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Abstract The uplift of the southern African Plateau with its average elevations of ~1,000 m is often
attributed to mantle processes, but there are conflicting theories for the timing and drivers of topographic
development. Evidence for most proposed plateau development histories is derived from continental
erosion histories, marine stratigraphic architecture, or landscape morphology. Here we use a landscape
evolution model to integrate a large data set of low-temperature thermochronometry, sediment flux

rates to surrounding marine basins, and current topography for southern Africa. We explore three main
hypotheses for surface uplift: (a) southern Africa was already elevated by the Early Cretaceous before
Gondwana breakup, (b) uplift and continental tilting occurred during the mid-Cretaceous, or (c) uplift
occurred during the mid to late Cenozoic. We test which of these three intervals of plateau development
are plausible by using an inversion method to constrain the range in erosional and uplift model
parameters that can best reproduce the observed data. Results indicate four regions of parameter space
that fall into two families of uplift histories are most compatible with the data. Both uplift families have
limited initial topography with some topographic uplift and continental tilting starting at ~90-100 Ma.

In one acceptable scenario, nearly all of the topography, >1,300 m, is created at this time with little
Cenozoic uplift. In the other acceptable scenario, ~400-800 m of uplift occurs in the mid-Cretaceous with
another ~500-1,000 m of uplift in the mid-Cenozoic. The two model scenarios have different geodynamic
implications, which we compare to geodynamic models.

Plain Language Summary How the southern African Plateau and its high elevations

formed is disputed. The plateau is located far from tectonic plate boundaries, and many have suggested
that processes below the crust are responsible for plateau uplift. Here, we use a wide range of data that
documents the long-term erosion history of the plateau and a landscape evolution model to test proposed
uplift histories. Model results show two types of plateau uplift histories that can adequately match the
data. One suggests that all the plateau was uplifted rapidly ~90-100 million years ago. The other suggests
two phases of uplift, one ~90-100 million years ago, and a second <40 million years ago. We cannot
indicate which one is correct with the data that we included, but the results have different implications for
processes occurring in the deep earth.

1. Introduction

The southern African Plateau is a dominant feature of African topography reaching heights of >3,000 m,
with an average elevation of 1,000 m in the predominantly low relief plateau interior. The elevated margins
of the plateau drop through higher relief regions to the coastal plain (Figure 1). However, extensive debate
remains regarding when and how it formed. The long wavelength topographic high in absence of collisional
tectonism combined with Cretaceous kimberlite activity and a large low shear velocity province (LLSVP) in
the deep mantle below southern Africa have led many to suggest uplift related to mantle processes. Given
that surface uplift may be related to LLSVP development (e.g., Lithgow-Bertelloni & Silver, 1998), better
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Figure 1. Topography and simplified geology. (a) Topography and simplified basement and post 300-Ma geology for southern Africa. Dark blue lines show
main drainage divides and bright blue lines and labels show main rivers including the Orange-Vaal and Limpopo river systems. Green shading denotes the
extent of the Permian to Jurassic Karoo sedimentary basin, Jurassic Karoo volcanic rocks and sills, and early Cretaceous Etendeka volcanic rocks. Yellow
shading shows the extent of the thin, Cenozoic Kalahari Basin deposits. Brown outlines show major basement domains mentioned in text. (b) Topographic
profile across 27°S, section line A-A’ shown on map.

constraints on the timing of uplift could provide additional information on the nature and development of
this deep seismic anomaly and other mantle processes that may cause southern Africa’'s anomalous eleva-
tions (e.g., Gurnis et al., 2000).

Overall, three main intervals have been proposed for when most of the uplift occurred in southern Africa
(summarized in Table 1). First, the plateau may already have been elevated before 130 Ma due to processes
that occurred prior to or associated with Gondwana breakup. Hypothesized geodynamic mechanisms to
achieve uplift at this time include thermal uplift and crustal thickening due to large igneous provinces
(LIPs, e.g., Cox, 1989), isostatic rebound after dynamic subsidence and deposition of the continental Karoo
Basin (Pysklywec & Mitrovica, 1999), and inherited topography (Doucouré & de Wit, 2003). Most of the
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Table 1

Proposed Geodynamic Mechanisms and Evidence for Proposed Stages of Uplift

Timing

Geodynamic mechanism

Evidence

Before or during Gondwana breakup (>130 Ma)

Mid-Cretaceous (110-80 Ma)

Mid- to Late Cenozoic (<35 Ma)

Thermal uplift and crustal thickening associated
with LIP activity"

Isostatic rebound after dynamic subsidence and
deposition of the Karoo basin®

Inherited Paleozoic topography®

Flexural uplift from far field plate stresses®”

Dynamic topography due to the LLSVP in the
deep mantle' '

Changes to the lithospheric density structure'”
18 long lived plume tails*, and/or delamination®
associated with kimberlite magmatism

Pressure driven flow in the asthenosphere®
Flexural uplift from far field plate stresses®’
Agulhas LIP off the S coast at ~90 Ma**

Small-scale convection in the upper mantle due to
the slowing of African plate at ~30 Ma** 3
Dynamic topography due to density variations in
the upper mantle and/or the LLSVP'* *"-3% 3% 4041
Flexural uplift from far field plate stresses®”

Major phase of cooling in AFT
thermochronology studies around the margins
just after rifting® 7 1% 1!

Models of escarpment retreat developed in S.
Africa suggest some topography at breakup'> *
and a pre-existing topographic divide'*

Radial drainages around LIPs'

Phase of cooling seen in AFT”®* %1% 2* (Brown

et al., 2002; Gallagher & Brown, 1999a, 1999b;
Kounov et al., 2009; Tinker et al., 2008b;
Wildman et al., 2015) and AHe'" > 26272829
Major pulse of sediment delivered to the
marine basins off the western and southern
COaStSSO' 31,32,33

Geometric evidence from offshore forced
regressive wedges, margin tilting, and incised
valleys™®

Large-scale correlation of geomorphic
surfaces® *>*

River profiles and models of their formation
through time*>*

Terraces on the lower Orange River*®

« Geometric evidence from offshore forced
regressive wedges and margin tilting®

« Inferred cooling phase on the southern coast
from modeling of AFT data*’

Note. 'Cox (1989), *Pysklywec and Mitrovica (1999), *Doucouré and de Wit (2003), “Moore (1999), *Moore et al. (2009), “Brown et al. (1990), "Brown et al. (2002),
$Gallagher and Brown (1999a), *Tinker et al. (2008b), "®Wildman et al. (2015), "Wildman et al. (2016), **Gilchrist et al. (1994), *Gilchrist and Summerfield (1990),
Van Der Beek et al. (2002), “Braun et al. (2014), *Lithgow-Bertelloni and Silver (1998), '*Bell et al. (2003), "Stanley et al. (2013), "®*Nyblade and Sleep (2003),
“Hu et al. (2018), *'Colli et al. (2014), *M. de Wit (2007), **Gallagher and Brown (1999b), **Kounov et al. (2009), *Flowers and Schoene (2010), *Kounov
et al. (2013), ’Stanley et al. (2015), **Stanley and Flowers (2020), Wildman et al. (2017), **Baby et al. (2020), *'Guillocheau et al. (2012), **Rouby et al. (2009),
3Tinker et al. (2008a), **Burke (1996), **Burke and Gunnell (2008), **Burke and Wilson (1972), *’Al-Hajri et al. (2009), *Gurnis et al. (2000), **Moucha and
Forte (2011), *Paul et al. (2014), *'Winterbourne et al. (2009), **King (1942), **Partridge and Maud (1987), *Roberts and White (2010), “*Rudge et al. (2015),
“Dauteuil et al. (2015), “’Green et al. (2017).

supporting evidence for pre-130 Ma uplift is based on the morphology of rift flank uplifts, their erosion,
and models for their evolution (e.g., Gilchrist et al., 1994; Gilchrist & Summerfield, 1990; Van Der Beek
et al., 2002). Alternatively, uplift may have occurred 100-80 Ma. This timing is supported by a major pulse
of continental erosion detected by thermochronology and marine sediment flux (e.g., Baby et al., 2020;
Flowers & Schoene, 2010; Gallagher & Brown, 1999b; Guillocheau et al., 2012; Kounov et al., 2013; Stanley
et al., 2013; Tinker et al., 2008a; Wildman et al., 2015). Many geodynamic mechanisms have been proposed
to generate plateau uplift at this time (see Table 1), but the two most commonly invoked are dynamic to-
pography due to the LLSVP (e.g., Braun et al., 2014; Lithgow-Bertelloni & Silver, 1998) or changes in litho-
spheric buoyancy associated with kimberlite magmatism (e.g., Hu et al., 2018; Stanley et al., 2013; Tinker
et al., 2008b). Continent-wide tilting has been shown to be important during this phase (Braun et al., 2014),
and potentially caused by either motion of the African plate onto a dynamic topography high above the
LLSVP (Braun et al., 2014), or delamination and/or changes in lithospheric buoyancy with the east to west
progression of kimberlites (Bell et al., 2003; Hu et al., 2018). Finally, uplift may have occurred after ~30 Ma.
This is usually attributed to dynamic topography and small-scale convection in the upper mantle (e.g.,
Al-Hajri et al., 2009; Burke, 1996), though others suggest that the LLSVP developed during this period
(Al-Hajri et al., 2009; Gurnis et al., 2000). Evidence for Cenozoic uplift is dominantly based on mapping of
planation surfaces (e.g., Burke, 1996; Burke & Gunnell, 2008; King, 1942, 1950; Partridge & Maud, 1987),
river profile analysis (e.g., Paul et al., 2014; Roberts & White, 2010; Rudge et al., 2015), or stratigraphic data
(tilting and truncation of the margin, forced regressive wedges, e.g., Baby, Guillocheau, Morin, et al., 2018).
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Some authors (Baby et al., 2020) suggest a two steps-uplift of the southern Africa Plateau, at 93-70 (tilting
of the plateau) and 25-15 Ma (Indian Ocean side only).

The timing and patterns of uplift are key for resolving the driving mechanisms, but because topographic
uplift is difficult to discern directly from the continental rock record there remains discussion on how ex-
tensive surface uplift was during each of these three intervals. Direct proxies for paleoelevation are rare and
commonly surface uplift is inferred based on the assertion that topographic uplift generates relief which
triggers an erosional response that is easier to detect in the rock record. Extensive work using thermo-
chronology and quantifying sediment flux to the marine basins gives a fairly complete picture of the long-
term erosion and sedimentation history in southern Africa (Baby, Guillocheau, Boulogne, et al., 2018; Baby
et al., 2020; Baby, Guillocheau, Morin, et al., 2018; Belton & Raab, 2010; Brown et al., 1990, 2002, 2014;
Flowers & Schoene, 2010; Gallagher & Brown, 1999a, 1999b; Green et al., 2017; Guillocheau et al., 2012;
Kounov et al., 2009, 2013; Raab et al., 2002; Rouby et al., 2009; Said et al., 2015; Stanley & Flowers, 2020;
Stanley et al., 2013, 2015; Tinker et al., 2008a, 2008b; Wildman et al., 2015, 2016, 2017), but the magnitude
of surface uplift required to drive the erosion is not known. Additionally, the morphology of the land-
scape should contain signatures of the uplift history (e.g., Burke, 1996; Burke & Gunnell, 2008; Partridge &
Maud, 1987; Roberts & White, 2010) but the timing and rate of formation of these geomorphic features is
difficult to constrain.

Surface process models that focus on some or all of the landscape can be used to derive quantitative esti-
mates of how topographic change relates to erosion history and geomorphic features. Previous work link-
ing topography and apatite fission track (AFT) data from the southwest coast indicated the existence of
a pre-breakup drainage divide similar to the present-day divide in this area (Van Der Beek et al., 2002).
Block landscape models showed that continent-scale tilting during early Late Cretaceous uplift was neces-
sary to reproduce the major pulse of sediment to the marine basins on the west coast at that time (Braun
et al., 2014). Additional modeling of a generic continent subjected to a propagating wave of dynamic to-
pography argued that the modeled sedimentary architecture was consistent with Cretaceous sedimentary
archives from southern Africa (Ding et al., 2019). Modeling efforts focused on river profile shape have taken
this approach a step further by comparing modeled and observed river profiles to invert for uplift histories
that suggest that the high topography was developed in the last 30-40 Ma (Paul et al., 2014; Roberts &
White, 2010; Rudge et al., 2015). This method allows the systematic exploration of a wide range of uplift
parameters, but the absolute timing of the uplift histories it yields depends on an assumed value for rock
erodibility, which is difficult to constrain. All of these methods have only focused on one main piece of the
erosion history or landscape, yielding important insights into aspects of the southern African topographic
history but leading to incomplete and sometimes conflicting results between modeling approaches.

Here we aim to take advantage of the many data sets quantifying the erosion history of southern Africa and
combine them with topographic metrics to explore how much uplift occurred during each of the three pro-
posed periods of plateau development using landscape evolution model inversions. Through the integration
of thermochronology, marine sediment flux volumes, and topography we aim to quantify the surface uplift
histories that are most compatible with all the observations. To do this, we use a highly efficient forward
landscape evolution model, FastScape (Braun & Willett, 2013), to predict erosion and topography from a
wide range of uplift histories and erosional parameters. Model outputs are directly compared with observa-
tions, and we use an inversion optimization scheme to isolate the uplift histories that best match the data.
Resulting good fit histories give quantitative estimates of uplift magnitudes and rates through time that are
compared to proposed geodynamic mechanisms for uplift.

2. Background
2.1. Geomorphic and Geologic Setting

Southern Africa forms a broad (>1,200 km wide) plateau with the highest elevations around the rim of the
plateau forming what has been termed the “great escarpment” (Figure 1). The escarpment sits generally
100-200 km inboard of the coast and is often interpreted as a resulting from the retreat of a set of flexural rift
shoulders (e.g., Braun, 2018; Gilchrist et al., 1994; ten Brink & Stern, 1992) that separates the higher relief,
more heavily eroded coastal plains from the plateau interior. At present, the interior of the plateau is almost
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entirely drained by the west-draining Orange River system. Evidence from much higher sediment flux rates
on the west coast than the south and east coasts (e.g., Baby et al., 2020; Guillocheau et al., 2012; Tinker
et al., 2008a) and the locations of detrital diamond on the west coast sourced from the Kaapvall Craton
(Bluck et al., 2005; Nakashole et al., 2018; Phillips & Harris, 2009; Phillips et al., 2018) show that the plateau
has been west-draining since Gondwana breakup. Drainage reconstructions suggest some reorganization
of plateau drainage since the Cretaceous, but most suggest the dominance of large, west-draining river sys-
tems (M. C.J. de Wit, 1999; Dingle & Hendry, 1984; Partridge & Maud, 1987; Stevenson & McMillan, 2004).

Geologically, southern Africa is a continental shield composed of dominantly Precambrian lithosphere. The
Archean Kaapvaal and Zimbabwe cratons are sutured by the Archean to Paleoproterozoic Limpopo Belt
and surrounded by several other Proterozoic mobile belts (Figure 1). This crystalline basement is overlain
by several locally preserved Precambrian sedimentary and volcanic sequences. In the south, the Paleozoic
Cape Supergroup was folded into the Cape Fold Belt (~275 to ~250 Ma, Hansma et al., 2016). Much of the
Cape Fold Belt consists of quartzites that are resistant to erosion (Scharf et al., 2013). As a whole these Pre-
cambrian and Paleozoic rock units are relatively resistant to erosion.

The Karoo Supergroup was deposited from ~300 to ~180 Ma. It once covered much of southern Africa with
substantial thickness still preserved today (Figure 1). Deposition was partly contemporaneous with the de-
velopment of the Cape Fold Belt and in places they are deformed by this event (Linol & De Wit, 2016). These
siliciclastic rocks were deposited either in a foreland basin related to this orogeny (Catuneanu et al., 2005) or
due to dynamic subsidence induced by subduction to the south (Pysklywec & Mitrovica, 1999). Sedimenta-
tion terminated with the eruption of the ~183 Ma basalts of the Karoo Large Igneous Province (LIP) (Dun-
can et al., 1997; Jourdan et al., 2008). In addition to the basalts, an extensive network of dolerite sills was
emplaced within the entire Karoo sequence, concurrent with eruption of the basalts at the surface (Svensen
et al., 2012). The maximum preserved thickness of the Karoo Supergroup is up to 6 km (Scheiber-Enslin
et al., 2015), with up to 1.7 km of basalt preserved in the Lesotho remnant (Marsh et al., 1997). The Karoo
sequence is much less resistant to erosion than the underlying Precambrian rocks and Cape Fold Belt (e.g.,
Braun et al., 2014).

Post-Karoo units include the relatively thin poorly dated Cenozoic Kalahari Group rocks and sediments
in the north. The Kalahari Group reaches a maximum thickness of 450 m but is dominantly <200 m
thick (Haddon & McCarthy, 2005). Cretaceous and younger igneous rocks include the ~132 Ma (Renne
et al., 1996) Etendeka LIP in western Namibia and South Africa, and many Cambrian to Paleogene kimber-
lites. Two major pulses of kimberlite magmatism occurred during the Jurassic and Cretaceous, with pulses
peaking at ~90 Ma and ~120 Ma (Jelsma et al., 2004).

2.2. Constraints on the Erosion History of Southern Africa
2.2.1. Offshore Constraints From Stratigraphy

Terrigenous sedimentary flux shed off the continent has been quantified for the western and southern mar-
gins of southern Africa based on seismic lines and borehole data (Baby, Guillocheau, Boulogne, et al., 2018;
Baby et al., 2020; Baby, Guillocheau, Morin, et al., 2018; Guillocheau et al., 2012; Rouby et al., 2009; Tink-
er et al., 2008a). This includes quantifying the siliciclastic component by correcting for in-situ carbonate
production and porosity (Baby, Guillocheau, Boulogne, et al., 2018; Baby et al., 2020; Baby, Guillocheau,
Morin, et al., 2018; Guillocheau et al., 2012). The Orange River presently drains most of the southern Afri-
can Plateau, such that much of the sediment removed from the landscape is deposited in the Orange River
Basin (Figure 2). There is only limited onshore sediment storage in the Orange River drainage, with no
large continental basins, making this a good location for source-to-sink studies. The sedimentary sequence
in the Orange Basin records two periods of high sedimentary volumes and accumulation rates in Early
(~150-130 Ma) and Late (93.5-81 Ma) Cretaceous times bracketing an interval of low accumulation in the
mid-Cretaceous (130-100 Ma, Baby, Guillocheau, Morin, et al., 2018; Guillocheau et al., 2012). The Cenozo-
ic period is characterized by low sediment volumes and accumulation rates with a slight increase in rates in
the southern part of the margin since 11 Ma (Figure 2, Baby, Guillocheau, Morin, et al., 2018; Guillocheau
et al., 2012). The basins off the southern and eastern coasts show much lower volumes of sediment but with
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Figure 2. Data included in inversion modeling. (a) Cumulative density functions (CDF) for present day elevation, slope, and curvature from southern Africa
derived from the ETOPO1 data set (Amante & Eakins, 2009). (b-h) Sediment volumes deposited over time in the marine basins surrounding southern Africa
(Baby et al., 2020). (i) Shaded relief map showing the locations of low temperature thermochronology dates with color denoting age (Brown, 1992; Brown

et al., 1990, 2002, 2014; M. C. J. De Wit, 1988; Flowers & Schoene, 2010; Green et al., 2017; Kounov et al., 2009, 2013; Raab, 2001; Raab et al., 2002; Stanley &
Flowers, 2020; Stanley et al., 2013, 2015; Tinker et al., 2008b; Wildman et al., 2015, 2016, 2017). AFT, Apatite Fission Track, AHe, Apatite (U-Th)/He. Outlines
of basins used in landscape modeling shown in colored boxes (see Baby et al., 2020, for full extent of marine basins used to compile sediment volumes).
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a similar pattern: high accumulation rates in the Early and Late Cretaceous, followed by much lower rates
in the Cenozoic (Figure 2, Baby, Guillocheau, Boulogne, et al., 2018; Braun et al., 2014; Tinker et al., 2008a).

The sedimentary records of both the Indian (Baby, Guillocheau, Boulogne, et al., 2018) and Atlantic (Baby,
Guillocheau, Morin, et al., 2018) margins show evidence for two phases of uplift at around 93-70 Ma and
25-15 Ma. Evidence comes from margin tilting and truncation, forced regressive wedges recording a rel-
ative sea-level fall with an amplitude higher than 100 m/Ma and incised valleys (see Baby, Guillocheau,
Boulogne, et al., 2018 for a discussion). The stratigraphic record (Baby, Guillocheau, Boulogne, et al., 2018;
Baby, Guillocheau, Morin, et al., 2018; Braun et al., 2014) indicates margin uplift and tilting of the Southern
African Plateau, starting in the east (Durban Margin) at 93 Ma and ending in the west (Orange to Olifant
Margin) at 81-70 Ma. After a period of no deformation (70-35 Ma), significant uplift started again along the
Durban Margin (25-15 Ma) and earlier (35 Ma) further northeast (Ponte et al., 2019).

2.2.2. Onshore Constraints From Thermochronology

Apatite fission track (AFT) and (U-Th)/He (AHe) thermochronology are dating techniques that track the
cooling and heating of rocks through the upper ~1-6 km of crust and can be used to constrain the long-
term burial and erosion of a region. AHe is sensitive to temperatures of ~30-90°C (Farley, 2000; Flowers
et al., 2009; Shuster et al., 2006). Assuming a 15°C surface temperature typical cratonic geothermal gradient
of 20°C/km, AHe can be used to detect erosion in the upper ~1-4 km of crust. AFT is sensitive to some-
what higher temperatures of ~60-110°C (Green et al., 1986) or ~2-5 km depth assuming the same cratonic
gradient. Many studies have used low-temperature thermochronology to constrain the long-term erosion
histories in southern Africa.

The majority of studies have used AFT on the high-relief eastern (Brown et al., 2002), southern (Green
et al., 2017; Tinker et al., 2008b), and western (Gallagher & Brown, 1999b; Kounov et al., 2009, 2013; Wild-
man et al., 2015, 2016) margins of the plateau (Figure 2). These studies show two periods of accelerated
erosion in the Cretaceous, the first at ~150-120 Ma following continental breakup and the second at ~100-
70 Ma. This work also suggests limited Cenozoic erosion, though Green et al. (2017) suggest an episode
of burial and erosion of parts of the Southwest Cape during the Cenozoic. AHe data across the eastern
plateau escarpment also detects a cooling phase at ~100 Ma and limits Cenozoic erosion to <750 m (Flow-
ers & Schoene, 2010). AHe data across the interior of the plateau record greater spatial variability than the
plateau edges with erosion migrating eastward from ~120 to <60 Ma (Stanley & Flowers, 2020; Stanley
et al., 2013, 2015) and the central part of the Kaapvall Craton showing limited erosion since before the
breakup of Gondwana (Wildman et al., 2017) with unreset dates near drainage divides (Figure 2). These
results also suggest limited Cenozoic erosion of ~1 km or less.

Cosmogenic nuclide derived erosion rates suggest that erosion rates on both the plateau surface and the
coastal plain have been slow over the last few Myr. Most erosion rates, both catchment averaged and bedrock,
are <10 m/Myr (Bierman et al., 2014; Chadwick et al., 2013; Cockburn et al., 1999, 2000; Decker et al., 2013;
Dirks et al., 2016; Fleming et al., 1999; Kounov et al., 2007; Makhubela et al., 2019; Scharf et al., 2013), one
to two orders of magnitude lower than thermochronologically derived rates for the Cretaceous. However,
several studies focused around river channels suggested higher denudation rates (12-255 m/Ma) highlight-
ing some potential landscape variability (Erlanger et al., 2012; Keen-Zebert et al., 2016).

2.2.3. Onshore Constraints From Geological Observations

Early geomorphologists described and correlated a number of geomorphic surfaces across the southern Af-
rican landscape that were attributed to cycles of uplift and denudation (e.g., Dixey, 1955; King, 1942, 1950;
Partridge & Maud, 1987; Partridge et al., 2010). Age assumptions for these surfaces suggest plateau uplift
in the Cenozoic (Burke, 1996; Burke & Gunnell, 2008; Partridge & Maud, 1987), however such assessments
and associated uplift mechanisms remain poorly dated. Surfaces in the plateau interior are mid- to Late Cre-
taceous in age based on cross cutting kimberlites (Baby, 2017), while pediments and wave cut platforms on
the continental margins are thought to be younger (<25 Ma, Baby, 2017). In the lower Orange River Valley,
these surfaces and alluvial terraces were used to argue for >200 m of uplift of this region in the Cenozoic
(Dauteuil et al., 2015).
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Table 2

Variable Parameters in Inversion Model, Their Ranges, and Their Values From the Best Fit Models From the Cretaceous and Hybrid Scenarios

Variable parameter

Hybrid Cretaceous
Value early best Hybrid late Cretaceous  high best
Units range fit best fit low best fit fit

K;: Erosivity m®*/yr  107-107*  3.11x10°° 9.22x107° 7.21x107° 215x1077
€. Threshold for erosion m/yr  107°-1072 189X 10 237x107° 9.076 x 10> 1.08 X 10~°
Tmax: Temperature at base of 120 km thick model lithosphere °C 2,400-5,000 4,937 4,601 4,934 4,962
Ry: Ratio of thermal diffusivity between 2 km thick Karoo sedimentary cover 0.3-1 0.458 0.313 0.392 0.306

and underlying basement

Rp: Ratio between volume of material eroded and volume of material 1-5 2.43 4.91 3.20 1.91

deposited in the marine basins

hy: height of initial base plateau in first time step m 200-2,000 259.9 222.0 205.3 201.0
tinit: Geologic time when uplift and tilting initiates in the east Ma 120-75 89.83 99.08 97.49 98.605
hyy: Magnitude of Cretaceous tilting m 200-3,000 641.2 687.6 1,293 2,486
tq: Duration of time continent remains tilted before uplift initiates in the west Myr 5-35 8.370 11.63 6.109 15.29
toiock: Geologic time of second phase of block uplift Ma 40-0 29.28 11.1 33.20 38.48
hylock: amount: magnitude of second phase of uplift m 0-2,000 663.7 751,6 1.272 4.766

Reconstructed thicknesses of the Karoo Supergroup can help constrain total erosion magnitudes since
~180 Ma. The amount of material denuded across the main Karoo Basin on the plateau surface is estimated
at ~0.5-3 km of material (Hanson et al., 2009), but varies based on location, reconstruction method, and
the proposed thinning rates for the units (Hanson et al., 2009; Hawthorne, 1975; Johnson et al., 1996). Sim-
ilar efforts at reconstructing stratigraphic thicknesses on the southern margin suggest a range of erosional
magnitudes from 4 to 11 km (Richardson et al., 2017). Crater lake sediments preserved in the ~75-65 Ma
kimberlite pipes in the western Plateau suggest that this area has seen very limited erosion since that time
(Moore & Verwoerd, 1985; Scholtz, 1985; Smith, 1986).

3. Modeling Methods
3.1. Modeling Strategy and Data

We seek to test the three proposed intervals for the rise of the southern African plateau using the breadth
of erosion and sedimentation data that is now available here. To do this we use a large-scale landscape
evolution model to predict thermochronology dates, sediment fluxes, and topography from different uplift
inputs. We explore which parameter sets fit the observations best using inversion methods combined with
an optimization algorithm. The parameter space is too large to sample in its entirety, so we use the neigh-
borhood algorithm (NA, for full description see Sambridge, 1999), to guide a total of 500,000 model runs
varying 11 parameters (Table 2). We then compare model results to three different types of observations:
thermochronology dates, marine sediment flux volumes, and topographic metrics.

The thermochronology data include 362 published AFT dates from Precambrian basement and Karoo sed-
imentary rocks (Belton & Raab, 2010; Brown, 1992; Brown et al., 1990, 2002, 2014; Green et al., 2017; Kou-
nov et al., 2009, 2013; Raab, 2001; Raab et al., 2002; Tinker et al., 2008b; Wildman et al., 2015, 2016, 2017)
and 29 average AHe dates from Precambrian basement, Cretaceous kimberlites, and mafic rock samples
(Flowers & Schoene, 2010; Stanley & Flowers, 2020; Stanley et al., 2013, 2015). The full data table can be
found in the supplementary materials Table S1. Samples span from across southern Africa between 23.5°S
and 36°S and cover both the coastal margins and the plateau interior, though there is more data from the
coastal regions (Figure 2).

The sediment flux data come from volume estimates of terrestrially derived sediment in seven marine ba-
sins on the western and southern coasts of southern Africa (Figure 2). These volumes were calculated from
seismic data and borehole observations (Baby, Guillocheau, Boulogne, et al., 2018; Baby et al., 2020; Baby,
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Figure 3. Schematic diagram of uplift imposed on the model through time. Parameters in red are variable in the inversion (Table 2), while black are fixed
(Table 3). During the first time step (a), an uplift of height h, plus 5% of present day topography is imposed. At time t;,; (b) a linear tilt is imposed as a vertical
stress at the base of the model, and after t;;, an opposing tilt to flatten the continent is imposed (c). Finally, at £, a vertical stress at the base of the model is
imposed to create an additional height of Ay (d). It should be noted that uplifts that are imposed as a vertical stress may produce magnitudes of rock uplift
and erosion higher than the uplift amount due to isostatic feedback. Times are shown in geologic time. Bottom panels show cartoons depicting geodynamic
hypotheses being tested at each stage. Uplift at model start represents topography inherited from prior to Gondwana breakup. Cretaceous tilting could be due
to movement of Africa over a dynamic topography high due to the lower mantle LLSVP or lower lithosphere delamination triggered by kimberlite magmatism.
Cenozoic uplift could be due to upper mantle buoyancy, perhaps denoted by present day free air gravity anomaly highs (after Winterbourne et al., 2009). See

Table 1 for more explanation.

Guillocheau, Morin, et al., 2018). Tables of the sedimentary volumes and basins are located in the supple-
ment (Table S2).

The present-day topography is derived from the ETOPO1 one arc-minute global topographic and bathymet-
ric data set (Amante & Eakins, 2009). Topography ranges from sea level to 3,376 m elevation, with a median
elevation of 1,037 m (Figure 2).

3.2. Forward Model Setup
3.2.1. Model Setup and Uplift

The landscape model runs from 145 Ma to present with timesteps of 1 Myr. Parameterization of the model
allows for topographic development corresponding to the three main phases that have been proposed for
uplift of the Kalahari Plateau: (a) initial topography that represents topography formed prior to Gondwana
breakup, (b) a phase of uplift and continental tilting in the Cretaceous, and (c) a phase of block uplift in
the Cenozoic (Figure 3, Table 1). The magnitude, time, and combination of uplift during these phases vary
widely within the inversion (Table 2).

The initial topography represents any plateau development that occurred prior to or during Gondwana
breakup. All models start with 5% of today's topography (0-150 m) to seed the drainage basins. This is then
uplifted uniformly within the first timestep by an additional plateau height h, which induces a flexural
response at the margins, mimicking rifted margin topography (Figure 3, Tables 2 and 3). We seed the drain-
age basins to reflect the current basins because the geologic record indicates that large, west-draining river
systems have been persistent in southern Africa since Gondwana breakup (e.g., M. C. J. de Wit, 1999). This
westward draining nature of the plateau is important for determining where sediment is routed, and we
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Table 3

Fixed Parameter Values and Justification

Fixed parameter Units Value Justification

n: Slope exponent in stream power law 1 Literature values range from 0 to 4, n = 1 chosen for
numerical efficiency.

m: Drainage area exponent in stream power law 0.4 Literature values range from 0 to 2, ratio of m/n derived
from slope-area relationships in natural landscapes
ranges from 0.35-0.6 (Kirby & Whipple, 2012;
Whipple, 2004; Whipple & Tucker, 1999).

T,: Elastic thickness km 20 Effective elastic thickness estimates for southern Africa
range from ~10 km near the coasts to >70 km in
the cratonic interior (Doucouré et al., 1996; Pérez-
Gussiny¢ et al., 2009). We have chosen a value
representative of the continental margins because
flexural effects are most important to the landscape
there.

typ: time period over which each dynamic uplift stage is imposed Myr 5 It is geologically unreasonable for uplift to occur
instantaneously.

Karoo layer thickness km 2 Soft layer representing sediments and basalt overlying
basement that can also have different thermal
diffusivity.

Karoo layer erosivity m®?/yr 30(Ky) Braun et al. (2014) demonstrated that a soft layer was
important for reproducing the Cretaceous sediment
pulse.

E: Young's modulus GPa 1x 10"

v: Poisson's ratio 0.25

p.: crustal density kg/m® 2,750

Pq: asthenospheric density kg/m’® 3,300

x: thermal diffusivity of basement m?/yr 25

Lithospheric thickness km 120

Kinetic model for apatite fission track annealing

Kinetic model for He diffusion in apatite

Crowley et al. (1991) (Durango)
Farley (2000)

found that such a drainage geometry was difficult to create spontaneously. The features of the landscape at
145 Ma are not known but a low relief landscape is a reasonable assumption given that much of the land-
scape was covered with the Karroo Basin and flood basalts. 5% of today's topography is sufficient to setup
a west draining geometry, but low enough magnitude that it can be easily disrupted by uplift imposed later
in the model.

In the Cretaceous, we impose a phase of continental tilting that initiates in the east at a time f;;. It tilts
linearly to the west, reaching a maximum height of hy;, 5 Myr after uplift initiates (Figure 3, Tables 2 and 3).
The continent remains tilted for a duration of time t,, at which point uplift begins in the west reaching
the same height and a flat uplift after 5 Myr (Figure 3). The continent then retains this dynamic uplift for
the rest of the model run. We chose this continental tilting shape for the Cretaceous uplift phase because
previous modeling (Braun et al., 2014) showed that this was important for producing the large pulse of
sediment observed in the basins off the west coast. Additionally, we found that the tilting geometry was
best for preserving a large, west-draining drainage basin geometry while many other uplift shapes we tested
disrupted this drainage network.

Finally, in the Cenozoic, at a time fy o, @ phase of dynamic block/uniform uplift is imposed with a mag-
nitude hyocx (Figure 3, Table 2). Once its maximum value is reached, the uplift is maintained until the end
of the model run. The model domain ranges from 20°S to 35°S and 12°W to 36°W and is discretized on a 1
arc-second grid for ease of comparison with the ETOPO1-derived present-day topography. For simplicity,
base level remains fixed at the present-day coastlines throughout the model run, and the northern boundary
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is a reflective, no-flux boundary. The model starts with a uniform, 2 km thick softer layer representing the
Karoo sedimentary rocks and basalts overlying a harder layer representing the Precambrian basement.

3.2.2. The Landscape Evolution Model

The landscape evolution model solves the basic stream power model for bedrock river incision (Howard &
Kerby, 1983),

% =U- max(O,KfS”A’” - g(,) (1)
where h is the height of the topography, ¢ is time, U is uplift rate, S is slope, A is drainage area, Ky is the
erosion efficiency scaling parameter, m and n are constants, and ¢, is an erosion threshold. Equation 1 is
solved by the FastScape algorithm (Braun & Willett, 2013). FastScape is a very efficient, first order, implicit,
finite difference algorithm for solving the stream power equation that makes it possible to run many for-
ward models rapidly enough to complete inversions. The values of Ky, m, and n are not well constrained
but depend dominantly on climate, lithology, and hydrology. We use standard values of n = 1 and m = 0.4
and allow K; to vary over several orders of magnitude between 10~ and 10~* m®?*/yr. K; for the 2 km thick
soft layer is 30 times the value of K, for the underlying material (Table 3). All parameter values and their
justification can be found in Tables 2 and 3 (see Croissant & Braun, 2014, for a more thorough discussion
of the values of the erosional parameters). The introduction of the erosion threshold, €. with units of m/
yr, implies that some base level of stream power is needed to erode the landscape. €, is also allowed to vary
over several orders of magnitude (Table 2). Flow is routed using a D8 grid connectivity, and local depres-
sions are filled using the algorithm of Cordonnier et al. (2019). All water and sediment is routed out to the
marine basins for computational efficiency and because onshore sediment storage is limited at the scale of
our model. The Kalahari Basin, limited to the northern part of our model (Figure 1), represents the only on-
shore depocenter and based on published isopachs (Haddon & McCarthy, 2005) the Kalahari deposits have
a maximum volume of 6% of the volume of terrigenous sediments in the offshore basins (Baby et al., 2020).
We do not include a model for hillslope processes because they cannot be adequately represented at the
scale of our model (i.e., grid resolution of 1 x 1 km). This is a highly simplified description of erosion, and
unlikely to capture the true complexity of erosion processes across the southern African landscape but it is
sufficient for comparison at the scale of our model and data types we have incorporated. This process model
is applied at every time step of the imposed uplift history, starting with 5% of today's topography plus the
uplift h, in the first time step.

We compute the flux of sediment leaving the continent along various sections of the continental margin
corresponding to major depocenters as shown in Figure 2. We introduce a deposition ratio, Rp, which mul-
tiplies the eroded flux to produce a depositional flux into the marginal basins that is compared to observed
fluxes. This ratio accounts for imbalances in the amount of material eroded and deposited that could be
caused by processes such as chemical denudation or transport of material away from the depocenter.

The landscape model is coupled to an isostatic model that includes flexure of a thin elastic plate:

o'v o'U XY
Dax—4 + Dy +D axzyz :Ang + pLgAh + Opr (2)

where D is the flexural rigidity, p. is the crustal density, Ap is the density difference between p, and the
asthenospheric density, and opr is an imposed basal stress that could represent viscous stress from mantle
flow or an isostatic response from delamination of the lithospheric mantle. D is related to Young's modulus
(E), the elastic thickness (T;), and Poisson's ratio (v):

3

The flexure equation is solved using the Fast Fourier Transform method in the spectral domain on a fixed
grid using methods similar to Nunn and Aires (1988).
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Uplift is imposed as a vertical stress field along the base of the lithosphere through the flexural-isostatic
model (Equation 2) as opr, where opr is the stress required to lift the surface topography to the imposed
height. In this setup, surface erosion results in the rebound of surface topography such that the weight of
the surface topography remains equal to the basal load. This can continue until the deflection at the base of
the crust is sufficient to balance the load.

3.2.3. Thermal Model

A 1D thermal model is coupled to the landscape model to predict cooling dates from the modeled erosion
history for comparison with the observed data. For each location where a predicted cooling date is needed,
the erosion rate is stored for each time step and used to generate an exhumation history at the end of the
model run. These erosion rates are then used to solve the 1D heat equation:

o, ot _ 2T )

ot 0z azz
where E is the erosion rate and x is the thermal diffusivity. The implementation in the model also allows for
layers with differing thermal diffusivities, and their thicknesses are adjusted throughout the model run to
account for their erosion. The 1D model yields spatially and temporally variable thermal gradients depend-
ing on local erosion rate and preservation/erosion of layers with differing thermal parameters but does not
compute lateral motion of heat. The solution is used to compute time-temperature paths and predict dates
for thermochronological systems (Braun et al., 2006). To account for the fact that some of the observed
thermochronology dates are older than the length of the model run, the time temperature path is extended
isothermally from 145 Ma to an age limit, set at 300 Ma for most samples (older than 95% of observed AFT
dates). If a sample's igneous age is younger than 300 Ma the igneous ages used as the age limit (Table S1).

The temperature at top and base of the model is fixed, with the surface at 15°C and Ty, at the base of a
120 km thick lithosphere which correspond to surface geothermal gradients between ~20 and 42°C/km.
‘We do not directly account for heat production in the crust and lithosphere and instead fix the base of the
model to produce an initial, linear, diffusive geothermal gradient over this range that encompasses what is
currently observed in southern Africa (e.g., Macgregor, 2020). Because the base of the model is the base of
the lithosphere, this results in unreasonably high lithosphere-asthenosphere boundary temperatures (T,
Table 2). We are not asserting that these temperatures are correct but this sets up a reasonable thermal
structure in the upper crust that can be constrained by our data. The thermal diffusivity of the soft layer at
the top of the model representing the Karoo Supergroup can vary from 0.3 to 1 times the basement thermal
diffusivity, R, allowing for a thermal blanketing effect (Tables 2 and 3).

3.3. Inversion Methods

We use the NA optimization (Sambridge, 1999) to guide the sampling of the large parameter space. At the
start of the inversion, 50,000 random sets of parameters are selected from within the specified ranges (Ta-
ble 2), and a forward model is run with each parameter set. For each model, a misfit that measures how well
the predicted values match the observed values is calculated. For each subsequent iteration of 1,000 runs,
the NA preferentially samples from areas of the parameter space with lower misfit values, while still casting
a wide net (see Sambridge, 1999, for details).

The construction of a misfit function that can assign a single numerical value of how well each forward
model fits the observations is central to the inversion method. However, combining assessments of different
data types is nontrivial. We first compute an individual misfit for each separate data type, and then we com-
bine these into a single misfit value for the model run.

For the topographic metrics, the misfit is calculated by comparing the cumulative distribution functions
(CDFs) of the model-predicted and observed present-day topography. We compare the distributions rather
than directly comparing the topography because it is unlikely that the model will replicate specific features
of the model (such as exact locations of valleys and mountain tops) but should be able to replicate broader
characteristics of the topography. The comparison is made using the Kolmogorov-Smirnov (KS) statistic
which measures the distance between the predicted and observed distribution, yielding a value between 0
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(for identical distributions) and 1 (for distributions that do not overlap). We calculate three individual mis-
fits, Mheight, Mitope, ad Mcurve that are the KS statistic for the comparison between the predicted and observed
topographic height, slope, and curvature distributions, respectively.

Terrigenous sediment flux volumes have been calculated for a number of time periods in seven basins for a
total of 50 volumes (Baby, Guillocheau, Boulogne, et al., 2018; Baby et al., 2020; Baby, Guillocheau, Morin,
et al., 2018; Figure 2, Table S2). If N is the total number of volume calculations, the misfit for the flux, Mgy,
takes the form of the square-root of the L,-norm of the weighted difference between the predicted (V; prea)
and observed (V os) volumes for the volume from each time period:

(5)

where g, is the average uncertainty across all the flux calculations (13.7 X 10" m®). My, can range from 0,
for Vireq €qual to Vo, to very large when Viq is very different from V. Values of My, < 1 indicate that the
predicted values match the observed values within the average uncertainty.

The misfit for the thermochronology data, Minermo, takes a similar form to the flux misfit:

M, (6)

where a;preq is the predicted thermochronologic date for each location from the model run, a; s is the ob-
served thermochronologic date at that location, and o; o is the 1o uncertainty associated with that date. N
is the total number of thermochronologic dates included in the model, in this Case 391 (Figure 2; Table S1).
For the AHe dates, a; s is the average of single grain ages for the sample and o; 45 is the standard deviation
of that mean. For each AFT date, a; . is the either the pooled age, central age, or mean age depending on
what was originally published and whether the sample passed or failed the y” test for homogeneity and o; o
is the standard error (see Table S1 for more detail). In most situations the cooling dates for low-temperature
thermochronometers are expected to vary systematically with elevation (e.g., Braun, 2002). Because we can-
not expect the model to reproduce the exact characteristics of the landscape, a; preq is taken from the location
within a 20 km radius that is closest in elevation to the observed date. Minermo also ranges from 0 for an exact
match between the predicted and observed dates to very large for a poor match with Mipermo < 1 indicating
that the model predictions match the observations within uncertainty.

The total misfit, M, for the model run is the sum of the five individual misfits for the different data types:

M = Mheighr +M +M + Mﬂux + Mthermo (7)

slope curve

The misfit used to guide the parameter search in the inversion is therefore a combination of how well the
model fits the combination of data types. It should be noted that the form of the misfit and how the different
misfit types are weighted has a strong effect on the inversion results.

4. Results
4.1. Inversion Results

Results from topographic uplift driven inversions converge on four low-misfit parameter sets (Figure 4).
Misfit values for individual forward model runs in the inversion range from 1.77 to >500, and these four
clusters of low misfit solutions contain all of the model runs with misfit values less than 2 and are differen-
tiated by their erosional and uplift parameters (Figures 4c, 4g, 4h, and 5a-5c¢). In particular, we differentiate
two families of low misfit models where nearly all of the topography is created during mid-Cretaceous
dynamic tilting (Cretaceous Low and Cretaceous High, Figures 4c and 4f) and two families of low misfit
models where topography is created during both Cretaceous tilting and Cenozoic block uplift (Hybrid Early,
Hybrid Late, Figures 4c and 4f).

STANLEY ET AL.

13 of 34



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020JB021243

. A B c D
500 1000 1500 2000 80 90 100 110 120 1000 2000 3000 10 20 30
Initial topography, A, (m) Start of tilting, ¢, (Ma) Amount tilting, A, (m) Tilt duration, t,, (Myr)

misfit

154 E F H
0O 10 20 30 40 O 500 1000 1500 2000 -7 6 5 4 5 4 3 2
Block uplift time, ¢, (Ma) Amount block uplift, A, (M) log(Erosivity), log(K)) log(Erosion threshold), log(¢,)

3000

4000
Temp at model base, T

5000 04 06 08 10 1 2 3 4 5
(°C) Diffusivity ratio, R, Deposition ratio, R

max

Lowest misfit model scenario 4 Cretaceous High A Cretaceous Low A Hybrid Early A Hybrid Late

Figure 4. Plots showing the values of parameters for models with misfits <3. Each gray circle represents one forward model and the value for a given
parameter. Each panel shows the same models but plotted with respect to one individual parameter, essentially a one-dimensional slice of the 11 dimensional
parameter space. The lowest points show the parameters converging toward value(s) with better fits to the data. Blue, green, red, and orange triangles show
the lowest misfit model from each of the clusters of low misfit models (the Cretaceous High, Cretaceous Low, Hybrid Early, and Hybrid Late scenarios,

respectively).

All low misfit models have similar thermal parameter values, with temperatures at the base of the 120 km
thick lithosphere converging at >4500°C (Figure 4i), which would result in initial linear geothermal gradi-
ents of >35°C/km. Also, in all low misfit models the Karoo basin layer acts as a thermal blanket that is 2-3
times more insulating than the underlying basement (Figure 4j) leading to an even higher geotherm in the
top 2+ km. Finally, all models converge toward a value of 2-5 for R, which indicates that only 1/2 to 1/5 of
the volume of material eroded off the surface is deposited in the basin (Figure 4k).

The families of low misfit parameter sets differ in the timing and magnitude of topographic uplift, illustrat-
ed in Figure 6 which shows the topographic uplift through time for all models run, colored by a misfit value
with yellow showing the lower misfit histories. The lowest misfit models (yellow) clearly split into favored
uplift patterns (Figure 6). All low misfit models have low values (~200 m) for h,, the initial plateau height
added in the first timestep (Figures 4a and 6). Also, all low misfit models have some Cretaceous uplift ini-
tiating in the east between 100 and 90 Ma (Figure 4b). The four sets of low misfit models differ in the mag-
nitude of Cretaceous and Cenozoic uplift (Figures 4c-4f and 6). The two families which we have defined
as the Hybrid Scenarios have similar uplift histories and overall lower misfit values than the Cretaceous
Scenarios. Both the Hybrid Early and Late scenarios have ~300-800 m of uplift during Cretaceous tilting
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threshold (C), and amount of Cenozoic uplift (D).

(Figure 4c) and an additional ~500-1,000 m of block uplift (Figure 4f). The two Hybrid Scenarios differ in
the timing of Cenozoic uplift, with Hybrid Early occurring earlier at ~40-25 Ma and Hybrid Late occurring
at ~10 Ma. The Cretaceous Scenarios have nearly all of their topographic development in the Cretaceous.
The Cretaceous Low Scenario has ~1,400 m of uplift in the during dynamic tilting while the Cretaceous
High scenario has ~2,500 m or more of Cretaceous uplift (Figures 4c and 5). Both Cretaceous Scenarios
have very low magnitudes of uplift in the second Cenozoic block uplift phase, less than a few hundred me-
ters (Figure 4e). The Cretaceous Scenarios, in particular the Cretaceous High Scenario, have higher misfits
than the Hybrid Scenarios but still form distinct minima in parameter space (Figure 5). The Cretaceous Low
Scenario and both Hybrid Scenarios end with similar magnitudes of total uplift throughout the model run,
on the order of 1,500-1,800 m, leading to a clear tradeoff between the amount of uplift in the Cenozoic and
Cretaceous phases that is visible in a scatter plot of these parameter values and misfits (Figure 5d). Snap-
shots of the topography through time for the Cretaceous Low and Hybrid Late models as well as topograph-
ic profiles for all models are shown in Figure 7 (also available as Movie S1 in the supporting information).
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Figure 6. Uplift through time for the east edge (left panel) and west edge (right panel) of the model domain. Time is geologic time. Each line represents one
forward model and is colored by the misfit value, with yellower models fitting the data better. Dashed lines show lowest misfit model for teach of the clusters of
low misfitting models. Light blue dashed line, Cretaceous High Scenario, green dashed line, Cretaceous Low Scenario, red dashed line, Hybrid Early Scenario,
orange dashed line, Hybrid Late Scenario.

The four Scenarios also converge to different erosional parameters (Figures 4g and 4h). The two Hybrid
Scenarios converge to very different absolute values of the erosional parameter, K, and erosional threshold,
€. though with similar ratios between the two parameters (Figures 4g, 4h and 5). The Hybrid Early Scenario
converges to Kyaround 3 x 10™° and ¢, around 1 x 10™*, while the Hybrid Late Scenario converges to higher
values (K;around 1 x 10™* and ¢, around 2 x 107°) indicating a more easily erodible material but a higher
threshold for the Hybrid Late Scenario (Figure 5a). The Cretaceous Low Scenario converges to a similarly
high erodibility as the Hybrid Late Scenario (K; around 8 x 107°) but an even higher erosion threshold
(around 1 x 107%). The Cretaceous High Scenario converges to a much harder lithology (Kraround 9 X 1079
but with a lower threshold (around 1 x 107°). There is also a tradeoff between K; and ¢, that is visible in
scatter plots of their parameter values and misfit (Figure 5a) with both Hybrid Scenarios and the Cretaceous
High Scenario showing similar relationships between the erosivity and threshold values, and the Creta-
ceous Low Scenario having a higher threshold for a given erosivity.

4.2. Data-Model Comparison

The predictions from the lowest misfit model from all four scenarios are compared with the observed data
in Figures 8 and 9. Overall the two families of models have a similar fit to the data, though the Hybrid Sce-
narios have lower misfit values and it is clear why the Cretaceous High Scenario has the highest misfit value
since it does not match the topography well (Figure 9a). All models replicate the large pulse of sediment
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Figure 7. Topography of best fit models for the Cretaceous Low and Hybrid Scenarios through the model run with present day southern African topography
shown for comparison in the last stage (a—e). Highlights just after the start of the model (a, 144 Ma), during tilting (b, 92 Ma), after of tilting (c, 75 Ma) and just
after block uplift for the Hybrid Late Scenario (d, 6 Ma) to the end (e, 0 Ma). Present day southern African topography shown for comparison. Panels f-j show
topographic profiles across 27°S at each time for all four low misfit model scenarios with location of profile indicated on the map figures.
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Figure 8. Sediment volumes through time from all four best fit model scenarios (colored outlines) compared with
measured volumes from basins surrounding southern Africa (gray bars, Baby et al., 2020). Each column shows the
results from a different model scenario while rows show different basins. See Figure 2 for locations of basins.

observed in the Orange River Basin in the Cretaceous and the overall lower fluxes observed elsewhere (Fig-
ure 8). Neither model produces the larger fluxes seen off the SW coast in the Cape Basin, and the Hybrid
models do a better job of reproducing the higher fluxes in the Transkei Basin but overpredict some of the
more recent volumes in the Outeniqua and Orange Basins (Figure 8). The Hybrid Scenarios and the Creta-
ceous Low Scenario all fit the median of the elevation distribution, but the Cretaceous High Scenario has
overall higher topography than observed (Figure 9a). All models fit the median of the slope and curvature
distributions reasonably well, but the Cretaceous Low scenario has the closest fit the slope and curvature
distributions (Figure 9). No model is able to reproduce the complexity observed in the thermochronology
data, but all are replicating a good portion of the thermochronology dates (Figure 9). The Cretaceous Sce-
narios predict younger dates AHe dates which is a better fit than the Hybrid Scenarios. The Cretaceous
High Scenario and especially the Hybrid Late Scenario are able to reproduce some of the structure seen in
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Figure 9. (a) Comparison of CDFs of present day southern African topographic metrics (gray) to best fit model runs from the Cretaceous High Scenario (blue),
the Cretaceous Low Scenario (green), Hybrid Early Scenario (red) and Hybrid Late Scenario (orange). (b) AHe dates plotted by longitude for observed data
(gray) and modeled dates from the best fit scenarios (colors as in a). (c) AFT dates plotted by longitude for observed data and two Cretaceous Scenarios. (d) As
in (c) but the modeled data for the Hybrid Scenarios. Models split between (c) and (d) for better visibility.

the AFT data on the western margin (Figures 9c and 9d). When all data types are considered together, the
models show similar fits to the total data set though the Cretaceous High scenario is somewhat worse on
the elevation and sediment flux. While the three models do not reproduce all the details and structure in the
natural data, they are a good match to the large-scale patterns observed (Figures 8 and 9).

5. Discussion
5.1. The Role of Data and the Misfit Function in Identifying Suitable Models

A major and initially surprising take-away from the inversion results is that the existing data cannot differ-
entiate between these low misfit parameter sets, at least with the data we included and the current formu-
lation of the misfit function. The uplift histories highlighted by the model inversions broadly match with
times when plateau development had previously been proposed based on interpretation of the data sets that
we have included (Table 1). We cannot settle the timing of uplift debate based on our results at present, but
we can provide some insight into what is controlling the inversion results and what this means for erosion
and uplift processes active in southern Africa.

The results of the model run are highly sensitive to the data used, the uncertainties associated, and the for-
mulation of the misfit function. We constructed the misfit function to measure how well the model is able to
capture the large-scale trends in the data that we see as most important: the major pulse of erosion and sed-
imentation observed in the Cretaceous, low sedimentation and erosion rates observed in the Cenozoic, and
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Cretaceous Low Scenario

Hybrid Late Scenario

Figure 10. Predicted erosion rates for last 1 Myr timestep from the Cretaceous Low and Hybrid Late best fit models (a, b) compared with recent erosion rates
(over the last 0.1-2 Myr) derived from cosmogenic radionuclide studies (c). Data in (c) are published data from bedrock samples or river incision rates at
particular locations (Bierman et al., 2014; Cockburn et al., 2000; Decker et al., 2013; Dirks et al., 2016; Erlanger et al., 2012; Glotzbach et al., 2016; Keen-Zebert
et al., 2016; Kounov et al., 2007, 2015; Scharf et al., 2013).

plateau-like topography with similar statistical characteristics to the current topography. We made choices
in constructing a misfit function that reflect our view of these as important aspects of the data. However,
different formulations of a misfit function are possible and would strongly affect the inversion results. For
example, there many techniques have been utilized for comparing model outputs to topography (e.g., Barn-
hart et al., 2020; Howard & Tierney, 2012; Ibbitt et al., 1999; Skinner et al., 2018) that range from direct pixel
comparisons which retain the spatial information to wholly aggregated statistical comparisons. We have
chosen to compare statistical distributions using the KS statistic because this is an appropriate measure of
the broad similarities between the topographies, but if the aim was to reproduce specific topographic fea-
tures a different metric might be more appropriate and could change the inversion result.

The comparison of the modeled and observed thermochronology data is particularly nuanced because the
prediction of the thermochronology data relies on the landscape model, the thermal model, and the kinetic
model used to predict the data. We used kinetic models for Durango apatite (Crowley et al., 1991; Far-
ley, 2000) to predict both the AFT and AHe dates. These models do not account for higher retentivities for
fission tracks in Cl rich apatite (e.g., Green et al., 1986) and He in apatite with radiation damage (e.g., Shus-
ter et al., 2006). Both these effects could cause higher closure temperatures in the samples. This may lead to
an underprediction of the amount of material removed. Overall, kinetic differences could cause changes in
the total magnitude of denudation between these phases, but we would not expect major differences in the
relative magnitude between phases or between model scenarios.

Additionally, combining the metrics from different data types requires some challenging decisions about
whether and how to weight the different data types. We have chosen not to weight the different misfits,
and just sum them as the simplest solution. However, because the flux and thermochronology misfits take
the form of least squares differences and can range from 0 to large values while the topographic misfits can
only range from 0 to 1, the combined misfit is more sensitive to the thermochronology and flux misfits even
though we do not directly weight them. For example, the Cretaceous Low Scenario fits the topography best
(Figure 9a) so weighting the topography fit more heavily could reduce the misfits for models in that family
of models relative to the other Scenarios. However, we feel that the weighting we used is appropriate and
that our inversion yields model results that fit all data types adequately compared with the several other
misfit formulations that we tested. Other choices about weighting of the different data types could be made,
and these choices could substantially affect the inversion results.

Finally, the data included for comparison with model results strongly affects the inversion, and the inclu-
sion of additional data has the potential to differentiate between these model scenarios. In fact, the results
presented here can be used to guide future data collection efforts and highlight what additional informa-
tion would be most useful in constraining the uplift histories of southern Africa. For example, the best fit
models predict very different erosion rates in the final 1 Myr timestep (Figure 10), with the Hybrid Late
Scenario predicting higher erosion rates focused along the main river network in canyons and near the coast
while the Cretaceous Low Scenario predicts very low erosion rates throughout the landscape. Cosmogenic
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Cretaceous Low 144 Ma

Hybrid Late 144 Ma radionuclide-based bedrock erosion rates could be compared to these
Eposion (m) predictions. Published cosmogenic radionuclide based erosion rates
(1),000 for southern Africa are mostly low (on the order of 1-10 m/Myr, Fig-
!g:ggg ure 10; Cockburn et al., 2000; Decker et al., 2013; Dirks et al., 2016; Er-
4,000 langer et al., 2012; Fleming et al., 1999; Kounov et al., 2007; Makhubela
et al., 2019; Scharf et al., 2013) but are generally not from within major

river canyons, making it difficult to compare where the two landscape

Cretaceous Low 92 Ma

iybrid Late 92 Ma models differ the most prominently. One study focused directly on river

valleys fairly high in the river systems near the drainage divide yields
rates an order of magnitude higher (12-255 m/Myr), indicating there
might be some spatial variation (Keen-Zebert et al., 2016). However, ter-
races in the lower Orange River suggest a maximum incision rate of 6 m/
Ma post-17 Ma (M. C. J. de Wit, 1999), so we cannot fully distinguish

Cretaceous Low 75 Ma

Hybrid Late 75 Ma between models based on published data.

5.2. Controls on Erosional Response to Uplift

One of the challenges in elucidating paleotopography is how to quan-
titatively link erosion rates or magnitudes derived from the rock record

Cretaceous Low 6 Ma

to changes in surface uplift or topography. We make the assertion that
we expect an erosional response to topographic uplift, but the question
is how much uplift is required to trigger erosion of a given magnitude,
and what might cause that to vary. By comparing to both topographic
and erosional metrics in our inversions, the results give us some insights
into which parameters are most strongly controlling the magnitude of
erosion in response to the uplift we impose in the model, and what that

Hybrid Late 6 Ma

Cretaceous Low 0 Ma

Hybrid Late 0 Ma might mean for southern Africa’s uplift history. We find that in this case,
the ratio between the erosivity coefficient, K5, and our parameterization
of an erosion threshold, ., plays an important role in the magnitude and
temporal span of erosion after an uplift event. We also find that the shape
of the uplift (tilting or block uplift) strongly affects the magnitude of
erosion.

Braun et al. (2014) have already shown that continental tilting combined

Figure 11. Erosion of the best fit models for the Cretaceous Low and with a soft Karoo layer overlying harder basement was key for producing

Hybrid Late Scenarios throughout the model run. Highlights just after the
start of the model (144 Ma), during tilting (92 Ma), after of tilting (75 Ma),
and just after block uplift for the Hybrid Late Scenario (6 Ma) to the end

(0 Ma).

a sediment pulse similar to the major Cretaceous pulse in the Orange
River Basin. Our results support that tilting is important and able to pro-
duce a large erosion response by steepening the slopes across the interior
of the continent. Other shapes of uplift that we tried either disrupted the
large, west draining Orange River drainage network, did not reproduce
the sediment pulse, or both. In addition to the tilting, we found that add-
ing a parameter representing a threshold for erosion was critical for reproducing the pulse as well as the low
sedimentation rates observed on the southern coast and throughout the Cenozoic. Without this threshold,
models would continue to erode substantially, especially around the plateau margins even after the conti-
nent was no longer tilted. There is a clear covariation between the threshold parameter, ¢, and the erosivity,
K (Figure 5a), and parameter sets outside this band were not able to create the observed sediment pulse.

The Cretaceous uplift phase in all low misfit scenarios can produce similar magnitudes of erosion and
sedimentation with very different magnitudes of uplift for different models (Figure 11). The parameters
controlling the magnitude of erosion in response to a given uplift magnitude are K and its ratio to &. The
two Hybrid Scenarios values for Ky that differ by almost two orders of magnitude, but the ratio between K
and ¢ is similar and they fall on the same trend when Krand ¢ are plotted for these models (Figure 5a). This
contrasts to the Cretaceous Low Scenario which has a higher ¢, for a given K (Figure 5a). The Cretaceous
Scenario Low has higher magnitudes of Cretaceous uplift and tilting, ~1,300 m as compared to ~650 m
in the Hybrid Scenarios, but a relatively higher threshold (e./K; = 126). Higher magnitudes of uplift and
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tilting are needed for stream power to exceed the threshold, but once exceeded, higher erosivity and steep
slopes allow the model to erode relatively quickly. The Hybrid Scenarios, which only has ~650 m of uplift
during Cretaceous tilting, has a lower erosivity, but also a lower threshold with /Ky = 6 and 25 for the best
fit models, so less tilting is needed to exceed the threshold. The range in uplift magnitudes able to produce
a similar erosion response highlights the difficulty in inferring uplift directly from erosion records, but also
highlights the utility of landscape models, even fairly simple ones, to explore the range of possibilities. Ky
and ¢ are generally not well known over large spatial and temporal scales, but this also highlights that if
their values were well constrained they could differentiate between these uplift histories since each uplift
scenario occupies distinct regions of parameter space for Krand ¢. (Figure 5).

Changes in climate and precipitation will also affect the erosional response to uplift. We have kept Kyand
precipitation constant throughout the model run, but evidence suggest southern Africa was more humid
in the Late Cretaceous and became more arid in the Miocene (Braun et al., 2014; Pickford et al., 1999;
Sandersen, 2007; Senut et al., 2009). We tested whether increasing rainfall alone could reproduce the major
Cretaceous pulse of sediment, but found that an unreasonably high increase in rainfall was necessary (Fig-
ures S1 and S2). Thus, precipitation could have enhanced the erosional response to Cretaceous uplift and
dampened the erosional response to Cenozoic uplift but cannot be driving erosion alone.

The low magnitude erosional response to widely varying Cenozoic uplift in the two families of models
further highlights the importance of the shape and style of uplift for how much erosion occurs. One of
the longstanding debates about southern African topography is how much of the topography is “recent”
which we define here as Cenozoic. The debate centers on two groups of apparently contradictory obser-
vations: geometric and geomorphic evidence supporting recent uplift, and extremely limited post-Creta-
ceous sedimentation and erosion arguing against a major recent uplift event. Historically, most of the evi-
dence for recent uplift was based on landforms that lacked quantitative dating (e.g., King, 1942; Partridge
& Maud, 1987), though more recent work inverting river profile shapes also suggests recent uplift (Paul
et al., 2014; Roberts & White, 2010; Rudge et al., 2015). Terraces on the lower Orange River suggest only
80-100 m of post-Miocene incision and upstream at the Vaal-Orange confluence only 120-140 m of incision
(M. C. J. de Wit, 1999). Geometries of stratigraphic architecture indicate continental uplift on the order of
a few hundred meters at ~25 Ma on the east coast (Baby, Guillocheau, Boulogne, et al., 2018; Baby, Guillo-
cheau, Morin, et al., 2018), and Pliocene marine terraces have been uplifted to ~400 m above sea level near
Ggeberha (Port Elizabeth) (McMillan, 1990). In contrast, magnitudes of erosion since the Cretaceous are
negligible in some locations by the preservation of crater facies kimberlites (Scholtz, 1985; Smith, 1986),
and limited to less than 1-4 km by extensive low-temperature thermochronology (Brown et al., 2002, 2014;
Flowers & Schoene, 2010; Gallagher & Brown, 1999a; Kounov et al., 2009, 2013; Raab et al., 2005; Stanley
et al., 2013, 2015; Stanley & Flowers, 2020; Tinker et al., 2008b; Wildman et al., 2015, 2016, 2017). Quan-
titative evidence on erosion has shown that erosion rates over the last ~2 Ma were slow based on cosmo-
genic nuclides (Bierman et al., 2014; Chadwick et al., 2013; Decker et al., 2013; Dirks et al., 2016; Fleming
et al., 1999; Kounov et al., 2007). There is very limited offshore sedimentation in the Cenozoic, also suggest-
ing low erosion magnitudes on the continents (Baby, Guillocheau, Boulogne, et al., 2018; Baby et al., 2020;
Baby, Guillocheau, Morin, et al., 2018; Guillocheau et al., 2012; Rouby et al., 2009; Tinker et al., 2008a),
and near Cape Town, essentially no incision since the Miocene (Roberts et al., 2013). Together this suggests
either limited recent surface uplift or that almost no erosion was caused by any recent uplift.

One way to reconcile these seemingly contrasting observations (geometric evidence for recent uplift but
very low erosion rates) is if surface uplift does not trigger a large erosional response. The Hybrid Scenario
models demonstrates that limited erosion in response to substantial surface uplift is possible from a ge-
omorphic standpoint. Normally, surface uplift is thought to trigger an erosional response by steepening
slopes and increasing stream power and therefore erosion rates. In the case of the Hybrid Scenarios, block
uplift of an already low-relief plateau only causes steepening in very focused locations in river channels.
Therefore, even though substantial topography is developed in the Cenozoic in the Hybrid Scenario, the ero-
sional response is subdued across most of the landscape, reconciling the low eroded volumes and generally
low erosion rates with geometric evidence for surface uplift.
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5.3. Source-to-Sink Mass Balance

The interest in topographic evolution, confined marine basins, and limited to absent continental sediment
storage in southern Africa make it an advantageous location to study source-to-sink relationships. The ex-
tensive data coverage and the use of the landscape model to directly calculate denudation magnitudes and
thermochronology dates with an evolving crustal thermal structure allows us to examine the source-to-sink
mass balance more holistically than previously possible. Past work compared estimated onshore denuda-
tion through time from AFT data to marine sediment volumes on the west coast and the south coast with
differing results. Rouby et al. (2009) compared the marine sediment volumes from the west coast basins to
AFT derived denudation magnitudes for the western margin of southern Africa and Namibia (Gallagher &
Brown, 1999a, 1999b) and found a reasonably good match of the volumes through time with the exception
of the Cenozoic. On the southern margin, Tinker et al. (2008a, 2008b) compared the AFT derived denuda-
tion and sediment volume in the Outeniqua Basin and found that the marine sediment volumes were an
order of magnitude less than onshore denudation volumes, though the timing of denudation and deposition
match well (Tinker et al., 2008a). The marine sediment volumes calculated by Tinker et al. (2008a) were
based on only the shelf volumes, so any material deposited in the deep sea was unaccounted for (Baby
et al., 2020; Tinker et al., 2008a). Richardson et al. (2017) estimated the eroded volume on the south coast
using geometric reconstruction of onshore sedimentary units and suggested that only one third to one half
of the eroded volume was contained in the Outeniqua Basin.

Our model provides a new way to examine this question by searching for erosion histories that can match
both the thermochronology data and the offshore sediment volumes. There are several key parameters used
to calculate thermochronology dates from erosion histories, and by examining the ranges of these parame-
ters that can satisfy both the thermochronology and the sediment data we can gain insights into source-to-
sink relationships. Thermochronology is highly sensitive to the upper crustal thermal structure, and previ-
ous thermochronology based denudation estimates (Gallagher & Brown, 1999a, 1999b; Tinker et al., 2008b;
Wildman et al., 2015, 2016) made some set of assumptions for this structure through time, which could be a
source of uncertainty when comparing onshore denudation and offshore volumes. We calculate the thermal
structure throughout the model run, and key parameters controlling the structure are the temperature at
the base of the model (Tj.y), the ratio between the thermal diffusivity of the basement and the overlying Ka-
roo sedimentary rocks (Rg). We vary both Ty, and Rk, as well as adding an additional non-thermal param-
eter which represents the ratio of sediment volume lost between onshore erosion and offshore deposition
(Rp). Surface geothermal gradients for our best fit models range from 38 to 46°C/km, fairly high geothermal
gradients resulting from high temperatures at the base of the model and significant thermal blanketing by
the Karoo Supergroup (Tables 2 and 3). Average geothermal gradient for southern Africa are estimated to
be 15-33°C/km on average (Macgregor, 2020) though heat flow varies widely with high heat flow in mobile
belts thought to be due to higher heat flow in thinner lithosphere (e.g., Jones, 1987; 2017). The higher geo-
thermal gradients in the upper crust of our models requires lower magnitudes of exhumation to produce the
observed thermochronology dates. Even with these values for the thermal parameters, low misfit models
converge on values of the deposition ration, Rp, where only %2 to ¥4 of the eroded material is deposited in
the basins (Figure 4k).

There are several caveats to this ratio, however. The first is that there are tradeoffs between all of these
parameters. More extreme geothermal gradients or thermal diffusivity ratios (outside the range over which
parameters were allowed to vary) would require less denudation to satisfy the thermochronology data,
yielding a lower mismatch between the predicted and observed volumes. Additionally, while the predicted
sediment volumes match the observed sediment volumes well for certain times throughout the model run,
particularly in the Cretaceous, there are other times when the model predictions underestimate the volume
of sediment (Figure 7). Since at times the model underestimates the sediment volume, the ratio of sediment
loss implied by the parameter Rp, in the low misfit models is likely an upper limit for sediment loss. Also, in
reality the ratio of sediment loss may have been variable through time while Ry, is fixed throughout a model
run. Despite these caveats, the models suggest that more material is eroded than deposited in the marine
basins, perhaps greater than twice as much.

This, of course, begs the question of what happened to this “missing” sediment? We see three possible ex-
planations: (a) material was removed from the system via tectonic transport out of the region, (b) material
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was removed from the system via oceanic or eolian transport out of the area, or (c) material was removed
from the continent via chemical denudation and therefore not deposited as a solid load in the basins. We
favor substantial chemical denudation on the continent, but we will examine the evidence for each of these
mechanisms.

There is clear evidence that some material eroded off the southern coast during the early portion of Gond-
wana breakup was deposited in the marine basins that are presently near the Falkland Plateau, now situ-
ated in the SW Atlantic Ocean. In the Late Jurassic and Early Cretaceous this basin was situated adjacent
to the Outeniqua Basin (Baby, Guillocheau, Boulogne, et al., 2018; Dingle & Scrutton, 1974; Macdonald
et al., 2003; Martin et al., 1982; Richardson et al., 2017; Williams, 2015). The North Falkland Basin contains
continental facies, likely derived from southern Africa (Baby, Guillocheau, Boulogne, et al., 2018; Richard-
son et al., 2017; Williams, 2015). The main period of southern African deposition into this basin was ~135-
130 Ma, after which transform motion on the Agulhas-Falkland Fracture Zone and eventual opening of the
South Atlantic removed the North Falkland Basin from proximity to southern Africa (Baby, Guillocheau,
Boulogne, et al., 2018; Dingle & Scrutton, 1974; Martin et al., 1982). Thus any sediment loss due to tectonic
transport is limited to the Early Cretaceous.

Several erosional features and contourites deposits present on all margins show that sediments have
been eroded and redistributed since the Early Cretaceous by oceanic processes and in some locations by
winds (e.g., Baby, Guillocheau, Boulogne, et al., 2018; Garzanti et al., 2015; Hopkins, 2006; Thiéblemont
et al., 2020; Uenzelmann-Neben et al., 2007). Oceanic current structures have been characterized at various
depth since Aptian-Albian times (120-110 Ma) in Walvis and Zambezi Basins, but their role became major
during Early Miocene (23-16 Ma, Hopkins, 2006; Thiéblemont et al., 2020; Uenzelmann-Neben et al., 2007).
The ability of these oceanic currents to transport large volumes of sediment (in this case during Neogene
time) is difficult to quantify, even though it is of primary importance in modeling source-to-sink systems.
Concerning surficial currents, Orange River sand is known to be transported 1,000+ km northward up the
Namibian coast via littoral drift (e.g., Garzanti et al., 2018) but the amount of sand transported is estimated
at 1,500-15,000 km? over the last 15 Myr (Garzanti et al., 2018) which only amounts to a small fraction of
the west coast sediment budget. Onshore, aeolian processes could be responsible for redistributing sedi-
ment. The climate today is arid to semi-arid. Miocene to recent dune deposits are found along the coast of
Namibia with sand sourced from the Orange River (e.g., Garzanti et al., 2015; Ward, 1988), though the vol-
ume of transport is of unknown. However, from ~85 Ma to 15 Ma paleoprecipitation records suggest humid
conditions in southern Africa (Bamford & Stevenson, 2002; Braun et al., 2014; Sandersen, 2007) making
substantial aeolian transport during that period unlikely. Prior to ~85 Ma the Atlantic continental margin
was more arid leaving wind transport a possibility, though deposits just offshore show fluvial channels and
marshes not extreme aridity (Stevenson & McMillan, 2004). In summary, the magnitude of sediment lost
due to oceanic and aeolian transport is unknown. It may be significant, particularly in the Miocene, but
sediment lost this way varies in space and time.

Finally, chemical weathering on the continent could have been substantial. Basalts are particularly sus-
ceptible to chemical weathering (e.g., Dessert et al., 2003; Dupré et al., 2003) and much of the eroded
material in the Cretaceous was Karoo flood basalts (e.g., Hanson et al., 2009; Stanley et al., 2015; Tinker
et al., 2008a). The sedimentary rocks in the Karoo Supergroup are dominantly siliciclastic so have a lower
chemical weathering potential than basalt but also could weather chemically under favorable conditions
with sufficient time. Cretaceous erosion took place under climatic conditions much warmer than today,
which could have promoted chemical weathering (e.g., Cohen et al., 2004; Jenkyns et al., 2004). A rough
compilation of precipitation records based on paleobotanical data suggests a sharp change around 85 Ma
from semi-arid to very humid conditions on both the Atlantic and Indian margins favoring intense silica
weathering up to 40 Ma (Braun et al., 2014; Ponte et al., 2019; Sandersen, 2007). Deep weathering surfaces
are found throughout southern Africa (e.g., Summerfield, 1983) and were forming throughout Africa from
the Late Cretaceous through the Neogene (Guillocheau et al., 2018). Onset of weathering in weathering
surfaces in north-central South Africa (Kuruman Hills) was dated at 77 + 7.5 Ma (Vafeas et al., 2018). This
is consistent with dating of weathering surfaces north of our study area in southern Congo (Katanga) where
supergene manganese ore formed between 77 and 2 Ma with several peaks, demonstrating many phases
of weathering and surface formation since the Cretaceous (De Putter & Ruffet, 2020). Within our study

STANLEY ET AL.

24 of 34



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020JB021243

area there is evidence for the role of chemical weathering in the denudation history in some locations
(e.g., Chadwick et al., 2013; Margirier et al., 2019). Onshore chemical denudation during the Cretaceous
in particular is supported by the offshore record where Late Cretaceous deltaic deposits are dominated by
clays (Baby, Guillocheau, Morin, et al., 2018; Holtar & Forsberg, 2000; Paton et al., 2008), though detailed
compositions and chemistries of these clays are not known.

Overall, our model results suggest that a substantial volume of material eroded from the continent was not
accounted for in the sediment volumes presently in the marine basins. This sediment loss was likely due
to a combination of factors, and the most important process may have varied through time. During the
Early Cretaceous, sediment could have been deposited on the Falkland Plateau (e.g., Baby, Guillocheau,
Boulogne, et al., 2018; Dingle & Scrutton, 1974; Martin et al., 1982), whereas oceanic currents and winds
may have redistributed substantial volumes especially during the Neogene (e.g., Garzanti et al., 2015; Thiéb-
lemont et al., 2020; Uenzelmann-Neben et al., 2007). Throughout the history, but especially during the Late
Cretaceous and Paleogene, substantial denudation may have occurred via chemical processes resulting in
less sediment deposited as a solid load in the basins. Our best fitting models match the observed sediment
volumes best in the Late Cretaceous (Figure 8) with only ~1/3 of the eroded sediment being deposited in the
basin. Climatic conditions were favorable for chemical weathering at that time (e.g., Braun et al., 2014) and
we take our results to provide additional support that continental chemical weathering was an important
process in southern Africa, especially in the Late Cretaceous and Paleogene.

5.4. Distinguishing Geodynamic Mechanisms for Plateau Uplift

Both the Cretaceous Scenarios and the Hybrid Scenarios predict some topographic development in the Cre-
taceous but the two scenarios differ in magnitude and the duration of continental tilting during this uplift
phase. We can compare the rates and magnitudes from our models to those which might be expected from
different geodynamic mechanisms for uplift. Because the Cretaceous High Scenario produces models that
do not match present day topography, we consider it unlikely and focus on the Cretaceous Low Scenario
and Hybrid Scenarios. These models all predict a total of ~1,400 m of dynamic topography by the end of the
model run. This is within, but on the upper end, of the range of predicted magnitudes of present day dynam-
ic topography in southern Africa, though it should be noted that these predictions vary widely (e.g., Flament
et al., 2013). However, the Cretaceous and Hybrid scenarios differ in the timing and rate of topographic
development (Figure 12). The Cretaceous Scenario has a much higher uplift magnitude during dynamic
tilting than the Hybrid scenarios (~1,300 m vs. ~650 m for their respective best fit models, Figure 12). We
can also compare both vertical uplift rates and horizontal propagation rates. One of the fixed parameters in
all models is that the dynamic uplift occurs linearly over 5 Myr. The Cretaceous Scenario then has a dynam-
ic uplift rate of 0.26 mm/yr, while the Hybrid Scenario uplifts at a rate of 0.13 mm/yr. To approximate the
horizontal propagation rates for the uplift signal, we can use the tilt time parameter and the width of the
model. The tilt time parameter is the time delay between the east side of the model initiating uplift and the
west side (Figure 12). In essence, it is the amount of time taken for the uplift to propagate across the model
domain. A rough estimate of the horizontal propagation rate that can be compared to plausible geodynamic
deformation rates is given by dividing the 2,365 km wide model domain by the tilt time (6.1 Myr for the best
fit Cretaceous Low Scenario and 11.6 Myr for the best fit Hybrid Late Scenario, though tilt times for Hybrid
models range widely). The propagation rate of the uplift is then 39 cm/yr for the Cretaceous Scenario and
21 cm/yr in the Hybrid Late Scenario.

Braun et al. (2014) proposed that tilting and dynamic uplift of the plateau was caused by movement of the
African plate over the LLSVP in the deep mantle. In this conceptual model, rates of horizontal propagation
should be set by plate motion rates. Both the Cretaceous and Cenozoic propagation rates are fast for plate
motion rates, but the Cretaceous Scenario especially so. Plate motion rates reconstructed for Africa in the
mid-Cretaceous vary. Colli et al. (2014) reconstructed absolute plate speeds for a point in the northwest
quadrant of our model (27°S, 15°E) using the Miiller et al. (1993) fixed hotspot reference frame and a
combination of the O'Neill et al. (2005) and Steinberger and Torsvik (2008) moving hotspot and true polar
wander models. The fixed hotspot frame gave velocities increasing from <1 to ~3 cm/yr from 110 to 90 Ma
(Colli et al., 2014; Miiller et al., 1993), while the moving hotspot and true polar wander models gave veloc-
ities ranging from ~2 to 4 cm/yr between 110 and 90 Ma with a major spike to >10 cm/yr between 105 and
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Figure 12. Geodynamic implications of the model results. Lines on graph show uplift over time for best fit models from the low misfit regions of model
results. Cartoons show the implied geodynamic mechanism for each uplift phase. See text for a more complete discussion and Table 1 for more on geodynamic

hypotheses.

100 Ma (Colli et al., 2014; O’Neill et al., 2005; Steinberger & Torsvik, 2008). These rates are all substantially
below the ~40 cm/yr predicted by the Cretaceous Scenario but get a little closer to the ~20 cm/yr predicted
by the Hybrid Scenario at times.

In addition to propagation rates that are too fast to be dictated by plate motion of southern Africa riding
over the LLSVP, the Cretaceous Scenario requires a high magnitude of Cretaceous topography, ~1,400 m.
While initial work suggested that this magnitude of dynamic topography could be attributed to the LLSVP
(e.g., Lithgow-Bertelloni & Silver, 1998), more recent studies suggest that the large degree-two lower mantle
structures have a more limited influence on dynamic topography at the surface (Hoggard et al., 2016; Osei
Tutu et al., 2018; Steinberger, 2016; Steinberger et al., 2019; Watkins & Conrad, 2018). Together, this implies
that if the Cretaceous Scenario is the correct model, some other mechanism beyond dynamic topography
over the LLSVP needs to be invoked to explain the rapidity and magnitude of elevation gain. Removal of
mantle lithosphere either through delamination or dripping of convective instabilities could potentially
generate these magnitudes and rates. Hu et al. (2018) proposed a delamination-style peeling back of the
lowermost lithosphere triggered by motion over hotspots, also implying that rates would dominantly be
controlled by plate motion rates. However, at least for lithospheric drips, dynamic models show that once
instabilities form, they can grow exponentially or even super exponentially depending on the wavelength
of the perturbation and the viscosity structure (e.g., Conrad & Molnar, 1997; Molnar et al., 1998). So per-
haps once destabilized the dense lower lithosphere could have been removed fairly rapidly. Dripping or
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delamination can also produce surface uplift on the order of 1-2 km (e.g., Gogiis & Pysklywec, 2008a, 2008b)
in line with the uplift required by Cretaceous Scenario. There is also evidence for Cretaceous lithospheric
perturbation in southern Africa from elevated geothermal gradients recorded by mantle and lower crustal
xenoliths (Bell et al., 2003; Schmitz & Bowring, 2003) and the coincidence of a major erosion phase with
this warming geotherm (Stanley et al., 2013). If the Cretaceous Scenario is correct, we suggest much of the
uplift of southern Africa was driven by lithospheric foundering rather than solely sublithospheric dynamic
topography (Figure 12).

The Hybrid Scenarios have smaller magnitudes (400-800 m) of dynamic topography in the Cretaceous,
followed by ~800 m of uplift in the Cenozoic. Retrodictions of dynamic topography back through the Cre-
taceous are somewhat limited, but several predict the development of 200-500 m of dynamic topography
during the early Late Cretaceous, due to motion over the LLSVP and/or motion away from the South Ameri-
can subduction zone (Flament et al., 2014; Rubey et al., 2017; Zhang et al., 2012). Motion of southern Africa
over the LLSVP and deep-mantle derived dynamic topography seems to provide a suitable explanation for
the magnitudes and rates of Cretaceous topographic development in the Hybrid Scenario (Figure 12). Inter-
estingly, the peak in southern African plate motion rate in the moving hotspot/true polar wander reference
frame (Colli et al., 2014; O’Neill et al., 2005; Steinberger & Torsvik, 2008) most closely corresponds with the
rates in the Hybrid Scenarios and also coincides with the initiation of Cretaceous uplift. Colli et al. (2014)
argued that changes in South Atlantic spreading velocities are related to topographic changes on the con-
tinents through pressure driven flow in the asthenosphere. Together this highlights the links between the
deep earth, plate motions, and continental erosion. An additional ~800 m of Cenozoic dynamic topography
in the Hybrid Scenarios onsets at 40-10 Ma depending on the model. The onset of uplift in the Early Hybrid
scenario also coincides with a rapid phase of south Atlantic spreading at ~35-30 Ma (Colli et al., 2014), as
well as the proposed timing for development of small-scale convection beneath Africa (Burke, 1996), and
overlaps with development of the East Africa Rift system (e.g., Ebinger & Sleep, 1998; Roberts et al., 2012).
Development of this Cenozoic topography seems more likely to be derived from upper mantle density
anomalies than the LLSVP, though both could contribute (Hoggard et al., 2016; Winterbourne et al., 2009).

The Hybrid and Cretaceous Scenarios have different magnitudes and rates of uplift, implying different
driving mechanisms for uplift (Figure 12). The Cretaceous Scenario is more consistent with uplift driven by
destabilization and delamination of the lithosphere whereas the Hybrid Scenario is more consistent with
uplift driven by motion over the LLSVP and upper mantle dynamic topography.

6. Conclusions

We used inversion methods to compare landscape models varying a range of uplift, erosion, and thermal
parameters with observed offshore sediment volumes, thermochronology data, and topography from South-
ern Africa. We explored three proposed hypotheses for when the plateau was elevated and found good
matches to four possible uplift histories (Figure 3). Two suitable models have plateau development entirely
in the Cretaceous, with ~1,400 m or >2,300 m of dynamic uplift and continental tilting initiating between
100 and 90 Ma. Because the model scenario with high magnitudes of Cretaceous tilting does not match the
present day topography, we do not favor it as a likely uplift history. The other two families of suitable models
have two phase plateau development with ~400-800 m of dynamic uplift and continental tilting initiating
at ~100-90 Ma Ma followed by ~500-1,000 m of dynamic block uplift either at ~40-20 Ma or at 10 Ma
(Figure 6). The data that we used cannot distinguish between these two uplift histories, though stratigraphic
architecture at the margins suggests two phases of uplift (Baby, Guillocheau, Boulogne, et al., 2018; Baby
et al., 2020; Baby, Guillocheau, Morin, et al., 2018). However, model predictions can be used to identify data
that could be used to differentiate between these models.

Results from these models give some insight into the link between erosion rate, uplift, and topography in
southern Africa. Good fitting models show an important relationship between the uplift history and the
magnitudes of the erosivity constant, K, and our parameterization of an erosion threshold, ¢. (Figure 5).
This suggests that a fairly high threshold is important for maintaining uplifted topography over long peri-
ods of geologic time with low erosion and sedimentation rates. In addition to the erosive parameters, the
erosional response to uplift is highly sensitive to the shape of the uplift. Our models show that continental
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scale tilting can cause a high magnitude erosional response for a range of uplift amounts due to steepening
of the entire drainage network and stability or enhancement of large drainages. This is in line with previous
work (Braun et al., 2013, 2014) and is important for reproducing the pulsed nature of Cretaceous erosion
and sedimentation in southern Africa. In contrast, the block uplift shape produces a relatively small ero-
sional response for significant magnitudes of uplift because much of the plateau interior does not steepen
(Figure 11). These conditions are able to reconcile geometric evidence for Cenozoic uplift with the observed
low magnitudes of erosion.

Source-to-sink mass balance between the amount of material eroded implied by the thermochronology data
and the amount deposited in the offshore basins suggests a substantial amount of mass loss. Best-fit mod-
els suggest about 3 times as much material was eroded as deposited, though this is likely an upper bound.
While some material could have been transported away by ocean currents, wind, or tectonics (e.g., Garzanti
et al., 2018; Richardson et al., 2017), we argue that this is supporting evidence for chemical denudation,
where a portion of the material removed from the continent was transported in solution to the ocean and
therefore not directly deposited in marine basins.

Finally, while the data cannot distinguish between the Cretaceous and Hybrid best fit models at the present,
the relative rates of deformation and magnitudes of surface change might help discriminate between the
geodynamic mechanisms which could be driving them (Figure 12). For the Cretaceous Scenario, the prop-
agation of the uplift signal during continental tilting is likely too rapid to be only related to plate tectonic
motion, and uplift magnitudes are higher than expected for dynamic uplift due to the LLSVP. Uplift in this
case may be more likely to be driven by processes that can act faster and cause more surface change like
delamination (e.g., Gogiis & Pysklywec, 2008b; Hu et al., 2018) than by the African Plate moving over the
LLSVP (Braun et al., 2014). However, in the Hybrid Scenarios uplift magnitudes are lower and potentially
propagate more slowly across the continent. Thus, tilting as the African Plate rides over the LLSVP is a
plausible uplift mechanism.

Data Availability Statement

All data included in the modeling have been previously published and is available in Amante and
Eakins (2009), Baby et al. (2020), Belton and Raab (2010), Brown (1992), Brown et al. (1990, 2002, 2014),
M. C. J. De Wit (1988), Flowers and Schoene (2010), Green et al. (2017), Kounov et al. (2009, 2013),
Raab (2001), Raab et al. (2002), Stanley et al. (2013, 2015), Stanley and Flowers (2020), Tinker et al. (2008b),
and Wildman et al. (2015, 2016, 2017). Data are summarized with publication information specified for in-
dividual data points in the supplemental materials. The code used to generate all model results is archived
with Zenodo (Braun & Stanley, 2020) as is all of the input data, configuration, and results (Stanley, 2020).
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