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ABSTRACT

Sand accumulation in the Namib Sand Sea (NSS) results from long-distance northward longshore transport from
the Orange River delta, fuelled by swells generated at high southern latitudes. The build-up and position of the
northern and southern hemisphere ice sheets regulate wind intensity and aridity in Namibia, and consequently
the northward littoral transport, water discharge, and ultimately the Benguela Current. The latter extends
beyond the NSS during periods of high wind intensity (increasing aridity), while it turns westward before
reaching the Namibian coast during periods of less intense wind (decreasing aridity). Hence, the behaviour of the
Benguela Current can be used as a diagnostic parameter to discriminate arid vs semi-arid climate during the
Cenozoic. The interplay of such a powerful system controls long-distance northward sediment transfer with part
of the sand being blown inland and stored in the erg. Literature data suggest that fluvial-aeolian interactions in
the inner part of the NSS result in choking of river valleys and a composition of dune sand indistinguishable from
the Orange River sand.

Previous studies support a model where sediment transport and climatic settings were constant since at least
the Early Miocene and possibly the Eocene or even the Cretaceous. However, available data from offshore cores
in front of Walvis Bay indicate that the Benguela Current (i) initiated between 10 and 12 Ma, (ii) deviated
westward several times in the past without reaching as far north as today, (iii) hyperarid climate was not
constant over the last 20 Ma, and (iv) climate became more stable since 5 Ma. Hence, water and sediment
discharge of inland-sourced rivers flowing westward into the NSS and beyond were higher during humid stages
of the past suggesting that fluvial-aeolian interactions may have notably changed through time. We test this
hypothesis by analysing the sediment character and provenance features of the aeolian and fluvial sandstones of
the Oligocene to Pliocene Langer Heinrich (LH), Tsondab (TS), Karpfenkliff/Kamberg (KK), and Oswater (OW)
formations*, which* preserve an excellent record of fluvial/aeolian interactions in the eastern Namib desert. We
compare the dynamics of modern ephemeral river*-*dune interactions in the areas of Sossusvlei and Tson-
dabvlei, where the Tsauchab and Tsondab rivers, respectively, are dammed and dormant within the dune belts to
form playa-lakes (locally called vleis = pans). Integrating sand and sandstone detrital modes and heavy mineral
assemblages of modern and ancient fluvial and aeolian deposits, detrital zircon geochronology of the dunes of the
Tsondab Fm., together with stable isotopes on sandstone carbonate cements and calcrete sediments reveals that
(i) the material of the Orange River did not reach the inner NSS as far eastwards as today (ii) that the Late
Miocene (Tsondab) Sand Sea in this region was largely sourced by local rivers, and that, (iii) Unlike the Tsauchab
River and the nearby dunes of the Sossusvlei area, the sand of Tsondabvlei and the dunes surrounding it is not
derived from the Orange River, making it a desert within a desert. Based on cosmogenic-nuclide modeling, the
last phase of aridification in the NSS, which caused extensive sand dispersion, occurred approximately 2 Myr ago.
For marginal sand deposits, we estimate that sand at the northern margins of the erg had a residence time of
approximately 1.5 Myr as it travelled northward.
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1. Introduction

The Namib Desert developed in an area that repeatedly hosted desert
environments, registered in the stratigraphic record from the Permian-
Mesozoic to present (e.g. Ward et al., 1983; Stanistreet and Stollhofen,
1999; Miller, 2008; Zieger et al., 2022). The Namib Desert extends over ¢
., 2000 km from South Africa to Angola and includes the major Namib
Sand Sea (NSS) and several dunefields such as the Swakopmund, Skel-
eton Coast, Cunene, and Mocamedes coastal dunefields. The dunes of the
Namib Sand Sea are made of sand generated partly in Lesotho highlands,
transferred to the Atlantic Ocean by the Orange River (Rogers, 1977;
Garzanti et al., 2012, 2024), moved northward by swell waves, and
accumulating in four successive ergs from coastal Namibia to Angola
(Fig. 1; Garzanti et al., 2012; Garzanti et al., 2018). With an area of ~34,
000 km?, the NSS is by far the largest among these ergs, representing the
wave and wind-displaced delta of the Orange River. Sedimentary pro-
cesses and sediment dispersal mechanisms are considered to have
remained remarkably constant since at least the early Miocene, making
the NSS the oldest active erg in the world (Rogers, 1977; Ward et al.,
1983; Miller, 2008; Garzanti et al., 2012). Remnants of the Miocene sand
sea are the dunes of the Tsondab Formation (20-5 Ma) which are
exposed throughout the NSS and most extensively in its northeastern
part (Fig. 1 in Ward et al., 1983). Along its northwestern margin, the
sand sea receives sediment from three ephemeral rivers, namely the
Tsaris, Tsauchab, and Tsondab, which flow every few years only pene-
trating the dune field for a maximum of ~90 km (Fig. 1). The interaction

between aeolian activity and the westward flowing ephemeral rivers in
the inner part of the erg is complex and may result in (i) damming, (ii)
flooding of interdune areas and formation of playa-lake depressions in
the south, central, and northern parts of the studied region, or (iii)
breaking through the dune field and reaching as far as the Atlantic Ocean
(e.g. Stanistreet and Stollhofen, 2002; Svendsen et al., 2003; Eitel et al.,
2005). Data from Sossusvlei indicate that the material transported by the
ephemeral Tsauchab River is progressively diluted once it enters the
dune area until little trace of it remains in the surrounding dunes, which
display the Orange compositional fingerprint (Garzanti et al., 2012;
Feder et al., 2018). About 80 km to the north, the Tsondabvlei shows
similar morphological features, due to the interplay of the ephemeral
Tsondab River and the dune system. However, Garzanti et al. (2012)
documented a markedly different composition of the dunes surrounding
the Tsondabvlei indicating a strong affinity with the material delivered
by the Kuiseb River (the natural barrier defining the northern border of
the NSS), either directly or indirectly by recycling of relict deposits.
Oligocene to Pleistocene river sediments are preserved by the Langer
Heinrich, Tsondab, Karpfenkliff, and Oswater formations in the NE
corner and beneath the NSS, well exposed in the deeply incised Kuiseb,
Ghaub, and Sesriem Canyons (Figs. 2, 3). Aeolian and mixed
fluvial-aeolian sediments of the Tsondab Fm. along the eastern margin of
the NSS are exposed between Sossuvlei and Tsondabvlei (Figs. 1, 3) and
in patches in peri-coastal areas of the NW part of the sand sea. Miocene
and younger aeolianites are normally referred to as proto-Namib, and
their formation and development is generally attributed to the same
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Fig. 1. Overview of the Geology of southern Africa (A), the drainage systems developing on the Atlantic side of Namibia (B), and geological map of the central-
northern Namib Sand Sea and the surrounding region (C). (A’) movement and northward reach of the Benguela current through time.

transport dynamics as today (Kocurek et al., 1999; Ségalen et al., 2004;
Miller, 2008; Garzanti et al., 2012). Sediment transfer dynamics are
largely related to the position of Antarctica - and the extent of the ice
sheets — which in turn controls the two main parameters regulating
sediment transfer and accumulation from the Orange River Mouth onto
the Namib Sand Sea, (1) swell waves generated in the southern storm

belt (after Silvester, 1962 and Davies, 1972), and (2) wind intensity
which controls the northern reach of the Benguela Current and, most
importantly, aridity in SW southern Africa (and ultimately fluvial ac-
tivity and fluvial-aeolian interaction). The effects of the Benguela Cur-
rent are documented by the DSDP Site 326 (Leg 40) — Walvis Ridge — and
are visible in sediments dated at 10-12 Ma (Diester-Haass et al., 1988).
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Fig. 2. Seasonal variability in atmospheric and oceanographic conditions over southern Africa and the adjacent Atlantic Ocean. (A-C) Near-surface wind fields
overlaid on relative humidity maps for March (A), August (B), and December (C). Yellow shades indicate dry air masses (relative humidity <15 %), while blue tones
represent high humidity conditions (>80 %). Wind vectors illustrate seasonal shifts in airflow, including inland penetration of moist air in March and increased
aridity in December. (D-F) Surface ocean current velocities for the same months, with velocity magnitudes ranging from 0 m/s (blue) to 1.5 m/s (red). The Benguela
Current system intensifies along the Namibian coast toward December, consistent with enhanced coastal upwelling and onshore aridification. (G) Modeled wave
propagation patterns from the Southern Ocean toward the southwest African coast. Arrow colours code broadly represent the main wave motion throughout the year.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

However, the current deviated the flow pattern a number of times be-
tween glacial and interglacial periods and stabilised around 5 Ma
(Diester-Haass et al., 1988; Fig. 1B; Hay and Brock, 1992; Robert et al.,
2005). Hence, the middle-late Miocene instability of the Benguela Cur-
rent, and its different behaviour during glacial and interglacial periods,
suggests that the mechanism powering the conveyor belt (northeastern

direction of oceanic waters in the southern hemisphere, wind intensity,
and resulting aridity) transferring the sediments from the Orange River
mouth to the NSS might have been different from today, challenging the
theory of a proto-Namib sourced by the same sediment routing system.
Furthermore, it is not clear how long it has taken for the Orange sand to
accumulate onto the Namib Desert and to reach as far east into the erg as
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Fig. 3. Modern Namib Desert and Tsondab paleodesert: (A) The northern part of the Namib Sand Sea south of the Kuiseb River, comprising light yellowish composed
crescentic and barchan dunes in coastal areas, complex linear dunes in the central part, and yellowish-red compound anastomosing linear dunes and star dunes on the
eastern edge of the sand sea (Lancaster, 1989) which are underlain by reddish-brown fluvio-aeolian sandstones of the Miocene-Pliocene Tsondab Formation. Ex-
amples of aeolian-dominated Tsondab exposures at (B) E of Fischers Brun and (C) W of Namib Desert Lodge, showing medium- to large-scale crossbedded dune sets
recording prevailing winds toward NW-E. See panel A for locations. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

today.

We tackle these problems by using quantitative provenance analysis,
a key technique in sediment-routing-system research (Caracciolo, 2020;
Caracciolo et al., 2021) that proved to be particularly useful to under-
stand sediment generation and dispersal along the SW African Margin
(Garzanti et al., 2012, Garzanti et al., 2014, Garzanti et al., 2018; Gar-
zanti et al, 2024). By integrating sedimentary petrography,
heavy-mineral analysis, bulk-rock geochemistry, and detrital zircon
geochronology, we show that fluvial-aeolian interaction during the
Miocene-Pleistocene in the inner Namib Desert (i) did not involve ma-
terial supplied by the Orange River, and/or (ii) that fluvial activity of the
Tsondab River (and of other contemporaneously active inland-sourced
rivers) delivered enough sand during the Miocene to form the “Tson-
dab Sand Sea” in the studied region which was later blanketed by the

Namib Sand Sea, and that (iii) the dunes of the NE Namib Sand Sea
constitute what remains of the Neogene Tsondab Sand Sea.

2. Regional geology and climate

The formation and evolution of sediment routing systems are regu-
lated by the interplay of external forcings (climate and tectonics, and
lithology) and resulting morphological parameters characteristic of the
three main segments, namely the erosional engine, the transfer zone, and
the long-term sink (Allen, 2008, 2017). Here below we describe both
external forcings and the elements of the Orange SRS which provide the
base to better understand the origin and evolution of the NSS.
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2.1. Tectonics

Coastal South Africa and Namibia represent the southwestern
Atlantic passive margin of the African continent. Landscapes are largely
inherited from (i) the Early Cretaceous rifting and opening of the South
Atlantic, associated with magmatic and tectonic processes, (ii) forma-
tion of the Great Escarpment alongside isostatic uplift of coastal margin
areas and mainly pre-end-Eocene denudation exhuming Neoproterozoic
basement rocks, (iii) very low long-term denudation since at least 5 Ma
for the central Namibian margin with short intermittent erosion periods
and episodic coarse debris supply, and (iv) drainage-confined incision
phases following major Oligocene and Late Pliocene sea-level drops (e.g.
Cockburn et al., 2000; Miller, 2008; White et al., 2009; Stollhofen et al.,
2014; Goudie and Viles, 2015 and references therein; Matmon et al.,
2018).

The Early Cretaceous break-up is recorded by the Etendeka flood
basalt plateau, several igneous intrusive complexes in central Namibia
and the most prominent offshore hot-spot track in southwestern Africa,
the submarine Walvis Ridge (Burke, 1996; Elliott et al., 2009). Rifting
processes linked to the South Atlantic opening increased interior erosion
controlled by continental rim upwarping (Kalahari Basin and Orange
River valley) and west of the Great Escarpment by new lower base level
and fluvial system adaptation. Erosion continued until the Late Eocene,
when marine terraces began to be preserved, followed by Langer
Heinrich and Tsondab deposition during the Oligocene and Miocene
(Cockburn et al.,, 2000). From the Cretaceous to Eocene, erosion
sculpted the African Surface, visible at low coastal elevations and higher
ones behind the Great Escarpment (Partridge, 1998; Miller, 2008;
Goudie and Viles, 2015 and references therein). This prolonged erosion
developed under tropical-humid conditions, as shown by kaolinite-rich
weathering profiles below Kalahari Group sediments and in the
Marienthal-Kalkrand area (Miller, 2008 — chap. 23). Neotectonics are
evidenced by the Plio-Pleistocene Hebron Fault, fault-truncated Pleis-
tocene terraces (White et al., 2009; Salomon et al., 2022), active offshore
mud-volcanoes (Viola et al., 2005), and recent earthquakes in SW and
NW Namibia (Muir et al., 2023; Goudie and Viles, 2015 and references
therein).

2.2. Climate

Namibia’s climate has been driven by three tectonically-related
factors: (i) the southern Atlantic opening and resulting global-scale
seaways, (ii) Antarctica’s position relative to the South Pole, and (iii)
stronger wind intensity and Benguela Current development (Goudie and
Viles, 2015, chap. 3.2 and references therein). The onset of aridity re-
mains debated: some support Cretaceous or earlier origins (Ward et al.,
1983), others favour non-arid settings from the Cretaceous to the
Oligocene (Van Zinderen Bakker, 1975; Stengel and Busche, 2002).
Aeolian deposits, evidence of arid climate, exist from the Mesozoic (e.g.
uppermost Triassic-Jurassic Etjo Fm.; Cretaceous Twyfelfontein Fm.)
and possibly from the Upper Permian (Doros-Morro Pelado Fms.).
Paleogene deposits in the Sperrgebiet and Naukluft Park include (i)
Lutetian fossiliferous continental carbonate and terrigenous deposits
(Black Crow, Silica North/South) with fauna and flora from
well-vegetated regions with summer rainfall (Pickford et al., 2011; Rage
et al., 2013), and (ii) Priabonian shallow-marine invertebrate/verte-
brate deposits indicating warm sea conditions (Siesser and Salmon,
1979). Aridity gradually intensified during the Cenozoic, visible since
the Bartonian, but full arid conditions and winter-dominant rainfall
began in the early or mid-Miocene (Pickford et al., 2014; Hoetzel et al.,
2015). Around 10 Ma, the Benguela Upwelling System began, cooling
sea surfaces and increasing trade winds (Diester-Haass et al., 1990;
Heinrich et al., 2011; Rommerskirchen et al., 2011). Pollen records show
a shift from humid (Tortonian) to arid (Pliocene ~5 Ma) conditions
(Hoetzel et al., 2015). Further aridification occurred at ~4 Ma (grass-
land decline/shrub expansion) and ~ 3.3 Ma (halophytic desert plant
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expansion) (Hoetzel et al., 2015).

Pliocene climate models show warmer land and sea temperatures
and weaker Hadley circulation than today (Haywood and Valdes, 2004).
Later cooling reduced low-latitude rainfall, reinforced Hadley circula-
tion, and boosted trade winds (Leroy and Dupont, 1994; Dupont et al.,
2005). High opal accumulation in ODP Site 1082 sediments reflects
winter rainfall expansion during glacial stages at 2.7 and 2.2 Ma and
sub-Antarctic water incursion into the Benguela System (Dupont et al.,
2005). Cyperaceae pollen declines at 2.2 Ma imply Kuiseb River
discharge interruption at Walvis Bay. River/aeolian palynomorph ratios
show mixed signals before 2.2 Ma, shifting to dominant aeolian post-2.2
Ma (Dupont et al., 2005). Similar patterns are reported by Lancaster
(2002). Despite this, lake, swamp, and interdune deposits suggest some
Quaternary wet phases. Lake beds south of Kuiseb are well-documented
(Selby et al., 1979; Teller et al., 1990), as are interdune Tsondab River
deposits dated to 128-75 and 16.9-10.5 Ka (Stone et al., 2010). On 500
Ka timescales, 230Th/U speleothem dating shows wet phases at
420-385, 230-207, and 120-117 Ka (Geyh and Heine, 2014). Sediment
textures suggest arid interglacial and humid glacial over the past 300 Ka
(Stuut et al., 2002). Holocene fluvial changes indicate climate fluctua-
tions (e.g. Walsh et al., 2022). Srivastava et al. (2006) documented a
hydraulic shift in the Kuiseb River ~15 Ka. Between 16 and 12 Ka, the
Tsondab River extended 55 km beyond Tsondabvlei, then only 6 km
between 12 and 10 Ka (Stone et al., 2010). The Tsauchab River had
higher discharge between 9 and 7 Ka (Brook et al., 2006); a stable arid
period has existed since ~6 Ka (e.g. Greenbaum et al., 2014). Even
short-term fluctuations occurred, such as Little Ice Age extreme floods
(Heine, 2005). Today, the NSS is hyperarid due to Benguela
Current-induced dryness and Hadley Cell air suppression of convec-
tional rain (Kaseke et al., 2012). Annual rainfall ranges from 89 to 172
mm in the interior to 8-89 mm on the coast; temperatures range ~ 20 °C
inland to ~15 °C at the coast (Kaseke et al., 2012).

2.2.1. The Benguela system

Climate regulates surface water temperature, wind intensity, and
oceanic circulation. The southwest African coast is a major upwelling
region due to cold, nutrient-rich Benguela waters. The Benguela Current
is driven by the seasonal shifts of the South Atlantic and Indian anti-
cyclones, and interaction between the continental low and the ITCZ,
which produces winds favouring coastal upwelling (Hutchings et al.,
2009). Influencing factors include (i) its interaction with the Angola
Current to the north, creating the Angola-Benguela front (~17°S), and
(ii) the N-S coastal orientation bending east at Benguela (Angola) and
E-W along the southern margin from Cape Agulhas to Cape Frio (Fig. 1A,
2). The Benguela Current’s onset is debated, with most agreeing on a late
Miocene (~10-15 Ma) origin during a global cooling phase driven by
Antarctic ice sheet changes. Ice sheet growth triggered (i) northward
migration of the Antarctic Polar Front, and (ii) displacement of the
Benguela upwelling system with changing water composition (Siesser,
1980; Diester-Haass et al., 1990; Heinrich et al., 2011; Rommerskirchen
et al., 2011). Other influences include (i) Neogene uplift of southern
Africa (Roberts and White, 2010) enhancing coastal winds, and (ii)
closure of the Central America seaway and narrowing of the Indonesia
seaway, altering ocean currents between 6.6 and 4 Ma and cooling
Miocene polar/intermediate waters (Billups, 2002). Intensified Late
Pleistocene glaciations and southward ITCZ shift further strengthened
trade winds and northward surface water movement.

The Northern Hemisphere Glaciation (NHG) theory links Namibian
paleoclimate shifts to northern ice sheet-induced global changes
(Partridge, 1998; Chase and Meadows, 2007). During glacials, asym-
metric hemispheric temperatures pushed the ITCZ south, reducing
monsoon penetration and rainfall in southern Africa (Schneider et al.,
2014; Wang et al., 2004). Large ice sheets altered global pressure gra-
dients, modifying trade winds crucial for Namib dynamics. These wind
changes influenced dune migration, formation, and dust transport
(Lancaster, 2002; Stone et al., 2010). Northern Hemisphere ice also
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impacted NADW formation, disrupting heat transport and moisture
availability along the Namib coast (Stuut et al., 2002. Millennial events
like Heinrich episodes created Southern Hemisphere teleconnections
affecting southern African rainfall (Chase et al., 2015). CO» fluctuations
during glacials/interglacials altered vegetation, dust, and dune stability
in the NSS (Dupont et al., 2005).

The Benguela Current’s northward reach shifted repeatedly with
climate. Between 10 and 6 Ma, especially 6.3-6.0 Ma, it veered west-
ward south of Walvis Ridge (Deacon and Lancaster, 1988; Figs. 1A, 2).
At 5.2 Ma (interglacial), it only reached Walvis Ridge, while during
5.2-5.0 Ma glacials it extended farther north (Deacon and Lancaster,
1988). These shifts continued through the Pliocene-Quaternary in step
with glacial-interglacial cycles (Diester-Haass et al., 1986). Angola
Basin upwelling signals and weak Walvis Ridge upwelling suggest that
during glacials the Benguela reached 17°S before turning west, likely
moving the Angola-Benguela Front (Jansen et al., 1984; Diester-Haass,
1985; Diester-Haass et al., 1986). More recent work links its position not
only to glacial-interglacial changes but also to orbital-scale precessional
(23 kyr) and eccentricity (100 kyr) rhythms affecting Atlantic Ocean
advection (Jansen et al., 1984 and refs. therein). In the last 135 ka,
stronger easterlies and upwelling occurred at ~130 ka, 56-42 ka, and
23-17 ka (Shi et al., 2000). Antarctic deuterium ice core data and pollen
records confirm that Antarctic cooling corresponds with stronger SW
winds and increased aridity in the Namib (Shi et al., 2000; Goudie and
Viles, 2015).

2.3. The Orange sediment routing system and the Namib Sand Sea

The four major sinks of the Orange SRS make it one of the few multi-
source and multi-sink sediment routing systems in the world (Allen,
2018; Garzanti et al., 2012; Garzanti et al., 2014; Garzanti et al., 2018;
Garzanti et al., 2024; Caracciolo, 2020). The main components of this
routing system are introduced here, namely the Erosional Engines
(distinct lithology-drainages providing sediments to the NSS sink), the
Transfer Zone, and the Long-term Sink.

2.3.1. The Erosional Engines of Namib sand
The Orange River drainage (~970,000 km?) erodes diverse lithol-
ogies (Fig. 1C; Garzanti et al., 2012 and references therein):

e Proterozoic: (i) Neoarchean metavolcanics (Ventersdorp Super-
group); (ii) Paleoproterozoic metasediments (Transvaal Super-
group); (iii) Mesoproterozoic Namaqua Belt.

e Upper Paleozoic-Early Mesozoic: (i) Glacial, turbiditic, and fluvio-
deltaic volcaniclastic sandstones (Dwyka, Ecca, and Beaufort
Groups).

e Mesozoic: (i) Braidplain/floodplain sandstones and mudrocks; (ii)
Aeolian feldspatho-quartzose sandstones; (iii) Drakensberg basalts.

In south-central Namibia, tributaries (e.g. Fish, Konkiep) and
ephemeral rivers that interact with the NSS and drain the Nama-Sinclair-
Rehoboth terrain (Tsaris-Koichab, Tsauchab, Tsondab, Kuiseb) erode:

e Proterozoic: (i) Mesoproterozoic Namaqua Belt; (ii) Sinclair-
Rehoboth Supergroup (granitoid, quartzite, amphibolite, basalt,
rhyolite); (iii) Neoproterozoic-Cambrian Damara metasediments and
granitoids; (iv) Foreland-basin sediments (Nama Group).

e Paleozoic-Mesozoic: Karoo equivalents (Dwyka, Ecca, Beaufort);
Jurassic Kalkrand basalts and intrusions.

2.3.2. The transfer Zone(s)

The NSS transfer zone includes the continental corridor from Lesotho
to the Orange Delta and a > 700 km marine segment between the river
mouth and Walvis Bay. Historically, the Orange discharged ~90 million
tons/year (Rooseboom and von Harmse, 1979; Garzanti et al., 2012).
Mud moved offshore and south, while sand stayed in the breaker zone,
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transported northward (Garzanti et al., 2012, Garzanti et al., 2014).
Orange-derived sand ultimately reaches the Skeleton Coast and Angola
dune fields, entering submarine canyons after ~4000 km (Garzanti
et al., 2014, Garzanti et al., 2018).

Minor ephemeral rivers (Swakop, Omaruru, Ugab, Huab, Koigab,
Uniab, Hoanib, Hoarusib, Khumib, Kunene) also supply sand (Stanis-
treet and Stollhofen, 2002; Stollhofen et al., 2014; Garzanti et al., 2014,
Garzanti et al., 2018, Garzanti et al., 2024 - Fig. 1).

Among the inland ephemeral rivers, the Tsondab and Tsauchab rivers
penetrate furthest into the NSS, forming vleis visible by satellite. The
Tsondab River (catchment 3640 km?; length 110 km — Figs. 1, 3) rises in
the Naukluft-Remhoogte mountains, cuts Tsondab and Karpfenkliff
Formations, and terminates under dunes. The Tsauchab River (catchment
4000 km?; length 150 km) follows a similar path and discharge pattern, with
both rivers experiencing precipitation that decreases from ~ 200 mm in the
mountains to ~ 80-100 mm at their respective vleis (Kaseke et al., 2012).

2.3.3. The Sink (Namib Sand Sea)

The Namib Sand Sea, the long-term sink of the Orange SRS, is a large
coastal erg (~34,000 km?) with long dune ridges arranged in major sets
aligned with regional winds and bordered by major deflationary areas or
corridors (Fig. 3). The central part of the NSS (between the Koichab and
Tsondab) hosts the thickest dune sequences, showing dune stability and
evolution trends over time (Garzanti et al., 2014 Garzanti et al., 2018;
Stone and Thomas, 2013). These dunes are characterized by multiple
generations of sediments, affected by episodic deflation and reworking
under changing climatic and wind conditions. Variations in grain size
and sorting reflect shifts in sediment supply and wind regime intensity.
The aeolian facies architecture reveals multiple erosion and accumula-
tion surfaces that preserve climatic signatures from the late Pleistocene
to the Holocene. Stable isotope data and grain coating characteristics
further constrain paleoenvironmental conditions.

The spatial and compositional heterogeneity of the NSS is influenced
by the interplay between marine sand supply, riverine input, and local
bedrock erosion. The dominance of Orange-derived sediment in the
southern and central NSS fades toward the north, where ephemeral
rivers and local bedrock contribute more significantly. In central areas,
such as Sossusvlei and Tsondabvlei, interaction with the underlying
Tsondab Sandstone and periodic fluvial events influence dune stratig-
raphy. These interactions are often expressed in the presence of paleo-
sols and interdune playas, where limited fluvial reactivation has
occurred during wetter periods. Recent aeolian dynamics are charac-
terized by sand recycling, where older dune sediments are deflated and
redeposited. This process maintains dune morphology even under
reduced sediment supply.

Coastal dunes are litho-feldspatho-quartzose, with mafic volcanic
rock fragments prevailing over sedimentary and metamorphic grains;
heavy-mineral suites are dominated by clinopyroxene and subordinate
Fe-Ti-Cr oxides, garnet, epidote, and amphibole. The dunes in the NE
quarter of the inner Namib, instead, are feldspatho-quartzose and
contain much less volcanic rock fragments and poorer heavy-mineral
assemblages, with differences most marked in the NE corner of the
desert (Garzanti et al., 2012 This compositional variability is also re-
flected in detrital-zircon geochronology, with coastal dunes displaying
the dominance of the Orange River’s distinct age peak of 1 Ga and
subordinately 0.5 Ga. Conversely, older zircon grains from the inner NSS
are far more common, especially in the NE corner, reflecting input from
the Sinclair and Rehoboth Groups. Interestingly, the similarity of age
populations with Orange Sand is higher along longitudinal profiles than
along transverse profiles, reflecting dominant northward sand migration
(Garzanti et al., 2012). The linear mixing model for coastal vs internal
river and dunes indicates that the fluvial compositional fingerprint gets
quickly diluted as soon as the rivers interact with the overwhelming
aeolian processes carrying the Orange-derived sand. As a result, only the
sand provided by the Kuiseb, Tsondab, and Koichab rivers — at the NE
and SE margin of the NSS respectively — is traced in surrounding dunes,
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whereas sand from the Tsauchab River is reworked by the southwesterly
winds (Feder et al., 2018) and constitutes less than 40 % of the sand
around Sossusvlei (Garzanti et al., 2012).

2.4. The Namib Group

The Namib Group comprises Cretaceous to recent successions
exposed discontinuously between the Namibia coast and the Great
Escarpment (Miller, 2008). Besides a few marine and terrestrial Creta-
ceous strata, the oldest deposits are represented by the Eocene fluvial-
littoral Blaubock Fm. (Miller, 2008). During the Oligocene, the sea-
level fell ca. 120 m below the present position (Bluck et al., 2007) and
up to —500 m according to Siesser and Dingle (1981). The two estimates
imply an exposed area of the Orange Delta varying between 22*,500 km?
(for a sea-level drop of 120 m) and 90,000 km? (for a drop of 500 m). It was
inferred that the exposed shelf acted as a source of sediment for the Tsondab
and Rooilpel formations under prevailing southerly and southwesterly wind
and wave regimes (Miller, 2008). The sea-level fall and contemporaneous
continental margin uplift caused the deep incision of the Namibian shelf and
during the course of a successive sea-level rise the later infill of the V-shaped
valley by sandy-gravel deposits of the Langer Heinrich Fm, which* also
created the relict valleys that have been the site of fluvial activity until
the present day (Miller, 2008).

According to Miller (2008, chapter 25), the combined sand transport
from the Orange Delta, the northward littoral transport, and the aeolian
displacement sourced both the Tsondab and Rooilepel Fms. since ca. 16
Ma, establishing a stable wind regime since the middle Miocene. Ward
et al. (1983) linked the initiation of aeolian deposition of the Tsondab
Fm. to the intensification of the Benguela Current (between 11.8 and 10
Ma; see chapter 2.1.2). This interpretation is supported by Lancaster and
Ollier (1983), and subsequently other authors (e.g. Dickinson and Ward,
1994; Besler and Marker, 1979) who demonstrated that the heavy mineral
assemblage of Tsondab aeolianites is identical to that of the Orange
River, confirming consistent sediment dispersal pathways and sedimen-
tary processes over a period of at least 11 Ma. Fluvial deposits strati-
graphically equivalent to the Tsondab aeolian sandstones are found in
the valleys of the present Kuiseb and Swakop rivers. Post-Tsondab
aeolian sediments deposited between 4 and 2 Ma are those of the Fis-
cus Fm., exposed in the Elizabeth Bay, south of Liideritz (Miller, 2008).

Stratigraphically above both the aeolian and fluvial sediments of the
Tsondab Fm., coarse-grained alluvial/fluvial sediments of the Karp-
fenkliff Fm. are well exposed in the paleo-valleys of the Swakop, Kuiseb,
Tsondab and Tsauchabrivers (Ward et al., 1983; Miller, 2008). River
course changes are evident in both major systems: the deposits of the
Karpfenkliff Fm. related to the proto-Kuiseb are located some 20 km to
the south of the modern river and indicate transport to the southwest,
which contrasts with the northwest direction of the modern Kuiseb river

— Langer Heinrich

Oswater Conglomerate

Homeb Silts

Tsondab Sandstone
Karpfenkliff Conglomerate
Kamberg Calcrete

Sossus dune sand
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course. Similarly, the Tsondab River was diverted to the north from the
middle Miocene to the late Pleistocene. The diversion of both rivers is
generally attributed to the progressive progradation of Orange-River-
derived sand and consequent encroaching of the Sossus Sand dunes.

2.4.1. Langer Heinrich (LH)

The Langer Heinrich Fm., named by Wilkinson (1990) after a nearby
mountain c. 85 km east of Swakopmund, is a uraniferous gravel unit
filling valleys incised by the paleo-Swakop River and tributaries (e.g.
Gawib River) during the Oligocene sea-level fall (Miller, 2008). The
succession varies in thickness between 90 m at the type locality
(Wilkinson, 1990), 60 m in the Ghaub River valley (Hartleb, 1988) down
to total pinch-out and mostly consists of basement-rich poorly sorted
pebble and cobble conglomerate with lenses of carbonate-cemented
sandstones. Groundwater calcrete forms nodules up to 20 cm in diam-
eter (Miller, 2008). Calcrete layers within a few meters above the
crystalline bedrock are those with the highest uranium and carnotite
contents (Hartleb, 1988). Sandy layers are more common in the Ghaub
valley (Miller, 2008). Extensive burrowing indicates hiatuses in depo-
sition, allowing the colonisation of fluvial sediments (Hartleb, 1988).
The limited lateral continuity of single beds and their erosional base
contacts point to deposition in river channels (Wilkinson, 1990) that
infilled incision surfaces during sea-level rise. Uranium-mining explo-
ration identified numerous paleochannels cut into the Namib uncon-
formity surface that drained to the southwest (Miller, 2008), extending
as far as 25 km inland from the present coastline, almost to the foot of
the coastal escarpment (Hambleton-Jones et al., 1986).

2.4.2. Tsondab Sandstone (TS)

Originally named the Namib Sandstone (Besler and Marker, 1979)
and later formalised as Tsondab Sandstone by Ward et al. (1983), this
unit largely underlies the active dunes of the NSS. Although most TS
sediments are aeolian, fluvial deposits are exposed in the Kuiseb,
Tsondab, and Tsauchab (e.g. Sesriem Canyon) river valleys (Kocurek
etal., 1999) as well as in valleys cutting into the escarpment foothills (e.
g. Rostock 393 and Berghof 222 farms; Miller, 2008). The Tsondab
Formation is the first post-breakup sedimentary unit which blankets and
partly levels off large areas of the deeply eroded coastal basement
topography (Namib unconformity surface) with only localized pre-
Tsondab units preserved in topographic depressions. Originally, Tson-
dab aeolian sandstone may have covered the entire Namibian coast,
between the Orange and Kunene rivers (Ward et al., 1983), recording an
extensive paleo-erg. Preserved sections of the Tsondab are usually up to
120 m thick but thicken in paleo-valleys to reach up to 220 m in
thickness. Equivalent successions around Aus and Liideritz in the
southern Namib Erg belong to the Rooilepel Sandstone (Miller, 2008).
Azimuths of slip faces in aeolian sandstones vary between NE to NW,

Greylingshof Calcrete

Namib Unconformity Surface

Inselberg Tsondab Planation Surface

Gobabeb
Gravels

Damara basement

41?//////55%/

Fig. 4. Schematic cross-section of the main Cenozoic units in the larger Kuiseb area and their stratigraphic relationships (compiled from Ollier, 1977; Ward et al.,
1983; Ward and Swart, 1997; Miller, 2008 and own observations). Note that the Sossus dune sands of the Namib Sand Sea sit on a widespread calcretized planation

surface capping the Tsondab Sandstone.
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Namib Send Sea

A

TsondabFm.

Karpfenkliff Fm.

—Tsondab Fm.

Fig. 5. The Tsondab and Karpfenkliff formations in their type localities (A + B) aeolian dominated Tsondab next to Tsondabvlei (Fig. 3A); (C) fluvial-aeolian
Tsondab overlain by Karpfenkliff Formation in the Sesriem Canyon; (D) Karpfenkliff Formation overlying Tsondab Sandstone in the Kuiseb Canyon, and (E)

Kamberg Calcrete capping the Karpfenkliff Formation.

reflecting sediment transport by a southerly wind as today. The avail-
able literature considers the Tsondab Sandstone as the Miocene equiv-
alent of the NSS routing system fed from the Orange River (e.g.
Lancaster and Ollier, 1983; Miller, 2008; Goudie and Viles, 2015 — and
references therein). Dating of the TS is however problematic because of
the scarcity of fossils. Most scholars agree about an early Miocene onset
of aeolian deposition (Miller, 2008 and references therein). Variable
ages were inferred from remnants of rodents, spiders, termites and
especially from ostrich eggshell ornamentation, which constrain Tson-
dab Sandstone deposition as between 16 and 20 Ma (based on Aepyor-
nithoid eggshell fragments) and 5-8 Ma (Struthio karingarabensis;
Pickford et al., 1995; Senut, 2000).

The oldest sediments of the exposed Tsondab Fm. are located be-
tween the Tsauchab and Kuiseb rivers where the youngest ages — ob-
tained from Diamantornis Corbettis — do not exceed 16 Ma (Miller, 2008).

Coeval fluvial deposits are well exposed in the Kuiseb and Swakop river
valleys and in the Sesriem Canyon (Figs. 4, 5). Following Tsondab
deposition a widespread erosion surface was cut, referred to as Tsondab
Planation surface (Ollier, 1977) and marked as an unconformity surface
in Ward’s (Ward et al., 1983; his Figs. 8, 26 and Table 6) measured
sections.

2.4.3. Karpfenkliff Conglomerate (KK)

The Kapfenkliff Conglomerate Formation was formalised by Ward
et al. (1983) at the type location of the Kuiseb river valley, was deposited
in a younger generation of incised valleys at the northern and eastern
edges of the NSS (Figs. 4,5). The best exposures are represented by
terraces of the paleo-Tsondab River, and especially in the Kuiseb Valley
(Figs. 4, 5; Miller, 2008). The timing of deposition is debated due to the
lack of fossils and other constraints. This phase may either be correlated
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30cm
—

Fig. 6. Field photographs of (A) Langer Heinrich Formation poorly sorted, massive, matrix-rich breccia at Ghaub Pass, rich in basement clasts (schists, vein quartz,
metaquartzite) and pebbly coarse-grained sandstone; (B) Upper part of the Tsondab Formation exposed in Sesriem Canyon (Fig. 3A), showing an alternation of semi-
tabular medium-coarse-grained massive, bioturbated sandstone bodies deposited by hyperconcentrated flows and flat-lenticular shallow braided fluvial conglom-
erates recording westward paleotransport; (C) Detail of Tsondab fluvial gravel composition at Sesriem Canyon, with a dominance of metaquartzite, vein quartz, and
dark-grey Kuibis (Nama Group) limestone; (D) Karpfenkliff Conglomerate at Kuiseb Canyon, containing dominantly rounded pebbles and cobbles of metaquartzite,
vein quartz, and quartzose Etjo Sandstone besides granite, Tsondab Sandstone, dark grey limestone, marble, and rare schist and gneiss; (E) Karpfenkliff Conglomerate
at Sesriem Canyon, containing dominantly rounded, locally imbricated pebbles of fluvially transported, dark grey Kuibis (Nama Group) limestone, vein quartz,
metaquartzite, and granite, recording westward (200-290°) directed paleotransport; (F) Oswater Formation in the Kuiseb River Valley between Gobabeb and Homeb
(Fig. 3A), comprised of dominantly well rounded gravels of vein quartz and metaquartzite besides minor amounts of granite and schist, recording flow toward

W (260-290°).

to the 14-15 Ma conglomerates exposed in the Orange River valley
(Miller, 2008 and references therein) or represent a much younger
episode corresponding to incision during the Plio-Pleistocene cooling, as
suggested by 2'Ne isotopic measurements yielding an age of 2.81 + 0.11
Ma (Van der Wateren and Dunai, 2001). In the Kuiseb River valley,
pebbles and cobbles, largely made of quartzose Jurassic Etjo Fm. sand-
stone (Salomon et al., 2022), and subordinately marble or Tsondab Fm.
sandstone (Figs. 4, 5*; Ward et al., 1983; Miller, 2008), are supported by
a sandy matrix. In contrast, pebbles are mostly limestone from the Nama
Group and Sinclair volcanic lavas in the Tsondab and Tsauchab valleys

10

farther south (Lancaster et al., 1984).

2.4.4. Kamberg Calcrete (KC)

The Tsondab and Karpfenkliff formations are both locally capped by
a pedogenic calcrete duricrust draping a large area between the Kuiseb
and Tsondab rivers (Yaalon and Ward, 1982; Ward et al., 1983; Miller,
2008), consisting of the Greylingshof and the Kamberg calcretes
respectively (Figs. 5, 6). Although the Kamberg Calcrete is definitely
younger than the Tsondab and Karpfenkliff formations, its formation age
is disputed between those who attribute it to the middle Miocene (Ward,
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1987; Miller, 2008) and those referring to the date of 2.81 + 0.11 Ma of
the underlying Karpfenkliff Fm. (Van der Wateren and Dunai, 2001).
The pure calcite cement of the KC is supposed to have contributed to the
cementation of the underlying sandstones. Where it forms laminar
crusts, hardpan, honeycomb and nodular calcrete (Miller, 2008). Ac-
cording to the latest results, the formation of calcretes and silcretes
belonging to the Karpfenkliff and Kamberg happened between 7 and 3
Ma, while exposure ages determined via 2'Ne indicate the abandonment
of the fluvial terraces and the onset of the pre-Kuiseb River incision at
2.8 Ma (Ritter et al., 2023).

2.4.5. Oswater Conglomerate (OW)

The Oswater Conglomerate Fm. mostly consists of carbonate-
cemented conglomerates deposited by ephemeral braided rivers
(Ward, 1987) and is best exposed in fluvial terraces along incised valley
flanks of the pre-Kuiseb River, with the terrace’s upper surfaces lying
30-70 m above the present riverbed. Medium-to-fine fluvial sandstones
and sparse aeolianites are exposed in the lower part of the Kuiseb
Canyon. Pebbles are mostly quartzite, sandstones from both the Etjo and
Karpfenkliff Fms.; cobbles and boulders (up to 90 cm) are mostly
Damara schists and meta-quartzite (Ward, 1987).

A minimum age for the Oswater Conglomerate Fm. is given consid-
ering that its initial deposition is contemporaneous to a sea level rise that
finally led to emplacement of the Late Pliocene +30 m marine terrace
package (Pickford and Senut, 1999) and its Rooikop Gravel and Oyster
Terrace equivalents at about 2.4-2.2 Ma (Stollhofen et al., 2014).

3. Sampling and methods

Our sampling strategy aimed to better understand the evolution of
the eastern and NE margins of the NSS and to test the hypothesis that the
sand that accumulated over the last 20 Ma was provided by the Orange
River. For these reasons, the Tsondab Fm., and secondarily the Karp-
fenkliff Fm. were sampled to a greater detail, as they are the most
extensive formations in the eastern margin of the NSS and are time
relevant to constrain the onset of the current sediment dispersal mech-
anism dominated by sand derived by the Orange River. The aeolian
Tsondab Fm. has been sampled in the northernmost part of the region, in
the locality of Rostock, as well as in the entry of the Tsondab vlei, where
the type section is exposed, and in the southernmost part in the locality
of Hardap, where the active dunes of the Namib Sand Sea are burying
the Middle Miocene aeolinites of the Tsondab Fm (Fig. 3A). The Langer
Heinrich and the Oswater were sampled to gather information about
drainage modifications at the northern edge of the NSS. The Tsondabvlei
area has been selected to constrain fluvial-aeolian interactions and
compare them to the dynamics regulating the mixing and dilution of
inland vs Orange supplied sands described in Garzanti et al. (2024).
Sampling covers the proximal (before the river enters the dune field
surrounding the Tsondabvlei), intermediate, and distal (playa-lake
termination) parts of the Tsondab river, as well as the surrounding dunes
(e.g. deflation surfaces), to better understand fluvial-aeolian interaction.

Twenty-four sandstone samples — three from the Langer Heinrich
Fm. (LH), twelve from the Tsondab Sandstone (TS) from three different
locations exposed along the eastern margin of the NSS, three from the
Karpfenkliff Fm. (KK), three from the Oswater Fm. (OW), six at Sesriem
Canyon (SC) from the Tsondab and Karpfenkliff Fms, (Fig. 5). and 13
sand samples from the Tsondabvlei (TSv) were collected along the E-NE
margin of the NSS, impregnated with epoxy, cut into standard thin
sections, and analysed by counting 300 (sands) and 500 (sandstones)
points under the petrographic microscope (Gazzi-Dickinson method;
Ingersoll et al., 1984). Metamorphic and volcanic lithic grains were
classified using the classification schemes of Garzanti and Vezzoli
(2003) and Marsaglia and Ingersoll (1992), respectively.

From a split aliquot of all sandstone samples and three TSv sands, the
dense mineral fraction (> 2.90 g/cm®) was separated using the work-
flow illustrated by And (2020). A minimum of 200 transparent dense
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minerals from the 32-355 grain-size window were point-counted at
suitable regular spacing to obtain correct volume percentages (Garzanti
and And, 2019).

U-Pb ages were determined for zircon grains retrieved from the
Tsondab sandstones. Fluvial samples from the LH, KK, and OW forma-
tions and the SC location were excluded because the petrographic and
heavy-mineral signatures clearly indicate exclusively local and easily
identified sediment sources. Zircon ages from the fluvial and aeolian
sands from Tsondabvlei were not determined as they were already
measured and interpreted by Garzanti et al. (2014). The analysis was
conducted at the London Geochronology Centre using an Agilent 7900
LA-ICP-MS system, employing a NewWave NWR193 Excimer Laser
operated at 10 Hz with a 25 pm spot size and ~ 2.5 J/cm? fluence using
the PleSovice zircon (Slama et al., 2008) as age standard and a NIST
SRM612 glass as standard for U and Th concentrations.

Major elements were measured on fusion tablets using a Spectro
Xepos He operating at the GeoZentrum Nordbayern (FAU Erlangen-
Nuremberg, Germany). The loss of ignition (LOI) was measured after
heating of rock powder at 950 °C to obtain a constant weight. Trace
elements were measured using a ThermoFisher X-Series2 quadrupole
inductively-coupled-plasma mass spectrometer operated in solution
mode. The sample powder was dissolved in 2 % HNOj3 and trace HF at a
dilution factor of ~4000, and was inserted into the device using an ESI
autosampler and FAST valve system at an uptake rate of 50 pl/min. Each
measurement involved 50 scans of the mass spectrum from "Li to 238U
repeated five times. Major and trace elements were determined only for
the aeolian deposits of Tsondab Fm. for direct comparison with the
dunes of the NSS and modern Tsondab river sand. Fluvial samples from
the LH, KK, and OW formations were excluded to avoid dealing with the
pervasive early diagenetic features (dolomite, micrite, heulandite, and
clay cements).

Two carbonate cemented sandstone samples from the Tsondab
Sandstone and one whole rock carbonate powder from the Kamberg
calcrete were analysed for carbon and oxygen isotopes using a Gasbench
II connected to a ThermoFisher Delta V Plus mass spectrometer All
values are reported in per mil relative to V-PDB. Reproducibility and
accuracy were monitored by replicate analysis of laboratory standards
calibrated by assigning a 8'>C of +1.95 %o to NBS19 and — 47.3 %o to
IAEA- CO9 and a §'80 of —2.20 %o to NBS19 and — 23.2 %o to NBS18.
Reproducibility for 513C and 5'%0 was +0.05 and =+ 0.07 %o (1 st.dev.),
respectively.

Petrographic, heavy-mineral, geochemical, and geochronological
data from Garzanti et al. (2012and 2014) from modern aeolian and river
sands were used for comparison.

Multivariate statistical analysis of point-counting (petrography and
heavy minerals) and distributional datasets (U-Pb dating) are processed
using multidimensional scaling (MDS), a method becoming increasingly
common in provenance studies to evaluate large and complex datasets
(Vermeesch and Garzanti, 2015; Vermeesch, 2019). The output displays
prominent differences and similarities between multiple samples in the
form of a point cloud in which similar samples plot close together and
dissimilar samples plot far apart. The multivariate ordination techniques
of Principal Component Analysis (PCA, Pearson, 1901) and Correspon-
dence Analysis (CA, Greenacre, 1984) are part of the data processing and
are required to investigate the relationships within the dataset. These
techniques were performed with the statistical software R using the
‘provenance’ package of Vermeesch et al. (2016). The PCA composi-
tional data is shown in a biplot where the geometrical relationships
between the compositional data indicate the following (after Aitchison,
1997; Caracciolo et al., 2021, 2025):

1. the centre of the biplot represents the average composition of all
samples

2. the length of a vector arrow is proportional to the variability of the
corresponding element (e.g. short vectors indicate small variability)
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3. a small angle between the vectors associated with a variable in-
dicates positive correlation, whereas angles of 90° and 180° suggest
no or perfect negative correlation;

4. a set of collinear links suggests that the several variables involved
form a subcomposition with a dominant one-dimensional, linear
pattern (i.e., one single process controls that sub-composition
variability).

To constrain the residence time of sand in the NSS, we performed
numerical modeling simulating the accumulation of cosmogenic nu-
clides during aeolian transport. We applied the data-based and process-
oriented Cosmolian modeling framework (Vainer et al., 2018; Vainer
and Ben Dor, 2021) using measured concentrations of 26A1 and '°Be
from marginal sand samples collected at the southern and northern tips
of the NSS (Vermeesch et al., 2010).

This forward modeling framework simulates sand grain transport
histories by coupling episodic aeolian burial-exposure dynamics with
known surface production rates and variable geomorphic parameters
(dune height, burial depth, vertical displacement rates, and erosion
rates), while testing approximately 10,000 scenarios per sample across
plausible boundary conditions.

Koireb
/IQF
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3.1. Initial conditions and source areas

The simulations begin with the build-up of cosmogenic nuclides
during bedrock erosion at source areas. Based on estimated catchment-
averaged denudation rates in the NSS source areas (Cockburn et al.,
2000; Codilean et al., 2008), we used erosion rates of 3 and 9 m/Myr.
Each sample was assigned two potential geographical coordinates for
the source area: one representing the Orange River Basin and another
representing the headwaters region in the specific watershed of each
sample (Tsauchab [sample 12] and Kuiseb [samples 2,1]). Sample 13,
collected from the Orange River mouth, was assigned only the Orange
River Basin as its source area.

3.2. Transport modeling parameters

The model simulates the vertical component of aeolian movement by
stochastically varying the overburden thickness in 20 cm increments
across twenty-four different transport scenarios. To encompass the full
range of dune heights documented in the NSS (Goudie, 2009), we used
maximum burial depths corresponding to dune heights of 8, 50, 80, and
150 m.
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L. Caracciolo et al.

The retention time at each depth increment is governed by proba-
bility functions derived from optically stimulated luminescence (OSL)
ages. We constructed two distinct probability functions using datasets
from:

1. NSS dunes (n = 99 samples)
2. Global coastal dune systems (n = 139 samples) (Lancaster et al.,
2016)

These probability functions were derived by calculating transport
rates from the ratio of OSL age to the corresponding burial depth of each
dated sample. The global coastal dunes dataset was incorporated to
account for potentially different environmental conditions during
earlier NSS development phases that may not be represented by the
available OSL chronology (which extends only to ~150 ka).

3.3. Dataset modifications and bias correction

To address potential sampling bias from overrepresentation of
shallow, rapidly transported dune deposits, we applied two modifica-
tions to both datasets: (i) removal of the fastest 10 % of transport rates
from each dataset (dt1), and (ii) equalization of the probability density
of the fastest 90 % of rates with that of the slowest 10 % (dt2).

3.4. Model implementation

Each simulation was run for 10 Myr and repeated 10,000 times under
identical boundary conditions to ensure statistical robustness. We
modeled the progressive accumulation of cosmogenic nuclides in the
mobile sand and compared the predicted concentrations with measured
26A1 and '°Be concentrations in four sand samples from the NSS margins.

The time intervals during which simulated nuclide concentrations
converged with measured values (within analytical uncertainty) were
analysed and interpreted as the most probable timing since the sand first
entered the aeolian transport system (Vainer and Ben Dor, 2021).

4. Results

Sandstone composition derived from petrographic, geochemical
analyses, and U-Pb dating (aeolianites of the Tsondab Fm) are presented

Earth-Science Reviews 271 (2025) 105247

below in stratigraphic order.

Fluvial sandstones from the Langer Heinrich Fm. (LH) are coarse to
very coarse, very poorly to poorly sorted, and generally exhibit bimodal
grain-size distribution and angular to sub-angular grains. Up-section,
grain-size decreases to medium sand, moderately to well sorted and
displaying unimodal grain-size distribution and mostly angular grains.
The interstitial components are mostly carbonate cements with deposi-
tional smectic-illitic clays increasing up-section and strongly deformed
by aggressive carbonate cementation (Fig. 7). Composition is generally
quartzose (Q > 90 %) passing to quartz-rich feldspatho-quartzose
upsection (according to the classification scheme of Garzanti, 2019).
Feldspars commonly exhibit strong alteration and dissolution features
(Fig. 3A). The heavy-mineral assemblage is dominated by garnet (67 %)
and staurolite (25 %), with subordinate epidote, tourmaline and apatite;
zircon occurs in traces (<0.1 %) (Fig. 8).

Aeolian samples of the Tsondab Fm. are medium to fine, moderately
to poorly sorted sandstones with rounded to sub-angular grains,
commonly coated by smectitic/illitic clay, pore-filling heulandite (sur-
ficial weathering, e.g. Hatzenbiihler et al., 2022), and limited amounts
of carbonate pore-filling cements; detrital matrix is absent (Figs. 9,10).
Tsondab dune sandstones are feldspatho-quartzose and mixed
metamorphiclastic-sedimentaclastic in southern locations (Fig. 7),
sedimentaclastic-volcaniclastic with mostly felsitic and microlitic grains
at the Tsondabvlei type location, or metamorphiclastic in the (northern
location near the Kuiseb River).

The Tsondab heavy-mineral assemblage is dominated by garnet (30
%)-amphibole (17 %)-pyroxene (12 %)-epidote (10 %) in southern and
central locations, and by epidote (55 %)-tourmaline (12 %)-garnet (10
%) in the north (Fig. 5). Zircon (1-15 %), rutile, apatite, kyanite, and
sillimanite are less common, while titanite only occurs in the aeolinites
surrounding the Tsondabvlei (Fig. 8). The fluvial Tsondab sandstones at
the base of the Sesriem Canyon are medium-to-coarse grained, moder-
ately to poorly sorted, with angular to subrounded grains and are largely
carbonate cemented. Composition is quartzo-lithic, with dominantly
siltstone and limestones lithics (>65 %), associated with medium-grade
schists (Lmp3). The heavy mineral assemblage is dominated by epidote
(28 %), amphibole and garnet (both 10 %), zircon (up to 10 %), titanite
(8 %); apatite, rutile, and tourmaline are below 3 %.

KK samples from both the type section (north of the Kuiseb river) and
the one overlying the fluvial Tsondab at the Sesriem Canyon are

Distribution [%]
40 60

Tsondab
Sandstone

i

River

() Internal Namib Profile
Coastal Namib Profile
Tsondabvlei

O Oswater
® Karpfenkiiff
@ Sesriem Canyon

Amphibole

Karpfen- Tsondab
%, ®kliﬂ S Sandstone
% & Tsondab Sandstone
type
(é/‘ Srorth Olggah(y @ south
3

@ Langer Heinrich

Langer
Heinrich

Pyroxene

I T [l
S e

It ﬁhab —Tsaris o
(;rabxima/)“ & Y/ @ Ag:’!{rva
z O Tsondab
O Koireb @ ()
o / 6
> ® Homeb , o
! Orange (¢coastal) ; Q
v v N Y, o8 &
% ? ° > Epidote
—

Pyroxene [%)]

Fig. 8. Heavy mineral assemblages for the Miocene-Present sections included in this study (left); Right. Ternary plot showing the proportions between pyroxene,
amphibole and epidote. Note that the three heavy minerals have been chosen for direct comparison with the dataset from Garzanti et al., 2014.

13



L. Caracciolo et al.

Earth-Science Reviews 271 (2025) 105247

Fig. 9. Overview of detrital framework components of LangerHeinrich (A-altered K-feldspar filled by early carbonate cement; C- high-rank metamorphic rock
fragments), Karpfenkliff (B — medium-rank metapelitic litic fragment, Lmp3), Oswater (D — overview of sedimentary carbonate (Lc) and pelitic lithic fragments),
Tsondab (E- showing the bimodal grain-size and roundness-angular character of detrital grains; F- textural difference and presence of higher-rank metapelites lithics,
Lmp4). Tsondabvlei (G-felsic volcanic lithic fragment; H- sedimentary grain recycling the Kamberg Calcrete).

quartzolithic, with mostly limestone, sandstone, and siltstone lithics
(Figs. 6,8,9). Heavy-mineral assemblages of the KK in the Sesriem
Canyon are dominated by epidote (40 %), amphibole (20 %), garnet (15
%), associated with zircon and titanite (both up to 10 %), and rarer
apatite, rutile, and tourmaline. The heavy-mineral assemblages from the
KK type section consists of garnet (up to 75 %), and subordinate epidote
(10 %), and staurolite (up to 10 %); zircon, tourmaline, rutile, apatite,

14

and titanite are all below 3 % Fig. 8. Oswater sandstones are quartz-rich
with mostly gneiss and schist rock fragments (Figs. 6,8, 9) and garnet-
staurolite and garnet-epidote-tourmaline heavy-mineral assemblages,
respectively (Fig. 5).

Samples from the Tsondabvlei display high compositional vari-
ability. The proximal river sand has a litho-feldspatho-quartzose sed-
imentaclastic composition (Fig. 7). Quartz comprises 46 % of the total
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Fig. 10. Overview of interstitial components and dissolution features in samples from the Langer Heinrich (A-F) and Tsondab Fm.(G-H). A. Dolomite and micrite
(distributing around carbonate lithic fragments); B. Micrite pore-lining and large rombohedral dolomite pore-filling cement; C. Early carbonate coating post-dating
the infiltration of clayey matrix; D. Rombohedral dolomite (upper part) in contact with micrite cement (lower part). E. Chlorite cement deformed by carbonate
cementation. F. mica layers deformed by carbonate cementation. G-H. Mafic volcanic rock fragment displaying secondary porosity (G) and resulting formation of

heulandite crystals (H).

framework, primarily occurring as composite (15 %), monocrystalline
(12 %), or within granitoid plutonic rock fragments (10 %). Addition-
ally, quartz is present, albeit in lower proportions, in polycrystalline,
metamorphic, and sedimentary rock fragments. Among feldspars (32
%), plagioclase (24 %) predominates over K-feldspar (9 %). Plagioclase
is predominantly monocrystalline, often exhibiting alteration into
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sericite (18 %), or occurring within plutonic rock fragments (5 %),
commonly displaying albite twinning. K-feldspar appears as mono-
crystalline and altered (weakly kaolinized, 3 %), also occurring within
plutonic rock fragments (5 %). Microcline is occasionally present, and K-
feldspars rarely exhibit myrmecitic textures. The most abundant lithic
fragments (18 %) consist of carbonate (<63 pm, occasionally >63 pm, 9
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%) and low to medium-grade metamorphic lithics (6 %), followed by
mudclasts (1 %) and calcrete (1 %) (Fig. 9).

The deflation surface and associated sand sheet-sediments range in
composition from feldspatho-quartzose to litho-quartzose and are pri-
marily sedimentaclastic (Fig. 7). Quartz content varies from 60 to 77 %,
predominantly occurring as monocrystalline (21-46 %) and within
metamorphic (44 % in TV17_05, lower in other samples) and plutonic
rock fragments (2-9 %). Feldspars comprise 7-35 % of the framework
components, with plagioclase (3-20 %) and K-feldspar (4-15 %) being
the main constituents, mostly altered and monocrystalline, featuring
albite twinning and myrmekitic textures. Microcline is common among
K-feldspars. Lithic fragments (1-15 %) consist mainly of sedimentary
calcrete (up to 7 % in TV17_05) and felsic to andesitic volcanic lithic
fragments (Fig. 7c¢) with K-feldspar phenocrysts (up to 7 % in TV17_05),
particularly evident in coarser grains (coarse sand to fine pebble),
especially in TV17_05. Additionally, minor amounts of low to medium-
rank metamorphic lithics and mudclasts (both up to 1 %) are present.
Opaque minerals, pyroxene, amphibole, epidote, and micas collectively
make up to a maximum of 1 % of the total composition. Basaltic to
andesitic lithic fragments of various sizes (up to 1.2 mm) and mafic
metamorphic rock fragments (amphibolite; max. Grain size 500 pm) are
also observed (Fig. 7).

4.1. Geochemistry

The ratios between the major elements K30, MgO, and Al,O3 reflect
the abundance of chlorite (high MgO-Al203) in Lm-rich Tsondab
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sandstone from the northern (Rostock-Ritz area) and southern succes-
sions (Tsondab vlei and Namib Desert Lodge — Hardap respectively) and
the fluvial samples from Tsondabvlei, while most of modern dune and
sandstones from the Tsondab type locality are enriched in illite (high K
and Al) and K-feldspar (high K; Fig. 11). The Cr vs. Cr/Ni ratio (von
Eynatten, 2003; Caracciolo et al., 2012; Fig. 11) indicate mostly felsic
provenance, although a higher Cr content characterizes sandstones from
the central and southern outcrops pointing to contributions from mafic
sources. The Tsondab sandstones from the northern section contain less
pyroxene and basaltic detritus, as reflected by lower Y/Ni vs. Cr/V ratios
(Mclennan et al., 1993; (Fig. 11).

Compared to modern sands from the inner and coastal NSS (Garzanti
et al., 2012) Tsondab sandstones are depleted in Ba and Zr, while they
are enriched in Mg and Ca (carbonate), K-Rb-Ba-Pb (K-feldspar) P, and
Ni-Al-Ga (clays) (Fig. 12a). Sandstones from the southern locality are
further depleted in Na, K, Rb, (and have the lowest Cr values) and are
those displaying the highest enrichment in carbonate-related elements
(Ca, Mg, Sr). Compared to the southern locality, sandstones from the
northern and type locations have similar Sr and Ba contents, while they
are higher in Cr, Fe, Ni, Al, Ga, and particularly in P and Pb. Sands from
the Tsondabvlei are similar except for being particularly enriched in Ni,
Zn, Al, P, and Pb (Fig. 12a). Alpha- weathering indices (Fig. 12b)
generally indicate unweathered material, except for K-feldspar and
related enrichment in illite (aK, aBa, aRb) and show a similar pattern to
coastal and dune sands from Garzanti et al. (2012).
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Fig. 13. Kernel Density Estimates (KDE) for coastal rivers and dunes (left column), internal rivers (centre) and the Tsondab sandstones from the three localities
included in this study. Data from the left and central columns are from (Garzanti et al., 2014).
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Fig. 14. Kernel density estimates produced by Cosmolian simulations that were performed with cosmogenic nuclides data from marginal NSS samples. The black
curve represents the average mean of the different scenarios, while the horizontal black line the uncertainty in the modeled residence time.

4.2. Geochronology

All zircon U-Pb age spectra include clusters at 1-1.2 Ga, 0.5-0.6 Ga,
and 0.3 Ga, corresponding to the Namaqua, Damara, and Karoo
magmatic events, respectively. Older ages clustering at 1.8-2.1 Ga
suggest provenance from the Kalahari Craton (1.2-1.8 Ga) and
Rehoboth-Sinclair Group (>1.8 Ga) or recycling of sandstones ulti-
mately derived from them (Fig. 12). The samples from the southern and
northern Tsondab display similar age spectra, reflecting dominant
Namaqua (36 % in the south — 39 % in the north) and Damara clusters
(33.3 % in the south — 25.4 % in the north). Karoo (13.9 % in the south —
10.7 % in the north) and older clusters (16.7 % in the south — 21 % in the
north) are subordinate, whereas Mesoproterozoic zircons are only found
in the northern section (3.9 %).

The Tsondab sandstone from the type location at Tsondavlei is
distinct as it shows slightly higher ultimate inputs from the Damara
orogen (35.5 %) and especially the highest amount of Permo-Triassic
zircons (27.6 %), probably attributable to the recycling of the Triassic
Omigonde Fm, or the Jurassic Etjo Fm. (see Zieger et al., 2020, 2022 for
age comparisons). Samples yielding Damara ages display a distinct
double peak at 0.5 and 0.65 Ga not documented in any of the other
Tsondab sandstones, nor in the sand samples from Garzanti et al. (2012),
including those from the modern Tsondabvlei. Compared to the nearby
Tsondab Sandstone, modern Tsondabvlei sand has fewer Permo-Triassic
and more Mesoproterozoic and Paleoproterozoic zircons (Fig. 13).
Today, Permo-Triassic zircons are only visible in samples from the inner
part of the NSS, in Kuiseb river sand, and the Skeleton Coast to the north,
whereas they are virtually absent in the drainage of the Orange river
(Fig. 13).

4.2.1. NSS chronology

Kernel density estimates of modeled residence times for the four NSS
sand samples show distinct, unimodal peaks, indicating strong conver-
gence and low sensitivity to variable input conditions such as dune
height, vertical displacement rates, or erosion rates (Fig. 14). The resi-
dence time is defined as the weighted average duration of simulations
that yielded 2°Al and 1°Be concentrations equal to their analytically
measured values within uncertainty. The modeled samples yielded the
following residence time peaks (in Myr) with uncertainties represented

18

by half-width at half-maximum values: sample 13: 0.54%.1%_.15; sample

12: 0.660.21 o.16; sample 2: 1.970.44 5; sample 1: 2.170.520.55.

The southern samples (12 and 13) exhibit narrow, near-Gaussian
distributions, consistent with relatively constrained burial-exposure
histories likely linked to their proximity to source zones and shorter
transport pathways. In contrast, the northern samples (1 and 2) display
positively skewed distributions, reflecting a wider range of transport
histories characteristic of sediment that underwent prolonged routing
and substantial reworking during northward migration.

Samples were assigned two possible source areas (Orange River
Basin versus headwaters of their respective local drainage basins), but
the modeling results are indistinguishable within analytical uncertainty.
Therefore, results using the Orange River Basin as the source area are
reported here, as they produced slightly better convergence with
measured cosmogenic nuclide concentrations.

The distinct spatial trend, where residence times increase systemat-
ically from approximately 0.5-0.6 Myr in the southern erg to approxi-
mately 2 Myr at the northern margin, confirms and extends previous
estimates based on the same sample set that established a minimum age
of 1 Myr for the NSS (Vermeesch et al., 2010). This north-south gradient
in residence times provides direct evidence for progressive sediment
aging during northward transport and supports the conceptual model of
the NSS as a dynamic sediment conveyor system operating over million-
year timescales.

4.3. Carbon and oxygen isotopes

The carbon and oxygen isotope values of the carbonate cements from
the Tsondab sandstone are —5.0 and — 4.8 %o and — 5.8 and — 5.0 %o,
respectively. In comparison, the values of the middle Pliocene Kamberg
calcrete are significantly higher with 8'3C = —1.6 %o and §!%0 = —1.2

%o.
5. Discussion
5.1. Climate, provenance and sedimentary processes

In this section, we link compositional signatures to sedimentary
processes, and discuss data in view of previous reconstructions to
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eventually propose a new evolution model that refines the timing of the
onset of the modern Orange Sediment Routing System and its role in
feeding the NSS and the other ergs extending to the Mocadames desert in
southern Angola.

5.1.1. The lower Miocene Langer Heinrich Formation

The Langer Heinrich conglomerate was deposited after an incision
event in confined channelized areas (Miller, 2008). Fluvial sandstones
have the highest content of high-rank metamorphic rock fragments
(Rm), sedimentary (Ls) and medium-rank metamorphic lithic fragments
(Lm), and a heavy mineral assemblage dominated by garnet-staurolite-
tourmaline and subordinate apatite. Compositional signatures indicate
provenance from mixed metamorphic, plutonic, and sedimentary sour-
ces. The drainage developed on the southern margin of the Damara
Orogen, which includes amphibolite, and mica-schists containing com-
mon garnet and staurolite (Martin et al., 1985; Ward et al., 2008). The
area includes the Swakop Supergroup, particularly the Chuos Fm.,
known for its high garnet content (Nex et al., 2001). A noticeable change
in the drainage pattern becomes apparent up-section, where plutonic
(granitic) and sedimentary (fine-grained sandstone and siltstone)
detritus increases. Feldspar dissolution is common. Intragranular
porosity is entirely filled by early carbonate cements. Hence,
post-depositional fluid circulation was negligible, indicating that feld-
spar grains were already etched/dissolved before deposition (the Langen
Heinrich Fm. was never buried and intrastratal dissolution can therefore
be disregarded). Weathered material is therefore interpreted to be
derived from weathered plutonic and metamorphic rocks exposed by the
African Surface, before the switch to hyper arid climatic settings. The
earliest diagenetic features provide valuable information about the cli-
matic conditions prevailing at the time of deposition. The initial phase of
cementation is characterized by the presence of pore-filling micrite,
which suggests rapid precipitation rates, pointing to evaporation under
dry climatic conditions (Janssen et al., 2023). Furthermore, the growth
of sparitic dolomite crystals within the micrite indicates continued
cementation. The fine dolomite grains surrounding the sediment grains
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are associated with the healing of desiccation cracks that formed after
the pores were filled with micrite and indicate periods of drying and
subsequent re-wetting. The last generation of carbonate cements con-
sists of very coarse dolomite crystals that fill the central parts of former
large pores. This type of cementation reflects slower phreatic ground-
water precipitation. The cementation and partial replacement of the
detrital component by carbonate suggest the influence of shallow
aquifer systems (Janssen et al., 2023).

5.1.2. The middle Miocene-Pliocene Tsondab formation

Tsondab sandstones display different composition in different sam-
pling sites. Tsondab aeolianites are feldspatho-quartzose and
metamorphiclastic-sedimentaclastic in southern and central locations
whereas they are richer in quartz, sedimentaclastic-volcaniclastic
(felsitic and microlithic grains) and subordinate metamorphiclastic in
northern location near the Kuiseb River. Compared to modern compo-
sition of the Tsondab and Tsauchab rivers, Middle Miocene aeolianites
are depleted in lithic fragments, similarly to the modern dunes of the
NSS. However, the proportions of quartz-K-feldspar-plagioclase (Fig. 15)
as well as pyroxene-amphibole-epidote are identical as the composition
of the sand deposited today during flooding events in the southern and
central parts of the NSS. Conversely, Middle Miocene dunes are
compositionally different compared to modern dunes, particularly
because of the abundance of zircon, tourmaline, and rutile, which are
virtually absent in modern settings (Fig. 15), and half the amount of
pyroxene that constitutes the most characteristic signature of modern
sediments.

Pyroxene is common in the volcanic rocks of the Rehoboth-Sinclair
Group which is drained by both the Tsondab and Tsauchab rivers.
Additional evidence for marked compositional differences is provided
by detrital zircon age distribution that changes significantly from the
Orange River sand. In fact, the latter displays dominant ages of ca. 1 Ga
of the Namaqua Orogen, equal amounts of NeoProterozoic (1.8 Ga)
grains from the Kalahari Craton, while inputs from the Lower Paleozoic
(400-500 Ma) Karoo metamorphic rocks are negligible. Compared to
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Fig. 15. Biplots showing the petrographic (left) and heavy minerals (right) compositional variability of the Miocene-Pleistocene aeolian and fluvial Langer Heinrich,
Tsondab, Karpfenkliff and Oswater fms., modern coastal dunes, and the Tsondabvlei playa-lake system. Data referring to the transparent circles for the river (cyan),
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the reader is referred to the web version of this article.)
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3-way MDS: Point count, heavy minerals, geochemistry
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Fig. 16. Multidimensional scaling (MDS) plots illustrating sample dissimilarity based on petrographic, mineralogical, geochemical, and geochronological datasets.
(A) Three-way MDS combining point count, heavy mineral, and geochemical data. Orange-derived sediments from the river and coastal Namib Sand Sea (NSS) cluster
tightly and are clearly separated from samples of the Tsondab, Karpfenkliff, and Oswater formations. Source weights (right) indicate a dominant contribution from
point count and heavy mineral datasets. (B) MDS based on point count and heavy mineral data only. Tsondab Sandstone and Tsondabvlei samples form a coherent
group distinct from Orange-derived sediments. Internal dunes adjacent to the Kuiseb River retain a local compositional signature, while Sesriem Canyon samples plot
farthest from the Orange cluster, reflecting pre-Orange, locally sourced fluvial-aeolian systems. Source weights highlight the high discriminatory power of heavy
minerals. (C) MDS based on detrital zircon U-Pb age distributions. Orange-related sands form a tight group, while Tsondab, Oswater, and Karpfenkliff samples are
more dispersed, reflecting diverse local crustal sources. The Shepard diagram (right) confirms a well-fitting 2D solution (stress = 11.87 %).
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modern dune sands, the age distribution for both the modern internal
rivers (Tsondab, Tsauchab, and Kuiseb) and the Middle Miocene dunes
display dominant or significantly higher amounts of Paleozoic grains
derived from the terranes of the Damara and Karoo orogenic phases, and
have higher proportions of NeoProterozoic zircons from the Kalahari
Craton (Fig. 13).

Detrital zircon age distribution further highlights the compositional
differences with modern Orange River sand. Orange sediment is domi-
nated by ~1.0 Ga grains of the Namaqua Orogen, with significant
Neoproterozoic (1.8 Ga) contributions from the Kalahari Craton and
limited input from Lower Paleozoic rocks. In contrast, zircon ages from
modern ephemeral rivers and Middle Miocene dunes are enriched in
Paleozoic grains derived from Damaran and Karoo orogens, along with a
higher proportion of Neoproterozoic zircons, indicating a distinct crustal
source.

These trends are confirmed and clarified by the multidimensional
scaling analysis (Fig. 16), which highlights a consistent separation be-
tween Orange-derived samples and those from the Tsondab, Karp-
fenkliff, and Oswater formations. The latter group—including Sesriem
Canyon and Tsondabvlei sands—plots together in all proxy-based con-
figurations, reflecting their common derivation from local metamorphic,
plutonic, and volcanic sources. Notably, the Tsondab Sandstone samples
from the type locality and southern areas form a coherent compositional
cluster with the modern sands of Tsondabvlei, confirming their shared
provenance and indicating that this dune system has maintained a stable
local sediment source over time. Conversely, coastal and northern NSS
sands align with modern Orange River sediments, confirming longshore
and aeolian delivery of Orange-derived detritus into the active sand sea.
Internal dunes adjacent to the Kuiseb River retain a distinct composi-
tional fingerprint more similar to Kuiseb sand, underscoring the role of
ephemeral rivers in shaping the provenance mosaic within the NSS.
These spatial patterns reinforce a dual-erg model: a younger, Orange-fed
Namib Sand Sea, and an older, locally sourced Tsondab Sand Sea, each
reflecting contrasting sediment routing systems and climatic regimes.

5.1.3. The Plio-Pleistocene Karpfenkliff and Oswater formations

Both the Karpfenkliff s.s. and Oswater formations are located on the
NE border of the NSS, north of the Tsondab vlei, and are mostly exposed
along the Kuiseb river. Compositional signatures are apparently
different, although a closer look reveals a continuous drainage evolution
starting from the deposition of the Langer Heinrich, commonly referred
to as the Paleo-Swakop/Kuiseb, to the modern Kuiseb drainage system.
Drainage changes are readily highlighted by compositional differences,
largely resembling the composition of the Kuiseb river, and the north-
eastern aeolianites of the Tsondab Fm. Karpfenkliff sandstones are
quartzolithic, with the lithic component being largely made of pelite and
carbonate lithic fragments, high-rank metamorphic rock fragments, and
a distinct heavy-mineral assemblage including higher amounts of garnet
and staurolite. The Karpfenkliff equivalent fluvial sediments exposed in
the Sesriem Canyon display the same composition as the underlying
fluvial Tsondab Fm., indicating that Orange-derived sand did not reach
as far east as today.

The Oswater formation has a quartzose composition, lithics con-
sisting almost exclusively of medium/high-rank schists (Lmp3 and
Lmp4), and secondarily pelites (Lsp), and a heavy-mineral assemblage
including higher amounts of epidote and titanite. Pelitic lithic fragments
and garnet content increase up-section, where composition resembles
that of the Langer Heinrich. The Karpfenkliff (Proto-Tsondab) Fm.,
deposited during the Middle Pliocene by braided rivers with a course
similar to the modern Tsondab River, indicates a comparable catchment
and drainage eroding similar lithologies (Lancaster et al., 1984; van der
Wateren and Dunai, 2001).

5.1.4. Contrasting fluvial-aeolian interaction in Sossusvlei and Tsondabvlei
Fluvial-aeolian interaction in the NSS is spectacular on the central-
and north-eastern margins, corresponding to the areas of Sossusvlei and
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Tsondabvlei.

The Tsauchab River traverses an extensive deflation plain and cuts
deeply into the eastern flank of the sand sea for approximately 40 km
before reaching its endpoint at the playa lake system of Sossusvlei.
Water reaches the vlei only intermittently every few years (Brook et al.,
2006). Deflation surfaces, characterized by thin mud drapes and occa-
sional thin aeolian sand sheets, are observed at the entry point of the
river valley into the Sossuvlei dune area (Feder et al., 2018). Previous
studies (Vermeesch et al.2010; Garzanti et al., 2012) documented how
the original composition of the Tsauchab river sand before entering the
NSS - rich in pelitic and carbonate lithic fragments and with abundant
detrital zircons shed by Damara and Karoo terranes - gets progressively
diluted on its way to Sossusvlei. In fact, dunes around the playa-lake
system are enriched in quartz, basaltic lithic fragments and pyroxene,
and detrital zircons dominated by pre-Damara Protorozoic ages and the
Namaqua Pan-African terranes (Vermeesch et al.2010; Garzanti et al.,
2012) matching the composition of the Orange river sand.

Sand in the Tsondabvlei is markedly different in both texture and
composition, generally poorly sorted, with mostly angular to sub-
angular and subordinately sub-rounded (carbonate) grains. Rhyolitic
to andesitic lithic fragments (Lvim — microlithic texture), sedimentary
lithic and rock fragments (Ls + ¢, Rs + ¢ — sandstone, siltone + car-
bonate), metamorphic lithic fragments (Lm), and plutonic rock frag-
ments (Rg - granitoids) are all common. The latter three lithic types
suggest an inland source and highlight the marked difference with Or-
ange- sand. Metamorphic lithic fragments are derived from schist,
phyllite, and quartzite of the Damara Orogen. Granodiorite and granite
within the drainage of the Tsondab belong to the Namaqua Orogen
fringing the Naukluft Nappe (Fig. 1). The source of carbonate lithic
fragments (Lc) is identified in the Naukluft Nappe of the Damara Oro-
gen, whereas siliciclastic detritus is mostly recycled from the Nama
Group (Kuibis and Schwarzrand Subgroups). Rhyolitic to andesitic vol-
canic lithics and calcrete grains indicate recycling of the Karpfenkliff
(Proto-Tsondab). This is supported by previous interpretations about the
occurrence of pebble-sized andesitic lithic fragments and calcrete found
in deflation surface-deposits north of Tsondabvlei (Marker, 1983; Lan-
caster et al., 1984). Among minor components, amphibolite rock frag-
ments, amphibole and epidote may have been sourced from the
Khoabedus Group (fluvial transport) or the Damara Orogen (aeolian
transport). The coarse grain size of basaltic and andesitic lithic frag-
ments further supports fluvial transport, making the volcanic rocks of
the Namaqua Orogen a much better candidate as potential source
compared to the Orange River.

Consequently, Tsondabvlei sand is derived from two different sys-
tems. The Tsondab River delivers sedimentary, metamorphic, and
plutonic detritus from the Damara and Namaqua terranes and the Nama
Group in the hinterland, while in the vlei area, both fluvial and aeolian
processes erode the Karpfenkliff, constituting the second major source.
Proportions of Orange Sand in Tsondabvlei appears to be minor to
negligible, in contrast with the Sossusvlei scenario and despite similar
catchment areas, precipitation, and water availability for the Tsondab
and Tsauchab Rivers. The occurrence in traces of mafic volcanic lithics
and pyroxene, as well as the greater abundance of myrmecite and
microcline among K-feldspar may reveal minor mixing with some Or-
ange Sand. Similarities with Tsondabvlei Sand were also noted for the
northeastern corner of the modern NSS and Tsondab Sandstone in the
Tsondabvlei area (Garzanti et al., 2012). The composition of Tson-
dabvlei Sand starkly differs from the coastal and inner NSS, character-
ized by Orange-related lithics and clinopyroxene-rich mafic volcanic
materials (Garzanti et al., 2012). Nonetheless, similarities exist between
Tsondabvlei Sand and those in the northeastern corner of the desert,
where sand remains feldspatho-quartzose and volcaniclastic, albeit with
fewer mafic volcanic lithic grains compared to the coastal Namib.
Instead, felsic volcanic lithic fragments prevail in this area (Garzanti
et al., 2012). Heavy-mineral proportions in these sands, akin to those of
Tsondabvlei deposits, contain less pyroxene content and more garnet,
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Fe-Ti-Cr oxides, epidote, and amphibole (Garzanti et al., 2012). This
suggests a closer affinity between the northeastern Namib sSand and
detritus from the hinterland, particularly the Kuiseb River.

5.2. The Tsondab Sand Sea

The age of the NSS has long been controversial (Ward et al., 1983;
Ward and Corbett, 1990; Pickford and Senut, 2000; Goudie, 2009), with
estimates for desert initiation ranging from the Cretaceous (Ward and
Corbett, 1990) to no earlier than the middle Miocene
(Van Zinderen Bakker, 1975; Siesser, 1980; Partridge and Maud, 1987).
With recent studies, the middle Miocene has become a more accepted
option for the initiation of aridity in the Namib (Van der Wateren and
Dunai, 2001). Sedimentological evidence for middle Miocene onset of
Namib aridity includes observations of widespread aeolianites in the
Tsondab Sandstone Fm. (Kocurek et al., 1999) where stable isotopes in
fossil eggshells indicate a middle Miocene age (Senut, 2000; Senut et al.,
2009). Toward the end of the Miocene, an environmental change is
recorded in stable isotopes of fossil eggshells, suggesting transformation
from Cs into C4 floral communities (Ségalen et al., 2006). Miocene
aridity is alsoinferred based on exposure dating with >'Ne of pediment
surface in central Namib (Van der Wateren and Dunai, 2001). Individual
mobile dunes have been dated in the Namib Sand Sea mostly by OSL,
and by dune pattern analysis (reviewed by Stone and Thomas, 2013).
These have been used to infer palaeohydrological conditions (Stone
et al., 2010), patterns and migrations rates (Bristow et al., 2005, 2007),
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and paleo-climatological data (Bubenzer et al., 2007). There is evidence
for higher fluvial activity, especially for the Koichab-Tsaris, Tsauchab,
Tsondab, and Kuiseb rivers from the Miocene to the Pliocene, and of
wet-pulses over the last 500 ka (Paillou et al., 2020; Walsh et al., 2022;
Ritter et al., 2023). Kamberg and Karpfenkliff groundwater silcrete and
calcrete formation occurred in the Pliocene during relatively stable
semi-arid to arid climate and landscape conditions (Ritter et al., 2023).
Cosmogenic nuclideexposure ages from flat canyon rim surfaces indicate
that groundwater calcrete formation ceased due to incision during the
Late Pliocene to Early Pleistocene. This cessation marks a significant
landscape rejuvenation attributed to climate shifts toward more arid
conditions in the Pleistocene, which can be linked to global climate
patterns, with the shift happening around 3 Ma (Ritter et al., 2023). The
Plio-Pleistocene (at ca. 3 Ma) increase in terrestrial sediment inputs to
offshore Namibia (Dupont et al., 2005) is largely attributed to a com-
bination of climate and landscape rejuvenation (Stollhofen et al., 2014).
The significant decrease in sea-surface temperatures correlates with the
further intensification of Northern Hemisphere glaciation since
approximately 2.7 Ma (Ruggieri et al., 2009). The pollen record (ODP
1082) analysed by Dupont et al. (2005) indicate that arid to semi-arid
biomes were relatively limited before 2.7 Ma, with their concentration
increasing along with higher variability since then. This pattern reflects
the intensification of arid conditions in the central Namib Desert
(Dupont et al., 2005). Early Pleistocene aridification in southwestern
Africa marked a fundamental reorganization of sediment dynamics
across the NSS. Declining rainfall and diminished runoff progressively

1.5-0 Ma

Fig. 17. Conceptual reconstruction of sediment provenance and spatial distribution within the Namib Sand Sea from the Middle Miocene to the present. Left panel
(12-5 Ma): The sand sea was dominated by inland-derived Tsondab Sand, sourced from ephemeral rivers draining Damaran, Namaqua, and Karoo terranes. Orange-
derived sand was restricted to the coastal fringe and had not yet penetrated inland. Central panel (5-1.5 Ma): Progressive incursion of Orange River sediment along
the western margin marks the onset of the modern Orange Sediment Routing System. Coastal and northern parts of the erg become increasingly influenced by
Orange-derived sand, while inland zones remained dominated by Tsondab sediment. Right panel (1.5-0 Ma): Complete integration of Orange-derived sand into the
Namib Sand Sea system. Tsondab Sand is confined to remnant dune bodies and river-proximal areas along the eastern erg margin. Playa-lake systems (vleis) develop
at the termination points of ephemeral rivers such as the Tsauchab and Tsondab, indicating active fluvial-aeolian interaction under hyperarid conditions. This
temporal transition supports a dual-erg model in which the younger Orange-fed Namib Sand Sea progressively overprinted the older, locally sourced Tsondab

Sand Sea.
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disconnected ephemeral river systems such as the Kuiseb and Tsondab
(Stone and Thomas, 2013), causing a transition from integrated fluvial
networks to locally incising, intermittent systems. This fragmentation
restricted basin-scale sediment throughput, while declining vegetation
cover enhanced the aeolian availability of locally sourced sand.
Concurrently, the suppression of chemical weathering and sediment
production under hyperarid conditions (Dupont et al., 2005; Stuut et al.,
2002) enabled the long-term preservation of dune bodies and a transi-
tion to a recycling-dominated sedimentary regime, reflecting the
sequestration and slow remobilization of quartzose sand over
million-year timescales.

This process is demonstrated by the spatial pattern in modeled
residence times, which reveals a progressive sediment aging trend from
south to north, ranging from approximately 0.5 to 2 Myr. This gradient is
interpreted as reflecting internal sediment transfer and progressive
storage along a sedimentary conveyor belt, increasingly dominated by
wind entrainment and local redeposition. The southern NSS exhibits
greater sediment turnover, while the northern dune fields function as a
sediment trap.

The 10° to 10%-year residence times captured by our modeling efforts
reflect a threshold crossing in Namib sediment dynamics—from an open,
fluvially connected routing system to a recycling-dominated reser-
voir—and represent a longer-term shift in sediment provenance. The
dominance of Orange River-sourced sand entering the erg since
approximately 1.5 Ma (Fig. 17) reflects the reduction of fluvial transport
from interior basins that previously delivered Tsondab Sand, along with
diminishing sediment export to the ocean. Sand became increasingly
trapped within erg-scale topographic lows and subjected to repeated
burial-exhumation cycles driven by climate fluctuations.

Despite Quaternary climate shifts, including glacial-interglacial cy-
cles and shorter millennial oscillations, the NSS was never entirely
stripped of sand. Instead, it experienced alternating phases of dune ac-
tivity and stabilization. Recycling within the erg was further supported
by relative tectonic stability, where slow uplift rates and gentle regional
tilting toward the ocean have likely limited the export of sand to the
continental shelf. Additionally, fault-block topography inherited from
the Damara orogeny (Viola et al., 2005) created localized depocenters
where dunes could aggregate and be preserved over geological
timescales.

Our results support the interpretation that the Namib has evolved
into a quasi-closed sedimentary system characterized by internal recy-
cling, erg stability, and long-term sediment retention over million-year
timescales.

Temporal wetter conditions and related increase in water discharge
resulted in less ephemeral to perennial fluvial regimes and higher
sediment flux derived from the reactivation of transport of particles
stored in upstream temporary storage environments (e.g. Walsh et al.,
2022). The Kuiseb River was once associated with numerous buried
paleochannels, now covered by aeolian sediments, which have cut into
the Precambrian basement and Tertiary deposits of the Namib Group
sediments. Eckardt et al. (2013) hypothesized that the lower course of
the river gradually shifted northward due to the influence of advancing
sand dunes from the south, resulting in the entrapment of freshwater
resources beneath the modern erg. North of the Kuiseb River, gravel
plains feature their own intermittent drainage network, partially buried
under aeolian sediments, with water flowing either into the Kuiseb
riverbed or terminating in small coastal pans. South of the Kuiseb River,
the Tsondab Sandstone, indicative of a proto-Namib Desert dating back
5 to 20 Ma, is exposed in the interdune valleys of the Namib Sand Sea.
Previous ground and aerial geophysical surveys (Sengpiel and Siemon,
1997) identified potential corridors associated with paleochannels
incising the Tsondab Sandstone, hypothesized to be filled with a 50 m-
thick layer of calcareous silty fine sand and covered by up to 100 m of
dune sand. Schmidt and Plothner (1999) suggested that floodwater from
the Kuiseb River may enter these paleochannels at specific locations
along the riverbed. Recent results based on high-resolution space-born
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radar confirmed and provided further details on the northward shift of
the Kuiseb River in the coastal region in response to dune migration in
the northern sector of the NSS. A key element supporting such evolution
is represented by the famous linear Warsaw dune, located in the former
fluvial plain of the Kuiseb River, which only formed at 5 ka (Bristow
et al., 2007) and migrates at rates of 1.6 m/year (Paillou et al., 2020).
Hence, the more pronounced northward migration of the Kuiseb River in
the coastal sector of the NSS proves that the linear dune progression is
faster on the western side, and that the dynamics of the NSS vary
spatially (Paillou et al., 2020 and references therein). Moreover, data
from ground penetrating radar on the paleo-channel at Tsondabvlei
show a largely perennial Paleo-Kuiseb during the 5.2 to 2.4 ka window
of wetter climate proposed by Bristow (Bristow et al., 2007; Paillou et al.
2020). Although there is no data about the nearby Tsondab River, there
is no reason to exclude that the same happened to this drainage during
wetter periods, especially if the difference between the composition of
the sand in the Tsondabvlei and the rest of the NSS is considered.

The multifaceted analytical workflow included in this study supports
this reconstruction. The carbon isotopic composition of the cements
reflects the carbonate isotopic composition of dissolved inorganic car-
bon of the diagenetic solution from which the cements were precipi-
tated. The latter may depend on the contribution of carbon from
remineralized organic carbon (low 613C), bicarbonate from the disso-
lution of carbonate (high 5'3C) and dissolution of atmospheric CO; (high
513C). Comparable values have been reported from fracture-filling cal-
crete in NW Namibia, where §'3CVPDB values ranging from -3.8 to
—1.3%o, dated to the Miocene, are interpreted to reflect a predominantly
dry climatic regime (Salomon et al., 2025). A broader dataset from the
Huab Basin indicates a trend in §'3CVPDB values from -9 to ~1%o be-
tween the Oligocene and the Miocene/Pliocene transition, consistent
with a progressive decline in vegetation cover in response to increasing
aridity during the Neogene (Salomon et al., 2025). The carbon isotope
values of the Tsondab sandstone cements are 3.4 to 3.2%c lower than the
soil carbonate of the Kamsberg Calcrete, indicating a higher contribu-
tion of isotopically light carbon from the decay of plant organic carbon.
Conversely, the comparatively high 8'3C value of the Kamberg soil
carbonate argues for a lower soil productivity and/or higher contribu-
tion of carbon from atmospheric CO2. The oxygen isotopic composition
of carbonates depends on the §!0 of the diagenetic solution from which
the carbonate precipitated and precipitation temperature. The §'%0 of
the meteoric pore waters mainly reflects the oxygen isotope composition
of precipitation or groundwater which additionally may be enriched in
180 by evaporation. Both regional geomorphology and distance from the
Atlantic Ocean exert a strong control on 5'80 of precipitation with rain
waters in the East (Namib Escarpment) being significantly lower in 580
compared to precipitation in the West (e.g. Namib; Kaseke et al., 2016;
German Geological Survey, 2000). The 3.8 to 4.6%o difference in 5'%0
between the Miocene carbonate cements and the Pliocene Kamberg soil
carbonate cannot be explained by different precipitation temperatures
since the contrast in 8'0 would translate into a temperature difference
up to 20°C, which seems unlikely. Therefore, we tentatively interpret
the lower '0 values of the Tsondab carbonate cements as representing
less evaporation and/or a more humid climate with an intensified
discharge of isotopically light (rain) waters from the East to the study
area. More humid conditions would favour soil productivity, as indi-
cated by the lower 8'3C values of the Tsondab carbonate cements.

The Cosmolian model used in this study aligns with the sediment
storage estimates of Vermeesch et al. (2010), which suggest ~400 ka of
storage within the Orange Basin, followed by minimum 1 Myr of
transport through the NSS. Our modeling further constrains the resi-
dence time of the near-shore sediment within the NSS to ca. 1.4 My. The
introduction of early sand deposits into the Orange Basin at Ca. 1.8 Ma
agrees with the timing proposed for initial sand input into the Molopo
Basin in the southern Kalahari (Vainer et al., 2018; Vainer et al., 2025),
located ~150 km to the north of the Orange River. This timing also
coincides with a regional shift toward aeolian dominance across the
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Kalahari Basin (Vainer et al., 2024; Matmon et al., 2018), situated on the
inland side of the Namib Escarpment, suggesting a climate-driven,
subcontinental-scale reorganization of sediment fluxes.

This early Pleistocene onset of large-scale dune accumulation is
mirrored in other passive-margin settings such as Western Australia,
where aeolianites and coastal dunes began forming by the early Pleis-
tocene (Hearty and O’Leary, 2008). Moreover, in tectonically active
regions such as the interior of eastern Asia, deserts show notable
intensification of aeolian activity at ~2 Ma (Lu et al., 2010). This
convergence suggests that the establishment and long-term preservation
of major sand seas, regardless of tectonic regime, was globally modu-
lated by late Cenozoic climatic shifts. The suppression of chemical
weathering, decline in runoff, and increasing wind energy after ~2 Ma
created the conditions for sediment sequestration, erg expansion, and
dune recycling in, intramontane, cratonic, and passive-margin basins.

The northern sector of the NSS, therefore, displays the dune accre-
tionary and migration mechanisms of the Orange Sand onto the Nami-
bian coast. Our model identifies two distinct phases, the Tsondab Sand
Sea (TSS) and the Orange Sand Sea (OSS). The Tsondab period was
characterized by higher humidity and water discharge, enough to pro-
vide sand forming the Miocene-Pliocene sand sea. The TSS started being
replaced by the OSS over the last 5 Ma and only survives in the NE corner
of the NSS, forming a desert within a desert.

6. Conclusions

This study provides compelling evidence for a fundamental revision
of the long-held model regarding the evolution of the Namib Sand Sea
(NSS). Through an integrated analysis of sediment compositions,
geochronological data, and numerical modeling, we demonstrate that
the current NSS resulted from the progressive interaction of two distinct
sand seas: the Miocene-Pliocene Tsondab Sand Sea (TSS) and the
younger Orange Sand Sea (OSS).

The composition of Tsondab Formation aeolianites along the eastern
margin of the NSS reveals that Orange River-derived sand did not reach
as far east as today until approximately 2 Ma. This finding contradicts
the prevailing hypothesis of continuous Orange River sediment supply
since the early Miocene. The distinct compositional signatures of the
TSS, characterized by higher proportions of metamorphic and local
volcanic detritus, along with substantially different heavy mineral as-
semblages and detrital zircon age patterns, indicate dominant sediment
supply from inland Namibian sources during the Miocene-Pliocene.

Our chronological framework, supported by cosmogenic nuclide
modeling, suggests that the current configuration of the NSS developed
through several phases: (1) formation of the TSS during the middle-late
Miocene under more humid conditions with greater fluvial activity, (2)
progressive encroachment of Orange-derived sand since ~5 Ma, coin-
ciding with the stabilization of the Benguela Current, lower wind in-
tensity, and higher precipitations in inner Namibia, and (3)
establishment of the modern OSS over the last 2 Ma, characterized by
dominant northward littoral transport and aeolian reworking of Orange
River sand.

The contrasting dynamics of fluvial-aeolian interaction between
Sossusvlei and Tsondabvlei provide crucial evidence for this evolu-
tionary model. While the Sossusvlei area shows progressive dilution of
local river sand by Orange-derived material, the Tsondabvlei region
preserves a distinct composition dominated by local sources, effectively
representing a “desert within a desert” — a remnant of the TSS sur-
rounded by the younger OSS.

Carbon and oxygen isotope data from carbonate cements support a
shift from more humid conditions during the Miocene to increasingly
arid settings in the Pliocene-Pleistocene. This climatic transition,
coupled with the intensification of the Benguela Current and associated
wind patterns, facilitated the northward expansion of Orange-derived
sand, ultimately leading to the development of the modern NSS. The
residence time of sand within the system, constrained by our cosmogenic

24

Earth-Science Reviews 271 (2025) 105247

nuclide modeling, indicates that marginal sands at the northern edge of
the NSS have remained in transport for approximately 1.5 Myr.

These results necessitate a fundamental reconsideration of the NSS’s
evolution, demonstrating that its current configuration represents the
culmination of a complex interplay between changing climatic condi-
tions, oceanic circulation patterns, and sediment routing systems over
the past 20 million years. This new understanding has broader impli-
cations for reconstructing the evolution of other major desert systems
and highlights the importance of integrating multiple analytical ap-
proaches to unravel the long-term development of large-scale sedi-
mentary systems.
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