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Abstract

Understanding the impact of aeolian processes on the regional-scale dynamics of fluvial systems in
semi-arid regions is a major issue in the framework of climate change. Although the interactions
between aeolian and fluvial processes have been studied on a meter to kilometer scale, few studies
have upscaled to the regional scale. Using satellite images and SRTM-1 digital elevation models we
document the formation of parabolic dunes and foredunes along the main rivers of the southern
Angolan Plateau and northern Kalahari Basin (Africa). We demc strate that these aeolian features
derive from interactions between the morphology of the drait age system, the wind pattern, the
vegetation cover and the transport capacity of the rivers. A< a retro-action phenomenon, the
progradation of parabolic dune fields induces tens-of-'iloreters shifting in rivers courses in the
northern Kalahari basin. The mechanism proposec 1.3s implications in terms of fluvial dynamics,

river capture, geometry of clastic deposits in k=112 or source-to-sink budget.

1. Introduction

In arid and semi-arid environn.2nts redistribution of clastic sedimentary material results from the
interactions between fluvial and aeolian erosion and transport processes (Maroulis et al., 2007;
Williams, 2015). A number of studies have addressed the influence of fluvial valleys and rivers on
the propagation of a dune field (Bullard et al., 2000; Wang et al., 2019) or on modifying the shape
of dunes (Bullard and Nash, 2000). Others addressed the effects of dune propagation on river
systems, such as damming or enhanced avulsion frequency (Krapf et al., 2003; Liu and Coulthard,
2017). Finally, some studies assessed the morphologies of riverbeds in association with the type and
distribution of riparian dunes, themselves controlled by vegetation, basement morphology or
aeolian — fluvial interaction parameters (Li et al., 2020, 2021). These studies described in detail the

processes of interaction between rivers and dunes at a meter to kilometer scale but did not upscale



their effects on river morphologies to the regional scale (tens or hundreds of kilometers). The
question thus remains of how interactions between fluvial and aeolian systems may shape regional
topographies and drive landscape dynamics? Among many possible approaches to answering that
question, we address the effects of such interactions on the long-term dynamics of drainage
networks. The southeastern region of Angola, between the Cubango and Cuito rivers represents a
transition area between the upper part of the fluvial system on the elevated, humid plateau of central
Angola and the distal semi-arid to arid alluvial plains of the Okavango Basin in Namibia and
Botswana (Figs. 1 and 2). The region includes parts of the E-W criented, northern Kalahari dune
field now considered as inactive or nearly inactive (Thomas, 1934). This dune field is crossed by a
series of rivers flowing south towards the Okavango Delta i Catewana (Fig. 1). The unconsolidated
late Cenozoic aeolian deposits of northern Kalahari are trac’tionally divided into several sub-dune
fields separated by the largest rivers (e.g., Thomas, 5988). The dunes are more developed west of
each channel, suggesting that a large part of *= «2alian sediment is sourced from alluvial material
(Thomas, 1988). It has been established that a. ~ local scale, the small tributaries to the large rivers
developed in a E-W direction along *ae imerdunes of the major linear dunes. The architecture
(location, direction, size) of the seccndar ; drainage system is thus strongly controlled by the aeolian
features (Thomas et al., 2000).

This setting represents a te xtbo )k opportunity to describe the large-scale influence of the aeolian
system on the river network Using satellite images and digital elevation models, we demonstrate
the major impact of the aeolian processes on the drainage pattern and dynamics, including location
and shape of rivers, alluvial sand recycling, riverbank erosion, changes in river courses and
enhanced captures. All these processes are favored by the very flat regional topography and the

poorly consolidated Kalahari deposits supporting the fluvial and aeolian systems.

2. Climate, major dune fields and geology of southern Angola, Zambia and northern

Kalahari.



2.1. Climate and dune fields.

The region considered in this study is characterized by an annual rainfall of about 1200 mm to the
north to about 600 mm to the south near the border with Namibia (Fig. 2A) (Carvahlo et al., 2017;
Huntley, 2019). Based on the Koppen-Geiger classification, climate ranges from warm temperate
(with dry and hot summers) north of about 16°S, to hot arid steppes to the south (Fig. 2B, C)
(Kottek et al., 2006). Finally, data obtained from the Copernicus ERA5-Land monthly average
model (Mufioz Sabater, 2019) indicate present-day wind mainly blowing from the east with a small
dispersal towards ENE and SE (Fig. 2C).

Northern Namibia, southern Angola and western Zambia (Fig. 1) a e covered by large, stabilized
dune fields (i.e., vegetated dunes without active aeolian d’s.'aczment of sand, e.g., Yizhaq et al.,
2007) belonging to the Mega Kalahari sand sea. Al*houch still easily identified from satellite
images and high-resolution Digital Elevation Mu'els (DEMs), the paleo-dunes are strongly
degraded and may represent only the lowe~ »a.* of the former active features (O’Connor and
Thomas, 1999) (Fig. 3). The aeolian paleo-sy-tem is mainly composed of linear dunes (Thomas,

1984), although large parabolic dunes a. wunette dunes are present (Fig. 3). Lunette dunes are
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associated to shallow depressions (~alled “dambos” in Zambia) subjected, under the present-day
climate conditions, to seasonal ~r interannual flooding from rainfall-water accumulation. The
presence of water allows ve jeta ion to grow and the accumulation of peat in the depressions (Boast,
1990; Burrough et al. 2015) While the present-day wind direction is coherent with the direction of
those dunes, the annual precipitation values of about 700 mm (Fig. 2A) are not compatible with the
growth of such aeolian features that require annual precipitation of less than 200 mm (O’Connor
and Thomas, 1999). Optical luminescence, radiocarbon and pollen dating of the dambos soils and
associated lunette dunes in western Zambia indicate dry-climate periods of deflation of the dambos
and sand accumulation on the upper part of the lunette dunes at 13.7+1.6, 10.0 + 1.3 and 5.9 £ 0.7

ka. Peat accumulation in the depression initiated around 2.8 ka indicating the onset of a wetter

period (Burrough et al., 2015). O’Connor (1997) reported activity of the lunette dunes as old as 57 +



6 ka, suggesting that alternation between wet and dry periods as been a long-lasting landscape
dynamics process, the organic-rich deposits being largely lost by deflation. Linear dune fields have
also been investigated using luminescence dating in western Zambia (O’Connor and Thomas, 1999;
Burrough et al, 2015), northern Namibia (Thomas et al., 2000, 2003), western Zimbabwe (Stokes et
al., 1997, 1998; Munyikwa et al., 2000), southeastern Namibia (Stone and Thomas, 2008) and
southern Kalahari (Thomas et al., 1997; Stokes et al., 1997; Bateman et al., 2003; Telfer and
Thomas, 2007; Telfer, 2011) (Fig. 1). Using a statistical approach to determine the variations in
sand accumulation rates in dunes (Accumulation Index), Thomas .~d Bailey (2017) showed that the
dune field in western Zambia was active around 35 ka while otl ers ‘how peak activity in the 16 to
10 ka age interval. The absence of old ages in most of the d':nc fi<lds is not related to a difference in
onset of activity but rather to the recycling of the old=r o >posits during subsequent reactivation
periods (Bailey and Thomas, 2014; Thomas and Buuny; 2017). In turn, Thomas and Bailey (2017)
explain the absence of the youngest ages in th> zcmbian field either through its location in tropical
areas less affected by drier climate periods (Ti.omas and Burrough, 2012), through removing of the
youngest sand deposits during more rrce.t uegradation of the dunes (McFarlane et al., 2005), or
simply by the smaller amount of &:‘ailasle data. The aeolian activity was probably discontinuous
with periods of increased humiau.*v hat impeded sand mobilization (Thomas et al., 2000, 2003).
However, in the Kalahari c une fields situated in tropical regions such as Zambia, periods of peak
sand accumulation occur im nediately after periods of wet conditions. This suggests that, at least
during the beginning of the dry period, most of those dunes are fed by aeolian recycling of fluvial
sand transported during the wet periods in the major rivers situated downwind (Thomas and Bailey,
2017).
2.2. Geology.

The geological series exposed in the study area are composed of an Archean to Proterozoic
crystalline basement belonging to the Angolan Shield, uncomformably covered by the Late

Cretaceous - Cenozoic clastic sediments of the Kalahari Group that extend over a large part of



southwestern Africa, from northern Angola to northern South Africa (e.g., De Aradjo et al., 1988;
De Carvalho et al., 2000; Hanson, 2003; Haddon and McCarthy, 2005) (Fig. 2D). Some Late
Jurassic to Early Cretaceous continental series are exposed farther to the north but have not been
mapped south of 15°S (De Aradjo et al., 1988). Regionally, the thickness of the Kalahari Group
sediments is variable, locally reaching up to 450 m in southern and central Angola (thickness ranges
from 0 to 350 m in our study area (Fig. 2D)) (Haddon and McCarthy, 2005). A detailed description
of the Kalahari Group sediments together with a compiled isopach map can be found in Haddon and
McCarthy (2005) with many references specific to each sediment. »/ unit. Although local variations
exist, the series are generally composed of a basal unit fornad 1y alluvial conglomerates and
gravels. These coarse sediments are covered by calcarcou= ~lays mixed or interbedded with
sandstones. The following unit is composed of sands* nes generally considered as braided river
deposits. This unit is poorly consolidated except fc. e development of extensive duricrusts in the
pans (pans are flat, closed depressions of va*i~us arigin including karstic erosion, wind deflation,
salt weathering or lacustrine processes, e.g., ~.'hritton et al., 1990; Goudie, 1991; Wormald et al.,
2003). The final unit is composed nr nr.onsolidated sand of both fluvial and aeolian origin

characterized by the dune fields des- ribeu above.

3. Rivers and aeolian dunc¢s morphologies in southern Angola.

3.1. Methodology anr data.
Topographic data were obtained from the NASA Shuttle Radar Topography Mission (SRTM-1)
digital elevation model (1 arc second — 30 m — horizontal resolution) (DOI:/10.5066/F7PRTFT).
Topographic maps and elevation profiles were drawn using the Generic Mapping Tool (GMT)
software (Wessel and Smith, 1991). River longitudinal profiles were first digitalized on Google
Earth® before corresponding altitudes were extracted from the SRTM-1 model using GMT. Finally,

wind data were obtained from the Copernicus ERA5-Land monthly average model (0.1° x 0.1°



horizontal resolution) using the 10 m above ground wind speed and direction data (Mufioz-Sabater,
2019).

3.2. River morphologies.
The rivers sourced in the Angolan plateau are flowing southward on a near N-S trend, parallel one
to the other before several of them are diverted on a large westward curve on reaching the flat,
semi-arid northern edge of the Okavango Basin. Bending occurs immediately south of the
topographic break in slope between the plateau and the plain and immediately north of the limit
defined between the warm temperate (Cwa) and arid steppe (Bsi) climate domains (Fig. 2C). No
apparent link exists between the change in direction of the rivars «nd the surface lithology (Fig.
2D). Only the large Cubango and Cuito rivers remain on a r2a. N S track.
The riverbed topographic profiles record variations in ‘'ynamics between the different rivers (Fig.
4A). The Cubango and Cuito rivers show a constun’, very low mean longitudinal slope over the
complete measured profile (0.012% for thz Cchango excluding the section above a marked
knickpoint (k1), and 0.018% for the Cuito), w.ile the other rivers have a generally convex profile
when reaching the lowlands and a sir,m:*cantly higher mean slope over the complete measured
profile (between 0.034% for the Liassn.ga to 0.065% for the Cuatir) (Fig. 4A). Satellite images
shows numerous waterfalls alony the upper Cubango River suggesting that incision reached the
consolidated-rock series be'ow  he weakly consolidated, weathered upper members of the Kalahari
Group sediments (Thomas and Shaw, 1991; Haddon and McCarthy, 2005). This explains the
occurrence of the major knickpoint (Fig. 4A). A similar incision level could be expected in the
Cuito River based on altitude correlation of the riverbed, although no knickpoint is observed along
the profile drawn in this study (Figs. 2C and 4A). Finally, two knickpoints are observed in the upper
part of the Cuafir River profile (k2 and k3), although based on the available data no link could be
made with changes in riverbed lithology (but this possibility cannot be excluded).
North of 16°S, E-W topographic profiles perpendicular to the drainage system show that the

western banks of the rivers are generally steep (about 8 to 10%) and display stepped terraces (Figs.



2, 4B-C, 5 and SupFig. 1). Furthermore, the western banks are systematically underlined by a 4 to 5
km wide, up to 60 m high ridge formed by a continuous dune cordon (see below). In contrast, the
eastern bank is marked by a more gradual slope (Figs. 4B-C, 5 and SupFig. 1).

South of 16°S, regional E-W topographic profiles perpendicular to the drainage system along the
main axis of the releasing bends show a series of characteristic semi-conical structures, the most
typical being related to the Cueio, Cuafir and Luassinga rivers (Fig. 4D). The western bank of the
rivers is again systematically marked by a 60 to 80 m high steep slope (Fig. 2C). Although no
continuous dune cordons are observed except along the majoi Zuito and Cubango rivers, the
topography is rugged, mainly associated with large parabolic d ines and blowout depressions (see
below) (Fig. 2). The eastern bank of the westerly bent Cue’a, <1 4fir, Cuatir and, to a minor extent,
the Luassinga River, shows a roughly 20 km long grad::al e toward a plateau at about 1220 m in
altitude on the considered section (Fig. 4D). Exrc t for the Cueio River (that connects to the
Cubango River much farther north than the o*>=r ,*vers), the distance between each river is regular,
ranging between 30 and 40 km. The observe. amount of entrenchment of the riverbed seems to
depend on the apparent flowrate of th: :/ers (no flow measurements are available) and appears
inversely correlated with the slope. 'ndecd, on the latitude of the regional E-W topographic profile
(Fig. 4B), the major Cubango anu Cuito rivers (that display the lowest longitudinal slopes) have an
altitude of 1140 m while tr2 sn aller Cuafir and Cuatir (showing a higher longitudinal slope) have
an altitude of 1160 m (Fig. (D). In parallel, the Cubango and Cuito rivers are characterized by a
well-defined active meandering riverbed all along their analyzed course (SupFig. 2A and 2F). In
contrast, the westerly bent rivers show a well-defined meandering active bed north of the onset of
bending and a poorly defined, braided- to anastomosed-like active bed within the bend region,
characterized by vast swamps (SupFig. 2B to 2E). Assuming that the grain size of the transported
material is similar in all rivers (mostly recycled aeolian and fluvial Kalahari sand), the variations
between meandering and anastomosed/braided morphologies are probably reflecting an increase in

sediment supply and/or the decrease in bed slope (Church, 1992; Rosgen, 1994).



All the rivers forming the Cubango and Cuito drainage systems are flowing toward the Okavango
graben in northern Botswana (Fig. 1). The entrenchment of those rivers is largely driven by incision
following a Late Pliocene-Pleistocene drop in base level induced by the tectonic subsidence in the
Okavango graben and the progressive evaporation of the vast lakes that filled a large area of the
Okavango Basin during the Early Pleistocene - Holocene (Ringrose et al., 2005; Burrough et al.,
2009; Moore et al., 2012; Riedel et al., 2014). This regressive erosion mechanism explains the

formation of valleys several tens of meters deep.

3.3. Dunes.
On a kilometer to deca-kilometer scale, the riverbanks ar~ c"aracterized by two types of aeolian
features that — to our knowledge — have not yet beer discussed in the Kalahari region: riverine
parabolic dunes and continuous, river-parallel duns, vardons (Fig. 5). Because this work is entirely
based on remote sensing datasets, the age of *~9sc dunes was not constrained. Given their location
and similar vegetation cover, their main peric of formation probably corresponds to that of the
Middle Pleistocene — early Holocene li.nt e and linear dunes dated in western Zambia (O’Connor,
1997; O’Connor and Thomas, 1999; Bur,ough et al., 2015).

3.3.1. Riverine parabolic v mes.
As mentioned above, south of . 6°S, the topography of the western banks of the rivers, except for
the major Cubango and Cui'o rivers, is mainly characterized by parabolic dunes. Fig. 6 illustrates
the geometry of aeolian deposits around a portion of the Lwandilu River, a small tributary of the
Zambezi River in western Zambia (Fig. 1), immediately east of our study area. The satellite image
(Fig. 6A) and the interpreted geomorphological map (Fig. 6B) show the formation of large riverine
(parabolic) dunes extending over up to about 5 km downwind of the river channel. Parabolic dunes
generally occur in semi-arid to sub-humid areas with unidirectional winds and are frequently
vegetated (Lancaster, 2009). However, they may also develop in more humid climates in regions of

high sand availability such as coastal areas (Bailey and Bristow, 2004; Bertran et al., 2011; Swezey



et al., 2016) or regions of strongly contrasted wet and dry seasons (Carr et al., 2016). In the example
described here, the parabolic dunes (Fig. 6C) develop on the Liuwa Plains, a flat, grassy wetland
itself supporting a dune field composed of grass-, shrub- and tree-covered transverse dunes (Fig.
6D). Although direct field investigation would be needed to assess this observation, satellite images
suggest that some of the vegetated transverse dunes show active crests (Fig. 6E) with a frequency
that would tend to increase toward the large parabolic dunes, suggesting that the activity of both
dune sets is linked. These potentially active crests also suggests that the dunes are not totally
stabilized. This activity may either reflect long-term interactions hatween vegetation, sand motion
and variations in rainfall (e.g., Hesse and Simpson, 2006) oi rec:nt soil degradation linked to
increasing human pressure (Belnap et al., 2009). Indeer!, ‘n ‘he southwest Kalahari, below a
vegetation cover of less than 14% the crest of vege*itea dunes show evidence of reactivation
(Wiggs et al., 1995; Thomas and Leason, 2005). T.ic increasing human pressure in the study area,
especially through cattle grazing and fire /™ay ot al., 2014; Chidumayo, 2016 and references
therein), may account for a renewed activity o. the dunes (Wasson and Nanninga, 1986; Holmes et
al., 2012; Abdourhamane Touré et al. 2219,. The eastern bank of the river is smoother than the
western bank and marked by a 1 tc 2 k.n wide low-ridge-like structure formed by a thin sheet of
aeolian sand colonized by trees. The ridge separates the river channel from a wet alluvial plain to
the east, similar to the Liuw a Picins.

The riverine parabolic dunes described above are similar to those found along the western bank of
the westerly-bent rivers in our study area, south of 16°S. They form dune fields that extend
westward until they reach the next river, some dunes clearly invading the floodplain (SupFig. 2).

3.3.2. River-parallel dune cordons.

North of 16°S and, to a lesser extend along the major rivers farther south, large continuous dune
cordons form a 4 to 5 km wide, up to 60 m high ridge parallel to the river (Figs. 4B, 4C, 5 and
SupFig.1). Theses ridges are supporting a dense vegetation cover of the Miombo-type forest

characterized by large trees (Day et al., 2014; Goyder et al., 2018). The cordons are often separated



from the active floodplain by terraces that are only located along the western bank of the rivers. The
long axis of the cordon is systematically parallel to the riverbank, independently from the angle
with the main wind direction (Fig. 5). Some places display dual cordons, composed of a narrow
ridge along the river and a wider one farther west (Fig. 5). Downwind of those cordons, parabolic
dunes are developing that seems to be sourced from the cordon. Both features are separated by a

narrow depression.

4. Discussion

Based on the geomorphic data described above, this section dis.'usst s the evolution of the regional
topography and the long-term evolution of the drainare ne‘work. We demonstrate that the
occurrence of the rivers controls the formation of partic' lar . eolian features. Coevally, retro-actions

exist and we show that the river dynamics, at all sra:. s, are largely controlled by aeolian processes

(Fig. 7).

4.1. Fluvial control on the forms.ar.n of aeolian features.
4.1.1. Riverine parak-lic cunes.

Riverine parabolic dunes similar :2 ui0se presented above have been described along the Xiangshui
and Laoha rivers in NE Ch na (Wang et al., 2019) (SupFig. 3). The authors proposed a “blowout”
type model for the formatic.a of the dunes (see Fig. 6 for a simplified wind-pattern model): the
airflow is disturbed by the topographic obstacle created by the river valley (Bullard et al., 2000) and
accelerates up the downwind bank similar to the airflow accelerating up a ridge (Hunt et al., 1978;
Smyth, 2016; Liu et al., 2019). The wind-flow acceleration increases the surface shear stress that
reaches a maximum along the crest of the obstacle (in this case the top of the riverbank), inducing
erosion and deflation. On crossing the crest, the flow decelerates sharply, decreasing the surface
shear stress and forming a wake zone that allows sand deposition and the formation of the riverine

parabolic dunes. The largest dunes are formed close to the river and the sand is then re-mobilized by



the wind along the edges of the dunes, propagating the dune-tip downwind. This model implies that
the sand forming the riverine dunes is brought into the system partly by the regional aeolian load
but mainly from the river load mobilized by the airflow directly from sand bars in the riverbed or
from the banks (Muhs et al., 1996; O’Connor and Thomas, 1999; Bullard et al., 2000; Draut, 2012;
Thomas and Bailey, 2017; Sankey et al., 2018; Wang et al., 2019).

This model can be applied to our study area (Fig. 7): the wind blowing from the east interacts with
the N-S directed incised rivers leading to the formation of extensive riverine dunes on the western
side of the valleys (Figs. 2 and 5). West of the Cubango River, rivers flow into the tectonically
stable Etosha pan system (Owambo Basin) in Namibia (Fig. 1) (see Niipale and Cuando rivers on
Fig. 2). Although the wind regime and climate remain ident’c.! t".e very shallow river valleys in the
lowlands do not represent a sufficient topographic ¢'stac'e to the wind flow to develop large
riverine dunes. The Angolan rivers carry a lot of fin.c- grained sand eroded from the aeolian-alluvial
Kalahari Group series that covers most of the :~gicn (Haddon and McCarthy, 2005) (SupFig. 2). As
already suggested by Thomas (1988), a non-n.ligible part of the sand forming the riverine dunes
might be of alluvial origin, directly bluow > rom the sand bars inside the river and explaining the

large volume of those dunes.

4.1.2. Foredu nes.
We interpret the river-parall | dune cordons as established foredunes, similar to those developing
from trapping of aeolian sand by vegetation along beaches (e.g., Short and Hesp, 1982; Bauer and
Sherman, 1999; Bauer et al., 2012; Garcia-Romero et al., 2021). Unlike the generally poorly
organized incipient foredunes that develop on grassy vegetation, established foredunes are often
associated to complex vegetation systems including woody species. In coastal areas, their growth
and dynamics depend on several parameters such as the rate of aeolian sand supply and erosion, the
amount and type of vegetation cover, or wave-driven erosion and water level fluctuation (e.g., Hesp,

2002). As detailed above, in our study area the aeolian sand is largely sourced from the fine-grained



material transported by the rivers (supply rate can be considered as nearly constant). This recycling
allows for aeolian sand transport even during relatively wet periods usually considered as poorly
compatible with dune formation (Thomas et al., 2000, 2003). North of 16°S, the position of the
riverbanks has been largely stable during the time needed for the formation of the dunes, there is no
erosion linked to waves, and vegetation has remained dense and woody for at least most of the
Quaternary (Malhi et al., 2013). However, alternation of drier periods as indicated, for example, by
the chronology of formation of the lunette dunes associated to the Zambian dambos (O’Connor,
1997; Burrough et al., 2015), allowed for periods of increased du.»¢ activity. A drier climate makes
for longer low-flow periods for the fluvial system, exposing the floo Iplains to greater deflation and
favoring the growth of riverine dunes (Mush and Holliday 1."9%; Mush et al., 1996; Kocurek and
Lancaster, 1999). The continuous deflation of fluvial sa* d, ¢ ymbined with the peculiar wind pattern
produced by the incised valleys, allowed for the fui.nation of large foredunes. Through time, the
foredunes migrate downwind leaving a “wind “ericce” along the riverbank on which a second dune

may develop (Figs. 5, 7 and SupFig. 1).

4.2. Retro-active influence c* dun. progradation on the river network.

While the occurrence of rivers 1c~ds to the formation of the aeolian pattern described above, the
dynamics of those dune fie(ds  Iso controls the drainage pattern by forcing some of the rivers to
migrate westward over sever .l tens of kilometers, explaining their arcuate shape (Fig. 7).

North of 16°S, the foredunes underlining the western banks of the rivers are largely stabilized by
dense vegetation cover, only slowly migrating westward. In contrast, in the driest lowlands south of
16°S, the sand initially deposited in the parabolic riverine dunes is remobilized and transported
farther west by the wind, forming extensive dune fields (Figs. 1 and 2). The migrating dunes finally
reach the next river, bringing a considerable volume of aeolian sand on the eastern bank. Dunes
invading the river valleys are clearly visible in the Cuafir and Cuatir rivers (SupFig. 2). When the

apparent water flux is limited, such as in the Cuafir, Cuatir and Cueio rivers, alluvial transport



capacities are not sufficient to compensate aeolian deposition (in the absence of available flux
measurements, the apparent water flux of the river is estimated relative to the geometry (width,
meandering, continuity) of the active river (SupFig. 2). This phenomenon, associated with the
preferential aeolian and fluvial erosion of the western bank of the valleys, forces the river to migrate
westward, forming the large-scale releasing bends observed in the study area (Figs. 2 and 7). Unlike
in the Chinese example where the riverbed is not shifted by the propagation of the dune field
(SupFig. 3), in the Angolan example, the migration of the riverbed is facilitated by the weakly
consolidated upper Kalahari Fm. deposits forming the substratum. this unconsolidated surface layer
facilitates wind abrasion and fluvial incision of the downwind riverbe nk.

When the apparent water flux is large enough, such as in e Cubango or Cuito rivers, alluvial
transport capacities compensate (and probably exceed) the aeolian deposition capacities (SupFig.
2). The river course is not diverted and this stability allows for the development of an established
foredune along the western bank (Fig. 2). To *~= s2uth, the rivers merge, the Cuafir with the Cuatir,
the Cueio with the major Cubango, and the L 'assinga with the Cuito, which stops the westward
migration system by increasing the alli.vi.' fransport capacities. Finally, the Cueio River illustrates
the ultimate step in the aeolian mclific.tion of the drainage system: the river migrated westward
toward the stable Cubango valle,’ wie distance between the two rivers decreased and the Cueio
finally managed to break tt rou h the parabolic riverine dunes on its western flank abandoning the

southern part of its arcuate o.leo-valley (Fig. 2).

5. Conclusions

The incised drainage system on the southern slopes of the Angolan plateau and in the northern
Kalahari generates local perturbations in the near-unidirectional E-W wind system characterizing
that region. These perturbations associated to the availability of fine-grained clastic material in the

riverbeds triggered the formation of foredunes and riverine parabolic dunes along the west bank of



the rivers. The preferential development of foredunes over parabolic dunes is linked to a denser and
more complex vegetation cover and to the higher transport capacity of the river. The morphology of
the drainage system thus drives the formation, characteristics and evolution of dune fields in that
region. In parallel, aeolian processes can have a major influence on the shape and dynamics of a
drainage system at a regional scale. The alignment of the secondary rivers with the direction of the
major dune fields was already largely established. However, the large-scale diversion of the trunk
rivers, facilitated by an easily erodible substratum, an existing but limited vegetation cover, a low
transport capacity and a near-perpendicular angle between the nd and river direction was not
documented. The impact of this mechanism on river-capture prccess 2s in semi-arid regions, on the
geometry of clastic deposits in sedimentary basins (hovv = cuch mechanism recorded in the
sedimentary archives?) or on source-to-sink budgets hov' much of the preserved sediment is
brought from outside the system by recycling of vw:ndblown material in rivers?) remains to be
explored. Finally, the ongoing aridification I':“eu to climate change may increase the interactions
between rivers and dunes fields: a decrease n. vegetation cover should increase aeolian transport,
decrease the transport capacity of rivers -.>d (hus facilitate the formation and migration of riverine

parabolic dunes.
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FIGURE CAPTIONS

Figure 1. General map of southern Africa showing the main rivers, dune fields and tectonic or

topographic features discussed in the text.

Figure 2. Climate and topography of the southern Angolan plateau — northern Kalahari basin. A -
Annual total precipitation in southern Africa (modified from Conway et al., 2015). Rectangles
labelled B and C correspond to the area represented in Figs. 2B =»nd 2C. B - Simplified Koppen-
Geiger climate map highlighting the transition between equaioriai to warm temperate and arid
around 16°S in Angola. Climate labels correspond to th2 “drpen-Geiger (map modified from
Kotteck et al., 2006). C - Topographic map obtained frc'n Si”TM-1 data of the study area extending
between the Cubango and Cuito rivers. The rose ui. gram represents the wind direction obtained
over the whole region from the Copernicus ~k,“5-Land monthly average model for the period
January 2017 to December 2019 (N is the nu.mber of observations). The white-shaded rectangles
show the location of the stack topograsn-< nvofiles reported in Figs. 4B and 4D. The dotted white
line corresponds to the limit betwec 1 the warm temperate (Cwa) and arid (BSh) climate zones. D -
Geological map of the study area vascd on De Araujo et al. (1988). In the Kalahari Group, the “Grés
polimorphos” Formation corre.pond to the basal alluvial conglomerates unit (Eocene to early
Miocene); the Undifferentiaf :d Eocene — Pliocene unit corresponds to calcareous clay deposits; the
“Areias ocres” Formation corresponds to the poorly indurated fluvial sandstones unit (Miocene —
Pliocene); the Undifferenciated Quaternary, Holocene alluvium and Aelian deposits units
correspond to the youngest, unconsolidated series (see text for a description of the units). The
brown dotted lines indicate the estimated thickness of the Kalahari Group sediments (labels in

meters) (see also Haddon and McCarthy, 2005).



Figure 3: Satellite images of various types of dunes forming the northern Kalahari dune field
(images are taken from Google Earth. A- Landsat/Copernicus image of the extensive linear dunes
extending in SE Angola, NE Namibia and north Botswana. The white arrow underlines the long
axis of the dunes. B- Maxar Technologies image of vegetated, stabilized parabolic dunes in SE
Angola. The dotted lines underline the front of the dunes. C- Maxar Technologies image of a large
lunette dune associated to a blowout structure in south Angola. The dotted line approximatively

underlines the front of the dune.

Figure 4: A- River longitudinal profiles of the trunk rivers in toe siidy area. Profiles begin to the
north at the latitude of 15.5°S and end to the south either at t.~ cunfluence with another major river
or at a latitude of 16.75°S. The high-frequency noise i~ the data correspond to uncertainties in the
SRTM-1 data. B - Topographic stack profile in the 1. rthern part of the study area (see location on
Fig. 2). Profiles were acquired with a 1 km =racing from SRTM-1 data; altitude data along each
individual profile were sampled every 20 m. 1:.~ colored line corresponds to the mean elevation and
the grey envelope represent the elevatirn .anability between profiles. The beige area represents the
assumed position of the consolidcted {alahari Group sediments forming the basement of the
uppermost, poorly consolidatea Cenozoic deposits (see Haddon and McCarthy (2005) for a
description of the thickness o1 the Kalahari Group). C- Detailed stack profiles across the Cuito
River north of 16°S (see location on Fig. 5A). Profiles were acquired with a 250 m spacing with
altitudes sampled every 20 m. Caption is the same as for Fig. 4B. D- Topographic stack profile in
the axial zone of the rivers restraining bends (see location on Fig. 2). Caption and data acquisition is

the same as for Fig. 4B.

Figure 5. Topography (A, C) and geomorphological interpretation (B) of a section of the Cuito
River showing the large cordon dunes (foredunes) and the terraces along the western bank. West of

the foredunes, parabolic dunes are developing, fed by aeolian sand sourced from the foredunes.



Note that parabolic dunes are also occurring east of the river, belonging to a vast dune field

extending between the Cuito River and the Zambezi River system to the east.

Figure 6. Dune pattern across the Lwandilu River, a N-S flowing tributary river in the upper
Zambezi drainage system, western Zambia. The formation of elongated, kilometer-scale parabolic
dunes on the western flank (downwind flank) of the river is characteristic of the interaction between
aeolian and alluvial systems in the entire northern Kalahari. A- Satellite image (Landsat image from
Google Earth) showing the parabolic dunes extending on the Liu va Plains wetlands. On the small
inset map of Africa, A is Angola, Z is Zambia and the red re~tan jle indicates the map area. B-
Morphological map interpreted from image in Fig. 6A. C- Clc-er view of one of the large parabolic
dunes shown on Fig. 6A (Maxar Technologies 2021 ims3je from Google Earth). The dune is
strongly vegetated with some densely forested area<. .>- Close view of a transverse dune field in the
Liuwa Plains showing the scarce vegetation ~2ve, composed of small trees and shrubs. The brown
areas correspond to a grassy floodplain (Max.~ Technologies 2021 image from Google Earth). E-
Poorly vegetated transverse dunes de' eronnig immediately downwind of a parabolic dune. The
white areas underlining the upwind - ide .f the dunes corresponds to the non-vegetated active part of

the dunes (Maxar Technologies 2?1 image from Google Earth).

Figure 7. Model of large-sc.de interaction between aeolian and alluvial processes in the northern
Kalahari. A- Schematic 3D representation of the organization of dune fields and topography of the
riverbeds. The vegetation cover corresponds to the present-day environment. During the Pleistocene
main phase of dune formation, vegetation was probably more restricted. Red arrows indicate the
wind direction and relative speed. Numbers 0 to 2 on the section indicate the westward propagation
of the riverbed marked by intercalated fluvial and aeolian deposits. B- Corresponding conceptual
2D model: the wind accelerating upslope at the riverbank deflates sand from the riverbed and

erodes the bank. The low shear stress wake zone behind the top of the bank allows sand deposition



and the formation of established foredunes in the most vegetated areas to the north or along the
largest and most stable rivers (Cubango and Cuito). When vegetation and river transport capacity
decrease (making for a less stable riverbed) because of changes in climate conditions and
topographic slopes, parabolic dunes are formed instead of established foredunes. Aeolian material is
then transported by wind farther to the next river. When the river transport capacity is low, this

excess sediment load forces the river to divert westward (riverbed stages 0, 1 and 2).
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