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Abstract

We report new P and S wave velocity models of the upper mantle beneath southern Africa
using data recorded on seismic stations spanning the entire subcontinent. Beneath most of the Damara
Belt, including the Okavango Rift, our models show lower than average velocities (−0.8% Vp; −1.2% Vs) with
an abrupt increase in velocities along the terrane's southern margin. We attribute the lower than average
velocities to thinner lithosphere (~130 km thick) compared to thicker lithosphere (~200 km thick)
immediately to the south under the Kalahari Craton. Beneath the Etendeka Flood Basalt Province, higher
than average velocities (0.25% Vp; 0.75% Vs) indicate thicker and/or compositionally distinct lithosphere
compared to other parts of the Damara Belt. In the Rehoboth Province, higher than average velocities
(0.3% Vp; 0.5% Vs) suggest the presence of a microcraton, as do higher than average velocities (1.0% Vp;
1.5% Vs) under the Southern Irumide Belt. Lower than average velocities (−0.4% Vp; −0.7% Vs) beneath the
Bushveld Complex and parts of the Mgondi and Okwa terranes are consistent with previous studies, which
attributed them to compositionally modiﬁed lithosphere resulting from Precambrian magmatic events.
There is little evidence for thermally modiﬁed upper mantle beneath any of these terranes which could
provide a source of uplift for the Southern African Plateau. In contrast, beneath parts of the Irumide Belt
in southern and central Zambia and the Mozambique Belt in central Mozambique, deep‐seated low velocity
anomalies (−0.7% Vp; −0.8% Vs) can be attributed to upper mantle extensions of the African superplume
structure.

1. Introduction
Many studies of the tectonic framework of southern Africa, extending back more than 50 years, have
strongly inﬂuenced our knowledge of Earth history and continental evolution (e.g., Anhaeusser, 1973;
Brock, 1959; Kröner, 1977). However, the upper mantle structure in much of southern Africa remains poorly
imaged, especially beneath Proterozoic mobile belts, limiting our understanding of African lithospheric evolution and the location of terrane boundaries at subcrustal depths. To date, there have been few seismological studies of southern Africa using data from seismic networks deployed in Proterozoic terranes
surrounding the Archean blocks forming form the core of the Southern African Shield.
Data from recent deployments of broadband seismic stations in regions peripheral to the greater Kalahari
Craton provide an opportunity to image the upper mantle beneath southern Africa more broadly than possible previously (Figure 1). In this investigation, we utilized data from several newer seismic networks, along
with data from older networks, to develop P and S wave velocity models of the upper mantle covering most
of southern Africa. Our models reveal structure beneath areas of southern Africa not previously imaged by
regional body wave tomography studies, and also provide improved resolution of structure beneath previously studied regions.
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In the interpretation of our models, we not only reexamine the Precambrian tectonic framework of southern
Africa, but also investigate if there is evidence for thermally perturbed upper mantle beneath southern
Africa, particularly beneath the uplifted regions of the Southern African Plateau. There has been much discussion (e.g., Adams & Nyblade, 2011; Li & Burke, 2006; Nyblade & Sleep, 2003; and references therein)
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Figure 1. Topographic map showing tectonic boundaries in southern Africa and locations of seismic stations used in the
P wave and S wave models. 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).

about the thermal state of the upper mantle beneath southern Africa and the extent to which upper mantle
thermal anomalies provide buoyant support for the ~1‐km‐high Southern African Plateau (Nyblade &
Robinson, 1994) (Figure 1). Because of limited seismic data coverage in many regions of southern Africa
prior to this study, and in particular in Proterozoic terranes, the origin of high elevation across southern
Africa remains unresolved. In comparison, to the north in eastern Africa, thermally perturbed upper mantle,
revealed by seismic images, clearly provides sufﬁcient buoyant support to account for the ~1‐km‐high East
African Plateau (e.g., Adams et al., 2012; Bagley & Nyblade, 2013; Hansen et al., 2012; Mulibo &
Nyblade, 2013a, 2013b). The results of this study enable us to comment on whether the upper mantle
beneath the study area has been thermally perturbed, thus providing a possible source of buoyancy (i.e.,
uplift) for the Southern African Plateau.

2. Tectonic Background
The tectonic framework of the Southern African Shield can be divided into three parts (Figure 1). (1) The
ancient core of the shield consists of several Archean cratons. (2) The cratons are surrounded and welded
together by mobile belts accreted and deformed during major orogenic cycles during the Phanerozoic. (3)
A number of the Precambrian terrains have experienced Phanerozoic compressional tectonics, rifting, and
ﬂood basalt volcanism. The most recent phase of rifting within southern Africa extends south and southwest
from the Cenozoic East African Rift System (EARS).
There are three main Archean blocks within the study area. The Kaapvaal and Zimbabwe cratons are both
granite‐greenstone terranes that formed in the Mesoarchean to Neoarchean (de Wit et al., 1992; Figure 1).
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The Limpopo Belt is a Neoarchean deformational belt that formed during the collision of the Kaapvaal and
Zimbabwe cratons. Combined, these terranes are commonly referred to as the greater Kalahari Craton (de
Wit et al., 1992). The last major tectonothermal events to affect these terranes were the emplacement of
the Great Dike in the Zimbabwe Craton c. 2.6 Ga (Jelsma & Dirks, 2002) and formation of the layered
Bushveld igneous complex (Figure 1) within the Kaapvaal Craton c. 2.1 Ga (Olsson et al., 2010)
(Figure 1). Extending from southern Angola northward to Cameroon is the expansive Congo Craton and
Angolan Shield, a complex amalgamation of Archean and Proterozoic crustal blocks, much of which is covered by Phanerozoic sediments (Batumike et al., 2009).
The Proterozoic history of southern Africa is marked by continental growth through the accretion of
younger terranes to the Archean blocks (Figure 1). During the Paleoproterozoic, the Kheis Belt and
Rehoboth Province accreted to the western margin of the Kaapvaal Craton (Hanson, 2003). This was followed by the formation of the Namaqua‐Natal Mobile Belt surrounding the southern margin of the
Kaapvaal Craton and Rehoboth Province c. 1.2–1.0 Ga (Cornell et al., 2011). To the northwest, the
Magondi and Okwa terranes accreted to the Kahalari Craton c. 2.0 Ga (McCourt et al., 2001). In the northernmost portion of the study area, the Irumide and Southern Irumide Belts formed in the Mesoproterozoic c.
1.3–1.0 Ga; however, some evidence suggests that these belts were extensively reworked during the
Neoproterozoic Pan‐African orogeny (Hanson, 2003).
There are two major Pan‐African orogenic belts within the study area. In the eastern portion of the study
area, the Mozambique Belt formed during the ﬁnal assembly of Gondwana c. 841–632 Ma (Hanson, 2003).
In the northwest, the Damara‐Ghanzi‐Chobe Belt (hereafter referred to as the Damara Belt) formed during
the collision of the greater Kalahari Craton and the Congo Craton c. 580–500 Ma. During roughly the same
time, small portions of the western margin of the Namaqua‐Natal Belt were overprinted with the accretion
of the Gariep Belt in southern Namibia (Eglington, 2006).
Several tectonic events punctuate the Phanerozoic history of southern Africa. The c. 250 Ma Cape Fold Belt,
the youngest collisional belt in the study region, is located along the southern tip of the African continent
and resulted from subduction and arc deformation at or near the southern margin of Gondwana (Begg
et al., 2009; Hansma et al., 2016). The initial breakup of Gondwana coincided with Karoo rifting across
southern Africa and the formation of the c. 180 Ma Karoo large igneous province (Duncan et al., 1997).
The c. 130 Ma Etendeka large igneous province in northwestern Namibia is also associated with the breakup
of Gondwana, as well as the Tristan Da Cunha mantle plume (Bauer et al., 2000). The Cenozoic Era is
marked by the formation of incipient rifts resulting from the southward extension of the EARS.
Seismically active fault systems point to incipient rifting within the Okavango Rift Zone (ORZ) in northern
Botswana (Scholz et al., 1976), and also deﬁne the southernmost extension of the Western Branch of the
EARS in central Mozambique (Fonseca et al., 2014).
The topography of southern Africa is characterized by a ~1‐km‐high plateau (Figure 1), which together with
the East African Plateau and the southeastern Atlantic Basin comprise the African Superswell (Nyblade &
Robinson, 1994). The buoyancy support for and the timing and rate of uplift of the Southern African
Plateau is not well understood (Nyblade & Sleep, 2003, and references therein). Several mechanisms have
been proposed for the buoyancy support of the region, including density anomalies and ﬂow associated
with the African Superplume in the middle‐to‐lower mantle (Forte et al., 2010; Gurnis et al., 2000;
Lithgow‐Bertelloni & Silver, 1998) and thermally perturbed upper mantle beneath the Kalahari Craton (Li
& Burke, 2006). Recently, noble gas compositions with a lower mantle signatures have been recorded in
CO2 seeps in southeastern Africa, suggesting the presence of a mantle plume beneath the region (Gilﬁllan
et al., 2019).

3. Previous Geophysical Studies
The crustal structure of southern Africa has been extensively examined using a range of seismological observations and models. Crustal thickness in the Kalahari Craton, and more recently portions of the surrounding
Proterozoic terranes, has been characterized by receiver function analysis (Fadel et al., 2018; James
et al., 2001; Nair et al., 2006; Nguuri et al., 2001; Yu et al., 2015), through joint inversion of receiver functions
and surface wave dispersion measurements (Kachingwe et al., 2015; Kgaswane et al., 2009); by modeling
regional seismic phases (Kwadiba et al., 2003; Wright et al., 2003); and by inverting satellite gravity data
WHITE‐GAYNOR ET AL.
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(Tugume et al., 2013). Consistent across all of these studies is a range of crustal thicknesses of ~34–50 km
within the cratonic blocks and surrounding mobile belts.
There have been several previous body wave tomography investigations in southern Africa, all capitalizing
on expanding data coverage in the region. The earliest models were constructed using data from the
Southern African Seismic Experiment (SASE) within the Kalahari Craton (Figure 1). Fouch et al. (2004)
modeled ±2% P wave and ±2.4% S wave velocity variations within the Kalahari Craton, Namaqua‐Natal
Belt, and Cape Fold Belt. High velocity anomalies demarcating the cratonic region were present to depths
of 300 km, while a low velocity anomaly was imaged beneath the Bushveld Complex. More recently,
ﬁnite‐frequency tomography has been applied to the SASE data set, yielding similar results (Youssof
et al., 2015). Yu et al. (2015), using data from the Seismic Arrays for African Rift Initiation (SAFARI) network in Botswana, published one of the ﬁrst regional‐scale body wave tomography studies on structure outside of the Kalahari Craton. They reported models showing a low velocity (−1–2% Vp) anomaly beneath the
ORZ in northern Botswana, extending to a depth of 300 km.
Expanding on these previous studies, Ortiz et al. (2019) incorporated data from the SASE and SAFARI data
sets with data from the Botswana Network of Autonomously Recording Seismographs project and
AfricaArray seismic stations in Zambia to develop P wave and S wave velocity models for a broader region
of southern Africa. While their models show a similar degree of variability in seismic velocities to previous
models within the Kalahari Craton, Namaqua‐Natal Belt, Cape Fold Belt, and the ORZ, they also imaged
lower velocities beneath the Damara Belt in northern Botswana away from the ORZ and a rapid transition
to higher velocities along the terrane's southern margin. They interpreted this transition as the northern
edge of the greater Kalahari Craton. The Ortiz et al. (2019) model also shows a continuation of the low velocity anomaly beneath the Bushveld Complex to the northwest into central Botswana.
Further to the north in southern Zambia, the Ortiz et al. (2019) model shows a deep‐seated low velocity
anomaly extending at least as deep as the mantle transition zone. This feature was ﬁrst reported by
Mulibo and Nyblade (2013a, 2013b), who argued that the anomaly extends across the transition zone connecting the low velocity structure in the lower mantle beneath southern Africa, which has been often
referred to as the African Superplume, with thermally perturbed upper mantle beneath eastern Africa.
Because the Ortiz et al. (2019) model only imaged upper mantle structure beneath the portion of the
Damara Belt in northern Botswana and southern Zambia, Ortiz et al. were not able to determine if the
low velocity anomaly under the Damara Belt in northern Botswana, including the ORZ, extended to the
southwest beneath the Damara Belt in northern Namibia.
Complementing the body wave models are many surface wave investigations of the upper mantle beneath
southern Africa. Continental‐scale velocity models have been developed by inverting fundamental and/or
higher mode Rayleigh and Love wave measurements (e.g., Chevrot & Zhao, 2007; Fishwick, 2010;
Pasyanos & Nyblade, 2007; Priestley et al., 2008; Raveloson et al., 2015; Ritsema & van Heijst, 2000; Sebai
et al., 2006) and modeling the ambient noise waveﬁeld (Emry et al., 2019). A number of regional‐scale models have been published using the two‐plane wave approximation of teleseismic Rayleigh waves (Forsyth &
Li, 2005) for southern (Adams & Nyblade, 2011; Li & Burke, 2006; Li & Li, 2015) and eastern (Adams
et al., 2012; O'Donnell et al., 2013; Weeraratne et al., 2003) Africa. Helmholtz tomography using interstation
measurements of Rayleigh wave phase velocities has yielded comparable results in eastern Africa to the
two‐plane wave models (Accardo et al., 2018; Adams et al., 2018). Consistent across these models is the presence of a higher velocity upper mantle lid underlying cratonic portions of the subcontinent and lower shear
velocity structure in the upper mantle beneath the mobile belts, with the most pronounced low velocity
anomalies beneath the rifted mobile belts in eastern Africa.
Magnetotelluric methods also have been used to image upper mantle structure beneath southern Africa and
parts of eastern Africa. Khoza et al. (2013) imaged thinner lithosphere beneath the Damara Belt (~180 km)
than beneath the Kalahari and Congo cratons (~250 km). Consistent with the Khoza et al. (2013) study,
Muller et al. (2009) reported ~160‐km‐thick lithosphere beneath the Damara Belt, and Miensopust
et al. (2011) reported ~180‐km‐thick lithosphere beneath the ORZ. Within the Rehoboth Province, Muller
et al. (2009) also imaged ~180‐km‐thick lithosphere. To the north, in eastern Zambia and southern
Malawi, Saraﬁan et al. (2018) reported a deep resistive lithospheric root (~250 km) beneath the Southern
Irumide Belt, which they interpreted as a remnant of the pre‐Mesoproterozoic Niassa Craton.
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4. Data and Methods
Figure 1 shows the location of seismic stations used in this study. This investigation was motivated by new
data from the 2015–2018 deployment of 19 AfricaArray broadband seismic stations in Namibia (10.7914/
SN/8A_2015). To complement those data, and to provide a check on consistency with previous studies, we
used data from an additional 13 temporary and permanent networks in southern Africa covering a
timespan from 1997–2018. In Namibia, we included data from 28 stations deployed from 2010–2012 as part
of the Walpass network (10.14470/1N134371), and contemporaneous with both the AfricaArray‐Namibia
and Walpass networks, data from a single station from the GEOFON network in Windhoek (10.14470/
TR560404). In Botswana, data from 38 stations were used, including 17 stations from the SAFARI network
(10.7914/SN/XK_2012) and 21 stations from the Botswana Network of Autonomously Recording
Seismographs (10.7914/SN/NR). In the northern portion of our study area, we used data from 33 stations
deployed as part of the SAFARI project, 23 stations from the AfricaArray Uganda/Tanzania/Zambia network
(10.7914/SN/ZP_2007), 14 stations from the Study of Extension and Magmatism in Malawi and Tanzania
(SEGMeNT) project (10.7914/SN/YQ_2013), along with data from a few permanent stations (10.7914/SN/
II, 10.7914/SN/IU, 10.7914/SN/GT, 10.7914/SN/ID). In Mozambique, we used data from 24 stations in the
Mozambique Rift Tomography (MOZART) project, and in Zimbabwe, Botswana, and South Africa, data from
75 stations in the SASE network (10.7914/SN/XA_1997) together with data from ﬁve permanent stations
(http://www.fdsn.org/networks/detail/IU; 10.7914/SN/II; 10.7914/SN/GT; https://geofon.gfz‐potsdam.de/
doi/network/GE; and https://doi.org/10.7914/SN/ID). In total, data from 278 stations were used for the P
wave model and from 273 stations for the S wave model (supporting information Table S1).
From these data, we obtained P and S relative arrival times from M > 5.5 teleseismic earthquakes at epicentral distances ranging from 30–90° for P waves and 30–84° for S waves. Waveforms were ﬁrst corrected for
instrument response and then ﬁltered between 0.5 and 5 Hz for P waves and 0.04 and 2 Hz for S waves.
P and S wave arrivals were hand‐picked on a prominent phase before applying a multichannel
cross‐correlation approach of VanDecar and Crosson (1990) to measure more precise relative arrival times
for events with three or more manual picks. This technique uses a 3‐s window for P waves and a 12‐s window
for S waves around the initial picks, and cross‐correlates all combinations of traces for each event to ﬁnd the
ensemble correlation maxima. Events with cross‐correlations values >0.70 for all combinations of windowed
traces were used, resulting in a total of 693 useful events for P waves and 493 events for S waves (Figure S1,
Table S2). These events yielded 13,326 unique P wave and 9,242 unique S wave relative arrival‐time measurements. Although there is some overlap in the data used in this study and by Ortiz et al. (2019), all of
the data used by Ortiz et al. (2019) were re‐cross‐correlated with data from stations spread more broadly
across the study region for obtaining relative arrival times.
The model domain consists of a series of intersecting knots spaced relative to lines of latitude and longitude, and in kilometers with depth. The model ranges from 37.5°S to 7.5°S with knots spaced at 0.5° increments, and from 8.0°E to 41°E with knots also at 0.5° intervals. Knots were spaced at 20 km intervals
between the surface and 200 km depth, at 33 km intervals between 200 and 700 km depth, at 50 km intervals from 700–1,400 km depth, and at 100 km intervals from 1,400–1,600 km depth. In total, the model
includes 59 knots in latitude, 65 knots in longitude, and 42 knots in depth.
To solve for a 3‐D velocity model, we ﬁrst numerically calculated partial derivatives at each knot with respect
to slowness using perturbations from the 1D IASP91 model (Kennett & Engdahl, 1991). Initial travel‐time
residuals were calculated by ray tracing event‐receiver paths through the 1‐D model. During the inversion
process, we iteratively update the 3‐D model using a conjugate‐gradient approach through reducing the
travel‐time residuals until changes in the model made insigniﬁcant (<0.01 s) changes to the RMS travel‐time
residual (VanDecar, 1991). The inversion simultaneously solves for 3‐D changes to the velocity model, station static terms, and event relocation terms. Station static terms account for structure in the shallowest part
of the model where there is limited ray crossing, while the event relocation terms absorb location error and
structure outside of the model domain. To avoid overﬁtting the data, the system of equations was regularized
by the Huber norm. Coefﬁcients were downweighed by the L2 norm for residuals from the previous iteration
within 1.5 standard deviations from the mean and by the L1 norm for residuals greater than 1.5 standard
deviations of the mean, as the L1 norm more aggressively downweighs the coefﬁcients. Weights for the
smoothing (ﬂattening) and damping terms were chosen using a tradeoff curve, providing 96.7% rms
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Figure 2. Horizontal cross‐sections through the P wave (a–d) and S wave (e–h) models at 100 km increments. Depth (km) below the surface is labeled in white
text. Tectonic boundaries correspond to those in Figure 1.

travel‐time residual reduction in the P wave model and 86.5% travel‐time residual reduction in the S wave
model (Figure S2). The large reduction in the rms travel‐time residual is a product of the contributions
from the event relocation terms (median = 7.3 s), the station static terms (Figure S8), and the model
velocity perturbations (Figure 2).

5. Model Results
Horizontal slices through the model are shown in Figure 2, and vertical slices in Figures 3 and 4. Velocity
structure in the top 50 km of the models is not shown because ray crossing is limited at these depths. The
mean of the model could have shifted from the starting model during the inversion process and so absolute
velocities are unconstrained. To ﬁrst‐order, the P wave and S wave models are similar and anomalies in both
models are well correlated with terranes shown in Figure 1. In the following paragraphs, we summarize the
velocity structure in both models.
The Kaapvaal Craton is the largest high velocity anomaly (Anomaly A, Figures 3a and 3f) in the models. In
the upper 600 km, the average P wave velocity in this region is ~ + 0.5%, with a maximum of +0.8% at 300 km
depth. The S wave velocity is also higher than average across the Kaapvaal Craton in the upper 600 km, with
a peak anomalous velocity of +1.0% at 400 km depth. There is, however, a region in the upper 400–500 km
within the northern Kaapvaal Craton with lower than average Vp (−0.4%) and Vs (−0.7%) (Anomaly B,
Figures 3a, 3f, and 3g) that correlates with the Bushveld Igneous Complex and extends to the northwest into
central Botswana. The Zimbabwe Craton has higher than average velocity (Vp and Vs) in the west and lower
than average velocities in the east bordering the Mozambique Belt.
In the southern part of the model, both the P and S wave velocities are lower than average beneath the Cape
Fold Belt. North of that, beneath the Namaqua‐Natal Belt, the velocities are near average in the top 300 km,
except in a region directly south of the Kheis Belt, where both the P wave and S wave velocities are higher
than average between 300 and 500 km depth. Within the Kheis Belt, the P wave and S wave models have
average velocity structure. To the west of the Kheis Belt, there is strong similarity between the P wave and
S wave models beneath the Rehoboth Province, with an increasing trend in velocities in the upper
400 km from −0.25% Vp and −0.5% Vs in the west to +0.3 to +0.4% Vp and +0.5% Vs in the east.
Within the Damara Belt, a low velocity anomaly is present throughout most of the upper mantle (Anomalies
C, D, and F, Figures 3a, 3b, and 3d). There is a consistent −0.3% to −0.75% Vp and −0.5 to −0.8% Vs anomaly
in the upper ~400 km of the model, with the lowest velocities (−0.75% Vp and −0.9% Vs) at ~250 km depth.
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