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1Institut des Sciences de la Terre, Université Grenoble Alpes et CNRS, Grenoble, France, 2Géosciences Rennes, Université de

Rennes 1 et CNRS, Rennes, France, 3De Beers Exploration, Johannesburg, South Africa

Abstract We present new sedimentary flux data confirming that a large pulse of erosion affected the

Southern African Plateau in the Late Cretaceous and is likely to be related to a major uplift episode of the

plateau. This short phase of erosion (i.e., less than 30 Myr in duration) has commonly been difficult to reconcile

with a mantle origin for the plateau anomalous uplift: given its size, the rise of the African superplume is likely

to have lasted much longer. Here we demonstrate by using a simple model for fluvial erosion that tilting of

the continent as it rides over a wide dynamic topography high cannot only cause rapid uplift of the plateau but

also trigger continent-wide drainage reorganization, leading to substantial denudation in a relatively short

amount of time. The amplitude and short duration of the sedimentary pulse are best reproduced by assuming a

strong erodibility contrast between the Karoo sedimentary and volcanic rocks and the underlying basement.

We also present a new compilation of paleoclimate indicators that shows a transition from arid to very humid

conditions approximately at the onset of the documented erosional pulse, suggesting that climate may have

also played a role in triggering the denudation. The diachronism of the sedimentary flux between the eastern

and western margins of the plateau and the temporal and geographic coincidence between the uplift and

kimberlite eruptions are, however, better explained by our tilt hypothesis driven by the migration of the

continent over a fixed source of mantle upwelling.

1. Introduction

The Southern African craton is characterized by a large (>1000 m) topographic anomaly (Figure 1), which is

often regarded as the expression of the surface upwelling caused by flow in the underlyingmantle associated

with the African superplume, a large low-seismic velocity zone that is imaged in most tomographic models of the

mantle [Nyblade and Robinson, 1994; Gurnis et al., 2000; Nyblade and Sleep, 2003]. There is, however, debate

about the timing of this uplift, and thus the age and rising rate of the superplume. The thermochronological

data and numerical models of escarpment erosion and retreat [Gallagher and Brown, 1999; van der Beek et al.,

2002] suggest that uplift of the plateau may predate the breakup of Gondwana resulting in a rapid and

substantial base level fall around the margins of Africa at the time of rifting (between 140 and 100 Ma) and the

subsequent retreat of the escarpment to its present-day position. The thermochronological [Brown et al., 2002;

Flowers and Schoene, 2010], offshore well data [Brown et al., 1990] and sedimentary flux estimates from the

Orange basin [Rouby et al., 2009] suggest that an important and rapid phase of erosion affected most of the

plateau in the Late Cretaceous (around 100–60 Ma). This phase of denudation is then commonly associated

with uplift of the plateau with respect to sea (base) level. A third scenario uses the arbitrary correlation

between planation surfaces across the plateau and the surrounding low lying areas [Partridge and Maud,

1987] to conclude that a substantial part of the present-day topography is the product of a more recent

phase of uplift (i.e., in the last 30 Myr) and is potentially related to the onset of uplift and rifting in the East

African Rift System [Burke, 1996].

Here we present a new compilation of the terrigeneous sedimentary flux from around the Southern African

Plateau that confirms the intense episode of rapid erosion around 90–80 Ma and therefore confirms the

scenario of Late Cretaceous uplift of the plateau. The large volume of sediment shed from the continent in a

relatively short duration (a few tens of Myr) suggests, however, that the uplift was relatively fast and that up to

1–2 km of sediment was removed from the entire surface during uplift or shortly after.

The rate of change of dynamic topography caused by a plume rising in themantle is very low (less than 10m/Myr)

[Gurnis et al., 2000] and cannot, therefore, be called upon to explain the rapid rise and erosion of the plateau in
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Figure 1. (a) Main geological elements constitutive of the uppermost continental crust of the Southern African Plateau superimposed on the topography (Shuttle Radar

Topography Mission 90) and location of the seismic data, wells, and outcrops hereafter used (Figure 2). (b) Synthetic lithological succession from the Archean-Paleozoic

basement to the Early Jurassic Karoo floods basalts.
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the Late Cretaceous. This led some authors [Gallagher and Brown, 1999; Bell et al., 2003] to suggest a lithospheric

instability, potentially resulting from Gondwana breakup, as the cause for the rapid rise of the plateau. The

geochemical signature of xenoliths from kimberlite pipes suggests a major lithospheric-scale Mesozoic thermal

or metasomatic event that is consistent with a major lithospheric delamination event [Bell et al., 2003].

As we will demonstrate later, the northeastward motion of Africa over a relatively fixed and already buoyant

mantle can also easily explain the rapid uplift suggested by the sedimentary flux data. There remains to

explain, however, how up to 1–2 km of rocks have been removed from a large (2000 km wide) plateau in a

few tens of millions of years (and thus a mean erosion rate of 100 m/Myr sustained over a period of a few

tens of million years). There is clear evidence that present-day plateau surfaces, such as in the Tibetan plateau,

the Altiplano, or the Southern African Plateau, erode at very low rate (less than 10 m/Myr), mostly because

they are characterized by very low slopes and low precipitation rates. Plateaus erode by river incision along

their margins, which are characterized by very steep slopes and where orographic control on precipitation

focuses rainfall. Removal of a substantial thickness of rocks from the entire surface of a plateau therefore

requires the propagation of knick points over thousands of kilometers, a process that is likely to take

hundreds of millions of years.

The episode of rapid exhumation over the top of the plateaumay therefore indicate that the climate was much

wetter in the Late Cretaceous than it is today, or that, contrary to the Tibetan plateau or the Altiplano, the

surface of the Southern African Plateau was characterized by high relief. As we will show later, there is evidence

that the climate of Southern Africa was slightly wetter 80–90 Myr ago, but it is difficult to estimate whether this

is sufficient to justify a tenfold to a twentyfold increase in erosion rate. We will present here a new compilation

on paleoprecipitation indicators to demonstrate that only the margins of the plateau have experienced

enhanced precipitation rate in the mid- to Late Cretaceous. There is also strong evidence that the plateau

surface was covered by a 1–2 km thick sequence of marine sediments topped by a layer of Karoo volcanic

rocks (that erupted at around 180 Ma), which suggests that the plateau surface was relatively flat.

Here we explore the possibility that the motion of Africa over a fixed source of upward mantle flow explain

not only its relatively high rate of uplift but also the rate at which it has been eroded. Braun et al. [2013]

have shown that, despite the relatively low slopes that it creates, the motion of a continent over a fixed

source of dynamic topography may lead to substantial, i.e., kilometer scale, and rapid surface erosion,

through continental-scale drainage reorganization. We demonstrate that it is the tilt experienced by the

continent as it climbs over the dynamic topography high that is responsible for the rapid pulse of erosion.

Our approach is based on a careful interpretation of the existing geological record and the use of a very

efficient numerical model, which can be used to quantify the effects of a large-scale, low-amplitude tilt of a

continent. We will first review the data pertaining to the uplift of Southern Africa during the Upper

Cretaceous, its paleoclimate, and the sedimentary record of the surrounding margins. We will then briefly

present the numerical model and describe a series of numerical experiments designed to findwhich among a

wide range of setups and uplift scenarios fit best the observations.

2. Geological Constraints on Late Cretaceous Erosion

The Southern African Plateau is a westward tilted plateau, extended over two third of the Southern African

subcontinent at an average elevation of 1000m [Nyblade and Sleep, 2003, Figure 1a]. The surrounding escarpment

is highest along the Drakensberg Mountains (SE) and lowest along the Orange Delta (W). The Southern African

Plateau is bounded by twomargins, a divergent passivemargin on the Atlantic Ocean sidewith twomain present-

day feeding rivers, the Orange and the Olifant Rivers and a transform margin on the Indian Ocean side.

2.1. Evidence for a Strong Lithological Contrast Between Karoo Sedimentary and Volcanic

Rocks and the Underlying Basement

The continental crust of the Southern African Plateau (Figures 1a and 1b) comprises a large Archean nucleus,

here referred to as the Southern African craton, which is an amalgamation of the Zimbabwe and Kaapvaal

cratons linked across the intervening Limpopo Belt. The southern part of the craton is in parts overlain by

Mesoarchean and Paleoproterozoic sedimentary and volcanic basins (Witwatersrand, Ventersdorp, Transvaal,

and Waterberg). The craton is surrounded by Proterozoic terranes that include the Paleoproterozoic

Magondi-Okwa-Kheis Belt, the Mesoproterozoic Namaqua-Natal Belt, and the Neoproterozoic Gariep and
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Figure 2
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Saldania Belts. This basement is subsided during Paleozoic and Early Mesozoic times, with the growth of two

main basins [Tankard et al., 2009]: (1) the Cape Basin (Ordovician to Devonian) [Shone and Booth, 2005],

mainly limited to the southern part of present-day South Africa, and (2) the Karoo Basin (Late Carboniferous

to Early Jurassic), covering most of South Africa. The transition between the two basins is marked by the Late

Devonian-Early Permian Gondwana glaciation, a major climatic event in Southern Africa. The Karoo Basin is

contemporaneous of the growth of the Cape Fold Belt [Johnson et al., 1996] and is considered as a foreland

basin [Catuneanu et al., 1998] or as the result of lithospheric deflection driven by mantle flow associated with

the distant southern subduction [Pysklywec and Mitrovica, 1999]. It is filled with sedimentary rocks deposited

in a deep subaqueous environment evolving upward to more coarse-grained continental sediments. At the

time of deposition of Early Jurassic eolian sediments, the basin subsidence pattern suggests that it had

ceased to grow as a foreland basin. This succession is sharply overlain by the basalts of the Karoo Traps of

Early Jurassic age (184–179.5 Ma) [see Jourdan et al., 2008]. A dense network of dolerites sills and dykes is

coeval or a little younger than the basalts and rhyolites erupted on the southeastern side of the present-day

plateau, along the future Lebombo Mountains (see Melluso et al. [2008] for the last review on this subject).

After this major volcanic event, Southern Africa stopped subsiding, although in Zimbabwe some Upper

Jurassic thin continental “red beds” are preserved [Cooper, 1988].

Lithologically, the Southern African Plateau is thus composed of the following (Figure 1b):

1. a basement of Archean to Paleozoic is mainly metamorphic and magmatic rocks (granites), overlain by

competent sedimentary basins (see above);

2. a 3 to 9 km of Karoo siliciclastic sedimentary rocks, broadly ranging from siltstones at the base to sand-

stones at the top (armed by Karoo dolerites), i.e., going from softer to harder but much less resistant than

the underlying basement; and

3. Karoo basalts, which have a maximum preserved thickness of 1.7 km in the Drakensberg area [Marsh et al.,

1997]. Although these mafic rocks are intrinsically stronger than the sedimentary sequence they overlay,

they are known to be very prone to rapid and efficient weathering [Dessert et al., 2003], and therefore of a

mechanical resistance to erosion similar to the siliciclastic rocks. It is possible, however, that part of this

volcanic cover was removed in the Early Cretaceous, as evidenced by the lack of basalt xenoliths in kim-

berlites that erupted since 90 Ma [Hanson et al., 2009].

2.2. Late Cretaceous Main Uplift and East to West Migration

2.2.1. Stratigraphic Characterization of Uplift

The uplift of a plateau can be dated and measured based on the stratigraphic record of the surrounding

margins. This measure is based on a sequence stratigraphic analysis of seismic lines calibrated in age and

lithology by well data (here petroleum wells) or by outcrops. The basic principle is quite simple. The shoreline

migration through time [Posamentier et al., 1988] is a function of subsidence/uplift driven by lithospheric

deformation and/or thermal contraction, isostasy, as well as mantle flow (we will call this the “tectonic”

forcing), sea level variations (eustasy), and the sediment flux (siliciclastic supply and in situ production, e.g.,

carbonates, evaporites,…). Only tectonic forcing and sea level variations generate vertical movements of the

shoreline and thus create, or remove, in submarine domains, accommodation space [Posamentier et al., 1988]

that can be filled by sediments. In our case, uplift of the margin will induce a downward migration of the

shoreline (called a forced regression in the sequence stratigraphic nomenclature) [Posamentier et al., 1992], as

a eustatic sea level fall would do, with upstream river incision (formation of incised valleys) and high-

sediment supply in the deep-sea plain (formation of basin floor fans). The next step is to discriminate the

Figure 2. Stratigraphic data (location on Figure 1) supporting a major uplift during Late Cretaceous age, earlier (uppermost

Cenomanian, 90–95 Ma) in the east and later (“Campanian,” 85–70 Ma) in the west. (a) Line drawing of four seismic lines

with the Late Cretaceous forced regression wedges and the shoreline trajectory (offlap-break migration). The amplitude

of the relative sea level fall (accommodation space removal) during “Campania” is between 0,3 s (Two-Way Travel Time

(TWTT)-Gamtoos and Olifant) and 0,6 s (TWTT-Orange and Buffels), which means, using Pwave velocities of 2000 to 2500m/s,

local uplift ranges between 300–375 m and 600–750 m. Orange area, data of Compagnie Générale de Géophysique (CGG)

Veritas published by de Vera et al. [2010] and available on the Virtual Seismic Atlas (www.seismicatlas.org)-Buffels and

Olifant areas, seismic data of SOEKOR (now PetroSA) published by Brown et al. [1995]-Gamtoos Basin, seismic data by

courtesy of PASA (South African Petroleum Agency). (b) Correlation between outcrops, wells, and seismic data along the

Kwazulu-Maputaland Margin showing a major accommodation space removal (relative sea level fall) during uppermost

Cenomanian-Early Turonian (90–95 Ma). Well data by courtesy of PASA.
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tectonic forcing from the eustatic component in a downward migration of the shoreline. Three conditions can

be considered where the shoreline migration is likely to be a direct measure of uplift:

1. Based on published eustatic charts [Haq et al., 1987;Miller et al., 2005], which can sometimes be contradictory,

the studied time interval does not correspond to a period of sea level fall.

2. The amplitude of the downward migration of the shoreline is larger than the maximum rate of sea level

fall accepted for greenhouse or icehouse periods, i.e., around 100m of sea level fall over a 1 Ma period and

around 150 m for a duration of 100 Ka, respectively.

3. For any given time interval, noticeable spatial variations in relative sea level fall are observed, which must

therefore be related to tectonic forcing [Robin et al., 1998] as eustasy is, by definition, a function of time

only, not space.

2.2.2. Timing of the Uplift—East to West Migration

Four subbasins were studied (Figures 2a and 2b): the Kwazulu-Maputalandmarginal basin, the offshore Gamtoos

Basin, the southern Atlantic margin offshore Cape Town (Olifant Delta), and the Orange Delta Margin. All of them

show evidence of forced regression wedges (or forced regressive units) with downward migration of the

shoreline and river incision during Upper Cretaceous time, with an amplitude of accommodation space removal

(relative sea level fall) higher than 150 m. The exact age of this uplift is still unknown because of biostratigraphic

uncertainties, but these positive vertical movements occurred between the uppermost Santonian [de Vera et al.,

2010] and the Late Campanian [Brown et al., 1995], i.e., between 85 and 70Ma. This uplift, accompanied by tilting

of the margin and/or increase of the siliclastic sediment supply, is probably responsible the large slumps

observed along the northern Orange Margin (Figure 2a—Orange and Buffels areas).

The Kwazulu-Maputaland margin was uplifted at the end of the Cenomanian (around 95–90 Ma). This uplift

(Figure 2b)was coeval with amajor tilting and erosion (truncation) of the upstreampart of themargin, river incision,

and the growth of a deep-sea fan (basin floor fan) fed northward and running parallel to the Agulhas and

Mozambique Fracture Zones. The three other domains (Figure 2a) show well-defined forced regression wedges

aroundCampanian times (85–70Ma). This implies awestwardmigration of the uplift, with a first uplift of the eastern

domain (Thekwini and Kwazulu-Maputaland margins) around 90–95 Ma and uplift in the west around 85–70 Ma.

2.2.3. Position of Africa With Respect to a Fixed Mantle Source of Dynamic Uplift

This asynchronism in the uplift signal suggests that the uplift could be related to the motion of Africa with

respect to the underlying mantle. In Figure 3a, we show a reconstruction of the position of the African

continent in the African superplume (fixed hot spot) frame of reference [Torsvik et al., 2010; Torsvik and Cocks,

2013]. This reconstruction clearly shows that the continent moved in an eastward fashion from at least 140 Ma

to present-day and was entirely positioned over it by about 70 Ma. This suggests that, if the superplume

was responsible for substantial surface dynamic topography, the continent must have experienced a

progressive uplift from east to west and thus a tilt. This tilt could, in turn, have generated a major drainage

reorganization, which would be consistent with the asymmetry in the sedimentary flux between the western

margin and its relatively starved eastern counterpart. Note that the position and distribution of upward flow

within the African superplume is still open to much debate [Simmons et al., 2007]. Our main argument here is

that the continent has moved toward and over it in the Late Cretaceous.

2.2.4. Relation With the Ages of the Kimberlites

Figure 3b shows the distribution of age-dated kimberlites (circles) and related rocks (stars) across Southern

Africa grouped according to age (based on Jelsma et al. [2004, 2009]), illustrating progressive age variation of

kimberlite magmatism. Three periods can be defined (1) from 210 to 105 Ma with a migration from east to

the central part of South Africa, (2) from 105 to 80 Ma with a widespread distribution across central South

Africa and Botswana with no distinct age progression, and (3) from 80 to 48 Ma with again a westward

migration from the central part of South Africa to the coastal region. This age progression with older ages in

the east suggests source migration from east to west and is, potentially, in accordance with the northeastward

motion of Africa over a stationary mantle, if a link exists between kimberlite eruptions and the underlying

mantle structure/dynamics as suggested by Torsvik et al. [2010].

2.3. Siliciclastic Sedimentary Flux Along the Margins of Southern Africa

Siliciclastics sediment fluxes weremeasured using seismic lines and biostratigraphically dated wells according to

the technique published by Guillocheau et al. [2012]. The volume of sediments, for each time interval, was

measured by interpolation between cross sections and corrected for in situ carbonate production and porosity

to obtain siliciclastic solid volumes.
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Figure 3. (a) Relationship between the migration of Africa over the past 130 Myr (color lines from Gplates software

by Qin et al. [2012]) and a possible mantle upwelling, drawn from the present-day position of the African super-

plume for reference (grey shaded contours based on Torsvik et al. [2010] and Torsvik and Cocks [2013]). (b) Successive

locations of kimberlites from 210 Ma (uppermost Triassic) to 28 Ma (Oligocene) in Southern Africa [Jelsma et al.,

2004], showing an east-west migration of their location through time, potentially related to the movement of the

African plate over the superplume.
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Figure 4. Sedimentary fluxes around the Southern African Plateau since Cretaceous times. (a) Location of the main

sediment feeders (deltas and deep-sea fans) and amount of deposited sediments (10
3
km

3
) for the Late Cretaceous and

Cenozoic (numbers between parentheses). (b) Evolution of the deposited sediment volumes along the Orange Margin

since Lower Cretaceous (modified from Guillocheau et al. [2012]).
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These measurements were made at two different temporal resolutions according to the biostratigraphic data

available: we used two time intervals (the Late Cretaceous and the Cenozoic) for the area surrounding the

entire plateau (Figure 4a), and much smaller intervals of a few million years for the Atlantic Ocean Margins

(Figure 4b). Those measurements were based on seismic lines and wells for the Atlantic [Brown et al., 1995],

Thekwini (Durban), Kwazulu-Maputaland and Limpopomargins, and on published data [Tinker et al., 2008] for

the Cape margins, where the Cretaceous-Paleogene sedimentary record is incomplete, because of the

erosion by Neogene oceanic currents [Uenzelmann-Neben et al., 2007].

The siliciclastic sediment flux (Figure 4b) shows a sharp rate increase at the end of the Cenomanian, around

90–95 Ma. This event occurred at the same time around the Southern Africa Plateau, from the Atlantic to the

Indian margins. The integrated measurement of the siliciclastic sediment volumes (Figure 4a) indicates a

major change between the Late Cretaceous and the Cenozoic. Along the Orange-Walvis Margin, the

deposited volume is between 1900 and 2300 × 103 km3 for the Late Cretaceous and only 550 × 103 km3 for

the Cenozoic. For the Cape Basins (truncated by the Neogene oceanic currents), the Upper Cretaceous

volume is 90 × 103 km3 and the Cenozoic volume is 20 × 103 km3. On the Indian Ocean side, a major drainage

reorganization occurred during Cenozoic times, with the birth of the present-day Limpopo and Zambezi

Rivers around the Eocene-Oligocene boundary (based on the age of the beginning of the Limpopo and

Zambezi Deltas by Salman and Abdula [1995]). On the present-day Limpopo onshore flat (including the Natal

Valley) and in the offshore delta, theminimum volume of siliciclastic sediments is 380 × 103 km3 for the Upper

Cretaceous and 240× 103 km3 for the Cenozoic.

Note that the earlier pulse of sedimentation clearly evidenced along the Atlantic margin (Figure 4b) is related

to the rifting phase and the formation of the margin, which either uplifted the flanks of the continent or

caused a base level drop, which, in turn, drove the rapid erosion of the continent edges [van der Beek et al.,

2002; Brown et al., 2002]. This uplift did not cause much erosion of the interior of the plateau as evidenced by

low-temperature thermochronological data [Flowers and Schoene, 2010].

2.4. Paleoprecipitations During Cretaceous and Cenozoic Times

No synthetic study exists on the paleoclimate evolution of Southern Africa, except for the Cenozoic [Tyson

and Partridge, 2000]. Here we compiled all available data with the purpose of characterizing any precipitation

change through Cretaceous and Cenozoic times. This study is mainly based on paleoflora record [Bamford,

2000], well dated by micropaleontology (foraminifers), palynology (spores and pollens), or vertebrate

paleontology (mainly mammals). The precipitation recorders were mainly the association of plants (including

trees), based on fossilized woods, spores, and pollens, characteristic of arid, semiarid, humid or very humid

settings or other key indicators such as the type of plant association (bush, savanna, and coastal forest).

Seasonality was estimated from the growth rings of the wood or, more rarely, the shape of the leaves or the

type of stomates on well-preserved cuticules [Gomez et al., 2002]. We also used the occurrence of eolian

deposits dated for the Neogene by ostrich eggs [Senut and Pickford, 1995]. Because of poor dating, paleosoils

were not used. The data are summarized in Figure 5 for two regions characterized by different elevations. The

first and most complete record corresponds to the areas near the margins (the past coastal plains) and the

second one to the interior of the plateau.

The base Cretaceous (140–130 Ma) is arid to semiarid with the deposition of eolian desert sediments, prior

the Parana Flood Basalts, at the end of the South Atlantic (Austral segment) rifting (Twyfelfontein sandstones)

[Jerram et al., 1999; Wanke et al., 2000]. The transition from a semiarid to a very humid setting was probably

sharp, within the Barremian. From 130 to around 90 Ma, the climate was progressively drier [Sandersen, 2006],

with a paroxysm of semiaridity around the Turonian-Coniacian boundary. On the plateau, lake sediments

preserved in kimberlites craters (Orapa, Botswana) [Rayner et al., 1997] indicate a seasonally temperate milder

humid environment. Along the coastal plain, the return toward very humid conditions was quite fast. Very

humid conditions prevailed since 85 Ma (intra-Santonian). From 75 to 55 Ma (uppermost Cretaceous-

Paleocene), no data are available, except on the plateau where the flora of a crater lake (Arnot Pipe, Banke)

[Smith, 1986, 1988] indicates a dry open forest in warm temperate conditions for the Maastrichtian-

lowermost Paleocene (70–65 Ma). The Eocene (55–40 Ma) was very humid. The upper Eocene (40–35 Ma) is a

transitional period with drier conditions (semiarid in the Sperrgebiet, southern Namibia) [Bamford, 2000],

announcing the major global-scale climate change of the Eocene-Oligocene boundary. Unfortunately, no

data are available for the Oligocene and lowermost Miocene (34–20 Ma), beginning of the Ice House period.
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Along the coastal plain, the Burdigalian (20–16 Ma) was again (very?) humid, before a major (still acting) dry

event starting around 15 Ma at time of first eolian sediments deposition in the Namib Desert [Pickford and

Senut, 1999; Ségalen et al., 2006]. Uppermost Miocene to present-day (8–0 Ma) Africa-scale increase of

humidity (7.5–7 and 5–3.5 Ma, from Bonnefille [2010]) is moderately recorded in Southern Africa.

Figure 5. Precipitation change chart for the Cretaceous and Cenozoic, mainly based on paleoflora data (see text). Four

categories are defined: very humid (similar to present-day Gabon-North Congo conditions), humid, semiarid, and arid

(desert similar to the Namib Desert). Data: (1) Gomez et al. [2002], (2) Sandersen [2006], (3) Bamford and Stevenson [2002],

(4) Rayner et al. [1997], (5) Smith [1986, 1988], (6) de Villiers [1999], (7) Bamford [2000], (8) Roberts et al. [2013], (9) Bamford

[2000]-Bamford and de Wit [1993], and (10) Pickford and Senut [1999].
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2.5. Summary: Topographic, Erosional,

and Climatic Evolution of the Southern

African Plateau During Upper

Cretaceous Times

The Southern African Plateau experienced

a two steps uplift during Upper Cretaceous

times. The first one, around 95–90 Ma, is

limited to the eastern part of the present-

day plateau. This uplift generated an active

erosion of the plateau in a semiarid to

humid setting (with a sharp transition at

80 Ma from dryer to wet). The products of

this erosion are distributed all around the

plateau since 95–90Ma, probably in response

to a proto-Vaal-Orange drainage system. The second uplift phase, at 75–70 Ma, is mainly recorded on the

western side, whereas erosion stopped between 70–75 and 65–60 Ma in the west and center of the plateau,

respectively, as indicated by the preservation of kimberlite craters filledwith lacustrine sediments (the Stompoor

Pipes [Smith, 1986] and the Arnot Pipes [Scholtz, 1985a, 1985b]).

3. Model Description

Continental surface erosion is controlled by the rate at which rivers incise into bedrock and transport the

resulting sediments. Fluvial incision is commonly parameterized by the stream power law [Howard and Kerby,

1983], which states that erosion (incision) rate, dh/dt, is function of local slope, S=dh/dx, and drainage area, A,

which is taken as a proxy for discharge, under the assumption that net precipitation is spatially uniform

[Howard and Kerby, 1983; Whipple and Tucker, 1999]:

e ¼
∂h

∂t
¼ KA

m
S
n
¼ KA

m
∂h

∂x

� �n

In this relationship, K, m, and n, are commonly assumed to be constant in space and time and represent the

dependency of erosion rate on climate, i.e., precipitation [Whipple and Tucker, 1999] and precipitation

variability [Lague and Hovius, 2005], and lithology [Whipple and Tucker, 1999]. Their values are poorly

constrained, except for the ratio m/n, which is known to be close to 0.4–0.5, based on the concavity of river

profiles in actively uplifting areas [Whipple, 2004].

We have solved this equation using a first-order implicit finite difference scheme [Braun and Willett, 2012]

over a 2000 km by 2000 km area, which we discretized at 1 km resolution. Time integration is performed

using 1000 times steps of 100 kyr duration. We tested that the solution does not depend on the grid spacing

or time step by increasing and decreasing both values. The initial topography is flat and at sea level. We

imposed that all four boundaries remain at sea level, i.e., h= 0. The lithological contrast between the

Precambrian basement/Karoo sedimentary rocks and the overlying volcanic rocks is included in themodel by

varying the coefficient K with depth. We will assume that the first 1 km of rocks (the Karoo volcanic rocks) is

characterized by a value of K 10 times larger than that corresponding to the underlying lithologies.

This surface processes model is coupled to a thin elastic plate model representing the flexural isostatic

response of the lithosphere to both erosional unloading and vertical stresses originating in the underlying

mantle [see Braun et al., 2013]. Values for the flexural parameters and surface and asthenospheric densities

are given in Table 1.

As stated earlier, we will assume that erosion of the Southern African Plateau is related to a phase of uplift

associated with the passage of Southern Africa over a source of upward mantle flow, generating dynamic

topography [Gurnis et al., 2000]. We have represented this upwardmantle flow by imposing a vertical stress at

the base of the thin elastic plate representing the lithosphere, which results in uplift of the surface, the

creation of relief (and thus slope), and subsequent erosion by fluvial processes, as described above. We

consider two scenarios (see Figure 6): one in which the vertical stress resulting from mantle flow is spatially

uniform beneath the Southern African craton (we will refer to this scenario as the “no-tilt case”; Figure 6a),

Table 1. Model Parameter Values

Symbol Parameter Name (and Units) Reference Value

K reference erodibility (m
1–2m

/yr) 1 × 10
�6

m area exponent 0.4

n slope exponent 1

Lx, Ly dimension of the experiment (m) 2 × 10
6

Δx, Δy spatial resolution of the model (m) 1 × 10
3

Δt time step length (year) 1 × 10
5

Te Effective Elastic Thickness (m) 20 × 10
3

E Young modulus (Pa) 1 × 10
11

ν Poisson’s ratio 0.25

ρs surface (crustal) density (kg/m
3
) 2800

ρa asthenospheric density (kg/m
3
) 3200

T duration of uplift/tilt phase (year) 30 × 10
6
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and the other one in which it evolves from a gentle tilt to the West to the same uniform spatial pattern,

simulating the passive eastward motion of the lithospheric plate over a fixed source of mantle upwelling

(we will refer to this scenario as the “tilt case”; Figure 6b). In both cases, the stress is gradually imposed over a

time period, T, which we vary between 10 and 30 Myr, and its final value is scaled to give rise to the same

dynamic topography (of 1 km surface amplitude) for the density layering given in Table 1. This value is based

on estimates for the present-day anomalous topography of Southern Africa [Nyblade and Robinson, 1994].

Model parameters are given in Table 1.

4. Model Results

4.1. Reference Models (Tilt and No-Tilt Cases)

The basic results are summarized in Figures 7 and 8, where we show the evolution of the erosion rate

integrated over the entire model (Figure 7), which we take as a proxy for the sedimentary flux leaving the

continent into the marginal basins and snapshots of the topography over which we have draped the

lithology of the surface rocks (Figures 8a and 8b). The model characterized by a uniform uplift (no-tilt case)

shows a period of rapid erosion during the first 20 Myr of uplift, followed by a period of relatively uniform

erosion of the plateau, during which it is progressively eroded along its margins (Figure 8a). The sedimentary

flux during the postuplift phase (red curve in Figure 7) is of similar amplitude to the flux predicted during the

first 30 Myr such that the plateau is relatively deeply incised along its margins 90 Myr after the onset of uplift.

The model characterized by a tilt of the

continent (tilt case) displays a much more

dramatic and rapid phase of erosion during the

first 20 Myr of evolution of the model

(Figure 8b), followed by a long phase of more

subdued erosion (black curve in Figure 7). In

both model, T is equal to 30 Myr. The reason for

this enhanced erosion during the period of tilt

is the continental-scale organization of the

drainage system toward the western margin of

the model (Figure 8b, first panel), which results

in an amplification of the erosion rate by

increased drainage area. In the no-tilt case, this

reorganization of the drainage system does not

take place and the erosion is concentrated

along the margins of the plateau (Figure 8a)

during both the uplift stage and the remaining

part of the model run.

The total volume of rock removed from the

landscape is 5.53 × 106 km3 in the tilt case,

compared to 6.45 × 106 km3 for the no-tilt case.

Interestingly, the final mean topography is

Figure 6. Schematic representation of vertical stress (arrows) applied at the base of the continental lithosphere (dark grey

box) (a) in the no-tilt case and (b) in the tilt case. After 30 Myr the two scenarios are identical with a constant (and uniform)

applied stress.
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side (western) boundary of the model in the tilt case.
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similar in both runs, as it is sustained by an

identical final vertical stress imposed at the base

of the lithosphere. This demonstrates that

erosion of dynamic topography does not

necessarily lead to mean surface lowering, and

that erosion can remove a rock thickness (1.38 km

in the tilt case and 1.61 km in the no-tilt case)

that is larger than the instantaneous amplitude

of the dynamic topography (1 km in both cases)

[Braun et al., 2013].

4.2. Distribution and Volume of Eroded Rocks

In both the tilt and no-tilt cases, total

(accumulated) erosion is maximum around the

margins of the plateau but differs in its

distribution on top of the plateau (Figure 9). In the

no-tilt case total erosion decreases toward the

plateau interior (Figure 9a), while in the tilt case

it is relatively uniform (Figure 9b). The plateau

final topography is also strikingly different in

the two models: in the no-tilt case (Figure 9a), the

highest topography is reached at the center of

the plateau, while in the tilt case elevation is

maximum along the sides of the plateau

(Figure 9b). This uplift of the plateau sides is due

to the flexural rebound associated with the strong

erosion of the plateau margins. This uplift has

caused the plateau edges to become a local

drainage divide that slows down erosion of the

plateau. The final topography of the tilt case is

clearly more similar to the present-day

topography of the Southern African craton.

Interestingly, the period of rapid erosion and

sediment shedding into the marginal basins is not

equal to the time imposed to create the dynamic

topography (30 Myr in the models). It appears to

be controlled by the volume of “soft” sedimentary

rocks. From this observation and the total volume

of sediments measured in the basins, one can

argue that the Late Cretaceous sedimentary pulse

corresponds to the erosion of the softer Karoo

sedimentary and volcanic rocks and that their thickness can be obtained from the total volume of sediment

stored in the margins. Note, however, that our model does not include the effect of chemical weathering and

mass loss, which must be taken into account when estimating total erosion from sedimentary volumes.

The model predicts that most of the sediment eroded during the tilt phase exits the plateau along its (left)

western boundary (orange line in Figure 7). If our scenario is correct, we can argue that most of the sediment

corresponding to the Late Cretaceous erosion pulse is stored along the South African and Namibian Atlantic

margin. A recent study [Rouby et al., 2009] of the volume of sediments in the Orange system alone gives

estimates of 0.75–1.5 × 106 km3 for the period 100–60 Ma. Assuming that half of the volume of sediment

removed has been lost to chemical weathering [Gaillardet et al., 1999; Larsen et al., 2014] leads to an

approximate thickness of 1.5–3 km uniformly eroded over the 106 km2 present-day Orange River catchment.

Similarly, if we use our estimate of 1.9 to 2.3 × 106 km3 for the whole western margin of the plateau, we end

up with a total denudation estimate of 1.2–1.5 km distributed over a slightly larger area (1.5 × 106 km2) than

a) No tilt b) Tilt

t = 15 Myr

t = 90 Myr

t = 60 Myr

t = 30 Myr

t = 15 Myr

t = 90 Myr

t = 60 Myr

t = 30 Myr

0 1500 m

Figure 8. Evolution of computed surface topography as a

function of time for the two scenarios, (a) no tilt case and

(b) tilt case.
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the Orange catchment alone (Figure 4); this

estimate increases to 2.4–3 km taking into

account the amount lost to chemical

weathering. These figures should, however,

be regarded as upper bound estimates that

need to be reconciled with the partial

preservation of 90–85 Ma old kimberlite

pipes in Botswana and South Africa,

suggesting that a maximum of 1 to 1.5 km of

rocks was eroded since their emplacement

[Hanson et al., 2009].

4.3. Effect of the Duration of the Active

Uplift Phase, T

The imposed duration of the phase of

active uplift plays a secondary role in the

sedimentary flux response of the system

(Figure 10a), as long as it is long enough to

remove most of the soft material from the

top of the plateau (T = 20 or 30 Myr). As T

decreases, the rate of uplift of the plateau

increases (as we assume that the final

amplitude of the imposed dynamic

topography is the same in all cases, 1 km),

larger slopes are reached earlier during the

phase of uplift, which increases the local

erosion rate and thus the sedimentary flux.

However, if T is too small, a nonnegligible

proportion of the soft layer stays on top of

the plateau at the end of the uplift phase

and is eroded away in the subsequent

stages of model evolution. In this situation

(T = 10 Myr), the first phase of rapid erosion

is very short (it lasts 10 Myr), but the sedimentary flux remains relatively high in the second, stable phase

of evolution of the plateau.

4.4. Effect of the Lithological Contrast

Introducing r as the ratio between the value of K (the fluvial erosion parameter) for the upper soft layer and

that of the underlying, more resistance rocks, we note that the size of the early sedimentary pulse increases

with the value of r (Figure 10b). For high value of r (= 30) corresponding to a large lithological contrast in

erodibility, the initial sediment pulse is amplified in comparison to the reference situation described above

and corresponding to r= 10. For r=30, the initial pulse is in fact made of two separate events, the first

corresponding to the complete removal of the soft cover, the second to the incision of the underlying harder

lithology while the plateau is still inclined.

When r is decreased from its reference value of 10 to 3, the initial pulse is proportionally smaller such that

the soft layer is not entirely removed during the phase of active uplift and tilting of the plateau, and its

erosion continues for most of the model duration. When no lithological contrast exists (r= 1), there is no

pulse. This clearly demonstrates that to create a rapid pulse of sedimentation and thus denudation on top

of the plateau, one needs to call upon a mechanism to enhance erosion during uplift of the plateau (the tilt)

and a strong lithological contrast to slow it down after uplift.

4.5. Effect of Flexure

Although the isostatic part of the model is essential to correctly predict the effect of erosion on the

amplitude of the dynamic topography, as explained earlier, the effective elastic plate thickness, Te, used
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Figure 9. Computed total erosion (top panels), topography (middle

panels) and surface lithologies (bottom panels) at the end of 100Myr

longmodel runs, for the two scenarios (a) no tilt case and (b) tilt case.

The two colors in the bottom panels correspond to the two litholo-

gies (yellow corresponds to the harder underlying lithology and

white to the softer overlying lithology).
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to compute the flexural isostatic response does not influence the solution of the model (Figure 10c).

Flexure is responsible for the relative uplift of the edges of the plateau in response to the erosion of the

coastal regions. The uplifted edges of the plateau form a local drainage divide that prevents its erosion

by fluvial incision because it is proportional to drainage area (equation (1)) and is thus minimal at

drainage divide.

4.6. Effect of Endoreic Versus Connected Flow

The slow erosion of the plateau during the second (postuplift) stage of its evolution is amplified (Figure 10d)

in models where drainage toward the interior of the plateau is allowed (formation of endoreic systems), in

comparison with those in which all parts of the drainage system are forced to be connected to sea level

(the boundary or “base level” of the model). In our code, this is done by computing the geometry of “lakes”

that form around local topographic minima and their spill over points. In natural systems, the situation must

lie in between these two extreme drainage geometries, depending on the long-term balance between

precipitation and evaporation. However, the effect of endoreic drainage is relatively weak on the existence

and amplitude of the sedimentation pulse during the tilt phase.
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Figure 10. Sedimentary flux leaving the model as a function of time for several experiments highlighting the importance of (a) the duration of uplift (T),
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drainage minima.
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4.7. Effect of n Exponent

Changing the value of the exponent n has relatively little effect on the flux evolution with time, as shown in

Figure 11a where we reproduce the tilt experiment (with a tilt duration of 10 Myr) using a value of n= 2.

The solution is very similar in amplitude and duration, except that the pulse in sedimentary flux is sharper for

n= 2 in comparison to the reference situation where n=1.

4.8. Effect of Climate

We investigated the effect of replacing the continental tilt by a period of enhanced precipitation

corresponding to a transition from semiarid to humid conditions. We run the model under the assumption of

a uniform uplift (no tilt) over the first 30 Myr of the model, but arbitrarily multiplying the precipitation by a

factor 3 and, in a second experiment, by a factor 10 during the uplift period (first 30 Myr of the model run).

The results (Figure 10b) show that an extreme increase inmean precipitation rate (tenfold increase) is capable

of generating a major pulse in the sediment flux through the model boundaries. A more realistic threefold

increase in precipitation rate produced a noticeable but much reduced pulse in sedimentation. The model

therefore demonstrates that the Late Cretaceous pulse in sedimentary flux into the Southern African margins

could have been created by climate change. Although large, the magnitude of the change in precipitation

rate that is required could have taken place during the change from semiarid to very humid conditions at

80 Ma that is supported by our data compilation. Today’s mean annual precipitation in arid regions is

typically <200 mm/yr, whereas very humid conditions are characterized by a mean annual precipitation

>3000 mm/yr. However, to produce the E-W asymmetry in the sedimentary flux would have required a

progressive transition in climate from east to west and a greater intensification of the precipitations in the

west, which is not supported by available evidence on the paleoclimate of the region.

5. Discussion

As discussed in section 1, several contradictory scenarios have been proposed for the uplift of the Southern

African Plateau, differingmostly by the timing of themajor pulse of uplift, and, consequently, by the nature of

the mechanism invoked to explain its present-day anomalous topography. These scenarios include rifting

along the margins, mantle upwelling, and lithospheric delamination or onset of extension in the East African

Rift system. The sedimentary flux compilation that we presented here indicates a major phase of rapid

denudation between 90 and 70 Ma that is likely to be related to a major phase of uplift of the plateau. This

episode coincides with the migration of the African continent over the superplume indicating a causal

relationship between uplift and flow in the underlying mantle. This is further supported by the diachronism

between uplift in the east and west, and the correlation with kimberlite eruptions.
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Howmuch of the total present-day anomalous topography of the plateau can be accounted for by this phase

of uplift is, however, difficult to constrain. The postrift (i.e., 130 Ma) phase of escarpment retreat, supported by

fission track data [van der Beek et al., 2002], is also consistent with the sedimentary flux data that we have

compiled, but only along the Indian Ocean margin. Along the western margin of the plateau, denudation

took place around 80–60 Ma, as supported by fission track data [Gallagher and Brown, 1999] and our

sedimentary flux data, and is therefore in agreement with the mechanism we propose here for the uplift of

the plateau. A recent contribution to plateau uplift is not observed in the sedimentary flux data. However, as

recently pointed out by Rowley [2013], it is possible that uplift of Southern Africa is sufficiently recent that the

continent’s interior has not had the time to respond to the uplift and the subsequent relative drop in base

level. Consequently, this recent phase of uplift would not have been recorded yet in the sedimentary record.

Recent denudation rates estimated from cosmogenic isotopes from dolerites of the Karoo Basin [Decker et al.,

2013] confirm that present-day erosion rates on the Southern African Plateau and its margins are very low

(less than a few meters per million years), and suggest that erosion of the plateau surface is weathering

limited, a situation that may have existed since the end of the Cretaceous. Apatite U-Th/He ages from samples

across the southeastern margin of the plateau [Flowers and Schoene, 2010] demonstrate that most of the

erosion on top of the plateau and along its escarpment took place during the Late Cretaceous, and that little

or no erosion has taken place since. Such observations are in good agreement with our sedimentary flux data

and call for a mechanism that can explain not only the major pulse of erosion 80–60 Ma but also the

subsequent abrupt decrease in erosion rate to values that have characterized the area for most of the

Cenozoic. The tilt of the continent, as it rises over the African superplume, is one such mechanism and, to our

knowledge, the only one that can account for both the Late Cretaceous erosional pulse and the Cenozoic low-

sedimentation rate.

Some authors [see Decker et al., 2013] postulated that the cooling climate of the Cenozoic was responsible

for the decrease in denudation rates. We have shown here that variations in precipitation rate could indeed

explain the erosional history of the plateau over the past 100 Myr or so, but the diachronism observed

in the sedimentary flux data between the eastern and western margins of the plateau cannot be easily

accounted for by a climatic control on erosion rate. The observations we have collected here on the

paleoclimate of Southern Africa show, in fact, that the increase in precipitation rates in the time interval

80–60 Ma is focused mostly along the margins of the plateau, suggesting that it may be an orographic

effect associated with the rise of the plateau and thus a consequence, rather than the cause of the uplift

and erosion of the plateau.

The mechanism we propose here for the rapid unroofing of the plateau is based on the argument that tilting

of the continent caused a major drainage reorganization to the west. Present-day drainage over the plateau

is strongly asymmetrical and controlled by the Orange River and its tributaries, which flows from east to

west across most of the plateau area. This asymmetry of the drainage system could date back to Late

Cretaceous times [Rouby et al., 2009] and is certainly much older than any other African river network, such as

the Nile [Macgregor, 2012] or the Niger.

Although the scenario we propose for the geomorphic evolution of the Southern African Plateau is the result

of a combination of factors—the migration of the continent over a fixed source of mantle upwelling and the

preexistence of a strong lithological contrast at the surface—other regions may have been subjected to a

similar scenario. For example, the recent denudation of the top of the Colorado Plateau may be the result of

the passage of the North American continent over a fixed source of dynamic topography [Braun et al., 2013].

6. Conclusions

We have presented a new compilation of data that constrains the flux of siliclastic sediments into the

marginal basins surrounding the Southern African Plateau over the past 100 Myr. The data confirm that the

plateau underwent a major phase of denudation in the Late Cretaceous (80 to 60 Ma) when several

kilometers of rocks were eroded away from the plateau surface. The compilation also shows that, although

this phase of erosion started along the eastern margin of the present-day plateau, the largest sediment

accumulation is observed along its western margin, near the mouth of the present-day Orange River. The

data show that for most of the Cenozoic the marginal basins were starved and, consequently, that despite its

present-day high elevation, the plateau has seen little or no erosion in the past 60 Myr.
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We have proposed a mechanism that can explain the phase of rapid denudation, as well as the long period of

erosional quiescence that followed. Using a surface processes model, we have demonstrated that tilting of

the continent in response to its migration over a source of dynamic topography (here the African

superplume) results in a continental-scale reorganization of the drainage system that strongly increases its

erosional efficiency. As the continent migrates over the superplume, it becomes flat again and erosion rate

rapidly decreases. This effect is further amplified by the presence of at least 1 km of soft Karoo sedimentary

rocks that blanketed most of the plateau surface in the mid-Cretaceous. The hardness contrast between

these sedimentary rocks and the underlying basement is, in part, responsible for the reduction in Cenozoic

denudation rates.

We have shown the importance of the variousmodel parameters on the evolution of the predicted sedimentary

fluxes coming out of the plateau to demonstrate that our proposed mechanism is a robust consequence of

the basic dependence of erosion rate on slope and drainage area. We also attempted to assess whether

climate (precipitation) variability could be responsible for the observed erosional pulse. We compiled existing

data on paleoprecipitations across the Southern African Plateau to show that the margins of the plateau have

experienced an increase in precipitation from semiarid to very humid conditions some 80 Ma, as well as a

return to semiarid conditions in the Cenozoic. We argue, however, that climate variability cannot be the main

driver for the erosion pulse because it cannot explain the diachronism of the erosion and sedimentary flux

along the eastern and western margins of the plateau.
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