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a b s t r a c t
We present a new regional model for the depth-averaged density structure of the cratonic lithospheric mantle in
southern Africa constrained on a 30′ × 30′ grid and discuss it in relation to regional seismic models for the crust
and upper mantle, geochemical data on kimberlite-hosted mantle xenoliths, and data on kimberlite ages and distribution. Our calculations of mantle density are based on free-board constraints, account for mantle contribution
to surface topography of ca. 0.5–1.0 km, and have uncertainty ranging from ca. 0.01 g/cm3 for the Archean terrains to ca. 0.03 g/cm3 for the adjacent fold belts. We demonstrate that in southern Africa, the lithospheric mantle
has a general trend in mantle density increase from Archean to younger lithospheric terranes. Density of the
Kaapvaal mantle is typically cratonic, with a subtle difference between the eastern, more depleted, (3.31–
3.33 g/cm3) and the western (3.32–3.34 g/cm3) blocks. The Witwatersrand basin and the Bushveld Intrusion
Complex appear as distinct blocks with an increased mantle density (3.34–3.35 g/cm3) with values typical of Proterozoic rather than Archean mantle. We attribute a signiﬁcantly increased mantle density in these tectonic units
and beneath the Archean Limpopo belt (3.34–3.37 g/cm3) to melt-metasomatism with an addition of a basaltic
component. The Proterozoic Kheis, Okwa, and Namaqua–Natal belts and the Western Cape Fold Belt with the
late Proterozoic basement have an overall fertile mantle (ca. 3.37 g/cm3) with local (100–300 km across) lowdensity (down to 3.34 g/cm3) and high-density (up to 3.41 g/cm3) anomalies. High (3.40–3.42 g/cm3) mantle
densities beneath the Eastern Cape Fold belt require the presence of a signiﬁcant amount of eclogite in the mantle, such as associated with subducted oceanic slabs.
We ﬁnd a strong correlation between the calculated density of the lithospheric mantle, the crustal structure, the
spatial pattern of kimberlites, and their emplacement ages. (1) Blocks with the lowest values of mantle density (ca. 3.30 g/cm3) are not sampled by kimberlites and may represent the “pristine” Archean mantle.
(2) Young (b 90 Ma) Group I kimberlites sample mantle with higher density (3.35 ± 0.03 g/cm3) than the
older Group II kimberlites (3.33 ± 0.01 g/cm3), but the results may be biased by incomplete information
on kimberlite ages. (3) Diamondiferous kimberlites are characteristic of regions with a low-density cratonic
mantle (3.32–3.35 g/cm3), while non-diamondiferous kimberlites sample mantle with a broad range of
density values. (4) Kimberlite-rich regions have a strong seismic velocity contrast at the Moho, thin crust
(35–40 km) and low-density (3.32–3.33 g/cm3) mantle, while kimberlite-poor regions have a transitional
Moho, thick crust (40–50 km), and denser mantle (3.34–3.36 g/cm 3). We explain this pattern by a
lithosphere-scale (presumably, pre-kimberlite) magmatic event in kimberlite-poor regions, which affected
the Moho sharpness and the crustal thickness through magmatic underplating and modiﬁed the composition and rheology of the lithospheric mantle to make it unfavorable for consequent kimberlite eruptions.
(5) Density anomalies in the lithospheric mantle show inverse correlation with seismic Vp, Vs velocities
at 100–150 km depth. However, this correlation is weaker than reported in experimental studies and indicates that density-velocity relationship in the cratonic mantle is strongly non-unique.
© 2016 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction
It has long been recognized that the structure of the continental
lithosphere controls the emplacement of kimberlitic, particularly,
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diamondiferous magmatism; however, diamond prospecting is still
subject to numerous uncertainties and unknowns. The importance of
lithospheric age in diamond exploration has been recognized 50 years
ago (Clifford, 1966). This observation that diamonds usually occur in
crustal provinces older than 1.5 Ga has been adopted for many decades
as a guiding principle of diamond exploration, known as the Clifford's
Rule. Later modiﬁcation to this rule (Janse, 1991) suggests that
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diamonds are found only within lithosphere provinces older than
2.5 Ga. This conclusion has been challenged in some recent studies
which suggest that few diamondiferous kimberlite pipes in North
America (the Sloan and Argyle pipes) and Siberia (the Daldyn kimberlite province) may have been emplaced within the Proterozoic lithosphere (e.g. Carlson et al., 2004; Ionov et al., 2015). The evidence is,
however, controversial since geochemical studies indicate that diamonds could have been derived from Archean lithosphere which underlies Proterozoic provinces (Schultze et al., 2008). In support of the
Clifford's rule, petrological studies of xenolith-hosted mantle-derived
peridotites have recognized signiﬁcant variations in the composition
of the continental lithospheric mantle, which are globally well correlated with the lithosphere age (e.g. Gaul et al., 2000). Intensive geochemical studies of mantle-derived rocks have established the existence of
prominent differences between the composition of the cratonic Archean mantle and any other type of continental or oceanic lithosphere
mantle (Boyd, 1989). However, it was recognized much earlier that Ca
harzburgites are the distinctive component of cratonic lithospheric
mantle, and that low-Ca harzburgites are characteristic of peridotite xenoliths from diamondiferous kimberlite pipes within Archean cratons
(Sobolev, 1974; Gurney, 1984).
At about the same time, experimental studies of the graphite–
diamond transition have established the temperature-depth stability
ﬁeld for diamond (Kennedy and Kennedy, 1976). This study provided
the foundation for geophysical studies of the cratonic lithosphere in relation to diamond exploration (Snyder et al., 2004; Jones et al., 2009).
Lithospheric keels which extend below the depth of the graphite–
diamond transition are likely to be diamond rich; low lithospheric temperatures are a pre-requisite (Artemieva and Mooney, 2001).
A number of parameters measured in geophysical remote sensing
experiments are highly sensitive to temperature, e.g. electrical conductivity and seismic velocities (e.g. Christensen, 1979; Shankland and Duba,
1990). In particular, the thickness of the electrically resistive lithosphere
is strongly correlated with surface heat ﬂow and therefore mantle temperatures ( Artemieva, 2006). Interpretations of data from the Southern
African Magnetotelluric Experiment (SAMTEX) have been used to establish correlations between the locations of diamondiferous kimberlites,
mantle resistivity, and seismic velocity anomalies (Jones et al., 2009);
however, these correlations are strongly non-unique.
Numerous seismic tomography studies have demonstrated that
cratonic lithosphere is marked by high-velocity anomalies (e.g. Nataf
and Ricard, 1996; James et al., 2001; Snyder et al., 2004; Lebedev et al.,
2009; Saygin and Kennett, 2010; Lekic and Romanowicz, 2011;
Kennett and Furumura, 2016), which to a large extent are caused by
low temperatures in the cratonic lithosphere. However, compositional
anomalies in the lithospheric mantle also produce variations in seismic
velocities (Lee, 2003; Kopylova et al., 2004), such as increased SPT (at
standard P–T, i.e. at Earth's surface) Vs velocities characteristic of kimberlite provinces (Artemieva, 2009).The lack of correlation between
geoid anomalies and cratons with a high-velocity lithospheric mantle
came as a surprise, as cold thick cratonic lithosphere was expected
to be heavy (Jordan, 1975). This observation gave rise to the
tectosphere hypothesis, according to which a density increase due
to low temperature is nearly ideally compensated by a density decrease due to the unusual composition of the cratonic lithosphere
(the isopycnic hypothesis) (Jordan, 1975, 1978). In particular, lowCa harzburgites characteristic of the Archean mantle are important
in producing low mantle density. Thus, geochemical and geophysical
observations ﬁt each other.
Gravity studies of density anomalies in the continental lithospheric
mantle have demonstrated that the cratonic lithosphere is, indeed,
low density, when density anomalies are reduced to SPT (that is standard, laboratory P–T) conditions (Kaban et al., 2003). High-resolution
regional studies indicate, however, the presence of signiﬁcant lateral
density variations within the cratonic mantle of Europe (Artemieva,
2007), Siberia (Cherepanova and Artemieva, 2015), and southern
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Africa (Artemieva and Vinnik, 2016), and suggest that the isopycnic
condition is satisﬁed mostly locally.
2. Modeling mantle density structure
A new regional model of density structure of the lithospheric mantle
in southern Africa (Fig. 2) demonstrates strong density heterogeneity of
the cratonic lithospheric mantle both at in situ and SPT conditions, even
within lithospheric mantle of similar ages. The model is described in the
companion paper (Artemieva and Vinnik, 2016), and the reader is referred to this publication for further details on the calculations procedure and the analysis of model uncertainties. The calculations are
based on freeboard isostatic modeling with account for mantle contribution to an unusually high topography in Southern Africa. We have
earlier applied the same approach to other cratons (Artemieva, 2003),
and for Siberia we have tested the results of free-board modeling of
mantle density anomalies (Cherepanova and Artemieva, 2015) towards
gravity modeling (Herceg et al., 2016), demonstrating that the results of
the two independent approaches not only provide similar values of lithosphere mantle densities but are also consistent with petrological data
for mantle-derived peridotites from the Siberian craton.
For the cratons of southern Africa, the modeling results were calibrated by regional petrological data on mantle densities (e.g. O'Reilly
and Grifﬁn, 2006), which allowed for estimating mantle contribution
to the southern Africa topography as ca. 0.5–1.0 km. Crustal contribution to the topography is calculated based on a regional receiver function analysis of the SASE (the Southern African Seismic Experiment)
data on the Moho depth with regionally variable Vp/Vs ratio (Youssof
et al., 2013). Despite the presence of strong compositional heterogeneity in the crust of southern Africa as indicated by the receiver function
analysis, a constant value of average crustal density (2.85 g/cm3 at
room conditions) has been adopted in the absence of a unique correlation between Vp/Vs ration and density (Brocker, 2005). Lack of correlation between the calculated mantle density for the entire region and the
crustal Vp/Vs ratio as determined from receiver function interpretations
(Youssof et al., 2013) suggests that there are no systematic links between the density anomalies within the crust and the lithospheric mantle (Artemieva and Vinnik, 2016). Therefore, the assumption on the
constant crustal density does not introduce any systematic bias into
the ﬁnal results. However, it produces some errors which cannot be
assessed due to the absence of direct information on the crustal density
structure. Crustal contribution to density uncertainty seems to be crucial only for the East Cape Fold belt (Fig. 2) where receiver function analysis indicates extreme values of both the Moho depth and Vp/Vs ratio
(Youssof et al., 2013).
Information on crustal structure and mantle contribution to the
topography allows for calculating density structure of the lithospheric
mantle by assuming that the isostatic compensation is achieved at the
base of the lithosphere. An introduction of temperature-correction to
calculated in situ mantle densities allows for calculating mantle densities at SPT conditions and therefore for their comparison with petrological data. For consistency of the calculations, the depth to the
lithosphere base and lithospheric geotherms are based on thermal
modeling constrained by borehole heat ﬂow measurements and further calibrated by regional xenolith P–T arrays. The analysis of uncertainties in the calculated density structure of the lithospheric mantle
includes uncertainties associated with the unknown density of the
crust, uncertainties in lithosphere thickness, and the value of
sublithospheric mantle contribution to surface topography. The
analysis of the possible parameter space indicates that the largest
uncertainty is associated with the value of mantle (dynamic) contribution to the topography, which is between 0.5 km and 1 km. This uncertainty transfers to the uncertainty of lithosphere mantle density which
ranges from ca. 0.01 g/cm3 for the Archean terrains to ca. 0.03 g/cm3 for
the Namaqua–Natal and Cape Fold belts (Fig. S1 in the online version at
http://dx.doi.org/10.1016/j.gr.2016.05.002.).
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In the present study, we compare our recent model of the mantle
density structure of the Kalahari craton (Fig. 2) with petrological data
on xenolith-derived mantle peridotites and with regional seismic
models of the lithosphere. These independent data allow us to examine
the links between mantle density, tectonic evolution, Moho sharpness,
and seismic Vp, Vs in the mantle. We further analyze correlations between mantle density and the distribution of diamondiferous and
non-diamondiferous kimberlites (Fig. 3 and Section 5), thus proposing
a new strategy for diamond prospecting.
3. Mantle density versus lithosphere age
Synthetic density calculations from mineral compositions constrained
by xenolith samples (Gaul et al., 2000; Poudjom Djomani et al., 2001) indicate a pronounced age-dependence of density of the cratonic mantle
(Fig. 4a). We use our regional new model of lithosphere mantle (LM)
density (Fig. 2) to examine correlations between density of the subcontinental lithosphere mantle and the lithosphere age in different tectonic
provinces of southern Africa (Fig. 4b).
3.1. Blocks where mantle density follows a global petrological pattern of
age-dependence
In general agreement with petrological data, mantle density structure in southern Africa shows an overall trend in a gradual density decrease from the Cenozoic Cape Fold belt to the Proterozoic Okwa and
Kheis blocks and to the Archean Kaapvaal craton (Carlson et al., 2005).
The range of density values reported in petrological studies for the lithospheric mantle of different ages (e.g. Boyd, 1989; Hawkesworth et al.,
1990; Pearson et al., 1995; Jordan, 1988; Poudjom Djomani et al., 2001;
James et al., 2004; O'Reilly and Grifﬁn, 2006) (Fig. 4a) corresponds to
the range of mantle density values calculated by free-board modeling
(Artemieva and Vinnik, 2016). Further details on the calculation method and on the mantle density structure in southern Africa may be found
in this companion paper.
3.1.1. Cape Fold belt (ca. 280 Ma)
Two provinces of the Cape Fold belt, Eastern and Western, have a
signiﬁcantly different tectonic evolution and also have prominent differences in mantle density structure. The Eastern Cape Fold belt (ca.
280 Ma) has a high-density mantle (3.46–3.50 g/cm3), which may,
however, be an artifact of the crustal model used in the calculations
(see Section 2). If real, this high-density anomaly would require the
presence of a signiﬁcant amount of eclogite in the mantle. In the Western Cape Fold Belt, the lithospheric mantle is weakly depleted with SPT
density typically of 3.37–3.38 g/cm3. This province has Precambrian
(1.2–0.5 Ga) basement which was intruded by late Precambrian Cape
granites during the Saldanian (Pan-African) orogeny. The Western and
Eastern Cape provinces are separated by a belt of low-density mantle
(3.33–3.35 g/cm3), with density values similar to the Kaapvaal craton
(Fig. 4b). Intriguingly, the only kimberlite pipe within the Cape Fold
belt which is included into the global kimberlite database (Faure,
2006) is located exactly within the strongly depleted lithosphere belt
(Fig. 2a). This observation provides a strong support to the resolution
of our mantle density model.
3.1.2. Proterozoic mobile belts (1.1–2.0 Ga)
Similar to the Cape Fold Belt, the Kheis belt (1.7–2.0 Ga) has two
parts (Fig. 2a), with fertile mantle (SPT density of ca. 3.37–3.41 g/cm3)
in the southern part where no kimberlites are known and a lowdensity (3.32 g/cm3) highly depleted lithospheric mantle in the northern part. Intriguingly, kimberlites follow the edges of the low-density
mantle block in the central part of the Kheis belt, but none are located
within it (Fig. 2a).
In the Namaqua–Natal mobile belt (1.1–1.3 Ga), the density structure
of the lithosphere mantle is heterogeneous, with an overall fertile

composition (3.37–3.41 g/cm3) and higher densities (3.40–3.41 g/cm3)
in the western part where kimberlite pipes are absent (Fig. 2b). Most
kimberlite pipes within the Namaqua–Natal belt are in its central part
and follow a narrow belt of a relatively low-density mantle (3.34–
3.36 g/cm3). In agreement with our results, which show the presence of
a fertile mantle with density of 3.40–3.41 g/cm3 in the western part of
the Namaqua–Natal mobile belt, the global kimberlite database (Faure,
2006) does not list any kimberlite pipes in this area (Fig. 2a).
3.1.3. Kaapvaal and Zimbabwe cratons (3.2–3.7 Ga)
Lithosphere mantle density in the Kaapvaal craton (3.2–3.7 Ga)
indicates a strongly depleted mantle, with only a very weak difference between the western and eastern blocks (3.32–3.34 g/cm 3
and 3.31–3.33 g/cm 3, respectively). Except for Lesotho, regions
with the most depleted mantle (3.30–3.32 g/cm3) in the Kaapvaal
craton are not sampled by kimberlites (Fig. 2a). The region with a
high density of kimberlite pipes follows the belt of a slightly increased
mantle density (ca. 3.33 g/cm3) as compared to less dense and more depleted mantle to the east and to the west (Fig. 2a). Note that the results
for Lesotho should be treated with caution: this region has extremely
high topography (2.5 km) and strong positive free air anomalies
(+100 + 150 mGal), indicating that it is not isostatically compensated
as assumed in free-board modeling.
The Witwatersrand Basin (2.05 Ga) of the eastern Kaapvaal block is
resolved as a block with a slightly increased mantle density. Similarly,
the Bushveld Intrusion Complex (ca. 2.05 Ga) in the northern part of
the Kaapvaal craton is clearly resolved as a coherent structure with an
increased density (3.34–3.35 g/cm3), which is typical of Proterozoic
but not of Archean mantle (Fig. 4b). There is no difference between
the western and eastern lobes of the Bushveld Complex and we attribute an increased mantle density to magmatic metasomatism at the
time of its emplacement (Scoon, 1987; Mathez, 1995)), since an introduction of iron-rich basaltic magmas into cratonic mantle increases its
density (Carlson et al., 1999; Irvine et al., 2001). The Pietersburg/Giyani
terrain between the eastern lobe of the Bushveld complex and the Limpopo belt has a low density mantle (3.32–3.33 g/cm3) and apparently
represents a small block of preserved Kaapvaal mantle.
In most of the Zimbabwe craton (2.8–3.7 Ga), in particular
in the eastern block, the lithospheric mantle has low density (3.32–
3.33 g/cm3, with − 1.5% to − 2% of density deﬁcit) and is similar to
the Kaapvaal craton. The Great dyke of Zimbabwe seems to mark the
eastern edge of the most depleted mantle but it is not seen in mantle
density structure, in agreement with geological evidence that this is a
shallow crustal feature.
3.2. Deviations from the global petrological pattern of age-dependence of
mantle density
There are a number of clear exceptions from the global petrological
trend shown in Fig. 4a, with several tectonic blocks having a
much denser lithospheric mantle than the trend suggests. They include the southern Kheis belt, the Limpopo belt, the Barberton
greenstone belt/Swaziland, and the western part of the Zimbabwe
craton (Fig 4b). We interpret the presence of atypical high-density
material in the mantle of these blocks by metasomatism caused by
an introduction of iron-rich basaltic melts into cratonic lithosphere
(Bailey, 1982) during different magmatic episodes that took place over
a long geodynamic evolution of the cratons of southern Africa (Fig. 1).
Metasomatic modiﬁcation of cratonic mantle through plate tectonics
processes and by mantle convective instabilities is well documented
by petrological studies worldwide (Coltorti and Gregoire, 2008) and
therefore provides sound explanation for high-density anomalies in
cratonic mantle, which otherwise is expected to have low density
(Jordan, 1975, 1978; Carlson et al., 1999; Gaul et al., 2000; Poudjom
Djomani et al., 2001) due to unique P–T conditions of its differentiation
from the mantle (Walter, 1999, 2005).
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averaged for blocks ca. 50 × 50 km. It is worth noting that young kimberlites sample more depleted mantle within the western and eastern Limpopo (with LM density of ca. 3.35 g/cm3 ), while the least
depleted part of the belt (with LM density of ca. 3.37–3.38 g/cm 3)
is around much older (Cambrian) and diamondiferous Venetia and
River Ranch kimberlites (Figs. 2a, 3).

Fig. 1. Major tectonic provinces of southern Africa. Tectonic boundaries—after de Wit et al.
(1992) and Goodwin (1996); the Neoarchean Ventersdorp magmatic province—after
Schmitz and Bowring (2003), the inferred extent of the Bushveld Igneous Complex—after
Campbell et al. (1983), and of the Umkondo continental ﬂood basalt province (CFB)—after
Hanson et al. (2004); major Karoo lavas and outcrops—after Riley et al. (2006).

3.2.1. Limpopo belt (2.7–3.0 Ga)
The Limpopo belt (2.7–3.0 Ga) represents a signiﬁcantly reworked
Archean mantle with an increased mantle density (3.34–3.37 g/cm3)
typical of metasomatized cratonic roots. The central part of the Limpopo
belt, which is sampled by the Cambrian diamondiferous Venetia and
River Ranch kimberlites (see Fig. 3b for location), has the least depleted
mantle (3.37–3.38 g/cm3). Petrological studies of mantle-derived peridotites from these two pipes (with Archean Re-depletion ages of ca.
3.0 Ga, Carlson et al., 1999) suggest that a highly depleted material is
present in the bottom portion of the lithospheric mantle which may
represent a southward continuation of the depleted Tokwe block of
the Zimbabwe craton (Smith et al., 2009). Note that our model cannot constrain the depth distribution of density anomalies but provides an average density for the entire lithospheric mantle, further

3.2.2. Zimbabwe craton (3.2–3.7 Ga)
In the western part of Zimbabwe craton (2.6–2.8 Ga), the lithosphere mantle is fertile, with density increase from 3.37 to 3.40 g/cm3
towards the Magondi belt. This high-density anomaly may, at least
in part, be an artifact of a strong anomaly in the crustal structure
(Youssof et al., 2013) used to model mantle density.
Note that, except for the western Zimbabwe craton, three other tectonic blocks with denser than expected lithospheric mantle fall onto the
line (marked as “metasomatic trend” in Fig. 4b) which is shifted by the
same value (ca. 0.03 g/cm3) from the global density-age trend. This observation may suggest that there may be a natural petrological limit to
the extent of metasomatic enrichment of the cratonic mantle, beyond
which it delaminates when the lithospheric density becomes too high.
This may happen, for example, if a part of basaltic additions undergoes
phase transformation to eclogite. A possibility of the presence of
eclogitic material in some parts of the lithospheric mantle cannot be
ruled out, and the presence of eclogite in lithospheric mantle is well
documented for the South African, Siberian, West African, and Slave cratons (Neal et al., 1990; Jerde et al., 1993; Barth et al., 2001; Kopylova
et al., 2016).
Here we want to note again that our results provide only the
depth-averaged value of mantle density and the depth distribution
of density anomalies in tectonic provinces that fall onto the proposed
“metasomatic trend” may be signiﬁcantly different. In particular,
studies of mantle xenoliths from the southwestern Kaapvaal craton
(Group I, emplacement age b 90 Ma) demonstrate a complicated pattern of density variations with depth (James et al., 2004; O'Reilly and
Grifﬁn, 2006). These data also suggest a signiﬁcantly denser lithospheric mantle of the Kaapvaal craton (with a depth-average value of
ca. 3.35–3.36 g/cm3 between 80 and 160 km depth in kimberlite
pipes) than does the free-board calculation (3.32–3.33 g/cm3 averaged
for the depth range from the Moho (ca. 35–40 km) to the LAB (ca. 180–
220 km) and averaged laterally over 50 × 50 km).

Fig. 2. Density of lithospheric mantle at SPT conditions (at Earth's surface): (a) absolute values, (b) density anomaly with respect to convective mantle with density of 3.39 g/cm3. The
maps are calculated assuming mantle dynamic (or residual) contribution to topography is 0.5 km (Artemieva and Vinnik, 2016). The uncertainty associated with the value of mantle
dynamic topography is ca. 0.01 g/cm3 for most of the Archean blocks and increases to ca. 0.02–0.03 g/cm3 in the Cape Fold and Namaqua–Natal belts (Fig. S1 in the online version at
http://dx.doi.org/10.1016/j.gr.2016.05.002.). Very high-density anomaly in the Eastern Cape Fold belt is likely to be artifact which propagates from the anomaly in the crustal model
(deep Moho (47–48 km) and low Vp/Vs = 1.6 (Youssof et al., 2013)). SPT density values may be directly compared to petrological data, having in mind that they correspond to
vertically averaged mantle density in the layer between the Moho and the LAB.
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Fig. 3. Distribution of kimberlite magmatism in southern Africa (based on database of Faure, 2006). (a) Symbols—kimberlite pipes shown by the age of emplacement; (b) diamond potential;
the names of some kimberlite pipes are shown in italics. Note that for a large number of kimberlite pipes information on kimberlite ages and diamond potential is not publically available.

Importantly, only few regions have mantle density slightly lower
than suggested by global petrological data. This includes parts of the
northern Kheis belt and the Western Cape Fold belt (Fig. 4b). A possible interpretation is that the basement age in these provinces may
be older than dated at present, e.g. they may be underlain by an older
lithosphere.
4. Mantle density, isopycnicity, and xenolith data

southern Africa deviations of bulk mantle density from the bulk
isopycnicity are small and within the range of 0.01–0.02 g/cm 3
(Fig. 5b), which is close to model uncertainty. Note that most kimberlite pipes from the Kaapvaal craton which have been studied in
the public domain are restricted to the region with near-zero or
small deviations from isopycnicity. In contrast, the isopycnic condition is clearly not satisﬁed in the Proterozoic–Phanerozoic block in
the southern part of the region, as well as in the Limpopo Belt and
along the eastern margin of the Kaapvaal craton.

4.1. Testing isopycnicity
4.2. Bulk mantle Mg# versus Mg# in olivine
The isopycnic hypothesis has been seriously questioned in a series of
recent studies (Kelly et al., 2003; Eaton and Perry, 2013; Cherepanova
and Artemieva, 2015). In case of isopycnic lithosphere (and with no
consideration if the isopycnic condition is satisﬁed at any depth or for
the bulk mantle), average bulk density of the lithospheric mantle at in
situ conditions (Fig. 5a) should be close to in situ density of asthenosphere (3.235 g/cm3) and be the same throughout the entire region.
Our results indicate that isopycnicity may not be entirely satisﬁed in
southern Africa (Fig. 5b). However, for most of the Archean part of

A number of petrological studies of mantle-derived xenoliths from
southern Africa focus on density structure of the lithospheric mantle
(e.g. James et al., 2004; Kuskov et al., 2006). Most of the petrological
data are from the Kimberley province in the south-western part of the
Kaapvaal craton, where numerous kimberlites of Group I (b 90 Ma)
have been studied. Based on these data and assuming the “ideal
isopycnicity” satisﬁed at any depth within the lithospheric mantle,
Jordan (1988) has proposed a linear relation between mantle density

Fig. 4. Density structure of the subcontinental lithospheric mantle (SCLM) at SPT conditions as a function of age: (a) worldwide based on petrological studies; (b) in different tectonic
provinces of southern Africa based on the present study (Fig. 2a). Vertical size of boxes shows the average value with standard deviation, horizontal size shows the time span for the lithosphere age. The density range shown in (a) is marked in (b) by two solid lines; red line marks the proposed metasomatic trend. Abbreviations: CFB-E and CFB-W—Eastern and Western
Cape Fold belt; NNFB—Namaqua–Natal Fold belt; Kh–S and Kh–N—southern and northern Kheis belt; BIC—Bushveld intrusive complex; LB—Limpopo belt; ZC-W and ZC-E—western and
eastern (Tokwe block) Zimbabwe craton; KC–W and KC–E—western and eastern Kaapvaal craton; BGB—Barberton greenstone belt.
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Fig. 5. (a) Density of lithospheric mantle at in situ conditions (assuming mantle dynamic contribution to topography is 0.5 km (Artemieva and Vinnik, 2016)). These density values may be
directly compared to geophysical remote sensing models (e.g. seismic and gravity). (b) Deviation of lithospheric mantle from isopycnicity (the map shows the difference between (a) and
3.23 g/cm3). In case the isopycnic condition is satisﬁed, average bulk density of the lithospheric mantle at in situ conditions should be close to in situ density of asthenosphere (3.23 g/cm3).
In Kaapvaal, isopycnicity is best satisﬁed around the best studied kimberlite clusters.

(in g/cm3) and Mg# [Mg# = (5.093-density)/0.0191]. Another relation,
which links bulk peridotite density to Mg# (Mg/Mg + Fe) in olivine, has
been proposed by Lee (2003) based on synthetic calculations of density of
cratonic peridotite from known mineralogy [Mg#(ol) = (4.74-density)/
0.0152]. We used these relations to calculate mantle Mg# from mantle
density.
Assuming isopycnicity is nearly satisﬁed in southern Africa (at least
in the Archean blocks), we convert SPT density of the lithospheric mantle (Fig. 2a) to Mg# (Fig. 6ab) using the linear correlation between the
two parameters (Jordan, 1988; Lee, 2003). We next compare synthetic
Mg# with mantle Mg# in olivine (Grifﬁn et al., 2003; Smith et al.,
2009) (Fig. 6b). Strictly speaking, the comparison is not adequate because synthetic Mg# calculated from mantle density refers to the bulk
composition of the lithospheric mantle, while petrologic Mg# refers to
olivine, that is to ca. 65–70% of composition of the lithospheric mantle
(Fig. 7 in Artemieva and Vinnik, 2016). The presence of even a small
amount of garnet in mantle peridotite will signiﬁcantly increase mantle
density, while the presence of a signiﬁcant amount of clinopyroxene
and orthopyroxene will decrease it (Jordan, 1979).

For the Archean terranes of southern Africa, our calculations suggest
higher variability in bulk mantle Mg# than indicated by xenolith studies
for Mg# in olivine (Fig. 6b). Both geophysical and petrological models
indicate high Mg# in the lithospheric mantle of the Kaapvaal and
Zimbabwe cratons; for these cratons, the two approaches are in overall
agreement with Mg# of ca. 92.5–93.5. In regions with no kimberlite
sampling, synthetic Mg# calculated from mantle density anomalies
are slightly higher (ca. 94–95) than the maximal reported petrological
Mg#.
Petrological studies of xenoliths from the Murowa and Sese kimberlites of the Tokwe block in the southern Zimbabwe craton indicate extremely depleted mantle with Mg# of up to 95 (Smith et al.,
2009). This is consistent with the results of the present study,
which also demonstrate that the lithospheric mantle in the eastern
Zimbabwe craton may be strongly depleted (Mg# ~ 93). However,
due to vertical averaging of density structure and lateral averaging
over 30′ × 30′ cells, the strongest density anomalies seen in “point”
xenolith data will inevitably become smeared in our geophysical
model.

Fig. 6. Synthetic bulk Mg# calculated from SPT mantle density (Fig. 2a): (a) Mg# for bulk composition based on the isopycnic equation of Jordan (1988); (b) Mg# in olivine based on
equation of Lee (2003); numbers—petrologic data on mantle Mg# calculated as mean Fo content in olivine (Grifﬁn et al., 2003) and as Mg# in olivine (Smith et al., 2009). In places
where the isopycnic condition is not fully satisﬁed (Fig. 5b), the conversion of mantle density to Mg# is, strictly speaking, inaccurate. Note that synthetic values of Mg# correspond to
vertically averaged structure of subcrustal lithosphere (from the Moho to the LAB), which may be different from depth averaging of petrological data shown in (b).
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There is a signiﬁcant discrepancy between Mg# calculated from petrological and geophysical data for the Limpopo belt. A petrological study
of mantle-derived peridotites in southern Africa (Grifﬁn et al., 2003) reports the most depleted mantle to be beneath the Limpopo belt. Xenolith studies of the Cambrian Venetia (Stiefenhofer et al., 1999) and
River Ranch (Kopylova et al., 1997) kimberlites provide Mg# in olivine
of up to 94 and 92–93, correspondingly. In contrast, our results suggest
a signiﬁcantly lower bulk mantle Mg# of ca. 90.5 for the Limpopo mantle around the Venetia and River Ranch pipes. A possible explanation is
that xenolith-based Mg# corresponds to mantle composition prior and
during kimberlite magmatism (N400 Ma ago), while “synthetic” geophysical Mg# corresponds to the present-day density structure of the
mantle. In that case, a signiﬁcant refertilization of the Limpopo mantle
may have taken place during the Gondwana break-up (the Karoo
event).

database of kimberlite ages and their diamond potential is extremely incomplete, and our conclusions may be signiﬁcantly biased. With this
limitations in mind, we make the following conclusions from the available data:
• concentration of kimberlite pipes is the highest in regions with lowdensity lithospheric mantle (Fig. 7a, 8a), and the peak concentration
of kimberlites is in mantle blocks with average density of 3.32–
3.33 g/cm3 (Fig. 7b);
• young (b200 Ma) kimberlite magmatism apparently had a signiﬁcantly weaker metasomatic impact on the cratonic mantle, given
that numerous kimberlites sampling low-density cratonic nuclei are
young (Fig. 7c);
• apparently the maximal density of the lithospheric mantle beneath
the kimberlite provinces may be directly linked to the emplacement
age of kimberlites (Fig. 7c).

5. Mantle density and kimberlite distribution
5.1. Correlation with kimberlite ages
Our analysis of kimberlite distribution in relation to the density
structure of the lithospheric mantle is based on publically available
global kimberlite database (Faure, 2006). For the cratons of southern
Africa, it includes ca. 1300 kimberlite pipes, with the ages available for
only ca. 200 of them, and the information on diamond potential available for 405 pipes. Therefore, it is important to have in mind that our

These observations suggest that the present-day density structure of
the cratonic mantle may reﬂect the degree of its metasomatic enrichment after (or during) the kimberlite emplacement (Cordier et al.,
2015). If so, it is surprising because other magmatic events (e.g. the
Bushveld intrusion or the Karoo traps) have also signiﬁcantly affected
composition of the cratonic mantle. Therefore, a direct comparison of
geophysical models (which refer to the present-day mantle structure)
with petrological models (which reﬂect mantle structure during

Fig. 7. Statistical analysis of distribution of kimberlite pipes. (a) Number of kimberlite pipes within 30 × 30 min cells; (b) density of kimberlite clusters as a function of SPT mantle density
(Fig. 2a); (c) age of kimberlites as function of the present-day SPT density of the lithospheric mantle, zoomed at Cretaceous kimberlites (d). Kimberlites of Group I (with emplacement ages
b95 Ma) sample mantle with higher density than Group II (N110 Ma) kimberlites (d). Statistics may be biased by incomplete information on kimberlite ages in the database (Faure, 2006).
We propose a step-wise, spatially heterogeneous, increase in density of the Kaapvaal LM in response to large-scale tectono-magmatic events (c).
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Fig. 8. Statistical analysis of distribution of diamondiferous and non-diamondiferous kimberlites (note that for a signiﬁcant number of pipes, this information is not publically available).
Histograms (calculated on a 15 × 15 min grid) of SPT density of the lithospheric mantle for regions (a) with and without kimberlites, (b) with and without diamondiferous kimberlites.
(c, d) Number of diamondiferous and non-diamondiferous kimberlites within 30 × 30 min cells.

kimberlite emplacement) should be made with caution. As a consequence, knowledge on the present-day structure of the cratonic mantle
is important (but insufﬁcient on its own) for diamond prospecting.

5.3. Mantle density and diamondiferous kimberlites
A comparison of the present-day mantle density structure with the
location of diamondiferous and non-diamondiferous kimberlites
shows no simple pattern for the cratonic interior (Fig. 8 cd).

5.2. Group I versus Group II kimberlites
Most kimberlites of southern Africa are Cretaceous (Fig. 7c). Historically, they have been subdivided into two distinct types, ﬁrst by petrographic observations, and later by isotope compositions when the terms
Group I and Group II kimberlites have been introduced (Smith, 1983).
Young, Group I kimberlites, historically termed “basaltic,” are CO2-rich
ultramaﬁc potassic igneous rocks with the emplacement ages of
b95 Ma. In contrast, older (N110 Ma) Group II kimberlites, are K-rich
peralkaline rocks, which are also rich in water; it has been argued that
their composition is closer to lamproites than to Group I kimberlites
(Mitchell, 1995; Ulmer and Sweeney, 2002), and their origin is thought
to be related to the Gondwana break-up.
Petrological data suggest that the older, Group II kimberlites,
brought xenoliths from a more depleted mantle than the younger
ones (Grifﬁn et al., 2003). Although this conclusion is debated, our results (Fig. 7d) indicate that the Kaapvaal Group I and Group II kimberlites are emplaced in the lithospheric mantle with a signiﬁcantly
different density (3.35 ± 0.03 g/cm3 and 3.33 ± 0.01 g/cm3, respectively), with older kimberlites sampling a more depleted mantle. We speculate that progressive age-dependent differences in mantle density
reﬂect metasomatic enrichment of cratonic mantle, and note the limitations of the kimberlite database which we use in the analysis.

• In general, diamondiferous kimberlites are more numerous in regions
with low-density cratonic mantle (3.32–3.35 g/cm3), while nondiamondiferous kimberlites sample mantle with a broad range of density values.
• Most kimberlites in regions with high mantle density are nondiamondiferous. The only notable exception is the Lethlakane cluster
at the western edge of the Zimbabwe craton (see Fig. 3a for location);
however, the crustal structure in this region is not well constrained
and the calculated high-density anomaly may be a model artifact
due to incomplete crustal correction.
• In some places (e.g. the Premier pipe in the Bushveld Complex, several
pipes of the Limpopo Belt (e.g. Venetia and River Ranch), Okwa block,
and Swaziland), the diamondiferous kimberlites are located in regions
with moderately depleted mantle (with mantle density of 3.35–
3.37 g/cm3). All such pipes seem to be older than 200 Ma (compare
with Fig. 3, Fig. 7c). We interpret the present-day mantle density
anomalies around these pipes to reﬂect intense reworking of the cratonic mantle by a younger (post-kimberlite) tectonism.
• Some non-diamondiferous kimberlites are present in regions with
low-density, strongly depleted mantle. Many of such kimberlite clusters tend to be at the edges of the strongly depleted lithospheric
blocks, along the south-western and eastern margins of the Kaapvaal
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craton. We note that some kimberlite pipes do not host diamonds due
to conditions of their emplacement (when diamonds “burned” to carbon during kimberlite eruption) rather than because they sampled
non-diamondiferous mantle.

6. Moho sharpness, kimberlite occurrences, and mantle density
We next compare density structure of the lithospheric mantle with
seismic models based on interpretations of the data from the SASE seismic experiment. This includes regional receiver function (RF) analysis of
the Moho sharpness (Youssof et al., 2013) and mantle P- and S-wave velocities based on regional body-wave tomography (James et al., 2001;
Youssof et al., 2015). Heterogeneity and complexity of the crust–mantle
transition in southern Africa has been discussed in other papers (e.g.
Nguuri et al., 2001; Niu and James, 2002; James et al., 2003), where a
sharp Moho with a strong velocity contrast was found in crustal blocks
undisturbed since the Archean, and a diffuse Moho was found in regions
with modiﬁed crust and in post-Archean terranes. Unfortunately, a
quantitative measure of the Moho sharpness is not available from
these studies, thus making them unsuitable for our analysis. We also
note that these receiver function interpretations assume a constant
Vp/Vs ratio in the crust for all (e.g. Nguuri et al., 2001) or some of the
stations (Nair et al., 2006; Kgaswane et al., 2012), whereas the model
which we use is free of these limitations (Youssof et al., 2013).
The sharpness of the Moho depends on (i) the contrast in velocity
and density across the crust–mantle transition and (ii) the thickness
of this transition. These parameters affect the amplitude and frequency
of the converted Ps phase and its multiples: a sharp Moho is characterized by high amplitude and short duration of the signal, whereas a gradual Moho is characterized by small amplitude and long signal duration.
An RF analysis of P to S conversions based on the full Hk-stacking interpretation of data recorded by all 82 broadband seismic stations of the
SASE experiment allowed to constrain, for the ﬁrst time, the map of
the Moho “sharpness” (Youssof et al., 2013), deﬁned by amplitude of
the Pds-converted phase from the Moho.
The usual deﬁnition of sharpness in seismology is, however, related
to the thickness of a gradational discontinuity (e.g. Vinnik, 1977). The
amplitude of Pds depends on the true sharpness and on the S-wave velocity contrast at the discontinuity. To get a large reﬂected signal, the
width h of a gradational discontinuity should be less than a quarter of
the wavelength λ, h b λ/4 (Richards, 1972). If the amplitude of the
phase reﬂected from a gradational boundary is inversely proportional
to the travel-time difference Δ between the signals reﬂected from the

top and bottom of the gradational boundary, then for vertical seismic
wave propagation the travel-time difference should be less than halfperiod T, Δ b T/2, to get a reﬂected signal. For the Pds transmitted
phase, the signal from the bottom of the gradational boundary arrives
later than the signal from the top boundary by time [h/Vs − h/VP],
where VP and VS are P- and S-wave velocities. If one assumes VP/VS =
1.8 as a typical value for mantle rocks (Christensen, 1996), the rule of
h b λ/4 for reﬂected phases transforms to h b 1.1 λ for the Pds-converted
phases, where λ is wavelength of the S-wave.
For dominant periods of ca. 2 s used by Youssof et al. (2013), the amplitude of the Pds phase from the Moho is large, if the thickness of the
Moho transition is less than 9 km. Much larger thickness is required
for a signiﬁcant reduction of the amplitude of Pds. This suggests that
the “sharpness” deﬁned by amplitude of the Pds-converted phase
from the Moho is mainly an indicator of the S-wave velocity contrast
at the Moho boundary, rather than the thickness of the gradational
zone at the Moho boundary. We use here the quantitative measure of
sharpness (Youssof et al., 2013) as the amplitude of the Ps phase for
each stacked trace beneath a station, normalized by the average regional Ps amplitude (Fig. 9a).
A sharp Moho is typical of regions with a thin crust and relatively
small Vp/Vs (most of the Archaean Zimbabwe and Kaapvaal cratons),
whereas a gradual Moho is common in the Limpopo belt, the
Namaqua–Natal Mobile belt, and in the Bushveld Intrusive Complex,
where high Vp/Vs ratio is common (Youssof et al., 2013). Variability of
the crustal-mantle transition may be related to magmatism and underplating as has been observed in sedimentary basins from controlled
source seismology (Thybo et al., 1998; Jensen and Thybo, 2002).
A comparison of regional variations in the Moho sharpness
in southern Africa (Fig. 9a) with the distribution of kimberlites
(Fig. 9b) demonstrates that kimberlites tend to be in regions with
a sharp Moho. A sharp Moho can be caused by the presence of a lowdensity, felsic, lower crust (James et al., 2003), and/or can result from
delamination of the lower crust and the lithosphere mantle (Bird,
1979; Kay and Kay, 1993; Zegers and van Keken, 2001), as a result of
gravitational instability associated with tectono-magmatic events
(Menard and Molnar, 1988; Artemieva and Meissner, 2012). In
such a case, the lithospheric mantle would be replaced by a new
mantle material, which will be younger in age and more fertile. However, geochronological studies of crustal and mantle xenoliths from
the Kaapvaal kimberlites indicate similar ages for the crust and the
underlying lithospheric mantle (Pearson, 1999), particularly down
to ca. 125 km depth (Fig. 10). Therefore, if the lower crust and the
lithospheric mantle of the Kaapvaal craton were delaminated, this

Fig. 9. (a) Map of Moho sharpness based on P–S receiver functions (Youssof et al., 2013). Moho sharpness is quantiﬁed by seismic velocity contrast at the Moho at each seismic station
normalized by the average value for all SASE stations; dots—kimberlite pipes; (b) histograms of velocity contrast at Moho for regions with and without kimberlites (calculated on a
15 × 15 min grid for (a)).
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Fig. 10. Re–Os modal ages of the lithospheric mantle in southern Africa (based on data by Pearson, 1999).

process should have taken place already in late Archean–early Proterozoic, and in that case, it may have been related to the Ventersdorp
magmatic event (Fig. 10).
Alternatively, blocks with a sharp Moho, low Vp/Vs crust, and depleted lithospheric mantle may represent ancient, weakly reworked
Archean lithosphere (Fig. 11b). This interpretation is supported by
an intriguing correlation between the Moho sharpness and the SPT
density of the lithospheric mantle (Fig. 11a). Statistically, lithosphere blocks with sharp Moho (and numerous kimberlite pipes,
Fig. 9a) have low-density lithospheric mantle, whereas blocks with
gradual Moho have moderate-density mantle. In such a case, blocks
with transitional Moho, high Vp/Vs crust, and moderate-density lithospheric mantle are areas that have been affected by a signiﬁcant
melt-metasomatism (leading to density increase in the sub-Moho
lithosphere), with inﬁltration of basaltic magmas into the crust
(leading to a high crustal Vp/Vs ratio), and basaltic underplating at
around Moho (leading to the increase in crustal thickness with a
transitional Moho) (Fig. 11b).
7. Mantle density versus Vp, Vs upper mantle velocities
We next compare mantle density structure at in situ conditions
(Fig. 5a) to regional seismic velocity models (Figs. 12, 13) based on
teleseismic traveltime tomographic inversion of the P- and S-body
wave data recorded by the southern Africa seismic experiment (SASE)

(Youssof et al., 2015; James et al., 2001). Both tomographic models are
constrained with respect to similar continental reference models,
ak135 and iaspei91, respectively. It is outside the scope of the present
paper to discuss potential causes of the discrepancies between the
two regional tomographic models (Foulger et al., 2013).
A visual comparison of the density structure of the lithospheric
mantle in southern Africa with seismic velocities constrained by regional tomography models shows some correlation between density and velocity anomalies in the upper mantle at 100–150 km depth (Fig. 12).
However, statistical analysis does not demonstrate any simple quantitative links between Vp, Vs, and mantle density. The absence of correlation between seismic velocities and density in peridotite-type rocks
has been reported earlier based on studies of the Kaapvaal peridotites,
which included laboratory measurements of elastic and thermal moduli
on ca. 120 xenolith samples from the Kaapvaal and adjacent Proterozoic
mobile belts (James et al., 2004). That study concluded that while seismic velocity variations in southern Africa are controlled primarily by
temperatures, with weak compositional effects, density variations are
controlled chieﬂy by compositional variations, with only a minor effect
of temperature variation on density. Note that in our comparison of
mantle density and mantle seismic velocity, the temperature effect is
unimportant since we take both parameters at in situ conditions, and
therefore it is primarily the composition of the lithospheric mantle
that leads to non-unique correlations between seismic velocities and
density (Figs. 12, 13). The lack of simple quantitative correlation

Fig. 11. (a) Correlation between the seismic velocity contrast at the Moho and SPT density of the lithospheric mantle (the case of 0.5 km dynamic topography, Fig. 2a); colors show density
distribution of data points calculated on a 30 × 30 min grid. Data on the number of kimberlite pipes (kimberlite rich vs kimberlite poor) are based on Fig. 9b: data cluster with the
transitional velocity contrast at the Moho and lithospheric mantle density of around 3.35 g/cm3 corresponds to kimberlite-poor cells, while data cluster with a sharp Moho and
lithospheric mantle density of 3.32–3.33 g/cm3 corresponds to kimberlite-rich cells. “Pristine” mantle with low values of LM density and sharp Moho lacks kimberlites. (b) Conceptual
model showing links between depth to the Moho, Moho sharpness, crustal Vp/Vs, mantle density, lithosphere thickness, and kimberlite occurrences.
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Fig. 12. Comparison of density of the lithospheric mantle at in situ conditions (Fig. 5a) with regional seismic tomography models. (a) In situ density anomalies in the lithospheric mantle as
per cent of in situ asthenosphere density (3.23 g/cm3); (b) Vp velocity anomaly at 150 km depth with respect to iaspei91 model (based on James et al., 2001); (c, d) Vp and Vs velocity
anomalies at 100 km depth with respect to ak135 model (based on Youssof et al., 2015).

between seismic velocities and mantle density (Fig. 13a) may also be ascribed to a signiﬁcantly different lateral resolution of seismic and density models, as well as to a signiﬁcant uncertainty in seismic amplitudes
(Foulger et al., 2013) and in the mantle density model (see details in
Artemieva and Vinnik, 2016). To reduce the effect of model resolution
and uncertainties in amplitudes, we averaged seismic Vp, Vs values
and mantle density values for several tectonic blocks in Southern
Africa (Fig. 13). The analysis performed this way indicates an inverse
correlation between in situ density and in situ seismic velocities in the
cratonic lithospheric mantle in southern Africa: tectonic blocks with
high seismic velocities have low-density mantle, whereas reduced
seismic velocities in the cratonic lithospheric mantle correspond to increased values of mantle density.
The observed trend is in agreement with a number of studies
(Jordan, 1979; Jordan, 1988; Lee, 2003), which demonstrate that mantle
rocks with high Mg# (typical of rocks depleted in basaltic components)
have signiﬁcantly lower densities and higher seismic velocities than fertile rocks. Importantly, both Vp and Vs correlate with mantle density
only on a regional scale, with a large scatter observed for all tectonic
blocks. In support of previous studies (James et al., 2004; O'Reilly and
Grifﬁn, 2006), it suggests complex, non-linear relationships between
seismic velocities and densities in the cratonic mantle, which may not
be parameterized by one parameter, such as Mg#, but require incorporation of data on other minerals, particularly garnet and orthopyroxene
(Kopylova et al., 2004; Matsukage et al., 2005).

8. Conclusions
We present and discuss the new regional model for the depthaveraged density structure of the lithospheric mantle in southern
Africa. The results demonstrate the following.
1) Density structure of the lithospheric mantle is highly heterogeneous
laterally and it is well correlated with tectonic provinces and crustal
ages. There is a general trend in a gradual increase in lithosphere
mantle density from the Archean to Phanerozoic terranes, with density values in the range reported in petrological studies. Several terranes (the southern Kheis belt, the Limpopo belt, the Barberton
greenstone belt/Swaziland, and the western part of the Zimbabwe
craton) deviate from the general trend by a nearly constant value
of mantle density anomaly of ca. 0.03 g/cm3, which we attribute to
melt-metasomatism with an addition of basaltic material.
We observe a signiﬁcant small-scale density heterogeneity within
tectonic blocks of the same ages. The Witwatersrand basin and the
Bushveld intrusion appear as coherent blocks with increased lithosphere mantle density (3.34–3.35 g/cm3) as compared to most of
the Kaapvaal craton (3.31–3.34 g/cm3). Mantle of the eastern
Zimbabwe craton is low dense and similar to the Kaapvaal, while
the western Zimbabwe has high-density (3.37–3.40 g/cm3) mantle.
The Eastern and Western provinces of the Cape Fold belt have significantly different mantle density structure (3.40–3.42 g/cm3 and
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composition unfavorable for kimberlite-type magmatism.
On a regional scale, mantle density structure correlates with seismic velocities in the upper mantle, with higher seismic velocities
being observed in regions with lower mantle density. The correlation is, however, weak and indicates that velocity–density relationship in the lithospheric mantle is strongly non-unique.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2016.05.002.
Digital density model can be requested from the authors
(irina@ign.ku.dk).
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