
1.  Introduction
The Precambrian shield of southern Africa, much of which has been uplifted to form the ∼1 km high South-
ern Africa Plateau (Nyblade & Robinson, 1994), has been the focus of many seismological studies over sev-
eral decades addressing fundamental questions about continental structure and evolution, including craton 
formation, mantle plumes, flood basalts, rifting, and epeirogenic plateau uplift. Much of the plateau uplift 
may have occurred in the late Cretaceous (Baby et al., 2020; Braun et al., 2014; Stanley et al., 2013, 2015), 
with east to west variations in the amount and timing of uplift across the plateau (Braun et al., 2014; Stanley 
et al., 2020), and an additional phase of uplift may have occurred in the mid-Cenozoic (Baby et al., 2020; 
Braun et  al.,  2014). The two main sources of uplift debated are upper mantle plume heads and anom-
alous structure in the midmantle and lower mantle associated with the African Superplume (e.g., Baby 
et al., 2020; Braun et al., 2014; Gurnis et al., 2000; Nyblade & Sleep, 2003).

Most seismological studies of southern Africa (e.g., Adams & Nyblade, 2011; Chevrot & Zhao, 2007; Fouch 
et al., 2004; James et al., 2001; Kachingwe et al., 2015; Li, 2011; Li & Burke, 2006; Youssof et al., 2015) have 
focused on crustal and upper mantle structure beneath the region's Archean nucleus, largely because much 
of the broadband seismic data collected over the past few decades have come from networks located within 
the Kaapvaal and Zimbabwe cratons. Expanding on these earlier studies, in this paper, we use a large data 
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set assembled from networks that span the southern African subcontinent from east to west to model the 
shear-wave velocity structure of the upper mantle beneath the entire Precambrian shield of southern Africa.

To create our shear-wave velocity model, we produced phase velocity maps by inverting Rayleigh wave 
phase delays from 499 M ≥ 6 earthquakes. Dispersion curves, extracted from the maps, were modeled using 
a combined Monte Carlo and iterative linearized inversion approach to obtain 1D velocity models at every 
half degree across the study area, and then the 1D models were assembled into a 3D model. Variations in 
upper mantle velocities revealed in the 3D model are used to address several first-order questions about 
the nature of the African upper mantle, including the location of lithospheric boundaries, the thickness of 
cratonic lithosphere, and whether or not the sublithospheric mantle is thermally modified, thus advancing 
our understanding of earth structure and processes in this tectonically unique part of the world.

2.  Background
The Precambrian shield of southern Africa consists of an amalgamation of cratons and mobile belts (Begg 
et al., 2009; de Wit et al., 1992; Hanson, 2003; Jelsma & Dirks, 2002) (Figure 1). The core of the shield con-
sists of the Archean Kaapvaal and Zimbabwe cratons sutured together by the Limpopo Belt, a region com-
monly referred to as the Kalahari Craton. Around the periphery of this core are Paleoproterozoic (Kheis, 
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Figure 1.  Topographic map showing tectonic boundaries (bold white lines) in southern and eastern Africa and 
locations of seismic stations used in this study. Tectonic terranes are labeled as (a) Kaapvaal Craton; (b) Zimbabwe 
Craton; (c) Limpopo Belt; (d) Bushveld Igneous Province; (e) Tanzania Craton; (f) Congo Craton/Angolan Shield; 
(g) Rehoboth Province; (h) Bangweulu Block; (i) Irumide Belt; (j) Southern Irumide Belt; (k) Kheis Belt; (l) Okwa 
Terrane; (m) Namaqua-Natal Belt; (n) Cape Fold Belt; (o) Damara Belt; (p) Mozambique Belt; (q) Etendeka Flood 
Basalt Province; (r) Okavango Rift; (s) Gariep Belt (Begg et al., 2009; Frimmel & Frank, 1998). Elevations from GEBCO 
(Weatherall et al., 2015).
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Rehoboth), Mesoproterozoic (Magondi, Okwa, Namaqua-Natal, Irumide, Southern Irumide Belts), and 
Neoproterozoic (Damara-Ghanzi-Chobe, Gariep, Mozambique Belts) terranes (Figure 1). The region expe-
rienced two major Phanerozoic magmatic events (the ca. 130 Ma Etendeka Flood Basalt Province within 
the Damara Belt in northwestern Namibia, and the ca. 180 Ma Karoo large igneous province covering much 
of the southern African subcontinent), in addition to several Precambrian magmatic events, most notably 
the ca. 2.1 Ga Bushveld event within the Kaapvaal Craton (Figure 1). Karoo rifts and sedimentary basins 
developed across much of southern Africa during the breakup of Gondwana, and, today, rifting is ongoing 
within the East African Rift System, which extends to the southwest to the Okavango Rift Zone in northern 
Botswana and to the southeast into central Mozambique (Domingues et al., 2016; Fadel et al., 2020).

Global surface wave tomography studies primarily image regions of higher velocity in southern Africa, 
indicative of thick, Archean lithosphere, and regions of lower velocity in eastern Africa, representative of 
thermally modified upper mantle. Details of upper mantle shear-wave velocity structure in these regions 
are better resolved in continental-scale and regional-scale surface wave tomography models. The Priestley 
et al. (2008) and Fishwick (2010) continental-scale models, e.g., show upper mantle with 2–4% higher ve-
locities to depths of 200–250 km beneath the Kaapvaal and Zimbabwe cratons compared to surrounding ter-
ranes. Emry et al. (2019) imaged, in addition to the higher velocities beneath those cratons, smaller regions 
of high velocity upper mantle possibly correlated with other cratonic fragments (i.e., the Niassa and Lurio 
cratons). Regional-scale studies also show high velocity lithospheric mantle beneath the Kaapvaal Craton 
(e.g., Adams & Nyblade, 2011; Chevrot & Zhao, 2007; Li, 2011; Li & Burke, 2006; Ravenna et al., 2018) but 
differences in velocities within the sublithospheric mantle. For instance, the Li and Burke (2006) model 
shows a 4% reduction in shear-wave velocities in the 160–260-km depth range beneath the Kaapvaal Cra-
ton, suggestive of thermally perturbed upper mantle, while the Adams and Nyblade (2011) model shows 
no low velocity region under the craton. Complementing the surface wave investigations are many other 
seismological studies of the crust and upper mantle beneath southern Africa (see Emry et al. (2019) and 
White-Gaynor et al. (2020) for recent reviews).

3.  Rayleigh Wave Phase Velocities
Our shear-wave velocity model for southern Africa has been constructed by inverting Rayleigh wave phase 
velocity measurements for an area between −5°S to −40°S and 10°E to 40°E. Phase velocity measurements 
from periods of 30 to 200 s were made using the Automated Surface Wave Measuring System (ASWMS; Jin 
& Gaherty, 2015). Data were gathered from a total of 397 broadband seismic stations in 19 different net-
works (Figure 1; see data section). Waveforms were collected for ≤50-km deep and M ≥ 6.0 earthquakes with 
epicentral distances between 20° and 160° over the years of 1997–2018. In total, waveforms were collected 
from 1,419 earthquakes on all stations operational within the study area at the time of each event. Of these, 
499 events provided waveforms with coherent signal within the frequency band of interest (30–200 s), pro-
viding good azimuthal coverage (Figure S1).

The ASWMS workflow uses a modified Generalized Seismological Data Functional (Gee & Jordan, 1992) 
approach to measure phase delays between two stations. After correcting waveforms for instrument re-
sponse, a waveform from one station is cross-correlated with a waveform from the same event recorded on 
a nearby station, windowed using a group velocity arrival window of 5.0–2.0 km/s (Figure S2). Cross-cor-
relograms are then filtered by a series of narrow-band filters centered around the periods of interest (20–
300 s; Figure S2). Correlograms with coherences ≥0.5 were fit with a five-parameter Gaussian wavelet (Jin 
& Gaherty, 2015), of which one parameter corresponds with phase delay and one with amplitude, providing 
amplitude and phase delay estimates by period. Phase delays greater than 10 s from the predicted phase 
velocity were rejected to prevent measuring phase delays on skipped cycles. Interstation distances were ex-
tended to a maximum of 850 km to increase path coverage. For comparison, we also limited the maximum 
interstation distance to 250 km and found differences at all periods of generally <0.1 km/s (Figure S3). To 
remove possible bias imposed by the windowing function, the phase delays were corrected by a time shift 
measured on a windowed autocorrelation.

Corrected phase delays were then inverted for spatial variations in dynamic phase velocity via the eikonal 
equation and by applying a smoothing of 25% of the wavelength at each period, following the approach 
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outlined in Accardo et al. (2017). The smoothness constraint minimizes the second derivative of the slow-
ness vector calculated from the derived maps of phase delay. A minimum of three measurements were 
required for the phase velocity measurements for a cell to be used in further calculations (Figure S4). The 
effects of focusing and defocusing were then corrected for by inverting amplitude measurements using 
Helmholtz tomography (Lin & Ritzwoller, 2011), yielding maps of structural phase velocity at each frequen-
cy for each event. The final event solutions were then stacked to obtain structural phase velocity estimates 
at all periods for every grid point (Figure S5), and the standard deviation of the resulting phase velocities 
(Figure S6). The standard deviations, which are generally <0.02 km/s, provide an estimate of the uncertain-
ty. Lastly, phase velocity dispersion curves were extracted across all periods from each 0.5° × 0.5° cell with 
at least three measurements.

4.  Inversion for Shear-Wave Velocities
Shear-wave velocity profiles for each cell in the grid were obtained by inverting the phase velocity dispersion 
curves following the method of Jin et al. (2015), as implemented by Accardo et al. (2020). The inversion of 
dispersion curves for velocity can be sensitive to the initial velocity model, so a suite of 100 3-layer starting 
models for each cell was developed using a Monte Carlo approach applied to a limited parameter space 
(Table S1). The top layer (layer 1) was used to represent a sedimentary layer, the middle layer (layer 2) to rep-
resent the crust, and the bottom layer (layer 3) to represent the upper mantle to 400-km depth. The crustal 
thickness at each cell was constrained by the Tugume et al. (2013) crustal model. At the bottom of layer 3, 
the mantle velocity was linearly tapered to the velocity of the AK135 model (Kennett et al., 1995) at 500 km, 
and from 500-km to 550-km depth, velocities were fixed to the AK135 velocities. The 100 initial models for 
each cell were obtained by perturbing the three layers in the starting model independently. Perturbations 
followed a uniform distribution within 30% of the starting layer 1 velocity, 10% of the starting layer 3 veloc-
ity and 5 km of the starting crustal thickness. Average crustal velocity (layer 2) was fixed at 3.7 km/s due 
to the narrow distribution of crustal velocities found in southern Africa (Kachingwe et al., 2015; Tugume 
et al., 2013).

Each initial model (100 per cell) was then inverted using an iterative linearized inversion scheme (surf96 
code; Herrmann, 2013) to obtain a 1D shear-wave velocity profile (Figure 2). Smoothing was enforced in 
the inversion except at the step increase in velocity at the Moho and at 500-km depth. We narrowed the 
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Figure 2.  (a) Starting model from the grid search (black line) and 100 perturbed initial models (gray lines). One 
standard deviation above and below the mean is marked (dotted lines). AK135 Earth reference model shown with 
dashed line (Kennett et al., 1995). Cell location marked on inset map. (b) Model results from the inversion with mean 
(black line), one standard deviation above and below the mean (dotted lines), and individual output velocity models 
(gray lines). Inset: Phase velocities used to constrain the inversion along with their uncertainties from Helmholtz 
tomography (Figure S6). Phase velocities forward calculated for the individual velocity models are shown with gray 
lines.
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distribution of resulting 1D models by excluding the 30% of models with the largest misfit, and then cal-
culated the mean and standard deviation of the remaining models to obtain a representative 1D model for 
each cell. The mean velocity profiles were stable with respect to the choice of cutoff for misfit; increasing 
the cutoff to exclude the 50% of models with the largest misfit resulted in nearly identical velocity profiles 
and variance. The mean 1D velocity models were then assembled into a 3D model.

5.  Results
Horizontal slices through the shear velocity model are shown in Figure 3. The Kaapvaal Craton has the 
highest shear-wave velocities (∼4.8 km/s) within the uppermost mantle at 50-km depth, and at 150-km 
depth the maximum velocity is slightly lower (∼4.7 km/s). Beneath the Limpopo Belt and Bushveld Com-
plex in the northern Kaapvaal Craton, the velocities are slightly lower, ∼4.6  km/s at depths of 50   and 
150 km. Beneath the Zimbabwe Craton, velocities are slightly lower than beneath the Kaapvaal Craton, 
although the northern part of the Zimbabwe Craton is not well imaged because of limited data coverage. 
Below 200-km depth, the entire Kalahari Craton (Kaapvaal and Zimbabwe cratons and Limpopo Belt) has 
a shear-wave velocity between 4.7 and 4.8 km/s.

Shear-wave velocities beneath the Rehoboth Province are ∼4.5 km/s at 50-km depth, increasing to ∼4.6 km/s 
at 150-km depth and to 4.7–4.8 km/s below 200-km depth. The western portion of the province has slightly 
lower velocities than the eastern part of the province. To the north of the Rehoboth Province, beneath the 
Damara Belt in Namibia, Botswana, and Zambia shear-wave velocities are 4.4–4.5 km/s at 50-km depth. At 
150-km depth, beneath the Damara Belt velocities increase to 4.5–4.6 km/s. At depths >200 km, velocities 
range from 4.7 to 4.8  km/s, with the highest velocities (4.8  km/s) present beneath the Etendeka Flood 
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Figure 3.  Horizontal cross-sections through the 3D velocity model at 50-km intervals. Terrane boundaries shown with solid gray lines are the same as in 
Figure 1.
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Basalt Province in northwestern Namibia. Under the Okavango Rift in northern Botswana, velocities are 
comparable to the rest of the Damara Belt. Beneath the Mozambique Belt extending from southern Tanza-
nia through Malawi and northern Mozambique, velocities at 50-km depth are between 4.4 and 4.5 km/s. 
Velocities are lower (<4.5 km/s) at all depths beneath southern Tanzania but to the south in Malawi and 
Mozambique, velocities increase to 4.7–4.8 km/s beneath the Southern Irumide Belt at depths of ≥150 km.

6.  Discussion
Our shear velocity model is the first 3D model for southern Africa constructed using surface waves recorded 
on regional seismic networks spanning the entire subcontinent. In cratonic regions where data from region-
al seismic networks have been available previously, first-order features in our model are similar to other 
continental-scale and regional-scale shear-wave velocity models of the upper mantle (e.g., Emry et al., 2019; 
Fishwick, 2010; Li & Burke, 2006; Priestley et al., 2008; Ravenna et al., 2018; Sebai et al., 2006). However, 
because of the inclusion of new data, primarily in off-craton locations, we are able to make four important 
observations from our model that provide new insights into the nature of the African mantle and tectonics. 
To help illustrate these observations, in Figure 4, we show averages of the shear-wave velocity structure for 
four areas, the differences between those averages, and selected 2D vertical profiles through the 3D model.

The first observation is variations in uppermost mantle velocities between the Archean and many of the 
younger terranes (Figures 3 and 4). From the Moho to about 100–150-km depth, shear-wave velocities in the 
lithospheric mantle beneath the Archean Kaapvaal and Zimbabwe cratons are >2% higher than beneath the 
Damara, Gariep, Mozambique, Irumide, and Southern Irumide belts. Only part of the Namaqua-Natal Belt 
is imaged and therefore it is difficult to include this terrane in the comparison. Higher velocities in the up-
permost mantle beneath Archean compared to younger terranes has been documented in other continents 
and attributed to the depletion of basaltic components (mainly Fe) (Fouch et al., 2004; Jordan, 1979; Schutt 
& Lesher, 2010), but comparable differences in uppermost mantle velocities have not been previously well 
imaged in southern Africa. In the continental-scale models of Emry et al. (2019) and Fishwick (2010), e.g., 
velocities at around 100-km depth beneath the Damara Belt are fairly similar to the velocities beneath the 
Kaapvaal and Zimbabwe cratons.

The next observation is about the thickness of cratonic lithosphere (Figures 3 and 4). There has been signif-
icant debate about the depth extent of the lithospheric mantle under the Kaapvaal and Zimbabwe cratons, 
with seismic-derived estimates ranging from ∼150 to >300 km (e.g., Hansen et al., 2009; Kumar et al., 2007; 
Ravenna et al., 2018; Wang et al., 2008; Wittlinger & Farra, 2007). Our model shows that at depths of 250 km 
and greater there is less than a 1% difference in velocities between craton and off-craton areas (Figures 3 
and 4), with shear-wave velocities everywhere between 4.7 and 4.8 km/s. This finding corroborates previous 
estimates of cratonic lithosphere thickness in the 200–250-km depth range for southern Africa (e.g., Adams 
& Nyblade, 2011; Fishwick, 2010; Priestley et al., 2008).

The third observation is variations in velocities that illuminate the edges of the Kalahari Craton lithosphere. 
Our model shows, to depths of about 200 km, higher velocities extending from the core of the cratonic nu-
cleus (i.e., Kaapvaal and Zimbabwe cratons) to the west beneath the Kheis and Rehoboth terranes and to the 
north and northwest beneath the Okwa and Magondi terranes. At 200-km depth, there is a marked change 
in velocities along the southern boundary of the Damara Belt and western boundary of the Rehoboth Ter-
rane, indicating that thick cratonic lithosphere is present to the south and east of those terrane boundaries, 
respectively. In other words, our models show that the northern boundary of the greater Kalahari Craton 
lies along the southern margin of the Damara Belt, and that the western boundary lies along the eastern 
margin of the Gariep and Namaqua-Natal belts. This finding is consistent with body wave tomography 
models showing a similar transition in P wave and S wave velocity structure across these terrane boundaries 
(Ortiz et al., 2019; White-Gaynor et al., 2020), and also with MT studies (Miensopust et al., 2011; Muller 
et al., 2009).

The final observation concerns the presence of thermally perturbed upper mantle providing buoyant sup-
port for plateau uplift across southern Africa. As noted in Section 2, some authors argue for the presence of 
thermally perturbed upper mantle (i.e., Li & Burke, 2006), while others argue against any current thermal 
modification of the upper mantle (Adams & Nyblade, 2011). In comparing the velocity structure of the 
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upper mantle beneath the Damara Belt and the Kalahari Craton to eastern Africa (Figures 3 and 4), there 
is little evidence for thermally perturbed (i.e., low shear-wave velocities) upper mantle beneath the uplift-
ed parts of southern Africa, including the off-craton regions to the north and west of the greater Kalahari 
Craton. Shear-wave velocities are even notably higher than the global average (AK135) everywhere across 
southern Africa where elevations exceed about 1 km (Figure 1). The one area where our model does sug-
gest the presence of thermally perturbed upper mantle is beneath the southern extension of the EARS in 
northern and central Mozambique. However, that part of southern Africa is not topographically elevated 
(Figure 1) and therefore not considered part of the Southern African Plateau. The lack of evidence for ther-
mally perturbed upper mantle structure beneath the Southern African Plateau suggests that the present-day 
buoyant support for the plateau likely resides at midmantle or lower mantle depths.

As mentioned in Section 1, the uplift history of the Southern African Plateau and the origin of the uplift 
have received considerable attention (e.g., Bell et  al.,  2003; Griffin et  al.,  2014; Nyblade & Sleep,  2003). 
Nyblade and Sleep (2003) showed that thermal anomalies in the upper mantle from plume heads are not 
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Figure 4.  (a) 200-km depth cross-section through the 3D shear-wave velocity model. Areas used to calculate regional average 1D velocity models shown 
in colored rectangles. KC, Kalahari Craton (blue rectangle); DB, Damara Belt (black rectangle); EA, East Africa (red rectangle); NC, Niassa Craton (green 
rectangle). (b) Average 1D velocity profiles calculated for the regions boxed in (a). AK, AK135 (Kennett et al., 1995). (c) Percent shear-wave velocity difference 
between 1D velocity profiles in (b). (d)–(g) Vertical profiles through the shear-wave velocity model. Profile locations are shown in (a). The velocity scale for 
vertical profiles is shown below (g). Terrain boundaries are shown above the profiles. RP, Rehoboth Province; KB, Kheis Belt; KC, Kaapvaal Craton; BC, 
Bushveld Complex; NN, Namaqua-Natal Belt; LB, Limpopo Belt; MB, Mozambique Belt in Mozambique; SIB/NC, Southern Irumide Belt/Niassa Craton; EA, 
Mozambique Belt in East Africa; DB, Damara Belt; ORZ, Okavango Rift Zone. The black dashed reference line in each profile is at a depth of 250 km.
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likely to persist for 10s of millions of years, and therefore if plumes in the Cretaceous provided the source 
of buoyancy for the Cretaceous uplift, in addition to causing kimberlite eruptions and east-west tilting of 
the land surface, there would not likely remain any evidence of those plumes in the velocity structure of 
the upper mantle today. Therefore, the results of our study provide little insight into the origin of uplift of 
southern Africa during Mesozoic times, or even during mid-Cenozoic times.

With regard to the source of buoyancy for the Southern African Plateau today, and also possibly over the 
past few million years, we reiterate that our results show little evidence for thermal modification of the 
upper mantle. Thus, the source of buoyancy supporting the present-day plateau topography and any uplift 
that may have occurred over the past few million years likely resides at midmantle to lower mantle depths, 
a finding consistent with previous studies arguing that the buoyant support for the plateau, at least today, 
comes from the African Superplume structure within the midmantle to lower mantle.

7.  Summary and Conclusions
We have developed the first 3D shear velocity model for southern Africa from Rayleigh wave tomography 
that utilizes regional network data spanning the entire subcontinent, from Namibia in the west to Mozam-
bique in the east. Rayleigh waves from 499 teleseismic events have been used with the ASWMS workflow to 
obtain phase velocity maps from periods of 30–200 s. 1D shear-wave velocity models, obtained by inverting 
dispersion curves for 0.5° × 0.5° cells extracted from the phase velocity maps, have been combined to create 
a 3D model.

The models show high velocities (∼4.7–4.8 km/s) at depths of 50–250 km beneath the Archean terranes 
(Kaapvaal, Zimbabwe, Limpopo) in southern Africa, as well as the Paleoproterozoic Kheis and Rehoboth 
terranes, and the Mesoproterozoic Okwa and Magondi terranes, indicating that the margin of the greater 
Kalahari Craton, as defined by the presence of high velocity upper mantle extending to depths of 150–
200 km, lies along the southern boundary of the Damara Belt and the eastern boundaries of the Gariep and 
Namaqua-Natal belts. At depths ≥250 km, there is little difference in the shear-wave velocity structure be-
neath the craton and off-craton regions, suggesting that the cratonic lithosphere extends to depths of about 
200–250 km. Upper mantle velocities beneath all of the uplifted areas of southern Africa are higher than 
the global average and significantly higher than beneath eastern Africa, implying that there is little, if any, 
thermal modification of the upper mantle beneath the Southern African Plateau today. Buoyant support for 
the plateau therefore likely resides in the midmantle to lower mantle.

Data Availability Statement
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manent GEOFON station at Windhoek (https://doi.org/10.14470/TR560404), the SAFARI network (https://
doi.org/10.7914/SN/XK_2012), the Botswana Network of Autonomously Recording Seismographs (https://
doi.org/10.7914/SN/NR), the AfricaArray Uganda/Tanzania/Zambia network (https://doi.org/10.7914/SN/
ZP_2007), The Study of Extension and Magmatism in Malawi and Tanzania (SEGMeNT) project (https://
doi.org/10.7914/SN/YQ_2013), the Global Seismic Network (https://doi.org/10.7914/SN/II, https://doi.
org/10.7914/SN/IU, https://doi.org/10.7914/SN/GT, https://doi.org/10.7914/SN/ID); the Mozambique Rift 
Tomography (MOZART) project; the SASE network (https://doi.org/10.7914/SN/XA_1997).
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