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Abstract We report new PKS, SKS, and SKKS splitting measurements for 88 seismic stations in Namibia,
Botswana, South Africa, and Mozambique. When combined with measurements from previous studies, the
ensemble of measurements shows a fairly uniform NNE to NE (~41° on average) fast-polarization direction (¢)
and delay time (6¢) (~0.7 s on average) across the entire southern African subcontinent. It is difficult to attribute
the NNE-NE ¢ direction to just one source of anisotropy either within the lithospheric or sublithospheric mantle.
We instead propose the observed anisotropy pattern could result from a combination of several sources that
together give rise to a pervasive NNE-NE ¢ direction; (a) fossil anisotropy in the lithospheric mantle resulting
from the Neoproterozoic collision of the Congo and Kalahari cratons to form the Damara Belt, (b) movement of
the African plate over the asthenosphere, and (c) flow in the upper mantle induced by the African Superplume.
In addition, a contribution from anisotropy in the lowermost mantle in the vicinity of the African large low shear
velocity province cannot be ruled out.

Plain Language Summary Seismic anisotropy, or the directional dependence in seismic wave speed,
reveals the ancient to present orientation of deformation of Earth's interior. In this study, shear waves refracted
through the outer core and recorded at 88 seismic stations located in Namibia, Botswana, South Africa, and
Mozambique were measured to constrain the anisotropic structure of the upper mantle beneath southern Africa.
Our results, combined with previous results, show a consistent NNE-NE fast polarization direction. This
direction cannot be easily explained by a single source of anisotropy caused either by past collisions of different
geological blocks in southern Africa or the present movement of the African plate. Instead, we propose the
pattern may result from a combination of three sources, (a) ancient deformation preserved within the deep
continental lithosphere developed when the Congo and Kalahari cratons collided, (b) movement of the African
plate over the asthenosphere, and (c) the flow of upwelling rock in the mantle beneath Africa.

1. Introduction

Studies of seismic anisotropy have been used effectively for several decades to investigate the history of mantle
deformation globally. In the upper mantle, deformation from tectonic processes can reorient olivine crystals
through dislocation creep, creating an anisotropic fabric resulting from the lattice-preferred orientation (LPO) of
olivine (e.g., Nicolas & Christensen, 1987; Savage, 1999; Silver & Chan, 1991). Seismic anisotropy in the
lithospheric mantle can also arise from the shape-preferred orientation (SPO) of aligned inclusions or pockets of
melt, or from faults and shear zones (e.g., Kendall et al., 2006; Savage, 1999). Common measurements used to
quantify the anisotropic fabric of the upper mantle are the fast polarization direction (¢), which is the polarization
azimuth of the fast shear wave measured in degrees clockwise from north, and the delay time (67) measured in
seconds between faster and slower polarized shear waves traversing through an anisotropic upper mantle, which is
related to the strength and depth extent of the anisotropic layer(s). The two parameters, ¢ and 6z, are commonly
measured on broadband seismic data using the Rotation-Correlation (RC) method (Bowman & Ando, 1987) and/
or the Minimum Energy (ME) method (Silver & Chan, 1991).

Some of the earliest shear wave splitting studies in southern Africa used data from permanent seismic stations
and reported a NE ¢ direction, which was attributed to an anisotropic fabric in the sublithospheric mantle
induced by absolute plate motion (APM) (e.g., Barruol & Ben Ismail, 2001; Helffrich et al., 1994; Vinnik
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et al., 1992). Barruol and Ben Ismail (2001), in addition, noted the alignment of the NE ¢ direction with NE-
trending hotspot tracks on the African plate, and suggested that present-day plate motion, which presently
moves in a NE direction with a speed of about 2-3 cm/yr (Kreemer et al., 2014), might not be as important as
the motion of the African plate prior to its slowdown ca. 30 Ma in imparting an anisotropic fabric to the
sublithospheric mantle.

Starting in the mid-1990s, several studies, using data mainly from temporary seismic stations, expanded the
number of shear wave splitting measurements, in addition to complementary observations from other seismic
phases, for selected tectonic regions. Vinnik et al. (1996) reported shear wave splitting results for seven temporary
stations in the Kaapvaal Craton which showed a NE ¢ direction. Silver et al. (2001), using a much larger data set
from 79 temporary stations spanning the Kaapvaal and Zimbabwe cratons and the Limpopo Belt, also reported a
NE ¢ direction across most of their study area. However, because the ¢ direction in most locations followed the
trend of Archean structures and some changes in df measurements correlated with tectonic terranes, Silver
etal. (2001) attributed their results to anisotropy in the lithospheric mantle resulting from past tectonic events (i.e.,
fossil anisotropy), an interpretation consistent with xenolith studies (Ben Ismail et al., 2001) showing the lith-
ospheric mantle beneath the Kaapvaal Craton is indeed anisotropic. Kwadiba et al. (2003), from Pn arrivals at
stations used by Silver et al. (2001), reported a small but pervasive azimuthal anisotropy with a NE-SW fast
direction, consistent with the Silver et al. (2001) interpretation. Vinnik et al. (2012), by jointly inverting P-wave
receiver functions and SKS waveforms for the same stations used by Silver et al. (2001), argued for a multi-layer
anisotropic upper mantle, with an E-W fast direction in the uppermost mantle resulting from fossil anisotropy
produced by the collision between the Kaapvaal and Zimbabwe cratons, a NE ¢ direction in the asthenosphere
consistent with APM, in addition a NNW to NNE ¢ direction atop the 410-km discontinuity related to a low S-
velocity zone in the mantle beneath southern Africa. A similar interpretation for a NE-oriented anisotropic fabric
in the asthenosphere was made by Adam and Lebedev (2012), who investigated azimuthal anisotropy using
surface-wave dispersion measurements.

In more recent studies using data from temporary seismic stations in other areas of southern Africa, Yu
et al. (2015) reported shear wave splitting measurements for stations traversing Botswana SE to NW and crossing
the incipient Okavango Rift Zone. Their results show a strong NE ¢ orientation, which they attributed to APM.
Komeazi et al. (2023) reported shear wave splitting measurements for stations in NW Namibia, attributing an
observed NE ¢ direction to a combination of fossil anisotropy in the lithospheric mantle and anisotropy in the
asthenosphere resulting from APM.

While these studies have significantly advanced the understanding of seismic anisotropy in southern Africa, no
study to date has examined seismic anisotropy comprehensively beneath the entire region of southern Africa
using shear wave splitting measurements. Here, we report new shear wave splitting measurements for 88 seismic
stations in Namibia, Botswana, South Africa and Mozambique (Figure 1; Figure S1 in Supporting Informa-
tion S1), greatly expanding the data set of ¢ and 6t measurements for southern Africa. We combine our new
measurements with 167 existing measurements (Barruol & Ben Ismail, 2001; Fouch, Silver, et al., 2004; Helffrich
et al., 1994; Komeazi et al., 2023; Silver & Chan, 1991; Silver et al., 2001; Vinnik et al., 1992, 1996; Yu
et al., 2015), and use the ensemble of measurements to (a) characterize the anisotropic structure of the upper
mantle across southern Africa and (b) examine geodynamic processes that may have created anisotropic fabrics
within the upper mantle.

2. Tectonic Background

The Precambrian shield of southern Africa is an amalgamation of cratons and mobile belts that experienced
several large magmatic events during the Proterozoic and Phanerozoic, as well as periods of rifting (e.g., Begg
et al., 2009; de Wit et al., 1992; Hanson, 2003; Jelsma & Dirks, 2002) (Figure 1). The oldest part of the shield,
often referred to as the Kalahari Craton, consists of the Archean Kaapvaal and Zimbabwe cratons and the
intervening Limpopo Belt, and is surrounded by younger terranes, viz. Paleoproterozoic (Kheis, Rehoboth),
Mesoproterozoic (Magondi, Okwa, Namaqua-Natal, Irumide, Southern Irumide Belts), and Neoproterozoic
(Damara, Gariep, Mozambique Belts) (e.g., Hofmann et al., 2013; Jacobs et al., 2008) (Figure 1). Much of
southern Africa was affected by the ca. 180 Ma Karoo large igneous province; however, other significant
magmatic events, such as the ca. 130 Ma Etendeka flood basalts in northwestern Namibia and the ca. 2.1 Ga
Bushveld event in northern South Africa, may have affected more limited regions of southern Africa. Karoo rifts
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Figure 1. Topographic map showing simplified tectonic boundaries (white lines) in southern Africa, and seismic stations
(colored dots) used in this study: blue, green, yellow, and magenta dots are temporary stations, black dots are permanent
stations (see Figure S1 in Supporting Information S1 for station names), and red dots are stations used in previous studies.
Tectonic units (white boxes): Bsvd—Bushveld Complex, Cngo—Congo Craton, Cpfd—Cape fold Belt, Damr—Damara
Belt, Etdk—Etendeka Flood Basalt Province, Grep—Gariep Belt, Khei—Kheis Belt, Kpvl—Kaapvaal Craton, Lmpp—
Limpopo Belt, Mgdi—Magondi Belt, Mzbq—Mozambique Belt, NmgN—Namaqua-Natal Belt, Okvg—Okavango Rift,
Okwa—Okwa Terrane, Rhbt—Rehoboth Province, Zmbw—Zimbabwe Craton. Black dashed line outlines the Kalahari
Craton and the yellow dashed line shows the southern margin of the Congo Craton. Blue line bounds the Karoo large igneous
provinces. Thin dotted lines are political boundaries. Bottom right inset: the distribution of 223 teleseismic events (red
circles) used in this study.

and sedimentary basins developed across much of southern Africa during the breakup of Gondwana, and, today,
nascent rifting within the East African Rift System extends to the southwest across Zambia to the Okavango Rift
Zone in northern Botswana, and to the southeast into central Mozambique (e.g., Domingues et al., 2016; Fadel
et al., 2020; Fonseca et al., 2014).

3. Data and Methods
3.1. Data

Seismic data used in this study for new shear wave splitting measurements come from 17 temporary seismic
stations deployed in Namibia between January 2015 and December 2018 (8 A network code: https://doi.org/10.
7914/SN/8A_2015), 21 temporary seismic stations deployed in Botswana between February 2013 and November
2015 (NR network code: https://doi.org/10.7914/SN/NR), 22 temporary seismic stations deployed in South
Africa between January 2015 to December 2020 (ZT network code: https://doi.org/10.7914/SN/ZT_2015), and
20 temporary seismic stations deployed in Mozambique between January 2011 and December 2013 (6H network
code: https://doi.org/10.7914/SN/6H_2011). In addition, data from eight permanent seismic stations located in
South Africa were used (from April 1993 to present; AF network code: https://doi.org/10.7914/SN/AF). In total,
data from 88 seismic stations were used in this study (Figure 1; Figure S1 and Table S1 in Supporting Infor-
mation S1). Waveforms from teleseismic events with Mw > 5.5 and epicentral distances between 90° and 140°
from the seismic stations were used to measure shear wave splitting parameters (¢ and 67). In total, data from 223
teleseismic events were used (inset Figure 1).
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3.2. Methods

The RC and ME methods implemented in Splitlab (Wiistefeld et al., 2008) were applied to measure ¢ and 6t on
PKS, SKS, or SKKS phases. The seismic data were bandpass filtered between 0.02 and 0.20 Hz to minimize the
influence of noise, which can lead to results with erroneously high signal-to-noise ratios (Walker et al., 2004).
Figure S2 in Supporting Information S1 shows an example of an individual measurement of shear wave splitting
parameters using both RC and ME methods at station NE216 in Botswana.

Sensor misorientation was suspected for several seismic stations after shear wave splitting measurements were
made. For these stations, after the RC technique was applied, PKS, SKS, or SKKS energy on the transverse
component was still observable, the particle motion did not show clear linearity, and the fast and slow components
were poorly matched (Figure S3 in Supporting Information S1). We therefore tested for sensor misorientation by
measuring the optimal orientation of the north-south component using the Rayleigh-wave polarization analysis in
Stachnik et al. (2012) and compared it to the reported sensor orientation in the station metadata. An example of
orientation estimation for the station OMUT is shown in Figure S4 in Supporting Information S1. Results for 24
seismic stations showed some degree of sensor misorientation (Table S2 in Supporting Information S1). The
orientations of the north-south component obtained were used to correct the sensor orientations for those stations,
and then ¢ and 6t measurements were remade. Figure S3 in Supporting Information S1 shows an example of
individual measurement of shear wave splitting parameters at station SUSS in Mozambique before and after the
misorientation correction was applied to the waveforms.

We quantified and labeled all non-null measurements as “good”, “fair”, or “poor”, using the quality factors
described in Wiistefeld and Bokelmann (2007) and Andriampenomanana et al. (2021). To summarize, the
measurements were checked to see if: (a) the ¢ and ot are consistent for both the RC (i.e., ¢ and otz ) and ME
(i.e., ¢y and Styp) techniques, (b) the particle motion of the phase changed from elliptical to linear motion in the
corrected signal, and (c) the energy on the transverse component was removed. Wiistefeld and Bokelmann (2007)
reported an analytical approach to evaluate a shear wave splitting measurement by calculating the difference
A¢ = Pppe—pre and the ratio p = Sty /Sty In addition to criteria (b) and (c), a “good” measurement is char-
acterized by alA¢l < 8°and 0.8 < p < 1.1, a “fair” measurement if IA¢| < 15° and 0.7 < p < 1.2, and “poor” for the
remaining measurements. Poor quality measurements were discarded.

A “null measurement”, or no split, is when a PKS, SKS, or SKKS phase is observed on the radial component
without any corresponding energy on the transverse component. It can be explained by the propagation of
waves through an isotropic medium, or in the presence of anisotropy, the polarization is parallel to the fast or
slow direction of the fast polarization direction (Savage, 1999). The latter suggests that the direction of the
anisotropy is parallel or orthogonal to the event back azimuth. Following the approach of Wiistefeld and
Bokelmann (2007), a “good” null measurement is characterized by a 37° < IA¢l < 53° and 0.0 < p < 0.2, and a
“near” null measurement if 32° < |A¢l < 58° and 0.0 < p < 0.3. We only considered “good” null measurements
in this study.

Individual “good” and “fair” quality non-null measurements from the ME method (Figure S5 in Supporting
Information S1) were stacked using the method of Wolfe and Silver (1998) as implemented in StackSplit
(Grund, 2017), to obtain a single splitting measurement (¢ and 0f) for each station. In this surface stacking
approach, the error surface of each single “good” and “fair” quality non-null measurement, obtained from the ME
method, is normalized either by its minimum or maximum eigenvalue of the covariance matrix of the corrected
particle motion, then stacked (Grund, 2017; Wolfe & Silver, 1998). This method is well suited for obtaining shear
wave splitting parameters for temporary stations, especially where the period of deployment may be insufficient
to record many high-quality shear waves (Wolfe & Silver, 1998). The stacking procedure was applied only to
stations with two or more individual measurements.

To assess whether more than one anisotropic layer contributes to the observed shear wave splitting parameters,
modeling the observations using two anisotropic layers was attempted. Because the back azimuthal data coverage
for most stations is insufficient to constrain a two-layer model, we combined measurements from stations within
the same terrane, including individual measurements from previous studies (e.g., Komeazi et al., 2023; Yu
et al., 2015) (Figure S6 in Supporting Information S1). Individual “good” and “fair” quality non-null measure-
ments for stations within a terrane (Figure S6 in Supporting Information S1) were stacked in bins covering a
maximum range of 5-6° with respect to back azimuth and epicentral distance using the method of Wolfe and
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Figure 2. Individual shear wave splitting measurements (blue bars; see Table S3 in Supporting Information S1) projected at
the 250 km ray piercing depth. Averaged shear wave splitting measurements in southern Africa from previous studies,
plotted on the station location at the surface, are shown in red bars. The length of each line is proportional to the delay time
(1) and its direction shows the azimuth (¢) of the fast split shear wave measured clockwise from the north direction.

Silver (1998), as implemented in StackSplit (Grund, 2017), yielding a single splitting measurement (¢ and d¢) for
each bin. Some bins only had one measurement and in those cases no stacking was performed.

The splitting parameters for each region were then modeled using the grid search approach of Grund and Rit-
ter (2020). In this approach, the model consists of two anisotropic layers with horizontal symmetry axes (Figure
S7 in Supporting Information S1). The axis in both layers was varied in 7° increments between —90° and 90°, and
the delay time in 0.1 s increments between 0 and 4 s. The apparent splitting parameters were calculated for back
azimuths between 0° and 360°, as described in Silver and Savage (1994), to find a model that best fits the data and
minimizes the root-mean-square error between the observed and predicted splitting parameters.

4. Results and Discussion

The complete data set includes 556 individual splitting measurements (352 SKS phases, 154 SKKS phases, and
50 PKS phases), including null measurements (Table S3 in Supporting Information S1). The stacked results and
the individual measurements from the 88 stations are listed in Tables S1 and S3 in Supporting Information S1,
respectively. Individual measurements plotted at the projection of the ray-piercing points at a depth of 250 km are
shown in Figure 2. Figure 3 shows the stacked results together with previously reported shear wave splitting
measurements. Figure S8 in Supporting Information S1 shows all null measurements aligned toward the incoming
back azimuth of the unsplit PKS/SKS/SKKS waves.

The amount of “good/fair” non-null and “good” null measurements per station ranges between 1 and 25 mea-
surements, with an average of 6 measurements per station. Our new measurements, overall, show a prominent
NNE to NE ¢ direction, with a ~47° average (measured clockwise from north), and an average 6t of ~0.9 s,
similar to previously reported measurements. The ensemble of measurements from previous studies (https://doi.
org/10.18715/SKS_SPLITTING_DATABASE) show a ¢ that ranges between —85° and 85° with an average of
38°, and a or that ranges between 0 and 1.7 s, with an average of 0.6 s (Figure S9 in Supporting Information S1).
For all 240 stations shown in Figure 4ie, previous and new measurements), ¢ directions range between —85° and
88°, with an average of 41° (£32° SD). There are only a few exceptions where stations do not show a NNE-NE ¢
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Figure 3. Shear wave splitting measurements in southern Africa from current (blue bars) and previous (red bars) studies. The
length of each bar is proportional to the delay time (67) and its direction shows the azimuth (¢) of the fast split shear wave
measured clockwise from the north direction. White diamonds are stations that only have one single measurement. Arrows
show the current plate motion vectors of the African plate the hotspot reference frame HS3-NUVEL-1A model (blue arrows)
(Gripp & Gordon, 2002) and the GSRM v2.1 no-net-rotation reference frame model (green arrows) (Kreemer et al., 2014) at
four random locations in southern Africa.
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Figure 4. Violin plots showing the stacked splitting parameters (¢ and 6r) grouped by geologic terrane (provinces) for all 240 stations shown in Figure 3. The shape of
each violin corresponds to the density of ¢ and 6 measurements. The inner bars are box-and-whisker plots that show the data distribution viz. The median (white dot),
lower and upper quartiles (thick black line), and minimum and maximum (thin black line). Geologic provinces (Figure 1): Cngo—Congo Craton, Okvg—Okavango
Rift, Zmbw—Zimbabwe Craton, Damr—Damara Belt, Rhbt—Rehoboth Province, Mgdi—Magondi Belt, Okwa—Okwa Terrane, Lmpp—Limpopo Belt, Mzbq—
Mozambique Belt, Bsvd—Bushveld Complex, Kpvl—Kaapvaal Craton, Khei—Kheis Belt, NmgN—Namaqua-Natal Belt.
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direction (i.e., station AROB in southeastern Namibia, station UPI in central South Africa, stations MACO and
SGOR in Mozambique) (Table S1 in Supporting Information S1; Figure 3). o values are also fairly uniform for all
240 stations, with an average of 0.7 s (£0.3 s SD) (Figure S9 in Supporting Information S1). A comparison of the
mean values of the measurements between terranes in Figure 4 clearly illustrates the predominance of the NNE to
NE ¢ direction across the southern African subcontinent, as well as the similarity in the distribution of ¢ and 6¢
observations between most of the terranes. For those terranes with fewer non-null observations (i.e., Namaqua-
Natal, Kheis, Rehoboth), the violin plots show a greater spread in the observations, but the terrane averages are
nonetheless consistent with the averages for the other terranes.

For the null measurements at stations where non-null measurements were also obtained, we find the back azimuth
of unsplit incoming PKS/SKS/SKKS waves roughly orient to the NW and NE (Figure S8 in Supporting Infor-
mation S1), approximately orthogonal and parallel to the overall NNE-NE ¢ direction described above. There-
fore, the null measurements at those stations can be explained by the alignment of the wave back azimuth with
either the fast or slow polarization direction. There are, however, stations where only null measurements were
obtained, and for these stations, the null measurements could also reflect a lesser quality and/or quantity of data
compared to other stations.

Given the long and complex tectonic history of southern Africa, including many orogenic, magmatic and rifting
events, it is somewhat surprising to find fairly uniform fast polarization directions and splitting times across the
entire region (Figures 2 and 3; Figure S8 in Supporting Information S1). Is it possible that there is just one source
of mantle anisotropy that gives rise to the fairly uniform ¢ and 6t pattern observed, or alternatively, is it possible
that two or more sources created the observed pattern? Following from the previous studies that have invoked
either flow in the sublithospheric mantle and/or fossil anisotropy within the mantle lithosphere (see Section 1 for
review), we first examine mantle flow associated with plate motion to address that question, then investigate fossil
anisotropy within the mantle lithosphere, and finally evaluate if anisotropy in both the lithospheric and sub-
lithospheric mantle can together explain the NNE-NE fast polarization direction. We note that because there is no
Cenozoic volcanism within the study area, invoking SPO from aligned inclusions or pockets of melt to explain the
shear wave splitting observations is not tectonically realistic.

4.1. Shear in the Asthenosphere From Plate Motion

The movement of the rigid lithosphere over the asthenosphere reorients the fast axis (a-axis) of olivine, imparting
an LPO-induced anisotropy in the asthenosphere with ¢ parallel to the direction of the overriding plate (i.e., APM
parallel anisotropy) (Savage, 1999). This source of anisotropy is typically invoked when the ¢ pattern shows
similarity to the APM direction. The compilation of shear wave splitting measurements showing an average ¢ of
41° (Figure 3), which is similar to the plate motion direction in GSRM v2.1 no-net-rotation reference frame model
(Kreemer et al., 2014), suggests that APM could cause the NNE-NE ¢ pattern, as originally proposed by Vinnik
et al. (1995). However, as noted by Barruol and Ben Ismail (2001), given how slowly the African plate has been
moving for the past 30 Ma (Argus et al., 2011; Gripp & Gordon, 2002; Kreemer et al., 2014), the NNE-NE ¢
pattern may also reflect APM prior to 30 Ma when the plate moved relatively faster. Several hotspot tracks on the
African plate, showing a NE orientation (Figure 5), record its direction and speed prior to the slowdown (e.g.,
Duncan, 1981; Duncan & Richards, 1991; Summerfield, 1996). This leads to the possibility that an LPO fabric
oriented to the NE may also have developed in the sublithospheric mantle beneath southern Africa, as well as the
rest of the African plate, when the plate was moving at a faster velocity prior to ca. 30 Ma.

4.2. Upper Mantle Flow From the African Superplume

Next, we examine if flow in the upper mantle induced by the African Superplume can provide a viable explanation
for the NNE-NE ¢ direction through LPO-induced anisotropy. The African Superplume is a large lower mantle
thermo-chemical structure under southern Africa that appears to rise into the mid-mantle to the NE beneath
Zambia and continues into the upper mantle beneath eastern Africa (e.g., Adams et al., 2012; Hansen et al., 2012;
Mulibo & Nyblade, 2013; O’Donnell et al., 2013; Simmons et al., 2007, 2011; Tsekhmistrenko et al., 2021), and
may be a long-lived feature of the Phanerozoic African mantle (Torsvik et al., 2010). Upper mantle flow to the NE
beneath eastern Africa associated with the African Superplume has been used to explain a similar NE ¢ direction
observed throughout much of eastern Africa (Andriampenomanana et al., 2021; Bagley & Nyblade, 2013; Forte
et al., 2010).
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Figure 5 shows horizontal flow directions in the upper mantle beneath southern Africa at 250 km depth induced by
the superplume structure derived from the instantaneous mantle flow model of Forte et al. (2010). The predicted
horizontal flow shows an overall NE flow direction, but the pattern is not uniform across southern Africa, and in
some areas, for example, northern Namibia and southern South Africa, the flow directions are more northerly or
easterly. The predicted flow pattern only provides a good match with the ¢ direction in some regions. Therefore,
when flow induced by the superplume is considered by itself, it may not provide a robust explanation for the
observed NNE-NE ¢ pattern, but in combination with other sources of anisotropy, it could contribute to the pattern.

4.3. Fossil Anisotropy

The other explanation for the NNE-NE ¢ pattern mentioned above is fossil anisotropy in the lithospheric mantle.
The lithosphere across southern Africa is everywhere 100—125 km thick or thicker (e.g., Fishwick, 2010; Fouch,
James, et al., 2004; Miensopust et al., 2011; White-Gaynor et al., 2020), sufficiently thick to give rise to a 6t of
0.7 s or more (e.g., Silver & Chan, 1991). As reviewed in Section 2, there have been many orogenic events
through the Precambrian that could have led to an LPO anisotropic fabric in the lithospheric mantle, and for each
event, it would be expected that the ¢ direction would be oriented perpendicular to the collision direction. The
orientation of terrane boundaries and collision directions vary considerably across southern Africa (e.g., Begg
et al., 2009), and thus it seems highly unlikely that a NNE-NE ¢ direction would have resulted from multiple
orogenic events over a period of more than 2 Ga. Therefore, we do not favor invoking only fossil anisotropy in the
mantle lithosphere from multiple past collisional events to explain the NNE-NE ¢ direction.

However, the last major orogenic event within the interior of southern Africa was the ca. 580-543 Ma formation
of the Damara Belt resulting from the collision of the Kalahari and Congo cratons. The NE orientation of the
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Damara Belt (Figure 1), which is orthogonal to the collision direction between the cratons, aligns well with the
NNE-NE ¢ direction. We thus propose that this final major orogenic event in the formation of the southern
African Precambrian Shield may have imparted a NE oriented anisotropic fabric to the lithospheric mantle across
much of the region, overprinting fabrics imparted to the lithospheric mantle by earlier orogenic events.

Figure 4 illustrates a range of fast polarization directions within each terrane around the average NNE-NE di-
rection. Some of the variability between terranes could reflect only partial resetting of previously developed fossil
anisotropic fabrics within the lithospheric mantle. For example, in the Limpopo Belt, there are localized aniso-
tropic patterns consistent with the surface geologic features from an older orogenic event. A clockwise rotation of
fast polarization directions, subparallel to the trend of the arc that spans the Limpopo Belt, the northeastern region
of the Kaapvaal Craton, and the Bushveld Complex, has been previously observed and explained with fossil
anisotropy that resides within the lithospheric mantle arising from the collision of the Kaapvaal and Zimbabwe
cratons ca. 2.9-2.6 Ga (Silver et al., 2004). The newly reported shear wave splitting measurements also show a ¢
pattern subparallel to the collisional arc across the area, similar to the pattern reported by Silver et al. (2004).
Therefore, anisotropy in the lithosphere beneath the Limpopo Belt may have been only partially modified during
the Damara orogeny.

4.4. Two or More Anisotropic Layers

Given that anisotropic fabrics could have developed in both the lithospheric and sublithospheric mantle, as
discussed above, there is a possibility that anisotropy in two or more layers could be combining to create to the
NNE-NE ¢ pattern. The anisotropy pattern resulting from two anisotropic layers with horizontal symmetry axes
typically displays a z/2 periodicity (Silver & Savage, 1994), and with sufficient back azimuthal data coverage,
such a pattern can be constrained and used to model ¢ and 6z in each layer.

As mentioned in Section 3.2, the data available for each station used in this study have limited back azimuthal
coverage and do not constrain a #/2 periodicity (Figure S5 in Supporting Information S1). Therefore, modeling
multiple layers of anisotropy for individual stations has not been undertaken. However, by combining obser-
vations from stations within a terrane, it might be possible to constrain a two-layer model reflective of anisotropic
conditions across a terrane (Figure S6 in Supporting Information S1), with the top layer representing fossil
anisotropy in the lithosphere and the bottom layer LPO-induced anisotropy in the asthenosphere (Figure S7 in
Supporting Information S1).

The results of this approach for terranes with the best back azimuthal data coverage are shown in Figure S10 in
Supporting Information S1. For these terranes, the back azimuthal data coverage, however, remains limited and
does not clearly show a #/2 periodicity. This reflects the locations of the main earthquake source regions for
southern Africa in the appropriate distance range, which lie between about 45 and 140° back azimuth (Pacific
subduction zones) and about 240-300° back azimuth (southern South American subduction zone). The shear
wave splitting observations can be fit equally well with a one-layer model, and therefore it is difficult to use
results from two-layer modeling to draw firm conclusions about the relative contributions from the lithospheric
and sublithospheric mantle to the overall NNE-NE ¢ pattern. Nonetheless, it is interesting to note that in the two-
layer models, the lower and upper layers exhibit a similar range of ¢ directions (1°-78° for lower layer; 15°-78°
for upper layer; Figure S10 in Supporting Information S1). We also note that allowing the fast axis of the
anisotropy in one or both layers to have a non-zero plunge, which would no longer necessarily produce obser-
vational patterns with a /2 periodicity, could possibly produce models that fit the data better.

An additional complication in attributing the NNE-NE ¢ direction to more than one anisotropic layer is presented
by studies suggesting the lowermost mantle beneath parts of Africa may also be anisotropic. For example, an
anisotropic layer at the margins of the African large low shear velocity province associated with mantle flow in
the D” region has been identified (Lynner & Long, 2014; Pisconti et al., 2023; Reiss et al., 2019). If a third source
of anisotropy in the mantle beneath southern Africa exists, then unraveling the layer contributions to the observed
NNE-NE ¢ pattern becomes even more challenging given the limited back azimuthal data coverage.

5. Summary and Conclusion

To summarize, the ensemble of shear wave splitting measurements from 240 seismic stations spread across
southern Africa reveal a fairly uniform pattern, with a predominant NNE-NE ¢ direction, with an average ¢ of 41°
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and average 6t of 0.7 s. The NNE-NE ¢ direction was evident in previous shear wave splitting studies in selected
parts of southern Africa. The results of this study show the NNE-NE ¢ direction is characteristic of the entire
southern African subcontinent.

Given the complex >3 Ga tectonic history of the southern Africa, with many orogenic belts and cratons, it is
unlikely the predominant NNE-NE ¢ direction could arise only from fossil anisotropy imparted to the mantle
lithosphere by orogenic events. And it is also unlikely that flow in the sublithospheric mantle induced by the
African Superplume could, by itself, lead to the predominant NNE-NE ¢ direction. However, it is possible that the
NNE-NE ¢ direction could result from APM, or else from the last major orogenic event within the interior of
southern Africa, the ca. 580-543 Ma formation of the Damara Belt, which could have created a widespread NE-
oriented anisotropic fabric in much of the lithospheric mantle in southern Africa.

Alternatively, we propose the prominent NNE-NE ¢ direction in southern Africa is the combined expression of
several processes which have created similarly oriented anisotropic fabrics in the lithospheric and sublithospheric
upper mantle; that is, APM (present and past), fossil anisotropy from the Neoproterozoic collision of the Congo
and Kalahari cratons and possibly other Precambrian orogenic events, and mantle flow induced by the African
Superplume. Indeed, the robustness of the observed NNE-NE ¢ pattern across such a large region of the African
continent lends support to the possibility of contributions to the splitting of shear waves from two or more regions
of the upper mantle with similar anisotropic fabrics. It is also possible that localized departures from the NNE-NE
¢ direction in some places may reflect the influence of additional anisotropic fabrics in the lithospheric mantle
that were not completely overprinted by the Neoproterozoic tectonism during the formation of the Damara Belt,
and/or the influence of small-scale flow in the sublithospheric mantle arising from variations in lithospheric
thickness or complexities in superplume-induced mantle flow. In addition, a contribution from anisotropy in the
lowermost mantle in the vicinity of the African large low shear velocity province cannot be ruled out.

Data Availability Statement

Data used in this study were downloaded from the IRIS Data Management Center (IRISDMC). Network code 8A
(Nyblade, 2015a, 2015b): https://doi.org/10.7914/SN/8A_2015; network code NR (Utrecht University, 1983 (UU
Netherlands)): https://doi.org/10.7914/SN/NR; network code ZT (Nyblade, 2015a, 2015b): https://doi.org/10.
7914/SN/ZT_2015, network code 6H (Helffrich & Fonseca, 2011): https://doi.org/10.7914/SN/6H_2011; and
network code AF (Penn State University, 2004): https://doi.org/10.7914/SN/AF. Splitlab (Wiistefeld et al., 2008)
was utilized to measure the splitting parameters, and StackSplit (Grund, 2017) was used to stack individual
measurements. Two-layer modeling was conducted using the shear wave splitting modeling package developed
by Grund and Ritter (2020). Citations for these tools are provided in the references section.
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