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Key Points:

« We generate Bayesian estimates of localized radial mantle viscosity and dynamic
topography in southern Africa

» We model present-day vertical displacement of southern African using GNSS sta-
tion timeseries and Slepian localization techniques

o There is evidence for significant dynamic support (> 1000 m) and present-day ver-

tical displacement (1.5 mm/yr) due to mantle dynamics
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Abstract

Due to relatively high terrain and negligible active tectonics, the southern Africa region
boasts over thirty independent estimates of dynamic topography. These published es-
timates display a wide variance due to both the variety of methods used in computation
and a lack of constraints on the regional mantle structure. Here we show that a focus
on regional mantle structure is important to generate accurate models of dynamics and
dynamic topography. Global average mantle properties are not representative of a par-
ticular region, and it is necessary to generate viscosity profiles specific to a region of in-
terest. We develop a Bayesian inversion using dynamic geoid kernels, existing seismic
tomography models, and Slepian functions to invert for a localized radial viscosity pro-
file that best explains the geoid in southern Africa. With an understanding of viscosity
uncertainty, we place constraints on the amount of dynamic topography in southern Africa
to between 1000 and 2000 m. Additionally, we model vertical displacements from 112
GNSS stations across our region to examine the long-term, long wavelength pattern of
present-day vertical motion, revealing that up to 1.5 mm/yr of vertical motion can be
explained by ongoing dynamic topography. Our study demonstrates the utility of dy-
namic geoid kernels in local nonlinear inversions of non-unique geophysical data. Fur-
thermore, we present evidence that there the mantle beneath southern Africa is gener-
ating significant dynamic support for and vertical displacement of the lithosphere in this

region.

Plain Language Summary

The high topography of southern African is a result of the interaction between the
lithosphere and the mantle beneath the region, a process referred to as dynamic topog-
raphy. The viscosity of Earth’s mantle is a primary driver of the buoyancy forces that
generate this dynamic topography. There is significant disagreement regarding the am-
plitude and pattern of dynamic topography in this region, partially owing to the lack of
constraints on inputs to geodynamic models, especially viscosity. We use the geoid to
constrain mantle viscosity within our study region by combining existing statistical tech-
niques in a novel manner. We generate models of mantle viscosity, dynamic topography,
and present-day vertical displacement for our study region. Our preferred model results
in 10002000 meters of dynamic topography, suggesting that the whole of southern Africa

is dynamically supported. We also find evidence that present-day vertical displacement
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is at or exceeds 1.5 mm/yr throughout most of the region, suggesting that dynamic to-
pography is currently increasing in this region. We argue that the viscosity within any
given region of the mantle differs significantly from the whole-mantle average, and care
must be taken to use a viscosity model that corresponds to the region of interest when

creating geodynamic models.

1 Introduction

Convective forces and motions within Earth’s mantle cause deformation of the litho-
sphere and the surface, the most well-known expression of this process being plate tec-
tonics. These forces also cause vertical displacement of Earth’s surface, commonly termed
dynamic topography (Forte et al., 1993; Morgan, 1965a,b; M. A. Richards & Hager, 1984).
For the purposes of this study, we define dynamic topography similar to Molnar et al.
(2015): the surface deformation due to normal tractions applied at the base of the litho-
sphere. This definition includes a narrower set of mantle processes than those employed
by other studies (e.g. Holdt et al., 2022; Moucha & Forte, 2011), who allow buoyancy
variations within the lithosphere to influence their prediction of dynamic topography.

We consider such processes static and instead wish to focus on surface deflection due to

mantle flow.

Southern Africa has been the subject of significant focus as a region with possible
dynamic topography. Despite a definitive lack of recent tectonic activity in this region,
the Southern African Plateau exists at a relatively high mean elevation of almost 1000 m
(Al-Hajri et al., 2009) (Figure 1(a)). This region has been devoid of active orogeny, sub-
duction, and widespread volcanics for tens of millions of years (Pasyanos & Nyblade, 2007),
yet significant removal of crustal material has occurred during the same time frame (de
Wit, 2007). The combination of these factors has led many to draw the conclusion that

the mantle must contribute to the plateau elevation.

The geoid over southern Africa (Figure 1(b)) gives a sense of the isostatic contri-
bution to surface topography (Colli et al., 2016; Molnar et al., 2015; Ricard et al., 1984).
Given that the range of geoid values is low in this region, the lithosphere does not con-
tribute much to the observed signal. Thus, the isostatic contribution to the overall am-

plitude of surface topography is fairly low (Morgan, 1965a). This lends support to the



74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

(a) (b)
0° 10° 20° 30° 40° 50° 0° 10° 20° 30° 40° 50°
I I I I
10°

4000

2000 -
E _10° L 10 20 £
e 0 0 2
S S
= 2
& —2000 _20° L _20° 03
] &
~4000 -10
-30° - -30° 20

-6000

_40° —40°

0° 10° 20° 30° 40° 50° 0° 10° 20° 30° 40° 50°

Figure 1. Maps of southern Africa showing (a) the topography and bathymetry of the region
from ETOPO1 (Amante & Eakins, 2009); and (b) the non-hydrostatic geoid from EGM2008
(Pavlis et al., 2012) localized using Slepian techniques (see Section 2.2). The red dashed line in
both maps denotes the outline of the study region. As shown in (a), the plateau in our study
region has around 1000 m mean elevations, with some parts extending up to 2000 m in elevation.

Meanwhile, the geoid in (b) remains relatively low within this same region.

idea that there is a moderate to large component of dynamic support in southern Africa

(e.g. Flament et al., 2013; Lithgow-Bertelloni & Silver, 1998)).

Over 25 studies performed over the past four decades have made predictions about
the amplitude of dynamic topography in southern Africa. While most of these studies
are through global geodynamic modelling, several focus on regional analyses in south-
ern Africa. Despite the amount of attention the region has received, the results have yet
to converge to a consensus range of possible dynamic topography values. These predic-
tions span a wide range: 0 m (Forte et al., 2010), 200 m (Molnar et al., 2015), 300 m
(Zhang et al., 2012), 300-600 m (Gurnis et al., 2000), 650-700 m (Lithgow-Bertelloni
& Silver, 1998), and greater than 1200 m (Flament et al., 2014). The significant disagree-
ment between these estimates stems primarily from a lack of data in southern Africa.
The region has both poor seismic station coverage and very few large seismic events, re-
sulting in under-constrained tomographic images of the mid- to upper-mantle (Fishwick,
2010). Likewise, not enough receiver function and tectonic studies have been performed

in southern Africa to provide conclusive data about density within the lithosphere (Sun
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et al., 2018). Without the proper data to constrain geodynamic inversions, the variance

between studies remains high.

Here, we use the non-hydrostatic geoid as a constraint to invert for the viscosity
of the mantle beneath southern Africa using Bayesian statistical analyses of instanta-
neous flow models. These inversions also result in estimates of dynamic topography that
result from the mantle flow models. Additionally, we examine vertical Global Naviga-
tion Satellite System (GNSS) station motions, which we localize within southern Africa
using Slepian functions. Our results are applicable to understanding the structure of the
mantle beneath southern Africa, including that of the African large low-shear-velocity

province (LLSVP), and how it influences mantle-induced surface deformation.

2 Methods

We use instantaneous geodynamic modeling and geoid constraints to invert for the
mantle radial viscosity structure. We combine spatio-spectral localization (Simons et al.,
2006) with Bayesian statistical techniques (Sambridge et al., 2013) to compute both global
and regional mantle viscosity profiles. Together, this analysis gives an informed estimate
of the magnitude of dynamic topography in southern Africa. In addition, we generate
an estimate of the current vertical displacement in southern Africa by inverting GNSS

vertical station data.

2.1 Geoid and Surface Displacement Kernels

Following the method of Hager & Clayton (1989), we construct Green’s functions
that map mantle viscosity and density to surface observables. These kernels produce dy-
namic models of both the geoid and dynamic topography at the Earth’s surface. The

derivation of these Green’s functions is briefly outlined below.

In order to calculate the deformation related to dynamics and the resulting geoid,
we need to solve the equations of motion. These equations include self-gravitation and
assume there is no hydrostatic reference stress or potential. Additionally, coupling be-
tween poloidal and toroidal components of flow is ignored, because lateral viscosity vari-
ations are assumed to be insignificant. We contend that this is case for our regional anal-
yses, where any heterogeneities in the mantle below southern Africa are likely to be small

(Yang & Gurnis, 2016). We approximate the vertically heterogeneous mantle as a stack
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of homogeneous shell layers and solve the system by a propagator matrix technique to
obtain the kernels. No-slip boundary conditions are applied between layers, and free-slip
boundary conditions are applied at the Earth’s surface and the core-mantle boundary

(CMB).

Once these kernels are constructed, we linearly convolve the response function with
a density model of the mantle to determine the total field. The potential field at the sur-
face R is defined as

47GR
Vim(R) 2l+1/ G (r)8 pum (r)dr (1)

Here, Vi, (R) is the anomalous potential at the Earth’s surface; r is the radial coordi-
nate; [ is the spherical harmonic degree; m is the spherical harmonic order; G is the grav-
itational constant; c is the CMB; G!(r) is the geoid kernel, and §p;,,(r) is the perturbed
density model of the mantle as a function of depth. The displacement field at the sur-

face is similarly defined as

R
Hy(R) = A%)R / AL ()5 puon (1) @)

Hj,n(R) is the deformation at the Earth’s surface; A'(r) is the surface displacement ker-
nel; and Appg is the average density of the mantle. V;,,,(R), Hin (R), and 0py, (1) are
functions of spherical harmonic degree [ and order m, while the geoid G!(r) and surface

displacement A'(r) kernels are functions only of spherical harmonic degree.

We show geoid and surface displacement kernels for two simple models of the man-
tle’s radial viscosity (Figure 2). This method of mapping a mantle density structure to
an instantaneous geoid and dynamic topography is computationally faster than time-
dependent analytical models (e.g. Le Stunff & Ricard, 1997) and more precise than other
instantaneous flow models (e.g. Lithgow-Bertelloni & Silver, 1998). The modern utility
of this method is that it allows a wide range of model parameters to be explored within

a timely manner, as discussed in Section 2.3.

2.2 Localization via Slepian Functions

Our regional analyses use Slepian functions to perform a spatio-spectral localiza-
tion of the dynamic geoid kernels and surface datasets such as the geoid, dynamic to-
pography, etc. Slepian functions are well studied in the literature (e.g. Dahlen & Simons,
2008; Harig et al., 2015; Simons et al., 2006; Simons, 2010; Wieczorek & Simons, 2005),

and here we present a brief overview of their construction.
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Figure 2. Plots of geoid kernels for (a) an isoviscous mantle and (c) a layered mantle; and the
corresponding surface displacement kernels for the same (b) isoviscous mantle and (d) layered
mantle. These are plotted as a function of loading depth (synonymous with mantle depth here)
and spherical harmonic degree L. The layered case consists of a moderately strong lower mantle,
weak mid mantle and asthenosphere, and strong lithosphere. Functions of progressively higher
spherical harmonic orders sample shallower within the mantle. Also, complex models of mantle
viscosity typically produce complicated weightings of mantle density structures. These plots are

reproductions of parts of Figures 9.21 and 9.24 from Hager & Clayton (1989).
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Spherical harmonic functions, Y, are orthogonal over the whole sphere, 2. When
considered over a partial sphere region A, however, they are no longer orthogonal, and
their integral products are no longer delta functions, instead forming a matrix with strong

off-diagonal energy,

/ Yim Yy mdQ) = Dlm,l’m’- (3)
A

We use the ‘localization kernel’ matrix D to generate the new Slepian functions g by solv-

ing the eigenvalue decomposition such that

L U

Z Z Dlm,l’m’gl’m’ = Aglm (4)
V=0m/=—1'
The eigenfunctions of D then form a new basis which is both orthogonal over the region
and over the whole sphere, where the eigenvalues 0 < A < 1 describe the portion of
the function’s energy concentrated within the region A. Here, [ and m (and I’, m’) are

the spherical harmonic degree and order, respectively.

We can form a regional basis by truncating the set of functions when eigenvalues
become low. This sparse representation of data allows very good reconstruction prop-
erties within the region and limits influence from phenomena outside of our region of in-
terest (Harig & Simons, 2012). In this study, we operate the dynamic geoid kernels with
Slepian localization functions to create local geoid kernels, which are now localized in
three-dimensional space. Thus, the regional viscosity inversions are based solely on the

structure of the mantle beneath southern Africa.

Our study region is defined by the coastal outline of Africa for the southern, east-
ern, and western borders and latitude 1° N for the northern border (see Figure 1(a)).
This region encompasses all areas of high elevation in southern Africa, besides that be-

longing to the northern portion of the east African rift system. The efficiency and spar-

sity of a Slepian representation leads to computational savings and reduces the non-uniqueness

of the inverse problem. To accomplish this localization, we have sacrificed complete iso-
lation of signals in the spectral domain. The basis functions are no longer delta func-

tions in the spectral domain. While our basis has perfect localization in the spectral do-
main up to a bandlimit, each individual function has energy spread over each degree up

to L instead of just a single degree.
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2.3 Bayesian Algorithm

We invert for radial viscosity profiles and the corresponding models of dynamic to-
pography by using transdimensional, hierarchical Bayesian inference (Sambridge et al.,
2013), specifically a reversible-jump Markov-chain Monte Carlo (MCMC) algorithm (Green,
1995). The algorithm used in this study closely follows the methods outlined by Rudolph
et al. (2015). It traverses a complex model space while searching for a global minimum,
which we assume is the true model of the Earth’s mantle. At each iteration of the MCMC
algorithm, there is an equal probability of five outcomes: creation of a viscosity jump
at a random depth, deletion of a viscosity jump at a random depth, moving a random
viscosity jump to a new random depth, changing the value of a random jump, or chang-

ing the estimate of the variance of the data in the model.

Each run of the MCMC algorithm is initialized with a single relative viscosity jump
at a depth of 180 km, where the viscosity above this depth is one order of magnitude
higher than that below it. This depth is chosen because it is a conservative estimate of
where the lithosphere beneath southern Africa terminates, based on inspection of the seis-
mic tomography models used in this study. It is also consistent with geodynamic (Glo-
big et al., 2016) and seismologic studies (Fishwick, 2010; Pasyanos & Nyblade, 2007) of

the African lithosphere.

During the first iteration, the geoid is calculated according to the method outlined
in Section 2.1. If this is a regional model, the geoid is calculated using local dynamic ker-
nels (Section 2.2). We calculate the misfit (quadratic norm) between the observed and
calculated geoid (either globally or regionally). The viscosity structure is then perturbed
through one of the five possible steps outlined above, and the geoid and misfit are com-

puted again. This new misfit is then used to determine the likelihood function as

P(M|0O) = \/(;T)nemp (—(b<20)> . (5)

Here, n is the number of spherical harmonic functions (n = (L + 1)?); M is the pro-
posed model; and O is the operator that yields the synthetic model of the geoid. ¢(O) =
WTIW, which is the Mahalanobis distance, where W is the model misfit. The prob-
ability of acceptance for the new model is then

) P(M|O') k+1
mwn <1, FW|O)]€/+1> 3 (6)

10
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where k is the number of viscosity layers. The primed variables correspond to the pro-
posed model, and the unprimed variables correspond to the previous model. This pro-
posed model is either accepted or rejected, and the algorithm moves to the next itera-
tion, where the above process is repeated for a new perturbation. Equations 5 and 6 are
modified from Rudolph et al. (2015), whose implementation of Bayesian techniques and

notation follows closely that of Kolb & Leki¢ (2014).

We run each inversion for one million iterations, with the expectation that the model
requires such a high number of iterations to converge at a solution. We computed sev-
eral inversions for two million iterations as a means to verify that we use enough iter-
ations to allow the models to find the global minimum. The ensemble averages of these
tests at two million iterations are not significantly different from those at one million it-
erations. This gives us confidence that our resulting models of mantle viscosity are both
well-constrained by the observed geoid and close to the global minimum of our model
space. We compute the resulting ensemble average for a given inversion from the final
two hundred thousand iterations. Since the ensemble average is a statistical entity and
not physically meaningful, we use the viscosity profile from the final iteration as our so-
lution to each inversion. We then pass the final viscosity profile back into the correspond-
ing forward model to create updated kernels, which calculate the resulting predicted dy-

namic topography.

We run both global and regional viscosity inversions over a range of sixteen differ-
ent mantle density models. For each analysis, we create a given density model by mul-
tiplying an existing shear wave seismic tomography model with a seismic scaling pro-
file, R,/s = d[lnp]/d[InVi]. R,/, converts shear wave velocity to density as a function

of depth within the mantle. We use four different whole-mantle global tomography mod-

els: S40RTS (Ritsema et al., 2011), SEMUCB-WM1 (French & Romanowicz, 2014), SAW642ANb

(Panning et al., 2010), and S362WMANI+M (Moulik & Ekstrém, 2014). We combine
these tomography models with four different seismic scaling profiles: the “thermal velocity-
density” scaling relationship produced by Simmons et al. (2007) and three depth-constant
scaling profiles with values 0.2, 0.3, and 0.4. We choose four distinct seismic tomogra-

phy models to examine the effect of the variance between these models on the resulting
mantle viscosity profiles and dynamic topography. All four tomography models were cre-

ated within the past fifteen years, ensuring reasonable data coverage beneath southern

11
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Africa. These are also all global shear-wave velocity models, allowing direct comparison

between global and regional inversions.

Several regional seismic tomography models exist for southern Africa (e.g. Begg et
al., 2009; Emry et al., 2019), but we chose not to use them for our study. These mod-
els have improved resolutions of the crust and upper mantle, but contain little to no data
below depths of 400 km. Although our regional inversions are not heavily influenced by
the lower mantle, placing no constraints on depths below 400 km would skew our mod-
els towards unrealistic results. We instead use four global tomography models with av-

erage to above average coverage for the whole mantle beneath southern Africa.

Our observed geoid, the primary constraint on our viscosity inversions, is that of
EGM2008 (Pavlis et al., 2012) truncated between spherical harmonic degree and order
2 and 20. For our regional inversions, both the observed and computed geoid are local-
ized to our region for comparison. We set 3200 kg/m? as the average density of the man-
tle. The mantle tomography models are discretized at a depth interval of 10 km to re-
solve all structures large enough to be detected at degree 20. We zero out the density
contributions from layers shallower than 180 km when computing the model geoid. As
mentioned above, 180 km is a conservative estimate of the depth of the lithosphere be-
neath southern Africa. We do not want the lithosphere to contribute to our calculations
of dynamic topography. Each inversion is allowed to insert at most 9 viscosity discon-
tinuities, or “jumps,” in addition to the initial fixed discontinuity at the base of the litho-

sphere. We impose this condition to limit the complexity of our final models.

2.4 GNSS Vertical Displacement

In addition to our modeling work, we use long-term vertical GNSS timeseries to
analyze the vertical displacement in southern Africa. We collect these timeseries from
112 stations hosted by the University of Nevada Reno Geodetic Laboratory (Blewitt et
al., 2018). These stations lie within the same region as defined for the Bayesian inver-
sions. Only stations with data spanning a period of at least 3 years were chosen for our
analysis. We use the geodetic program Hector (Bos et al., 2013) to compute the linear

vertical displacement rate for each station.

We project these rates into a Slepian basis and localize them within our region to

form a spatial map, allowing for straightforward comparison with the estimates of dy-

12
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namic topography. Our Slepian basis covers the same bandwidth as the Bayesian inver-
sions (2 < L < 20), ensuring that all energy in this new basis is representative of only
regional motions. By removing higher order spherical harmonics, we also remove station-
dependent effects in areas with good station coverage. See Knowles et al. (2020) for a
more detailed review of the utility that Slepian localization techniques provide to the es-

timation of regional motion with GNSS timeseries.

We correct the GNSS linear displacement trends for the effects of glacial isostatic
adjustment (GIA), changes in present-day water storage, and trends in atmospheric pres-
sure by using data from the Gravity Recovery and Climate Experiment (GRACE) and
follow on mission. We use the Center for Space Research (CSR) release level 5 (GRACE)
data (Save et al., 2016), adding back the atmosphere and ocean model which is removed
by default. We convert water loading into vertical displacement using load Love num-
bers (Wahr et al., 1998), in the same manner as Knowles et al. (2020). This product should
also contain temporal geopotential trends due to tectonic/dynamic motions, but the mag-
nitude would be dwarfed by any signals from the surface water cycle. We compute the
corrected linear trend of vertical displacement due to changes in water storage at the GNSS
station locations and project these trends into a Slepian basis for our region. The result-
ing model contains signal only from long wavelength, regional vertical motions. We per-

form this same correction for the GNSS station vertical uncertainties.

3 Results
3.1 Mantle Viscosity

For each of our 32 Bayesian inversions, we plot the ensemble viscosity interface prob-
ability distributions as a function of depth within the mantle. Here we discuss results
of the inversions that use S40RTS as the seismic tomography model (Figure 3), while
the results for the other tomography models are available in the Supporting Information.
These distributions illustrate the depth and viscosity of layers preferentially inserted by
the inversion for the final two hundred thousand iterations. The black line represents the
ensemble average of the final iterations for each inversion and should not be interpreted

as the mantle final viscosity profile.

The interface distributions for the global inversions (Figure 3, top row) with con-

stant scaling profiles (b)—(d) are consistent between all of the seismic tomography mod-

13
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els. These inversions all produce a strong lithosphere, a weak asthenosphere and upper-
mantle, a strong mid-mantle, and a weak lower-mantle. The mean ensembles for each

of these inversions are all smoothly varying, owing to the wide spread of potential in-
version solutions. This is in contrast to the level of complexity seen in each of the global
inversions that use the Simmons et al. (2007) scaling profile (e.g. Figure 3(a)). While
the exact depth and values of viscosity interfaces vary for each inversion, the overall pat-
tern is consistent: strong lithosphere, weak asthenosphere, strong mantle transition zone,
weak layer at or below 1000 km, strong layer in the upper portion of the lower-mantle,
and a very weak lowermost mantle. This same viscosity distribution as a function of depth
is not observed in any of the 12,5 = constant global inversions, suggesting that the
model constraints used to create the Simmons et al. (2007) scaling profile heavily con-

trol the output of our corresponding viscosity inversions.

The interface distributions for the regional inversions (Figure 3, bottom row) dif-
fer substantially from those of the global inversions in their overall pattern, model spread,
and complexity. These model solutions tend to favor a strong lithosphere, weak astheno-
sphere and mantle transition zone, strong mid- and lower mantle, and weak base of the
mantle. The spread of ensemble solutions as a function of viscosity is quite tight (typ-
ically less than 0.2 Pa-s), except in the top of the lower mantle (specifically, between
depths of 1000 and 1700 km). At these depths, the regional inversions slightly favor a
low viscosity channel, but due to the ensemble spread, a higher viscosity is also some-
what likely for this depth range and would be more compatible with the viscosities of
the layers immediately above and below. There is also greater consistency between en-
semble solutions for the regional inversions as opposed to the global inversions when com-
paring the Simmons et al. (2007) scaling profile with the R,/s = constant scaling pro-
files.

14
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(a)—(d) contains the results of the global inversions, while the bottom row (e)—(h) contains the

results of the regional inversions. Each column contains the results for a different scaling profile;

from left to right: (a),(e) Simmons et al. (2007); (b),(f) 0.2; (c),(g) 0.3; and (d),(h) 0.4. The

black line in each plot is the ensemble average viscosity profile for the final two hundred thousand

iterations of the inversion. The color gradient represents the normalized probability for the inser-

tion of an interface at a specific depth and viscosity value.
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3.2 Dynamic Topography

The synthetic surface dynamic topography computed from the final iteration of each
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sults, with global results in the top row and regional results in the bottom row. We show
results utilizing S40RTS here (Figure 4) with the dynamic topography solutions for ad-
ditional tomographic model results in the Supporting Information. In the global cases,
dynamic topography is calculated globally and then localized using Slepian functions to

our region for ease of comparison with the regional inversions.

The range of amplitudes for each plot of dynamic topography exhibits significant
variance. In general, the amplitude of dynamic topography increases from left (Simmons
et al. (2007) scaling) to right (R,/s = 0.4) in each figure due to the general increase
in density (and thus buoyancy force). For example, the regional R,/g = Simmons et
al. (2007) solution has a maximum amplitude below 500 m, while the regional R,/g =
0.4 solution has a maximum amplitude that exceeds 3000 m. When comparing the so-
lutions from different seismic tomography models with the same scaling profile, the am-
plitudes are consistent. Similarly, the pattern of dynamic topography is consistent among
the results from each seismic tomography model. Overall, the input seismic tomogra-
phy model is the primary control on the pattern of surface dynamic topography, while

the scaling profile is the primary control on the amplitudes.

The amplitudes of dynamic topography for the regional inversions are greater than
the amplitudes for each corresponding global inversion. In most cases, the amplitudes
are modest, ranging from 200 to 1000 m. Several inversions produce amplitudes greater
than 2000 m, most notably the regional models using the R,,s = 0.3 and 0.4 scaling
profiles. Another consistent feature between the models of dynamic topography is the
presence of three lobes (Figure 4(a)-(h)): one in the south (centered over Botswana), one
in the northwest (centered over Angola), and one in the northeast (centered over Tan-
zania). In each model solution, all three lobes have amplitudes 200-300 m higher than
the amplitude of the rest of our region. Outside of the three lobes, predicted dynamic
topography is fairly uniform. These three lobes are also present in the models based on
the three other seismic tomography models (Figures S4-S6), although the southern lobe

dominates the other two lobes in these solutions.
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Figure 4. Predicted dynamic topography for tomography model S40RTS. The top row (a)—(d)

contains the results of the global inversions, while the bottom row (e)—(h) contains the results
of the regional inversions. Each column contains the results for a different scaling profile; from
left to right: (a),(e) Simmons et al. (2007); (b),(f) 0.2; (¢),(g) 0.3; and (d),(h) 0.4. The dynamic
topography is shaded and contoured (at 500, 1000, 2000, 3000, and 4000 m) based on amplitude.
All plots have been localized in the southern Africa region defined for this study for ease of com-

parison.

3.3 Vertical GNSS Motions

The localized, corrected GNSS vertical motions are displayed in Figure 5, and the
corresponding uncertainties are displayed in Figure S7. The filled circles represent the
individual station motions, while the color gradient represents the motions localized into
our regional Slepian basis. Regional uncertainty generally scales inversely with station
density. Regional motions are therefore well determined south of a latitude of roughly
20°S, based on the overall uncertainty within this sub-region. The amplitude of the GRACE
correction is low relative to that of the uncorrected signal — up to 0.7 mm/yr — with most

of the study area exhibiting an overall correction less than 0.2 mm/yr.

Across southern Africa we see mostly broad, low magnitude, and positive vertical
motions (Figure 5). The magnitude of these motions is 1-2 mm/yr in most of the region,
with the area in the northwest part of our region (centered over Angola) exceeding 6 mm/yr.

There is also a small north central sub-region (centered over the Democratic Republic
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of the Congo) which exhibits low amplitude negative vertical motions. This particular
pattern is driven by four proximal stations with negative velocities. The pattern of ver-
tical motions is somewhat similar to the pattern of dynamic topography resulting from
several of the models in Section 3.2. There are three primary lobes of positive motion

in the south, northwest, and northeast parts of our region, although the amplitude of
the southern lobe is more subdued than those of the northern lobes. Our confidence in
the two positive northern lobes, especially the northwest lobe, is low due to the poor sta-

tion density and high uncertainty of the signal from these few stations in both sub-regions.
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Figure 5. Long-term vertical rates from GNSS within our study region. Individual station
motions are plotted as filled circles. The localized regional motion is plotted as a color gradi-
ent. Areas in the northern part of our region have the highest velocity amplitudes as well as the
highest uncertainties due to the poor station coverage in these areas. The corresponding map of

uncertainty can be found in the Supporting Information (Figure S7).

4 Discussion
4.1 Constraints on mantle viscosity structure

In comparing the results of our regional viscosity inversions, it is clear that the choice
of seismic tomography model has a strong effect. Our regional inversions that use S40RTS

(Ritsema et al., 2011) as the input seismic tomography model (Figure 3,(e)—(h)) produce
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fewer jumps that alternate between low and high viscosity than the regional inversions

that use the other three seismic tomography models in this study (Figures S1-S3,(e)—

(h)). This alternating viscosity pattern is especially favored by the regional inversions
which use S362WMANI4+M (Figure S3(e)—(h)), likely owing to the whole-mantle anisotropic
nature of that model (Moulik & Ekstrom, 2014). Such alternations in viscosity confined

to thin (approx. 200 km thick) layers are not compatible with our knowledge of heat dif-

fusion in Earth’s mantle (Bercovici et al., 2000).

Following the above reasoning, we favor the regional inversions that use S40RTS,
as the resulting viscosity profiles contain smoother, more physically feasible depth vari-

ation. The results of these four regional inversions all contain one or more low viscos-

ity channels between 1000 and 1700 km depth. Only the inversions that use the R,/¢ = Simmons

et al. (2007) (Figure 3(e)) and the R,/ = 0.3 (Figure 3(g)) scaling profiles produce
mid-mantle low viscosity channels that are more than several hundred kilometers thick.
Additionally, the R,/s = Simmons et al. (2007) inversion does not produce a strong
lithosphere, unlike the other three scaling profiles. For these reasons, we select the R,/ g =
0.3 with S40RTS regional inversion as our preferred model of mantle viscosity beneath

southern Africa.

Our preferred model of radial viscosity is similar to the results of both Mitrovica
& Forte (2004) and Rudolph et al. (2020), who both perform inversions for global ra-
dial mantle viscosity. They both see the same viscosity jump just below the mantle tran-
sition zone and a low viscosity channel in the mid-mantle. Unique to our model, though,
is the presence of a low viscosity channel in the middle of the mantle, between depths
of 1100 and 1500 km. It is important to note, however, that although the ensemble av-
erage favors a low viscosity at these depths, a significant proportion of the ensemble mod-
els favor much higher viscosities which then don’t produce this low viscosity channel. Over-
all, our inversion produces a wide range of potential viscosities for this zone of depths

in the middle of the mantle.

We compute global inversions to compare with the regional models to judge the
utility of regional inversions. The results of our global inversions all have wide uncer-
tainty across the entire depth-range of the mantle (Figure 3). This is exemplified by both
the viscosity spreads and smoothness of the ensemble averages for each of these inver-

sion results, especially in the R,,5 = constant cases. In other words, there are not enough
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constraints from the global geoid alone to allow for the estimation of radial mantle vis-
cosity. Additionally, given the general complexity of mantle deformation and rheology
(e.g. Jackson & Faul, 2010; Yang & Gurnis, 2016), this type of radial profile is likely not
applicable to our study region, as a global inversion incorporates mantle dynamic pro-
cesses not present in southern Africa (e.g. subduction zones and mid-ocean ridges). It
is likely that a global average viscosity profile is not representative of any one particu-
lar region, so using such a profile to produce geodynamic models in our study region is,

therefore, problematic, and caution is warranted for regional studies.

The regional Bayesian inversions allow our analyses to examine effective lateral vari-
ations in viscosity within the Earth’s mantle by solving for radial viscosity profiles in dif-
ferent regions. The localization of the geoid kernels ensures the regional inversions are
influenced only by the structure of the mantle beneath southern Africa. The localiza-
tion process itself is flexible and can be easily applied in different regions. One caveat
is that the region must not be too small for the given bandwidth L considered. In this
case, the Slepian basis would contain too few functions with acceptable eigenvalues (Si-
mons et al., 2006). The same issue essentially applies in the depth dimension for differ-
ent reasons. As depth within the mantle increases, the contributions to the surface grav-
ity field can only be determined at long-wavelengths, which are inherently less well lo-

calized (Hager et al., 1985; Hager & Clayton, 1989). If the region of interest is small, the

resulting geoid field will not contain much energy from lower mantle processes. The Bayesian

inversion for viscosity will then be imprecise at greater depths, as it will try to constrain

physical parameters for which it has little to no data.

Our inversions incorporate several assumptions about the structure of the mantle
and lithosphere. In the global inversions, the relative viscosity profile is allowed to vary
by six orders of magnitude of variation, which is a very liberal estimate of the range of
mantle viscosity (Flament et al., 2013). We expect that this will encompass all possi-
ble values of viscosity within the mantle. For regional inversions, the relative viscosity
profile is allowed to vary by only four orders of magnitude. This narrower range lowers
the number of iterations necessary for our inversion to converge upon a final solution.
We do not believe that the narrower range will bias the regional inversions toward in-
serting more viscosity jumps to account for the smaller magnitude of these interfaces,

depending on the overall smoothness of the input density model. In fact, it seems likely
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that viscosity will not vary greatly, since there is likely little lateral variation in viscos-

ity within a given region of interest (Yang & Gurnis, 2016).

We explore several different shear-wave velocity to mantle density scaling profiles,

including those that are constant (R,,5 = 0.2, 0.3, and 0.4) and heterogeneous (R,/s = Simmons

et al. (2007)), to examine their impact on the inversion results. The constant scaling pro-
files assume a purely thermal contribution to seismic velocity heterogeneity throughout
the mantle, which is not supported by recent seismic and geodynamic studies (Lau et

al., 2017; Moulik & Ekstrom, 2014; F. D. Richards et al., 2023; Ritsema & Lekié¢, 2020).
We include the Simmons et al. (2007) scaling profile, as it was specifically created to rep-
resent the thermochemical heterogeneities present in our study region. Without better
constraints from mineral physics and seismology on compositional heterogeneity (Sim-
mons et al., 2009), especially within the African LLSVP, our choice of scaling profiles
attempts to broadly cover the model space. Despite the differences between each of the

individual scaling profiles, the regional inversion results for any given seismic tomogra-

phy model show strong similarities. The only major exception is in the middle of the man-

tle, which has the poorest coverage in our region for all of the seismic tomography mod-

els we use.

Our preferred viscosity model suggests that there is internal layering within the African

LLSVP, with a strong top 600 km and very weak bottom 400 km, assuming a 1000 km
total thickness (Lekié et al., 2012). This result is similar to other geodynamic studies

who argue for internal layering within LLSVPs consisting of a dense base overlain by a
much lighter layer (Liu & Zhong, 2015; F. D. Richards et al., 2023). This same vertical
heterogeneity appears in our results, but the viscosity of each layer should not be over-

interpreted, as it is a function of the assumed density model.

4.2 Dynamic topography

Our preferred model (Figure 4(g)) produces dynamic topography around 1000 m
across most of the region with three lobes (south, northeast, and northwest) that extend
just beyond 2000 m. These three sub-regions are also roughly where the highest topog-
raphy currently exists (Figure 1(a)). Our model predicts higher amplitudes of dynamic
topography than back-of-the-envelope studies, which predict dynamic topography to be

on the order of 200 m (e.g. Molnar et al., 2015). Our results are also modest compared
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to several instantaneous and time-integrated models, which claim dynamic topography

in southern Africa exceeds 2000 m (e.g. Forte et al., 1993; Steinberger et al., 2017). Nonethe-
less, the R,)s = Simmons et al. (2007) scaling profile predicts at least 400 m of dy-

namic topography, which is more than double the maximum estimate from Molnar et

al. (2015). Based on the range of dynamic topography in our preferred model and the
amount of present-day topography, we argue that the southern African lithosphere is al-
most entirely dynamically supported by the mantle. Given that our estimate of dynamic
topography exceeds the present-day topography in some sub-regions, particularly the north
central part of our region, there must be significant erosional forces competing with the

upward mantle motion (Moucha & Forte, 2011).

It is important to note some of the same caveats about our choice of shear wave
velocity to density scaling profiles as in Section 4.1. When comparing our results, the
estimated dynamic topography is a strong function of scaling profile, with even a small
increase from R,/g = 0.2 to 0.3 doubling the overall amplitude (Figure 4(f),(g)). Based
on these results, even with a well-constrained viscosity profile for a specific region, there
needs to be some degree of knowledge about the thermochemical properties of the man-
tle to accurately predict dynamic topography. We expect that both the viscosity and the
seismic wave speed to density scaling profile change as a function of location within the
mantle (e.g. F. D. Richards et al., 2023; Yang & Gurnis, 2016). Future work should in-
vestigate placing tighter constraints on the regional scaling profile based on seismic and

geodynamic inferences, as suggested by Rudolph et al. (2020).

All of our inversions are constrained by the geoid using spherical harmonic degrees
2-20. Previous geodynamic studies of dynamic topography use a much narrower range
of geoid data, with most extending out to degree and order 8 or 10 (e.g. Hager et al., 1985;
Flament et al., 2013; Molnar et al., 2015). We contend that a wider bandwidth is nec-
essary to better characterize the magnitude and spatial pattern of dynamic topography.
As suggested by Davies et al. (2019), the global spectra of residual topography contains
significant power out to degree and order 30, yet most instantaneous-flow simulations
have power out to only degree and order 5. We do not extend our analyses beyond de-
gree and order 20, because crustal effects dominate at higher orders (Hoggard et al., 2016).
Additionally, the global tomography models used in this study contain minimal power
above degree and order 20, preventing us from constraining models at these higher or-

ders.
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This technique of computing regional viscosity profiles will prove useful in other
regions where there is contention over the amplitude of dynamic topography. The region
surrounding the New Hebrides Trench near Vanuatu and New Caledonia appears to be
experiencing uplift related to slab detachment (Chatelain et al., 1992). Meanwhile, the
Brazilian Highlands are at a relatively high elevation - on the order of 2000 m - yet are
not near any major surface tectonic features (Flament et al., 2014). Dynamic topogra-
phy has been attributed to both regions, yet estimates of the amplitudes are not in good
agreement. The methods presented in this paper could elucidate the magnitude of the

mantle dynamic processes that control these features.

4.3 Vertical displacement

Three lobes of positive vertical motion are displayed in the GNSS vertical motions
(Figure 5), all of which correlate with the three lobes of dynamic topography in the south,
northwest, and northeast parts of our region. The southern lobe is well-constrained by
a dense station network, indicating that the roughly 1 mm/yr of vertical motion there
is a real feature. The other two lobes don’t have the same station coverage, which is re-
flected in the high uncertainty in these sub-regions. The northwest lobe is in the same
sub-region as the Bié Plateau which, as determined by Walford & White (2005), has ex-
perienced uplift over the last 30 Myr, as evidenced by erosional unconformities in seis-
mic reflection data. It is likely that at least a portion of the vertical motion recorded by
GNSS stations in these regions is due to regional uplift; however, it is not as high as in-
dicated by the results of our analysis. More station coverage and longer baselines are nec-

essary to better constrain the amplitude of these features.

The vertical GNSS velocities computed in this study are similar to those estimated
by both Hammond et al. (2021) and Saria et al. (2013). This gives us confidence that
most of the stations used in this study have long enough baselines to reflect ongoing dy-
namic topography changes, as the rates are consistent through several decades of record-
ing. In particular, Hammond et al. (2021) note that the long wavelength, coherent ver-
tical displacement in southern Africa likely reflects a mantle geodynamic source. Based
on these results, it is reasonable to conclude that up to 1.5 mm/yr of uplift is occurring
in southern Africa. Given that most of our region is at an elevation above 1.5 km, and
assuming an initial elevation at sea level, then this uplift could have occurred within the

past 1 Myr. This does not account for denudation or variations in the uplift rate through
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time, both of which are non-negligible (Moucha & Forte, 2011; Walford & White, 2005).
While the exact initiation of the uplift of the Southern African Plateau cannot currently
be constrained (Artyushkov & Hofmann, 1998; Jones et al., 2017), these results suggest

that uplift has occurred recently and is ongoing.

5 Conclusions

We computed both global and regional inversions for the mantle’s radial viscosity
profile as constrained by the non-hydrostatic geoid. Based on the regional inversions, we
can conclude that (1) the viscosity profile beneath southern Africa has a strong litho-
sphere, a weak asthenosphere and mantle transition zone, a strong mid-mantle punctu-
ated by a low viscosity channel, and a very weak mantle base; and (2) there is internal
layering in the African LLSVP, which has a strong upper portion underlain by a much
weaker base. By comparing the regional and global inversions, we notice that lateral vis-
cosity variations are an important consideration, as regional differences in viscosity are
significant. Our resulting computation of dynamic topography based on the regional in-
versions allows us to determine that the magnitude of dynamic topography in southern
Africa ranges from 1000 to 2000 m, with a minimum value near 500 m. Our localization
technique for vertical GNSS station motion in southern Africa also indicates that there

exists long-wavelength vertical displacement of up to 1.5 mm/yr throughout most of the

region. In summary, a moderate amount of dynamic topography is shown to exist in south-

ern Africa, the formation of which is an ongoing process and spans at least the past sev-

eral million years.

Open Research Section

The code used in this work is available freely online (Harig et al., 2015) as part of
the SLEPIAN code package, specifically Slepian Tango (https://github.com/csdms
-contrib/slepian_tango). Installation instructions for the various Slepian code repos-

itories can be found at http://github.com/Slepian/Slepian.
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Contents of this file
1. Figures S1 to S7

Introduction We include here three additional viscosity ensemble distribution plots and
three additional predicted dynamic topography plots, similar in style to Figures 3 and
4, respectively, for each of the following seismic tomography models: SEMUCB-WM1,
SAW642AND, and S362WMANI+M. We also include the vertical displacement uncer-

tainty corresponding to Figure 5 for a total of seven supplementary figures.
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Figure S1. Viscosity inversion ensemble results for tomography model SEMUCB-WM1. Plot
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