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Abstract

The tectonic history of Southern Africa includes Archean formation of cratons, multiple episodes of subduction and rifting and
some of the world’s most significant magmatic events. These processes left behind a compositional trail that can be observed
in xenoliths and measured by geophysical methods. The abundance of kimberlites in southern Africa makes it an ideal place to
test and calibrate mantle geophysical interpretations that can then be applied to less well-constrained regions. Magnetotellurics
(MT) is a particularly useful tool for understanding tectonic history because electrical conductivity is sensitive to temperature,
bulk composition, accessory minerals and rock fabric. We produced three-dimensional MT models of the southern African mantle
taken from the SAMTEX MT dataset, mapped the properties of $\sim36000$ garnet xenocrysts from Group I kimberlites, and
compared the results. We found that depleted regions of the mantle are uniformly associated with high electrical resistivities.
The conductivity of fertile regions is more complex and depends on the specific tectonic and metasomatic history of the region,
including the compositions of metasomatic fluids or melts and the emplacement of metasomatic minerals. The mantle beneath
the $\sim 2.058 Ga Bushveld Complex is highly conductive, probably caused by magmas flowing along a lithospheric weakness
zone and precipitating interconnected, conductive accessory minerals such as graphite and sulfides. Kimberlites tend to be
emplaced near the edges of the cratons where the mantle below 100 km depth is not highly resistive. Kimberlites avoid strong

mantle conductors, suggesting a systematic relationship between their emplacement and mantle composition.
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Key Points:

¢ Comprehensive comparison of 3D magnetotelluric models and composition from
garnet xenocrysts are carried out in southern Africa.

¢ Depleted regions are associated with resistors, whereas the conductivity of fertile
regions depends on the style of metasomatism.

« Kimberlites tend to be around the resistors while avoiding the conductors, sug-
gesting an interplay between mantle composition and magmatism.
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Abstract

The tectonic history of Southern Africa includes Archean formation of cratons, multi-
ple episodes of subduction and rifting and some of the world’s most significant magmatic
events. These processes left behind a compositional trail that can be observed in xeno-
liths and measured by geophysical methods. The abundance of kimberlites in southern
Africa makes it an ideal place to test and calibrate mantle geophysical interpretations
that can then be applied to less well-constrained regions. Magnetotellurics (MT) is a par-
ticularly useful tool for understanding tectonic history because electrical conductivity

is sensitive to temperature, bulk composition, accessory minerals and rock fabric. We
produced three-dimensional MT models of the southern African mantle taken from the
SAMTEX MT dataset, mapped the properties of ~ 36000 garnet xenocrysts from Group
I kimberlites, and compared the results. We found that depleted regions of the mantle
are uniformly associated with high electrical resistivities. The conductivity of fertile re-
gions is more complex and depends on the specific tectonic and metasomatic history of
the region, including the compositions of metasomatic fluids or melts and the emplace-
ment of metasomatic minerals. The mantle beneath the ~ 2.05 Ga Bushveld Complex

is highly conductive, probably caused by magmas flowing along a lithospheric weakness
zone and precipitating interconnected, conductive accessory minerals such as graphite
and sulfides. Kimberlites tend to be emplaced near the edges of the cratons where the
mantle below 100 km depth is not highly resistive. Kimberlites avoid strong mantle con-
ductors, suggesting a systematic relationship between their emplacement and mantle com-
position.

Plain Language Summary

The present-day composition of Earth’s tectonic plates results from past geolog-
ical processes. We can learn about Earth’s composition from deep rock samples that are
carried to the surface during volcanic eruptions and by probing its physical properties,
like electrical conductivity, with geophysics. In southern Africa, there are extensive deep
rock samples, which have been brought to the surface by kimberlite volcanoes that also
host diamonds, and also extensive geophysical data. In this paper, we compare the rock
compositions with electrical conductivity to learn more about Earth’s composition. Our
results show that the oldest parts of the plates that retain compositions similar to their
initial composition appear resistive. On the other hand, regions that have been intruded
by deep fluids or molten rock can be resistive or conductive, depending on the types of
minerals that were formed during the intrusion. The kimberlite volcanoes mostly erupted
through the edges of the most resistive parts of the plates and did not erupt through the
conductors. These results will help us to make more accurate interpretations about the
composition of parts of the Earth where we do not have deep rock samples.

1 Introduction

The Kalahari Craton in southern Africa is an assemblage of Archean and Protero-
zoic tectonic terranes (De Wit et al., 1992; Jacobs et al., 2008). During three billion years
of plate reorganisation, numerous tectono-magmatic events have influenced its compo-
sitional structure (e.g., Hanson et al., 2006; Beukes et al., 2019) and are evident not only
in surface geology and potential field geophysical data (Corner & Durrheim, 2018) but
also in large lateral variations in the state of the mantle inferred from seismic tomog-
raphy (e.g., Ortiz et al., 2019; White-Gaynor et al., 2020; Fouch et al., 2004; Yang et al.,
2008) and magnetotelluric studies (e.g., Evans et al., 2011; Khoza et al., 2013a, 2013b).
Due to the presence of extensive outcropping rocks and mantle xenolith-bearing kimber-
lites (e.g., Griffin et al., 2003; Jelsma et al., 2004), the Kalahari Craton is a great nat-
ural laboratory to understand craton formation and survival as well as plate tectonic and
magmatic processes throughout geological time. These rocks and xenoliths indicate that
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the Kalahari Craton mantle composition is highly variable (e.g., Griffin et al., 2003; Hum-
bert et al., 2019). Variations in mantle composition are either a result of the age-dependent
thermal state and composition of the mantle as it initially formed (e.g., Griffin et al., 1999;
Pearson et al., 2004) or subsequent alterations imposed by melts and fluids that infil-

trated the lithospheric mantle (Alard et al., 2000; Griffin et al., 2003). The Kalahari Cra-
ton and its surroundings also hold crucial economic deposits such as the PGE-rich lay-

ers of the Bushveld Complex (VanTongeren, 2017) and diamond-bearing kimberlites (Jelsma
et al., 2004; A. G. Jones et al., 2009), which formed as the result of lithospheric-scale pro-
cesses (Begg et al., 2010; Griffin et al., 2013). Therefore, studying lithospheric compo-
sition may improve models for economic geology as well as continental evolution.

The magnetotelluric (MT) method is a geophysical technique that images the sub-
surface electrical conductivity structure of the Earth to upper mantle depths. Electri-
cal conductivity can provide knowledge on bulk composition and temperature as well as
the presence of interconnected accessory materials (e.g., fluids, melt, hydrous minerals
and sulphides). Previous studies have shown that the cratonic mantle has highly vari-
able electrical conductivity that cannot be accounted for by temperature differences alone
(e.g., Selway, 2015; Evans et al., 2011). These conductivity variations can partly be as-
cribed to hydrogen species structurally bound to the nominally anhydrous minerals (NAMs)
that constitute the bulk of the upper mantle, such as olivine, pyroxenes, garnet and spinel
(Demouchy & Bolfan-Casanova, 2016).

In this article, we investigate the relationships between the Kalahari Craton’s tec-
tonic setting, thermal structure, magmatic events and metasomatic signatures with its
geoelectric structure. We use the continental-scale South African Magnetotelluric Ex-
periment (SAMTEX) dataset (A. G. Jones et al., 2009) to produce 3D MT models of
the mantle, and we estimate the composition, metasomatic signatures and thermal struc-
ture from analyses made on 36066 garnet xenocrysts taken from southern African kim-

berlites. This article represents the second part of a two-part study. In the first part (Moorkamp

et al., 2021), we investigated 3D MT modelling of the SAMTEX dataset using different
inversion algorithms (Kelbert et al., 2014; Moorkamp et al., 2011) and aimed to under-
stand the effects of strategies used to model the mantle conductivities. In this paper, we
rely mainly on the inversion of the “selected data” dataset run with ModEM from a me-
dian starting model described in that work, while being mindful of the robustness of these
features implied by different modelling attempts. We refer any reader that is interested

in the MT modelling aspect of this study to the first part (Moorkamp et al., 2021).

2 Tectonic evolution of the Kalahari Craton and surrounding terranes

The Kalahari Craton consists of terranes with Archean to Neoproterozoic basement
ages, namely the Zimbabwe Craton, Kaapvaal Craton, Limpopo Belt, Kheis Belt, Magondi
Belt and Rehoboth Terrane (Figure 1). Many of the older basement terranes are hid-
den under the cover of Neogene Kalahari Group sediments and thick marine-sedimentary
sequences of the Jurassic Karoo Group. Due to this cover, most geological understand-
ing of Botswana and the Rehoboth Terrane is derived from geophysical and borehole data
(e.g., Chisenga et al., 2020; Corner & Durrheim, 2018). In contrast, the basement rocks
of the Kaapvaal and Zimbabwe cratonic nuclei and their immediate surrounding blocks
in the eastern Kalahari Craton are better exposed (Figure 1) and have been the subject
of rigorous geological and geophysical study for many decades (Oriolo & Becker, 2018;
Corner & Durrheim, 2018; De Beer, 2016).

The basement of the Kaapvaal Craton is dominated by 3.6-2.9 Ga gneiss, grani-
toid and greenstone belts (Poujol et al., 2003). The orientations of the greenstone belts
are markedly different in the Kimberley Block in the western Kaapvaal Craton and the
Witwatersrand Block in the eastern Kaapvaal Craton, separated by the Colesburg Mag-
netic Lineament (Figure 1), which suggests the independent formation of these Archean
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Figure 1. Map featuring the tectonic units of Southern Africa, including greenstone belts and
major igneous formations. CL: Colesburg Lineament, GB: Gariep Belt, KB: Kheis Belt, KaB:
Kaoka Belt, Kal: Kamanjab Inlier, KTJ: Karoo Triple Junction, LDS: Lebombo Dyke Swarm,
L-SDS: Limpopo-Save Dyke Swarm, MFC: Molopo-Farms Complex, OkC: Okwa Complex, OkDS:
Okavango Dyke Swarm, PT: Pietersburg Terrane, TC: Trompsburg Complex, TML: Thabazimbi-
Murchison Lineament, XC: Xade Complex, VF: Ventersdorp Formation. Data compiled from

several studies (McCourt et al., 2013; Hanson, 2003; Corner & Durrheim, 2018; Chisenga et al.,

2020)
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terranes before amalgamation into a single craton (Jacobs et al., 2008). In the north-
ern Kaapvaal Craton, the Pietersburg Terrane is thought to have accreted to the Wit-

watersrand Block at 2.73 - 2.65 Ga (Laurent et al., 2019). This collision created the Thabazimbi-

Murchison Lineament (TML), a trans-lithospheric structure observed in aeromagnetic
data (Good & De Wit, 1997). Assembly of the Kaapvaal Craton was accompanied by
the formation of the foreland Witwatersrand Basin (3.0 - 2.78 Ga), the rift-related Ven-

tersdorp Volcanic Sequence (2.79 - 2.65 Ga, Gumsley et al., 2020) and deposition of Transvaal

Supergroup (2.6 - 2.058 Ga, Zeh et al., 2020). The final amalgamation of the Pieters-
burg Terrane with the Witwatersrand Block occurred during the collision between the
Kaapvaal Craton and the Zimbabwe Craton to the north. The Limpopo microcontinent
was wedged between the two cratons during this collision (2.71-2.67 Ga, Laurent et al.,
2019), giving rise to the Limpopo Orogeny and the formation of the Limpopo Belt.

Accretion of the Paleoproterozoic belts and blocks started around 2.06 Ga, corre-
sponding to the timing of the Bushveld and syn-Bushveld magmatism along the TML
(Molopo Farms Complex, Okwa Complex, Zeh et al., 2015) and amalgamation of Archean
terranes (Laurent et al., 2019; Oriolo & Becker, 2018). The Magondi Belt accreted onto
the northwestern end of the Zimbabwe Craton through subduction processes (Master et
al., 2010; Jacobs et al., 2008) and then experienced coeval transpressional deformation
and metamorphism with the Limpopo Block in response to a collision with an unknown
terrane from northwest (Oriolo & Becker, 2018). Contemporaneously, the western end
of the Kaapvaal Craton experienced sedimentation of Kheis Belt units and subsequent
collision with the Rehoboth Terrane (Jacobs et al., 2008) along the prominent Kalahari
Magnetic Lineament (Corner & Durrheim, 2018). The tectonic history and basement ge-
ology of the Rehoboth Terrane are somewhat enigmatic due to the thick sedimentary se-
quences covering the surface, especially in the central region. Geochemical and geochrono-
logical data from the westernmost inliers suggest that the Rehoboth Terrane formed and
accreted onto the Kaapvaal Craton and Kheis Belt in a convergent-arc setting at 1.77
-1.72 Ga (Van Schijndel et al., 2014).

Following the Paleoproterozoic evolution and cratonisation of the region, by the
Mesoproterozoic the assembled Kaapvaal-Limpopo-Zimbabwe-Rehoboth Block was be-
having as a rigid block (Jacobs et al., 2008). After stabilisation, the region was impacted
by 1.4-1.35 Ga intraplate alkaline magmatism (Pilanesberg Complex and Premier kim-
berlite Hanson et al., 2006). This was followed by the more abundant and widespread
magmatism concentrated near the northwestern border of the craton associated with the
~ 1.1 Ga Umkondo Large Igneous Province, an event thought to be related to rifting
(De Kock et al., 2014; Hanson et al., 2006) that used the lithospheric-scale weakness zones
formed during assembly of the proto-Kalahari Craton (e.g., Xade Complex, Hanson et
al., 2006). The Umkondo-aged rhyolitic units (Kgwebe Formation and southwestern cor-
relatives) mostly outcrop along a ridge in the Ghanzi-Chobe Belt stretching from north-
eastern Botswana to central Namibia. This ridge was uplifted in response to the Neo-
proterozoic Pan-African Orogeny, which also formed the Damara Belt (Modie, 2000). To
the south, the Kalahari Craton is bounded by the Proterozoic Namaqua-Natal Belt, which
formed as an assemblage of numerous microcontinental terranes in a convergent setting.
The Namaqua-Natal Belt collided with and accreted onto the Kalahari Craton during
series of tectonic events between 1.2 - 1.0 Ga (Jacobs et al., 2008).

The Jurassic breakup of Gondwana had a significant impact on the Kalahari Cra-
ton, including the emplacement of widespread rift-related Karoo units (e.g., Drakens-
berg Lavas, Karoo diorite sills, Okavango and Save-Limpopo Dyke Swarms, Svensen et
al., 2012). Following the Karoo event, extensive Group II (~ 110—127 Ma) and Group
I (~ 110 — 72 Ma) kimberlites were emplaced in the Kalahari Craton. Differences in
mantle xenolith and xenocryst compositions between kimberlites from these two time
windows indicate an intervening major metasomatic event in the mantle (Kobussen et
al., 2009).
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3 Methods
3.1 Garnet xenocryst analyses

Analyses were carried out on existing data collected from 36066 garnet xenocryst
samples taken from Group I kimberlites around Southern Africa (Table S1). The data
include major-element analyses by electron microprobe and trace-element data collected
using with laser-ablation ICPMS techniques, in both the GEMOC ARC National Key
Centre, Macquarie University and the DeBeers Group Services Laboratory, Johannes-
burg, South Africa (Kobussen et al., 2008, 2009). To make depth-dependent classifica-
tions, we first performed thermobarometry on these samples. Our methodology in es-
timating pressure and temperature follows the steps: (1) Calculating PZ**-Tn; condi-
tions with nickel-in-garnet thermometry and the chromium solubility barometer of Ryan
et al. (1996). (2) Fitting a generalized cratonic geotherm of Hasterok & Chapman (2011)
based on the locus of maximum Pg,. at each Th;. (3) Defining the temperature at the
base of the depleted lithosphere (Tspy,) as the temperature at which the proportion of
garnets with < 10 ppm (wt) yttrium decreases sharply. (4) Finding the intersection point
of the selected conductive geotherm with the Tppr value to obtain the thickness of the
depleted lithosphere. (5) Defining the so-called kinked geotherm above Tgpy, as a line
parallel to the diamond-graphite transition (Day, 2012). (6) Finally, projecting the tem-
peratures of garnet samples to the defined geotherm to determine their depth of origin.
The calculated geotherm parameters for each pipe are given in Tables S1 and S2, and
fitted generalized cratonic geotherm surface heat flow (SHF) values are mapped in Fig-
ure bb.

For the garnet xenocryst classifications depicted in Figures 5 and 6, we used the
method of cluster analysis by regressive partitioning (CARP, Griffin et al., 2002). This
method classifies Cr-pyrope garnets into statistically significant populations of similar
trace- and major-element compositions that define lithology and metasomatic signatures.
For the purpose of this work the CARP classes are combined into five main groups: (1)
depleted harzburgites, (2) depleted lherzolites, (3) depleted lherzolites with phlogopite
metasomatism, (4) fertile lherzolites and (5) melt-metasomatised. Depleted harzburgites
and lherzolites (yellow, Figures 5 and 6) represent mantle rocks that have experienced
only minor metasomatism since their formation. They are depleted in terms of major-
and trace-elements and their garnets show sinuous REFEy patterns (Figure S48-S50),
which Griffin et al. (1999) suggested to be a feature related to specific Archean meta-
somatic processes. Depleted lherzolites with phlogopite metasomatism (blue) have rel-
atively depleted major element compositions but trace-element (Ti, Zr) signatures char-
acteristic of phlogopite crystallisation. The most populous metasomatic class, fertile lher-
zolites (green), represents rocks with compositions enriched in major and trace elements
with more diverse characteristics. These could be rocks that never experienced deple-
tion, or depleted Archean material that was later refertilised. While depleted and refer-
tilised signatures are usually associated with the Archean mantle, signatures of the man-
tle that has never been depleted are usually associated with Proterozoic or younger man-
tle (Griffin et al., 2002). Samples from the “melt-metasomatised” class (red) are asso-
ciated with very enriched, high temperature lherzolites. They commonly show sheared
microstructures which indicate melt infiltration into the rock (Griffin et al., 2003) and
are largely located below the base of the depleted lithosphere. Whole-rock AloO3 con-
tents used in Figure 5a are calculated from regression analyses made on yttrium-in-garnet
(O'Reilly & Griffin, 2006), while M g°'# is calculated from the garnet data by the method
described in Gaul et al. (2000).

REE\ patterns of the CARP classes mostly demonstrate significantly different char-
acteristics. The sinuosity of the REE patterns is associated with depleted material in the
mantle (Griffin et al., 1999) and can be quantified by using the log-Ndy Dyy ratio, in
which values above zero indicate sinuous patterns and values below zero indicate less sin-
uous patterns. Yby, on the other hand, is used as a proxy of overall HREE enrichment.
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Metasomatic CARP classes exhibit less sinuous patterns, heavy REE (HREE) enrich-
ment and light REE (LREE) depletion. During refertilisation, garnet REEy trends be-
come less sinuous (lower log-Ndy Dyy), with higher HREEyN/LREEy ratios, as the
metasomatic fluids percolate more extensively and equilibrate with the environment (Grif-
fin et al., 2003). When the mean values of log-Ndy Dyx and Yby are plotted against
depth (Figure 8b,c), they are correlated (negatively and positively, respectively) with the
population of total metasomatic classes within the fertile layer (usually ~ 100—140 km).
Therefore, we use these parameters as a proxy for the lateral extent of metasomatic fluid
percolation in the lithospheric column, or in other words, for the intensity of metasoma-
tism at the corresponding depth.

3.2 Magnetotelluric data and modelling

The MT data used in this study were collected as a tremendous collective effort
by the SAMTEX team. Over a decade-long project, the broad-band and long-period sta-
tions were set to record at roughly 20-km intervals to investigate the lithospheric archi-
tecture of the southern African mantle (A. G. Jones et al., 2009). 3D modelling was not
a practical computational possibility at the time of data collection, so the stations are
collected in 2D profiles. Most of the data have been published in other studies, utilis-
ing some parts of the whole dataset (e.g., Evans et al., 2011; Moorkamp et al., 2019; Khoza
et al., 2013a, 2013b; Muller et al., 2009; Miensopust et al., 2011).

The model presented here is produced using the ModEM algorithm (Kelbert et al.,
2014) for the sparsely selected, good-quality data. The model is designed with 15-km-
sized cells at the core of the mesh. Outside the core zone, 8 cells were inserted, increas-
ing in length by a factor of 1.5 to reduce the effects of regularisation. The model con-
sists of 53 cells in the vertical direction. At the shallowest levels, three 50m-thick cells
were input to reduce the effects of noise caused by near-surface heterogeneity. Beneath
this, 50 cells were inserted starting from a 150m-thick layer with an increasing thickness
factor of 1.15. The ocean was added to the model as a fixed resistivity of 0.3 Qm, with
bathymetry from the ETOPO1 global model (Amante & Eakins, 2009). Twenty-five pe-
riods between 1-15000 s were chosen for inversion for the sparsely selected, good-quality
data. Error floors were chosen as 5% of \/Z,,Z,, for all impedance elements.

In the first part of this two-part study (Moorkamp et al., 2021), we explored the
effects of MT modelling imposed by data selection, regularisation methods, initial model
selection and preference of different modelling algorithms: ModEM (Kelbert et al., 2014)
and 7if3D (Moorkamp et al., 2011). Results of this study demonstrated that modelled
mantle conductivities could be affected by the regularisation schemes. For instance, Mo-
dEM tends to converge towards the initial model, whereas the jif3D model remains rel-
atively constant as the data sensitivity becomes poorer. To reduce the effects of the reg-
ularisation towards the initial model, we chose to apply a more representative initial model
in this study. Therefore, the ModEM inversion was run from a starting model defined
using a long-period median-resistivity filter, which allowed smoothly-varying initial model
resistivities across the model. We constructed this initial resistivity model by: (1) Cal-
culating the median determinant resistivity values at periods > 100 s for all stations within
4-degree radius circles centered on each station, (2) assigning that median resistivity value
to the station at the center of the circle, (3) making linear interpolations between these
values at each station. Outside the interpolation area, ~ 250Q2m values were used as the
median value of all stations at periods > 100 s. The inversion run from this median re-
sistivity half-space had a lower RMS misfit (2.11) than that run from a homogeneous half-
space (2.17).

Compositional interpretation of mantle conductivity requires sensitivity tests to
be carried out to estimate absolute resistivity values from MT models. We did this by
selecting the areas of interest for calculating water contents and other compositional pa-
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rameters, replacing the modelled resistivities in these areas with blocks of different re-
sistivity values, and testing the impact on data misfit (Figure S1-S5).

3.3 Methods for determining the links between garnet xenocryst and
MT data

Electrical conductivity can be used to infer the composition of the mantle (e.g., Karato
& Wang, 2012; Selway et al., 2019). Compositional interpretation can be achieved by
integrating experimental conductivity and petrology studies, thermal structure and phase-
mixing models (Ozaydm & Selway, 2020). Primarily, the electrical conductivity of man-
tle minerals depends on temperature through semi-conduction processes. Some additional
materials such as structurally-bound hydrogen (expressed below as water) can change
the thermal energy required to enhance conductivity (e.g., Wang et al., 2006; Dai & Karato,
2014). The extent to which water can be incorporated into mantle minerals is limited
(e.g., Férot & Bolfan-Casanova, 2012; Padrén-Navarta & Hermann, 2017) and in some
cases the measured mantle conductivities may require an additional conductive phase,
either a mineral with a higher activation enthalpy (e.g., phlogopite) or a very conduc-
tive mineral with low temperature dependence (e.g., graphite, sulphides Watson et al.,
2010; Zhang & Yoshino, 2017).

We used the program MATE (Ozaydln & Selway, 2020) to investigate such rela-
tionships. For the water calculations, we used the olivine water-partitioning coefficients
of Demouchy et al. (2017) and Novella et al. (2014) for pyroxenes and garnet, respec-
tively. We chose to seek solutions of water content up to limits determined by the olivine
solubility model of Padrén-Navarta & Hermann (2017) since it reflects the near-pure HoO
state of the cratonic mantle in subsolidus conditions. Water contents were modified for
both water-solubility and electrical conductivity models to reflect the calibrations of With-
ers et al. (2012) for olivine and Bell et al. (1995) for pyroxenes and garnet. Our figures
show the water content results using three different olivine conductivity models (Dai &
Karato, 2014; Wang et al., 2006; Gardés et al., 2014). Different selections of pyroxene
and garnet electrical conductivity models do not make considerable differences (Ozaydln
et al., 2021). We chose to use the conductivity models of Zhang et al. (2012), Liu et al.
(2019), Dai & Karato (2009b) and (Y. Li et al., 2017) for orthopyroxene, clinopyroxene,
garnet and phlogopite, respectively. For the mixing model, we used the Modified Archie’s
model (Glover, 2010). Olivine was set to be a perfectly connected matrix (m << 1),
while interconnectivity of orthopyroxene was set to m = 2.5. Clinopyroxenes and gar-
net were set to be not connected with a value m = 4.

A recent study made detailed comparisons of xenolith water measurements and MT-
derived water calculations for the Kimberley-Jagersfontein region (Ozaydm et al., 2021)
and showed that water contents measured from mantle xenoliths broadly match those
interpreted from MT models. Since there are no water content measurements made out-
side this region in southern Africa, in this work we focus on the trends of the modelled
water contents (Figure 7) rather than the specific water contents interpreted from the
data.

4 Results
4.1 Lithospheric architecture from magnetotelluric models

MT models produced in this study demonstrate highly variable mantle conductiv-
ities across Precambrian terranes with different ages (Figure 3). Archean cratons (Kaap-
vaal and Zimbabwe cratons) are depicted as complex regions of mostly resistive litho-
sphere carved by conductive features, reflecting their metasomatic history. In the Kaap-
vaal Craton (Figure 2a), this is exemplified by the contrast between the conductive man-
tle beneath the Bushveld Complex and the resistive center of the Kaapvaal Craton (Cj-
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(3, Figure 2a), which appears to have a convex shape very similar to the mantle keels
modelled (e.g., Afonso et al., 2008) and imaged by seismic tomography (e.g., Fouch et
al., 2004; A. Li & Burke, 2006; Ortiz et al., 2019). North of the Bushveld Complex, at
the northern end of the Kaapvaal Craton, the Archean Pietersburg Terrane also appears
as a deep resistive feature. Still further north, the Archean Limpopo Belt consists of con-
ductive mantle starting around ~ 50 km depth (LC) and a complex crustal assemblage
(Khoza et al., 2013b). The distribution of electrical conductivity in the MT models in
this region generally resembles previous 2D models (Evans et al., 2011) and 3D models
made in Limpopo Belt (Khoza et al., 2013b), while being modestly different in terms of
absolute resistivities and small-scale features in the crust.

One of the MT profiles (Z1-Z2, Figure 2h) crosses the Archean Zimbabwe Craton
on its proposed southwestern edge. The same profile previously modelled with 2D meth-
ods observed a complex crustal assemblage with a thick resistive root beneath the Zim-
babwe Craton (Miensopust et al., 2011). These results are similar to ours at the man-
tle scale, while our model does not exhibit the same complexity in the crust due to larger
mesh sizes and restricted frequency selection. Going towards the north, the Magondi Belt
is modelled with a moderately conductive lower crust and mantle, bounded to the north
by the thick resistive mantle of the Mesoproterozoic Ghanzi-Chobe Belt.

Due to the Neogene Kalahari sediments that cover its surface, the structure of the
Archean-Proterozoic Congo Craton is not well known in most places. The craton is a
well-defined resistive feature in the westernmost profile near the outcropping Kaman-
jab Inlier (K1-K», Figure 2b). However, its high resistivity seems to be limited to spe-
cific sections within the proposed craton boundaries. Further east (Figure 2c), mantle
resistivities become considerably lower in the vicinity of profile B1-Bs and then increase
to become again more keel-like in the vicinity of profile D1-Ds (Figure 2e). A north-south
striking conductive feature at lower lithospheric mantle depths beneath the central Congo
Craton is hinted at in this model but is more prominent in inversions run with more of
the MT stations included (Moorkamp et al., 2021) and is similar to a structure modelled
in S- and P-wave tomography studies. Those studies also show that the region surround-
ing the Kamanjab Inlier has the highest velocities; the lowest velocities are in the cen-
tral craton and more moderate velocities are modelled near the eastern margin of the
craton (White-Gaynor et al., 2020). These results suggest that the Congo Craton, as it
is often mapped (Figure 2,3), might be a fragmented tectonic unit and may consist of
either a complex tectonic arrangements of blocks of different lithospheric thicknesses or
may contain relics of past magmatism beneath its Neogene cover.

The Proterozoic Reheboth Terrane is imaged as a fragmented feature in which the
central parts (Ko-K3, Figure 2b) have a more conductive lower lithosphere (> 100 km),
while the northern end nearing the Ghanzi-Chobe region and the Southern Gibeon Fields
is modelled with a resistive lithosphere. Similarly, other Proterozoic regions between the
Kaapvaal-Zimbabwe-Limpopo Craton and Congo Craton have similar attributes. The
youngest of the mobile belts, the Damara Belt, is a Pan-African orogenic zone formed
during the collision of the Kalahari and Congo cratons in the late Neoproterozoic and
early Cambrian (Goscombe et al., 2017). As imaged by MT models, the Damara Belt
consists of a complex crustal assemblage (Khoza et al., 2013a) and a prominent lower
crustal and upper mantle conductor (Figure 2c,e,3). Variations in the mantle conduc-
tivity of Proterozoic regions suggests that different processes had different effects on the
compositional evolution of the mantle.

4.2 Southern African mantle imaged by garnet xenocrysts

A selection of the garnet data from the 100-150 km depth slice is depicted in Fig-
ures 4 and 5. The ages of the kimberlite eruptions (Figure 4a) are taken from multiple
sources (Supplementary Material, Tables S1 and S2). In situations where the age of the
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375 pipe was unknown and the geochemical stratification was very similar to the other pipes
376 within the same cluster, we assumed the kimberlite to be roughly the same age as that
377 cluster. The rest of the unknown ages are represented with black squares. The garnet
378 xenocryst analysis illustrates the complexity of the style of metasomatism in southern
379 Africa and emphasizes that, from region to region, metasomatic fluids had distinct com-
380 positions and/or that the initial formation processes of the mantle rocks differed. For

381 instance, iron enrichment (lower M g°'#) and Al,O3 enrichment are not always corre-

382 lated even though they can both regarded as proxies for the fertility of the mantle (Grif-
383 fin et al., 2002)

384 Some generalisations can be made from the existing garnet xenocryst database for

385 Group I kimberlites:

386 1. Lower whole-rock Al5Os3, as calculated from Y-in-garnet contents, is a feature of

387 a depleted mantle and mostly appears in Archean regions. On the other hand, higher
388 values point to either a formerly depleted and then refertilised mantle (e.g., Bushveld
380 region) or a mantle that may never have been depleted (e.g., Gibeon).

390 2. Similarly, higher M g°'# values signify higher proportions of depleted material,

301 while lower values of Mg°'# (< 92) are more indicative of widespread melt meta-

302 somatism. In contrast, higher whole-rock Al;O3 values are more likely to be re-

303 lated to infiltration of lighter fluids rather than dense and iron-rich melts (Grif-

304 fin et al., 2003). Therefore, lower values of Mg°'# usually correlate with a shal-

305 lower base of the depleted lithosphere, and are more likely to be a feature of the

306 thinner Proterozoic terranes with lithospheric thicknesses between 100-150 km (e.g.,
307 Okwa and Uintjiesberg clusters, Figure 6).

308 3. As expected, the total proportion of metasomatised xenocryst classes is higher in

399 non-Archean terranes. One of the main differences between Archean and Protero-
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zoic terranes is the distinct stratification trends observed in Figure 6. Geochem-
ical tomography sections of the Archean mantle usually show a 'depleted layer’
between roughly 120-170 km. In contrast, in Proterozoic terranes this depleted
material is both less abundant and/or spread throughout the whole depth range
in lower proportions.

4. The CaO—Cry0s5 classification scheme (Griitter et al., 2004) gives a similar story;
Archean units are marked by lower proportions of lherzolitic material compared
to their Proterozoic counterparts.

5. Ti/Zr can be used as a proxy for phlogopite metasomatism whereby medium to
low Ti/Zr ratios generally indicate phlogopite-related metasomatism (Griffin et
al., 2002). Very high values of Ti/Zr in some Proterozoic areas (Gibeon, Okwa,
Sikereti) might indicate that the fertile material at these locations was not affected
by phlogopite-related metasomatism. The pipes with high Ti/Zr ratios mostly plot
in the fertile fields on Ti-Zr plots. Most of the xenocryst material from which these
fields were originally classified came from garnet lherzolites xenoliths in basalts
from off-craton areas and are thought to reflect fertile mantle which never expe-
rienced a depletion event. The garnets plotted in fertile fields on Ti/Zr plots are
typically a feature of younger mantle (Griffin et al., 2002).

6. 'Unclassified’ samples denote garnet analyses that cannot be grouped into the sta-
tistically significant types of metasomatism. These garnets most likely reflect the
effects of complex metasomatic overprinting, either through multiple episodes by
compositionally different fluids. The very high proportions of unclassified garnets
observed in the mantle beneath the Bushveld region may indicate such complex
metasomatic processes and are associated with a prominent mantle conductor.

7. Figures 5g and h show the mean chondrite-normalised Nd/Dy and Yb ratios of
xenocrysts from the different "Fertile’ classes. Garnets with more sinuous REE and
HREE-poor characteristics are more abundant near the core of the Kaapvaal Cra-
ton (Kimberley and Kuruman clusters), mirroring the amount of depletion observed.
The least sinuous and HREE-rich areas appear on the edges of the cratons or ar-
eas immediately surrounding them (Uintjiesberg, Jwaneng) indicating the meta-
somatism in these areas was more extensive.

5 Discussion

If we assume that the connection between composition and electrical conductiv-
ity of the mantle can be adequately established through experimental petrology stud-
ies, information from garnet xenocrysts and MT models should be compatible. There-
fore, we developed interpretations of the southern African lithospheric mantle consid-
ering both the broad lithospheric architecture and case by case evaluations of mantle com-
position. This improves not only our interpretations of MT models, but also of the three-
dimensional composition of the southern African lithosphere and our ability to make such
interpretations in regions with poorer xenolith constraints.

5.1 Resistivity of Archean, Proterozoic, depleted and metasomatised do-
mains

Electrical conductivity distribution of the Archean terranes varies significantly sug-
gesting that metasomatic events left a compositional mark on the initially depleted litho-
sphere. Similarly, Proterozoic terranes assembled near the Archean cratons do not show
consistent characteristics and architectures that would provide a simple relationship be-
tween lithospheric thickness, age and composition from the electrical conductivity dis-
tribution. The south-central Rehoboth Terrane, for instance, demonstrates lower resis-
tivities (Ko-K3, Figure 2b). In contrast, the Gibeon area, which includes one of the clus-
ters of Cretaceous kimberlitic volcanism, is imaged as a highly resistive region. Similarly,
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Figure 5. Maps of information derived from garnet xenocrysts. Data only exist at kimberlite
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rock AloOs3 contents derived from Y-in-garnet from 100 to 150 km. (b) Mg°'# of olivine derived
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centage of garnets classified as lherzolites from CaO

Cr203 classification. (e) Ti/Zr ratios of

garnets, where lower values indicate phlogopite metasomatism. (f) Percentage of samples that
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normalised log-Nd /Dy taken from garnets classed as 'Fertile’. (h) Chondrite-normalised Yb
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the northern end of the Rehoboth Terrane and adjacent Ghanzi-Chobe belt possibly shows
the greatest depths at which 1000Q2m resistivity is observed (Figure 11b). Such high re-
sistivities have been previously imaged in Proterozoic regions surrounding older cratons
(e.g., Selway, 2015; Selway et al., 2011) and their high resistivities have been interpreted
as reflecting magmatic and plate tectonic processes that induced mantle melting and de-
pletion. In southern Africa, the resistors around the Ghanzi-Chobe Belt line up with the
1.1 Ga Umkondo magmatic units (Modie, 2000). This area was the focus of rifting and
extensive melting during the breakup of the Rodinia Supercontinent (De Kock et al., 2014)
which might have created the depleted resistive mantle with low volatile contents that
we observe today; similar features are seen in models of the Mozambique Belt, a region
of Pan-African aged magmatism and high-grade metamorphism and a currently active
rift zone (Selway, 2015). If the relationship between rifting events and volatile extrac-
tion from the melting of the mantle can be more confidently linked, the M'T models of
the Ghanzi-Chobe belt may provide evidence for a rifting origin for the Umkondo mag-
matism (De Kock et al., 2014).

5.2 Kimberley

The Kimberley domain is rich in xenolith-bearing diamondiferous kimberlites from
which we have 5521 garnet xenocrysts to map the lithospheric mantle. Previous stud-
ies of garnet xenocrysts have demonstrated that the area was metasomatised by an event
that occurred between the eruptions of Group II (120-180 Ma) and Group I (90-120 Ma)
kimberlites (Kobussen et al., 2009; Griffin et al., 2003). Group II kimberlites are pop-
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ulous in this area, reflecting modal metasomatic modification of the mantle prior to kim-
berlite emplacement (Giuliani et al., 2015).

The Kimberley-Jagersfontein area is geochemically stratified into three layers: (a)
A fertile layer between 90-130 km that is marked by lower Mg°# values, (b) a depleted
layer between 125-175 km and (c¢) an underlying melt-metasomatised layer. Our MT re-
sults demonstrate that the Kimberley domain overlies a lithosphere with relatively low
resistivities (the greatest depth at which 1000 Qm is modelled is ~ 100—120 km, Fig-
ure 11b) compared to the main Kaapvaal resistor (> 150 km, Figure 11b). The conduc-
tive nature of the lithosphere beneath 100 km might reflect the chemical alteration ob-
served in garnet xenocrysts.

In a recent study, Ozaydin et al. (2021) compared garnet xenocrysts, xenolith wa-
ter contents and MT models in the Kimberley-Jagersfontein region. These analyses demon-
strated that water contents calculated from MT models decreased with depth between
100 to 160 km, which roughly agrees with the measured xenolith water contents. How-
ever, a larger misfit was observed in the depleted layer, suggesting a local metasomatic
control around kimberlite conduits. Since the fertile layer corresponds to a water-saturated
zone and calculated water contents can account for observed xenolith water contents, the
authors considered the metasomatism in the fertile layer has to be laterally extensive enough
to be sensed by electromagnetic fields. In support of this argument, we found that log-
Nd/Dy, and Yby values correlate with the number of garnets classified as metasoma-
tised in the fertile layer (Figure 8). Given that increasing metasomatism leads to less sin-
uous log-Nd/Dy, patterns and more H REE enrichment in garnet xenocrysts (Griffin
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et al., 2002), we suggest that the metasomatic fluids pervasively percolated through the
fertile layer, peaking around 110-120 km depth. As a result, the kimberlites sampled more
fertile material at this depth.

A conductor bounds the Kimberley region to the east (Figure 2a). Like the Molopo
Farms and the Bushveld complexes, this conductor coincides with a large Paleoprotero-
zoic mafic intrusive complex (1.9 Ga, Maier et al., 2003), the Trompsburg Complex (TC,
Figure 1). Since it does not have surface exposure, existing knowledge about the com-
plex is limited to gravitational modelling and few borehole measurements (Rezaie et al.,
2017). We think the conductor here may be related to the emplacement of the mafic mag-
mas and a metasomatised residue.

5.3 Bushveld magmatic event and its effects on composition of the litho-
sphere

The Bushveld Complex (BC) is a large igneous body emplaced between 2.055-2.06
Ga, intruding Transvaal Group sediments (Scoates et al., 2021). The complex outcrops
as mafic-ultramafic eastern, western and northern lobes (Rustenberg Layered Suite) and
slightly younger felsic rocks towards the centre (Figure 9a). A strong stratigraphic and
geochemical concordance between the mafic intrusives in the different lobes suggests con-
nectivity between them or a co-genetic relationship (Kruger, 2005). Gravity models of
the Bushveld Complex demonstrate that surface exposures of the complex are contin-
uous at depth and define a lopolith structure with a maximum thickness exceeding 8 km
(Cole et al., 2014). The Palmietgat kimberlite pipe, near the centre of the Bushveld Com-
plex, contains xenoliths of plagioclase-bearing lower-crustal pyroxenites petrologically
akin to the pyroxenites of the Rustenburg Layered Suite, indicating connectivity between
the underlying western and eastern lobes (Webb et al., 2011). Zircon U-Pb dating con-
strains the emplacement of the Rustenberg Layered Suite to a one million year time win-
dow, indicating extremely high magma fluxes (Zeh et al., 2015). The lower units of the
Rustenberg Layered Suite hold economically valuable, PGE-hosting chromitite layers (e.g.,
Merensky Reef) that contain more than 80% of global platinum reserves (VanTongeren,
2017). Both the source of the parental magma and the magma chamber differentiation
processes necessary to produce such PGE-rich chromitite layers are still debated (Cawthorn,
2015; VanTongeren, 2017). Considering the targeting depths of our MT models, the most
relevant ideas to investigate are speculations about the mantle component required in
the parental magmas to generate the specific properties observed in the intrusives (Zi-
rakparvar et al., 2014; Richardson & Shirey, 2008).

More than ten adjacent magmatic bodies, each with geochemical affinities to the
BC, were emplaced during the same narrow time window (Figure 9a, Rajesh et al., 2013),
and generally are considered to be satellite intrusions. One of these satellite magmatic
bodies, the Molopo Farms Complex (MFC, Figure 1), is a layered mafic intrusion sit-
uated in southern Botswana roughly 400 km west of BC (Beukes et al., 2019). The strati-
graphic layering of the MFC is similar to the lower layers of the BC, but available bore-
hole data indicate it lacks the PGE-rich chromitite layers (e.g., Kaavera et al., 2018). The
BC and these satellite intrusions may have formed as part of a larger Bushveld Large
Igneous Province, which used a structural weakness corridor along the Thabazimbi-Murchison
Lineament (TML, Rajesh et al., 2013).

5.3.1 Garnet zenocrysts and composition of the Bushveld mantle

Garnet xenocrysts that sampled the mantle in the vicinity of the BC show more
variable geochemical signatures from pipe to pipe, in contrast to those from Proterozoic
terranes or those from the Kimberley region. They are concentrated around the BC or
close to the limbs of the Rustenberg Layered Suite. Only the Palmietfontein and Palmi-
etgat pipes fall within the boundaries of the complex. Compared to those from the south-
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depth of the same region. (c) A - A’ vertical section from the MT model. A - A’ is indicated
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western pipes, the garnet xenocrysts from the pipes near the BC demonstrate higher whole-
rock AlyOs, lower M g°'#, a general increase in metasomatic classes and a lack of de-
pleted material (Figure 5¢,d,e).

The Palmietgat pipe is one of the very few kimberlite pipes emplaced near the cen-
tre of the BC (Figure 6i). Quite a high proportion of the garnets here (41%) do not fall
into statistically significant CARP classifications associated with a consistent metaso-
matic signature. The high proportion of unclassified garnets at the Palmietgat pipe may
indicate complex metasomatic overprinting, with multiple episodes of melts and fluids
using the same conduits. A general increase in the proportion of unclassified samples near
the BC can be seen in Figure 5f, suggesting the metasomatic signature in the area is highly
complex.

The kimberlite cluster immediately west of or penetrating the western limb of the
Bushveld Complex (Western Bushveld, Figure 61) exhibits a thick layer of depleted lher-
zolites with phlogopite metasomatism between 130-160 km. Like other sections near the
Bushveld Complex, many unclassified samples come from this middle section (130-170 km).
These unclassified samples fall into wehrlite and low-Cr CaO — Cr,03 classifications
at the fertile layer and beneath the BDL, whereas they appear to be lherzolitic in the
middle section. The Palmietfontein pipe (Figure S21c), like the Premier sections (Fig-
ure S22c¢), completely lacks samples from this middle section where the unclassified gar-
nets are most populous.

Just south of the BC, the Premier kimberlite cluster (Figure 6j) is considerably older
(928-1150 Ma) and yields higher equilibration temperatures (40mW/m?) compared to
the Bushveld West cluster and the Palmietgat pipe (90-153 Ma, 38mW/m?). The amount
of secular cooling expected between 928 Ma and 153 Ma is around (82C°, Shu et al., 2014),
a value similar to the difference in geotherms between the two clusters (~ 50—100C°).
Therefore, the area is not likely to have been impacted by a large thermal event between
these times. This is consistent with the similarity of the geochemical 'tomography’ sec-
tions showing a large portion of unclassified samples and depleted lherzolites with phl-
ogopite metasomatism in the middle of the section. Like the Palmietfontein pipe of the
Bushveld West cluster, the Premier and Franspoort pipes have entrained a relatively low
number of garnets from this middle section (Figure S10c, S22c); it is probable that the
strong metasomatism has destroyed most pre-existing garnet in the rocks at these lev-
els.

The mantle beneath the Molopo Farms Complex (MFC), on the other hand, is sam-
pled most closely by the Triassic-aged Jwaneng and Thankane kimberlite pipes (Figure
6d). The equilibration temperatures of the sampled xenocrysts are lower than in the BC
(35 vs. 38 mW/m?). The lower geotherm might indicate that the event that increased
the geotherm beneath the Bushveld Complex, whether it be the main Bushveld event
or not, did not affect the mantle near MFC at a similar scale. Geochemical stratifica-
tion in these pipes is also more akin to the mantle beneath the Kimberley domain, where
an increased population of depleted material is evident at mid-lithosphere depths. REFE
patterns display trends of metasomatic intensity at depths similar to those observed in
Kimberley. A peak metasomatic intensity (lowest log-Ndy Dy, highest Yby) is ob-
served at 125 km (Figure S43). However, base-level rates of log-Ndy Dyn are much lower
than the Kimberley (Figure 5g), suggesting metasomatic effects might be more exten-
sive or that the area originally underwent less depletion.

5.3.2 Bushveld geoelectric structure and other geophysical studies

In our MT models, the Bushveld region shows marked lateral heterogeneity with
some strongly conductive vertical sections extending towards the crust (e.g., BCC, Fig-
ure 9). The Thabazimbi-Murchison Lineament (TML) crosses three contrasting man-
tle electrical domains: a conductive lower lithospheric mantle and resistive upper litho-
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spheric mantle in the vicinity of the Molopo Farms Complex, a resistive keel-like area
beneath the Kanye Basin and a very conductive lithospheric mantle associated with the

BC (Figure 9a). Broadly, such resistivity differences can either have thermal or compo-
sitional causes. S-wave seismic receiver function studies give no clear indication of a thinned
mantle lithosphere beneath this region (Ravenna et al., 2018; Sodoudi et al., 2013). How-
ever, the Bushveld region is associated with lower S and P wave velocities (e.g., Ortiz

et al., 2019; Youssof et al., 2013; Fouch et al., 2004) which suggests a chemical/metasomatic
origin of the conductive anomalies rather than a thermal one (Griffin et al., 2009).

Seismic receiver function analyses indicate that the western-central area of the BC
is marked by a relatively high crustal thickness (~ 49 km) with a more gradual Moho
transition compared to sharper waveforms observed in the surrounding crust (Youssof
et al., 2013; Delph & Porter, 2015). Kgaswane et al. (2012) also suggest structural com-
plexity at crustal depths to account for observed receiver functions. The depressed Moho
can be a sign of underplating by mafic intrusions (O’Reilly & Griffin, 2013). This anoma-
lous zone overlies the Bushveld mantle conductor(BCC), extending from > 200 km to
near-surface where the MT transect crosses the TML. This region is a good candidate
for a zone of mechanical weakness in the lithosphere where the Bushveld magmas could
ascend and precipitate interconnected conductive minerals. The TML has been invoked
many times before as the feeder location for the Bushveld magmatic units (e.g., Clarke
et al., 2009). Such Moho complexity and localized increased Moho depths are not ob-
served beneath the Molopo Farms Complex, which instead overlies gradual decreases in
both Moho complexity and crustal thickness (Delph & Porter, 2015; Youssof et al., 2013).

The mantle beneath the Molopo Farms Complex has been modelled to be conduc-
tive at depths greater than ~ 110 km but the resolution of this conductor is not robust
and this feature is not as strong in the other inversion models (Moorkamp et al., 2021).
At shallower depths, resistivities are comparable to the mantle beneath the Kanye Basin.
If we assume similar parental magmas for the BC and MFC, the differences in resistiv-
ity of the mantle beneath them may suggest: (1) The magma emplacement that caused
the MFC was not as focused as that which caused the BC, or the volume of magma in-
truding the lithosphere was smaller, (2) the MFC was not emplaced from deep feeder
dykes but instead magmas flowed horizontally from the primary Bushveld magma source,
most likely along the TML (Prendergast, 2012). Our models can not differentiate be-
tween these emplacement models but provide evidence for conductive metasomatic sig-
natures beneath. However, if one expects similar mantle compositional sections from the
BC and the MFC and a geotherm indicating lack of thermal impact beneath the MFC,
the second option may seem more probable. A denser MT data collection around both
areas may help to address this situation.

5.3.3 Compositional causes of conductivities

We have tested different compositional scenarios to fit the observed ranges of con-
ductivity of the mantle beneath the Bushveld region. The thermal structure was con-
strained using the 38 mW/m? geotherm derived from garnet xenocryst data for the Cre-
taceous Group I kimberlites around the western lobe of the Bushveld Complex (Figure
6k) and the Jwaneng-Thankane pipes (35 mW/m?). The Bushveld geotherm agrees well
with other calculations derived from measured heat flow and crustal heat generation data
(M. Jones, 2017). Similarly, thermobarometry data calculated with the method of Nimis
& Taylor (2000) from Jwaneng samples fits a geotherm of 36.3 mW/m? (Figure S62, Pre-
ston & Sweeney, 2003). These results imply that with the maximum water contents al-

lowed by the water solubility model (Padrén-Navarta & Hermann, 2017) and water-partitioning

coefficients (Figure 10a, Demouchy et al., 2017), the water in NAMs in a lherzolitic man-
tle cannot explain the conductivities observed.
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Molopo Farms (magenta) resistivities with resistivity depth curves calculated at hydration satu-

ration determined using the olivine solubility model of Padrén-Navarta & Hermann (2017) and

water-partitioning coefficients from Demouchy et al. (2017) and Novella et al. (2014) for pyrox-

enes and garnet, respectively. (b) Resistivity-depth curves calculated for a lherzolite composition

with varying amounts of perfectly connected phlogopite. The electrical conductivity models

used for the models are as follows: Olivine: Dai & Karato (2014), Orthopyroxene: Dai & Karato
(2009a), Clinopyroxene: Liu et al. (2019), Garnet: Dai & Karato (2009b),Phlogopite: Y. Li et al.

(2017).
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Another possible explanation for such conductive mantle is the existence of well-
connected fluorine-bearing phlogopite (Y. Li et al., 2017). Abundant phlogopite-style meta-
somatism is observed in almost all compositional sections near the Bushveld region (Fig-
ure 6). However, these signatures do not necessarily indicate the presence of perfectly
connected phlogopite grains since they are the byproducts of reactions in which phlo-
gopite replaces sparsely distributed garnets (Van Achterbergh et al., 2001). However, phl-
ogopite could still precipitate on boundaries between NAM grains during percolation of
metasomatic fluid or melt. Such a model with conductive phlogopites can also be envi-
sioned as peridotites veined with MARID (Mica-Amphibole-Rutile-Ilmenite-Diopside)
and PIC (Phlogopite-Ilmenite-Clinopyroxene) assemblages (Foley, 1992). This model of
hydrous mineral emplacement is more likely to produce a mantle with highly intercon-
nected phlogopite. We used the median F (fluorine) contents of glimmerite (MARID)
xenoliths (~ 0.425 w.t.) as a realistic estimate and the maximum F content of all peri-
dotite mantle xenoliths (~ 1.5 w.t.) as a bound on maximum conductivity that can be
observed (Figure S61). For modal compositions, we derive a lherzolitic matrix with 12%
and 6% of perfectly interconnected phlogopite. With these compositions, the conduc-
tivity of the mantle beneath Bushveld Complex can be explained below 100-120 km with
6% and 12 % phlogopite with 1.5 wt% and 0.425 wt% F, respectively. The same com-
positions would explain conductivities at relatively greater depths (~ 120 — 150 km)
in the colder mantle (35mW/m?) beneath the Molopo Farms Complex.

It is impossible to model the conductor beneath the Bushveld Complex above 110 km
(BCCQC) using experimental electrical conductivity data for the major rock-forming min-
erals existing in the mantle (olivine, pyroxenes, garnet, phlogopite and amphibole; Fig-
ure 10). Therefore, the conductivity requires minor accessory minerals such as graphite
or sulphides, either as films on the edges of grains or as crystalline material precipitated
from a metasomatic fluid (Pearson et al., 1994). However, the behaviour of these ma-
terials in a peridotitic matrix is not well understood, and some existing studies are in
apparent conflict with each other (Wang et al., 2013; Zhang & Yoshino, 2017). Graphite,
for instance, may establish an effective conductivity with higher than usual amounts of
carbon in the mantle (> 1.6% vol., Wang et al., 2013). However, other authors suggest
that graphite films are not stable with more realistic concentrations of carbon in the sam-
ple (<< 0.8% Zhang & Yoshino, 2017; Watson et al., 2010) and the previous results of
Wang et al. (2013) may have only been the result of temporally limited crystallisation,
which would not retain its interconnection given enough time (Zhang & Yoshino, 2017).
Furthermore, the nature of carbon speciation in the mantle is not well understood, and
the processes that bring xenoliths to the surface may result in compositionally biased
xenolith samples (Stagno et al., 2019). For instance, some rare xenoliths from the Pre-
mier and Jagersfontein kimberlites are very rich in large veins of crystalline graphite (Pear-
son et al., 1994), suggesting that crystalline graphite might be underrepresented in xeno-
liths since they are likely to be destroyed by the carrier magma. On the other hand, the
Palmietgat kimberlite is diamondiferous (Webb et al., 2011), which suggests the possi-
ble existence of graphite above the graphite-diamond transition.

Recent detailed studies on peridotite mixtures with magnetite (Dai et al., 2019)
and chromite (W. Sun et al., 2021) showed that these types of minor constituents might
have very different percolation thresholds before they dominate electrical conduction in
an assemblage, probably reflecting their precipitation behaviour in the matrix. The per-
colation threshold represents the volume needed for a mineral to dominate the electri-
cal conduction in an assemblage. While it is hard to reconcile any of the required vol-
umetric abundances used in these experiments to reflect the actual state of the mantle
(16% for chromite, 1.5% for magnetite), they illustrate the possibility that such phases
could have a significant effect on metasomatised portions of the mantle.

Nevertheless, all Bushveld aged magmatism in the Kaapvaal Craton is strongly as-
sociated with a conductive signature in the MT models, which supports the idea that
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the generation and emplacement of Bushveld magmas left a metasomatised signature in
the lithospheric mantle (e.g., Zeh et al., 2015; Richardson & Shirey, 2008).

5.4 Namaqua-Natal Belt and Uintjiesberg

Southwest of the Kimberley area and over the proposed craton boundary, a differ-
ent geoelectrical structure is apparent. Here, MT models indicate a lithosphere composed
of a body (Eastern Namaqua-Belt Resistor, ENBR) that is highly resistive above 100-
120 km and much less resistive below that depth (Figure 2a). Due to the thick Karoo
sedimentary sequence, it is not entirely clear whether the southern limit of this resistive
area is the border of the Kaapvaal Craton or not (Weckmann, 2012; Kobussen et al., 2008).
However, the continuation of potential field lineaments alongside the Kheis Belt units
suggests that the existing craton boundary coincides with our so-called suture zone (Cor-
ner & Durrheim, 2018). The significantly deeper Moho depths south of this boundary
(Youssof et al., 2013; Delph & Porter, 2015) and the Proterozoic ages of the lower crustal
granulite xenoliths from kimberlite clusters (Schmitz & Bowring, 2004) also suggests that
the existing craton boundary runs through this location. We suggest that this resistor
represents a Paleoproterozoic microcontinental block at the northernmost front of the
Namaqua-Natal Belt where it collided with the Kaapvaal Craton.

Around the eastern Namaqua-Belt Resistor, the Uintjiesberg cluster consists of non-
or weakly-diamondiferous Group I kimberlites (76-103 Ma, Figure 4a). Garnet xenocrysts
indicate a mantle section with higher equilibration temperatures (40 mW/m?) than the
nearby Kimberley region (37 mW/m?). The Group I thermal structure (Figure 4b), geo-
electric architecture (Figure 2a) and calculated water contents (Figure 7) are consistent
with a shallower base of the depleted lithosphere (135 km, Figure S40) and a higher pro-
portion of melt-metasomatised classes, suggesting the region experienced extensive meta-
somatism during a thermal event (Kobussen et al., 2008). Differences in temperature and
chemistry between Group I and Group II kimberlites in the region also suggest that ex-
tensive melt-infiltration and metasomatism occurred between these times, raising the base
of the depleted lithosphere by ~ 40 km (Kobussen et al., 2008).

From just above the base of the depleted lithosphere, a sudden drop in mean Ti/Zr
ratios is evident and continues up to 110 km, suggesting phlogopite-related metasoma-
tism at these depths. Considering that this layer (110-140 km) coincides with a layer of
low resistivity in the MT models, it might be rich in interconnected phlogopites. How-
ever, electrical conductivity calculated with a perfectly connected phlogopite of 5-10 %
with 0.425 wt% F is roughly an order of magnitude more conductive than modelled re-
sistivities (Figure S6). This calculation indicates that electrical conductivities observed
in the region are likely due to water in NAMs and not due to minor interconnected phl-
ogopite. Fertile garnets in Uintjiesberg cluster also demonstrate the least sinuous pat-
terns with strong HREE enrichment (Figure 5g,h). However, most of these garnets are
between 100 and 110 km depth, where lower Ti/Zr values are not observed, suggesting
that the metasomatic signature might not be as extensive at these depths.

5.5 Limpopo Belt

The Limpopo Belt is a continental block wedged between the Zimbabwe and Kaap-
vaal cratonic assemblages. Seismic tomography models demonstrate the existence of a
thick cratonic lithosphere with fast velocities beneath the Limpopo Belt (Fouch et al.,
2004; A. Li & Burke, 2006; Ortiz et al., 2019; Youssof et al., 2015). However, these mod-
els also show a seemingly fragmented structure, with relatively slower velocities in the
eastern Limpopo Belt. These slower velocities may be attributed to metasomatism re-
lated to intense and pervasive Jurassic Karoo magmatism. Many authors have envisioned
that the Karoo plume head was centred roughly on the eastern Limpopo Belt, based on
the distribution of dyke swarms and volcanism radiating from the area (Figure 1, KTJ,
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Jourdan et al., 2006). Whether or not the Karoo event was initiated by a mantle plume
related to the Gondwana breakup, the eastern Limpopo Belt seems to be the centre of
intense Jurassic volcanism.

Our MT models show that the Eastern Limpopo Belt comprises a highly conduc-
tive lower crust (< 10Qm) underlain by a highly conductive mantle. Sensitivity tests
show the mantle between 50 to 100 km depth can be fit by a block with resistivities ~
60—100922m. Like the Bushveld Complex, the region also exhibits locally increased Moho
depths with gradual velocity gradients (Youssof et al., 2013; Delph & Porter, 2015), which
may suggest mafic underplating.

Garnet xenocrysts from kimberlites in the Venetia cluster, which was emplaced around
the time of Gondwana assembly (~ 572—583 Ma), indicate a considerable proportion
of depleted harzburgites and lherzolites compared to the Kimberley area (Figure 6h).
The high conductivity (Figure 6,2a) and lower seismic velocities modelled in the area do
not reflect these garnet xenocryst compositions. The discrepancy between xenocrysts and
geophysical models point to metasomatism of the lithospheric mantle that post-dated
eruption of the Venetia kimberlites, likely to be effects of the ~ 180Ma Karoo event,
as previously suggested by Griffin et al. (2003).

5.6 Gibeon Fields

The Gibeon region stands out on the MT models with its resistive root and young,
non-diamondiferous kimberlite cluster (Figure 6,11) around a relatively resistive region.
The region is roughly situated within the Rehoboth Terrane along the boundary with
the Namaqua-Natal Belt and is marked by a sudden drop in magnetic intensity (Cor-
ner & Durrheim, 2018). The kimberlites here are among the youngest in southern Africa
(60—72 Ma) and are considered to be related to the same plume responsible for the em-
placement of Group I kimberlites in Kimberley (Davies et al., 2001). Garnet xenocrysts
shows a mantle section mostly made up of fertile lherzolites with relatively constant M g°'#
(Figure 6a). Unlike what is observed in the Archean regions and the Uintjiesberg clus-
ter, almost all of the fertile samples have high-Ti and low-Zr signatures likely to indi-
cate low degrees of phlogopite metasomatism (Figure 5e). The geotherm derived from
garnet xenocrysts can only be estimated from low temperature garnets while high tem-
perature estimates seem to be scattered, similar to observations in other thermobaro-
metric calculations (Bell et al., 2003) and likely to be an effect of melt-metasomatism
beneath the depleted lithosphere. Two-pyroxene thermobarometry (Brey & Kohler, 1990)
carried out by Bell et al. (2003) fits best to a conductive 41.5 mW/m? geotherm if the
high temperature samples between 4-5 GPa are excluded. While these high temperature
samples may indicate melt-related metasomatism, there is no indication of large scale
melt infiltration in the geochemical tomography section and stable (M g°'# = 92) val-
ues are observed.

Since the 3D MT model shows a highly resistive region with low estimated water
contents, we propose that the mantle here might not be extensively metasomatised. The
high resistivities suggest that there is no pervasive phlogopite metasomatism, while the
abundant fertile lherzolites may indicate that the mantle never really experienced strong
depletion. Due to a lack of data, we do not know whether this is a feature along the en-
tire boundary between the Rehoboth Terrane and Namaqua-Natal Belt or if it is lim-
ited to the area around the Gibeon kimberlite field.

5.7 Distribution of kimberlites

Kimberlites are hydrous and carbonated volcanic rocks that originate from low-degree
melting of the mantle below ~ 150 km (Giuliani et al., 2020). Because they ascend very
rapidly (> 4 to 20 m/s, Sparks et al., 2006) and entrain xenoliths and xenocrysts from
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surrounding wall-rock, they provide an invaluable window to the deeper mantle. The cur-
rent most accepted mechanism for the faster ascent rates is crack-tip propagation via CO4
exsolution, in which carbonated melts cleave the mantle by carbon degassing at the top
of the percolation front while dissolving and assimilating orthopyroxene from the wall
rock (Russell et al., 2012; Giuliani et al., 2020).

Clifford’s rule (Clifford, 1966) suggests that diamondiferous kimberlites occur in
terranes with Archean crust. Today we know that diamondiferous kimberlites frequently
sample the cratonic mantle because diamonds are only stable below 130-150 km at colder
cratonic geotherms (Day, 2012). Temporally, the genesis of kimberlites is linked to ma-
jor tectonic events associated with global plate reorganisations such as the assembly and
disruption of Gondwana (Jelsma et al., 2009). Spatially, kimberlites are mostly restricted
to the edges of depleted cratonic keels comprised of chemically refertilised lithospheric
mantle (Griffin et al., 2009; Faure et al., 2011). This specific spatiotemporal distribu-
tion of the kimberlites is correlated with fossil and active tectonic boundaries (Jelsma
et al., 2004). These are commonly observed as lineaments in potential field geophysical
studies (Corner & Durrheim, 2018), possibly indicating the tendency of kimberlites to
use pre-existing zones of weakness in the lithosphere.

Through interpolated maximum resistivity maps of the lithospheric mantle, A. G. Jones
et al. (2009) showed that kimberlites in southern Africa tend to concentrate near the edges
of deep resistors that may correspond to depleted and dry cratonic keels. To compare
the distribution of kimberlites and our magnetotelluric models, we made maps of man-
tle conductance (3."'_, 0;d;; i.e., integrated conductivity (o) times thickness (d)) between
50-150 km (Figure 11a). Another map (Figure 11b) shows where the greatest depth to
the 1000 Qm value is observed. While containing similar information to the conductance
map, this map emphasizes the spatial distribution of thick resistive roots. These maps
demonstrate that kimberlites tend to be emplaced at the edges of the deepest and most
resistive parts of the cratonic lithospheric mantle while also avoiding the most conduc-
tive parts.

One reason for the distribution of kimberlites around the deep resistors might be
the inability of kimberlitic melts to penetrate thick and depleted cratonic roots. In such
depleted regions, the kimberlite magmas may react with the refractory wall-rock mate-
rials to the extent that they cannot ascend to the surface (Giuliani et al., 2016). If these
highly resistive keels have an orthopyroxene-poor (< 15%) dunitic composition as sug-
gested by some authors (e.g., Griffin et al., 2009), the rapid-ascent mechanism of crack-
tip propagation via COs degassing through assimilation of orthopyroxene from the wall
rock might not operate efficiently (Russell et al., 2012). Generation of kimberlitic melt
requires either the lithospheric mantle or the magma source beneath the lithosphere to
be enriched in volatiles. This could be possible via metasomatism and carbonate freez-
ing near the base of the lithosphere, including by Phanerozoic subduction processes (C. Sun
& Dasgupta, 2020). A recent study suggests that the enriched signatures observed in kimberlite-
hosted xenoliths globally reflect assimilated lithospheric mantle material (Giuliani et al.,
2020). These factors also make penetration of kimberlites through deep resistors less likely,
because higher water and carbon contents would be required to melt mantle peridotite
in keels that extend to greater depths (Foley & Pintér, 2018) and thick Archean cratonic
keels are unlikely to have been affected by subduction-related metasomatism. All of these
things considered, it is more likely for kimberlites to episodically erupt at places that have
previously been enriched in orthopyroxene, metasomatised and carbonated, and there-
fore have a moderate to low resistivity. Such events are more likely to concentrate around
fossil continent/micro-continent collision zones with metasomatised compositions, as sup-
ported by correlations of kimberlite occurrences with magnetic and geological lineaments
(Jelsma et al., 2004).

In the model, there are regions at the edges of the resistive roots (> 1000 Qm) where
the lithospheric mantle has lower resistivities (100-1000 Qm) at depths greater than 100 km.
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There are clear associations between these areas and kimberlite clusters (Figure 11) and
almost all diamondiferous kimberlites occur within these relatively conductive zones. These
conductive zones are indicated in Figure 11b as lighter blue areas usually appearing near
darker blue, thick resistive zones. In contrast, non-diamondiferous kimberlites can be ob-
served in these lower resistivity areas as well as in the more resistive portions of the cra-
tons. These lower-resistivity regions are likely to have gone through broad-scale meta-
somatism, as also shown by their garnet xenocryst geochemical "tomography’ (Figure 6)
and the compositions of whole-rock xenoliths, which include modal metasomatic min-
erals (e.g., Grégoire et al., 2003). Accordingly, a general recipe for diamond exploration
with magnetotelluric data would be to search for regions located between the resistors

of the cratonic nuclei and the conductors of metasomatised trans-lithospheric weakness
zones.

On the other hand, it is not clear why kimberlite clusters avoid the prominent man-
tle conductors around the resistive cratonic nuclei. Similar behaviour has also been ob-
served seismically, whereby kimberlites avoid regions of low shear wave velocity (Grif-
fin et al., 2009). To examine this question further, detailed descriptions of these conduc-
tors have to be considered. One example of a prominent mantle conductor is the one at
the southwest of the Kimberley area (SKC, Figure 2a,b). This conductor extends sub-
vertically towards the surface at the edge of the craton where the Kheis Orogenic Belt
and related fault systems are situated. This feature may be related to the collision be-
tween the proto-Namaqua-Natal Belt and the Kaapvaal Craton, and such conductors are
often observed along fossil and active suture zones (e.g., Kelbert et al., 2019; Kirkby et
al., 2020). Using the structural weakness corridor, Group I kimberlites may have further
mineralised this pathway with rising metasomatic fluids. If kimberlites preferentially as-
cend along pre-existing zones of lithospheric weakness (e.g., Jelsma et al., 2004), this would
be a perfect candidate. However, the area around this conductor contains only a few kim-
berlites, while most of the kimberlites in this region instead overlie relatively resistive
mantle.

The absence of kimberlites associated with the Molopo Farms and Bushveld com-
plex conductors may provide insight into the reasons kimberlites appear to avoid con-
ductors more generally. Since both mantle conductors are associated with large mafic
intrusions, one could argue that low-degree kimberlitic melts might have a rheological
preference to move laterally along the contact with the Transvaal Basin when they meet
the mafic material. This model could explain the near absence of kimberlites erupted
over these conductors. Another possibility might be that a very depleted mantle exists
near the base of the lithosphere (> 200 km) due to melt pooling in large volumes at this
depth until it finally penetrates the lithospheric mantle. This model of Silver et al. (2006)
is suggested to explain the very short duration (< 1m.y., Zeh et al., 2015) of emplace-
ment of the Bushveld Complex. In such a scenario, kimberlites might not be able to pen-
etrate this depleted layer or be generated within in due to low amounts of volatiles left
in the layer after this massive melt extraction (Figure 12), similar to emplacement be-
haviour observed at resistive cratonic nuclei.

6 Concluding Remarks and Summary

3D MT models of southern Africa and geochemical information from garnet xenocrysts
in Group I kimberlites are compared in the light of their tectonic and magmatic history.
Both qualitative and quantitative interpretations were made for MT-derived composi-
tion analysis. Some of the most critical discussion points are:

e No general relationships can be made between the age of the terranes and con-
ductivity distribution in the mantle since magmatic processes can either deplete
or refertilise the lithospheric mantle.
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Figure 12. Conceptual sketch of our interpretation of mantle beneath the Bushveld Region.
Scenarios 1 and 2 represents the possible reasons why kimberlites might avoid the center of the
conductors. In Scenario 1, kimberlites avoid the conductors because they cannot penetrate or

be generated within the depleted mantle formed by intense melt extraction during the Bushveld

event. Scenario 2 posits the possibility that the kimberlites might be deflected by the mafic layer.

* Most of the Archean cratonic regions are imaged as relatively depleted regions with
lower whole-rock Al,O3 values, higher mean M g°#, and a lower proportion of
metasomatised CARP classes between 100-150 km. Some Archean areas around
the Bushveld and Molopo Farms complexes appear to have a more fertile signa-
ture and metasomatised characteristics, matching well with electrically conduc-
tive mantle the large-scale magmatic event that occurred at 2.05 Ga.

e The area around the Bushveld Complex contains an increased proportion of un-
classified garnets in the CARP classification scheme, suggesting either complex
overprinting of multiple magmatic episodes. Conductivities below 100 km cannot
be explained by water but can be explained by perfectly connected phlogopites.
Conductivities above 100 km suggest that well-connected accessory minerals (e.g.,
sulfides, graphite or chromite) are likely to be present, precipitated extensively us-
ing the lithospheric weakness zone along the Thabazimbi-Murchison Lineament.

e The electrical conductivity of the cratonic mantle reflects the style of metasoma-
tism, i.e., the composition of metasomatic fluids, how they were emplaced and the
extent of the metasomatism, rather than reflecting simply the fertility of the man-
tle peridotite. This is best exemplified by the lithospheric mantle in the vicinity
of Gibeon Fields, which is geochemically fertile yet highly resistive.

e Kimberlites in southern Africa are more likely to be observed around the edges
of highly resistive mantle regions but also avoid the most conductive areas. They
are most populous where the mantle below 100 km depth is relatively conductive.
In resistive, depleted, orthopyroxene-poor and volatile-poor mantle, kimberlites
are likely unable to penetrate through the mantle or cannot be generated.

« Conductive regions with no co-located kimberlites are usually associated with a
mafic intrusion (e.g., Bushveld Complex, Molopo Farms Complex). We suggest
this is due to: (1) A rheological preference of kimberlitic melts to intrude the con-
tact with the sedimentary units when they meet the mafic layer; and/or (2) dur-
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ing an event like Bushveld magmatism, in which significant volumes of magma are
rapidly emplaced, volatiles near the lithosphere-asthenosphere boundary are also
intensively extracted, created a zone where kimberlites either cannot penetrate

or be generated.
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