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a b s t r a c t

The Mesoproterozoic (1.11 Ga) Umkondo large igneous province (LIP) in southern Africa and Antarctica
was emplaced in < 5 Myr and is dominated by low-Ti tholeiitic doleritic-gabbroic sills. It is of particular
interest because it is the least studied LIP in southern Africa with both sublithospheric and lithospheric
mantle sources proposed and it coincides with the early assembly of Rodinia, so it has importance in
understanding the nature of magmatism and tectonics in and around the Kalahari craton during the
Mesoproterozoic. In this study, we compiled a large database of existing (�750) and new (�100) major
and trace element data for the Umkondo province, as well as 42 new Sr-Nd isotopic measurements, to
provide constraints on its magma sources and geochemical evolution. Major element compositional vari-
ations in the low-Ti tholeiites are explained by low-pressure (1 kbar) three-phase fractional crystallisa-
tion (olivine, clinopyroxene and plagioclase) of a parent magma with � 10 wt.% MgO in oxidising
conditions (QFM + 1). Inverse models show that the low-Ti tholeiitic magmas were derived as residual
melts after the crystallization of 12%–33% olivine from primary komatiitic-basaltic magmas
(up to � 20 wt.% MgO) in equilibrium with mantle olivine (Fo90). Low Sm/Yb and TiO2/Yb-Nb/Yb indicate
that the primary magmas were derived by 2%–20% shallow (40–50 km) partial melting of spinel lherzo-
lite. High Sm/Yb is restricted to dyke swarms and may imply limited magma production from deeper
(up to � 70 km) garnet lherzolite-like sources. The low-Ti tholeiites of the Umkondo province are
enriched in large ion lithophile elements (Rb-Sr-Cs-K) and depleted in high-field strength elements
(Zr-Hf-Nb-Ta), indicating the involvement of crustal material and/or the subcontinental lithospheric
mantle. This is supported by covariations in Th/Nb, Nb/Yb, Nb/La and Ce/Sm with generally negative
DNb. Sr-Nd isotopes lend support to the notion that the Umkondo magmas were derived from depleted
and/or enriched sublithospheric mantle sources and subsequently contaminated by enriched lithospheric
material during emplacement (initial (at 1.11 Ga) 87Sr/86Sr between 0.704820 and 0.737464 and eNd
between �8.9 and +5.3). The Vredefort sills are significant as they display the most depleted Sr-Nd iso-
topic signatures (average initial 87Sr/86Sr of 0.705342 and average eNd of 0.4) and are the least contam-
inated magma suite in the Umkondo province. Because of (i) the large volume of low-Ti magmas,
(ii) evidence of a primary hot and MgO-rich (komatiitic) magma, and (iii) the short duration of magma-
tism, we suggest that the Umkondo province was formed by plume-induced melting of the sublitho-
spheric mantle beneath the Kalahari craton in an extensional setting. This contrasts with previous
suggestions that the heat source developed in response to the ‘‘thermal insulation” of the mantle beneath
a thickened Kalahari craton in the absence of a mantle plume. There is further evidence from the elevated
Zn/Fe that the sublithospheric mantle was lithologically heterogeneous and consisted of mixed peridotite
and pyroxenite domains. There is a general lack of ultramafic cumulates in the low-Ti magma suite that
may imply there was deeper ponding and storage of the primary magmas that fractionated large quan-
tities of ultramafic rocks. There is also a paucity of high-Ti rocks in the Umkondo province that may
reflect limited direct melting of the lithospheric mantle or that they are simply not as well-preserved
in this province compared to the Karoo province. The similar trace element and Sr-Nd isotopic composi-
tions of the Umkondo sills in southern Africa with the Borgmassivet sills in Antarctica support the con-
cept that the Kalahari craton and Grunehogna terrane were adjoined at 1.11 Ga. The timing of the
g).
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Umkondo province indicates there was localised lithospheric extension and upwelling asthenospheric
mantle during a time of dominantly compressional tectonics on Earth at the end of the ‘boring billion’.
� 2023 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Large Igneous Provinces (LIPs) are products of vast amounts of
basalt emplaced in the crust or erupted at the Earth’s surface typ-
ically in a short period of geological time (<5 Myr: Courtillot and
Renne, 2003) occurring in both continental and oceanic settings
(Ernst, 2014). The short duration and large volumes of LIP magma-
tism are typically explained by plume-induced melting of the man-
tle (Hart et al., 1992; White and McKenzie, 1995; Condie, 2001).
The magma sources of the basalts are thought to be represented
by either the sublithospheric mantle (e.g., Arndt et al., 1993;
Andersen, 1994; Ashwal, 2021) or the lithospheric mantle (e.g.,
Gallagher and Hawkesworth, 1992; Turner et al., 1996; Jourdan
et al., 2009) or a combination of both (e.g., Bédard et al., 2021).
The chemical distinction between these sources is hampered by
the magma interacting with continental reservoirs during
emplacement.

Continental tholeiites have distinctive chemical signatures such
as K-Rb-Th-U enrichment and Nb-Ta-Ti depletion that imply inter-
action with a continental reservoir. The origin of these chemical
signatures has been explained by the derivation of tholeiitic mag-
mas from ocean island basalt (OIB) sources and subsequent con-
tamination by the lithospheric mantle and/or continental crust
(e.g., Carlson et al., 1981; DePaolo, 1981; Wooden et al., 1993;
Heinonen et al., 2016; Ashwal, 2021). An alternative hypothesis
is that asthenospheric mantle-derived magmas may assimilate
partial melts of enriched domains in the lithospheric mantle
(Ellam and Cox, 1991; Jourdan et al., 2007; Zhang et al., 2008;
Rooney et al., 2017). Another view is that recycled enriched conti-
nental material may be part of the mantle source (Tegner et al.,
2019). In the investigation of the mantle sources of continental
tholeiites, it is critical to assess the chemistry of various magmatic
domains in a single LIP (Ernst, 2014). A better understanding of the
chemical diversity and its spatial distribution aids in establishing
the heterogeneity of the sources and the geochemical evolution
of the magmas during mantle-crust transfer.

There is an excellent natural laboratory in southern Africa to
study magma sources and the influence of lithosphere and crust
in the evolution of continental flood basalt provinces. There are
at least four spatially overlapping and well-preserved LIPs on the
Kalahari craton that span 2.5 billion years (Ashwal, 2021). There
is the Neoarchean Ventersdorp province (�2.78 Ga), the Paleopro-
terozoic Bushveld Complex (2.06 Ga), the Mesoproterozoic
Umkondo province (1.11 Ga), and the Mesozoic Karoo province
(0.18 Ga). Sublithospheric and lithospheric mantle sources have
been proposed by various authors for each of these provinces (as
summarised in Ashwal, 2021). The most well-studied is the young,
and well-exposed Karoo province, for which the high- and low-Ti
magma types were recognised (Cox et al., 1967). The most recently
discovered of these four major continental basalt provinces is the
Umkondo province (Hanson et al., 1998), however, it is also the
least well-studied and there are few constraints on its magma
sources and petrogenesis.

The Umkondo province extends across an area of � 2 � 106 km2

on the Kalahari craton and Grunehogna terrane (Antarctica) and is
comparable in size and volume to the 2 � 106 to 3 � 106 km2 Karoo
province (Hanson et al., 2004). It is dominated by exposures of
gabbro-dolerite sills with subordinate layered mafic–ultramafic
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intrusions, radial dyke swarms, and lavas. We compiled all existing
geochemical data for the Umkondo province (�750 samples) and
include a suite of newmajor and trace element data (�100), as well
as 42 new Sr-Nd isotopic measurements, for the different mag-
matic domains in the province. We use these data to provide a
detailed summary of the magma types, their sources, and the evo-
lution of the magmas in the Umkondo province. The nature and
timing of Umkondo magmatism also have implications for the
early tectonics of the Rodinia supercontinent in the Mesoprotero-
zoic near the end of the boring billion.

2. Umkondo large igneous province

The Umkondo large igneous province (LIP) is named after the
exposures of thick and extensive dolerite sills in the
Paleoproterozoic-aged Umkondo Group of eastern Zimbabwe.
Early paleomagnetic and age-dating studies showed that the
Umkondo sills, along with the Timbavati gabbros and the Vredefort
sills of northeastern South Africa, were part of a single magmatic
province (McElhinny and Opdyke, 1964; Jones and McElhinny,
1966; Allsopp et al., 1989). High-precision ages of these dolerite
sills across the entire Kalahari craton led to the classification of
the Umkondo province as a single LIP that was emplaced at ca.
1.11 Ga over a duration of < 5 Myr (Hanson et al., 2004). There
are mafic dyke swarms and contemporaneous volcanic basalt-
rhyolite magmatism that may also be part of the Umkondo pro-
vince (Hanson et al., 2006). Sills and lavas of the Umkondo age
are also recognised on the Grunehogna terrane in Antarctica
(Moyes et al., 1995; Hanson et al., 2004; Riley and Millar, 2014).
The spatial distribution of the Umkondo province, and its mag-
matic domains, is shown on a reconstructed Kalahari craton in
Fig. 1.

3. Domains of Umkondo magmatism and existing geochemical
data

The Umkondo province consists mostly of gabbro-dolerite sills
that are widespread across southern Africa (Fig. 1) and which were
emplaced into fault-bound Paleoproterozoic supracrustal
sequences and Archean granite-gneisses. Dolerite sill complexes
emplaced into clastic-carbonate sedimentary sequences include
the Chimanimani sills of eastern Zimbabwe, the Waterberg sills,
the Soutpansberg sills, and the Middelburg sills of northeastern
South Africa, the Palapye sills of eastern Botswana, and the
Borgmassivet sills of Antarctica. Dolerite sills emplaced into
Archean granites include the Nyanga sills in eastern Zimbabwe
and the Vredefort and Timbavati sills in northeastern South Africa.
The Xade Complex is a large subsurface layered mafic–ultramafic
intrusion in central Botswana. There are subordinate volcanic rocks
throughout the Umkondo province. Basaltic lava remnants are pre-
served in the Lower Sabi Valley of eastern Zimbabwe, Espungabera
in western Mozambique, and Straumsnutane in Antarctica. Some
of the Umkondo sills, lavas and dykes are located near the margins
of the Kalahari craton (Fig. 1). Radiating dolerite dyke swarms,
including the Mutare and Guruve dykes, are distributed across
the Kalahari craton and are tentatively correlated to the Umkondo
province (Fig. 1; de Kock et al., 2014). We give an overview of the
geology and petrology of the magmatic domains in the Umkondo
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Fig. 1. A map showing the distribution of the Umkondo province (sills, lavas and dyke swarms) across southern Africa (adapted from Hanson et al., 2004). The Umkondo sills
of eastern Zimbabwe are subdivided into the Chimanimani sills (in the south) and the Nyanga sills (in the north). The Kaapvaal and Zimbabwe cratons and the Grunehogna
terrane are adjoined as the Kalahari craton. The inferred magmatic centre (red star) is from de Kock et al. (2014). The inset shows the distribution of the Umkondo province
across southern Africa, which now extends into southern Angola (Salminen et al., 2018). CKP-6, CKP-6A and CKP-8C are drill hole locations in the Xade and Tshane Complexes
of central Botswana. PODS = Proterozoic Okavango Dyke Swarm; SLDS = Save-Limpopo Dyke Swarm; G = Guruve dykes; M = Mutare dykes. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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province, as well as a summary of the existing geochemical data, in
the following subsections.

3.1. Chimanimani and Nyanga sills

The Chimanimani and Nyanga sills are collectively known as the
Umkondo sills (fromwhich the entire province takes its name), and
they crop out discontinuously in eastern Zimbabwe (Fig. 1). The
Chimanimani sills were emplaced into a Paleoproterozoic
sequence of clastic and carbonate sedimentary rocks of the
Umkondo Supergroup that unconformably overlies Archean
granite-gneiss of the Zimbabwe craton. There are thick (600–
1200 m) doleritic-gabbroic sills in the calcareous and argillaceous
units and thinner (150–300 m) sills in the quartzitic sedimentary
rocks (Watson, 1969). The mineralogy of the Chimanimani sills
consists of labradorite plagioclase (molar An45-65), augite, pigeo-
nite, inverted pigeonite, olivine, minor quartz, granophyre, biotite,
ilmenite, and magnetite, and which is overprinted by greenschist
facies metamorphism (Ward, 2002). The lack of chilled margins
and the evidence for localised brecciated contact zones has led to
the suggestion that the Chimanimani sills intruded semi-lithified
sediments (Munyanyiwa, 1999, and references therein). The
Nyanga sills of eastern Zimbabwe were emplaced into Archean
granite-gneisses. The Nyanga sills are up to 450 m thick and have
very similar mineralogy to the Chimanimani sills (Ward, 2002).
There are � 50 major and trace element analyses reported for
3

the Chimanimani sills and 7 for the Nyanga sills (Munyanyiwa,
1999; Ward, 2002). There are � 46 strontium isotope data reported
for the Chimanimani and Nyanga sills (including the lavas in the
Lower Sabi Valley: Allsopp et al., 1989). We include 25 new major
and trace element data for the Chimanimani sills and 16 for the
Nyanga sills. We also include 7 new Sr-Nd isotope measurements
for these sills – 4 for Chimanimani and 3 for Nyanga (Tables 1
and 2).

3.2. Waterberg sills

TheWaterberg sills range in thickness between0.3 and 120mand
were emplaced into the Paleoproterozoic Waterberg sedimentary
basin in northeastern South Africa (Fig. 1). The Waterberg sills are
medium-grained and have sub-ophitic textures (locally variolitic
and glomeroporphyritic) that consist of labradorite plagioclase,
augite, and variable amounts of olivine, magnetite, pigeonite, ensta-
tite, biotite, and granophyre (Bullen et al., 2012). The Waterberg sills
also include the 72m thick Bellevue sill that intruded into the layered
sequence of the Bushveld Complex (Ashwal et al., 2005). A similar
suite of poorly-dated doleritic-gabbroic sills was emplaced into the
Soutpansberg sedimentary basin andmay be directly correlatedwith
theWaterberg sills (Fig. 1). There are 63major and trace element data
(with limited hafnium and rare earth element concentrations)
reported for the Waterberg sills and 5 Sr-Nd isotope measurements
(Bullenet al., 2012).We include20newmajor and traceelementanal-



Table 1
All new Rb-Sr isotopic measurements for 42 samples from the Umkondo province. 2 SE = 2 � standard error. The initial 87Sr/86Sr ratio was recalculated to 1.11 Ga using decay
constants of 1.4 � 10-11/year (87Rb).

Sample ID Domain Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr 2 SE Initial 87Sr/86Sr
(1.11 Ga)

DB01.3 Waterberg sills 43.2 121.1 1.032 0.726033 ± 0.000006 0.709645
DB01.4 Waterberg sills 57.5 145.8 1.144 0.728113 ± 0.000020 0.709962
DB01.47 Waterberg sills 61.2 136.5 1.300 0.733540 ± 0.000026 0.712912
DB01.52 Waterberg sills 41.7 219.4 0.552 0.746224 ± 0.000006 0.737464
DB01.53 Waterberg sills 58.1 132.6 1.271 0.730309 ± 0.000022 0.710141
DB01.62 Waterberg sills 11.7 166.4 0.204 0.710022 ± 0.000018 0.706790
DB01.88 Waterberg sills 20.8 106.3 0.567 0.716556 ± 0.000010 0.707554
DB01.89 Waterberg sills 30.6 130.8 0.677 0.719632 ± 0.000006 0.708881
BV01 Bellevue sill 17.0 175.6 0.280 0.714184 ± 0.000028 0.709736
BV23 Bellevue sill 49.9 196.7 0.735 0.725436 ± 0.000018 0.713774
DB02.151 Vredefort sills 30.0 166.1 0.522 0.714030 ± 0.000006 0.705737
DB02.152 Vredefort sills 32.9 152.3 0.625 0.715513 ± 0.000006 0.705591
DB02.153 Vredefort sills 38.9 158.3 0.712 0.717090 ± 0.000020 0.705786
DB02.154 Vredefort sills 23.7 156.9 0.437 0.712178 ± 0.000008 0.705247
DB02.155 Vredefort sills 25.9 156.3 0.479 0.713050 ± 0.000008 0.705450
DB02.156 Vredefort sills 24.1 161.0 0.433 0.712000 ± 0.000008 0.705134
DB02.157 Vredefort sills 18.8 175.7 0.310 0.709890 ± 0.000006 0.704968
DB02.158 Vredefort sills 18.3 154.1 0.344 0.710278 ± 0.000006 0.704820
DB02.159 Vredefort sills 19.5 169.8 0.332 0.711125 ± 0.000006 0.705853
DB02.160 Vredefort sills 32.5 164.2 0.572 0.714108 ± 0.000014 0.705027
DB02.162 Vredefort sills 21.7 150.2 0.419 0.711806 ± 0.000008 0.705154
DB02.8 Timbavati sills 10.5 79.1 0.385 0.712635 ± 0.000006 0.706523
DB02.56 Timbavati sills 36.1 202.5 0.516 0.717709 ± 0.000010 0.709519
DB02.60 Timbavati sills 23.9 203.9 0.339 0.712989 ± 0.000014 0.707600
DB02.69 Timbavati sills 25.6 115.0 0.645 0.718087 ± 0.000010 0.707846
DB02.74 Timbavati sills 26.6 124.5 0.618 0.717197 ± 0.000006 0.707386
JP-1 Palapye sills 35.3 304.8 0.335 0.713143 ± 0.000006 0.707826
JP-15 Palapye sills 26.1 206.9 0.365 0.718598 ± 0.000006 0.712805
JP-18 Palapye sills 51.2 138.8 1.068 0.731461 ± 0.000004 0.714505
JP-26 Palapye sills 36.3 128.9 0.817 0.723793 ± 0.000006 0.710825
JP-33 Palapye sills 44.7 129.3 1.000 0.726902 ± 0.000006 0.711030
JP-35 Palapye sills 34.6 124.4 0.807 0.723520 ± 0.000006 0.710719
UMK2 Umkondo sills (Chimanimani) 57.3 138.0 1.204 0.729992 ± 0.000006 0.710876
UMK7 Umkondo sills (Chimanimani) 52.4 138.0 1.100 0.727119 ± 0.000006 0.709666
UMK16 Umkondo sills (Chimanimani) 81.4 153.7 1.535 0.734818 ± 0.000008 0.710459
UMK22 Umkondo sills (Chimanimani) 68.5 125.4 1.584 0.734279 ± 0.000008 0.709141
UMK26 Umkondo sills (Nyanga) 32.3 154.1 0.608 0.720204 ± 0.000006 0.710559
UMK28 Umkondo sills (Nyanga) 49.2 132.4 1.076 0.729404 ± 0.000004 0.712324
UMK31 Umkondo sills (Nyanga) 23.6 153.0 0.446 0.716897 ± 0.000006 0.709824
CKP8C1-4 Xade Complex 13.53 214.40 0.183 0.709406 ± 0.000006 0.706509
KD01 Guperas Formation 124.4 349.9 1.030 0.724313 ± 0.000006 0.707968
KG28 Guperas Formation 59.2 394.8 0.434 0.714638 ± 0.000006 0.707750
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yses of the Bellevue sill and 4 new trace element analyses
for the Waterberg sills. We also include 8 new Sr-Nd isotopic
measurements for Waterberg sills – and 2 for the Bellevue sill
(Tables 1 and 2).
3.3. Palapye sills

The doleritic-gabbroic Palapye sills of southeastern Botswana
were emplaced into the supracrustal sequence of the Palapye
Group and the underlying Archean-Paleoproterozoic basement
rocks of the Limpopo Belt (Fig. 1; Pancake, 2001; Hanson et al.,
2006; Swanson-Hysell et al., 2015). Some of the Palapye sills are
relatively felsic in composition with granophyric segregations
and some grade into clinopyroxene-rich granites (Hanson et al.,
2006). The Palapye sills may be a western extension of the
Waterberg-Soutpansberg sills (Bullen et al., 2012). There are 8
major and trace element analyses reported for the Palapye sills
(Bullen, 2005). We include 6 newmajor and trace element analyses
and 6 new Sr-Nd isotopic measurements for the Palapye sills
(Tables 1 and 2).
4

3.4. Middelburg sills

The doleritic-gabbroic Middelburg sills are located to the south-
east of the Waterberg sills (Fig. 1) and have been described from
drillcore intersections, but there are few age constraints (Bullen,
2005). 37 major and trace element analyses were reported for
the Middelburg sills (Bullen, 2005).
3.5. Timbavati sills

The doleritic-gabbroic Timbavati sills were emplaced into
Archean basement granite-gneisses and are exposed in northeast-
ern South Africa (Fig. 1). The Timbavati sills are laterally extensive
(although discontinuous) for � 200 km and range in thickness
between 200 and 480 m (Hargraves, 1994; Bullen, 2005; Hanson
et al., 2006). The sills are medium to coarse-grained, may exhibit
olivine and orthopyroxene-rich layers, and may be composite
intrusions (Bullen, 2005). There are � 95 major and trace element
analyses reported for the Timbavati sills and only 2 of these have
been analysed for Sr-Nd isotopes (Bullen, 2005). Sr isotopes were
reported for 6 Timbavati sills in Bristow et al. (1982). We include



Table 2
All new Sm-Nd isotopic measurements for 42 samples from the Umkondo province. 2 SE = 2 � standard error. The initial 143Nd/144Nd values ratios were recalculated to 1.11 Ga
using decay constants of 6.54 � 10-12/year (147Sm).

Sample ID Domain Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd 2 SE eNd (T) (1.11 Ga)

DB01.3 Waterberg sills 3.0 13.0 0.137 0.512037 ± 0.000006 �3.3
DB01.4 Waterberg sills 4.1 18.3 0.135 0.512025 ± 0.000012 �3.1
DB01.47 Waterberg sills 4.0 18.2 0.134 0.511939 ± 0.000016 �4.8
DB01.52 Waterberg sills 4.1 18.9 0.130 0.512317 ± 0.000008 3.2
DB01.53 Waterberg sills 3.9 17.8 0.134 0.511976 ± 0.000012 �4.0
DB01.62 Waterberg sills 2.0 8.6 0.142 0.512050 ± 0.000018 �3.7
DB01.88 Waterberg sills 2.3 9.8 0.143 0.512090 ± 0.000006 �3.0
DB01.89 Waterberg sills 2.2 9.3 0.140 0.512076 ± 0.000014 �2.9
BV01 Bellevue sill 3.0 12.2 0.146 0.511862 ± 0.000020 �8.0
BV23 Bellevue sill 4.1 17.0 0.144 0.511797 ± 0.000020 �8.9
DB02.151 Vredefort sills 4.8 19.2 0.151 0.512306 ± 0.000010 0.1
DB02.152 Vredefort sills 5.0 20.0 0.152 0.512272 ± 0.000006 �0.7
DB02.153 Vredefort sills 5.1 21.0 0.147 0.512537 ± 0.000024 1.5
DB02.154 Vredefort sills 4.0 16.0 0.152 0.512263 ± 0.000006 �1.0
DB02.155 Vredefort sills 4.1 16.6 0.150 0.512246 ± 0.000006 �1.1
DB02.156 Vredefort sills 3.9 16.0 0.151 0.512303 ± 0.000006 0
DB02.157 Vredefort sills 3.4 13.0 0.156 0.512343 ± 0.000006 0
DB02.158 Vredefort sills 3.2 12.5 0.153 0.512245 ± 0.000008 �1.5
DB02.159 Vredefort sills 3.4 13.5 0.152 0.512240 ± 0.000012 �1.5
DB02.160 Vredefort sills 4.9 19.7 0.151 0.512275 ± 0.000010 �0.5
DB02.162 Vredefort sills 3.4 13.8 0.151 0.512784 ± 0.000012 9.3
DB02.8 Timbavati sills 1.6 7.1 0.138 0.512035 ± 0.000008 �3.4
DB02.56 Timbavati sills 2.1 9.0 0.137 0.512479 ± 0.000010 �3.1
DB02.60 Timbavati sills 2.7 11.6 0.141 0.512040 ± 0.000012 �3.8
DB02.69 Timbavati sills 2.3 9.8 0.140 0.512076 ± 0.000006 �3.0
DB02.74 Timbavati sills 2.4 10.3 0.141 0.512093 ± 0.000010 �2.8
JP-1 Palapye sills 5.8 23.5 0.148 0.512100 ± 0.000008 �3.6
JP-15 Palapye sills 2.8 11.5 0.147 0.511863 ± 0.000010 �8.1
JP-18 Palapye sills 3.4 14.8 0.138 0.511894 ± 0.000008 �6.2
JP-26 Palapye sills 2.8 12.3 0.137 0.511845 ± 0.000010 �7.0
JP-33 Palapye sills 3.2 14.2 0.136 0.511835 ± 0.000006 �7.1
JP-35 Palapye sills 2.8 12.3 0.137 0.511845 ± 0.000008 �7.0
UMK2 Umkondo sills (Chimanimani) 3.8 16.7 0.136 0.511845 ± 0.000008 �6.9
UMK7 Umkondo sills (Chimanimani) 3.3 15.1 0.132 0.511783 ± 0.000006 �7.5
UMK16 Umkondo sills (Chimanimani) 4.0 18.5 0.131 0.511933 ± 0.000006 �4.4
UMK22 Umkondo sills (Chimanimani) 3.6 16.3 0.132 0.511793 ± 0.000006 �7.4
UMK26 Umkondo sills (Nyanga) 5.2 21.2 0.148 0.511960 ± 0.000006 �6.3
UMK28 Umkondo sills (Nyanga) 3.6 16.7 0.132 0.511785 ± 0.000006 �7.4
UMK31 Umkondo sills (Nyanga) 4.0 15.9 0.152 0.511980 ± 0.000008 �6.4
CKP8C1-4 Xade Complex 2.6 10.2 0.152 0.512243 ± 0.000006 �1.4
KD01 Guperas Formation 5.5 25.9 0.129 0.511237 ± 0.000006 0.4
KG28 Guperas Formation 7.7 37.9 0.123 0.512019 ± 0.000006 �1.6
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9 new major and trace element analyses and 5 new Sr-Nd isotopic
measurements for the Timbavati sills (Tables 1 and 2).

3.6. Vredefort sills

The doleritic-gabbroic Vredefort sills (including the Anna’s Rust
and Barnardskop sills) were emplaced into Archean basement
granite-gneisses and metasedimentary rocks of the Witwatersrand
Supergroup and are exposed in northeastern South Africa (Fig. 1).
The Vredefort sills are generally fine to medium-grained, are
locally plagioclase glomeroporphyritic, and some chilled margins
are preserved (Reimold et al., 2000; Bullen, 2005). 12 major and
trace element analyses were reported for the Vredefort sills
(Bullen, 2005). We include 6 new trace element analyses and 11
new Sr-Nd isotopic measurements for the Vredefort sills (Tables
1 and 2).

3.7. Xade Complex

The Xade Complex (and Tshane Complex) is a layered mafic–ul-
tramafic intrusion in central Botswana with an estimated thickness
of 200–1000 m (Fig. 1). It is entirely subsurface and has been
divided into northern and southern lobes with a total area of
5

45,000 km2 (Corner et al., 2012). There are currently no published
major and trace element analyses for the Xade Complex. We
include 2 new major and trace element analyses and 1 new Sr-
Nd isotopic measurement for the Xade Complex (Tables 1 and 2).

3.8. Borgmassivet sills

The doleritic-gabbroic Borgmassivet sills were emplaced into
sedimentary rocks of the Richtersflya Supergroup, and they crop
out on the Grunehogna terrane in Antarctica (Fig. 1). The Borgmas-
sivet sills are up to 400 m thick, and, because of the similarities
between the Richtersflya Supergroup and Umkondo Group, as well
as similar paleomagnetic poles, they may be direct equivalents of
the Chimanimani sills in eastern Zimbabwe (Groenewald et al.,
1995; Jones et al., 2003; Gose et al., 2006; Riley and Millar,
2014). There are 25 major and trace element analyses reported
for the Borgmassivet sills and 10 of these samples have Sr-Nd iso-
tope data (Riley and Millar, 2014).

3.9. Umkondo lavas

There are subordinate exposures of lava in the Umkondo pro-
vince. There are poorly preserved lavas in the Lower Sabi Valley,
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to the west of the Chimanimani sills in eastern Zimbabwe. The
lavas are described as fine-grained and porphyritic with phe-
nocrysts of plagioclase and augite (and rare olivine) hosted in a
devitrified brown groundmass (Allsopp et al., 1989). The most
extensive lava sequences are the Espungabera lavas in western
Mozambique and the Straumsnutane lavas in Antarctica (Fig. 1).
The Espungabera and Straumsnutane lavas are fine-grained and
contain plagioclase, clinopyroxene, amphibole, and Fe-Ti oxides
and were affected by greenschist metamorphism (Moabi et al.,
2017). 28 major and trace element analyses were reported for
the Espungabera lavas and 29 for the Straumsnutane lavas
(Moabi et al., 2015). Sr-Nd isotopes have been reported for 8 sam-
ples of the Espungabera and Straumsnutane lavas (Moabi et al.,
2015, 2017).
3.10. Umkondo dyke swarms

Swarms of radiating dykes are distributed across southern
Africa and include the Guruve, Kamativi, and Mutare dykes in Zim-
babwe (Fig. 1). Some swarms have been linked to the Umkondo
province based on field relations, precise age dates, and paleomag-
netic data (Wilson et al., 1987; Ward, 2002; de Kock et al., 2014).
The Save-Limpopo Dyke Swarm (SLDS) and Proterozoic Okavango
Dyke Swarm (PODS) are also linked to the Umkondo province
(Fig. 1; Jourdan et al., 2007, 2009). The Epembe-Huila dykes in
southern Angola also have dates comparable to the Umkondo pro-
vince (Ernst et al., 2013; Salminen et al., 2018). There are also dyke
swarms in western Amazonia and in the Bundelkhand craton of
India that may also be related to the Umkondo province
(Choudhary et al., 2019). There are > 200 major and trace element
analyses reported for the Umkondo dykes, out of which 60 have
been analysed for Sr-Nd isotopes (Ward, 2002; Choudhary et al.,
2019).
4. Analytical methods

We determined new bulk rock major and trace element data for
88 samples of the Umkondo province. The samples were prepared
and analysed in the Earth Laboratory at the University of the Wit-
watersrand. Major element oxides were measured using a Panalyt-
ical PW2404 X-ray fluorescence (XRF) spectrometer. Trace element
concentrations were determined by inductively coupled plasma
mass spectrometry (ICP-MS) using a Perkin Elmer Elan instrument.
The analytical methods and major and trace element uncertainties
are described in Bourdeau et al. (2022). The complete new major
and trace element data for our samples are in Supplementary Data
1.

Forty-two samples of the Umkondo province were prepared for
bulk rock Sr-Nd isotopic measurements at the Wits Isotope Geo-
sciences Laboratory (WIGL) at the University of theWitwatersrand.
Approximately 300 mg of powdered sample was spiked with a
mixed 85Rb-84Sr and 149Sm-150Nd tracer and then dissolved in a
mixture of HF-HNO3. Rb, Sr, Sm, and Nd were separated from the
matrix by ion exchange chemistry using PFA columns (details
about this method are provided in Supplementary Data 2). All iso-
topic measurements were determined in low-resolution mode on a
Nu Instruments Plasma II MC-ICP-MS (Nu Instrument, Wrexham)
housed at Spectrum (University of Johannesburg). Backgrounds
were measured by offsetting the magnet away from the measuring
position for 30 s prior to analyses and the signal was subtracted
from the measurements. Automatic peak centering was also per-
formed prior to each measurement. Nd measurements were col-
lected for 60 cycles (�10 min) and Sm for 20 cycles (�5 min),
achieving an internal precision of � ± 0.001% (1 standard error)
on fractionation-corrected 143Nd/144Nd ratios. Sr analyses were
6

collected for 60 cycles and Rb for 20 cycles, achieving an internal
precision of � ± 0.001% (1 standard error) on fractionation-
corrected 87Sr/86Sr ratios. Washout between samples (both Sm-
Nd and Rb-Sr) was carried out using a 2% HNO3 solution to
decrease the signal-to-background values (�5 min).

Overall, all the analysis sessions, certified reference materials
(BCR2, BHVO2, and AGV2) and reference materials (NIST-SRM987
and JNdi) were measured to ensure quality and reproducibility.
The full Rb-Sr and Sm-Nd isotope results for the Umkondo pro-
vince are included in Tables 1 and 2, respectively, as well as the
online Supplementary Data 2. This appendix also contains the
results of the certified reference materials.
5. Results

This section contains descriptions of the existing and new
major, trace element and Sr-Nd isotope data for the Umkondo
province.

5.1. Major elements

The Umkondo sills are generally classified as sub-alkaline
basalts to basaltic-andesites (Fig. 2). The more evolved composi-
tions (andesite-dacite-rhyolite) in the Umkondo sills are evolved
silicic segregations present in some of the more differentiated sills
and are partly alkaline. The Umkondo dykes and lavas have similar
compositions to the sills. The coeval bimodal volcanic rocks range
from alkaline basalts to sub-alkaline rhyolites (Fig. 2).

On major element oxide variation diagrams (Fig. 3), the
Umkondo province samples show increasing SiO2 content with
decreasing MgO content (Fig. 3a) and inflexion in CaO and Al2O3

contents at � 7.5 wt.% MgO (Fig. 3c, e). This can be explained by
the addition of plagioclase and clinopyroxene on the liquidus after
olivine-only crystallisation at MgO contents > 7.5 wt.% (e.g., Cox,
1980). The inflexion in TiO2 and Fe2O3 contents at � 5 wt.% MgO
marks the onset of Fe-Ti oxide crystallisation (Fig. 3b, d). Na2O
shows similar patterns to CaO although the Umkondo lavas and
bimodal units show elevated Na2O contents compared to the
majority of the Umkondo data (Fig. 3f). The presence of magnetite
in the Umkondo sills can be explained by the magmas being rela-
tively oxidised (Ward, 2002). There is enrichment in MgO (up to
30 wt.%) in some of the Umkondo sills, particularly in the Timba-
vati sills, that can be explained by olivine accumulation. The pro-
jected composition of the olivine which accumulated in the
Timbavati sills is Fo86-87 as determined by least-squares regression.

5.2. Trace elements

On MgO-trace element concentration variation diagrams, some
of the Umkondo sills show strong positive correlations in Ni and Cr
that are consistent with olivine (±orthopyroxene) accumulation in
the Timbavati sills (Fig. 4a, b). The Timbavati sills also have some of
the lowest Zr and Sr concentrations (50–100 ppm) that are consis-
tent with their cumulate nature (Fig. 4d, e). One of the Xade Com-
plex samples appears to be concentrated in Fe-Ti oxides because of
its enrichment in V (Fig. 4c). The Umkondo dykes and lavas gener-
ally show similar trends to the sills, but with more Sr-enriched
samples in the dykes (Fig. 4e, f) that may be caused by the accumu-
lation of plagioclase phenocrysts or the presence of Sr-enriched
glass (e.g., Ashwal et al., 2021).

5.2.1. Ce/Yb-TiO2

The low-Ti Umkondo province generally has high Ce/Yb (Fig. 5a)
compared to the low-Ti suite of the Karoo province (Fig. 5b). The
Umkondo dykes, and some of the Umkondo sills (e.g., Chimanimani



Fig. 2. A total alkali (Na2O + K2O) versus SiO2 diagram for the Umkondo large igneous province (Le Maitre, 1984). The dashed line shows the compositional evolution of a
Vredefort sill (DB02.162) according to rhyolite-MELTS (at QFM + 1, 1 kbar pressure and containing 1 wt.% H2O).
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and Nyanga), have some of the highest Ce/Yb in the province. The
Chimanimani and Nyanga sills have low TiO2 contents (<1 wt.%),
whereas the dykes with a high Ce/Yb have the highest TiO2 con-
tents (>2–3.5 wt.%). The Vredefort sills and Xade Complex have
some of the lowest Ce/Yb in the province (Fig. 5a). Some of the
Timbavati and Borgmassivet sills also have low Ce/Yb. The
Umkondo lavas have Ce/Yb comparable to the Umkondo sills,
although at greater concentrations of Yb (Fig. 5a).

In general, the Umkondo province is characterised by low-Ti
rocks compared to the Karoo province, which is subdivided into
low-Ti and high-Ti suites, albeit the high-Ti suite is a minor com-
ponent of the Karoo province (Ashwal, 2021) and which has some
of the highest Ce/Yb. There are Umkondo dykes with greater TiO2

contents (>2–2.5 wt.%) along with a few sills (Fig. 5b). The Vrede-
fort sills and Xade Complex have TiO2 contents that are intermedi-
ate to the majority of the Umkondo sills and dykes (Fig. 5b).

5.2.2. Rare earth elements
Chondrite-normalised rare earth element (REE) diagrams show

the light/heavy rare earth element enrichment of the Umkondo
province (Fig. 6). The sills, dykes, and lavas have comparable slopes
and are typically 10 � to 100 � enriched relative to the REE con-
centrations of chondrites. Slight negative Eu anomalies are com-
mon and are most prominent in the Waterberg, Chimanimani,
and Borgmassivet sills, and the Espungabera and Straumsnutane
lavas (Fig. 6). The Vredefort sills (and Xade Complex) have some
of the flattest slopes and are some of the least enriched in REE
(Fig. 6). The Timbavati sills are some of the least enriched in total
REE content in the entire Umkondo province. The Umkondo dykes
show the widest range in terms of REE concentration (Fig. 6).

5.2.3. Multiple-element diagrams
The entire Umkondo province shows similar patterns in

multiple-element diagrams (normalised to primitive mantle) with
negative Nb-Ta-Th-U-Sr and positive Ti-K-Ba-Rb-Pb (Fig. 7). Nega-
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tive Eu signatures are present in some of the Umkondo sills and
dykes and are particularly prevalent in the Straumsnutane lavas.
The Umkondo dykes show greater variability in their incompatible
trace element concentrations with both positive and negative Ti,
positive Rb-Ba, and negative Th-U. It was shown by Ward (2002)
that the Guruve, Kamativi and Mutare dykes have very similar pat-
terns to the Umkondo sills of eastern Zimbabwe.
5.3. Radiogenic Sr-Nd isotopes

We have collected 42 new Sr-Nd isotopic measurements for
samples across the entire Umkondo province (Tables 1 and 2). This
is in addition to the existing 52 combined Sr-Nd isotope data that
have been published for the Umkondo province (sources listed in
Fig. 8 caption). All these Sr-Nd data are plotted in Fig. 8a at their
initial values (i.e., age-corrected to 1.11 Ga). There are a further
88 Sr-only isotope data for the Umkondo sills of eastern Zimbabwe
(including the dykes and lavas) that show similar initial 87Sr/86Sr
compositions to the data shown in Fig. 8a, although we do not
include these data here, as they lack Nd isotopes.

The Palapye sills (initial 87Sr/86Sr between 0.707826 and
0.714505 and eNd between �3.6 and �8.1), Umkondo sills (ini-
tial 87Sr/86Sr between 0.709141 and 0.712324 and eNd
between �4.4 and �7.5) and Waterberg sills (initial 87Sr/86Sr
between 0.706790 and 0.737464 and eNd between 3.2
and �8.9) show the most enriched isotopic signatures and are
comparable to the previously Sr-Nd data published for some of
these sills (Fig. 8a). The two Bellevue samples (BV1 and BV23)
are the most isotopically enriched samples amongst the Water-
berg sills (Fig. 8a). The Timbavati sills (initial 87Sr/86Sr between
0.706523 and 0.709519 and eNd between 5.3 and �3.8), along
with some of the Waterberg sills, show some of the least
enriched isotopic signatures and are comparable to the previ-
ously published isotopic data for the Timbavati sills and
Borgmassivet sills (Fig. 8a). The Vredefort sills (initial 87Sr/86Sr



Fig. 3. Major element variation diagrams showing MgO versus SiO2 (a), TiO2 (b), Al2O3 (c), FeO (total iron) (d), CaO (e), and Na2O (f). The coloured lines show the
compositional evolution of selected Umkondo magma types according to rhyolite-MELTS (green = Z.1815.1; brown = DB02.162; blue = UMK24 at QFM + 1, 1 kbar pressure and
containing 1 wt.% H2O). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Trace element variation diagrams showing MgO versus Cr (a), Ni (b), V (c), Zr (d), Sr (e), and Rb (f).
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between 0.704820 and 0.705853 and eNd between 1.5 and �1.5)
and Xade Complex (initial 87Sr/86Sr of 0.706509 and eNd of �1.4)
show the least enriched Sr-Nd isotopic compositions and are
between depleted mantle and enriched mantle endmembers
9

(Fig. 8a). The 2 samples from the Guperas Formation (initial
87Sr/86Sr between 0.707968 and 0.707750 and eNd between
0.4 and �1.6) have similar Nd isotopic compositions to the Vre-
defort sills, but with more radiogenic Sr compositions (Fig. 8a).



Fig. 5. (a) Ce/Yb versus Yb. The Umkondo province typically has greater Ce/Yb compared to the Karoo province (grey field). (b) Ce/Yb versus TiO2 (wt.%). The Karoo province
has a greater number of rocks with high TiO2 contents (>1.5 wt.%) compared to the Umkondo province, which is mostly characterised by low TiO2 contents (<1.5 wt.%).
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Fig. 6. Rare Earth Element diagrams of selected domains in the Umkondo province normalized to Chondrite values (C1: McDonough and Sun, 1995). (a) Vredefort sills; (b)
Chimanimani sills; (c) Timbavati sills; (d) Palapye sills; (e) Waterberg sills; and (f) Umkondo dykes (all are shown as grey fields). The average Vredefort sill composition, a
Borgmassivet sill composition (sample Z.1815.1) and a Chimanimani sill (UMK24) are also shown for comparison.
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The Espungabera and Straumsnutane lavas have similar eNd
isotopic compositions to the Borgmassivet, Timbavati and Water-
berg although the Straumsnutane lavas show a wider range of ini-
tial 87Sr/86Sr with a low value (0.701627) and more elevated values
(>0.72) because of secondary alteration (Fig. 8a). The Umkondo
dykes show the widest ranges of isotopic compositions with some
of the most enriched and depleted values in the entire Umkondo
province (initial 87Sr/86Sr of 0.703008 to 0.757554 and eNd of 7.4
to �15.6). The Mutare and Kamativi dykes have the most radio-
genic eNd (up to 7.3), whereas the Guruve dykes have the least
radiogenic eNd (up to 1). The most unradiogenic eNd values are
in the Mahoba dykes of India ( �11). Some of the Sr-Nd isotope
compositions for the dykes are comparable to the Vredefort sills
(Fig. 8a). The eNd values (at 1.11 Ga) for the Umkondo sills show
a strong correlation with Ce/Yb such that those samples with the
most unradiogenic Nd isotopic compositions have the highest Ce/
Yb (Fig. 8b). The Vredefort sills and Xade Complex show the lowest
11
Ce/Yb at relatively more radiogenic Nd isotopic compositions
(Fig. 8b).
6. Discussion

6.1. Umkondo magmatism initiated by a mantle plume

The Umkondo province is distributed across southern Africa and
the recent discovery of Umkondo-age dykes in southern Angola
(Salminen et al., 2018) extends its spatial coverage to > 2 Mkm2

(Fig. 1). This makes the Umkondo province comparable in size
and volume (�2 Mkm3) to the significantly younger Karoo pro-
vince. High-precision U-Th-Pb dating of zircons and baddeleyite
extracted from dolerite sills across the Umkondo province reveals
that it was emplaced over a relatively short duration of 3–5 million
years (Hanson et al., 2004) and which is comparable to the Karoo



Fig. 7. Multi-element diagrams of the Umkondo province normalized to Primitive Mantle values (Sun and McDonough, 1989). (a) Vredefort sills; (b) Chimanimani sills; (c)
Timbavati sills; (d) Palapye sills; (e) Waterberg sills; and (f) Umkondo dykes (all are shown as grey fields). The average Vredefort sill composition, a Borgmassivet sill
composition (sample Z.1815.1) and a Chimanimani sill (UMK24) are also shown for comparison.
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province (Svensen et al., 2012; Muedi et al., 2022). This rapid rate
of emplacement, its large volume, and the distribution of some of
its products near the boundary of the Kalahari craton (Fig. 1) are
the widely regarded geological characteristics of basaltic magma-
tism initiated by a mantle plume (e.g., Ernst, 2014). We, therefore,
suggest that Umkondo magmatism was initiated by a mantle
plume at 1.11 Ga.

Interestingly, the timing of Umkondo magmatism broadly coin-
cides with the assembly of the Rodinia supercontinent (Hanson
et al., 2004; Coltice et al., 2009; de Kock et al., 2014). Because of
this, an alternative explanation to a mantle plume for Umkondo
magma production was proposed by de Kock et al. (2014), in which
continental aggregation led to the thermal insulation of the mantle
as well as an enlarged wavelength of mantle convection, resulting
in mantle melting (as proposed in Coltice et al., 2009). However, as
pointed out by de Kock et al. (2014), this alternative model is heav-
12
ily dependent on the palaeogeography of the Kalahari craton for
which there are currently few constraints. Until there are better
constraints on the timing of Rodinia assembly and its paleogeo-
graphic configuration, the thickness of the crust-lithosphere at
1.11 Ga, and the tectonic setting of the Umkondo province, we
explain the origin of Umkondo magmatism by plume-induced
mantle melting beneath the Kalahari craton. This is on the basis
of the compositional systematics of the Umkondo magmas using
both existing and new geochemical datasets, their compositional
evolution, and the role of the lithosphere in modifying the primary
chemical signatures of the melts.
6.2. Low-Ti continental tholeiites in the Umkondo province

Continental flood basalt provinces are characterised by geo-
chemical patterns influenced by either melting of enriched mantle



Fig. 8. (a) eNd versus initial 87Sr/86Sr (age-corrected to 1.11 Ga) for the various suites of sills in the Umkondo province. The field defined by the dotted line represents the
extent of the Borgmassivet Sr-Nd isotopic data (Riley and Millar, 2014). Previous Sr-Nd isotopic data for Umkondo sills (Bullen, 2005; Bullen et al., 2012), dykes (Ward, 2002;
Choudhary et al., 2019) and lavas (Moabi et al., 2015, 2017) are also included. The approximate locations of the depleted mantle (DM) and enriched mantle-I (EM-1) at 1.11 Ga
are shown. (b) eNd (1.11 Ga) vs. Ce/Yb for our new dataset for the Umkondo province.
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sources (sublithospheric or lithospheric mantle) or the interaction
of sublithospheric mantle-derived magmas with enriched litho-
spheric mantle or crust (Ernst, 2014). The Umkondo province
was emplaced onto the Kalahari craton during the Mesoprotero-
zoic and its various domains were emplaced into Proterozoic sed-
imentary sequences and Archean granite-gneisses (Hanson et al.,
2004, 2006). The tectonic setting of the Umkondo province is com-
parable to other intra-continental tholeiitic provinces (Ernst, 2014)
and the chemistry of the magmas was likely to have been modified
by lithosphere and/or crust during their emplacement.

Since early studies on the Karoo province, it has been recog-
nised that continental flood basalt provinces may be subdivided
into high- and low-Ti suites (Cox et al., 1967). This subdivision
has been applied to continental flood basalts globally (e.g., Xu
et al., 2004; Jourdan et al., 2007; Shellnutt, 2014). The Umkondo
province is characterised mainly by low-Ti magmas (Fig. 5b). There
are few Umkondo dyke compositions that may be representative of
a high-Ti magma suite (>1.5 wt.% TiO2; Fig. 5b). High and low-Ti
magmas are spatially restricted in some basaltic provinces and
such ‘‘geochemical provinciality” is thought to be controlled by
the interaction between rift systems and mantle plume impinge-
ment (Xu et al., 2004; Jourdan et al., 2007; Ashwal, 2021). This is
evident in the Karoo province with a triple junction (i.e., plume
impingement site) apparent on spatial-geochemistry maps
(Ashwal, 2021). We plotted the distribution of low-Ti and high-Ti
magma suites for the Umkondo province and observed no compa-
rable distribution to the Karoo province (not shown here). High-Ti
magmas are, however, volumetrically insignificant in the Karoo
province compared to the low-Ti magmas (Ashwal, 2021) and their
paucity in the Umkondo province may simply be explained by their
lack of preservation in this substantially older province.

The Umkondo province has incompatible trace element profiles
that are typical of continental flood basalt provinces, and which
can be attributed to either crustal or lithospheric mantle contami-
nation. Typical signatures include negative Nb-Ta, positive Ti-K-
Ba-Rb, and enrichment in light/heavy REE (Fig. 7). Low Nb-Ta is
common in continental flood basalt provinces and is also a distinct
feature of continental arcs and evolved island arc volcanic rocks.
Low Nb-Ta may be attributed to the incorporation and retention
of these metals in minor Ti-rich phases such as rutile and titanite,
as slab-derived fluids are selectively enriched in LILE during sub-
duction (Saunders et al., 1988). This has also been suggested as
an explanation for the low Nb-Ta in the Karoo province (Elburg
and Goldberg, 2000; Jourdan et al., 2007). Low Nb-Ta in the mag-
mas can be explained by either melting of the continental litho-
spheric mantle or the melting of the asthenospheric mantle
infused with components of recycled oceanic lithosphere.

6.3. Compositional evolution of the Umkondo magmas

The major element oxides of the Umkondo province are all rel-
atively evolved in composition compared to primary magmas pro-
duced from the mantle. Some of the most magnesian sills
contain > 7 wt.% MgO and are derivatives of primary magmas after
olivine-only fractionation (Fig. 3a). We performed a series of frac-
tional crystallization models using rhyolite-MELTS (Gualda et al.,
2012; Ghiorso and Gualda, 2015) for the most primitive magma
compositions to forward model their liquid line of descent and to
see if they replicated the natural data. The best-fit models shown
in Fig. 3 are at 1 kbar pressure and an oxygen fugacity at
QFM + 1 (and QFM-1) with H2O contents of 0 wt.% (and 1 wt.%).

Our most primitive composition in the Umkondo dataset is a
Nyanga sill (sample UMK24 with 12.37 wt.% MgO). The fractional
crystallization of UMK24 produces a liquid line of descent that fits
the lower part of the natural Umkondo data (blue dashed line in
Fig. 3). Another primitive magma composition is represented by
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a Borgmassivet sill (sample Z.1815.1 with 11.48 wt.% MgO). The
major element oxide trends of almost the entire Umkondo pro-
vince can be explained by low-pressure (1 kbar) fractional crystal-
lization of a parent magma represented by Z.1815.1 (green dashed
line in Fig. 3). Fractional crystallization of a less primitive magma
from the Vredefort sills (sample DB02.162 with 8.62 wt.% MgO),
produces a liquid line of descent that fits parts of the natural
Umkondo data (brown dashed line in Fig. 3). In each of the models,
the co-crystallisation of plagioclase and clinopyroxene decreases
Al2O3 and CaO and increases FeOt at melt MgO contents of
6–7 wt.%. As melt compositions approach 4 wt.% MgO, there is a
decrease in FeOt-TiO2 that corresponds to the crystallization of
Fe-Ti oxides. The overall enrichment in SiO2 produces granitic melt
compositions that are comparable to the compositions of the gra-
nophyre present in the thicker Umkondo sills (Fig. 3). The rhyolite
compositions in the Guperas Formation and Kgwebe-Ghanzi-
Chobe rift may either be differentiated products of Umkondo basalt
fractionation, or they are the products of crustal melting induced
by Umkondo plume magmatism (Fig. 3). More detailed isotopic
studies of these rhyolites are required to constrain their petrogen-
esis and possible relation to the Umkondo province. Continental
large igneous provinces typically contain the entire spectrum of
volcanic and plutonic siliceous rock types (Ernst, 2014). Inciden-
tally, some of the models (for samples Z.1815.1, DB02.162, and
UMK24) fit some of the low FeO-MgO compositions at QFM-1
and 1 wt.% H2O and this may suggest that some of these magma
compositions may have been contaminated at a late stage.

Collectively, the fractional crystallization models of samples
Z.1815.1, DB02.162 and UMK24 bracket the natural Umkondo data.
This shows that the Umkondo province basalts are products of
three-phase fractional crystallization of oxidised parent magmas
with � 10 wt.% MgO at pressures of 1 kbar. The shallow pressures
are consistent with the typical tectonic setting of the Umkondo
sills in terms of their emplacement into high-level Paleoprotero-
zoic sedimentary successions, some of which may have been wet
and semi-lithified (Munyanyiwa, 1999; Riley and Millar, 2014).
The depth of emplacement of the Umkondo intrusions that were
intruded into Archean granite-gneisses, such as the Vredefort, Tim-
bavati and Nyanga sills, is more difficult to constrain. It may be that
these sills crystallized at greater pressures in the mid-crust as
implied by the presence of abundant orthopyroxene in the Timba-
vati sills. To test this, we performed fractional crystallization mod-
els at greater pressures of 2–3 kbar. There are minor differences in
the higher-pressure models compared to the lower-pressure mod-
els (1 kbar) including the later onset of plagioclase-clinopyroxene
crystallization. None of the higher pressure models can better
explain the array of Vredefort, Timbavati and Nyanga sill composi-
tions compared to the 1 kbar models. There are also subtle differ-
ences in the major element compositions of the parent magmas to
the Umkondo province, as indicated by there being no good model
match to the natural data. These variations in major element com-
positions may be a product of lithological variations in the mantle
source.

6.4. The composition of the primary magmas and a lack of ultramafic
cumulates

The Umkondo province is mostly composed of low-Ti basalt to
basaltic-andesite rocks with moderate MgO contents (average
MgO is 8 wt.%, n = 640). The Umkondo samples with
MgO contents > 8 wt.% are present in the Waterberg, Borgmassivet,
Vredefort, Chimanimani, Nyanga and Palapye sills (Fig. 3). We do not
have much petrological information on the dykes, so some of their
elevated MgO contents (>10 wt.% MgO) may be caused by the accu-
mulation of ferromagnesian minerals. We selected some of the most
MgO-rich samples for inverse models to determine the primary
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magma composition. These included samples from the Vredefort
and Borgmassivet sills as they are some of the least evolved
MgO-SiO2 compositions (Fig. 3) and the lowest Ce/Yb (Fig. 5a).

We used PRIMELT3 to calculate the composition of the primary
magmas in the Umkondo province, assuming its parent magmas
were previously subject to olivine-only extraction (Herzberg and
Asimow, 2015). Sample Z.1815.1 of the Borgmassivet sills contains
48.7 wt.% SiO2 and 11.5 wt.% MgO and it also contains the lowest
Al2O3 and highest CaO concentrations (Riley and Millar, 2014). This
is a composition that is relatively primitive and is plausibly related
to the primary magma composition by olivine-only addition. PRI-
MELT3 shows that Z.1815.1 is the product of 40% partial melting
of garnet peridotite, consistent with covariations of Zr/Nb-Ce/Y
(Riley and Millar, 2014). The estimated primary magma composi-
tion contains 18.5 wt.% MgO (in equilibrium with mantle olivine
of Fo90) and � 21% olivine extraction is required from this primary
magma to produce a magma with the MgO composition of
Z.1815.1. We attempted to estimate the primary magma in equilib-
rium with sample DB02.162 (MgO of 8.6 wt.%), the most magne-
sian Vredefort sill. However, this sample failed the source test as
it may be derived from an olivine-free (i.e., pyroxenite) source
(Herzberg and Asimow, 2015). This caveat results in a larger error
margin of 2–3 wt.% MgO and an overestimation of the mantle
potential temperature by � 50–70 �C. Nevertheless, the primary
magma in equilibrium with mantle olivine (Fo90) estimated for
the Vredefort sills has MgO contents of 19 wt.% with � 33% olivine
extraction required. Although the Vredefort inverse model is less
reliable than that for Z.1815.1 (a Borgmassivet sill), the results
are comparable. UMK24 of the Nyanga sills also failed the source
test as it may also have a pyroxenite source. The calculated pri-
mary magma for UMK24 contained 16.4 wt.% MgOwith less olivine
extraction required (�12%), as is expected because of the greater
MgO contents (12.4 wt.%) of UMK24.

Our models using PRIMELT3 indicate that the primary magmas
in the Umkondo province are komatiitic with high estimated mantle
potential temperatures of 1660 �C. This lends support to our view
that Umkondo magmatism was triggered by a mantle plume. Most
of the compositions in our compiled database for the Umkondo pro-
vince are therefore basalts representing residual melts after olivine-
only crystallization of primary komatiitic magmas.

Despite the evidence for a komatiitic primary magma, there is a
dearth of ultramafic cumulates preserved in the Umkondo pro-
vince. The Timbavati sills are some of the few ultramafic rocks in
the entire Umkondo province. The Timbavati sills have some of
the highest MgO contents (up to 29 wt.%) and petrographic obser-
vations on these rocks reveal that the MgO enrichment is con-
trolled by olivine (and orthopyroxene) accumulation (Bullen,
2005). The Xade Complex also contains cumulate rocks of peri-
dotite and pyroxenite. Further investigation of the Xade Complex
and the Timbavati sills is required to see if their cumulate rocks
are derived from primary komatiitic magmas. We postulate that
the komatiitic primary magmas to the Umkondo province may
have stalled and fractionated in the deeper crust or a Moho-level
sill complex (Cox, 1980). High-velocity zones in the lower crust
that correspond to dense ultramafic cumulates may be recognised
in geophysical techniques, although it would be a challenge to dis-
tinguish underplated material associated with the Umkondo pro-
vince from other major magmatic provinces that developed on
the Kaapvaal craton (Cole et al., 2021).

6.5. Crustal and lithospheric processes during Umkondo magmatism

6.5.1. Crustal and/or lithospheric mantle contamination of the primary
magmas

The geochemistry of continental flood basalts globally reflects
some amount of magma interaction with the lithospheric mantle
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and/or the continental crust. In comparison to the Umkondo pro-
vince, there is a vast combined Sr-Nd isotope dataset for the Karoo
province (Ashwal, 2021). Nevertheless, the low-Ti rocks of the
Umkondo province have comparable isotopic signatures to the
low-Ti rocks of the Karoo province, showing a broad range of Sr-
Nd isotope compositions consistent with continental crust and/or
lithospheric contamination of mantle-derived magmas (Fig. 8a)
as is supported by the correlation with Ce/Yb (Fig. 8b). However,
distinguishing between crustal and lithospheric mantle reservoirs
is challenging, although there are trace element variation diagrams
that can be used to gain some insight into their relative contribu-
tions (e.g., Pearce, 2008; Pearce et al., 2021).

On a Th/Yb-Nb/Yb diagram, the Umkondo province plots almost
entirely above the MORB-OIB array and is consistent with contam-
ination of the magmas either by the lithospheric mantle or the con-
tinental crust (Fig. 9a). The Vredefort and Timbavati sills (and some
of the Umkondo dykes) are generally closer to the depleted
mantle-OIB array and represent some of the least contaminated
magmas (Fig. 9a). This is consistent with the Sr-Nd isotopes for
these sills (Fig. 8a). The Chimanimani and Nyanga sills of eastern
Zimbabwe show some of the highest Th/Yb-Nb/Yb (Fig. 9a) that
is consistent with the enriched Sr-Nd isotope data for these sills
(Fig. 8a). This suggests to us that the Umkondo sills of eastern Zim-
babwe record significant amounts of crustal and/or lithospheric
mantle contamination. This is further supported by covariations
in Nb/La-Ce/Sm (Fig. 9b) and DNb-La/Nb (Fig. 10b).

Based on (i) negative Nb-Ta anomalies in the Umkondo pro-
vince, (ii) Sm-Nd model ages of 1950–2142 Ma, and (iii) evidence
from xenoliths of a diverse subcontinental lithospheric mantle in
southern Africa, it was argued that the parent magmas to the
Waterberg sills were derived from the sublithospheric mantle
but were contaminated by the lithospheric mantle (Bullen et al.,
2012). A similar petrogenetic model was proposed for the
Borgmassivet sills (Riley and Millar, 2014). Depletion in HFSE,
enrichment in LILE, and enriched isotopic compositions are also
all evident chemical signatures in the Karoo province. Karoo mag-
mas similarly show evidence of magma-crust/lithosphere interac-
tion, but a greater amount of Karoo data plot at lower Th/Yb
(Fig. 9) and may therefore be less contaminated than the Umkondo
province (also consistent with their lower Ce/Yb; Fig. 5a). Alterna-
tively, this may simply be explained by the Umkondo province
having assimilated significantly older and more enriched crustal
material compared to the Karoo province, which is apparent in
the relationship between Ce/Yb and eNd (Fig. 8b).

In conclusion, we concur with the suggestions from previous
studies on certain domains in the Umkondo province that its mag-
mas are derived from the sublithospheric mantle and that there
was subsequent crustal and/or lithospheric contamination
involved in their petrogenesis. Distinguishing between these two
continental reservoirs is challenging. Given the evidence presented
above that the primary magmas to the Umkondo province were
komatiitic and that these primary magmas fractionated in the deep
crust, there would have been ample opportunity for these hot pri-
mary magmas to assimilate more enriched crustal material. This
culminated in the emplacement of fractionated and contaminated
basalts in the shallow crust of the Kalahari craton.

6.5.2. Evidence of crystal-melt separation
Most Umkondo sills are sub-ophitic to ophitic doleritic-gabbros

without macroscopic modal layering. There is, however, well-
developed orthopyroxene-olivine modal layering in the Timbavati
sills (Bristow et al., 1982; Bullen, 2005) and this is apparent in the
major element variation diagrams (Figs. 3 and 4). Least-squares
regression of bulk rock MgO-FeO compositions in the Timbavati
sills shows that there was the accumulation of Fo87-86 olivine.
The presence of orthopyroxene primocrysts in the Timbavati sills



Fig. 9. (a) Th/Yb versus Nb/Yb for the Umkondo province (after Pearce, 2008). Th/Yb is a proxy for crustal input and Nb/Yb is a proxy for the melting % and source
composition. The MORB-OIB array is shown (DM = Depleted Mantle; N-MORB = Normal MORB; E-MORB = Enriched-MORB; OIB = Ocean Island Basalt; UC = Upper Crust;
LC = Lower Crust). (b) Nb/La versus Ce/Sm for the Umkondo province showing evidence of magma and crust interaction. The Karoo province (grey field) is included for
comparison.
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may mean that this predicted equilibrium olivine composition is
overestimated. This appears to be the case, as measured composi-
tions of olivine in the Timbavati sills are slightly lower (Fo83-68)
than the predicted olivine Fo compositions (Bullen, 2005). Olivine
with compositions of Fo87-86 would be in equilibrium with melt
MgO contents of � 13–14.5 wt.% (Matzen et al., 2011). These melt
compositions are more primitive than the majority of the
Umkondo sills but are fractionated compared to the modelled pri-
mary melt composition of � 18 wt.% MgO. Further studies on the
mineral compositions of the Timbavati sills are required to unravel
their petrogenesis.

There is also modal layering in the Borgmassivet sills (Riley and
Millar, 2014) and the Xade Complex, and nearby Tshane and Tset-
seng Complexes, are large layered mafic–ultramafic intrusions
(Corner et al., 2012). These intrusions may represent large reser-
voirs of Umkondo magma that were periodically replenished and
had time to fractionate. There is widespread development of mm
to cm-sized granophyric segregations in many of the Umkondo
sills that are consistent with fractional crystallization to granitic
16
melt compositions. Many of these granitic segregations can be
explained by fractional crystallization of parent Umkondo magmas
(e.g., Fig. 3). The Umkondo lavas have similar Ce/Yb and greater
concentrations of Yb to the Umkondo sills (Fig. 5a). This suggests
to us that the lavas are generally more evolved than the sills and
they may have been sourced from either relatively more fraction-
ated parts of the Umkondo sills or deeper, more fractionated parts,
of the Umkondo magmatic plumbing system.

Because of the dearth of picritic and komatiitic compositions in
the Umkondo province, we suggest there was significant process-
ing (e.g., magma storage, fractional crystallization, and crystal
accumulation) in the deeper crust before the emplacement of
Umkondo magmas in the shallow crust.

6.6. Mantle source(s) to the Umkondo province

The magma sources of continental flood basalts have been a
controversial subject for a number of decades (e.g., Gallagher and
Hawkesworth, 1992; Arndt et al., 1993; Wooden et al., 1993;



Fig. 10. (a) Nb/Y versus Zr/Y for the Umkondo province with the arrows indicating
whether there is a deficiency in DNb (after Luttinen, 2018). (b) DNb versus La/Nb
showing evidence of lithospheric and/or Kaapvaal crust interaction in the Umkondo
province. The Karoo province (grey field) is shown for comparison.
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Jourdan et al., 2007; Sobolev et al., 2007; Beard et al., 2017;
Ashwal, 2021; Bédard et al., 2021). The potential sources of mag-
mas include the sublithospheric mantle (i.e., the convecting
asthenosphere or the mantle plume) and the subcontinental litho-
spheric mantle. We argue that (i) the sheer volumes of magma that
formed the Umkondo province (>1 Mkm3), (ii) the komatiitic com-
position of the primary magmas (�18 wt.% MgO), and (iii) the high
mantle potential temperatures of the primary magmas (>1660 �C),
preclude an origin from the subcontinental lithospheric mantle
and that the most significant mantle source was the sublitho-
spheric mantle beneath the Kalahari craton. We now provide con-
straints on the composition of the sublithospheric mantle source.
6.6.1. High Ce/Yb and low Sm/Yb Umkondo magmas and shallow
melting of spinel lherzolite

The low-Ti tholeiites of the Umkondo province generally have
high Ce/Yb and similar light/heavy rare earth element enrichment
is documented in continental flood basalt provinces elsewhere
(e.g., Beard et al., 2017; Bédard et al., 2021). Even the average
Ce/Yb of the Umkondo province (Ce/Yb = 13) is high compared to
the low-Ti tholeiites of the Karoo province (Ce/Yb = 7). The average
Ce/Yb of the least contaminated Umkondo sills (Ce/Yb = 10 for Vre-
defort, Timbavati and Borgmassivet sills; Fig. 5a) is higher than the
Karoo province. The trend to high Ce/Yb is apparent in the Chiman-
imani, Nyanga and Palapye sills, and coupled with their Sr-Nd
isotopic compositions (Fig. 8a), it is likely to have been controlled
by the assimilation of light rare earth element-enriched crustal
materials. Despite high Ce/Yb, the Umkondo sills show limited frac-
tionation of heavy rare earth elements (Sm/Yb = 2), and non-modal
melting paths indicate up to 2%–20% melting of a spinel lherzolite
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mantle source (Fig. 11). Melting depths of 40–50 km in the
Umkondo province are estimated using Sm/Yb (Dockman et al.,
2018). The shallowest melting depths are � 15 km and are com-
monly recorded in the Umkondo dykes and more rarely in the
Waterberg and Timbavati sills. There is limited evidence in the
Umkondo province of deep (>50 km) mantle melting. The deepest
melting depths estimated using Sm/Yb are � 70 km and are
restricted to high-Ti Umkondo dykes.

6.6.2. Evidence of a heterogeneous sublithospheric mantle source
A sublithospheric mantle source and subsequent crustal and/or

lithospheric mantle contamination model has been proposed for
the Umkondo province (e.g., Bullen et al., 2012; Riley and Millar,
2014). Zn/Fe-MgO relations in Fig. 13 suggest there was some con-
tribution from pyroxenite source material that was possibly an
enriched-MORB (E-MORB) like mantle source. Sr-Nd isotopes also
support a contribution from enriched mantle sources as they
extend from the depleted mantle (DM) and enriched mantle
(EM-I) endmembers (Fig. 8a) and this is further supported on a plot
of TiO2/Yb-Nb/Yb that indicates E-MORB sources (Fig. 12). The
Umkondo province forms an array that extends to low TiO2/Yb
and low Nb/Y values. This is very similar to the Karoo province,
although there is greater evidence of deeper ocean island basalt
(OIB) melting depths in the Karoo province. Only a few Umkondo
samples show evidence of deeper melting (Fig. 12). The samples
with the lowest TiO2/Yb-Nb/Yb in the Umkondo province are in
the Waterberg and Palapye sills (Fig. 12) and this is consistent with
their more enriched Sr-Nd isotopic compositions (Fig. 8). These
enriched compositions are because of crustal and/or lithospheric
mantle contamination. The Vredefort sills and Xade Complex show
the most depleted Sr-Nd isotopic compositions and lowest Ce/Yb
and sit between the DM and EM-I endmembers (Fig. 8a). The
Borgmassivet sills in part overlap with the field of EM-I and have
slightly more unradiogenic Nd isotopic compositions compared
to the Vredefort sills (Fig. 8a). This is consistent with the slightly
higher Ce/Yb values in the Borgmassivet sills compared to the Vre-
defort sills (Fig. 8b). In summary, there is evidence that the
Umkondo magmas are derived from enriched mantle sources.

It is apparent from the trace element discrimination diagrams
(e.g., Fig. 9) and the Sr-Nd isotopes (Fig. 8a) that the enriched man-
tle source was variable in composition. Evidence for compositional
variability is also apparent in the PRIMELT3 models. The Borgmas-
sivet sills have major element compositions that are consistent
with magma derivation from a peridotite source and the Vredefort
sills have major element compositions that are consistent with
magma derivation from a pyroxenite source. We investigated this
further using the Zn/Fe calibration of Le Roux et al. (2010). Clinopy-
roxene and garnet-bearing sources are characterised by low Zn/Fe
compared to the coexisting melt, olivine and orthopyroxene. This
partitioning behaviour implies that Zn/Fe is not fractionated during
the partial melting of peridotite (assuming differentiation is con-
trolled by olivine-only fractionation). High Zn/Fe of some OIB can-
not be explained by the melting of peridotite alone and requires
the presence of high Zn/Fe lithologies such as eclogites and pyrox-
enites (Le Roux et al., 2010). On a diagram of Zn/Fe (�104)-MgO,
the Umkondo province has mostly peridotite sources with minor
contributions of pyroxenite (Fig. 13). This distribution is compara-
ble to the Karoo province in which pyroxenite sources have been
recognized (e.g., Heinonen et al., 2013; Howarth and Harris,
2017). There is also evidence for the preservation of Umkondo
magmas derived from pyroxenite sources in the Waterberg, Mid-
delburg, Chimanimani, and Nyanga sills as well as the dykes
(Fig. 13). The Zn/Fe relations are corroborated by our inverse PRI-
MELT3 models. Sample UMK24 of the Nyanga sills is derived from
a pyroxenite source and sample DB02.97 of the Timbavati sills is
derived from a peridotite source. However, samples DB02.26 and



Fig. 11. Sm/Yb versus La/Sm (both normalised to Primitive Mantle values of Sun and McDonough, 1989) for the Umkondo province. The spinel lherzolite and garnet lherzolite
melting paths for Karoo sources are shown (taken from Bédard et al., 2021).
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DB02.76 are other liquid-like compositions in the Timbavati sills,
and they only have slightly greater Zn/Fe than sample DB02.97
and are derived from pyroxenite sources. The Borgmassivet sills
and their counterpart Straumsnutane lavas are in the peridotite
source field, which is consistent with the inverse PRIMELT3 model
for sample Z.1815.1. It should be noted that the samples with the
lowest Ce/Yb in the Vredefort and Borgmassivet sills, as well as
the Xade Complex, all have low Zn/Fe, and are therefore mostly
derived from peridotite mantle sources.

Olivine in the Timbavati sills has low CaO (0–0.2 wt.%) and may
also be consistent with the derivation of its magmas from pyroxen-
ite sources (Bullen, 2005). Although Mn/Fe of olivine is high (1.6 to
2.9) and the proportion of pyroxenite is low (<5%), this suggests to
us that pyroxenite was only a minor component in the mantle
sources of the Timbavati sills (Sobolev et al., 2007). Despite the
limited mineral compositional data for the Umkondo sills, these
findings lend support to the observations made using the Zn/Fe
systematics in Fig. 13. More mineral chemical data for the
Umkondo sills are needed.

The findings obtained using the Zn/Fe systematics support the
assertion that pyroxenite lithologies were part of the sublitho-
spheric mantle source of the Umkondo province, although there
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appears to be a lack of correlation between Zn/Fe, CaO in olivine,
and the PRIMELT3 models. This implies there were varying propor-
tions of peridotite and pyroxenite in the mantle source, with differ-
ing degrees of mixing between the melts that were derived from
them. The evidence of an enriched mantle component in the Sr-
Nd isotopic data (Fig. 8a) may be the same pyroxenite component
detected using Zn/Fe as well as in the PRIMELT3 models. Isotopic
variability in the mantle sources of OIB suggests that the sublitho-
spheric mantle is heterogeneous and is composed of both peri-
dotite and pyroxenite with the latter originating from recycled
oceanic lithosphere (Hofmann, 1997). Another question is whether
there was heterogeneous melting of a convecting asthenosphere or
a heterogeneous mantle plume. Global studies of radiogenic iso-
topes in ocean island basalts show that mantle plumes may be
heterogeneous in composition (Gibson et al., 2012; Jackson et al.,
2012; Weis et al., 2011). Therefore, Umkondo magmatism may
have been fed by a heterogeneous mantle plume from the deep
Mesoproterozoic mantle.

6.6.3. Did the subcontinental lithospheric mantle contribute?
Some studies have argued that continental flood basalts in

southern Africa are derived from the melting of the subcontinental



Fig. 12. TiO2/Yb versus Nb/Yb for the Umkondo province. TiO2/Yb is a proxy for melting depth and Nb/Yb is a proxy for the melting % and source composition. The fields for N-
MORB and OIB are shown. The Karoo province (grey field) is shown for comparison.
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lithospheric mantle (e.g., Marsh et al., 1992; Jourdan et al., 2007;
Jourdan et al., 2009; de Kock et al., 2014). As we explained above,
we consider the sublithospheric mantle to be the major melt con-
tributor to the Umkondo province, although it is probable that the
subcontinental lithospheric mantle may have contributed some
trace elemental and isotopic signatures via contamination of the
ascending magmas. This could happen either by the lithospheric
mantle being melted by hot ascending sublithospheric mantle-
derived magmas or by the direct melting of the lithospheric mantle
and the incorporation of these melts into the sublithospheric
mantle-derived magmas. Distinguishing between these two
options is, however, problematic (Pearce et al., 2021). There are
minor high-Ti and high Ce/Yb alkaline magmas preserved in the
Karoo province and are interpreted as direct melts of the subconti-
nental lithospheric mantle (Ashwal, 2021). These may be the most
useful characteristics which can be used to distinguish the pres-
ence of melts that are directly derived from the subcontinental
lithospheric mantle.

Niobium is sensitive to magma source composition and the
role of lithospheric contamination (Fitton et al., 1997; Luttinen,
2018). It has been proposed that the ubiquitous negative Nb
anomalies in continental flood basalts are the result of sublitho-
spheric mantle melts acquiring their ‘lithospheric signatures’ by
partial reaction and chemical exchange with lithospheric mantle
wall rock (Arndt and Christensen, 1992). The Umkondo province
has mostly negative DNb (Fig. 10a) and there is a positive corre-
lation between DNb and La/Nb (Fig. 10b) and Th/Nb (not shown
here) that is consistent with either lithospheric mantle or crustal
contamination. The interaction between plume-derived melts
and the lithosphere is further supported using the Th/Nb-TiO2/
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Yb diagram (Fig. 14) of Pearce et al. (2021). They identified three
main arrays using the diagram, with the Type-III array represent-
ing the interaction between asthenospheric melts (either MORB
or OIB sources) and the subcontinental lithospheric mantle. The
Umkondo province forms an array that is comparable to the
Type-III array of Pearce et al. (2021) with both OIB and OPB
sources evident (Fig. 14). This is similar to other large igneous
provinces including Franklin, Columbia River Basalts, Keweena-
wan and Deccan (Pearce, 2008). However, it is difficult to distin-
guish this from an array where there was an interaction between
asthenospheric melts and continental crust. It is also notable that
two groups (high Th/Nb and low Th/Nb) are evident in the
Umkondo dykes (Fig. 14).

The Waterberg sills were postulated to represent partial melts
of a spinel lherzolite source with its magmas incorporating mate-
rial from the subduction-modified lithospheric mantle, as inter-
preted from Sr-Nd isotopes and trace elements (Bullen et al.,
2012). A similar petrogenesis was proposed for the Borgmassivet
sills with the argument based on (i) the lack of geochemical
variation and (ii) the lack of significant correlation between MgO
and 87Sr/86Sr, indicating that the magmas were mostly derived
from a sublithospheric mantle source with some amount of crustal
and/or lithospheric mantle contamination during transit to the
shallow crust (Riley and Millar, 2014). Our Sr-Nd isotopic data
for the Vredefort and Timbavati sills, as well as some of the Water-
berg sills, are very similar to the Borgmassivet sills, which suggests
to us that they have a very similar petrogenetic history. Further
isotopic work using less conventional isotopic systems may be
required to constrain the role of the subcontinental lithospheric
mantle in the evolution of the Umkondo province.



Fig. 13. Zn/Fe (�104) versus MgO (wt.%) for the Umkondo province including fields for a peridotite source and a pyroxenite source (after Le Roux et al., 2010). The Karoo
province (grey field) is included for comparison.
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6.7. Geochemical linkages between the Umkondo sills and its
associated dyke swarms

Many continental flood basalt provinces have radiating dyke
swarms associated with them, which may form part of their mag-
matic plumbing system (e.g., Ernst et al., 1995), and their geo-
chemistry can therefore be used to assess mantle sources in
these provinces (e.g., Condie, 1997). There are dyke swarms across
southern Africa that have been linked to the Umkondo province
and we included them in our geochemical diagrams in this article.
Radiating dyke swarms including the Proterozoic Okavango Dyke
Swarm, Save-Limpopo Dyke Swarm, Guruve, Kamativi, Mutare
and Dibete dykes, appear to converge in central Botswana, near
the Xade Complex (Fig. 1). This has been used to infer the ‘mag-
matic centre’ of the Umkondo province (de Kock et al., 2014) or
may be regarded as the mantle plume impingement site (Ashwal,
2021). The chemistry of the dyke swarms was also used to infer
the derivation of Umkondo magmas from subcontinental litho-
spheric mantle sources (de Kock et al., 2014). The Umkondo dykes
may therefore provide important insights into the origin of the
Umkondo province and its tectonic setting.

All the chemical variation diagrams presented in this article
suggest that the Umkondo dykes show the widest compositional
ranges. Some of the most depleted and enriched isotope values
are preserved in the dykes (initial 87Sr/86Sr ranges from 0.703008
to 0.757554 and eNd ranges from 7.4 to �15.6; Fig. 8a). Some of
the most isotopically depleted dyke compositions are comparable
to the Vredefort sills (Fig. 8a). The Mutare dykes have eNd of 7.3
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to �7.8, with the Kamativi dykes having eNd of 4.3 to �3.6, and
the Guruve dykes have eNd of 1 to �15 (Fig. 8a). The dykes that
have depleted mantle-like sources are also part of the high-Ti
and high Ce/Yb magma suite which is only rarely recognised in
the Umkondo sills. These dykes also have some of the highest
Sm/Yb and may be derived from deep garnet-bearing mantle
sources (Arndt et al., 1998). Two chemical groups of dykes are evi-
dent in Fig. 14, one with high Th/Nb and one with low Th/Nb. The
low Th/Nb group also have some of the highest Sm/Yb. These find-
ings may be significant as the dykes record considerable hetero-
geneity in the Umkondo province, and they may record the
whole range of chemical end members involved in the petrogene-
sis of the Umkondo province. However, we urge caution in making
such claims until more age constraints are obtained for the dykes
that conclusively show they are all part of the Umkondo province.

6.8. Implications for the assembly and configuration of Rodinia at
1.11 Ga during the ‘boring billion’

The timing of Umkondo magmatism broadly coincides with the
assembly of the Rodinia supercontinent (e.g., Meert and Torsvik,
2003). In most traditional continent configurations of Rodinia,
the Kalahari craton is separated from Laurentia (Dalziel, 2023),
however, its precise position remains poorly constrained (Meert
and Torsvik, 2003). The Kalahari craton is also thought to be situ-
ated adjacent to the Grunehogna terrane of Dronning Laud Land
at ca. 1.11 Ga (Dalziel, 2023) as shown in Fig. 1. The similar U-Pb
ages and Sr-Nd isotopic signatures of the Borgmassivet sills with



Fig. 14. Th/Nb (crustal input) versus TiO2/Yb (garnet in the source) with various mantle sources defined (Pearce et al., 2021). The Umkondo province mostly plots in the SZLM
field (i.e., subcontinental lithospheric mantle) and forms a trend that is comparable to Type-IIIb that suggests the interaction of SZLM and OIB (Pearce et al., 2021).
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the Vredefort, Timbavati and Waterberg sills (Fig. 8a) lend support
to a connection between the Kalahari craton and Grunehogna ter-
rane at 1.11 Ga.

The timing of Umkondo magmatism at the onset of Rodinia is at
odds with the typical notion of continental flood basalt magmatism
being related to periods of crustal extension and continental
breakup (e.g., Courtillot et al., 1999) although it has been shown
that the emplacement of large igneous provinces does not neces-
sarily correspond with large-scale continental breakup events in
the geological record (e.g., Ernst, 2014). It has also been recently
proposed that the tectonic regime during the ‘boring billion’ was
dominated by accordion-style tectonics with episodes of extension,
continental breakup, and asthenospheric mantle upwelling fol-
lowed by episodes of compression and basin closure (Santosh
and Groves, 2023). The Umkondo province may represent an epi-
sode of extensional tectonics, possibly in a back-arc (e.g.,
Klausen, 2020), during the assembly of Rodinia with a mantle
plume that induced large-scale melting of the sublithospheric
mantle beneath this portion of the Kalahari craton.

Some authors have correlated the Umkondo province to the ear-
liest phase of basaltic magmatism of the Midcontinent rift on Lau-
rentia (Hanson et al., 2004; Swanson-Hysell et al., 2015). However,
parts of the Midcontinent rift are significantly younger (ca. 20 Myr)
than the Umkondo province (Hanson et al., 2004; Vervoort et al.,
2007), so the possible genetic relations between the two provinces
remain to be tested in more detail. Furthermore, the Ni-Cu-PGE
mineralised Duluth Complex is part of the Midcontinent Rift. In
the Umkondo province, the association of continental breakup,
plume-driven magmatism generating komatiitic magmas, and the
geochemical evidence of crustal assimilation, raise the prospect
21
of magmatic Ni-Cu-PGE sulphide ore deposits related to this pro-
vince. A good candidate for hosting these types of ore deposits is
the Xade Complex, which has been previously explored for
Ni-Cu-PGE mineralisation.
7. Conclusions

The Mesoproterozoic (1.11 Ga) Umkondo large igneous pro-
vince is distributed across southern Africa and Antarctica and is
mostly preserved as dolerite-gabbro sills that were emplaced into
Archean granite-gneisses and Paleoproterozoic sedimentary suc-
cessions. The Umkondo province has been poorly studied and there
are few constraints on the nature of its magma sources and the
compositional evolution of its magmas. In this study, we compiled
existing and new major and trace element data, supplemented
with 42 new Sr-Nd isotope measurements, to unravel the mag-
matic evolution of the Umkondo province. The sills have major
and trace element chemical signatures typical of continental flood
basalt provinces that are sub-alkaline basalt to basaltic-andesites,
and which are mostly low-Ti (<1.5 wt.% TiO2) with enrichment in
incompatible trace elements and light/heavy rare earth elements
(Ce/Yb � 10). The major element compositions show that the
Umkondo magmas are residual liquids (�10 wt.% MgO) of primary
magmas that underwent three-phase (olivine-pyroxene-
plagioclase) fractional crystallization. Inverse models in PRIMELT3
show that the primary magmas were komatiites (up to 20 wt.%
MgO). Sm/Yb is low (<2) and indicative of the primary magmas
being derived by shallow melting of spinel lherzolite. The enrich-
ment in light/heavy rare earth elements and evolved initial
Sr-Nd isotopic compositions show that the Umkondo magmas
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incorporated significant quantities of crustal and/or lithospheric
material. This is supported by various trace element proxies,
although it is challenging to distinguish between these two
enriched reservoirs. The mantle source of the Umkondo magmas
was mainly the sublithospheric mantle as shown by the high
MgO and high temperatures of its primary magmas as well as
the large volume and short duration of Umkondo magmatism.
The sublithospheric mantle source was heterogeneous with both
peridotite and pyroxenite lithologies. The Vredefort and Borgmas-
sivet sills are the least contaminated and appear to represent near-
primary magma compositions for the Umkondo province. The tim-
ing of Umkondo magmatism suggests that there was local exten-
sion and plume upwelling on the Kalahari craton at the earliest
stages of Rodinia assembly.
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