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ABSTRACT

New geochronological data have been obtained on kimberlitic units related to the Bonga
carbonatite massif and basaltic dikes in the Quilengues region of southwestern Angola as part of
the National Geological Plan of Angola (PLANAGEO). Ar-Ar dating of mineral separates
(phlogopite, amphibole) indicates distinct intrusion pulses for the alkaline-carbonatite magmas of
the Bonga Complex (155.2 + 2.9 Ma) and a NNE-SSW dike assemblage (124.7 + 2.2 Ma). These
ages agree with those reported from coeval volcanic materials in the coastal region, suggesting
a direct correlation with lithospheric destabilisation processes induced by the ascent of deep
melts, during incipient to progressive stages of the Atlantic rifting and Pangea’s breakup. The
basaltic dikes may represent the feeding channels of mantle-derived melts that extruded as Large
Igneous Provinces (LIPs), forming the Parana-Angola-Etendeka Province. The spatio-temporal
relationships of the studied bodies are consistent with the intrusion of mantle melts during the
early stages of rifting, in directions equivalent to the Lucapa structure and the Atlantic margin.
The new age data reinforce the existing dataset of Jurassic-Cretaceous alkaline-carbonatite and
bimodal (alkaline to tholeiitic) pulses in Angola and their South American counterparts. A
structural control is also suggested, with the later alkaline pulses emplaced along ~E-W
directions, related to the progress of rifting and the action of deep transform faults during
continental breakup.
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RESUMEN

Nuevos datos geocronolégicos han sido obtenidos en unidades kimberliticas relacionadas con
el macizo carbonatitico de Bonga y en diques basalticos de la region de Quilengues, en el
suroeste de Angola, en el marco del Plan Nacional de Geologia de Angola (PLANAGEO). Las
dataciones Ar-Ar en separados minerales (flogopita, anfibol) indican distintos pulsos de intrusion
para los magmas alcalino-carbonatiticos del Complejo de Bonga (155,2 + 2,9 Ma) y el conjunto
de diques en direccion NNE-SSO (124,7 + 2,2 Ma). Estas edades concuerdan con aquellas
reportadas en materiales volcanicos de la franja litoral, sugiriendo una relacién directa con
procesos de desestabilizacion litosférica inducido por el ascenso de fundidos profundos en
etapas incipientes a progresivas del rifting Atlantico y la ruptura de Pangea. Los diques
basalticos, por tanto, podrian representar canales de alimentacion de fundidos mantélicos que
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alcalino-carbonatiticos  extruyeron en forma de Grandes Provincias Igneas (LIPs), los cuales conforman la Provincia de
en etapas iniciales del Parana-Angola-Etendeka. Las relaciones espacio-temporales de los cuerpos estudiados estan

rift Atlantico. de acuerdo con la intrusion de fundidos mantélicos asociados a estadios incipientes del rifting,
Migracién espacio- en direcciones equivalentes a la estructura de Lucapa y del margen Atlantico. Las nuevas
temporal de pulsos edades refuerzan el conjunto de datos existentes sobre la edad de los pulsos alcalinos-

alcalino-carbonatiticos  carbonatiticos y bimodales (alcalinos a toleiticos) del Jurasico-Cretacico en Angolay en regiones

y bimodales asociados equivalentes de Sudamérica. También se sugiere un control estructural, con el emplazamiento

al progreso del riftingy  gg |og pulsos alcalinos mas tardios en direcciones ~E-O, en relacion al progreso del rifting y a la
la deriva continental. - i1 de fallas transformantes profundas durante la ruptura continental.
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1. Introduction

During Mesozoic times, the intrusion of a large diversity of magmas with alkaline and bimodal affinity
characterised the central-western part of Angola. These magmas are part of the tectono-thermal events
that lead to the destabilisation of Pangaea, and the crustal breakup that promoted the opening of the
South Atlantic Ocean (e.g., Coltorti et al., 1993; Ernst & Bell, 2010). In this anorogenic cycle, different
periods of magmatism occurred with the generation of various plutonic to volcanic bodies of tholeiitic,
alkaline, carbonatitic and kimberlitic composition; which were distributed along tectonic alignments that
were active during at least the Upper Jurassic and Lower Cretaceous (Cahen et al., 1984; Allsopp &
Hargraves, 1985; Alberti et al., 1999; Comin-Chiaramonti et al., 2005, 2007). This magmatism forms
part of the same tectonic alignment that has been active since the beginning of the Mesozoic, forming
the igneous province of Parana-Angola-Etendeka (PAE; Issa Filho et al., 1991; Alberti et al., 1999) or
Parana-Angola-Namibia (PAN; Comin-Chiaramonti et al., 2007). A continuous distribution of Mesozoic
igneous materials and structural lineaments can be matched across the opposite Angolan and Brazilian
continental margins of the South Atlantic Ocean.

While many studies have examined the geochemical features of alkaline to carbonatitic complexes
and tholeiitic magmas in southern Angola, few have addressed precise geochronological dating to
constrain the timing of magma emplacement. The PAE igneous province of SW Angola was previously
dated by the works of Torquato & Amaral (1973), Renne et al. (1992, 1996) and Marzoli et al. (1999),
which reported whole-rock and mineral separate K-Ar and Ar-Ar ages ranging from 222 to 84 Ma for
alkaline to tholeiitic basalts in the Kwanza and Namibe basins of Angola's coastal region. But, the
alkaline to carbonatitic igneous bodies of southern Angola have not been extensively dated. Silva et al.
(1973) and Torquato & Amaral (1973) reported whole-rock K-Ar ages between 92 and 82 Ma for some
alkaline igneous bodies (syenites, tinguaites and phonolites) from the western portion of Angola,
whereas Vale et al. (1972) and Allsopp & Hargraves (1985) obtained Rb-Sr and K-Ar ages between
131 and 104 Ma for some nepheline syenite bodies from central-western Angola.

In recent years, the National Geological Plan of Angola (PLANAGEO) has focused on improving the
geological knowledge of the country. The UTE PLANAGEO consortium, formed by the Instituto
Geoldgico y Minero de Espafia (IGME), the Laboratério Nacional de Geologia e Energia of Portugal
(LNEG) and the enterprise Impulso Industrial Alternativo (IIA) was in charge of the geological,
geophysical and geochemical surveys in the southern region of Angola. Within the framework of the
PLANAGEDO project, a large set of absolute isotopic dating results were obtained on the southern region
of Angola. In the most recent igneous materials, presumably of Meso- to Cenozoic age, “°Ar/*°Ar isotope
analyses were conducted on whole-rock and/or on representative mineral separates (e.g., phlogopite,
hornblende, plagioclase) in order to constrain their crystallisation age.
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This work presents new Ar-Ar geochronological results obtained on selected alkaline and tholeiitic
rocks from the Quilengues area of SW Angola. The analysed samples consist of a kimberlitic lava flow
related to the carbonatitic magmatism of the Bonga massif, and a basaltic dike that is part of a large
alkaline to tholeiitic dike swarm found in the vicinity of the Bonga Complex. “°Ar/*°Ar stepped heating
geochronology is one of the most important techniques for constraining the age of emplacement of
these ultrabasic to basic materials (e..g., Renne et al., 1996, 1998). The aim of this study is to provide
an accurate Ar-Ar dating to better constrain the crystallisation age of these magmas and asses their
relation with the various stages of Mesozoic magmatism recorded in southwest Angola, associated
with the opening of the South Atlantic Ocean.

2. Geological Setting

The occurrences of Mesozoic alkaline-carbonatitic magmatic rocks in SW Angola are distributed
across tectonic lineaments that were active since at least the Upper Jurassic (e.g., Alberti et al., 1999),
forming what is known as the Lucapa Structure (Lapido-Loureiro, 1968, 1973; Fig. 1A), the Alkaline-
carbonatitic Diagonal Trans-Angola Province (Lapido-Loureiro, 1995; Woolley, 2001), the Mocamedes
Arc (Alberti et al., 1999), the Khumib region (Comin-Chiaramonti et al., 1999, 2005, 2007) or the
Volcanic Belt of Angola (Machado, 1959). This magmatism is related to the Mesozoic alkaline to
tholeiitic volcanism found along the Angolan coast between Sumbe and Benguela and in the Namibe
region of Angola; which forms the Parana-Angola-Etendeka igneous province, as well as set of dikes,
inland, striking almost parallel to the coast (Alberti et al., 1992; Peate et al., 1992; Marzoli et al., 1999;
Marsh & Swart, 2018).

The lithology, petrography, mineralogy and structure of the alkaline-carbonatite complexes in Angola
are widely described in the works of Lapido-Loureiro (1973), Issa Filho et al. (1991), Alberti et al. (1999)
and Bambi (2015). These works cite the presence of at least 35 alkaline and alkaline-carbonatite
complexes in the Republic of Angola. Most complexes form ring structures of highly heterogeneous
lithological and mineral composition, showing an evolutionary sequence between the different alkaline
and carbonatitic pulses. In SW Angola, these massifs correspond to the Serra da Neve complex and
its satellite bodies; Tchivira and Bonga, Chamaco, Belavista, Nonga-Balombo, Chanja, Monte Verde,
Elonga, Coola, Longonjo, Chianga, Bailundo, Canata, Chiueca, Capuia and Bangombari.

In the Quilengues area, the alkaline-carbonatite complexes are represented by the Tchivira and
Bonga massifs, located approximately 27 km to the south-east of the town of Quilengues (Fig. 1B).
These complexes are intrusive in the Palaeoproterozoic (Eburnean) plutono-metamorphic basement,
forming inselbergs that reach the highest elevations in the region (2385 m in Tchivira and 1839 m in
Bonga; Bambi, 2015; Merino-Martinez & Goicoechea, 2021). This basement is composed of eburnean
granites, and leucogranites and scarce mafic bodies overprinted by penetrative and gneissic
deformation fabrics, with metamorphism locally reaching migmatisation and partial melting conditions,
conforming the so-called Gneiss-Migmatite and Granite Complex (Carvalho, 1982, 1983). This
basement has reported whole-rock Rb-Sr ages from 1982 to 1972 Ma for some granitic bodies (Mendes,
1968; Torquato, 1977); and Rb-Sr and K-Ar ages between 1766 and 1643 Ma on mineral separates
(muscovite, biotite and/or hornblende) from granites, pegmatites and ultramafic rocks (Mendes, 1968;
Silva et al., 1973; Torquato, 1977). Other K-Ar ages ranging from 1281 to 644 Ma (Silva et al., 1973)
have been reported for diverse Mesoproterozoic basic dikes that are intrusive into the
Palaeoproterozoic basement in NNW-SSE and WNW-ESE directions.

In the Tchivira massif (Fig. 1B), there is an evolutionary sequence between distinct alkaline and
carbonatitic pulses, consisting of an initial intrusion of ring bodies with a strongly alkaline composition
(nepheline syenites), followed by various intrusions of ultra-alkaline (nephelinites, ijolites, urtites) and
moderately alkaline (alkaline syenites and gabbros) magmas, and a final stage dominated by the
intrusion of carbonatitic rocks (Vale et al., 1972; Bambi, 2015; Merino-Martinez, 2022). K-Ar and Rb-Sr
ages between 138 and 112 Ma have been reported for nepheline syenites from the Tchivira Complex
(Vale et al., 1972; Allsopp & Hargraves, 1985). The Bonga massif (Fig. 1B) shows a carbonatitic core
surrounded by a subvolcanic complex (carbonatites, carbonatitic breccias, syenites, phonolites,
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trachytes, rhyolites + lamprophyres). Discrete kimberlitic materials are found in the NW part of the
massif embedded in carbonatitic breccias. These polygenetic alkaline-carbonatitic rocks are affected
by diverse metasomatic processes and by a complex NW-SE to WNW-ESE and NNE-SSW to NE-SW
fracture system (Coltorti et al., 1993; Comin-Chiaramonti et al., 2007; Melgarejo et al., 2012; Bambi,
2015). Bambi (2015) suggests a vertical displacement of approximately 1 km, which uplifted the Bonga
subvolcanic massif in relation to the Tchivira plutonic massif.
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Figure 1. A) Distribution of alkaline-carbonatitic complexes (green), kimberlitic fields (yellow) and alkaline to tholeiitic volcanic
materials (dark blue) in Angola, according to Jelsma et al. (2013) and Robles Cruz (2013). It is also shown the trace of
Mesozoic faults systems related to the Lucapa structure (Lapido-Loureiro, 1968, 1973) or Volcanic Belt of Angola (Machado,
1959). The location of the studied area is highlighted in the orange square. B) Geological map of the studied region (modified
from Galan, 2021, and Merino-Martinez, 2022), showing the location of the Tchivira and Bonga alkaline-carbonatitic
complexes. Sample location and Ar-Ar dating results from this work are shown in yellow stars. Other Rb-Sr and K-Ar
geochronological data from the literature are shown in green and red circles, respectively.

Figura 1. A) Distribucion de complejos alcalino-carbonatiticos (verde), campos kimberliticos (amarillo) y materiales volcanicos
alcalinos a toleiticos (azul oscuro) en Angola, segun Jelsma et al. (2013) y Robles Cruz (2013). También se muestra la traza
de sistemas de fallas mesozoicas relacionadas con la estructura de Lucapa (Lapido-Loureiro, 1968, 1973) o Cinturdn
Volcanico de Angola (Machado, 1959). La localizacion de la zona estudiada estéa resaltada en el recuadro naranja. B) Mapa
geoldgico de la regidon de estudio (modificado de Galan, 2021, y Merino-Martinez, 2022), mostrando la localizacién de los
complejos alcalino-carbonatiticos de Tchivira y Bonga. La localizacion de las muestras y los resultados de las dataciones Ar-
Ar de este trabajo se muestran en estrellas amarillas. Otros datos geocronolégicos K-Ar y Rb-Sr de la literatura se indican
con circulos rojos y verdes, respectivamente.
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A large tholeiitic to alkaline dike swarm (the Mussandgi subvolcanic complex) is also found in the
Quilengues area, extending from the village of Mussandgi to the SSW of Tchivira (Fig. 1B). It mainly
consists of basalts, phonolites, tinguaites, trachytes, rhyodacites and rhyolitic breccias, which intruded
into the Palaeoproterozoic basement in contrasted NNE-SSW and WNW-ESE directions. Some of
these subvolcanic materials seem to be intrusive into the Tchivira and Bonga Complexes (Bambi, 2015;
Merino-Martinez, 2022). The published K-Ar ages of some basalt and phonolite dikes of the area
provided crystallisation ages constrained between 111 and 82 Ma (Silva et al., 1973; Torquato, 1977).

3. Analytical methods

40Ar/*°Ar dating were performed on mineral separates (hornblende and phlogopite) from two different
mafic and/or ultramafic rocks from the Quilengues region. The selected samples were crushed and
sieved to obtain fragments ranging in size from 0.1 to 0.5 mm. A hand-held magnet was passed over
the samples to remove magnetic minerals and metal fragments/flakes from the grinding process. The
samples were rinsed with dilute nitric acid, washed in deionised water, rinsed and then air-dried at room
temperature. The minerals were separated by hand, wrapped in aluminium foil and mounted in an
irradiation capsule with samples of similar age and neutron flux monitors (Fish Canyon Tuff sanidine,
28.02 Ma; Renne et al.,, 1998). The samples were irradiated at the McMaster Nuclear Reactor in
Hamilton, Ontario, for 56 MWH, with a neutron flux of 3x10® neutrons/cm?. Analyses (n=54) of
18 neutron flux monitor positions produced errors of <0.5% in the J value.

The separated minerals were heated at incrementally higher powers in the defocused beam of a
10W CO:; laser (New Wave Research MIR10) until they fused, in the Noble Gas Laboratory of the
Pacific Centre for Isotopic and Geochemical Research, University of British Columbia. The gas
developed from each stage was analysed by a VG5400 mass spectrometer equipped with an electronic
ion counting multiplier. All measurements were corrected for the total blank system, mass spectrometer
sensitivity, mass discrimination, radioactive decay during and after irradiation, as well as air interference
from atmospheric contamination and Ca, Cl and K irradiation. The produced isotopic ratios were
(*°Ar/*ArK = 0.0302, (*’Ar/*°Ar)Ca = 1416.4306, (*°Ar/**Ar)Ca = 0.3952, Ca/K = 1.83 (*’ArCa/**ArK).
Plateau and correlation ages were calculated using Isoplot 3.09 software (Ludwig, 2003). Errors are
reported at the 20 level (95% confidence) and are propagated from all sources except the sensitivity of
the mass spectrometer and the age of the flow monitor. Tables 1 and 2 summarise the Ar-Ar isotopic
results obtained for each analysed sample.

4. Petrographic features of the studied samples

The two samples selected for Ar-Ar dating are a kimberlitic lava flow from the Bonga massif
(UTEMD33NO0871) and a NNE-trending olivine-bearing basaltic dike (UTEMD33NO050I) from the
Mussandgi subvolcanic complex (Fig. 1B). The petrographic features of each sample are described
below.

4.1. Sample UTEMD33N087I. Kimberlitic lava (Bonga massif)

A 2 meters thick kimberlitic lava flow, apparently coetaneous with the carbonatite magmas from the
Bonga carbonatite massif with which it is associated, was chosen for Ar-Ar isotopic analyses. This
sample appears as a small tongue of ultramafic rocks between carbonatite breccias found to the
northwest of the Bonga massif (Fig. 2A). It shows a brecciated aspect, with a large number of
centimetre-sized phenocrysts of phlogopite, pyroxene and olivine, within a dark greyish to greenish
microcrystalline matrix (Fig. 2B). It includes fragments of some ultramafic rocks, such as peridotites,
pyroxenites and/or hornblendites. Some carbonate crystals are also found in hand sample.
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Figure 2. A) Carbonatite breccia to the northwest of the Bonga massif, showing heterometric fragments (up to 30 cm) of
eburnean granitoids and calcic carbonatites, surrounded by a medium-grained carbonate matrix. B) Ultramafic rock of
kimberlitic appearance, found northwest of the Bonga massif, bearing crystals of various sizes of pyroxene, phlogopite, olivine,
carbonates and fragments of ultramafic rocks (dunites, pyroxenites and/or hornblendites). C) Photomicrograph of the
kimberlitic rock, showing olivine (Ol) and phlogopite (Phl) phenocrysts, haloed by opaque minerals (OFe), in a micro- to
cryptocrystalline matrix, composed of clinopyroxene, olivine, biotite/phlogopite (+ amphibole), opaque minerals and carbonate
minerals (+ plagioclase). D) Detail of the olivine phenocryst (Ol) in cross-polarised light, showing a reaction corona with
corroded edges and a halo of opaque minerals (OFe).

Figura 2. A) Brecha carbonatitica al noroeste del macizo de Bonga, mostrando fragmentos heterométricos (de hasta 30 cm)
de granitoides eburneanos y carbonatitas célcicas, rodeados por una matriz carbonatitica de grano medio. B) Roca ultraméfica
de aspecto kimberlitico, constituida por cristales de diversos tamafios de piroxeno, flogopita, olivino, carbonatos y fragmentos
de rocas ultramaficas (dunitas, piroxenitas y/o hornblenditas), encontrada al noroeste del macizo de Bonga. C) Microfotografia
de la roca kimberlitica, mostrando fenocristales de olivino (Ol) y flogopita (Phl) , aureolados por minerales opacos (OFe), en
una matriz micro a criptocristalina, compuesta por clinopiroxeno, olivino, biotita/flogopita (+ anfibol), minerales opacos y
minerales carbonatados (+ plagioclasa). D) Detalle del fenocristal de olivino (Ol) en nicoles cruzados, mostrando una corona
de reaccion con bordes corroidos y un halo de minerales opacos (OFe).

Under the microscope, this sample is a holocrystalline (sub-)volcanic rock with porphyritic texture.
Subidio- to allotriomorphic phenocrysts (up to 1 cm) of olivine, clinopyroxene, phlogopite-biotite, opaque
minerals and chromite, together with some metallic sulphides are distinguished in thin section (Figs. 2C
and D). All phenocrysts show corroded edges and present a reaction halo composed of opaque
minerals, indicating disequilibrium reactions during mineral crystallisation. Rock-forming minerals do
not show a preferential flow direction, although some phlogopite and biotite crystals seem to be aligned
following a common pattern. The fine-grained microcrystalline matrix is composed of clinopyroxene,
olivine, biotite/phlogopite (+ amphibole), opaque minerals and carbonates (+ plagioclase).

4.2. Sample UTEMD33NO050I. Basalt dike (Mussandgi subvolcanic complex)

A basaltic sample was taken 26 km to the north of the Bonga Complex, from the northern segment
of the NNE-SSW dike swarm of the Mussandgi complex. Similar basaltic samples have been found
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intruding syenite materials from the Tchivira Complex (Fig. 3A). This rock exhibits a porphyritic and
vacuolar texture, composed of small phenocrysts of olivine, pyroxene and amphibole, up to 2 mm in
size, within a dark fine matrix (Fig. 3B). The vacuoles are filled with radial zeolite-type minerals
(= carbonates), low-temperature amphiboles (actinolite-tremolite) and a large amount of metallic
sulphides (pyrite, chalcopyrite, galena, among others).

4. ¢ 3 Ao - A,‘— ¢ “ " _,
1"‘:_"._‘%3 — : . .
Figure 3. A) Dolerite dike intrusive into syenitic facies of the Tchivira Complex in NNE-SSW direction. B) NNE-SSW trending
pyroxene- and olivine-bearing basalt dike, showing vacuoles filled by metallic sulphides, zeolites, carbonates and other
secondary minerals. C) Microphotograph of the basalt dike showing phenocrysts of plagioclase (PI), clinopyroxene (Cpx),
olivine (Ol) and amphibole (Amp) within a micro- to cryptocrystalline matrix. D) Detail of the polysynthetic twinning of the
plagioclase phenocrysts (PI) in cross-polarised light, the zoning of the pyroxene (Cpx) and amphibole (Amp) crystals and the
halo of opaque minerals (OFe) surrounding the phenocrysts.

Figura 3. A) Dique de dolerita intrusivo en facies sieniticas del Complejo Tchivira en direccion NNE-SSW. B) Dique de basalto
piroxénico-olivinico, de tendencia NNE-SSW, mostrando vacuolas rellenas por sulfuros metalicos, zeolitas, carbonatos y otros
minerales secundarios. C) Microfotografia del dique basaltico mostrando fenocristales de plagioclasa (PI), clinopiroxeno
(Cpx), olivino (OI) y anfibol (Amp) dentro de una matriz micro a criptocristalina. D) Detalle del maclado polisintético de los
fenocristales de plagioclasa (PI) con nicoles cruzados, la zonacién de los cristales de piroxeno (Cpx) y anfibol (Amp) y el halo
de minerales opacos (OFe) que rodea a los fenocristales.

Under the microscope, the sample shows a holocrystalline porphyritic texture (Fig. 3C). It contains
idio- to sub-idiomorphic phenocrysts of plagioclase and clinopyroxene (augite), up to 5 mm in size,
some phenocrysts of olivine and amphibole, and more scarcely, smaller opaque minerals (< 1 mm).
Plagioclase, partially altered to sericite, and augite phenocrysts show normal zoning. Some hornblende
crystals are surrounded by a halo of opaque minerals which, together with the corroded edges shown
in other main minerals (e.g., plagioclase, olivine, augite), indicate instability processes or mineral
disequilibrium with the melt (Fig. 3D). Some prismatic plagioclase phenocrysts are oriented in a
preferred direction, although no other magmatic flow patterns have been identified in the thin section.
The micro- to cryptocrystalline matrix is primarily composed of opaque, with accessory plagioclase,
pyroxene, olivine, and amphibole (Figs. 3C and D).
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5. Ar-Ar geochronological results

The Ar-Ar radiometric results obtained on phlogopite separates of the kimberlitic lava from the Bonga
carbonatite massif (sample UTEMD33N0871) show no evidence of “°Ar excess (Table 1). The Ar-Ar
plateau diagram presents an almost continuous spectra from the third step to the end of the profile,
which gave an Ar-Ar plateau age of 155.2 £ 2.9 Ma (MSWD = 0.47, probability = 0.83; Fig. 4A). The
two first low-temperature steps, which displayed an average age of 258.5 + 56 Ma, are probably derived
from 3°Ar recoil in the sample during laboratory rock heating and irradiation, as suggested by the low
39Ar (1.21-6.75 %) and K/Ca ratios (10.20-22.62) contents (Table 1). “°Ar-3°Ar dating often shows high
apparent ages in the initial Ar heating steps, approaching to the most real age of the sample with
progressive release of *°Ar (e.g., Renne et al., 1996; Kelley, 2002). The confidence of the reported Ar-
Ar plateau age is reinforced by the calculated inverse isochron age, which yields a similar age of 150.3
+ 5.8 Ma (MSWD = 0.36; Fig. 4A), as well as that obtained for the normal isochron age (150.2 + 5.8
Ma; MSWD = 0.33; not shown). Hence, the Ar-Ar plateau age of 155.2 + 2.9 Ma is considered as the
most reliable age for the intrusion of the kimberlitic lava in the Bonga massif.

UTEMD33N0871 Phlogopite

Laser Isotope Ratios

407
e OArPAr - 25 PArFAr 2s SAr/Ar  2s  SSAr/%Ar 2s Rho K/Ca %*Arrad f%Ar AP e

%) BAK (Ma) 2

2.3 7323 1792 0.067 0.017 0.014 0.003 0.00092 0.00029 0.604 10.20 72.56 121 53136 26150 +80.54
2.7 69.48 649 0.059 0.009 0.014 0.001 0.00085 0.00015 0.469 22.62 74.61 6.75 51.837 25553 +31.42
31 46,51 2.00 0049 0.006 0.022 0.001 0.00106 0.00013 0.312 1039.41 68.27 10.19 31.753 160.72 +12.26
3.7 43.06 099 0041 0.002 0.023 0.001 0.00096 0.00006 0.207 145.66 71.33 28.27 30.714 15567 +*5.34
3.7 39.33 549 0.022 0.004 0.025 0.004 0.00056 0.00013 0.535 93.98 83.24 4.04 32739 16549 =*26.70
41 40.85 454 0030 0.008 0.024 0.003 0.00074 0.00020 0.386 101.57 77.78 410 31.775 160.82 +24.31
51 3299 105 0.009 0.001 0.030 0.001 0.00028 0.00003 0.212 472.88 91.57 17.69 30.210 15322 +5.13
6.1 3822 157 0.024 0004 0.026 0.001 0.00062 0.00010 0.155 1558.3 81.55 12.23 31.174 15791 +8.85
7.5 36.33 116 0.020 0.002 0.028 0.001 0.00055 0.00005 0.268 192.13 83.49 1551 30.330 153.81 +5.99

J =0.00289010 + 0.00000578 Volume %ArK = 0.064 x E**3 cm® NPT

Integrated Date = 156.13 + 2.83 Ma

Plateau age = 155.2 + 2.9 Ma (2s, including J-error of .4%) MSWD = 0.47, probability=0.83  Includes 92% of the 3°Ar steps 3 through 9
Inverse isochron (correlation age) results: Model 1 Solution (+95%-conf.) on 7 points

Age = 150.3 + 5.8 Ma Initial “°Ar/36Ar =321 + 42 MSWD = 0.36 Probability = 0.88

Table 1. Ar-Ar isotopic results on phlogopite from the studied kimberlitic lava flow of the Bonga Complex (UTEMD33N087I).

Tabla 1. Resultados isotopicos de Ar-Ar en flogopita de la muestra de colada kimberlitica estudiada del Complejo de Bonga
(UTEMD33NO0871).

The Ar-Ar results acquired on hornblende separates from the NNE-SSW trending basaltic dike of the
Mussandgi subvolcanic complex (sample UTEMD33NO050I) also show little evidence of Ar disturbance
(Table 2). With the exception of the first step (Fig. 4B), which provided an older Ar-Ar age of 181.6 +
37.8 Ma, probably derived from the low *°Ar (2.08%) and radiogenic “°Ar (16.29 %) contents and high
4OAr/*Ar ratios (221.47), the whole age data are constrained between 134.4 and 120.8 Ma (Table 2).
Nevertheless, steps two to six display a slightly increasing staircase age spectra, presumably
associated with their high 4°Ar/3°Ar (136.3-36.15) ratios, and are not considered for age calculations.
The last four steps define a fairly continuous plateau and are selected for determine the age of this
sample. Therefore, an Ar-Ar plateau age of 124.7 + 2.2 Ma (MSWD = 0.29, probability = 0.83; Fig. 4B)
reveals the crystallisation age of the basaltic magma. This age is consistent with those calculated from
the inverse isochron age (124.5 = 4.4 Ma; MSWD = 2.4) and the normal isochron age (124.1 + 4.2 Ma,;
MSWD = 2.3) of the whole dataset (excluding the first step), suggesting a high level of confidence in
the calculated age data.
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Figure 4. A) Ar-Ar plateau age (155.2 + 2.9 Ma; left) and inverse isochron age (150.3 + 5.8 Ma; right) obtained from phlogopite
separates of the kimberlitic lava flow to the northwest of the Bonga massif (sample UTEMD33N0871). B) Ar-Ar plateau age
(124.7 £ 2.2 Ma; left) and inverse isochron age (124.5 + 4.4 Ma; right) obtained from amphibole separates from a basaltic dike
of the Mussandgi complex (sample UTEMD33NO050I).

Figura 4. A) Edad plateau Ar-Ar (155.2 + 2.9 Ma; izquierda) y edad is6crona inversa (150.3 + 5.8 Ma; derecha) obtenidas en
los separados de flogopita de la colada de lava kimberlitica al noroeste del macizo de Bonga (muestra UTEMD33N087I).
B) Edad plateau Ar-Ar (124.7 + 2.2 Ma; izquierda) y edad is6crona inversa (124.5 + 4.4 Ma; derecha) obtenidas en separados
de anfibol de un dique baséltico del complejo de Mussandgi (muestra UTEMD33N050I).

UTEMD33N0501 Hbl

Laser Isotope Ratios

Power 4o, 30 36 /39 397 /40 36 /40 0,40 39 “OAr*/ Age
%) Ar/°Ar  2s Ar'°Ar  2s Ar/*°Ar 2s Ar/*°Ar 2s Rho K/Ca %*Arrad f>Ar BAK (Ma)

2.3 22147 375 062 0028 0.005 0.0001 0.0028 0.0001 0.030 0.40 16.29 2.08 36.101 18157 +37.81
2.7 136.29 211 038 0016 0.007 0.0001 0.0028 0.0001 0.006 0.21 17.61 510 24.050 12294 +£21.62

3 7569 1.02 017 0008 0.013 0.0002 0.0023 0.0001 0.013 0.16 31.98 492 24264 12400 =*12.17
3.6 7237 086 015 0.009 0.014 0.0002 0.0021 0.0001 0.012 0.41 36.4 9.33 26.371 13438 +12.49
5535 0.76 0.10 0.005 0.018 0.0002 0.0018 0.0001 0.009 0.43 47.19 6.66 26.142 13326 +7.55
36.15 045 004 0002 0.028 0.0003 0.0010 0.0001 0.048 0.32 71.35 1780 25824 13169 +3.34
3150 035 003 0.002 0.032 0.0004 0.0007 0.0000 0.008 0.10 77.62 22.63 24546 12539 +271
3200 039 004 0002 0.031 0.0004 0.0008 0.0001 0.006 0.02 74.63 16.06 24.293 12415 +411
3180 039 006 0003 0.030 0.0004 0.0009 0.0001 0.003 0.01 7173 8.85 24126 12332 +7.48
3135 047 008 0.005 0.029 0.0006 0.0011 0.0002 0.005 0.00 68.40 6.56 23.623 120.83 +12.18

J =0.00288860 + 0.00000578  Volume %°ArK = 0.102 x E™** cm® NPT

2s

© 00 N o 0o~

Integrated Date = 127.27 £ 1.71 Ma
Plateau age = 124.7 + 2.2 Ma (2s, including J-error of .4%) MSWD = 0.29, probability=0.83  Includes 54.1% of the %Ar steps 7 through 10
Inverse isochron (correlation age) results: Model 1 Solution (+95%-conf.) on 9 points

Age = 124.5 £ 4.4 Ma Initial “°Ar/3°Ar =303 + 16 MSWD = 2.4 Probability = 0.02
Table 2. Ar-Ar isotopic results on hornblende from the studied basaltic dike (UTEMD33N050I).
Tabla 2. Resultados isotopicos de Ar-Ar en hornblenda de la muestra de dique basaltico estudiado (UTEMD33N050I).
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6. Discussion
6.1. Intrusion age of the studied samples and temporal relationships

The field and structural relationship between the kimberlitic materials and the carbonatite breccias
of the Bonga massif (Figs. 2A and 2B) suggest that they intruded contemporaneously with the
carbonatite magmas. The Ar-Ar plateau age obtained for the kimberlitic lava flow of the Bonga massif
indicates a crystallisation age of 155.2 £+ 2.9 Ma (Fig. 4A), indicating a similar age intrusion for the
Bonga Complex. Nevertheless, Torquato (1977) and Cahen et al. (1984) report K-Ar ages of syenitic to
jolitic rocks from the Tchivira Complex of 126 + 4 Ma and between 130 and 138 Ma, while Vale et al.
(1972) and Allsopp & Hargraves (1985) obtained Rb/Sr ages for the intrusion of the nepheline syenites
of Tchivira of 112 + 8 and 131 + 1 Ma, respectively. This variation in the crystallisation ages of alkaline
and ultrapotassic magmas could indicate that emplacement of the Tchivira and Bonga Complexes was
not synchronous and took place over a long time period (155-112 Ma). On the other hand, this age
variation could be evidencing the influence of hydrothermal and/or metasomatic processes and thermal
impacts associated with the different episodes of intrusion of the alkaline-carbonatite magmas (e.qg.,
Bambi, 2015), promoting isotope disturbances in the system and inducing younger ages for the
crystallisation of the Tchivira Complex. In any case, it is clear that the kimberlitic lavas found in the
Bonga Complex are closely related to the intrusion of the alkaline and carbonatitic magmas described
above, and may testify to a slightly older magmatic episode, of upper Jurassic age (155 Ma), than
previously assessed to the Tchivira Complex (138-112 Ma; lower Cretaceous).

The field relationships between the set of basaltic and alkaline dikes and the Tchivira and Bonga
alkaline-carbonatite massifs suggest different temporal constraints. Although there are no clear
structural relationships between the alkaline to tholeiitic dikes and the carbonatitic Bonga Complex,
some syenite facies of the Tchivira Complex are evidently intruded by dolerite materials alike to those
found in the Mussandgi subvolcanic complex (Fig. 3A). The Ar-Ar plateau age obtained from the basaltic
dike found to the north of the Bonga Complex indicates an intrusion age of 124.7 + 2.2 Ma (Fig. 4B).
This age is similar, within error, to the K-Ar age in plagioclase reported in another NNE-SSW trending
basalt dike in the surrounding area (111 £ 11 Ma; Fig. 1; Silva et al., 1973). Other basaltic and dolerite
dikes to the east and north of Quipungo were also dated between 132 + 13 Ma and 126 *
2.2 Ma using whole-rock K-Ar and Rb-Sr on biotite dating, respectively (Figs. 1B and 5; Mendes, 1968;
Silva et al.,, 1973; Torquato, 1977). Although these latter K-Ar and Rb-Sr ages are almost
indistinguishable within error, the high consistency between the “°Ar/*®Ar plateau/isochron ages
indicates that the Ar/Ar method and reported results are more reliable than those obtained by the other
dating methods (e.g., Kelley, 2002). Thus, the age data suggest a time spam between 132 and 111 Ma
for the intrusion of the tholeiitic materials in the region.

Summarising, these data suggest that tholeiitic to bimodal and alkaline-carbonatitic magmatism
occurred in distinct stages during the fragmentation of Pangea, in a long period of intraplate magmatism
during the Mesozoic. Hence, the whole age dataset here presented imply the ascent of mantle-derived
melts along crustal fractures during the Lower Cretaceous, after the Upper Jurassic to Lower
Cretaceous emplacement of the Tchivira and Bonga alkaline-carbonatitic complexes.

6.2. Mesozoic alkaline-carbonatitic and tholeiitic magmatism in SW Angola and counterparts

Several studies described a magmatic period constrained between 138 and 130 Ma for the intrusion
of the diverse alkaline-carbonatite massifs in Angola, based on Rb/Sr isochron dating (Cahen et al.,
1984; Allsopp & Hargraves, 1985), related to the breakup of Gondwana and the opening of the Atlantic
Ocean during the Mesozoic (Issa Filho et al., 1991). However, Jelsma et al. (2013) report U-Pb ages in
kimberlitic rocks from central Angola (Lubia cluster) between 252 and 216 Ma (Fig. 5), indicating an
episode of ultrapotassic magmatism during the Late-Permian to Triassic period. Similar whole-rock
K-Ar and Ar-Ar ages between 222 and 210 Ma are reported in basaltic lava flows found in the Kwanza
Basin (Torquato & Amaral, 1973; Merino-Martinez et al., 2021), possibly related to the preliminary
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stages for the formation of the Central Atlantic Magmatic Province (204-192 Ma; Svensen et al., 2017,
Oliveira et al., 2023). Other “°Ar/*°Ar data of the African Karoo Continental Flood Basalts in Namibia,
Botswana and Zambia are constrained between 185-170 Ma (Fig. 5; Jourdan et al., 2007). These ages
are much older than that obtained in this study for the kimberlitic magma from the carbonatitic Bonga
massif (155.2 + 2.9 Ma; Fig. 4A), and therefore, related to distinct episodes of magmatism. Our age
coincides with the whole-rock K-Ar ages reported in basalts and dolerites from the Sumbe area (168-
140 Ma; Torquato and Amaral, 1973; Torquato, 1977). These findings possibly suggest a mantle-
derived magmatism in an incipient rifting phase promoted by the assistance of plume-induced
lithospheric weakening, related to the emplacement of alkaline-carbonatitic bodies in central-western
Angola at late Jurassic times.
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Figure 5. Distribution of alkaline, carbonatitic and kimberlitic complexes and alkaline to tholeiitic magmatic provinces of
southwestern Africa and of the Parana Basin from central-southeastern Brazil, showing their relationships with major structures
and crustal lineaments (modified from Comin-Chiaramonti et al., 2005; Riccomini et al., 2005; Bambi et al., 2015; Corner &
Durrheim, 2018, and references cited in these works).

Figura 5. Distribucion de los complejos alcalinos, carbonatiticos y kimberliticos y de las provincias magmaticas alcalinas a
toleiticas de Africa sudoccidental y de la cuenca del Parana del centro-sureste de Brasil, mostrando sus relaciones con las
principales estructuras y lineamientos corticales (modificado de Comin-Chiaramonti et al., 2005; Riccomini et al., 2005; Bambi
et al., 2015; Corner & Durrheim, 2018, y referencias citadas en estos trabajos).

Nonetheless, Jelsma et al. (2013) also reported a U-Pb age of 124 Ma in a carbonatitic rock from
central Angola (the Chilesso carbonatite; Fig. 5), also evidencing distinct episodes of alkaline to
carbonatitic magmatism recorded in the Mesozoic. Most kimberlites from northeastern Angola have
been dated at between 145 and 113 Ma (Robles-Cruz et al., 2012; Castillo-Oliver et al., 2016). Indeed,
Jelsma et al. (2004, 2009) and Robles-Cruz (2013) suggest that alkaline magmas of Aptian age (ca.
120 Ma) are associated with a NE-SW tectonic direction, coincident with the Lucapa structure and other
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kimberlitic and alkaline-carbonatitic lineaments found in the S&o Francisco, Kaapvaal and Congo-Kasai
cratons (Da Costa, 2008; Batumike et al., 2009; Jelsma et al., 2009), emplaced in a state of incipient
rifting.

Given the spatio-temporal relationship between the carbonatite massifs and alkaline to tholeiitic dikes
of Angola, this magmatism should be consider contemporaneous with other tholeiitic basalts
(133-129 Ma) and alkaline-potassic magmas (147-126 Ma) found in the eastern region of Paraguay
(Comin-Chiaramonti et al., 1999; Renne et al.,, 1996), the alkaline-carbonatite complexes from
Anitapolis and the Ponta Grossa Arc (138-128 Ma) of southern Brazil (Amaral et al., 1967; Morbidelli
et al., 1995; Comin-Chiaramonti et al., 2005), and alkaline-carbonatite complexes in northwest Namibia
(i.e., Osongombo, Kalkfeld, Ondurakorume, Okorusu, 137-124 Ma; Fig. 5, Milner et al., 1995; Le Roex
& Lanyon, 1998), all related to the opening of the Atlantic Ocean. In fact, the Ar-Ar plateau age obtained
from the basaltic dike of the Mussandgi Complex (124.7 £ 2.2 Ma; Fig. 4B) is coeval wit the K-Ar ages
from 132 Ma to 126 Ma obtained in tholeiitic dolerite dikes from the Sumbe area and other Ar-Ar ages
between 132-120 Ma obtained from mineral separates of diverse volcanic rocks from the Namibe basin,
in the coastal region of western Angola (Torquato & Amaral, 1973; Renne et al., 1996; Marzoli et al.,
1999; Escuder-Viruete et al., 2021). Hence, the intrusion of these mafic dikes is related to the progress
of crustal rifting and the opening of the South Atlantic Ocean. They could represent the feeding sources
of the upwelled mantle-derived melts that extruded in the form of LIPs, which gave rise to the Parana-
Angola-Etendeka Province, preceding the oceanisation and the opening of the Atlantic Ocean.

It is important to highlight that other WNW-ESE to ENE-WS trending phonolite dikes cropping out in
the Quipungo region have been dated between 87 and 82 Ma by whole-rock K-Ar dating (Figs. 1 and
5; Silva et al., 1973). Distinct authors highlight that younger alkaline complexes of Santonian age (ca.
85 Ma), such as those found in the Republic of Congo (Mbuji-Mayi kimberlites; Scharer et al., 1997),
are aligned according to a different tectonic direction (following an ~E-W direction); which suggests an
intrusion of alkaline magmas in a second period associated with the progress of rifting and the action
of deep transform faults (Jelsma et al., 2004, 2009; Robles-Cruz, 2013). These patterns are orthogonal
to the lineaments found in Late Cretaceous kimberlites from southern Namibia to Zambia (Moore et al.,
2008; Farr et al., 2018), and are related to a phase of subsidence of the Congo Basin from 110 to 60
Ma (Linol et al., 2015). Allsopp & Hargraves (1985) reported a Rb-Sr age of 104 + 1 Ma in nepheline
syenites from the Serra da Neve, slightly younger than that assigned to the massifs of Tchivira (138-
112 Ma; Vale et al., 1972; Allsopp & Hargraves, 1985), Bonga (155 = 3 Ma; this study), or Canata (Ar-
Ar ages of 130-124 Ma; Jelsma et al, 2013; Escuder-Viruete & Gumiel, 2021). Other
K-Ar and Ar-Ar ages reported for tholeiitic and alkaline magmas in the Kwanza Basin are constrained
between 105 and 84 Ma (Torquato & Amaral, 1973; Torquato, 1977; Marzoli et al., 1999). These ages
agree with the two magmatic pulses described by Torsvik et al. (2009) during the Cretaceous, related
to the rifting and subsequent drifting between South America and Africa.

As a whole, the isotope age data reported in the literature and the Ar-Ar ages presented in this work
indicate a broad intracontinental magmatic period between 252 and 84 Ma, suggesting distinct periods
of bimodal magmatism associated with the crustal breakup and progressive Atlantic rifting during
Mesozoic times (Svensen et al., 2017).

7. Conclusions

The newly acquired Ar-Ar radiogenic dating performed during the PLANAGEO project have improved
the geochronological knowledge for the emplacement of distinct alkaline to tholeiitic intrusive bodies in
SW Angola. The Ar-Ar plateau ages obtained in mineral separates (phlogopite and amphibole) from a
kimberlitic lava flow (155.2 £ 2.9 Ma), presumably contemporaneous to the Bonga carbonatite massif,
and from a NNE-SSW trending basaltic dike of the Quipungo region (124.7 + 2.2 Ma), reveal separate
magmatic episodes related to the opening of the South Atlantic Ocean. The calculated plateau ages for
both samples are indistinguishable from the isochron ages at the 20 level, thereby confirming the validity
of the reported Ar-Ar dating. This magmatism is coeval to the extrusion of other volcanic rocks found in
the coastal region of Angola, suggesting a broad geodynamic relationship.
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The available geochronological data from SW Angola and its counterparts suggest a wide time
interval (i.e., 252-84 Ma) for the alkaline-carbonatitic and extrusive bimodal magmatism. These
contrasting intrusion ages are controlled by different stages of the continental rifting and subsequent
drifting between Africa and America. The spatio-temporal relationships between the recorded
emplacement ages and the lineaments of alkaline-carbonatitic and bimodal rocks suggest a structural
control on the intrusion of these magmas during a long period of intraplate Mesozoic magmatism. The
intrusive bodies displaying NE-SW and NNE-SSW directions, almost parallel to the coast and the mid-
oceanic Atlantic ridge, mark the initial stages of rifting; while the ~E-W striking bodies would be related
to the more evolved stages of the opening process (drifting), with the intrusion of bimodal magmas
along fracture planes generated by the transcurrent movements during the progress of opening.
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