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ARTICLE INFO ABSTRACT
Keywords: The southwestern Angolan Shield hosts the Earth’s largest Mesoproterozoic massif-type anorthosite complex (up
U-Pb geochronology to 53,500 kmz), the Kunene Complex (KC). This complex is the result of a long-lived (~200 Ma) episodic

Kunene Complex

€ . emplacement of coalescent magmatic pulses. The recent acquisition of multidisciplinary data during the PLA-
Mesoproterozoic magmatism

Kibaran belt NAGEO project has significantly enhanced our understanding of the Precambrian crustal framework from the

Archaean to Palacoproterozoic crustal domains southwestern Angolan Shield. Combined multi-isotope, structural and geophysical data reveals distinctive crustal

Angolan Shield zones in the southwestern Angolan Shield that clearly influenced KC’s emplacement within a back-arc setting.
The spatio-temporal arrangement of KC pulses suggests westwards magma migration within a complex
contractional regime involving large strike-slip systems. A long-lasting and extensive accretionary orogen was
responsible for the tectono-thermal activity recorded during most of the Mesoproterozoic. Crustal thinning and
partial melting of isotopically heterogeneous lower-crustal sources through mantle upwelling promoted the
episodic felsic magmatism contemporaneous with the KC. Crustal contamination processes are evident in gabbro-
anorthosites, indicating mantle metasomatism and interaction with wall-rocks and granite melts during ascent,
upwelled by lateral-driven forces. Deposition of extensive metasedimentary sequences (<1.26 Ga) covering the
KC, along with 1.23-1.07 Ga sublithospheric and mantle-derived magmatism, indicate a shift from a compres-
sional to an extensional regime during late-Mesoproterozoic times. Regional correlations with other Meso-
proterozoic units in African and Brazilian counterparts suggest a shared geological evolution, despite potential
differences in tectonic setting. These findings supports a refined geological model for the Mesoproterozoic
evolution of the southwestern part of the Congo Craton.
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1. Introduction

The petrogenesis and tectonic setting of Anorthosite-Mangerite-
Charnockite-Granite (AMCG) complexes is still a matter of debate (e.
g., Ashwal and Bybee, 2017; Sotiriou and Polat, 2023). The diverse
petrographic, geochemical and structural relationships of these mate-
rials pose a significant challenge for explaining their provenance
through conventional magmatic processes and achieving a unified ge-
netic model (Ashwal, 1993). These igneous complexes have been
ascribed to various geodynamic settings, including both extensional and
compressional regimes. For example, Proterozoic anorthosites from the
Dom Feliciano Belt of Brazil (Capivarita Anorthosite) are related to
intracontinental extensional processes (Chemale et al., 2011), whereas
anorthosites from Canada (Labrador Belt and Cross Lake-Pipestone
Lake) and Central Australia (Musgrave orogen) are linked to a Prote-
rozoic continental arc or back-arc settings (Smithies et al., 2011, Smits
et al., 2014; Polat et al., 2022). The Rogaland Anorthosite Province of
Norway has been related to both divergent and convergent scenarios
(Duchesne et al., 1985; Slagstad et al., 2022).

In addition to the well-established association with mafic and ul-
tramafic rocks, most anorthosite complexes are also associated with
granitoid rocks (e.g., Elizondo-Pacheco et al., 2024). The high incom-
patible element contents and alkaline affinity of these rocks relate them
to A-type granites, although S- and I-type granites are also commonly
found (Milani et al., 2022). The coexistence of gabbro-anorthosite and
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granitoid rocks is an intriguing phenomenon that raises questions about
whether they share common or separate origins. They could represent
products of fractional crystallisation from the parental anorthositic
magma; or they could derive from crustal melting under extensional
conditions (Eby, 1992; Frost and Frost, 2011; Condie et al., 2023).
However, isotopic and geochemical data often preclude a direct com-
mon origin for coeval anorthosites and A-type granites (e.g., Collins
etal., 2019; Elizondo-Pacheco et al., 2024). This complexity underscores
the need for integrative petrogenetic models that account for both
mantle evolution and crustal processes across different tectonic regimes.

The Kunene Complex (KC), located in the SW Angolan Shield (Fig. 1),
is the largest AMCG complex on Earth (42,500-53,500 km?; e.g., Rey-
Moral et al., 2022; Mochales et al., 2025), and is the result of protracted
magmatism spanning at least 140 Ma (1500-1360 Ma; e.g., Mayer et al.
2004; Bybee et al., 2019; Milani et al., 2022). The exposed part of the KC
(ca. 18,000 kmz; Figs. 1C, 2) forms an elongated, NNE-directed band
that extends up to 350 km from the Namibian-Angolan border into
Angola. Due to its petrological significance and economic potential,
numerous studies have been conducted on the KC’s main anorthositic,
gabbroic and granitic lithotypes (e.g., Silva, 1990; Ashwal and Twist,
1994; Driippel et al., 2000, 2007; Maier et al., 2013; Milani et al., 2022),
although primarily limited to the exposed western portion of the
Angolan KC and northwestern Namibia (Zebra Mountains).

The Archaean to Palaeoproterozoic basement that borders the
Angolan KC remains largely unknown, particularly along the eastern
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boundary of the complex, despite the recent advances in the last decade
(e.g., Pereira et al., 2011, 2013; McCourt et al., 2013; Bybee et al.,
2019). Since 2015, the Angolan government has implemented an
ambitious geological mapping project (National Geology Plan of Angola,
PLANAGEO) to foster the countrys geological infrastructure. As part of
the PLANAGEO project, we conducted surveys covering the vast and
remote regions of southwestern Angola, including the unexplored
eastern areas of the KC in Angola and its host basement.

Distinct crustal tectonic domains have been proposed within the
Angolan Shield (Carvalho et al., 2000; Jelsma et al., 2018), which have
been recently updated through PLANAGEO’s geological mapping
(Fig. 1C; Rodrigues et al., 2021; Merino-Martinez et al., 2022). Rey-
Moral et al. (2022) and Mochales et al. (2025) highlighted the distinct
geophysical response of the basement surrounding the KC, suggesting
that pre-Mesoproterozoic structures influenced the emplacement of the
complex, as also described for other anorthositic provinces (e.g., Emslie
et al., 1994). However, the geological evolution of the Angolan Shield
during the Mesoproterozoic remains debated. While Mesoproterozoic
magmatism in SW Angola and northwest Namibia has been traditionally
interpreted as anorogenic (LIPs systems; e.g., Ernst et al., 2013, 2014),
recent research suggesting a collisional setting for the Kunene Complex
(e.g., Ashwal and Bybee, 2017; Bybee et al., 2019; Lehmann et al., 2020;
Milani et al., 2022) opens new debate on the assembly and break-up of
the Columbia supercontinent and the formation of Rodinia during the
so-called “boring billion” (Roberts, 2013; Meert and Santosh, 2017).
Similarly, the time-equivalent bimodal magmatism of the Kibaran Belt
(Fig. 1B) has been attributed to both intracontinental extensional and

14.5°E 15.0°E
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convergent scenarios (e.g., Hanson, 2003; Kokonyangi et al., 2007; Tack
et al., 2010). Nevertheless, a comparable and prolonged Mesoproter-
ozoic geodynamic evolution has also been proposed for the African
(Kibaran, Karagwe-Ankole and Northern Irumide Belts; Fig. 1B) and
Brazilian counterparts (e.g., Fernandez-Alonso et al., 2012; Faleiros
et al., 2024).

This study presents new multi-isotope and structural data for the KC
and its surrounding basement, based on extensive geological in-
vestigations conducted in the PLANAGEO project. Twelve U-Pb zircon
ages from the Archaean (2.67-2.57 Ga) to Palaeoproterozoic (1.99-1.97
and 1.80-1.77 Ga) basement, and ten age determinations from KC
samples (1.45-1.34 Ga), complement the limited isotopic information
for these underexplored regions. The petrogenetic discussion is enriched
by comprehensive whole-rock geochemical and Sr-Nd isotope data from
representative KC rocks. The additional U-Pb detrital zircon dating of
the sedimentary cover sequence of the Kunene Complex (<1.26 Ga)
provides valuable supplementary information that enhances the preci-
sion of the age data for other metasedimentary sequences from SW
Angola (Ferreira et al., 2024). This integrated approach improves our
geological understanding of the southwestern Angolan Shield, providing
new insights into the emplacement of the Kunene Complex and the
Mesoproterozoic evolution of the southern margin of the Congo Craton.

2. Geological setting

The studied area is located in southwest Angola and northwest
Namibia, forming part of the Angolan Shield, at the southwestern
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margin of the Congo Craton (Fig. 1). The Congo Craton is made up of
distinct blocks or cratonic units, remnants of an Archaean crust, that
were amalgamated throughout the Eburnean (ca. 2.1-1.8 Ga), Kibarian
(ca. 1.5-1.0 Ga), Pan-African (ca. 0.8-0.5 Ga) orogenies (De Wit and
Linol, 2015). The effects of these accretionary events are expressed as
extensive deformation belts and peripheral suture zones, partially
overlapped or disrupted, forming the Mesoproterozoic Karagwe-Ankole,
Kibaran, and Irumide belts and the Neoproterozoic Western Congo,
Mozambique, and Damara-Kaoko belts and the Lufilian Arc (e.g., De
Waele et al., 2008; Tack et al., 2010; Fernandez-Alonso et al., 2012;
Goscombe et al., 2017; Marimon et al., 2020; Fig. 1B).

The Angolan Shield is mainly composed of a metaigneous and met-
asedimentary Archaean to Palaeoproterozoic crust (Fig. 1C; Jelsma
et al., 2018), partially intruded by Mesoproterozoic igneous rocks.
Subsequent transpressive processes between the Congo and Rio de la
Plata Cratons were responsible for the development of the Neo-
proterozoic (Pan-African) Kaoko Belt, which was later fragmented dur-
ing the Mesozoic opening of the Atlantic Ocean (Fig. 1; e.g., De Waele
et al., 2008; Evans and Mitchell, 2011; Meert, 2012; Goscombe et al.,
2017). The geology of the studied area is summarised as follows (Fig. 2):

2.1. Archaean crust

The Archaean crust is represented by the Jamba Group and the
Gneiss-Migmatite and Granite Complex (Carvalho 1982; Carvalho et al.,
2000). The Jamba Group is composed of highly deformed low- to
medium-grade metavolcanic and metasiliciclastic sequences interlay-
ered with banded-iron formations (BIFs), structured as NNW-SSE to
NNE-SSW oriented mega-syncline and anticline folds (Korpershoek,
1970, 1984; Pascal, 1980; Bassot et al., 1981; Sousa et al., 2021; Buzzi
and Gutiérrez-Medina, 2022). The occurrence of the Jamba Group is
limited to the east of the Kunene Complex, in the Cassinga Zone (Fig. 2;
Carvalho and Alves, 1993; Jelsma et al., 2018). The Gneiss-Migmatite
and Granite Complex is mainly composed of weakly foliated per-
aluminous to slightly metaluminous metagranites, locally migmatised,
and rare metagabbros (Delhal et al., 1969, 1976; Carvalho, 1984). While
covering wide areas in the Cassinga zone, the Archaean crust in the
Central Eburnean Zone is essentially restricted to small remnants of
ortho- and paragneisses within a dominant metaigneous Palae-
oproterozoic crust (Fig. 2; Carvalho, 1982; Merino-Martinez et al.,
2022).

2.2. Palaeoproterozoic crust

Palaeoproterozoic materials are major components of the Cassinga
Zone and the Central Eburnean Zone (Fig. 1; e.g., Carvalho and Alves,
1993; Jelsma et al., 2018; Merino-Martinez et al., 2022). Metaluminous
to slightly peraluminous granitoid rocks (traditionally regarded as the
Eburnean Regional Granite; Pascal, 1980; Carvalho, 1982) are common
constituents of this basement, together with rare gabbroic to dioritic
bodies, intermediate to felsic (sub)volcanics and siliciclastic metasedi-
ments (Fig. 2; Carvalho and Alves, 1993; Silva and Caessa, 2021;
Gutiérrez-Medina, 2022; Merino-Martinez and Goicoechea, 2022). The
magmatic rocks display U-Pb zircon crystallisation ages ranging from
2.04 to 1.74 Ga (Pereira et al., 2011, 2013; McCourt et al., 2013; Jelsma
et al.,, 2011, 2018; Langa, 2019; Milani et al., 2022; Campeny et al.,
2023). These rocks show fragile-ductile and ductile deformation fea-
tures, reaching up to medium- to high-grade metamorphic conditions
(localised migmatisation), defining limited mobile belts (Torquato et al.,
1979; Silva and Simoes, 1980).

To the west and south of the Kunene Complex, the Palaeoproterozoic
basement is dominated by the low- to medium-grade meta-volcanose-
dimentary sequence of the Namibe Group (previously known as the
Schist-Quartzite-Amphibolite Complex; Carvalho and Alves, 1993; Silva,
2005; Escuder-Viruete et al., 2021; Silva et al., 2021), and medium to
high-grade metamorphic materials of the Epupa Metamorphic Complex
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(EMG; Fig. 1; Miller, 2008). In NW Namibia, the EMC shows U-Pb pro-
tolith ages from 1.86 to 1.76 Ga, with ductile deformation and migma-
tisation coeval with the latest magmatic pulses (Kroner et al., 2010,
2015). This basement is partially covered by subhorizontal low-grade
meta-volcanosedimentary sequences (Fig. 2), known as the Chela
Group in the Humpata Plateau (1.80-1.75 Ga; Carvalho et al., 2000;
Pereira et al., 2011, 2013; McCourt et al., 2013) and as the Ompupa and
Iona Groups and Cahama and Okapuka Formations to the south of the
Oncocua Plateau (1.32-1.18 Ga; Kroner and Rojas-Agramonte, 2017;
Ferreira et al., 2024).

2.3. Mesoproterozoic crust

Distinct Mesoproterozoic igneous assemblages are found in the SW
Angolan Shield, ranging in age from 1.53 to 1.07 Ga (e.g., Seth et al.,
2005; Luft et al., 2011; Ernst et al., 2013, 2014; Maier et al., 2013;
Kroner et al., 2015; Kroner and Rojas-Agramonte, 2017; Salminen et al.,
2018; Ferreira et al., 2024). However, the most significant Meso-
proterozoic magmatism is related to the intrusion of the Kunene Com-
plex, mainly emplaced between 1.50 and 1.36 Ga (e.g., Mayer et al.,
2004; Seth et al., 2005; Baxe, 2007; Driippel et al., 2007; McCourt et al.,
2013; Bybee et al., 2019; Lehmann et al., 2020; Milani et al., 2022).

The exposed part of the KC forms an elongated, NNE-directed band
extending up to 350 km from the Namibian-Angolan border into Angola
(ca. 18,000 km>; Fig. 2). Anorthosites and gabbros, such as leuco-
troctolites and leuconorites, are the main lithotypes of the gabbro-
anorthosite complex (e.g., Ashwal and Twist, 1994). Most KC anortho-
sites are unaltered and preserve primary magmatic textures (Slejko
et al., 2002), although metasomatised textures and solid-state meta-
morphic structures are also profuse along the complex (referred as black
and white anorthosites, respectively; Morais et al., 1998; Driippel et al.,
2007). Contemporaneous felsic magmas (commonly known as Red
Granites) are found at the outer margins of the KC and in relatively
narrow structurally controlled corridors within the complex (Fig. 2).
These felsic lithologies include a variety of granite facies, including
alkali-feldspar granites, quartz-monzonites, and quartz-syenites, as well
as volcanic and subvolcanic materials, such as mangerites, rhyodacites,
rhyolites, quartz-latites, quartz-trachytes and porphyritic microgranites,
particularly in the Matala and Cahama regions (Torquato and Salgueiro,
1977; Carvalho and Alves, 1990, 1993; Escuder-Viruete and Gumiel,
2021; Galan, 2021; Potti, 2021). Distinct ductile deformational struc-
tures are described both in the anorthosites and granitoid members of
the KC (Bybee et al., 2019; Lehmann et al., 2020, 2023; Milani et al.,
2022).

Following the KC emplacement, magmatism resumed between 1.28
and 1.07 Ga, marking the end of Mesoproterozoic magmatism in the
region. The resulting igneous rocks are essentially undeformed and
consist of alkali-feldspar granites, alkaline-carbonatitic and tholeiitic
rocks found in both SW Angola and NW Namibia (Fig. 2; e.g., Silva et al.,
1973; Carvalho, 1984; Carvalho et al., 2000; Ernst et al., 2013; Kroner
and Rojas-Agramonte, 2017; Salminen et al., 2018; Tshiningayamwe
et al., 2022a; Ferreira et al., 2024).

3. Analytical methods

The studied samples were collected between 2016 and 2019 as part
of PLANAGEO. A detailed description of the analytical methods can be
found in the Supplementary Material. Whole-rock geochemical analyses
of Mesoproterozoic samples were conducted in the facilities of ALS
Chemex South Africa (Pty) Ltd., in Johannesburg (n = 26). Meso-
proterozoic samples selected for geochronological purposes were also
subjected to whole-rock geochemical (n = 5) and Sr-Nd isotope (n = 6)
analyses, performed at the Bureau Veritas Commodities Canada Ltd
(AcmeLabs; Vancouver, Canada), and in the Geochronology Unit of the
Complutense University of Madrid (Spain), respectively. U-Pb dating
was carried out by ID-TIMS at IGME-CSIC laboratories in Spain (n = 8)
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with a Triton TIMS mass spectrometer and a 2°°Pb-233U-23%U spike, and
by SHRIMP-Ile instruments at the High-Resolution Geochronological
Laboratory of the University of Sao Paulo, Brazil (n = 6), and the
IBERSIMS laboratory of the University of Granada, Spain (n = 9). Age
plots and corresponding age calculations were performed using the
Microsoft Excel add-in Isoplot® (Ludwig, 2012). All calculated age un-
certainties are reported in the text, figures and tables at the 2c level.
Density plotter (Vermeesch, 2012) was used for the analysis of the U-Pb
age distribution of detrital zircon. The full lithogeochemical and U-Pb
analytical data are included in Tables S1 and S2. The location and the
main mesoscopic features of the samples examined in this work are
shown in Fig. 4 and Fig. S1.

4. Whole-rock geochemical features of KC materials

Representative gabbro-anorthosite units (n = 12) and felsic materials
(n = 16) were sampled from the exposed western and the underexplored
eastern segments of the KC (Fig. S1). Gabbro-anorthosite samples mostly
consist of anorthosites and leucotroctolites, whereas the analysed felsic
materials related to the KC are represented by both plutonic and vol-
canic facies, including distinct red granites, a syenite, a pegmatite, and
diverse granite porphyries, microgranites and rhyodacites (Table S1).

Anorthosite rocks from both the eastern and western segments of the
KC show low SiO, (45.5-55.7 wt%), NaoO (0.9-4.8 wt%), and K,0
(0.1-1.7 wt%) contents; moderate CaO (3.3-12.95 wt%), high Al,03
(7.7-28.7 wt%), and variable MgO (0.01-0.28 wt%), TiO3 (0.1-1.5 wt
%) and FeyOgs¢ (0.9-16.5 wt%) concentrations (Fig. S2). The studied
samples are geochemically classified from the gabbro to monzodiorite
compositional fields, varying from minor tholeiitic suites to dominant
calc-alkaline series (Fig. 3A, B). These samples mostly show a metal-
uminous and magnesian affinity, although some weakly peraluminous
and ferriferous terms are also found (Fig. 3C, D). The primitive mantle
(PM)-normalised distributions exhibit a relatively flat multielement
pattern, with an enrichment in LILE and a variable distribution of HFS
elements (Fig. 3E). With the exception of an altered anorthosite, that
clearly shows Rb enrichment due to metasomatic processes, they
commonly show positive anomalies of Ba, Pb, Sr, Nd, and Eu, and
negative of Rb, Nb, P, and Zr. The chondrite normalised REE diagram
also shows a flat spectrum, with a slight enrichment in LREE contents
and an almost flat to slightly depleted HREE patterns (Fig. 3G). A large
positive Eu anomaly characterizes most gabbro-anorthosite samples,
although a slightly negative to positive Eu-anomalies are found in some
units from the western segment of the KC. The geochemical patterns are
similar to those reported in other gabbroic and anorthosite materials
from the exposed western and south-eastern segments of the KC
(Figs. S2, S3; Baxe, 2007; Brower, 2017).

The studied felsic KC materials cover a wide compositional range of
Si0y (54.9-83.5 wt%), NasO (0.8-7.3 wt%), K20 (0.6-6.7 wt%); CaO
(0.1-10.4 wt%), AlyO3 (9.8-22.7 wt%), MgO (0.04-5.80 wt%), TiO2
(0.02-1.01 wt%), FesO3¢ (0.9-12.1 wt%) and P,0s5 (0.01-0.23 wt%),
commonly showing progressive depletion in AlyO3, NayO, CaO, TiOa,
MgO, Fey03; with silica increasing (Table S1). The distribution of AlxOs3,
K50, Nay0, Sr and Ba in the felsic samples is characterised by a concave-
down trend, showing a positive correlation with SiO from ca. 53 to 68
wt%, and decreasing towards the most acidic terms (up to 83.5 wt%
SiO9; Fig. S2). Some granitoids and volcanic equivalents plot from the
monzonite to syenite alkaline field; however, the majority of the samples
have a subalkaline affinity, being classified from the diorite to granite
geochemical fields (Fig. 3A). These subalkaline samples display both
tholeiitic and calc-alkaline evolutionary trends (Fig. 3B). The KC felsic
samples mostly exhibit a ferriferous character, evolving from metal-
uminous to peraluminous affinities with maficity decreasing (Fig. 3C-D).

The Sr/Y and (La/Yb)y ratios of the felsic KC materials mostly range
from 0.05 to 41.09 and from 0.74 to 40.76 respectively (Fig. S4). The KC
felsic materials display highly enriched LILE and LREE contents and the
PM-normalised patterns are mostly defined by positive anomalies of Th,
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Pb and Zr and by marked negative anomalies of Ba, Nb, Sr, P, and Ti
(Fig. 3F). Moderately steep REE chondrite-normalised patterns with
marked negative Eu anomalies and flat HREE trends mostly characterise
these materials (Fig. 3H). Despite the slightly distinct trends and
anomalies from certain felsic samples (i.e., a granite and a granite
pegmatite displaying lower LILE and LREE, and higher HFS and HREE,
alike to that previously attributed to the M-type tetrad effect resulting
from fluid-melt interaction; Milani et al., 2022), the overall patterns are
analogous to those previously reported in other granitoids and KC-
related felsic materials (Baxe, 2007; Kroner et al. 2015; Kroner and
Rojas-Agramonte 2017; Milani et al. 2022).

5. Isotopic results

Samples selected for U-Pb geochronology include representative
materials from the plutono-metamorphic basement surrounding the
Kunene Complex, a basaltic dike intrusive into this basement, anortho-
site rocks and distinct plutonic and volcanic felsic materials related to
the KC, and a sedimentary rock overlaying the KC (Fig. S1). Cath-
odoluminescence (CL) images of representative zircon grains from
samples dated by U-Pb SHRIMP and analytical spot locations are shown
in Fig. S5. Two anorthosites samples and four felsic rocks from the
Kunene Complex were selected for whole-rock Rb-Sr and Sm-Nd isotope
analyses. In this section, we provide a brief outline of the lithological
and structural characteristics, along with a summary of the U-Pb and Sr-
Nd results obtained for the studied samples (Tables 1 and 2).

5.1. Archaean and Palaeoproterozoic basement of the Kunene Complex

5.1.1. Archaean materials from the Cassinga Zone

Dated samples representative of the Archaean plutono-metamorphic
basement of the Cassinga area correspond to: a foliated porphyritic
biotite granite (UTJPD33P044I) found alongside Mesoproterozoic red
granites in the banks of the Cunene river; a biotite granite-gneiss (360/
197/JFM) located ca. 18 km WNW of Cassinga; a porphyritic biotite
granite-gneiss with large K-feldspar phenocrysts (UTMGD33X018I),
collected approximately 20 km ENE of Cuvelai (Fig. 4). These granitoids
exhibit variable mineral orientation and deformation, ranging from
foliated to gneissic textures (Fig. S1). The foliation is marked by the
alignment of biotite and the plastic elongation of feldspars and quartz.
The distribution of the gneissic facies is highly heterogeneous, sug-
gesting their association with regional shear bands. The measured ori-
entations display irregular patterns, varying from NE-SW to NNW-SSE
directions. The U-Pb data obtained for these samples reveal crystal-
lisation ages of 2667 + 15 Ma for sample UTMGD33X018I (MSWD =
0.35, upper intercept age; Fig. 5A), 2621 + 17 Ma for sample 360/197/
JFM (MSWD = 0.71, upper intercept age; Fig. 5B), and 2567.8 + 6.8 Ma
for sample UTJPD33P0441 (MSWD = 1.4, concordia age; Fig. 5C).

5.1.2. Palaeoproterozoic Eburnean basement

Samples from the Palaeoproterozoic Eburnean-aged basement sur-
rounding the Kunene Complex mainly consist of variably deformed
porphyritic to equigranular granite facies (Fig. S1), frequently showing
magma mingling textures. The deformational features found in these
rocks are heterogeneous, both in intensity and in spatial distribution.
Isotropic to weakly foliated facies often gradually transition to intensely
deformed zones, showing gneissic layering to schlieric textures, occa-
sionally evidencing partial melting conditions.

The basement to the northwest of the KC is represented by the
following samples: a NW-SE to NNW-SSE trending biotite-rich schlieric
granite (UTEMD33N159I) and a foliated porphyritic granite
(UTMGD33M135I) located ca. 80 to 90 km to NNE and NW of Lubango,
respectively; and a NNW-SSE trending biotitic granite-gneiss (356/62/
PB), located a few kms southeast of the Humpata Plateau (Fig. 4;
Fig. S1). U-Pb data for these samples indicate crystallisation ages of
1984 + 19 Ma (MSWD = 0.22; upper intercept age), 1989 + 11 Ma,
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Fig. 3. Geochemical classification diagrams of the studied samples from the eastern KC segments (E-KC) and western KC areas (W-KC). A) TAS diagram of Mid-
dlemost (1994). Division of alkaline from sub-alkaline rock series (dotted grey line) from Irvine and Baragar (1971). B) AFM diagram, showing the boundary between
tholeiitic and calc-alkaline igneous suites (black solid line) and the projection of Fenner (grey dotted line) and Bowen (grey dashed line) magma evolution trends of
Vermeesch and Pease (2021). C) A-B diagram of Debon and Le Fort (1983). D) B vs. Mg/(Fe + Mg) diagram of Debon and Le Fort (1988). E, F) Spider plots
normalized to Primitive Mantle of McDonough and Sun (1995). G, H) Chondrite-normalised REE diagram. Normalisation values are from Boynton (1984).
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Fig. 4. Synthesised map of the studied zone showing the location of the studied samples and the main structural features discussed in the text. Rose diagrams of the
Archaean to Mesoproterozoic materials are built by analysing the magmatic and metamorphic foliations projected in the map (according to those data from the
PLANAGEO project and literature information). The crustal domains have been interpreted on the basis of the geochronological and structural analysis resumed in
the main text, as well as the gravimetric information of Rey-Moral et al. (2022).

(MSWD = 1.10; upper intercept age) and 1986.5 + 8.2 Ma (MSWD =
0.0005; concordia age), respectively (Fig. 5D-F).

A NE-SW trending granodiorite-gneiss (UTJPD33P005I) was
sampled northeast of the KC (Fig. 4). In this area, the basement defines a
linear NE-SW deformational zone, extending north-eastwards from the
Quipungo region (Fig. S1). The sample shows a penetrative planar-linear
metamorphic fabric, sub-parallel to the main NE-SW trending foliation
and lineation of the country rock materials. Locally, it shows
cataclastite-like deformational textures, suggesting brittle-ductile
deformation. An upper intercept age of 1971 + 11 Ma (MSWD = 0.37;
Fig. 5G) was determined for the crystallisation age of the granodioritic
protolith.

East of the KC, beyond the Kalahari sedimentary cover, distinct
Palaeoproterozoic granitoid and volcanic-related felsic facies occur

within the Archaean basement of the Cassinga Zone (Fig. 2). An unde-
formed medium- to coarse-grained biotite granite (381/59/JCS) and a
NE-SW trending foliated granite (UTJCE33DO003I) was sampled close to
Cuvelai and 100 km north of Ondjiva, respectively (Fig. S1). These two
samples provided U-Pb crystallisation ages of 1981.8 + 7.5 Ma (MSWD
= 0.003, concordia age; Fig. 5H) and 1975 + 10 Ma (MSWD = 9.9,
upper intercept age; Fig. 5I).

5.1.3. Palaeoproterozoic Epupa-aged basement

The Epupa-aged plutonic basement is represented by granitoid
bodies, minor diorite to gabbroic rocks, and scarce ultrabasic materials,
intrusive within the Eburnean basement and in the Namibe Group,
further south (Fig. 4).

Samples UTGGD3300901 of

and UT24E33B036I consist
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Table 1
Summary of U-Pb geochronological results.
Sample Lithology Geological Unit Coordinates Age error Methodology
Latitude Longitude (Ma) (Ma)
UTMGD33X018I Foliated porphyritic Archaean plutono-metamorphic basement —15.597700  16.015067 2667 15 U-Pb TIMS IGME
granitoid
360/197/JFM Granite gneiss Archaean plutono-metamorphic basement —15.072267  15.985601 2621 17 U-Pb SHRIMP
GEOLAB
UTJPD33P0441 Foliated granite Archaean plutono-metamorphic basement —14.938065  15.245468  2567.8 6.8 U-Pb SHRIMP
IBERSIMS
UTMGD33M1351 Foliated porphyritic Palaeoproterozoic plutono-metamorphic —14.445077  12.831390 1989 11 U-Pb SHRIMP
granite basement (Eburnean) IBERSIMS
356/62/PB Bt granite gneiss Palaeoproterozoic plutono-metamorphic —15.342279  13.577734  1988.6 9.5 U-Pb SHRIMP
basement (Eburnean) GEOLAB
UTEMD33N1591 Schlieric monzogranite Palaeoproterozoic plutono-metamorphic —14.268835  13.798710 1984 19 U-Pb SHRIMP
basement (Eburnean) IBERSIMS
381/59/JCS Granite Palaeoproterozoic plutono-metamorphic —15.678479  15.760435  1981.8 7.5 U-Pb SHRIMP
basement (Eburnean) GEOLAB
UTJCE33D003I Granite Palaeoproterozoic plutono-metamorphic —16.138197  15.867944 1975 10 U-Pb TIMS IGME
basement (Eburnean)
UTJPD33P005I Granite gneiss Palaeoproterozoic plutono-metamorphic —14.435096  15.069294 1971 11 U-Pb SHRIMP
basement (Eburnean) IBERSIMS
UT24E33B0361 Diorite Palaeoproterozoic igneous basement (Epupa) —16.720789  13.267416  1801.8 4.6 U-Pb TIMS IGME
UTGGD3300901 Gabbro Palaeoproterozoic igneous basement (Epupa) —14.697922  14.458075 1791.1 6.8 U-Pb TIMS IGME
UT24E33B128M Amphibolite Palaeoproterozoic Epupa Metamorphic —16.824506  13.811902 1772 23 U-Pb SHRIMP
Complex IBERSIMS
UTGGD3300401 Anorthosite Mesoproterozoic Kunene Complex —14.661268  14.925023 14419 1.5 U-Pb TIMS IGME
UTJEE33C0341 Rhyodacite Mesoproterozoic felsic intrusions related to —16.670891  14.070312  1445.8 1.9 U-Pb TIMS IGME
the Kunene Complex
UTJEE33C034Lrep  Rhyodacite Mesoproterozoic felsic intrusions related to —16.670891 14.070312  1449.7 7.7 U-Pb SHRIMP
the Kunene Complex IBERSIMS
359/51/JCS Granite porphyry Mesoproterozoic felsic intrusions related to —15,267009  15.319934  1440.1 5.6 U-Pb SHRIMP
the Kunene Complex GEOLAB
UTJEE33C0361 Pinkish syenitic granite Mesoproterozoic felsic intrusions related to —16.753148  14.027514 1424 9 U-Pb TIMS IGME
the Kunene Complex
UTJEE33C0191 Coarse-grained reddish Mesoproterozoic felsic intrusions related to —16.275356  14.145899  1423.7 9.3 U-Pb SHRIMP
granite the Kunene Complex IBERSIMS
377/1/JF Episyenite Mesoproterozoic felsic intrusions related to —15.784167  13.835556 1370 11 U-Pb SHRIMP
the Kunene Complex GEOLAB
UT24E33B0731 Granodiorite Mesoproterozoic felsic intrusions related to —16.666660  13.430350 1377.4 5.8 U-Pb TIMS IGME
the Kunene Complex
UT24E33B027M Basalt dike Mesoproterozoic basic magmatism related to —16.784726  13.209454 1363 17 U-Pb SHRIMP
the Kunene Complex IBERSIMS
377/2/JF Anorthosite Mesoproterozoic Kunene Complex —15.826389 13.714444 1344 16 U-Pb SHRIMP
GEOLAB
UTJEE33C008S Microconglomeratic Cahama Formation —16.291600  14.309900 1263 20 U-Pb SHRIMP
sandstone IBERSIMS

intermediate to basic plutonic rocks (Fig. S1). Sample UTGGD330090I is
an undeformed gabbro intrusive into the Eburnean basement north of
the KC. Four zircon fractions, anchored by a concordant analysis, display
a co-linear discordancy pattern with a U-Pb upper intercept age of
1791.1 + 6.8 Ma (MSWD = 0.37; Fig. 5J), interpreted as the emplace-
ment age of the gabbro. Sample UT24E33B0361 is a medium-grained
quartz-diorite located southwest of the KC. The quartz-diorite shows a
NW-SE hornblende-defined lineation sub-parallel to the crenulation
lineation and fold axes found in the nearby metamorphic basement
(Potti et al., 2021). The U-Pb analyses of this sample provide a crystal-
lisation age of 1801.8 + 4.6 Ma (MSWD = 0.34; Fig. 5K), determined by
the co-linear regression line of four zircon fractions.

A basic amphibolite (sample UT24E33B128M) was sampled in the
southern region of the Angolan KC (Fig. 4). In this area, the Epupa-aged
basement forms a narrow, elongate N-S trending body sandwiched be-
tween the Mesoproterozoic anorthositic and granitic rocks of the KC.
This metabasic rock shows a plano-linear gneissic fabric, overprinted by
folding and crenulation that resulted in the formation of tight isoclinal
folds. These structures indicate a complex deformational overprint of
the Epupa intrusives in this sector. U-Pb analyses define an upper
intercept age of 1772 + 23 Ma (MSWD = 1.09; Fig. 5L), reflecting the
emplacement age of the mafic protolith.

5.2. Kunene Complex

5.2.1. Mesoproterozoic KC anorthosites and basic rocks

We sampled two anorthosites from the northern (UTGGD330040I)
and central (377/2/JF) parts of the Kunene Complex, along with a
basaltic dike (UT24E33B027M) intrusive into the Namibe Group SW of
the KC (Fig. 4).

Sample UTGGD3300401 was collected from the northeasternmost
edge of the KC, near Matala, and exhibits a whitish colour due to
pervasive hydrothermal alteration (Fig. S1). Five zircon fractions from
this sample define a co-linear regression line with an upper intercept age
of 1441.9 & 1.5 Ma (MSWD = 1.9; Fig. 6A), identical to the 2°’Pb/2%°pb
weighted mean age (1441.3 &+ 1.2 Ma, MSWD = 1.6). This sample dis-
plays a 87Sr/86Sr(i) value of 0.708629, an eNd;) of —2.2, and a Tpum2 age
of 2.09 Ga (Table 2).

Sample 377/02/JF is a medium- to coarse-grained anorthosite
collected west of the central part of the KC, near Pocolo (Fig. S1). It lacks
foliation and shows no signs of deformation and recrystallisation. This
sample provides a U-Pb crystallisation age of 1344 + 16 Ma (MSWD =
0.0011; concordia age; Fig. 6B), a 87Sr/868r(i) value of 0.703454, an
eNd(j of + 0.1, and a Tpumz age of 1.84 Ga (Table 2).

Sample UT24E33B027M is an undeformed NW-SE trending dolerite
dike intrusive into the Namibe Group, southwest of the KC. Only four
zircon grains were extracted from this sample. The analysed zircons
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Table 2

Sm-Nd and Rb-Sr composition of the studied Mesoproterozoic KC rocks.
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yield two Palaeoproterozoic (Eburnean) and two Mesoproterozoic (sub)
concordant dates (Fig. 6C). Despite de irregular CL structures observed
in the younger Mesoproterozoic zircon crystal (analysis 3.1; Fig. S5), the
Th/U ratio of 0.67 would be consistent with partial recrystallisation
occurring during the final stages of magma crystallisation. Hence, the
1363 + 17 Ma (MSWD = 1.3) concordia age of the younger Meso-
proterozoic zircon is interpreted as the best estimate for the crystal-
lisation age of this sample, similar to the age reported for other WNW-
trending dikes intruding into the Namibe Group (Fig. 2; 1385 + 5 Ma;
Ernst et al., 2014).

5.2.2. Mesoproterozoic KC felsic rocks

Four granitoids (samples UTJEE33C0191, UTJEE33C0361, 377/1/JF
and UT24E33B073I) and two felsic subvolcanic rocks (samples 359/51/
JC and UTJEE33C0341) were collected from several locations across the
KC (Fig. 4). Notably, four of these samples come from regions where the
felsic magmatism associated with the KC has not previously been dated.

Sample 359/51/JC is a granite porphyry forming a N-S directed
outcrop exposed along the Cunene river, surrounded by the Cenozoic
sediments of the Kalahari Group. The concordia age of 1440.1 + 5.6 Ma
(MSWD = 1.8; Fig. 6D) is interpreted as the crystallisation age of this
sample. This age overlaps within uncertainty with that obtained for the
anorthosite dated in the same region (sample UTGGD330040I, 1441.9
+ 1.5 Ma; Fig. 6A). This sample shows an eéNd ;) value of —4.5 and a Tpy2
age of 2.25 Ga; the 87Sr/865r(i) value of 0.661968, lower than the BABI,
indicates post-recrystallisation disturbance of the Rb-Sr system
(Table 2).

Two granitoids (UTJEE33C019I and UTJEE33C036I) were collected
near and south of Cahama. These rocks are coarse-grained syenogran-
ites, occasionally displaying a slight sub-vertical planar magmatic foli-
ation and a preferred mineral orientation in a NE-SW to ENE-WSW
direction (Fig. S1). They contain sub-rectangular and ovoid enclaves of
porphyritic felsic volcanic rocks. Both samples reveal identical U-Pb
crystallisation ages of 1424 + 17 Ma (MSWD = 0.53, upper intercept
age; Fig. 6E) and 1423.7 + 9.3 Ma (MSWD = 0.74, concordia age;
Fig. 6F). Granitoid UTJEE33C019I displays an eNd;) value of —4.8 and a
Tpm2 age of 2.26 Ga; the 87Sr/86Sr(i) value of 0.610270, lower than the
BABI, indicates post-recrystallisation disturbance of the Rb-Sr system
(Table 2).

A rhyodacite (UTJEE33C034I) was collected ca. 10 km NNE of
granite UTJEE33C0361 (Fig. S1). This rhyodacite has a massive
appearance with an inequigranular to porphyritic texture. Four zircon
fractions were analysed by ID-TIMS; however, two of these fractions
contain very high common Pb content, providing unreliable results. The
other two fractions define a discordia line with an upper intercept age of
2447 + 52 Ma and a lower intercept age of 1445.6 + 5.4 Ma (MSWD =
1.3; Fig. 6G). The older age indicates inherited zircon incorporated from
the underlying basement, while the younger age is anchored on a
concordant zircon fraction that provides a concordia age of 1445.8 +
1.9 Ma (MSWD = 0.0035), interpreted as the extrusion age of the
rhyodacite. Since this age was derived from a single fraction, we have
analysed zircons from the same sample by U-Pb SHRIMP. Ten of the
sixteen analysed zircon yield a concordia age of 1449.7 + 7.7 Ma (inset
of Fig. 6G), which is consistent within uncertainty with the ID-TIMS age,
thereby validating the 1445.8 + 1.9 Ma age as the best estimate for the
crystallisation of the rhyodacite. The rhyodacite age aligns with the
presence of felsic volcanic enclaves in the nearby ca. 1424 Ma red
granites. The rhyodacite exhibits a 8Sr/%0Sr;) value of 0.705605, an
eNd(;) value of —4.8 and a Tpymo age of 2.26 Ga (Table 2).

Two additional granitoids were sampled from the central- and
southwestern parts of the KC. Sample 377/1/JF is an episyenite
collected near Pocolo, exhibiting intense deformation along a prominent
NE-SW fault structure. A concordia age from six zircon U-Pb data of
1370 + 11 Ma (MSWD = 0.75) is interpreted as the crystallisation age of
the protolith, which is similar to the upper intercept age of 1375 + 18
Ma (MSWD = 0.18; Fig. 6H). This sample shows a 87Sr/865r(i) value of
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Fig. 5. U-Pb concordia diagrams obtained of the studied Archaean to Palaeoproterozoic samples via SHRIMP tools at (A, E, G) the GEOLAB laboratories of Sao Paulo
(Brazil) and (B, C, D, F, K) the IBERSIMS laboratories of Granada (Spain), and via U-Pb CA-ID-TIMS (H, I, J) at the IGME laboratories of Madrid (Spain). (A) Sample
UTMGD33X018I (porphyritic granite-gneiss), 2621 + 17 Ma. (B) Sample 360/197/JFM (gneissic granite), 2621 + 17 Ma. (C) Sample UTJPD33P044I (foliated
porphyritic granite), 2568 + 7 Ma. (D) Sample UTEMD33N159I (schlieric granite), 1984 4+ 19 Ma. (E) Sample UTMGD33M135I (foliated porphyritic granite), 1989
+ 11 Ma. (F) Sample 356/62/PB (granite gneiss), 1982 + 8 Ma. (G) Sample UTJPD33P005I (granite gneiss), 1971 + 11 Ma. (H) Sample 381/59/JCS (isotropic
granite), 1982 + 8 Ma. (I) Sample UTJCE33D003I (slightly foliated granite), 1975 + 10 Ma. (J) Sample UTGGD330090I (unfoliated gabbro), 1791 + 7 Ma. (K)
Sample UT24E33B036I (foliated quartz-diorite), 1802 + 5 Ma. (L) Sample UT24E33B128M (amphibolite), 1772 + 23 Ma. Error ellipses of SHRIMP data are at 68.3
% confidence, whereas those of TIMS are plotted at 2c level.
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Fig. 6. U-Pb concordia diagrams of the studied Mesoproterozoic samples obtained via U-Pb CA-ID-TIMS (A, G, I) at the IGME laboratories of Madrid (Spain), and via
U-Pb SHRIMP Ile tools at (B, D, H, inset of G) the GEOLAB laboratories of Sao Paulo (Brazil) and at (C, E, F) the IBERSIMS laboratories (Granada, Spain). (A) Sample
UTGGD3300401 (hidrothermalised anorthosite), 1442 + 2 Ma. (B) Sample 377/2/JF (anorthosite), 1344 + 16 Ma. (C) Sample UT24E33B027M (dolerite dike), 1363
+ 17 Ma. (D) Sample 359/51/JC (granite porphyry), 1440 + 6 Ma. (E) Sample UTJEE33C019I (coarse-grained red granite), 1424 + 17 Ma. (F) Sample
UTJEE33C036I (syenogranite), 1424 + 9 Ma. (G) Sample UTJEE33C034I (rhyodacite), 1446 + 5 Ma (TIMS). SHRIMP concordia age of 1450 + 8 Ma (inset). (H)
Sample 377/1/JF (episyenite), 1370 + 11 Ma. (I) Sample UT24E33B073I (granodiorite), 1377 + 3 Ma. Error ellipses of SHRIMP data are at 68.3 % confidence,
whereas those of TIMS are plotted at 2¢ level.

0.703435, an eNdg;) value of —1.3 and a Tpm2 age of 1.97 Ga (Table 2). Escuder-Viruete and Gumiel, 2021). This siliciclastic sequence is

Sample UT24E33B073I is a medium-grained granodiorite with a weak, intruded by undeformed mafic sills and dikes. A coarse-grained sand-
NNW-SSE to N-S oriented, sub-vertical, planar magmatic foliation. This stone (sample UTJEE33C008S) was selected for U-Pb geochronology
granodiorite includes orthoderived enclaves. The sample reveals a (Fig. S1). The 51 subconcordant/concordant detrital zircon analyses
concordia age of 1375.5 + 2.3 Ma (MSWD = 0.25; Fig. 6I), obtained display a Kernell density estimate (KDE) distribution of 2°’Pb,/2%°pb ages
from three zircon fractions, showing an upper intersection of 1377.4 + ranging from 3.0 to 1.17 Ga (Fig. 7). The age distribution reveals an

5.8 Ma (MSWD = 0.0035). The 2°7Pb/2%pp weighted mean age of Archaean contribution with ages of 3.0 Ga and 2.7-2.6 Ga (10 %), a
1376.8 + 2.6 Ma (MSWD = 0.09; Fig. 6I), obtained from the four ana- small 2.15 Ga fraction (7 %), and significant Eburnean (2.05-1.95 Ga;
lysed zircon fractions, is interpreted as the crystallisation age of the 18 %) and Epupa (1.82-1.78 Ga; 37 %) components. Minor ca. 1.5 Ga
granodiorite. zircon are present, along with significant 1.4-1.25 Ga zircon (27 %)
derived from the underlying Kunene Complex and other late-
Mesoproterozoic materials. The youngest component, reaching 1.17
Ga, shows a large analytical error and is subconcordant, rendering it
unreliable. Therefore, the most robust estimate for the maximum
depositional age of the sandstone is provided by a cluster of three
concordant analyses with a concordia age of 1263 + 20 Ma (MSWD =
0.43; Fig. 7).

5.3. Kunene Complex sedimentary cover

In the Cahama region, a ca. 80 to 100 m thick, undeformed, medium-
to coarse-grained, light yellowish to pinkish coloured siliciclastic
sequence, discordantly overlies the KC (Fig. 4). Fragments of red gran-
ites are locally observed in conglomeratic levels (Carvalho et al., 1987;
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Fig. 7. U-Pb concordia diagram and KDE histogram for the siliciclastic sample from the Cahama region (sample UTJEE33C008S). On the left are shown the concordia
plots and calculated concordia ages for the maximum depositional age of the Cahama sequence. Error ellipses are shown at 68.3 % confidence. On the right, the
probability density plot of the detrital zircon U-Pb ages of the Cahama sandstone shows the main intervals of zircon populations. The most probable maximum
depositional age of this sedimentary sample is constrained in 1263 + 20 Ma, using the most-concordant U-Pb results of the youngest zircon populations.

6. Discussion

6.1. Age distribution and crustal framework of the Archaean to
Palaeoproterozoic basement

Several studies have proposed the existence of various tectonic do-
mains within the Angolan Shield (Carvalho et al., 2000; McCourt et al.,
2013; Jelsma et al., 2018): Kwanza Horst, Central Shield Zone, Cassinga
Zone, Central Eburnean Zone and Lubango Zone (Fig. 1). Building upon
this framework, a combined analysis of the available gravimetric and
magnetic response of the SW Angolan Shield (Figs. 8, 9; Rey-Moral et al.,
2022; Mochales et al., 2025), together with geological, structural, and
geochronological data, has contributed to a redefinition of the crustal
architecture surrounding the KC (Fig. 10): Cassinga Zone, Central
Eburnean Zone, Lubango Zone, Namibe Zone, Epupa Zone, and the
Kalahari Area (Rodrigues et al., 2021; Merino-Martinez et al., 2022).
These contrasting crustal domains significantly influenced the genera-
tion and emplacement of the Kunene Complex during the Mesoproter-
ozoic. The key features of each crustal zone are outlined below.

Cassinga Zone: the eastern boundary of the KC

The Cassinga Zone, located east of the KC (Fig. 4), is composed of
Neoarchaean to Palaeoproterozoic (Eburnean) igneous and meta-
morphic materials showing U-Pb crystallisation ages ranging from 2666
to 2568 Ma (Fig. 5A-C) and from 1982 to 1971 Ma (Fig. 5G-I). The low to
extremely low gravimetric values characteristic of the Cassinga Zone
agree with the existence of an ancient crust (Fig. 8; Rey-Moral et al.,
2022). Positive magnetic anomalies with NNE-SSW to NE-SW magnetic
trends characterised this region (Fig. 9; Mochales et al., 2025). The
presence of both Neoarchaean and Eburnean granitoids intruding the
Jamba Group supports previous suggestions that this meta-volcanose-
dimentary sequence represents an Archaean greenstone belt (e.g., Kor-
pershoek, 1970, 1984; Carvalho and Alves, 1993; Machado et al., 1996;
Silva, 2005). Importantly, no evidence of younger Epupa-aged materials
has been identified in this region.

Central Eburnean Zone and Lubango Zone: the northwestern boundaries
of the KC

The Central Eburnean Zone (CEZ) and the Lubango Zone (LZ) form
the northwestern boundary of the KC and are characterised by a complex
Palaeoproterozoic crust dominated by Eburnean-aged gneissic-granitic-
migmatitic rocks dated between 2038 + 28 and 1947 + 5 Ma (Figs. 2,
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5D-G, 10; Pereira et al., 2011, 2013; McCourt et al., 2013; Milani et al.,
2022). The southern portion of the CEZ, the Lubango Zone, is intruded
by Epupa-aged (ultra-)mafic to felsic magmatic bodies dated between
1844 + 20 and 1744 + 16 Ma (Figs. 5J, 10; Delor et al., 2006; Jelsma
et al., 2011, 2018; Pereira et al., 2011, 2013; McCourt et al., 2013;
Milani et al., 2022; Campeny et al., 2023). The high to medium gravity
responses and NW-SE magnetic lineaments that characterise these zones
transition to medium to low gravity values and NE-SW trending di-
rections adjacent to the Quipungo belt and the Kunene Complex (Figs. 8,
9; Rey-Moral et al., 2022; Mochales et al., 2025). The presence of Meso-
to Neoarchaean Hf and Nd model ages in both Eburnean and Epupa-aged
granitoids within the CEZ and LZ provides compelling evidence for the
existence of an underlying Archaean crust (Fig. 8; Pereira et al., 2011,
2013; Milani et al., 2022).

Namibe and Epupa Zones: western and southwestern boundaries of the
KC

Geochronological data indicate that the Namibe and Epupa zones,
previously included within the Lubango Zone (Carvalho et al., 2000),
are primarily composed of Epupa-aged materials, with U-Pb ages
ranging from 1861 + 3 Ma to 1739 + 9 Ma (Figs. 2, 5K, 5L; e.g., Kroner
et al., 2004, 2010, 2015; Gongalves, 2010; Lehmann et al, 2020). This is
further supported by the large set of whole-rock Rb-Sr ages published for
the Namibe Zone, clustering around 1882-1797 Ma (Fig. 10; Torquato
and Allsopp, 1973; Torquato, 1974, 1977). The granitoids and orthog-
neisses of the Namibe and Epupa zones exhibit slightly subchondritic to
suprachondritic Hf and Nd isotopic compositions (Kroner et al., 2010,
2015; Luft et al., 2011; Milani et al., 2022; Ferreira et al., 2024), cor-
responding to an average decrease of ca. 700 to 600 Ma in Tpy» ages
relative to the Central Eburnean Zone (Fig. 8). This, coupled with the
absence of exposed Eburnean-aged or older magmatic rocks, suggests
that the underlying crust of the Namibe and Epupa zones is distinct from
that of the Central Eburnean Zone (Kroner et al., 2010, 2015; Ferreira
et al., 2024). Moreover, the high to medium gravimetric signatures
displayed by these zones indicate a younger and thinner crust compared
to the gravimetric response of the Cassinga Zone (Fig. 8; Rey-Moral
et al., 2022). The WNW-ESE to NW-SE magnetic lineaments featuring
this zone also shift towards NE-SW orientations towards the Kunene
Complex (Fig. 9; Mochales et al., 2025).

It should be noted that a WNW-ESE trending tectonic contact sepa-
rating the Angolan and Namibian KC and country rocks has been
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Fig. 8. Bouguer anomaly map of the studied area (modified from Rey-Moral et al., 2022), showing the contrasted crustal domains described in the text. The limit of
the outcropping KC is shown in blue thick line, whereas the deduced eastern extension of the KC, below the Kalahari cover, is shown in blue dashed line. Thin dotted
black lines delineate the main Archaean to Proterozoic (meta-) volcano-sedimentary sequences described in the text. The U-Pb geochronological data are projected
grouped into the main tectono-thermal events (see legend inset), showing the calculated depleted model ages (Tpmo; in Ga) of those samples with available Sm-Nd
isotope composition. The calculated Tpy2 of Mesoproterozoic materials are shown on a vertical transect from N to S (right) and from W to E (down).

previously identified in this area (i.e., the Serpa Pinto Line; Vermaak,
1981; Carvalho and Alves, 1990; Lehmann et al., 2023). This structure
aligns with the gravimetric, magnetic and structural variations observed
between the Namibe and Epupa zones (Figs. 8-10), which we interpret as
a potential lithospheric discontinuity or a secondary structural boundary
between these crustal zones.

The Kalahari area: the southeastern boundary of the KC

The nature of the basement occurring southeast of the KC beneath
the Cenozoic sediments, the Kalahari area, remains uncertain.
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Nevertheless, it is presumed to be equivalent to the Epupa Metamorphic
Complex, similar to that found in the Eastern Kaoko Zone and the
basement of the Northern Platform Zone of the Damara Domain (Corner
and Durrheim, 2018). Indeed, Kroner et al. (2015) reported 1778 + 4
Ma and 1775 + 1 Ma U-Pb zircon crystallisation ages for a granite and
an augen-gneiss from the Ruacana falls of NW Namibia (Fig. 2), sug-
gesting that Epupa-aged materials composed the basement of this re-
gion. The most remarkable feature of this area is the important
gravimetric ENE-WSW lineament that demarcates the boundary
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between the Cassinga Zone and a younger and thinner crust occurring
southwards (Fig. 8; Rey-Moral et al., 2022). The magnetic lineaments
indicate that significant tectonic processes have affected this boundary,
resulting in the formation of contractional duplex structures associated
with a large ENE-WSW trending left-lateral strike-slip system (Fig. 9).

6.1.1. Role of crustal anisotropy in the emplacement of the Kunene
Complex

The structural and geophysical data indicate that the pre-existing
crustal anisotropies played a significant role in the emplacement of
the KC. The structural measurements obtained during PLANAGEO’s
geological mapping indicates contrasting NW-SE to NE-SW foliation
trends between the basement to the west and east of the KC, respectively
(Fig. 4; Rodrigues et al., 2021; Merino-Martinez et al., 2022). None-
theless, these patterns are clearly disturbed near the Kunene Complex,
adopting a structure almost parallel to the contact (Figs. 9, 10). Indeed,
high-strain deformational fabrics suggest significant tectono-magmatic
reworking of the basement during the intrusion of the KC (Fig. S1). In
the Lubango area, the isotropic Epupa-aged leucogranites locally display
NNE-trending steeply-dipping ductile fabrics parallel to the boundary of
the KC (Merino-Martinez, 2022; Merino-Martinez and Goicoechea,
2022). Brittle-ductile NNE-SSW fabrics are also superimposed on the
main WNW-ESE-trending gneissic foliations in the southwestern part of
the complex (e.g., Lehmann et al., 2020; this work).

The contrasting geophysical features of the Palaeoproterozoic base-
ment west of the KC (Central Eburnean and Namibe Zones) and the
Archaean to Palaeoproterozoic crust to the east (Cassinga Zone), are
separated by the regional NNE-SSW trend of the KC (Fig. 8; Rey-Moral
et al., 2022; Mochales et al., 2025). This trend aligns with the NE-SW
trending Quipungo Mobile Belt, which is assumed to have formed and
stabilised between 1800 and 1650 Ma (e.g., Silva et al., 1973; Torquato
et al.,, 1979). A large NNE-SSW dextral strike-slip system is outlined by
the magnetic lineaments, suggesting the Quipungo Belt represents a
high-strain deformational zone (Fig. 9). In fact, the occurrence of a series
of thermal resetting events in the basement NW and SW of the KC, as
evidenced by both Rb-Sr and U-Pb data constrained between 1700 and
1550 Ma (Fig. 10; Mendes, 1968; Torquato et al., 1979; Carvalho and
Tassinari, 1992; Milani et al., 2022), points to tectono-thermal activity
linked to the crustal structuring from late-Statherian to Calymmian
times. Therefore, the Quipungo Belt likely represents a major structural
weakness zone that facilitated crustal instability, fracturing processes,
and pathways for KC magmatism.

On the other hand, the macrostructural elongation and geophysical
signatures of the southern KC bodies and the Epupa basement overlap
with the E-W direction of the Serpa-Pinto Line (Figs. 4, 9; Fig. S1). The
nature of this structure remains uncertain. It might represent: i) an
inherited Palaeoproterozoic lithospheric boundary between the Namibe
and Epupa Zones; ii) or a tectonic boundary compensating for differ-
ential coaxial lateral forces during Mesoproterozoic times. In any case,
the Serpa-Pinto strike-slip zone had a strong influence in the regional
configuration of the late-Orosirian to Statherian basement (Namibe and
Epupa zones) and in the following stages of the Mesoproterozoic evo-
lution of the Angolan Shield (see section 6.4).

The origin of the ENE-WSW striking linear structure separating the
Cassinga domain from the Kalahari area remains unclear. Nevertheless,
the magnetic derivatives clearly reflect a high-stress concentration and
suggest the existence of a large shear zone between different geological
domains (Fig. 9). This structure aligns with the Opuwo Lineament in NW
Namibia, which connects to the Walvis Ridge offshore Namibia (Corner
et al., 2002; Fig. 1). The Opuwo Lineament is believed to have formed
during Mesoproterozoic (Kibaran) to Neoproterozoic (Pan-African)
times, and later reactivated during the Mesozoic as an accommodation
zone during Karoo rifting (Clemson et al., 1999; Corner et al., 2002;
Corner and Durrheim, 2018). A potential correlation with the Meso-
proterozoic Kibaran Belt further to the northeast, beneath the Kalahari
cover, is also suggested (Fig. 1). Hence, this structure may be associated
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with a deformational context whose time of generation must be con-
strained between the Mesoproterozoic HT metamorphic event recorded
in the Epupa Complex of NW Namibia (ca. 1.53-1.51 Ga; Seth et al.,
2003; Brandt et al., 2021) and the intrusion of the undeformed tholeiitic
and alkaline-carbonatitic dikes found in NW Namibia and SW Angola
(ca. 1.22-1.11 Ga; Fig. 11; Littmann et al., 2000; Kroner and Rojas-
Agramonte, 2017; Salminen et al., 2018; Tshiningayamwe et al., 2022a).

Overall, the alignment of the KC magmatic rocks along NNE-SSW and
E-W directions, subparallel to the Quipungo Belt and the Serpa-Pinto
Line (Figs. 8-10), suggests that magma underplating and subsequent
magma ascent processes occurred along large-scale pre-existing crustal
weakness structures, favoured by a contractional regime. The interac-
tion between these inherited crustal structures and the Mesoproterozoic
tectono-magmatic processes was fundamental in shaping the emplace-
ment and current architecture of the KC.

6.2. Isotopic, geochemical and structural constraints of the Kunene
Complex

6.2.1. Spatio-temporal evolution and kinematic controls of long-lived
magma emplacement

The U-Pb geochronological data shows that the emplacement of the
anorthositic and felsic suites of the KC are the result of a long-lived
magmatism throughout the Mesoproterozoic (Fig. 11). Mesoproter-
ozoic Rb-Sr and K-Ar ages recorded in basement of SW Angola testify the
thermal imprint associated with a prolonged magmatism (Fig. 10;
Mendes, 1968; Silva et al., 1973; Torquato and Allsopp, 1973; Torquato
and Amaral, 1973; Torquato, 1974, 1977). Similar ages are reported in
the Mesoproterozoic Karagwe-Ankole and Kibarian Belts (Figs. 1B, 12; e.
g., Tack et al., 2010), suggesting contemporaneous Mesoproterozoic
magmatism along the southern margin of the Southwest Congo Shield.

Early Mesoproterozoic magmatism (1534 + 3 Ma to 1498 + 12 Ma)
has been documented in the SW Angolan Shield (Fig. 2). These include
poorly mapped A-type granitoids located in NW Namibia and in SW
Angola (Seth et al., 1998; Luft et al., 2011; Kroner et al., 2015; Kroner
and Rojas-Agramonte, 2017; Ferreira et al., 2024), as well as basic sills
emplaced into the Chela Group of the Humpata Plateau (1502 + 4 Ma;
Ernst et al., 2013). The cogenetic relation between the ca. 1534-1498
Ma bimodal magmatism and the oldest KC pulses (1500 + 1 Ma age;
Bybee et al., 2019) would therefore indicate that the AMG system was
magmatically active over a period of nearly 200 Ma (1534-1344 Ma;
Fig. 11; Mayer et al., 2004; Seth et al., 2005; Baxe, 2007; Driippel et al.,
2007; Maier et al., 2013; McCourt et al., 2013; Bybee et al., 2019;
Lehmann et al., 2020; Milani et al., 2022; this study).

The geochronological data and spatial arrangement of the KC mag-
matism reveal a pattern of westward rejuvenation, with older ages
(1446-1424 Ma) observed in the northeastern and southeastern KC, and
younger ages (1414-1344 Ma) recorded in the western segments
(Fig. 10, S4). The almost consistent gravimetric response across the
eastern part of the KC beneath the Kalahari basin suggests that older
magmatic units are concealed in this segment (Fig. 8). Indeed, a large
NNE-trending ellipsoid can be depicted when outlining the gravimetric
limits in the eastern KC. Distinct NNE-trending anorthosite lobes have
been recently identified in this covered eastern part (Mochales et al.,
2025), segmented by highly magnetic red granites and NE-SW and NW-
SE right- and left-lateral faults (Fig. 9).

Geochronological data for the central part of the western KC are still
limited to two anorthosites and an undeformed megacrystic quartz-
monzonite found between Pocolo and Ompupa, dated from 1414 to
1401 Ma (Fig. 2; Bybee et al., 2019; Lehmann et al., 2020). The gravi-
metric response and the ~ N-S trending lineaments in this area mirror
those observed further south (Figs. 8, 9), suggesting that the central part
of the Angolan KC predominantly consists of middle-KC igneous mate-
rials (Fig. 10). However, the presence of a mangerite dike dated at 1403
Ma (Baxe, 2007) to the west of a rhyodacite and syenogranite dated at
1446 and 1424 Ma (Figs. 2, 10) in the southeastern part of the Angolan
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Fig. 11. Integrated Mesoproterozoic U-Pb ages recorded in SW Angola and NW Namibia, using a Kernel Density Estimation (KDE) diagram to better separate the
felsic, gabbro-anorthositic, basic and alkaline-carbonatitic magmatic pulses of SW Angola and NW Namibia. The Mesoproterozoic magmatic peaks identified are
constrained at ca. 1507 Ma, 1440 Ma, 1380 Ma, 1347 Ma, and between 1221-1065 Ma, these latter mainly represented in NW Namibia. The long-lasting magmatism
of the Kunene Complex is highlighted in yellow (1500-1344 Ma). It is also shown the reported Mesoproterozoic U-Pb and Ar-Ar metamorphic imprints recorded in
Palaeoproterozoic materials of NW Namibia and SW Angola. Maximum depositional ages for Mesoproterozoic metasedimentary sequences are also plotted for
comparison (Om: Ompupa Group; Io: Iona Group; Ok: Okapuka Formation; Ca: Cahama Formation). U-Pb geochronological compilation is described in the text.

KC confirms the existence of at least three distinct pulses of felsic
magmatism before 1400 Ma.

The middle- to late-KC pulses (1395-1344 Ma) are spatially confined
to the highly gravimetric northwestern and southwestern segments of
the KC which promoted the thermal impact from 1393 to 1389 Ma
recorded in the nearby crystalline basement (Fig. 11; Lehmann et al.,
2020). Highly-dipping cataclastic to mylonitic textures are displayed by
both KC anorthosites and granites in these regions (Fig. S1; Bybee et al.,
2019; Lehmann et al. 2020). This magmatic episode also contributed to
the intrusion of some WNW-ESE trending mafic dikes west of the KC,
with crystallisation ages between 1385 + 5 Ma (Ernst et al., 2014) and
1363 + 17 Ma (Figs. 2 and 6C). These dikes are aligned with WNW-ESE
extensional fractures that transect the Palaeoproterozoic basement from
the KC (Figs. 9, 10).

In the northern part of the Angolan KC, the emplacement of the
1385-1370 Ma NNE-trending mangerites and red granites of the
Chiange area (collectively referred to as the Red Granite Belt; Mayer
et al., 2004; McCourt et al., 2013; Lehmann et al., 2023), seems to be
controlled by the NNE-trending structure that sections the gravimetric
response of the older (eastern) and younger (western) KC segments
(Fig. 8; Rey-Moral et al., 2022; Mochales et al., 2025). This structure
resembles the remarkable positive magnetic anomaly of the region and
clearly delineates a narrow, elongated, NNE-trending duplex structure
(Fig. 9). In the southern part of the Angolan KC, a 1372 Ma granite dike
intruding older 1442 Ma granite augen-gneiss (Fig. 2) further demon-
strates the ascent of younger magmas into previously emplaced KC
rocks. Indeed, anorthosites from the eastern margin of the Otchinjau
lobe, dated at 1391 + 1 Ma (Fig. 2; Bybee et al., 2019), show NNW-
trending subvertical mylonitic fabrics, while the granitic facies from
the western margin exhibit a steeply dipping NNE-trending mylonitic
foliation (Fig. S1; Lehmann et al., 2023), resembling the structural
trends depicted in the magnetic map (Fig. 9). All these features provide
evidence of syn- to late-kinematic deformation during KC magmatism,
likely related to the NNE-trending dextral strike-slip system suggested
by the magnetic derivatives (Fig. 9).

Conversely, the E-W structural arrangement and magmatic layering
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of the Zebra Mountains are coherent with the Serpa Pinto strike-slip
system and the Palaeoproterozoic Epupa basement (Fig. 10). P-T con-
straints of the upper-amphibolite facies metamorphism recorded in the
Orue unit of the EC (1340-1320 Ma; Seth et al., 2005; Brandt et al.,
2021), indicate significant heating at mid- to lower-crustal levels with
peak conditions of 700-840 °C and 5.5-8 kbar (Brandt and Klemd,
2008), matching those estimated for anorthosites (950-985 °C and 7-9
kbar) and red granites (790-890 °C and 6.5 + 0.6 kbar) from the Zebra
lobe (Driippel, 2003). The emplacement of slightly younger dark anor-
thosite pulses was likely guided by E-W trending faults, which promoted
the alteration and brecciation of the white anorthosite terms. Never-
theless, the structural shifting towards N-NNE directions at the western
edge of the Zebra lobe (Fig. 9) clearly indicates distortion through
dextral shearing under ductile conditions (i.e., before consolidation;
Driippel, 2003).

Subsequent near-isobaric cooling to below 680 °C and ~6.2 kbar,
recorded in late-stage coronitic and symplectitic assemblages in the
white anorthosites, was interpreted as post-emplacement exhumation of
ca. 3 km during extension (Driippel, 2003). Nevertheless, it would also
represent adiabatic ascent of material in a magma transfer zone asso-
ciated with compression. Indeed, evidence of ductile shearing and brittle
faulting along the contacts between the Epupa Complex (EC) and the
Namibian KC (Driippel et al., 2007; Maier et al., 2013), suggests that
magma buoyancy was favoured by contractional structures, probably
related to high-angle transcurrent shear zones (Fig. 9). Hence, the sheet-
like configuration and the P-T trajectories estimated for the Zebra lobe
would be therefore indicative of the different stages of magma ascent
and subsequent configuration through thrusting and uplifting processes
within a transpressive scenario, mainly controlled by the Serpa Pinto
strike-slip system.

6.2.2. Magma sources and crustal contamination

The origin of anorthosite cumulate magmas is usually related to
fractional crystallisation of upper-mantle high-Al;03 tholeiitic magmas
(Emslie, 1978; Silva, 1990; Ashwal, 2020), although hybridisation of
mantle-derived melts with crustal components is also proposed as a
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Fig. 12. Distribution of éNd values of the studied Mesoproterozoic samples, according to their crystallisation age. It is also displayed the eNd isotope composition of
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related felsic rocks for petrological comparison. The location of the zoomed area is shown as a solid black-line box in the main diagram.

means of inferring the petrogenesis of AMCG materials (Elizondo-
Pacheco et al., 2024).

The presence of orthopyroxene megacrysts, co-magmatic with
anorthosite pegmatoidal enclaves (Bybee et al., 2019), indicate the
anhydrous character of these magmas. Nevertheless, the high pro-
portions of magnetite (92 %) and magnetite-hematite (48-41 %) in the
gabbro-anorthosite samples (Mochales et al., 2025), and the predomi-
nant Bowen-type evolution trend followed by these materials (Fig. 3B),
suggest high overall fO; conditions and may reflect intermediate to
relatively oxidising redox conditions during the crystallisation of the
parent magma (e.g., Vermeesch and Pease, 2021). The positive Sr and Eu
anomalies clearly indicate plagioclase accumulation through fractional
crystallisation processes, whereas the enrichment of LILE and LREE of
the KC anorthosites relative to primitive mantle (PM), combined with
the chondrite-normalised flat pattern of HREE, indicates a garnet-free
metasomatised mantle source (Fig. 3E, G).

Nevertheless, anorthosites of the Zebra Mountains of NW Namibia
and those of SW Angola exhibit notable variations in their eNd values
(Fig. 12). The Namibian KC anorthosites display more radiogenic sig-
natures, characterised by a range of eNd values spanning from —3.7 to +
6.5 (Driippel et al., 2007, GleiBner et al., 2011). Crustal contamination
mechanisms appear to be more pronounced in the external parts of the
Zebra lobe (Fig. 8), consistent with higher degrees of crustal contami-
nation near the contact with the basement. In contrast, the anorthosites
of SW Angola display predominantly crustal signatures, encompassing
eNd values from —12.7 to + 1.0, regardless of their crystallisation age
(Fig. 12; Table 2; Slejko et al., 2002; Mayer et al., 2004; Baxe, 2007).
This indicates the involvement of metasomatised enriched mantle
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sources or significant interaction with crustal components at source
regions or during anorthosite magma ascent. The minimum Bouguer
anomalies to the north and east of the KC suggest that a thicker crust
underlies these areas (Fig. 8; Rey-Moral et al., 2022), which could have
led to longer period of stagnation and crustal contamination of KC
anorthosite magmas, presumably emplaced at middle- to upper-crustal
levels (880 °C and of 3-5 kbar; Slejko et al., 2002). Overall, the
geochemical and isotopic signatures of the KC gabbro-anorthosites
magmas are consistent with magmas generated from an enriched
mantle source with relevant crustal contribution (Figs. 3, 12), alike to
those ascribed to fluctuations between mantle and crustal components
within contractional contexts (e.g., Nelson and Cottle, 2018). In fact, the
KC gabbro-anorthosite materials mostly plot following geochemical
trends linked to convergent settings (Fig. S3; Pearce et al., 1977; Cabanis
and Lecolle, 1989; Verma et al., 2006; Pearce, 2008; Hollocher et al.,
2012; Saccani, 2015).

On the other hand, felsic magmas (MCG) associated with anorthosite
materials are typically regarded as indicative of crustal melting or as
fractionated melts derived from enriched mantle magmas (Elizondo-
Pacheco et al., 2024, and references therein). The Bowen and Fenner
trends characterising the subalkaline felsic samples (Fig. 3B) are indic-
ative of the late stages of tholeiitic and calc-alkaline magma evolution
(Vermeesch and Pease, 2021). Such contrasting differentiation trends
may be indicative of distinct tectonic contexts; alternatively, they could
be related to crustal heterogeneities, mixing of lower- and upper-crustal
magmas, or crustal assimilation processes (Hora et al., 2009). The flat
HREE multielement spectra of these felsic melts would be consistent
with zircon melting under hot, dry conditions (i.e.- melting at < 10
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kbar), as indicated by the high calculated Zr saturation temperatures
(1039-799 °C; Table S1; Miller et al., 2003). The low Rb/Sr ratios of
most felsic materials (< 1.0, even in samples with SiO5 > 70 wt%) do not
indicate extreme fractionation and probably reflect derivation from a
primary Sr-rich and Rb-poor source (Frost and Frost, 2011). Nonethe-
less, no evidence of magma mingling with mantle-derived melts has
been found in the KC Mesoproterozoic red granites.

The ferroan and metaluminous to peraluminous character of these
felsic rocks and the geochemical patterns observed in the PM and
chondrite-normalised diagrams (LILE enrichment, positive Pb and Zr
anomalies, and negative Ba, Sr, Nb and Ti anomalies; Fig. 3F, H) are not
compatible with magmas exclusively derived from mantle sources,
suggesting a significant crustal contribution. Most geotectonic discrim-
ination diagrams are consistent with A-type and scarce I/S-type granit-
oids formed by partial melting of distinct crustal protoliths during late-
to post-orogenic collisional settings (Fig. S3; Batchelor and Bowden,
1985; Whalen et al., 1987; Maniar and Piccoli, 1989; Eby, 1992; Laurent
et al., 2014). Indeed, partial melting of a recycled and depleted lower
crust may produce felsic ferroan magmatism in distinct scenarios,
including back-arc regions (Collins et al., 2019; Roberts et al., 2023).
The Sr/Y and (La/Yb)y patterns shown in the KC felsic materials
(Fig. S4) suggest lateral and temporal variability in cortical thickness,
including crustal thinning and thickening processes, possibly related to
inherited tectonic heterogeneities (Profeta et al., 2015; Lieu and Stern,
2019).

The low initial &”Sr/%0Sr ratios of most red granites suggest that they
were predominantly originated from anatectic melting of the lower crust
(Table 2; Bassot et al., 1981; Carvalho et al., 1987; Driippel et al., 2007,
GleiBner et al., 2011). The influence of heterogeneous crustal sources
(Fig. S3; Laurent et al., 2014) is also suggested by the Nd isotopic
signature of these felsic materials. The red granites from SW Angola
exhibit subchondritic to evolved eNd; values (—0.94 to —11.03, cor-
responding to Tpye between 1.97 and 2.68 Ga; Baxe, 2007), which
mostly overlap with the isotopic evolution field of the Paleoproterozoic
basement of SW Angola (Fig. 12). The red granites from the Zebra
Mountains display notably more radiogenic Nd isotopic signatures
(from + 2.5 to —0.4; Driippel et al., 2007), but consistent with their
derivation from less evolved source materials alike to those present in
the nearby Epupa Metamorphic Complex (Tpy2 = 1.70-1.95 Ga;
Fig. 12). Similar isotopically heterogeneity has also been reported in
Early Mesoproterozoic (1.55-1.50 Ga) granite gneisses and granites of
the Kaoko Belt of NW Namibia (Luft et al., 2011; Jung et al., 2012), as
well as in the ~ 1.38 Ga quartz-diorites, tonalites and granites of the
Mesoproterozoic Kibaran Belt (Debruyne et al., 2015), suggesting that
isotopically heterogeneous Palaeoproterozoic protoliths were also
involved in the generation of other Mesoproterozoic felsic magmatism
from the Congo Craton counterparts.

6.3. Kunene Complex sedimentary cover and regional correlations

From the Lubango area southwards to the Oncécua region, the
crystalline basement is partially covered by subhorizontal low-grade
metasediments (Fig. 2). In the Humpata Plateau (Fig. 12), the low-
grade metasediments that overlay the Palaeoproterozoic basement are
intercalated with metavolcanic materials and covered by stromatolitic
limestones at the top of the sequence (Leba Formation; Carvalho et al.,
2000; Pereira et al., 2011, 2013). This sequence, known as the Chela
Group, is intruded by 1.5 Ga dolerite sills at the base of the Leba for-
mation (Fig. 2; Ernst et al., 2013). In the Oncécua Plateau (Fig. 12), the
siliciclastic sequences unconformably overly the KC (Carvalho et al.,
1987; Carvalho and Alves, 1990; Silva et al., 2021; Potti et al., 2021) and
are intruded by Mesoproterozoic dolerites of ca. 1.13-1.10 Ga (Carvalho
et al.,, 1987; Salminen et al., 2018), indicating a depositional age
restricted between 1.34 Ga and 1.10 Ga.

The Palaeoproterozoic meta-volcanosedimentary Chela Group of the
Humpata Plateau (1798-1750 Ma; McCourt et al., 2013) has been
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frequently correlated with the siliciclastic sedimentary sequences
overlying the Kunene Complex (e.g., Kroner and Correia, 1980; Car-
valho and Alves, 1993; Kroner and Rojas-Agramonte, 2017). However,
maximum depositional ages (MDAs) of 1324 + 10 Ma and 1184 + 23
Ma were recently determined for the base and top of the Ompupa Group
in the Oncécua Plateau, while MDAs from 1263 + 20 to 1215 + 13 Ma
have been determined for the Cahama Formation in the Cahama region
(Figs. 2, 7; Ferreira et al., 2024; this study). This would be in accordance
with the presence of clasts of Mesoproterozoic red granites in the basal
conglomerates of both the Ompupa Group and Cahama Formation
(Carvalho et al., 1987; Escuder-Viruete and Gumiel, 2021). Moreover, a
maximum depositional age of 1323 + 13 Ma was determined for the
Iona Group (Ferreira et al., 2024), thereby supporting its correlation
with the contiguous Okapuka Formation of NW Namibia (1324 + 1 Ma;
Fig. 2; Kroner and Rojas-Agramonte, 2017).

The detrital zircon age intervals shown in the Cahama Formation
(sample UTJEE33C008S; Fig. 7) clearly suggest: i) a contribution from
Archaean materials, such are those found in the Cassinga area; ii) a large
Palaeoproterozoic Eburnean-like component, similar to the granite
gneisses and felsic igneous rocks described to the north and east of the
KC; and iii) an equally important contribution from the Palae-
oproterozoic Epupa-like basement, found to the northwest, west and
south of the KC (Fig. 2). This information indicates intraplate sedi-
mentation sourced from the surrounding pre-Mesoproterozoic base-
ment. Nevertheless, the presence of Mesoproterozoic detrital zircons
ranging from ca. 1.55 to 1.18 Ga (Fig. 7) clearly indicate exhumation,
denudation, and sedimentary input from the KC and post-KC related
magmatic rocks. The varying MDAs observed across metasedimentary
sequences can be attributed to contrasting age components present in
source rocks or the absence of Mesoproterozoic zircons reaching the
basin (Ferreira et al., 2024). However, the presence of large and thick
siliciclastic materials to the west of the KC (Ompupa Group on the
Oncocua Plateau and Iona Group/Okapuka Formation in NW Namibia),
having a higher Mesoproterozoic component (from 79 to 27 %) than that
registered in the Cahama Formation (27-11 %; Ferreira et al., 2024; this
study), would also suggest that the sedimentary basin becomes deeper
westwards.

Similar aged intracratonic depositional activity also occur in the Sao
Francisco craton (Espinhaco Supergroup, Brazil; e.g., Pedreira and De
Waele, 2008; Guadagnin and Chemale Jr., 2015) and in the Kibaran
(KiB) and Karagwe-Ankole (KAB) Belts of the Congo Craton (Kibara,
Akanyaru and Kagera Supergroups; e.g., Kokonyangi et al., 2007;
Fernandez-Alonso et al., 2012). These sedimentary sequences cover
extensive areas (Fig. 1) and were deposited in distinct cycles from the
Palaeoproterozoic (1.78-1.70 Ga) through almost the entire Meso-
proterozoic (1.60 to 1.37 Ga and post-1.22 Ga). Notably, the deposition
of the Ompupa Group and Cahama Formation in the SW Angola Shield
occurred synchronously with the deposition of the upper sequences of
the Kibara and Akanyaru Supergroups of the KiB and KAB (<1.22 Ga)
and of the Upper Espinhaco sequence of the Sao Francisco Craton
(<1.18 Ga).

Corner et al. (2002) and Corner and Durrheim (2018) interpreted the
ca. 4000 to 6000 m crustal isopachs beneath Kalahari cover in south-
eastern Angola and northern Namibia as corresponding to Mesoproter-
ozoic successions, bounded in the northwest and southeast by the
Opuwo and Omaruru Lineaments respectively (Fig. 1B). A tentative
correlation of the Opuwo Lineament with the KiB to the NE can be
envisaged, suggesting that this structure may extend more than 1200 km
south-westward from the known end of the KiB. This interpretation
would support the continuity of the Mesoproterozoic sequences from the
KAB and KiB towards SW Angola, and further west towards the Sao
Francisco Craton (Fig. 1). Similar findings led Faleiros et al. (2024) to
propose the existence of an extensive and long-lived (up to 210 Ma)
early-Mesoproterozoic active margin (1570-1450 Ma) that evolved to a
continental arc (1450 and 1360 Ma) at the margins of the Sao Francisco-
Congo Cratons, followed by a continental rifting (1310-1280 Ma).
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6.4. Mesoproterozoic geological evolution of the SW Angolan Shield

Even though the Mesoproterozoic basic magmatism found in Angola
and Namibia has been usually related to anorogenic contexts (LIPs
systems; e.g., Ernst et al., 2013, 2014; Djeutchou et al., 2023), there is
still an open discussion on the petrogenesis of the Kunene Complex and
related magmas, whose theories vary from intraplate (e.g., Driippel
et al., 2007; Maier et al., 2013; Pereira et al., 2013; Ernst et al., 2014) to
collisional (e.g., Ashwal and Bybee, 2017; Bybee et al., 2019; Lehmann
et al., 2020; Milani et al., 2022; Klausen et al., 2023) settings.

The suprachondritic eHf signatures recorded in 1.56-1.50 Ga felsic
magmatism and detrital zircon components of metasedimentary se-
quences from SW Angola likely reflect an important juvenile input in
early-Mesoproterozoic times (Ferreira et al., 2024). Conversely, a strong
influence of crustal materials is reflected in 1.49 to 1.39 Ga KC materials
(Fig. 12), whereas a mixed source composition dominated between 1.39
and 1.34 Ga, as evidenced by both vertical arrays of eNd and eHf sig-
natures in KC materials and detrital zircons (Ferreira et al., 2024; this
study). Such a prolonged magmatism (~200 Ma), showing this con-
trasting isotope evolution, would not be expected in an exclusively
intracontinental anorogenic setting and may be likely linked to an
evolutionary scenario involving subduction and/or lithosphere delami-
nation processes and subsequent extension, as proposed for other Pro-
terozoic anorthosite provinces (e.g., the Rogaland Anorthosite Province
in Norway or the Musgrave orogen in Central Australia; Smithies et al.,
2011, Smits et al., 2014; Slagstad et al., 2022). Indeed, the lateral and
temporal distribution of Sr/Y and (La/Yb)y ratios and crystallisation
temperatures of the KC felsic magmas (see Fig. 54), along with their
diverse alkaline, tholeiitic and calc-alkaline affinities and evolutionary
trends (Fig. 3A-B), suggests that the KC experienced an alternation be-
tween stages of thinner crust and hot magmatism, typical of an extensive
or back-arc regime, and phases of lithospheric thickening, deep differ-
entiation and crustal assimilation, associated with compressive stages
(Profeta et al., 2015; Lieu and Stern, 2019).

The ENE-WSW striking linear structure connecting the Opuwo
Lineament (Op-L) to the Mesoproterozoic Kibaran Belt (KiB) represents a
first-order crustal boundary reflecting a transpressive environment
associated with an oblique convergent margin (Figs. 1, 9). Comparable
tectono-thermal and depositional activity recorded in African and Bra-
zilian counterparts supports the potential connection through an
extensive and long-lived active continental margin during the Meso-
proterozoic (Faleiros et al., 2024). Lateral geochemical and isotopic
heterogeneities have been described in 1.4-1.3 Ga felsic magmatism at
the periphery of the Columbia Supercontinent, reflecting diachronous
subduction retreat and variable crustal involvement (e.g., Wang et al.,
2022). Such heterogeneities likely developed in back-arc to peripheral
arc domains where subduction rollback promoted the involvement of
distinct magma sources, variations in crustal thickness and assimilation
processes. A similar scenario can account for the observed spatio-
temporal and geochemical variability of the KC, thereby supporting a
subduction-driven geodynamic setting.

Therefore, considering the protracted KC magmatism as related to a
continental back-arc setting (Lehmann et al., 2020; Milani et al., 2022),
mantle heat beneath the back-arc would be linked to a NNW-dipping
subduction located further south of the Cassinga Zone. The alignment
of early-Mesoproterozoic magmas along NNE-SSW and E-W directions,
subparallel to the Quipungo Belt and Serpa Pinto Line, confirms that the
magma underplating and subsequent ascent occurred along the large-
scale crustal weakness structures of the pre-Mesoproterozoic basement
(Fig. 13). Nevertheless, these structures are likely to be located far from
the active arc and trench (Roberts et al., 2023). In addition, the con-
sistency of deformational fabrics in both the KC materials and nearby
metamorphic basement (Figs. 8-10; Fig. S1) supports the hypothesis that
synkinematic magma ascent was strongly influenced by transtensional
and transpressional processes under a regional contractional regime
(Lehmann et al., 2020).
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The estimated P-T conditions for the KC (Slejko et al., 2002; Driippel,
2003) and the calculated temperatures for the felsic materials (up to
1039 °C; Table S1) are in agreement with the ascent of enriched mantle
materials to lower crustal levels across the hot back-arc region by
convective thinning, promoting the partial melting of a heterogeneous
crustal sources and extensive ferroan magmatism (Fig. 3; Currie et al.,
2008; Sizova et al., 2010; Roberts et al., 2023). These “anorogenic” felsic
materials would likely represent the distal magmatic components of the
convergent margin (Collins et al., 2019; Roberts et al., 2023). The high
occurrence of granites concomitant with anorthosites would favour the
diapiric sheet-like rising of the latter through deep-seated structures,
due to differences in density and thermal viscosity of the granite and
partially-molten wall rocks (e.g., Dobmeier, 2006). The episodic ascent
of magma batches through strike-slip systems partially disrupted the
structure of the previously emplaced coalescing pulses, in a westward-
evolving magmatic system driven by lateral forces. The presence of
Mesoproterozoic post-KC sediments overlaying the KC (<1325 Ma;
Figs. 1, 13; Ferreira et al., 2024; this study), provides evidence of the
rapid exhumation of the voluminous igneous materials during late
Mesoproterozoic times.

Hence, our interpretation suggests a complex evolution through a
series of major transtensional and transpressional systems within an
overall long-lasting and extensive accretionary orogen setting from the
Early to Middle Mesoproterozoic, transitioning towards an extensional
regime in Late Mesoproterozoic times (Fig. 13). The integrated
geochemical, isotopic, structural, and geophysical approach provides
the new following insights into the Mesoproterozoic evolution of the SW
Angolan Shield.

6.4.1. Early Mesoproterozoic (1540-1500 Ma)

NNW-dipping steep subduction inwards far south from the Kalahari
area would produce Early Mesoproterozoic juvenile inland magmatism
by mantle upwelling and decompression melting of the enriched mantle
due to crustal thinning caused by back-arc extension (Fig. 13; Gianni and
Lujan, 2021). Large stagnation of the underplated mantle-derived
magmas at the Moho could have induced ductile thinning and partial
melting of the lower (to middle?) crust, leading to the emplacement of a
suite of A-type granitoids (ca. 1.54-1.50 Ga; Kroner et al., 2015; Kroner
and Rojas-Agramonte, 2017; Ferreira et al., 2024) and basaltic sills (ca.
1.50 Ga; Ernst et al., 2013) at shallow crustal levels along with separa-
tion and flotation of the first plagioclase-rich mushes that ascend
through the crust at ca. 1.50 Ga (Bybee et al., 2019). The heat released
from the ponded mantle-derived magmas likely triggered the ca.
1.53-1.51 Ga thermal metamorphism recorded in the Epembe and Eyao
units of the Epupa Metamorphic Complex (970-830 °C; Fig. 11; Brandt
et al., 2003, 2007; Seth et al., 2003).

6.4.2. Early to middle Mesoproterozoic transtension (1490-1420 Ma)

Progressive crustal thinning promoted near isothermal decompres-
sion (P < 6.5 kbar; Brandt et al., 2003, 2007) and medium- to high-
temperature metamorphism in the Epembe unit at ca. 1.49-1.45 Ga
(Pb-Pb ages in garnet; Figs. 2, 11, 13; Seth et al., 2003, 2005), which
subsequently led to the emplacement of the early- to middle-KC anor-
thosites and red granites (1.45-1.42 Ga). The large lateral extent of the
early- to middle-KC magmas (about 140 km between the presumed
plutonic margins; Fig. 13) indicates significant back-arc extension in
response to regional ~N-S shortening, similar to that described for other
anorthosite massifs (e.g., Dobmeier, 2006). The presence of coeval
subvolcanic and plutonic felsic rocks in the Cahama region (Fig. 6E-G)
imply block uplift, extensive crustal thinning processes and a shallow
emplacement level of these igneous bodies.

NNE-directed high-strain shearing structures in the surrounding
crystalline basement, parallel to the Angolan KC arrangement, indicate
that WNW-ESE extension occurred alongside with complementary
strike-slip fault systems (Figs. 9, 13; Lehmann et al., 2020; this study). A
juxtaposed WNW-trending dextral strike-slip system propagated
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Fig. 13. Sketch diagrams showing the evolution of the Angolan Shield during the Mesoproterozoic, according to the structural, gravimetric and isotopic information
discussed in this study. The diverse figures represent the main tectono-thermal magmatic and metamorphic episodes described in SW Angola and NW Namibia,
responsible of the distinct ascent and emplacement of anorthosite, granite and mantle-derived melts during the distinct contractional and extensional stages. The
upper figures represent the contractional scenarios in which the KC and other related magmas intruded, whereas the bottom figures display extensional post-KC
stages and the current gravimetric configuration of the studied area. The distinct Palaeoproterozoic to Mesoproterozoic lithospheric boundaries and crustal struc-
tures are clearly depicted in the current gravimetric map of the studied area (modified from Rey-Moral et al., 2022), also revealing the influence of other Neo-
proterozoic to Cenozoic episodes occurred in the Angolan Shield, beyond the scope of this study. The U-Pb geochronological data shown in the distinct diagrams are

described in the text.
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through the Epupa basement and the southwestern KC margin (the
Serpa-Pinto lineament; Fig. 13; Vermaak, 1981; Carvalho and Alves,
1990; Lehmann et al., 2023), separating the northern NNE-trending KC
from the southern E-W trending KC. The emplacement of stagnant
anorthosite magmas and related lower-crustal partial melts of the
southern KC was likely favoured by antithetic thrusts from the main
WNW-ESE fault, generating the elongated E-W shape and the W-trend-
ing magmatic fabrics in this southern region (Fig. 9).

6.4.3. Middle Mesoproterozoic segmented strike-slip fault system
(1415-1340 Ma)

High-angle transcurrent shear zones seem to control the ascent of
middle- to late-KC anorthosites and red granites. The much narrower
lateral extent (Fig. 13) of the western Angolan KC pulses (about 25 km)
compared to the previous ones (about 145-100 km), might indicate that
transpressional processes dominated from Early to Middle Mesoproter-
ozoic times.

The kinematic features observed in both the crystalline basement
and the western Angolan KC anorthosites and red granites suggest top-
to-the-west thrusting driven by E-W regional shortening and deforma-
tion synchronous with magma emplacement (Fig. 9; Lehmann et al.,
2020). The “S”-shaped arrangement of middle- to late-KC pulses is
indicative of transpressional shearing along a major dextral NNE-
trending strike-slip system (Fig. 13). Extensional splay fractures
(horsetails) developed from this main transpressive strike-slip system,
promoting the intrusion of 1385-1363 Ma mantle-derived melts to the
west of the KC (Figs. 9, 13; Ernst et al., 2014).

Conversely, magma ascent and configuration of the Zebra Mountains
were facilitated by WNW-ESE transpressional structures, probably
linked to the Serpa-Pinto dextral strike-slip system (Fig. 13). The pro-
gressive right-lateral oblique displacement under NNW-shortening
stresses likely developed local restraining stepovers that overlapped
northwards the Epupa basement and the middle- to late-
Mesoproterozoic KC pulses, ultimately configuring the E-W trending
structure found in this region.

6.4.4. Late Mesoproterozoic post-KC extensional processes (1325-1065
Ma)

Following the middle- to late-KC emplacement, the regional
contractional processes ceased, with subsequent stress relaxation epi-
sodes which promoted the deposition of Late-Mesoproterozoic sedi-
ments overlaying the KC (<1325 Ma; Figs. 1, 7; Ferreira et al., 2024; this
study), likely driven by the extensional reactivation of pre-existing
structures through a series of block-faulting systems (Fig. 13).

Slab delamination or slab break-off processes would promote the
interaction of hot asthenosphere with fertile or metasomatised litho-
spheric mantle, inducing the ascent of heterogeneous E-MORB to sub-
lithospheric mantle melts (ca. 1220-1173 Ma Epembe, Swartbooisdrif
and Lupongola alkaline to carbonatitic complexes; Figs. 2, 11-13; Litt-
mann et al., 2000; Simon et al., 2017; Tshiningayamwe et al., 2022a,b).
Additionally, decompression melting in the upper mantle and subse-
quent crustal anatexis promoted the emplacement of Late-
Mesoproterozoic KC troctolites and A-type granitoids (1286-1176 Ma;
Figs. 2, 13; Maier et al., 2013; Kroner and Rojas-Agramonte, 2017;
Ferreira et al., 2024), respectively, and the medium- to high-
temperature fluid activity recorded along the Angolan-Namibian fron-
tier (1248 + 5 Ma Pb-Pb age for rutile growth in the Orue unit and
1294-1253 Ma Rb-Sr whole-rock ages in mylonite and granite rocks;
Figs. 11, 13; Torquato, 1977; Carvalho et al., 1979; Seth et al., 2005).

Further crustal extension facilitated the intrusion of the late-Meso-
proterozoic ~N-S-trending basic dike and sills and minor felsic magmas
(1127-1065 Ma; Figs. 10, 11, 13; Ernst et al., 2013; Kroner and Rojas-
Agramonte, 2017; Salminen et al., 2018). It is presumed that progres-
sive regional ~E-W trending crustal thinning and large-scale ~N-S
directed faulting likely contributed to the final break-up of the Columbia
supercontinent (Ernst et al., 2013; Salminen et al., 2018).
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6.4.5. Post-Mesoproterozoic regional configuration

The current geophysical configuration of the studied area is also a
consequence of the subsequent Neoproterozoic to Cenozoic deforma-
tional and tectono-thermal events that affected the SW Angolan Shield
(Fig. 13). The regional effects of the E-W-trending left-lateral trans-
pressional processes related to the Pan-African Kaoko Belt significantly
restructured the pre-Neoproterozoic basement of the SW Angolan Shield
(e.g., Seth et al., 1998; Goscombe et al., 2017; Konopasek et al., 2008).
The fragmentation of Gondwana and the subsequent opening of the
Atlantic Ocean gave rise to the pronounced gravimetric anomalies
observed along the coastal margins of Angola and Namibia (Fig. 13).

7. Conclusions

The Mesoproterozoic magmatism of the southwestern Angolan
Shield is indelibly marked by the Kunene Complex (KC) and related
intrusions, whose emplacement occurred episodically over a protracted
interval of about 200 Ma (1534-1344 Ma). Geochemical and isotopic
evidence of the long-lasting KC magmatism, along with associated
deformation features in both KC materials and surrounding basement,
supports a potential link to a back-arc setting.

The structural arrangement and contemporaneity of deep-seated
basic to anorthositic magmatism and granite melt generation suggest
mantle underplating and partial melting of the lower crust along
Palaeoproterozoic large-scale crustal weakness structures. The
emplacement of KC magmas was structurally guided by complex NNE-
and E-directed strike-slip systems that operated during the early- to
middle-Mesoproterozoic. These systems likely developed in response to
NNW-directed accretionary processes along an active continental
margin. A potential correlation with the Kibaran Belt to the northeast,
and even with the Sao Francisco Craton further west, is suggested,
indicating a long-lived continental margin evolution characterised by
oblique convergence and episodic crustal reactivation.

The late-Mesoproterozoic evolution of the southwestern Angolan
Shield (i.e., <1325 Ma) is essentially characterised by a major episode of
stress relaxation and extension, which promoted the exhumation of the
Mesoproterozoic basement and the deposition of post-KC metasedi-
mentary sequences. The upwelling of sub-lithospheric and other mantle-
derived melts between 1234 and 1065 Ma contributed to further
extensional processes that promoted the final break-up of Columbia.
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