Geochimica et Cosmochimica Acta 350 (2023) 87-105

Contents lists available at ScienceDirect

Geochimica et Cosmochimica Acta

ELSEVIER journal homepage: www.elsevier.com/locate/gca

t.)

Check for

Plume-lithosphere interactions and LIP-triggered climate crises constrained |%&s
by the origin of Karoo lamproites

Sebastian Tappe * 5" Ntando S. Ngwenya b Andreas Stracke ¢, Rolf L. Romer‘,
Johannes Glodny ¢, Axel K. Schmitt **

& Department of Geosciences, UiT — The Arctic University of Norway, 9037 Tromsg, Norway

Y Department of Geology, University of Johannesburg, 2006 Auckland Park, South Africa

¢ Institut fiir Mineralogie, Westfalische Wilhelms-Universitit, Corrensstrasse 24, 48149 Miinster, Germany

4 Helmholtz-Zentrum Potsdam Deutsches GeoForschungsZentrum GFZ, Telegrafenberg, 14473 Potsdam, Germany
¢ Institut fiir Geowissenschaften, Universitit Heidelberg, Im Neuenheimer Feld 236, 69120 Heidelberg, Germany
f John de Laeter Centre, Curtin University, 6845 Bentley, Australia

ARTICLE INFO ABSTRACT

Associate editor: Tomas Magna We identified a ca. 180 Ma diamondiferous lamproite event in Zambia, establishing a link between ultrapotassic
volcanism and the early Jurassic Karoo flood basalt province of sub-Saharan Africa. The cratonic lamproites

Keywords: erupted through the Permo-Triassic Luangwa Rift structure, but MgO-rich ultrapotassic magma formation was

Failed cratonic rift unrelated to rifting and triggered by plume-lithosphere interactions during the Karoo LIP event. Elevated

SIMS U-Pb perovskite geochronology
Sr-Nd-Hf-Pb-Li isotopes
Trace elements in olivine

Li-Zn-Ti concentrations in magmatic olivine (up to 18.5 ppm Li at 86-90 mol.% forsterite) and strong
Sr-Nd-Hf-Pb isotopic enrichment of the host lamproites (¥7Sr/%%Sr = 0.70701-0.70855, eNd = —10.8 to —10,
East African Rift eHf = —20.3 to —19.1, 29Pb/2%%Pb = 16.8-17.5) suggest partial melting of phlogopite-metasomatized litho-
Volcanic SO, emission spheric mantle domains, at approximately 180-200 km depth. The mantle-like 8’Li values (+2.8 to +5.7%o) of
Large igneous provinces the most pristine lamproite samples are compatible with source enrichment by asthenosphere-derived melts,
without significant involvement of recycled sedimentary components. This geochemical fingerprint stands in
sharp contrast to the negative 8’Li compositions of primitive K-rich volcanic rocks from collision zone settings,
where the shallow mantle sources contain recycled sediment.

Isotope modelling demonstrates that the sub-Saharan lamproites originate from a MARID-style metasomatized
peridotitic mantle source that underwent incompatible element enrichment at ca. 1 Ga, during tectonic activity
associated with Rodinia supercontinent formation. Plume-sourced basaltic and picritic magmas of the 180 Ma
Karoo LIP interacted with such K-rich hydrous lithospheric mantle domains, thereby attaining enriched
incompatible element and radiogenic isotope compositions. Nd-Hf isotope mass balance suggests that up to 25%
of MARID-sourced lamproite melt component contributed to some of the high-Ti flood volcanic units.

Although large quantities of volatiles can be transferred from Earth’s mantle to the atmosphere via plu-
me-lithosphere interactions, it is unlikely that outgassing of mantle-sourced sulphur can exceed the climatic
impact caused by the release of much more abundant carbon from thick continental roots. Thus, the excess SOy
required to account for transient atmospheric cooling during the early Jurassic, coincident with the Karoo LIP
event, must have had a thermogenic origin near the surface of Earth.

1. Introduction magma eruptions since the Archean (Coffin and Eldholm, 1992; Ernst,
2014). Key to understanding LIP-sized melting anomalies is the geologic

Anomalously large, episodic mantle melting events away from tec- record of well-preserved Mesozoic-Cenozoic continental flood basalt
tonic plate boundaries provide glimpses of the dynamic deep Earth. Such occurrences that may herald supercontinent breakup and develop into
melting events are manifested in Large Igneous Provinces (LIPs), which volcanic rifted margins (White and McKenzie, 1989). The ca. 180 Ma
were emplaced at crustal levels during short-pulsed mafic-dominated Karoo LIP in southern Africa and East Antarctica presents a classic
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continental flood basalt province that has been linked to the initial stage
of Gondwana breakup (Cox, 1992). More than 2 Mkm?® of basaltic
magmas were emplaced as lavas, sills and dykes between 183 and 177
Ma (Greber et al., 2020), but subordinate volumes of early-stage picritic
and nephelinitic-carbonatitic magmas as well as late-stage rhyolitic
lavas also occur (Harmer et al., 1998; Turunen et al., 2019).

Although temporal links between flood volcanism and climate
change have been established by high-precision geochronology (Hof-
mann et al., 1997; Kasbohm and Schoene, 2018; Greber et al., 2020), the
causal links, if any, are contentious. For example, rapidly emitted vol-
atiles (e.g., CO2, SO, HCl) responsible for atmospheric temperature
fluctuations (Black et al., 2021) are argued by some workers to be
sourced mainly from the mantle-derived magmas (Sobolev et al., 2011;
Guex et al., 2016; Capriolo et al., 2020), whereas others put emphasis on
a thermogenic origin of these volatile components, invoking sedimen-
tary country rocks as the source (Svensen et al., 2007; Ganino and Arndt,
2009; Heimdal et al., 2020). Importantly, it has been suggested that
intensive biotic mass extinctions are associated mainly with LIPs on
continental shields underpinned by thick mantle roots, such as the ca.
250 Ma Siberian Traps and ca. 65 Ma Deccan LIP (Guex et al., 2016).
Using the ca. 180 Ma Karoo LIP as an example, these authors argued that
critical amounts of SO, had been released into the atmosphere via early-
stage alkaline magmatism sourced from volatile-enriched (e.g.,
sulphide-bearing) cratonic mantle lithosphere that was reactivated
during plume impingement.

The majority of petrogenetic models for continental flood basalt
volcanism invoke mantle plume sources (Ernst, 2014), with plu-
me-lithosphere interactions, fractional crystallization and crustal
contamination playing variable roles in magma type diversification,
such as the common low-Ti and high-Ti groupings of volcanic suites
(Cox, 1992; Arndt et al., 1993; Gibson et al., 1996; Jourdan et al., 2007;
Heinonen et al., 2016). For the Karoo LIP in particular, several studies
identified strong incompatible element and isotopic enrichment of
certain picritic to basaltic volcanic suites in southern Africa and East
Antarctica (Ellam et al., 1992; Gallagher and Hawkesworth, 1992; Riley
et al., 2005; Jourdan et al., 2007; Harris et al., 2015; Luttinen, 2018).
Some of these enriched signatures may be caused by melt contributions
from metasomatized cratonic mantle lithosphere to more depleted
plume-sourced magmas (Ellam and Cox, 1991; Riley et al., 2005; Jour-
dan et al., 2007; Heinonen et al., 2010). However, such models rely on
assumptions about the nature of the reactivated metasomatic
components.

We identified a ca. 180 Ma old diamondiferous lamproite magmatic
event beneath the cratonic Luangwa Rift of eastern Zambia, positioned
in the northern Karoo LIP. The MgO-rich ultrapotassic lavas constrain
the nature of relatively ‘pure’ alkali-metasomatic mantle components
including volatile budgets, potentially available for flood basalt volca-
nism. Olivine trace element and bulk-rock Sr-Nd-Hf-Pb-Li isotope data
for the lamproites, in concert with geochemical modelling, provide new
insights into the deep origins of K-rich hydrous magmas, including their
geodynamic and environmental significance for plume-lithosphere
interactions.

2. Background
2.1. The ca. 300-200 Ma Karoo rift basins of interior Gondwana

Diamondiferous lamproites are known from the ca. 300-200 Ma
Luangwa Rift of eastern Zambia since the 1970s (Scott Smith et al.,
1989), but these so-called Kapamba lamproites have only recently been
associated with the ca. 180 Ma Karoo LIP in sub-Saharan Africa
(Ngwenya and Tappe, 2021; this study) (Fig. 1). The ~600 km long and
on average ~60 km wide Luangwa Valley is part of a larger Permo—-
Triassic Karoo rift basin system stretching from Tanzania in the NE to
Zimbabwe in the SW (Fig. 2). The Luangwa Rift formed within the
Irumide Belt (Daly et al., 1989), which presents variably reworked and
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rejuvenated ‘metacratonic’ lithosphere between the Congo-Tanzania—
(Bangweulu) craton to the north and the Kalahari craton to the south (De
Waele et al., 2006). These large, composite Archean cratons assembled
during the Pan-African orogeny at 550-520 Ma (Goscombe et al., 2020),
but the intervening mobile belts record collision events throughout the
Proterozoic, with the 1050-950 Ma Irumide orogeny being most
prominent (De Waele et al., 2006). Despite protracted crustal defor-
mation, the lithosphere beneath the Irumide Belt is >180 km thick
(Sarafian et al., 2018; Ngwenya and Tappe, 2021), which is marginally
thinner than the 200-230 km thick lithospheres of neighbouring cratons
(Celli et al., 2020).

Steep Proterozoic shear zones along the Irumide Belt facilitated
development of extensive pull-apart basins during Permo-Triassic
intraplate tectonics, including the half-graben structures that form the
Luangwa Rift (Burke and Dewey, 1973; Daly et al., 1989; Banks et al.,
1995) (Fig. 2). These strike-slip movements of Proterozoic basement
between Archean blocks created the narrow fault-bounded accommo-
dation space for some of the thickest sedimentary successions (up to 8
km) known from the ca. 300-200 Ma Karoo Supergroup (Catuneanu
et al., 2005). The ‘failed’ cratonic Luangwa Rift is experiencing neo-
tectonic activity associated with the adjoining East African Rift System
(Fig. 2), as is recently witnessed by minor extension and elevated seis-
micity (Wedmore et al., 2021).

2.2. Geographic extent of the ca. 180 Ma Karoo LIP

Remnants of the 183-177 Ma Karoo LIP occur in sub-Saharan Africa
and East Antarctica, and the estimated magma volumes of >2 Mkm>
place this event among the most-voluminous continental LIPs globally
(Cox, 1992; Ernst, 2014). The scattered nature of volcanic outcrops
across a 6 Mkm? region in central and southern Africa suggests that the
Karoo LIP has been eroded significantly. The main eruptive centres were
located at triple junctions around the Zimbabwe craton (Nuanetsi and
Zambesi ‘plume’ centres), based on the convergence of mafic dyke
swarms and Karoo rift basins (Burke and Dewey, 1973).

Uncertainty surrounds the northern extent of the Karoo LIP, which
may reach onto the Tanzania craton all the way to the equator, based on
aeromagnetic evidence (Halls et al., 1987). Indeed, new U-Pb badde-
leyite data reveal an age of 181 + 7 Ma for a north-trending 30-m-thick
dolerite dyke in western Tanzania (Ernst et al., 2015), forming part of
the inferred Karoo-age swarm that can be traced from eastern Zambia
into Tanzania (Halls et al., 1987). Furthermore, several carbonatite
bodies along the rifted SW margin of the Tanzania craton are inferred to
be of Karoo LIP age (Harmer and Nex, 2016). These observations suggest
that the Karoo LIP has a sizeable northern lobe that may push the
province outline northward by >500 km (Ernst et al., 2015), and they
demonstrate that the lamproites in eastern Zambia fall firmly within the
boundaries of the northern Karoo LIP (Fig. 1b).

2.3. Diamondiferous lamproites of the cratonic Luangwa Rift

Mode of occurrence of the Kapamba lamproites (14 pipe-like bodies
and several dykes) and their petrography have been described by Scott
Smith et al. (1989). We revisited the 20 x 25 km large volcanic field in
the South Luangwa National Park in 2018 to undertake detailed sam-
pling of Kapamba Pipe-6 and Pipe-10a (an archival sample was obtained
for Pipe-1). Comprehensive petrography, EPMA-determined mineralogy
and major element geochemistry of the lamproites are reported in
Ngwenya and Tappe (2021). This study concluded that relatively
primitive olivine-leucite lamproite magmas of ‘anorogenic’ affinity fed
the low-volume phreatomagmatic eruptions at Kapamba, with some
compositional resemblance to kamafugites from the western branch of
the East African Rift System and to orangeites from the Kaapvaal craton
in southern Africa. Analysis of peridotite-derived, forsterite-rich olivine
xenocrysts suggests that the cratonic Luangwa Rift retained a relatively
cold (<42 mW/mz) lithospheric root down to ~180-200 km depth
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* 180.2 £ 5.4 Ma lamproite pipes @ Kapamba (Luangwa Rift, Zambia)

Fig. 1. Plate-tectonic reconstructions of Gondwanan elements between 200 Ma and present-day using the GPlates software (Miiller et al., 2018), with magnetic
signatures for continental and oceanic lithospheres as backdrop (A-F). Volcanic products of Mesozoic LIPs are shown in light blue at 200 Ma (Central Atlantic
Magmatic Province), 180 Ma (Karoo-Ferrar LIP), 135 Ma (Parana-Etendeka LIP) and 110 Ma (Kerguelen LIP). The red star in all panels indicates the location of the
ca. 180 Ma old Kapamba lamproites (A-F), and in Panel B the spatiotemporal association with the Karoo LIP is evident. Major episodes of kimberlite magma
eruptions across sub-Saharan Africa are shown as small black circles at 110 Ma (D) and 85 Ma (E). The thin red outline in all panels (A-F) corresponds to the 0.9%
slow-contour in the s10mean seismic tomography model for the African LLSVP at 2800 km depth. Kimberlite data and the original parameter sources for the LLSVP
model are provided in Tappe et al. (2018).
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Fig. 2. Geological map of south-central Africa (Sarafian et al., 2018), where the red star locates the ca. 180 Ma Kapamba lamproites within the ‘failed’ Permo--
Triassic Luangwa Rift structure (Ngwenya and Tappe, 2021). The intracontinental rift developed within the Proterozoic Irumide Belt between the composite
Congo-Tanzania-Bangweulu craton to the north and the Kalahari craton to the south. A major strike-slip reactivation event along the ca. 1 Ga old Mwembeshi
Dislocation Zone (MDZ) created pull-apart basins during Permo-Triassic times forming part of the Luangwa Valley rift system in eastern Zambia. The prominent
north-south oriented Cenozoic rift basins represent the southern extension of the currently active East African Rift System (EARS). MR — Malawi Rift, TR - Tan-

ganyika Rift.

during Mesozoic lamproite volcanism, in agreement with the mostly
amagmatic nature of this failed branch. Ngwenya and Tappe (2021)
argued that the Kapamba lamproites and type kamafugites represent
melting products of similar K-metasomatized cratonic mantle domains,
but that magma formation occurred under contrasting volatile condi-
tions (i.e., HoO-F-rich vs COo-HyO-F-rich) at different stages during rift
development (i.e., incipient vs slightly more advanced rifting). Although
similar K-metasomatized cratonic mantle sources are required in the
formation of Kaapvaal orangeites, melting may occur at even greater
depths and without the direct influence of rifting (Giuliani et al., 2015).
In the study presented here, we revise the previously suggested link
between development of the Luangwa Rift and lamproite magma
eruptions at Kapamba using new evidence from geochronology and
radiogenic isotope systematics (Section 4.2.1).

3. Results

We report the first U-Pb age determination for lamproite magma
emplacement in the Luangwa Rift, as well as trace element and
Sr-Nd-Hf-Pb-Li isotopic compositions for our 2018 sample collection.
Analytical methods are described in Supplementary file A, and all data
including those for reference materials are reported in Supplementary
file B. This repository also hosts the bulk lamproite major element and
olivine xenocryst data (major and trace elements) originally reported in
Ngwenya and Tappe (2021), plus new geochemical analyses for a vari-
ety of country rocks from Luangwa Valley.

3.1. U-Pb perovskite age of lamproite magmatism in the Luangwa Rift
structure

The Kapamba lamproite magmas erupted through a >4 km thick
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clastic-dominated sedimentary succession of the Karoo Supergroup,
where the uppermost members of the Middle Triassic Ntawere Forma-
tion contain the tetrapod fossils Sangusaurus and Zambiasaurus of the
Anisian to Ladinian stages (Angielczyk et al., 2014). This biostrati-
graphic information constrains magma emplacement to <230-240 Ma,
in agreement with the previous estimate of 220 Ma (Scott Smith et al.,
1989). These authors noted, however, that previous 87Rb-87Sr and
“OAr/39Ar analyses on phlogopite have poor precision, with age results
scattering between 255 and 160 Ma. Unfortunately, lack of documen-
tation prevents an assessment of the possible geological meaning of the
dates quoted above.

We collected U-Pb perovskite data by secondary ionization mass
spectrometry (SIMS) to better constrain the timing of lamproite magma
emplacement (Supplementary Material for methods). The accuracy of
young U-Pb perovskite ages (i.e., Mesozoic—Cenozoic) relies heavily on
accurate corrections for the presence of initial common-Pb, which
typically accounts for >30% of the 2°°Pb inventory in crystals with
<100 ppm U (Kinny et al., 1997). The six perovskite crystals analysed
from four individual lamproite samples of Pipe-10a (Fig. 3) have rela-
tively low U contents between 40 and 100 ppm, and the total 2°Pb
comprises 72-79% common-2°°Pb (Supplementary Material).

The presence of initial common-Pb was corrected using the average
206pp/204ph 0f 16.91 + 0.04 (n = 9) and 2%’Pb/2*®Pb of 0.9185 + 0.002
(n = 9) for nine individual lamproite lava samples from Pipe-10a. These
Pb isotopic compositions were independently determined by solution-
mode MC-ICP-MS analysis (Supplementary Material). The lamproite
material from Pipe-10a yielded a weighted average 2°°Pb/2%%U perov-
skite age of 180.2 + 5.4 Ma (2S.E.; MSWD = 0.95; Fig. 4). To evaluate
the robustness of the 2°’Pb-corrected 2°°Pb/238y perovskite age, the
uncorrected U-Pb data were regressed in Tera—Wasserburg space
anchoring the composition of common-2*’Pb/2%Pb at 0.9185 (see
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Fig. 3. Backscattered electron images (A-F) of ‘micro-rock’ fragments <50 pm in diameter from Kapamba lamproite Pipe-10a, containing fresh unzoned and
inclusion-free perovskite crystals. The perovskite crystals displayed in Panels A to F were analysed by SIMS for their U-Th-Pb isotopic compositions, and the 11 spot
analyses (10 x 15 pm wide blue ellipses) are pooled into a 2*’Pb-corrected weighted average 2°°Pb/?*3U age of 180.2 + 5.4 Ma (Fig. 4b). Sample identifiers refer to
the U-Pb isotope data listed in the Supplementary Material. Chr — chromite, Cpx - clinopyroxene, Phl — phlogopite, Prv — perovskite.

above). This treatment of our U-Pb data yielded a concordia intercept
age of 178.1 + 8.4 Ma (2S.E.; MSWD = 0.54; Fig. 4). Importantly, both
207ph-corrected ages are in good agreement with the 2°*Pb-corrected
206pp, /238 age of 176 + 16 Ma (2S.E.; MSWD = 0.46; not shown),
providing firm control on the accuracy of the early Jurassic U-Pb
perovskite age. In alignment with numerous in-situ U-Pb perovskite
studies on Mesozoic—Cenozoic kimberlites and related rocks (Smith
et al., 1994; Batumike et al., 2008; Griffin et al., 2014; Sun et al., 2014),
the Tera-Wasserburg concordia intercept age is preferred here, and we
consider 178.1 + 8.4 Ma as the current best age estimate of lamproite
magma emplacement in Luangwa Valley.

3.2. Minor and trace elements in lamproite-hosted magmatic olivine

Fresh olivine microphenocrysts occur together with rare mantle-
derived olivine xenocrysts in lamproite lavas from Kapamba Pipe-6
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and Pipe-10a (Fig. 5a). The microphenocryst cores have forsterite con-
tents between 86 and 90 mol.%, lower than the forsterite contents of the
peridotite-derived xenocrysts (90-93 mol.%; Ngwenya and Tappe,
2021). The olivine microphenocrysts exhibit overgrowths and rims with
forsterite contents between 80 and 86 mol.% (Fig. 5a). The primitive
microphenocryst cores have relatively low Ni/Mg and Mn/Fe ratios
(Fig. 5b). They have notably higher Ca (820-2300 ppm) and Ti (54-138
ppm) concentrations than the mantle-derived olivine xenocrysts (<400
ppm Ca and <30 ppm Ti; Ngwenya and Tappe, 2021). Their Ca-Ti
systematics resemble those of olivine phenocrysts in Karoo LIP picrite
lavas and sills (Howarth and Harris, 2017) (Fig. 5¢). However, lamp-
roitic olivine from the Luangwa Rift has much higher Li (4.2-18.5 ppm)
but significantly lower Zn (102-143 ppm) concentrations than picritic
olivine from the Karoo LIP (Fig. 6). Further trace elements with signif-
icance for distinguishing between magmatic and xenocrystic olivine are:
Cr (283-652 vs 16-356 ppm), Na (118-327 vs 15-142 ppm), Al (70-164
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ppm) (Supplementary Material).

3.3. Geochemistry of the Kapamba lamproites

3.3.1. Major and trace element compositions

Mineralogy and bulk major element compositions identify the CO»-
free (i.e., devoid of modal carbonates) volcanic rocks at Kapamba as
olivine-leucite lamproites, with MgO contents of >10 wt%, but rela-
tively low KoO down to 1.6 wt%. Ngwenya and Tappe (2021) discovered
that the low K20 contents are linked to the highly efficient conversion of
leucite to analcime in the otherwise very fresh volcanic rocks. They
calculated primary KoO contents of up to 9 wt% (original K20/Nag0O
ratios of up to 6), suggesting that the volcanic activity within the
Luangwa Rift structure was truly ultrapotassic in nature.

10 1

wl
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Analysis number

©

40

The Kapamba lamproites are enriched in highly incompatible ele-
ments, with mantle-normalized distributions similar to those of Kaap-
vaal orangeites (Fig. 7a). Common features of the Kapamba lamproites
and Kaapvaal orangeites are their strong Cs-Ba enrichments coupled to
relative depletions of certain HFSE such as Th-U (note that only a few
orangeite occurrences are characterized by Th-U enrichment). Howev-
er, the incompatible element patterns (from Th to Lu) of the Kapamba
lamproites are smoother than those of orangeites (Fig. 7a), and their
quenched-glassy and xenocryst-poor nature provides a closer match to
primary liquid compositions. Kapamba lamproite trace element patterns
partly resemble those of the most enriched high-Ti picrite lavas from the
northern Karoo LIP in Botswana and Zimbabwe, whereas they are
notably different from those of the low-Ti basalts from the same region
(Fig. 7b). In general, the lamproites are characterized by very high
LREE/HREE typical for primitive low-volume alkaline melts, in contrast
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to the lower LREE/HREE recorded by higher-volume picritic magmas
(Jourdan et al., 2007; Turunen et al., 2019). Although cratonic lamp-
roite suites typically display a wide range of incompatible element
patterns owed to complex mantle sources (Nelson et al., 1986), the
Kapamba samples show trace element systematics that are broadly
similar to those of lamproite suites from the East Antarctica portion of
former Gondwanaland (Kjakebeinet and Gaussberg). These ‘Gond-
wanan’ lamproites reveal marked differences to other anorogenic
lamproite suites, such as those from the Leucite Hills in western North
America, which show stronger Th-U-Pb enrichments and notably more
depleted Zr-Hf-Yb contents (Fig. 7c).

3.3.2. Sr-Nd-Hf-Pb isotopic compositions

The initial Sr, Nd, Hf and Pb isotopic compositions of the Kapamba
lamproites are calculated for a magma emplacement age of 180 Ma
(Supplementary Material). The initial Sr/%0Sr ratios for all samples

2500

3000

93

3500

from the three lamproite pipes studied (Pipe-1, -6, -10a) are elevated
ranging between 0.70701 and 0.70855, with most values clustering at
around 0.7071. The range displayed by the corresponding ***Nd/***Nd
values is very narrow, with subchondritic initial eNd values between
—10.8 and —10. Only the sample from Pipe-1 shows a slightly higher
eNd value of —8.1. In general, the initial Sr-Nd isotopic compositions of
the Kapamba lamproites fall within the range of Kaapvaal craton
orangeites and MARID xenoliths (mica—amphibole—rutile-ilmenite—diop-
side), and they are slightly more enriched than the northern Karoo LIP
picrites and basalts of high-Ti affinity (Fig. 8a). The Kapamba lamproites
display a narrow range of 175Hf/!77Hf ratios, with subchondritic initial
eHf values between —20.3 and —19.1, similar to the most enriched
members of the Kaapvaal craton orangeite and MARID xenolith suites
(Fig. 8b).

The Kapamba lamproites show a restricted range in Pb isotope space
(Fig. 9) with relatively low 2°°Pb/2%*Pb (16.8-17.5) at elevated
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Fig. 6. LA-ICP-MS-determined olivine trace
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207pp,/204p (15.5-15.6) and 2°8Pb/2*Pb (37.1-37.6), similar to Kaap-
vaal craton orangeites and MARID xenoliths at their low 2°°Pb/2%pb
ends. They also resemble the Pb isotopic compositions of several
northern Karoo LIP flood volcanic units, especially those of the high-Ti
picrites (Fig. 9a). The combination of low 206pp,/204ph and high
207p,/204pp, to the left of the present-day geochron, is characteristic for
cratonic lamproites worldwide (Fig. 9b).

3.3.3. Lithium isotopic compositions

The Kapamba lamproites have &’Li values between +0.07 and
+5.67%o at elevated Li concentrations from 17 to 92 ppm (Supplemen-
tary Material). However, there are differences in the Li systematics for
the samples from Pipe-6 and Pipe-10a. Five samples from Pipe-6 show a
Li concentration range between 17.1 and 21.4 ppm at §’Li values be-
tween 42.80 and +5.67%o (KP18-66 with 28.9 ppm Li and +0.07%o 5’Li
represents an outlier; Fig. 10). In contrast, the five samples analyzed
from Pipe-10a have much higher Li concentrations (47.4-92 ppm) at
systematically lower 8’Li (+1.65 to +2.25%c). Given that the samples

50

from both pipes have identical Sr-Nd-Hf-Pb isotopic compositions
(Figs. 8-9), and the fact that Pipe-6 yielded more pristine material than
Pipe-10a (Ngwenya and Tappe, 2021), the Li systematics of Pipe-10a
samples appear to be disturbed by secondary processes. Interactions
between mantle-derived volcanic rocks and brine fluids in sedimentary
basins may increase the Li concentrations and decrease 8’Li (Araoka
etal., 2014), as inferred for Pipe-10a volcanic rocks (Fig. 10). The spread
in &’Li values displayed by the most pristine lamproite samples from
Kapamba Pipe-6 is relatively small (+2.8 to +5.7%o 8 Li) and firmly
within the 8”Li range of modern oceanic basalts and Archean to modern
carbonatites (Halama et al., 2008; Krienitz et al., 2012; Tomascak et al.,
2016). Although probably shifted by secondary processes to lower §’Li
values, the less pristine Pipe-10a lamproite samples also fall within the
mantle range (Fig. 10).

4. Significance of lamproites as part of the Karoo LIP

Mantle-derived ultrapotassic magmas have complex origins and can
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Fig. 7. Primitive mantle normalized incompatible element distributions for lamproite lavas from Kapamba Pipe-1, Pipe-6 and Pipe-10a, using the reconstructed K-
concentrations of Ngwenya and Tappe (2021). (A-C) Comparison of the Kapamba lamproite trace element patterns with those of (A) magmatic Group-2 kimberlites
(type orangeites) from the Kaapvaal craton in South Africa (Becker and le Roex, 2006; Tappe et al., 2022), (B) various flood volcanic units from the northern Karoo
LIP in Botswana-Zimbabwe (Jourdan et al., 2007), and (C) lamproites from Gaussberg (Murphy et al., 2002) and Kjakebeinet (Luttinen et al., 2002) in East
Antarctica, as well as from the classic Leucite Hills lamproites in western North America (Mirnejad and Bell, 2006). Primitive mantle values for normalization are
taken from Palme and O’'Neill (2003).

be generated over wide pressure ranges in diverse tectonic settings; for opportunities to further explore lamproite magma origins (Section 4.1)
instance, at shallow mantle depths along active convergent plate mar- and to assess plume-lithosphere interaction as a mechanism by which
gins, or much deeper beneath thick continental shields (Nelson et al., metasomatic components are remobilized (Section 4.2), with potential
1986; Foley, 1992; Prelevic et al., 2013). The observation that lamproite climatic consequences.

magmatism, sourced from the diamond stability field beneath a cratonic
rift, is spatiotemporally linked to the Karoo LIP is unusual, and provides
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Fig. 8. Initial eNd versus %7Sr/®°Sr (A), and initial eHf versus eNd (B) for lamproite lavas from Kapamba Pipe-1, Pipe-6 and Pipe-10a in the Luangwa Rift structure of
south-central Africa. Literature data sources: modern oceanic basalts, MORB and OIB (Stracke, 2012); volcanic-subvolcanic units of the northern Karoo LIP in
Botswana-Zimbabwe (Jourdan et al., 2007); global kimberlite compilation (Tappe et al., 2020, and references therein); Kaapvaal craton Group-2 kimberlites, type
orangeites (Fraser et al., 1985; Becker and le Roex, 2006; Tappe et al., 2022, and additional references therein); Kaapvaal craton MARID xenoliths (Fitzpayne et al.,
2019b); type kamafugites from the East African Rift System (Rosenthal et al., 2009); Kjakebeinet lamproites, East Antarctica (Luttinen et al., 2002); Gaussberg
lamproites, East Antarctica (Murphy et al., 2002); Leucite Hills lamproites, Wyoming (Mirnejad and Bell, 2006, and references therein). The parameters applied in
age corrections, calculations of ‘epsilon’ notations, and Nd-Hf isotope array projections are summarized in the Supplementary Material.
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Fig. 9. Initial 27Pb/?°*Pb versus 2°°Pb,/2°*Pb for lamproite lavas from Kapamba Pipe-1, Pipe-6 and Pipe-10a in the Luangwa Rift structure of south-central Africa (A-
B). The vector towards ‘Kaapvaal granulites’ serves as a proxy for the Pb isotopic compositions of Precambrian basement rocks in sub-Saharan Africa (Huang et al.,
1995), indicating crustal contamination of some Karoo flood basalt units (A). Literature data sources: modern oceanic basalts, MORB and OIB (Stracke, 2012);
volcanic-subvolcanic units of the northern Karoo LIP in Botswana-Zimbabwe (Jourdan et al., 2007); global Mesozoic kimberlites (Tappe et al., 2017, and references
therein); Kaapvaal craton Group-2 kimberlites, type orangeites (Fraser et al., 1985, and references therein); Kaapvaal craton MARID xenoliths (Fitzpayne et al.,
2019b); Gaussberg lamproites, East Antarctica (Murphy et al., 2002); Leucite Hills lamproites, Wyoming (Mirnejad and Bell, 2006); NAC lamproites, Green-
land-Labrador (Tappe et al., 2007, and references therein). The Stacey-Kramers (S&K) terrestrial Pb isotope evolution curve is shown for reference, with time-steps
denoted in 0.5-billion-years increments. ‘Geochron’ positions were calculated for present-day (0 Ga) and 1 Ga, using a 4.55 Ga age of Earth with an initial Pb isotopic
composition proxied by the Canyon Diablo troilite. NAC — North Atlantic Craton; NHRL — Northern Hemisphere Reference Line.

4.1. Origin of ca. 180 Ma lamproites beneath the failed Luangwa Rift

4.1.1. Olivine evidence for a phlogopite-rich peridotitic mantle source
Combined major and trace element datasets for magmatic olivine

hold clues to source-forming processes in the upper mantle, including

changes in the mineralogy and redox state of the rock types involved in
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melt generation (Foley et al., 2013). At Kapamba, the most primitive
olivine microphenocrysts (90-86 mol.% forsterite; Fig. 5a) have rela-
tively low Ni/Mg and Mn/Fe ratios (Fig. 5b), which suggests that the
lamproite melts were sourced from peridotitic mantle with a notable
modal phlogopite metasomatic overprint (Veter et al., 2017). The low
Ni/Mg ratios rule out significant melt contributions from pyroxenitic
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Fig. 10. Initial eNd versus 8”Li for lamproite lavas from Kapamba Pipe-6 and Pipe-10a in the Luangwa Rift structure of south-central Africa. The positions of selected
geochemical reservoirs are adopted from Tomascak et al. (2016) and Krmicek et al. (2022). Literature data sources: modern oceanic basalts, MORB and OIB (Krienitz
etal., 2012; Tomascak et al., 2016); modern to Archean carbonatites (Halama et al., 2008); Greenland kimberlites (Tappe et al., 2017); cratonic lamproites from India
(Krmicek et al., 2022); post-collisional K-rich mafic rocks from the Bohemian Massif and Tibetan Plateau (Krmicek et al., 2020; Tian et al., 2020).

components (Sobolev et al., 2007), considered previously as an impor-
tant mantle source lithology in global lamproite magma genesis (Foley,
1992). However, Heinonen and Fusswinkel (2017) pointed out that the
effects of pressure-temperature-H»0 on Ni-Mn in olivine can overcome
the mineralogical control. These authors reasoned that source miner-
alogy and thus lithology can only be distinguished for primitive volcanic
rocks that formed under similar conditions, such as diverse suites of
cratonic mantle-derived lavas.

The Ca-Ti systematics of the most primitive magmatic olivine pop-
ulation from the Kapamba lamproites resemble those of olivine pheno-
crysts in Karoo LIP picrite lavas and sills from the Tuli and Mwenezi
basins in Zimbabwe, some 800 km farther south (Howarth and Harris,
2017) (Fig. 5¢). However, lamproitic olivine from the Luangwa Rift has
much higher Li (4.2-18.5 ppm) and significantly lower Zn (102-143
ppm) abundances than olivine from the Zimbabwean picrites (Fig. 6).
This suggests contrasting roles for phlogopite-enriched (high-Li) and
clinopyroxene-enriched (high-Zn) minor components within heteroge-
neous, yet peridotite-dominated, cratonic mantle sources beneath
southern Africa. The Li enrichment of Kapamba olivine resembles that
observed for olivine phenocrysts from many Alpine-Himalayan lamp-
roite occurrences (Fig. 6). In this orogenic setting, newly-accreted re-
fractory shallow mantle lithosphere was refertilized by melts/fluids
derived from spatially-associated recycled sediment in a subduction
zone mélange environment (Prelevic et al., 2013). Although it is
tempting to ascribe the Li enrichment in olivine from the anorogenic
Kapamba lamproites to involvement of recycled sediment at great
mantle depths, it must be noted that this Li enrichment is not as extreme
as observed for olivine in much shallower-sourced orogenic lamproites
(Krmicek et al., 2016). Subducted crustal Li is not expected to enter the
deeper convecting mantle, as evident from exclusively mantle-like §’Li
compositions in the global OIB record (Krienitz et al., 2012) (Fig. 10),
and from the low Li contents in magmatic olivine from kimberlites
(Howarth et al., 2022). In orogenic lamproites, extreme Li enrichment in
olivine is typically coupled to strong Zn enrichment, which is not
observed at Kapamba (Fig. 6b). Zinc in magmatic olivine is an additional
trace metal that potentially indicates involvement of subducted
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carbonate-bearing sediment during refertilization of peridotitic mantle,
with clinopyroxene-forming decarbonation reactions as the main metal
transfer mechanism (Ammannati et al., 2016).

Comparison of olivine compositions from carbonate-free ultra-
potassic magmas (e.g., Kapamba lamproites) and from K-rich carbon-
ated silicate melts (i.e., type kamafugites and aillikites), all emplaced in
cratonic rift environments, reveals that the lamproites have significantly
higher Li at much lower Ti contents, but similarly low Zn concentration
levels (Fig. 6). This observation supports the idea of contrasting meta-
somatic styles, without involvement of recycled marine carbonates,
during preconditioning of the lithospheric mantle sources of anorogenic
lamproites and K-rich carbonated silicate magmas (Tappe et al., 2008).

In short, the olivine trace and minor element compositions (elevated
Li at low Mn/Fe and Ni/Mg) of the anorogenic lamproites from
Kapamba point to phlogopite-rich mixed peridotitic source assemblages,
but it remains to be discussed whether recycled continent-derived
sediment contributed to lithospheric mantle enrichment.

4.1.2. Isotope evidence against recycled sediment in the cratonic mantle
source

The most pristine Kapamba lamproite samples exhibit a relatively
small range of 8”Li values between +2.8 and +5.7%q, closely matching
the global mean for mantle-derived magmas between +3 and +5%o
(Krienitz et al., 2012; Tomascak et al., 2016). They also overlap with the
Li isotopic compositions of cratonic lamproites from India (Krmicek
et al., 2022) and kimberlites from Greenland (Tappe et al., 2017), which
exhibit 8’Li values within the mantle range (Fig. 10). In contrast, the
shallower-sourced orogenic K-rich mafic rocks from Phanerozoic
mountain belts in Europe and Asia have much lower &’Li compositions,
mostly scattering around zero but also down to —5%o (Krmicek et al.,
2020; Tian et al., 2020). The Li isotopic signatures of these orogenic
mantle-derived potassic rocks are compatible with LILE enrichments
caused by recycled continental crust, probably in the form of subducted
sediment (—6 to +2%o 67Li; Fig. 10). Although the global Li isotope
database for potassic rocks and kimberlites is relatively small, it appears
that recycled sediment signatures are common in magmatic provinces
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that formed near ‘active’ convergent plate margins, whereas they are
rarely observed in deeper-sourced magmatic suites on and around cra-
tons, where any influence by subduction was either spatially or
temporally distant (Fig. 10).

The contrasting styles of lithospheric mantle source enrichment
revealed by the Li isotopic compositions of orogenic and anorogenic
lamproites (and related magmas) are not always mirrored by their
radiogenic isotope compositions. Both orogenic and anorogenic lamp-
roite suites from occurrences worldwide exhibit some of the strongest
Sr-Nd-Hf-Pb isotopic enrichments measured for mantle-derived
igneous rocks (Nelson et al., 1986; Davies et al., 2006; Tappe et al.,
2007), and the cratonic lamproites at Kapamba are no exception (Figs. 8-
9). Such strong mantle source enrichment can be attained in two prin-
ciple ways: (1) fairly recent addition of incompatible elements from
metasomatic agents that contain an ancient component, such as Pre-
cambrian sediment (Murphy et al., 2002; Prelevic et al., 2010), or (2)
incompatible element addition from mantle-derived low-degree melts or
fluids, without contributions from recycled sediment, billions of years
ago (Davies et al., 2006; Mirnejad and Bell, 2006; Tappe et al., 2007).

The Sr-Nd-Hf-Pb isotopic compositions of the Kapamba lamproites
resemble those of certain Kaapvaal craton orangeites and MARID xe-
noliths (Figs. 8-9), for which no involvement of recycled sedimentary
components has been advocated, based on radiogenic and
515N-5180-£2%5T1 stable isotope evidence (Fitzpayne et al., 2019a;
Fitzpayne et al., 2019b; Fitzpayne et al., 2020). Any crustal fingerprint
detected in these cratonic mantle derived K-rich rocks probably origi-
nates from fluids released from recycled igneous oceanic crust (Fitz-
payne et al., 2020), which is a common enriched component within the
convecting mantle (Stracke, 2012). However, the association of highly
unradiogenic Nd with anomalous Pb isotopic compositions, with
elevated 207Pb/2%pb at low 2°6Pb/2%4Pb to the left of the present-day
geochron, may record a contribution of ancient continent-derived
sediment in a putative ultradeep sublithospheric mantle source for the
modern Gaussberg lamproites in East Antarctica (Murphy et al., 2002).
Although the Kapamba lamproites have similar isotopic and trace
elemental traits (e.g., ZK1-1 from Pipe-1; Figs. 8-9), they do not exhibit
the positive Pb anomaly in normalized abundance diagrams (Fig. 7),
which is considered a hallmark feature of mantle-derived magmas from
sources that contain significant recycled sediment (Prelevic et al., 2010).
Furthermore, the Kapamba lamproites lack negative Ti-Nb-Ta anoma-
lies characteristic for mantle-derived K-rich magmas erupted at or near
active convergent plate margins (Foley and Wheller, 1990; Lustrino
et al., 2019), and the relative depletion in Th-U argues against recycled
continent-derived sediment in their mantle source (Plank, 2014). In
general, the elemental and isotopic compositions of lamproites from
Kapamba Pipe-6 and Pipe-10a in the Luangwa Rift are compatible with
magma origins from long-term enriched K-metasomatized cratonic
mantle lithosphere, without significant contributions from recycled
sediment. The fact that Mesozoic-Cenozoic anorogenic lamproites (and
orangeites) across former Gondwanaland, including the Gaussberg vol-
cano, have broadly similar incompatible trace element and radiogenic
isotope compositions (Figs. 7-9) supports ultrapotassic magma origins
from similarly metasomatized regional lithospheric mantle domains
(Nelson et al., 1986; Luttinen et al., 2002; Becker and le Roex, 2006;
Giuliani et al., 2015; Tappe et al.,, 2022), rather than invoking
geochemical reservoirs within the deep convecting mantle (Murphy
et al., 2002; Liu et al., 2022).

4.1.3. Constraints on the timing of phlogopite-rich mantle metasomatism
MARID-type metasomes within deep lithospheric roots are viable
source components to lamproite, ultramafic lamprophyre and orangeite
magmatism in cratonic regions (Foley, 1992; Tappe et al., 2008; Giuliani
et al., 2015), but also on thick oceanic plateaus (Smart et al., 2019). The
close Sr-Nd-Hf-Pb isotopic match between MARID xenoliths from the
Kaapvaal craton (Grégoire et al., 2002; Fitzpayne et al., 2019b) and the
Kapamba lamproites supports this relationship for cratonic sub-Saharan
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Africa. For the Kapamba lamproites, our geochemical data (Section
4.1.1 and 4.1.2) suggest that such a phlogopite-rich peridotitic mantle
source formed by the addition of incompatible elements from low-
degree partial melts of the underlying asthenosphere, and that the
strong isotopic enrichment developed by radiogenic in-growth within
the isolated lithosphere. This model is similar to the concept developed
by McKenzie (1989) to explain small K-rich melt fractions in the
asthenosphere and their capacity to infiltrate into and freeze within the
lower lithospheric mantle, where remobilization due to extensional
tectonics or plume activity can trigger potassic magmatism.

To test this model, we calculated the possible range of Nd-Hf isotopic
compositions for natural MARID materials back to 2 Ga, applying the
full range of known present-day parent-daughter isotope ratios (Fitz-
payne et al.,, 2019b), and assuming a BSE-like isotopic ‘starting’
composition for the asthenosphere-derived metasomatic agent (eNd-eHf
at zero; Fig. 11b). These calculations suggest that the inferred MARID-
type metasomatic component beneath the cratonic Luangwa Rift was
approximately 1 Ga old when tapped by lamproite magmatism at ca.
180 Ma (Fig. 11b). The application of a more enriched isotopic starting
composition relative to Bulk Earth would necessitate shorter residence
times of less than one billion years, but such strongly enriched compo-
nents are very rare in the asthenosphere and therefore unlikely to play
an important role in lithospheric mantle metasomatism. On the other
hand, metasomatic reaction experiments across redox boundaries at
pressure-temperature conditions of the lowermost cratonic mantle show
that percolating carbonated silicate melts, akin to asthenosphere-
derived kimberlitic liquids, can produce MARID assemblages near the
lithosphere-asthenosphere boundary (Pintér et al., 2022). Recent in-
vestigations of MARID xenoliths from the Kaapvaal craton also suggest a
role for kimberlitic mantle metasomatism in their formation (e.g., Fitz-
payne et al., 2018). To account for isotopically more depleted kimber-
litic metasomatic agents, we calculated mantle residence times for
MARID materials using the Nd-Hf isotopic compositions of Meso-
zoic—-Cenozoic kimberlites from sub-Saharan Africa (Tappe et al., 2020).
This scenario prolongs the residence times slightly, to approximately
1.0-1.2 Ga (Fig. 11b). Strontium isotope constraints on these petroge-
netic models are challenging because of the extremely wide Rb/Sr range
(<0.5 to >2) exhibited by natural MARID materials (Grégoire et al.,
2002; Fitzpayne et al., 2018; Smart et al., 2019). Only the application of
the lowest measured 8Rb/®5Sr ratios for certain bulk cratonic MARID
xenoliths (~0.4; Grégoire et al.,, 2002), with <45 vol% phlogopite,
corroborates lithospheric mantle residence times of around one billion
years (Fig. 12).

The calculations presented above demonstrate that the Kapamba
lamproites may originate from MARID-style metasomatized ‘mixed’
peridotitic mantle lithosphere (that contained up to a few modal-%
phlogopite), with a major period of source preconditioning at around 1
Ga (Figs. 11-12). The inferred timing of mantle metasomatism is broadly
coeval with Mesoproterozoic continental collisions during which the
Irumide Belt formed in between the Congo-Tanzania and Kalahari cra-
tons (De Waele et al., 2006) (Fig. 2). Isotopic dates of around 1 Ga have
also been reported for peridotite xenoliths (“°Ar/2°Ar phlogopite; note
that the K-Ar system in phlogopite can remain closed in upper mantle
environments to above 1000 °C; Hopp et al., 2008) sampled along the
Kaapvaal craton margins, and they may record a discrete metasomatic
event that affected the lithospheric mantle during the Mesoproterozoic
Namaqua-Natal orogeny in southern Africa (Hopp et al., 2008).
Collectively, these Mesoproterozoic collisional events in sub-Saharan
Africa were part of Rodinia supercontinent formation, and the widely
recognized mantle metasomatic overprint at this time can be explained
by creation of additional new melt/fluid pathways within the lowermost
cratonic lithosphere in response to increased plate-tectonic stresses
(Tappe et al., 2018). Melt/fluid ingress from the asthenosphere into the
lowermost lithosphere during the Mesoproterozoic, without significant
contributions from recycled sediment, is supported by the fact that the
initial 2°°Pb/2%*Pb ratios of the metasome-sourced Kapamba lamproites
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Fig. 11. The initial eHf versus ¢éNd diagrams (A-B) explore possible source-forming processes and magma evolution trajectories for the petrogenesis of coeval
cratonic lamproites (this study) and flood basalts/picrites (Jourdan et al., 2007) within the ca. 180 Ma northern Karoo LIP. The modelling in Panel A shows two-
component mixing between basaltic melts from the convecting or upwelling mantle and K-rich hydrous silicate melts of lamproitic affinity from the continental
lithospheric mantle (i.e., fusion melting; the Supplementary Material provides a summary of the endmember parameters; mixing increments in 1%-steps). Three
scenarios are explored: In Model-1, strongly enriched lamproitic melt (using Kapamba elemental and isotopic compositions) is mixed into moderately depleted
basaltic melt from a sublithospheric source (using low-Ti Karoo basalt elemental and ‘accessible’ upper mantle isotopic compositions). In Model-2, strongly enriched
lamproitic melt (using global average cratonic lamproite elemental and Kapamba lamproite isotopic compositions) is mixed into depleted basaltic melt from a
sublithospheric source (using low-Ti Karoo basalt elemental and average ‘accessible’ upper mantle isotopic compositions). In Model-3, strongly enriched ultrapotassic
melt (using extreme East African Rift kamafugite elemental and Kapamba lamproite isotopic compositions) is mixed into strongly depleted basaltic melt from a
sublithospheric source (using low-Ti Karoo basalt elemental and ‘accessible’ upper mantle isotopic compositions). The modelling in Panel B constrains the age and
origin of MARID-type metasomatic components within the cratonic mantle lithosphere beneath sub-Saharan Africa. The grey dots represent calculated model Nd-Hf
isotopic compositions of MARID materials from the Kaapvaal craton back to 2 Ga, using the full range of known elemental concentrations (Fitzpayne et al., 2019b)
and assuming an isotopic ‘starting’ composition of the metasomatic agent similar to BSE. The grey dashed outlines suggest that at these boundary conditions, the
MARID-type metasomatic mantle component beneath the cratonic Luangwa Rift structure was approximately 1 Ga old. The calculations for Model-A and Model-B (red
curves) also use Nd and Hf concentrations typical for MARID materials, but the isotopic ‘starting’ compositions (0 Ga) for the inverse modelling are set to those of
moderately depleted Monastery and Igwisi Hills kimberlites, respectively (Tappe et al., 2020). Even with these modified assumptions, the inferred MARID-type
component has an apparent age of 1.0-1.2 Ga.

(and Kaapvaal orangeites) fall to the right of the 1 Ga geochron in Pb evident from the well-preserved biostratigraphic record of Luangwa
isotope space (Fig. 9). Valley (Angielczyk et al., 2014). Geophysical studies across the Luangwa
Rift and adjoining branches in the region found that crustal stretching is
very low in comparison to major continental rift structures worldwide
(Wang et al., 2019). Furthermore, Sarafian et al. (2018) noted that the
underlying lithospheric mantle was hardly affected by Permo-Triassic
or Cenozoic rifting. These geophysical results agree with new petro-
logical findings that demonstrate the presence of relatively cold cratonic
lithosphere (<42 mW,/m?) down to at least 180 km depth at the time of
lamproite volcanism (Ngwenya and Tappe, 2021). In general, the
cratonic lithosphere provides a favorable environment for long-term
storage of phlogopite-rich mantle metasomes, from mid-lithospheric
depth (Aulbach et al., 2017) down to the lithosphere-asthenosphere

4.2. The case for plume-lithosphere interaction

4.2.1. Rifting versus plume impingement in cratonic lamproite volcanism
Developing an understanding of the unconventional setting of
ultrapotassic volcanism at Kapamba will provide new insights into rift
tectonics and mantle plume impingement in regions characterized by
thick lithosphere. Although the Kapamba lamproites are spatially asso-
ciated with the down-faulted graben structures of this 60-km-wide
cratonic rift, timing of magma emplacement at 178.1 + 8.4 Ma is un-
related to the main phase of rifting between ca. 270 and 230 Ma, as
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boundary well within the diamond stability field (Konzett et al., 1997;
Pintér et al., 2022). Importantly, the style of rift tectonics that affected
south-central Africa during the Phanerozoic, dominated by strike-slip
and wrench-faulting, was unable to remobilize the ca. 1 Ga old
phlogopite-rich metasomes inferred to be present in the regional
cratonic mantle lithosphere (Fig. 11b). In analogy to most segments of
the western branch of the East African Rift System (Rosenthal et al.,
2009; O’Donnell et al., 2016; Rooney, 2020), the Luangwa Rift also
remained amagmatic during its most active tectonic phase in Permo—
Triassic times.

The current best estimate of lamproite magma emplacement in
Luangwa Valley at 178.1 + 8.4 Ma coincides with the well-constrained
age of the Karoo LIP in sub-Saharan Africa, where the majority of
basaltic flood volcanism and sill emplacement occurred between 183
and 177 Ma (Greber et al., 2020) (Fig. 4c). The nearest inferred Karoo
LIP feeder zone is the so-called Zambesi ‘plume’ centre some 200-400
km south of the Luangwa Rift in the border region between Zambia and
Zimbabwe. These observations imply a genetic link between the Karoo
LIP and ultrapotassic volcanism in sub-Saharan Africa (e.g., several early
Jurassic orangeite pipes occur in southern Africa; Griffin et al., 2014;
Tappe et al., 2018; Fig. 4c), and heat transfer from an arriving plume
head beneath the Gondwanan lithosphere is a viable mechanism to
locally fuse phlogopite-rich cratonic mantle peridotite, possibly aided by
redox melting (Pintér et al., 2022). Temperature modelling demon-
strates that the thermal effect of mantle plume head arrival (with >150
°C excess temperature) beneath continents is strongest for lithospheres
with 160 to 190 km thickness (Ernst et al., 2018), comparable to the
Luangwa Valley region in the northern vicinity of the suspected
impingement site (Fig. 2).

Our case from sub-Saharan Africa adds to the growing list of exam-
ples in which low-volume alkaline and carbonatitic magmatism was
intimately associated with LIP-sized mantle melting events (Ernst,

0.708
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Fig. 12. A Sr-Nd isotope model for the age and origin of MARID-style mantle metasomatism beneath sub-Saharan Africa (model parameters are provided in the
Supplementary Material). The ca. 180 Ma old Kapamba lamproites are compared with the calculated (model) Sr—Nd isotopic compositions of natural MARID material
with ~45 vol% phlogopite back to 2 Ga, using a 87Rb/%%Sr ratio of ~0.4 (Grégoire et al., 2002).
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2014). Among the most relevant examples are the small carbonatite
intrusions of Karoo LIP age in SE Zimbabwe (Harmer et al., 1998), but
also K-rich diamondiferous orangeite magma eruptions in central India
at ca. 65 Ma as part of the Deccan LIP event (Chalapathi Rao and Leh-
mann, 2011). LIP associated alkaline magmatic activity typically occurs
at the periphery of mantle plume impingement sites beneath relatively
thick continental lithospheres (Ernst, 2014). However, the position of
the ca. 180 Ma Kapamba lamproites, well within the confines of the
northern Karoo LIP (Fig. 1b), suggests ultrapotassic magma formation
during cratonic mantle reactivation caused by emanating heat or push
from an arriving plume head (e.g., McKenzie, 1989). Sublithospheric
melt contributions to the cratonic mantle derived Kapamba lamproites,
as proposed for other occurrences worldwide (O’Brien et al., 1995;
Sarkar et al., 2022), appear to be absent given the lack of magmatic
carbonates and isotopic mixing trends between enriched and depleted
components (e.g., Tappe et al., 2008).

Impingement of the plume head at the underside of the Gondwanan
cratonic lithosphere caused picritic and basaltic magma production only
in significantly pre-thinned rift branches (e.g., Zambesi and Lebombo
rifts), whereas the extent of lithosphere thinning beneath the failed
Luangwa Rift remained insufficient for major melting to occur
(Thompson and Gibson, 1991). Importantly, picritic and basaltic
magmas sourced from the plume were likely to encounter K-rich
cratonic mantle metasomes, as proxied by the ca. 180 Ma Kapamba
lamproites. Magma-induced heat transfer into the otherwise difficult-to-
melt cratonic mantle lithosphere would cause efficient scavenging of
phlogopite-rich metasomatic domains. This process should leave an
imprint on the incompatible element systematics, including their
radiogenic isotope compositions, of some flood volcanic units (McKen-
zie, 1989).
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4.2.2. Implications for the geochemistry of continental flood basalts

The origin of enriched geochemical signatures in continental flood
basalts remains contentious. While some workers demonstrated mafic
magma contamination by the continental crust (Carlson et al., 1981;
Arndt et al., 1993; Day et al., 2021), others argue for melt contributions
from old metasomatic domains that were remobilized from the deepest
continental lithosphere during mantle plume impingement (Ellam et al.,
1992; Larsen et al., 2003; Giuliani et al., 2014). Some models suggest up
to 50% melt contributions from such metasomatized mantle reservoirs
to the plume-initiated flood volcanism, and these models also derive the
frequently observed Ti-provinciality (high-Ti vs low-Ti) from variable
melt contributions of lithospheric mantle sources (Gibson et al., 1996;
Jourdan et al., 2007). For the northern Karoo LIP, it appears that the
low-Ti basalts have generally much lower incompatible element con-
tents (but stronger fingerprints of crustal contamination such as negative
Nb and positive Pb anomalies) compared to the high-Ti basalts and
picrites, which approach the very high LILE-LREE-HFSE concentration
levels of the Kapamba lamproites (Fig. 7b). Therefore, it seems plausible
that plume-lithosphere interactions played a role in the generation of
voluminous high-Ti flood volcanic units, including alkali-rich picrites (e.
g., Larsen et al., 2003), which are difficult to explain by low-degree
mantle melting. We acknowledge, however, that low-degree partial
melting of the convecting upper mantle beneath thick continental lith-
osphere can be a viable alternative in the formation of high-Ti flood
basalts (e.g., Arndt et al., 1993).

To further explore the viability and extent of plume-lithosphere in-
teractions, we performed two-component mixing calculations between
basaltic melts from upwelling mantle (plume) sources, proxied by low-Ti
Karoo basalts, and K-rich hydrous silicate melts from the continental
lithospheric mantle, as proxied by the Kapamba lamproites (Fig. 11a).
The Nd-Hf isotope model calculations suggest that the flood volcanic
units of the northern Karoo LIP contain between 2 and 25% mass-
fraction of K-rich melt component from metasomatized cratonic
mantle lithosphere, admixed into passing plume-derived picritic to
basaltic liquids (Fig. 11a). This finding supports earlier notions about
limited involvement of the continental mantle lithosphere in flood basalt
formation (1-15%), based on energy-constrained AFC modelling (Hei-
nonen et al.,, 2016). However, our case from sub-Saharan Africa re-
inforces the argument that thick continental lithosphere cannot remain
passive during mantle plume impingement and, in all likelihood, par-
ticipates actively in the formation of LIPs.

4.2.3. Possible influence of craton reactivation on climate change

Many studies argued that the most intensive biotic mass extinctions
are associated with flood volcanism on and around cratons, in contrast
to the more voluminous oceanic LIPs that tend to have a smaller envi-
ronmental impact (for a recent review, readers are referred to Black
et al., 2021). Using the Karoo LIP as an example, Guex et al. (2016)
suggest that critical amounts of SO, were released into the atmosphere
via early-stage alkaline magmatism, causing a short period of global
cooling coincident with a biotic crisis. This precursory magmatic activity
to the main phase of predominantly CO»-emitting flood volcanism was
sourced from volatile-enriched (e.g., sulphide-bearing) metasomatized
cratonic mantle lithosphere, reactivated during plume impingement
(Guex et al., 2016).

Although the case of the diamondiferous Karoo lamproites aligns
with the tectonomagmatic model by Guex et al. (2016), the proposed
link between craton reactivation and climate change is problematic,
because the peridotite-dominated cratonic mantle lithosphere is on
average not particularly more sulphur-rich than other mantle reservoirs
(~300 ppm vs ~200 ppm S in the primitive mantle; Aulbach et al.,
2016). The glassy, little-degassed Kapamba lamproites contain <500
ppm S, which suggests that even hydrous metasomatic portions of the
cratonic mantle lithosphere are not very sulphur-rich. Indeed, MARID
xenoliths from the Kaapvaal craton contain only 612 + 557 ppm S on
average (n 11; Supplementary Material). Thus, in our

102

Geochimica et Cosmochimica Acta 350 (2023) 87-105

plume-lithosphere interaction model for the Karoo LIP, craton reac-
tivation is an improbable source of the excess SOy required to cause
short-pulsed atmospheric cooling at the Pliensbachian-Toarcian
boundary. Based on these findings, a thermogenic origin of the excess
SO, is more likely (Svensen et al., 2007), and the enabling role of thick
sedimentary cover successions as part of a craton’s lifecycle cannot be
dismissed.

Importantly, thick continental mantle lithosphere acts as a long-term
carbon sink (Sleep, 2009; Muirhead et al., 2020), as exemplified by the
common presence of lithospheric diamond, especially beneath sub-
Saharan Africa evident from the global database for diamond-bearing
kimberlites and related rocks (Tappe et al., 2018). An integrated geo-
physical-geochemical model proposes 1-3 vol% diamond within the
lowermost cratonic lithosphere (Garber et al., 2018), which would
amount to a significant quantity of carbon that is unaccounted for in the
most recent volatile budget for the lithospheric mantle (Gibson and
McKenzie, 2023). Acknowledging craton roots as significant carbon re-
positories (Kelemen and Manning, 2015; Foley and Fischer, 2017), we
suggest that a link between climatic perturbations and the emplacement
of LIPs in cratonic regions is best established by additional CO5 or CH4
that can be released from ancient mantle lithospheres upon plume
impingement, but SO, emissions from this geochemical reservoir play a
relatively minor role.

5. Conclusions

e The newly identified 178.1 + 8.4 Ma diamondiferous lamproite
magmatic event in Zambia establishes a spatiotemporal link between
low-volume ultrapotassic volcanism and the basalt-dominated Karoo
LIP of sub-Saharan Africa. These so-called Kapamba lamproites
erupted within the Permo-Triassic Luangwa Rift structure, but MgO-
rich ultrapotassic magma formation was unrelated to rifting (ca.
270-230 Ma) and is best explained by plume-lithosphere interaction
during the ca. 180 Ma LIP event.
Strongly enriched olivine trace element and lamproite Sr-Nd-Hf-Pb
isotope signatures suggest melt formation within a phlogopite-
metasomatized peridotitic mantle domain near the base of the
cratonic lithosphere, at approximately 180-200 km depth. The
mantle-like 8’Li compositions and radiogenic isotope models suggest
that the Kapamba lamproites originated from a MARID-style meta-
somatized source, created circa one billion years ago by melt ingress
from the wunderlying asthenosphere, but without significant
involvement of recycled sediment. Although lithospheric mantle
source enrichment occurred in conjunction with collisional tectonics
during which the cratonic assembly of sub-Saharan Africa formed,
the absence of recycled sediment components in the Kapamba and
other ‘anorogenic’ lamproites contrasts the origin of much
shallower-sourced ‘orogenic’ lamproites.

e Plume-sourced flood basalt magmas of the Karoo LIP encountered
MARID-style metasomatized peridotitic lithosphere en route to sur-
face inheriting uniquely enriched incompatible element and radio-
genic isotope signatures. Based on Nd-Hf isotope mass balance, up to
25% of MARID-sourced lamproite melt component contributed to
some of the high-Ti flood volcanic units including alkali-rich picrites,
which provides geochemical evidence for plume-lithosphere in-
teractions. Although this mode of craton reactivation can remobilize
significant amounts of volatiles, possible climatic effects caused by
LIP-related carbon emissions from the continental mantle litho-
sphere are unlikely to be surpassed by those previously ascribed to
SO, outgassing. In other words, the excess SO, required to explain
the episode of global atmospheric cooling during the early Jurassic
was probably sourced from LIP-impacted sedimentary successions at
Earth’s surface, with little or no influence by plume-lithosphere
interaction at mantle depth.
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topic compositions, olivine major and trace element compositions, and
MARID xenoliths sulphur concentrations. The Dataset also lists the pa-
rameters used for isotope modelling. Supplementary Material to this
article can be found online at https://doi.org/10.1016/j.gca.2023.04.00
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