact that the vast majority of the granitoids currently
exposed were emplaced subsequently to the actual timing of the colli-
sion along the subduction front (ca. 615 Ma, see above) is not in
contradiction with this model, as the syn-and post-collisional recycling
of the magmatism after the establishment of an arc system would only
perpetuate the isotopic signature of this source in the following granit-
oids (Ducea et al., 2015), but with a much higher potential for preser-
vation (Hawkesworth et al., 2010).

On the other hand, there are noteworthy evidences that key char-
acteristics of the Ediacaran granitoids from the entire Dom Feliciano
Belt, including their isotopic signatures, are shared with their immediate
basement, and are thus likely to have been inherited through the partial
melting of crustal sources (Florisbal et al., 2012a; Hueck et al., 2016,
2020a; Lara et al., 2017, 2020, 2021). In this context, it is possible that
some or much of the juvenile input deduced in the area took place prior
to the main Pan-African orogenic cycle (ie, before 650 Ma, see
Fig. 10B). The most likely candidates for such an event would be in the
Mesoproterozoic, of which there are remnants in both belts (e.g., Jung
et al., 2012), and in the Tonian. The latter is associated with the crys-
tallization of restricted 800-750 Ma protoliths of orthogneisses exposed
mostly in the Coastal Terrane and subordinately in the Orogen Core of
the Kaoko Belt, but with much larger exposures in the Dom Feliciano
Belt (see review in Hueck et al., 2022). This magmatism has been
alternatively interpreted as a magmatic arc (Masquelin et al., 2012; Lenz
et al., 2011; Koester et al., 2016; Ramos et al., 2018, 2020; de Toni et al.,
2020) or as rifting-related granites with abundant crustal assimilation
(Basei et al., 2008, 2011a, 2018; Konopasek et al., 2018, 2020; Will
et al., 2019, 2020). Ultimately, it cannot be discarded that the juvenile
input associated with this event might be responsible for much of the
rejuvenated isotopic signature of the Kaoko granitoids (Fig. 10B). Thus,
it could accommodate an Ediacaran genesis unrelated to subduction and
dominated by crustal melting as proposed by Janousek et al. (2023),
though involving sources previously modified in the Tonian, instead of a
juvenile Eburnean (i.e., Paleoproterozoic) crust suggested by these au-
thors. It is notable, however, that the Ediacaran Nd-Hf signatures from
the Kaoko granitoids and from its correspondents in the Dom Feliciano
Belt can have more radiogenic signatures than those of their immediate
basement (Fig. 9B).

Finally, the discussion above also has implications for the tectonic
significance of the main shear zones of the Kaoko Belt. While the role of
shear zones during the evolution of the orogeny has been highlighted in
numerous past studies, there is disagreement in the literature on
whether they represent early terrane boundaries separating different
crustal blocks from the initial stages of regional deformation and
metamorphism onwards (Goscombe & Gray, 2008; Foster et al., 2009),
or are alternatively the result of strain localization during the late stages
of the orogeny following the transition from transpressive to trans-
current deformation (Konopasek et al., 2005; Ulrich et al., 2011). The
strong contrast between the signatures from the Kaoko granitoids and
the Archean to Paleoproterozoic basement in the Eastern and Central
Kaoko Zones, together with the seemingly analogous isotopic architec-
ture of the Dom Feliciano Belt, suggest that there could be a significant
isotopic boundary in the orogenic system. Such a prominent contrast
could be interpreted as evidence of an early (pre-orogenic) terrane
border in the sense of, e.g., Goscombe & Gray (2008). Based on the exotic
characteristics of the Coastal Terrane, it would be tempting to associate
this limit with its eastern border, i.e., the Three Palms Shear Zone
(Goscombe & Gray, 2007; Oriolo et al., 2018). However, this shear zone
is characterized by a wide network of transpressive sinistral belts
branching out and connecting to one another, along which rocks asso-
ciated both with the Coastal Terrane and the Orogen Core became
juxtaposed. Konopasek et al. (2008,2014) considered the easternmost
branch of the Three Palms Shear Zone, known as the Village Mylonitic
Zone, the eastern limit of the Coastal Terrane, as it approximately cor-
responds to the easternmost aerial extent of the intrusive
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Neoproterozoic magmatic rocks. However, in addition to the extent of
Neoproterozoic magmatism, there are other characteristics, such as the
presence of Mesoproterozoic basement and relative lack of Archean
associations, that distinguish the Orogen Core (and the West Kaoko Zone
in general) from the rest of the Kaoko Belt. On the other hand, the main
connection between the Orogen Core and the Central and Eastern Kaoko
zones resides in similarities between their metasedimentary units (e.g.,
Konopasek et al., 2014). However, the isotopic signatures of these units
are effectively controlled by their sedimentary sources, and they may
well have been deposited after the establishment of the initial precursor
to the present-day isotopic boundary in the Tonian. For these reasons, if
there is an early terrane boundary in the Kaoko Belt, the limit between
the Western and Central Kaoko zones, i.e., the Puros Shear Zone, may be
a more credible candidate for it. This suggestion is compatible with the
configuration of the structure, which is the sharpest structural lineament
of the Kaoko Belt, with a mylonitic zone up to 5 km wide (Konopasek
et al., 2005; Goscombe & Gray, 2008; Ulrich et al., 2011).

6. Conclusions

A comprehensive evaluation of Neoproterozoic plutonic rocks in the
Kaoko Belt reveals valuable information on the evolution and tectonic
organization of the belt during the Pan-African orogenic cycle. The
extensive new dataset strengthens previous trans-Atlantic correlations
between this granitic association and the coeval Florian6polis Batholith,
one of the main units of the Dom Feliciano Belt in South America. The
new U-Pb ages highlight how both granitic manifestations have two
main pulses of magmatic activity at ca. 620-610 and 590-580 Ma. An
apparent gap in pooled ages between ca. 610 and 595 Ma, exclusive to
the Kaoko Belt, is still represented by individual zircon crystals pre-
served in younger intrusions. The migration of the orogenic front from
(present-day) South America towards Africa means that the Kaoko Belt
experienced extensive magmatism between ca. 580 and 550 Ma,
whereas in South America this period corresponds to a gradual decrease
in orogenic activity. Whole-rock elemental and isotopic geochemical
data does not reveal major differences in the compositional range of
granitoids from different domains of the Western Kaoko Belt, namely
between rocks intrusive into the Orogen Core and into the Coastal
Terrane, or between subdivisions of the latter. This suggests that the
entire Western Kaoko Zone comprises a diverse set of similar geologic
units that were likely tapped recurrently during magmatic activity in the
Neoproterozoic. On the other hand, while the isotope signatures of the
Pan-African magmatism of the Kaoko Belt have a predominantly crustal
affinity, it is markedly more juvenile than the signatures of most base-
ment associations and many metasedimentary sequences of the Kaoko
Belt. This configuration corresponds to a mirror image of the tectonic
situation of South America, in which an isotopic boundary separates the
Dom Feliciano Belt into a western domain dominated by Archean to
Paleoproterozoic isotopic signatures and an eastern domain that is very
similar to the Coastal Terrane of the Kaoko Belt. This observation could
reflect a tectonic boundary within the Kaoko Belt that may have acted as
an early terrane border during the belt’s evolution, essentially con-
trasting the Western Kaoko Zone from the remaining domains of the belt
in isotopic terms, which could correspond to the Puros Shear Zone. The
presence of an isotopically more juvenile basement in the center of the
orogenic system defined by both belts implies in a significant input of
juvenile material at some point after the Paleoproterozoic, when the pre-
Pan-African basement of both belts was probably consolidated. This
juvenile input is likely the result of intracontinental Mesoproterozoic
magmatism and accretionary orogeny and/or rifting, in the Tonian, in
the Ediacaran, or both.
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