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ABSTRACT: The present end-point of the Tsauchab River is at Sossus Vlei, 30 km into the Namib
Sand Sea. Interdune deposits in three depressions west and southwest of the vlei include channel and
interdune lithofacies associations but no deposits typical of river end-points or of groundwater
seepage into interdune areas. The two lithofacies associations show that the Tsauchab River extended
further into the sand sea in the past. It had a well-developed channel and a higher flow than today that
caused flooding of adjacent interdune areas.

OSL 4-mm aliquot minimum ages indicate that the Tsauchab River reached 2-3 km beyond its
present end-point at ca. 25 ka and ca. 9-7 ka, and that the river was more active from 0.9-0.3 ka.
The eastward migration of the river end-point since ca. 7 ka suggests a reduction in flood magnitude
accompanied by the gradual invasion of the Sossus Vlei area by dunes. The regional data indicate an
additional wet interval at ca. 15 ka that is so far not recorded in the Sossus area. Copyright © 2006

Journal of Quaternary Science

John Wiley & Sons, Ltd.
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Introduction

Active and relict sand seas can provide important data about
Quaternary climate change. The age of inactive dunes is an
indication of past dune activity and a more arid climate (e.g.
Stokes et al., 1997; Thomas and Shaw, 2002) while interdune
sediments, sometimes including fluvial deposits, may preserve
evidence of wetter climate intervals (e.g. Lancaster, 1984,
1989; Teller et al., 1990; Thomas et al., 2003). The area cov-
ered by interdune sediments in modern sand seas can be signif-
icant, averaging 50% in the Namib Sand Sea (Lancaster and
Teller, 1988). Shaw et al. (1992) have dated freshwater shells,
calcified reeds, and freshwater carbonates in interdune areas of
the Kalahari Desert to show that the Xaudum and Okwa rivers
in northwest Botswana were much more active 17.5-14.5ka.
The potential of fluvial deposits within the Namib Sand Sea to
provide information on past wetter phases of climate has long been
recognised (e.g. Lancaster, 1984; Heine, 1998). However, because
of inaccessibility there have been relatively few studies of these
deposits and none that has made extensive use of OSL dating.
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Georgia, Athens, GA 30602, USA. E-mail: gabrook@uga.edu

fCurrent address: Wadia Institute of Himalayan Geology, 33 GMS Road,
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Studies of the Tsondab River (Fig. 1(A)) show fluvial and
lacustrine deposits and traces of former stream channels to
within 20 km of the Atlantic Ocean over a distance of 70 km
west of the present end-point of the river at Tsondab Vlei (‘vlei’
is the Dutch word for marsh but it is also used to refer to
seasonally inundated pans and end-points of rivers), itself
30km into the Namib Sand Sea (Vogel and Visser, 1981;
Lancaster, 1984; Ward, 1987; Deacon and Lancaster, 1988).
These deposits indicate a stream with much higher compe-
tence and capacity than today. Calibrated radiocarbon ages
of calcified roots and freshwater mollusc shells show that the
river reached Narabeb 35-23.5ka and that by 17.2-15.8 ka
its terminus had retreated eastward to a point 5-10 km west
of Tsondab Vlei. Vlei silts at Tsondab Vlei also suggest
increased river flow ca. 9.9-9.5ka (Vogel and Visser, 1981;
Lancaster, 1984; Teller and Lancaster, 1986; Deacon and
Lancaster, 1988). Since ca. 16 ka several 50-100 m high dunes
have blocked the course of the Tsondab River so that the
terminal playa has retreated eastwards to its present location.
The large dune-free area of the Tsondab Flats and the distur-
bance of the main S-N trending linear dunes to the west
suggest that the Tsondab River may have formed a barrier to
northward extension of the Namib Sand Sea until after
ca. 20ka (Teller and Lancaster, 1986; Lancaster 1989).

About 70km south of the Tsondab the Tsauchab River
currently ends at Sossus Vlei. Calibrated radiocarbon ages for
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vlei silts at Sossus Vlei suggest increased flow to the playa 29—
23 and 11-10ka, with slightly increased flow at 0.7 ka (Vogel
and Visser, 1981; Heine, 1998). In addition, Vogel (2003) has
studied the ages of dead trees at Dead Vlei, near Sossus Vlei but
separated from it by a large dune. These suggest wetter condi-
tions 0.8-0.6 ka followed by a period of drought that killed the
trees.

In this paper we describe the lithofacies composition, OSL
age, and palaeoenvironmental implications of sediments in
three interdune areas to the west and southwest of Sossus Vlei
and isolated from it by large dunes. Based on results presented
here and on previous research (e.g. Roberts et al., 1999;
Wallinga, 2002; Srivastava et al., 2006) we have used 4-mm
aliquot minimum ages for our OSL chronology. The resulting
palaeoenvironmental data are viewed alongside other reliably
dated climate records and a summary model for the region is
proposed.

Study area

General background

The Namib Sand Sea covers an area of ca. 34000 km? along
the coast of Namibia. It extends for almost 400 km north
of the Orange River near Luderitz along the South Atlantic
coastal plain to Walvis Bay, and inland for 100-150 km. It is
bounded in the east by the western escarpment of the southern
African plateau and to the north by the Kuiseb River valley.
Mean annual rainfall ranges from <15 mm on the coast to 80—
100 mm near the escarpment. A number of ephemeral rivers
drain towards the coast from the uplands lying beyond
the escarpment (Fig. 1). The Kuiseb and rivers to the north reach
the Atlantic during years of high rainfall. South of the
Kuiseb rivers such as the Tsondab and the Tsauchab have small
catchments that do not extend beyond the eastern margin of
the desert. These rivers never reach the coast and like rivers
further south they terminate in playas within the Namib Sand
Sea (Fig. 1).

The focus of this study is the 4000-km? Tsauchab River
catchment bordered by the Naukluft Mountains to the north,
the foothills of the western escarpment to the east and the Zaris
Mountains to the south. Although the catchment is entirely
within an area receiving <150 mm annual rainfall, the river
penetrates more than 45 km into the Namib Sand Sea before
terminating at Sossus Vlei, a playa (Fig. 1(B)). East of Sossus Vlei
the Tsauchab valley floor is more than 3 km wide and flanked
on both sides by massive dunes. The channel is incised 1-2m
into calcrete-cemented fluvial and aeolian deposits. The
Namib dunes are among the highest in the world and at Sossus
Vlei they crest 300-360 m above the Tsauchab River (Lancaster
and Teller, 1988).

A layer of light grey silt covers the surface of Sossus Vlei and
there are deep desiccation cracks in the centre of the pan. A
number of very large Acacia erioloba trees grow around the
margin, especially in the south. On three sides massive dunes
border the pan (Fig. 1(C)). During most years the Tsauchab
River does not reach Sossus Vlei and a new end-point is being
created upstream by a thick sand body with small barchanoid
dunes and vegetated sand hummocks. However, occasional
floods triggered by exceptional rainfall along the western
escarpment still penetrate to Sossus Vlei leaving it inundated
for several weeks, as occurred for example in 1986, 1990,
1997 and 2000. To the SE, SW and W of Sossus Vlei there
are a series of elongate and oval pans. Relict fluvial and pan

Copyright © 2006 John Wiley & Sons, Ltd.

deposits exposed in the floors of these depressions are evidence
that in the past the Tsauchab River penetrated further into the
Sand Sea than it does today (Fig 1(C)).

Study sites

This study examines sediments exposed in the floors of three
interdune depressions (D-1 to D-3) separated from Sossus Vlei
by dunes up to about 50m high. The interdune areas are
dominated by fluvial sediments interspersed with aeolian
deposits.

Depression 1 (D-1) is about 2 km west of the westernmost
tongue of Sossus Vlei and is separated from it by a high W-E
trending dune ridge (Fig. 1(C)). In the deepest part of the depres-
sion deflation has exposed rounded fluvial gravels deposited
along a former river channel (Fig. 2). According to Vogel
(2003) similar deposits extend to the southwest and north for
a considerable distance into the region of massive linear dunes.

Southwest of Sossus Vlei is a series of pans including three
oval-shaped depressions covered by a layer of grey silt about
20-80 cm thick. These are separated from each other and from
Sossus Vlei by SW-NE trending linear dune ridges 10-20m
high. The largest of the oval-shaped pans is Dead Vlei (D-2),
named for the large number of dead Acacia erioloba trees
within the pan (Fig. 3). A closed erosional gully along the wes-
tern margin of Dead Vlei has exposed ca. 3 m of the sediment
sequence in the vlei. Some smaller A. erioloba trees still grow
in the erosional depression indicating that at times moisture
seeps into the pan from the surrounding dunes. We studied
sediments exposed by gully erosion and also nearby silt and
sand hummocks above the pan surface. These hummocks, as
well as thin, horizontally bedded silt layers draped over the
basal part of a high dune, indicate that at times the water level
in this pan must have been considerably higher than the pre-
sent surface.

The third interdune depression examined (D-3) is immedi-
ately NW of Dead Vlei and separated from it only by a low sand
ridge. The gully along the western margin of Dead Vlei for-
merly discharged into this depression but was blocked and
transformed into a small closed depression by development
of the dune that now separates it from Dead Vlei. Sediments
in D-3 have been eroded by water and wind, and remnants
typically have been streamlined by wind to form yardangs a
few to several metres long and a few metres high. In contrast
to the flat pan surfaces of Sossus and Dead Vlei, the floor of
D-3 is irregular with deep gullies and steep-sided yardang-
shaped sediment residuals (Fig. 4).

Deposits in the floors of the three depressions are archives of
past fluvial activity in the region near the present end-point of
the Tsauchab River and of past climatic conditions in the
Namib Desert. In this paper we examine the stratigraphic
characteristics of sediments exposed in these interdune
depressions, and discuss their age and palaeoenvironmental
significance.

Sediment characteristics

Based on physical sedimentary structure, degree of bioturba-
tion, grain size, and geometry of sedimentary units, various
lithofacies were identified in the sediments exposed in the
floors of Depressions 1-3. These are described below and are
shown schematically in Fig. 5.

J. Quaternary Sci., Vol. 21(4) 347-362 (2006)
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Figure 3  Silt-covered surface of Dead Vlei (depression D-2) showing dead trees and stratigraphy and ages of sediments in Sections 2A-2C. Litho-

facies shading patterns are shown in Fig. 5

Individual lithofacies
Well-sorted medium sand

This is red, well-sorted, cross-stratified medium quartz
sand deficient in mica, with individual lamina 2-3 mm thick.
It is 0.6-2.2m thick and overlain by a thin layer of silt. This
aeolian dune deposit is well developed in Section 2C at Dead
Vlei (Fig. 3). The dip of the strata indicates deposition by a
S-SW palaeowind similar to the dominant wind today
(Lancaster, 1982).

Copyright © 2006 John Wiley & Sons, Ltd.

Medium sand with mud balls

This lithofacies is a reddish-brown medium sand, 0.2-1.0m
thick, generally with an erosional base and little physical struc-
ture (Fig. 5). There are only occasional ripple laminations and
moderate bioturbation. Mud balls, clay curls and gravels
2-12cm in diameter are common. In places the unit contains
only clay curls in a medium sand matrix with ripple lamina-
tions. It is the diagnostic facies of the basal part of the sediment
sequence examined in D-1 (Fig. 2). The unit records the fluvial
reworking of aeolian sand. The clay curls and mud balls are

J. Quaternary Sci., Vol. 21(4) 347-362 (2006)
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Figure 4 Wind-eroded fluvial sediments on the floor of depression D-3 and stratigraphy and ages of sediments in Sections 3A and 3B. Lithofacies

shading patterns are shown in Fig. 5

reworked clayey deposits laid down in shallow pools or
interdune areas during earlier floods. Gravels indicate high-
energy flood events; units without mud balls and gravels indi-
cate low-energy floods.

Ripple-laminated fine sand

Units of this lithofacies consist of 0.2-0.6m thick, red,
ripple-laminated fine sand that is moderately bioturbated

Copyright © 2006 John Wiley & Sons, Ltd.

and lensoid in lateral geometry. This facies generally overlies
dune deposits and is followed by an alternating sand and silt
facies. It often contains ellipsoidal mud clasts, up to 6.5cm
in diameter, towards the base. This lithofacies is a shallow
channel deposit within the dune area. A modern analogue
is described by Svendsen et al. (2002) who studied Hoanib
River flood deposits in interdune areas of the Skeleton Coast
in the northern Namib. Channels are formed in interdune
areas when excess river flow is diverted laterally between
dunes during high floods (Krapf et al., 2003; Stanistreet and
Stollhofen, 2002).

J. Quaternary Sci., Vol. 21(4) 347-362 (2006)
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Interdune Facies Association

0 m—

Ripple laminated fine sand

Well sorted medium sand

Mud ball bearing medium sand

Parallel laminated alternating sand and silt

Channel Facies Association

Bioturbated clayey silt

Parallel laminated medium sand

Planar cross bedded medium sand

Trough cross bedded coarse-medium sand

i

Figure 5 Schematic diagram showing the lithofacies of Interdune Facies Association and the Channel Facies Association sediments

Parallel-laminated alternating sand-silt

Units are 0.4-0.7 m thick and consist of couplets of fine sand
and silt. Individual couplets are up to 1 cm thick, with the sand
layer up to 8 mm thick. Often the silty layers are more clayey
and may then be up to 5cm thick, showing mud cracks and
animal footprints (Fig. 6). In places there are bioturbated hori-
zons and some units show several cycles of bioturbated and
sand-silt laminations. The direct association with dune sand
indicates deposition by sheet flows on dune flanks and in inter-
dune areas. Bioturbated horizons may represent hiatuses in
sedimentation. This facies is well developed in the sediments
of D-1 and in Sections 2A-2C at Dead Vlei (D-2).

Trough cross-bedded coarse to medium sand

Units are 1.5-2.2 m thick, moderately well-sorted trough cross-
bedded sand. Average grain size is 0.4-0.6 mm and units are
rich in coarse lithic fragments. The troughs occur in cossets
ca. 80cm thick, where individual troughs have wavelengths
up to 3m and amplitudes of 50cm. Laterally the units are
lensoid with an erosional basal contact. There is often a pebbly
channel lag at the base (Figs 7 and 8a). Trough axes indicate an
average palaeocurrent direction of 210°. The facies is well
developed in Sections 3A and 3B in D-3.

This lithofacies was deposited by the three-dimensional
migration of sand bars under channel flow conditions (Miall,
1996). The grain size and presence of lithic fragments indicate
increased erosion and sediment transport in the upper parts of
the catchment.

Planar cross-bedded medium sand

This lithofacies is a red, planar cross-bedded, medium sand
0.3-0.8 m thick (Fig. 7). Sandy pebbles are sometimes present
at the base of the unit. The units occur in cossets of cross-
bedded sand where individual sets are 5-20 cm thick and gen-
erally overly trough cross-bedded medium sand lithofacies.
The average palaeocurrent direction is 150 °. This facies is well
developed in Sections 3A and 3B and was deposited by active
mega-ripples (Ashley, 1990).

Copyright © 2006 John Wiley & Sons, Ltd.

Parallel-laminated medium sand

This is 0.3-1.4 m thick parallel-laminated medium sand. Indi-
vidual laminae are up to 4mm thick and often show discor-
dances and the occasional presence of mud balls (Fig. 7).
The facies overlies trough cross-bedded coarse-medium sand
or planar cross-bedded medium sand units and transforms
upwards into ripple-laminated sand. It represents sedimenta-
tion on a bar during a waning flood (Miall, 1996).

Bioturbated clayey silt

This is an extensively bioturbated, reddish-brown clayey
silt, 0.5-1.0 m thick (Fig. 7). It often occurs in association with
ripple-laminated fine sand or parallel-laminated medium sand,
forming a gradational contact with the underlying facies.
It represents sedimentation in a floodplain setting or bar top
sedimentation after the flood recedes (Miall, 1996).

Lithofacies associations

On the basis of vertical and lateral facies changes, the
lithofacies described above can be grouped into two associa-
tions (Fig. 5).

Channel facies associations

These form lensoidal, fining upward sand bodies usually with
trough cross-bedded medium sand, overlain by cross-bedded
medium sand and parallel-laminated medium sand grading
into rippled fine sand near the base. This sequence is overlain
by bioturbated clayey silt (Fig. 7). We believe that this associa-
tion was deposited in a vertically aggrading river valley, where
sedimentation was in channel bars and associated floodplains.
Channel lag gravels often mark the former position of the
stream channel (Fig. 8(B)). Trough-cross-bedding and planar-
cross-bedding directions diverge by ca. 60° but indicate an
average river palaeoflow of 182° (N=15). This facies associa-
tion is only present in sediments at D-3 (Sections 3A and 3B).

J. Quaternary Sci., Vol. 21(4) 347-362 (2006)
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Figure 6 Sediments of Section 2C in Dead Vlei (A) parallel-laminated sand and silt overlying well-sorted medium dune sand. (B) Alternating parallel-

laminated sand and silt lithofacies

We considered the possibility that this association represents
a drying ephemeral channel but discounted this interpretation
because: (a) the sediments show no features typical of channel
desiccation; (b) the bioturbated clay shows a gradational con-
tact with much bioturbation indicating considerable riparian
vegetation and animal activity which would be unlikely in a
drying channel situation; and (c) there is no dune sand in the
sequence as might be expected as a river channel desiccates.

Interdune facies associations

These form sheet-like silty, sand units alternating with aeolian
dune sand. This facies association includes the following litho-
facies: well-sorted medium sand, medium sand with mud balls,
ripple-laminated fine sand, and parallel-laminated alternating
sand silt. Lensoidal units of ripple-laminated fine sand overly-
ing well-sorted medium sand indicates the formation of small

Copyright © 2006 John Wiley & Sons, Ltd.

channels in interdune corridors during high floods in the main
channel. The packages of parallel-laminated alternating sand,
silt, and dune sand represent sheet flows over dune slopes as
water spills from the main stream into interdune areas during
high floods (Stanistreet and Stollhofen, 2002). The presence
of gravel, mud balls and clay curls in the sandy units is an indi-
cation of flood intensity, and the thickness of alternating units
of dune sand a measure of the relative intensity of aeolian activ-
ity. Bioturbated horizons are a record of plant and animal activ-
ity on surfaces wetted by flooding, and they may record
hiatuses in flooding.

Luminescence dating

Luminescence dating was used to establish a chronology for
the interdune and stream channel facies associations (Aitken,
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Figure 7 Channel bar sediments exposed at Section 3A in depression D-3. (A) Trough cross-bedded sand. (B) Planar cross-bedded sand. (C) Parallel-

laminated sand. (D) Bioturbated silty clay

1985, 1998). There is increasing evidence that many fluvial
sediments are sufficiently well-bleached during transport to
make them suitable for OSL dating (Colls et al., 2001; Stokes
et al., 2001; Wallinga et al., 2001; Eitel et al., 2002; Heine
and Heine, 2002; Bourke et al., 2003; Rittenour et al., 2003;
Leigh et al., 2004; Srivastava et al., 2004, 2005). However,
OSL single-grain minimum ages (the average of the youngest
10% of grains) are believed to most closely approximate
the true ages of sediments (e.g. Roberts et al., 1998, 1999;
Wallinga, 2002; Olley et al., 2004). By comparing 9.6-mm
and 4-mm single-aliquot minimum ages with single-grain mini-
mum ages for a suite of fluvial sediments from the Kuiseb River,
Srivastava et al. (2006) found that 4-mm aliquot minimum ages
closely approximate single-grain minimum ages. Olley et al.
(2004) also show that minimum ages of small (10-grain)
aliquots provide an accurate estimate of the burial dose for 9
of 12 independently dated, Holocene-age aeolian, fluvial and
marine sediments. So, in this study we have used the 4-mm
aliquot minimum ages as the best estimates of the ages of our
samples.

The lithofacies composition of sediments in the three inter-
dune depressions was analysed and 10 samples were collected
from sandy units for luminescence dating (Figs 2—4). To avoid
exposure to light, samples were collected by hammering opa-
que pipes into cleaned, vertical, exposed sections of sediment.
Luminescence dating assumes that the geological lumines-
cence of sediment is reduced to near zero by exposure to sun-
light during weathering and transport (Aitken, 1985, 1998).

Optically stimulated luminescence (OSL) dating was carried
out in subdued red-light conditions. Five centimetres of sedi-
ment was removed from each end of the sample pipes for dose
rate estimation. Luminescence measurements were made on
the central section of the sediment cylinder that was least likely
to have been exposed to sunlight during sampling. All samples
were treated with 10% HCl and 30% H,O, to remove carbo-
nates and organic matter. Samples were sieved to extract the
150-170-um-size fraction. Quartz and feldspar grains were
separated by density using Na-polytungstate (p=2.58g cm™>).
The quartz fraction was etched using 40% HF for 80 min fol-
lowed by 12N HCI for 30 min to remove the skin affected by
alpha radiation. The quartz grains were mounted on stainless
steel disks using Silkospray™. Light stimulation of the quartz
was achieved using a RIS@ array of blue LEDs centred at
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470nm. Detection optics comprised Hoya 2 x U340 and
Schott BG-39 filters coupled to an EMI 9635 QA Photomulti-
plier tube. Measurements were taken with a RISO TL-DA-15
reader. 3-radiation was applied using a 25 mCi “°Sr/*°Y in-built
source.

The SAR protocol (Murray and Wintle, 2000) was used to
determine the palaeodose. A five-point measurement strategy
was adopted with three dose points to bracket the palaeodose,
a fourth zero dose and a fifth repeat-palaeodose point. The
repeat palaeodose was measured to correct for sensitivity
changes and check that the protocol was working correctly.
All measurements were made at 125°C for 100 after a pre-
heat to 220°C for 60s. For all aliquots the recycling ratio
between the first and the fifth point ranged within 0.95 to
1.05. Data were analysed using the ANALYST program of
Duller (1999).

For age determination, and as a means of assessing whether
the fluvial sediments were totally bleached at deposition,
palaeodose measurements were made on single aliquots of
9.6mm and 4.0 mm diameter. In each case 12-16 aliquots
from each sample were analysed. This approach produced
two age datasets that could be compared. Dose-rate calcula-
tion relied on the thick source ZnS (Ag) alpha counting techni-
que for elemental concentration of uranium and thorium.
Potassium was measured by ICP90 using the Sodium Peroxide
Fusion technique at the SGS Laboratory in Toronto, Canada.
As precipitation over the Tsauchab catchment is in the range
0-175mm yr_1 (Jacobson et al., 1995), a water content of
5+ 2% was assumed for all samples. The cosmic ray gamma
contribution was assumed to be 150+ 30 uGy yr~' as recom-
mended for sediments located below an altitude of 1000 m
between latitudes 0° and 40° (Prescott and Stephan, 1982).

Radioactivity data are shown in Table 1 and the 9.6-mm and
4.0-mm aliquot age data for the 10 samples analysed, including
central and minimum ages, in Table 2 and Fig. 9. If the sedi-
ments were totally bleached at deposition we would expect
minimum age estimates from both the 9.6-mm and 4.0-mm ali-
quots to be comparable. However, if the sediments were only
partially bleached the 4.0-mm aliquot minimum ages should
be younger because the smaller sample size increases the pos-
sibility of obtaining a higher percentage of grains that were
bleached at deposition. In fact, the 4.0-mm aliquot minimum
ages of seven of the 10 samples dated are younger than the
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Figure 8 Sediments of Depression D-3. (A) Trough cross-bedded sand. (B) Pebbly channel lag representing a channel event. The hammer is 40 cm
long

Table 1 Radioactivity data and computed dose rates for the Sossus Vlei samples

Sample No Sample ID Depth (m) U (ppm) Th (ppm) K (%) Dose rate (Gyka ')
1 SV-1 8.70 1.3+£0.2 3.3£09 1.74 2.2+£0.2
2 SV-2 8.50 1.3+£0.3 4.24+1.2 1.73 2.2+0.2
3 SV-5 5.60 1.7+£0.3 3.8+£1.2 1.65 2.44+0.2
4 SV-6 0.30 1.1£0.2 24+0.7 1.60 2.1+£0.2
5 DV-1 0.25 1.9+0.3 2.7£1.1 1.24 1.9+0.1
6 DV-2 0.70 25+0.3 2.1£1.1 1.20 1.9+0.1
7 DV-3 1.10 1.5+0.3 3.1£1.1 1.43 2.0£0.1
8 DV-4 0.30 1.3£0.3 45+1.2 1.36 2.0+0.1
9 DV-5 1.20 1.2+0.2 2.3+£0.8 1.49 1.9+0.1

10 DV-6 3.10 1.8+0.8 3.1£13 1.53 2.2+0.2

Water content: 5+ 2% of each sample.
Cosmic ray gamma-radiation: 1504+ 30 pGyka™".
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Table 2 Luminescence age data for the Sossus Vlei sediments

Sample Dose rate Multiple grain
ID (Gyka™")
9.6-mm aliquot 4-mm aliquot
Central Minimum Central Minimum Central Minimum Central Minimum
P (Gy) P (Gy) Age (ka) Age (ka) P (Gy) P (Gy) Age (ka) Age (ka)
SV-1 2.2£0.2 64.9+6.9 48.4£2.1 29.9+44 21.0£1.6 75.8+11.1 56.5+3.5 32.9+5.2 24.6 £2.1
SV-2 2.2+0.2 32.0£5.1 29.6+1.8 145+2.8 12.6+1.1 341£11.0 21.5+£2.0 14.5+4.8 9.1+£1.0
SV-5 2.4+0.2 32.8+£5.9 229+1.8 13.9£2.8 9.8£1.0 34.1+£8.2 21.6£3.5 14.6£3.7 9.2+1.6
SV-6 2.1£0.2 179£29 12.4£0.6 8.6E£1.6 6.0£0.5 18.4£5.4 8.9£0.8 8.9+27 4.3+0.5
DV-1 1.9+0.1 1.5+0.1 1.2+0.1 0.8£0.1 0.6£0.3 1.3+£0.5 0.6£0.1 0.7£0.3 0.33+£0.06
DV-2 1.9+0.1 3.3£0.7 1.8+0.2 1.7+0.4 0.9+£0.1 29+£1.0 1.7+0.2 1.5+0.5 0.9+0.1
DV-3 2.0£0.1 21.9+3.2 15.0£0.6 10.7£1.7 7.3£0.6 24.0+6.3 11.9+0.5 11.8£3.2 5.8+0.5
DV-4 2.0£0.1 1.7+0.2 1.3+0.1 0.8£0.1 0.6 £0.07 1.8+0.2 1.4£0.1 0.9£0.1 0.7 +0.07
DV-5 1.9+0.1 4.1+0.9 2.2+0.2 2.1£0.5 1.1£0.1 3.0£15 1.2£0.1 1.5+0.8 0.6 £0.06
DV-6 2.2+0.2 1.9+0.4 1.1+0.1 0.9£0.2 0.5£0.07 21£1.0 0.9+£0.1 1.0+0.5 0.4+0.06
9.6-mm aliquot ages by up to 3.5ka, suggesting partial dence of partial bleaching of our samples (see also Bourke
bleaching of the fluvial sediments. Minimum ages were the et al., 2003), and the findings of Wallinga (2002), Olley et al.
same for DV-2 (0.9 +£0.1ka) but 9.6-mm aliquot minimum (2004) and Srivastava et al. (2006), we used the 4-mm single-
ages were younger for SV-1 (21.0+1.6 versus 24.6 + 2.1 ka) aliquot minimum ages as the most likely ages of the sediments
and DV-4 (0.6 +£0.07 versus 0.7 +0.07 ka). Given this evi- in the Sossus Vlei area.
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Figure 9 Single-aliquot (9.6 mm) regeneration data for sample DV-3. (A) OSL shine-down curve against stimulation time. (B) OSL regenerative
growth curve against laboratory-induced doses. Lx/Tx is the test dose-corrected ratio of the OSL signal. (C) Frequency distribution of palaeodoses
measured on 14 aliquots
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Interpretation and ages of the
sedimentary sequences

Depression 1

The sediments in D-1 consist of a ca. 9m thick sequence of
interdune facies with rounded gravels exposed at the base
(Fig. 2). The lower ca. 3.5 m of the sequence shows cycles of
medium sand with mud balls and units of parallel-laminated
alternating silt-sand without the presence of dune sand. In con-
trast, the upper ca. 5.5 m of sediment shows parallel-laminated
alternating sand-silt facies deposited in association with dune
sand. The dune sand increases in thickness upward and there is
a parallel decrease in the thickness of the sand-silt facies. This
indicates that the basal part of the sequence was deposited at a
time of relatively wetter conditions when the river had a higher
energy; at least enough to erode clay-silt and carry mud balls
into the interdune areas with relatively subdued aeolian activ-
ity. Animal footprints on the top of the basal unit also indicate
that animals used the area. This suggests that the river extended
west of its present position to this depression at this time. Dur-
ing deposition of the upper part of the sequence the dune field
extended northwards into the area owing to a gradual decrease
in fluvial energy ultimately isolating Depression 1.

The ca. 9m of sediments in D-1 were deposited from
24.6+2.1 ka (SV-1) to 4.3 £0.5ka (SV-6). However, ages of
9.2+ 1.6ka (SV-5) and 9.1 £0.1ka (SV-2) at ca. 5.5 and 8m
respectively indicate that the bulk of deposition occurred from
ca. 9—4ka (Fig. 2). The more fluvial-dominated and possibly
wetter part of the sequence shows two discrete episodes of
deposition, the first at ca. 24.6ka and, after a considerable
break, the second at ca. 9-7 ka. Before 25 ka the fluvial regime
was still well established as indicated by the rounded gravels at
the base of the sequence. The overlapping ages in the later
episode indicate a short-lived, rapid phase of sedimentation.
The upper sediment sequence deposited from 9.2 to 4.3ka
records gradually increasing aridity.

Depressions 2 and 3

Three sediment sequences, Sections 2A-2C, were examined in
D-2. These rest on the dune sand and show primarily the devel-
opment of the interdune facies association with lensoid rippled
sand bodies indicating sedimentation in interdune areas when
the flood water escapes during high floods (Fig. 3). The ripple-
laminated sand bodies may indicate formation in shallow dis-
tributary channels within the interdune areas.

The sedimentary succession in D-3 (Sections 3A and 3B) is
made up of the channel facies association and indicates that
sedimentation took place exclusively in the form of a channel
bar in a southerly flowing river (Fig. 4). Unlike today, the river
had a well-developed channel and flood plain. The divergence
of ca. 60° in palaeocurrent directions between the two bed
forms (troughs and planar cross-beds), suggests that the
three-dimensional bedforms (trough cross-bedding) and two-
dimensional bedforms (planar cross-bedding) moved in differ-
ent directions during the evolution of the bar. This may indicate
changing current directions and energy of the river because of
interference in flow by nearby dunes. However, similar diver-
gence has been reported in the deposits of the perennial River
Ganga in the humid tropics of India where it has been
considered part of a braid bar sequence (Shukla et al., 1999).

Sedimentation in D-2 and D-3 marks another phase of
active fluvial sedimentation when river discharge was high
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enough to transport sediments in the form of two- and three-
dimensional bedforms forming bars. The interdunal deposits
in Dead Vlei (Sections 2A-2C) may indicate flooding of this
interdunal area when the Tsauchab River had established a
course a little south of its present position, and periodically
spilled into neighboring interdune areas. This may have
occurred at a time of wetter climate in the catchment and
slightly reduced dune activity.

Dune sand at the bases of the Dead Vlei sediment Sections
2A-2C has a luminescence age of 5.8 £0.5 ka (DV-3) and the
overlying fluvial sediment an age between 0.9 +0.1 ka and
0.3 £0.06 ka. The D-3 sequences (Sections 3A and 3B) yielded
ages between 0.6 +0.06 ka and 0.4 £0.02 ka. This indicates
that the fluvial sedimentation recorded in Sections 2A-C and
3A-B occurred between 0.9 and 0.3 ka and was preceded by
more arid conditions from 5.8 to 0.9 ka, based on the age of
the underlying dune sand at Dead Vlei.

Calibrated radiocarbon ages for dead Acacia erioloba trees
in Dead Vlei (D-2) show that the trees started growing by
770 £33 cal.yr BP (AD 1180 or 0.8 ka) when the area was pre-
sumably wetter than now. The trees died between 610+53
cal.yr BP and 520+ 11 cal.yr BP (AD 1340-1430 or 0.65-
0.6 ka), presumably because of much drier conditions. This
record supports sedimentary evidence for frequent flooding of
the interdune areas and slightly wetter conditions between 0.9
and 0.3 ka.

The present study of Tsauchab River sediments indicates flu-
vial sedimentation and wetter conditions at ca. 25 and ca. 9 ka
with a minor wet phase between 0.9 and 0.3 ka. Intervening
time periods may have been drier or the depressions may have
been isolated from the river’s influence as a result of dune
development.

Discussion

There is a growing body of evidence from Namibia to indi-
cate discrete periods of wet and dry climate during the last
30 ka. However, at present it is difficult to compare palaeoen-
vironmental records based on calibrated radiocarbon and U-
series ages with those based on OSL ages. One reason for this
is that OSL chronologies are usually developed using central
ages obtained by analysing large aliquots. Current thinking on
OSL dating is that minimum ages determined by single-grain
or small-aliquot OSL analyses most closely approximate the
true age of the deposit (e.g. Roberts et al., 1999; Wallinga,
2002; Olley et al., 2004; Thomas et al., 2005). We have
found that minimum ages determined by the SAR protocol
using a 4-mm aliquot closely match calibrated radiocarbon
ages and single-grain minimum ages (Srivastava et al.,
2006). The decision on whether to use minimum or central
OSL ages is significant as minimum ages can be
substantially younger than central ages. In this study 9.6-
mm aliquot central ages are 0.2-8.9 ka older than minimum
ages, the difference generally increasing with increasing
sample age, and 4.0-mm aliquot central ages 0.2-8.3 ka older
(Table 2).

In Fig. 10 we have assembled some important minimum age
OSL, and radiocarbon-dated climate records from the Namib
and Kalahari Desert regions and nearby areas that can be com-
pared chronologically with the Sossus data reported here.
These include several records based on the ages of secondary
carbonates such as spring tufas and pan carbonates in the
Namib Desert and adjacent areas (Vogel and Visser, 1981;
Lancaster, 1989; Vogel, 1989; Teller et al., 1990), tufas along
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(D) The Sossus record (this paper). (E) Sossus Vlei, Hauchabfontein, and Bullspoort sediments (Heine, 1998), and dead trees in Dead Vlei (Vogel,
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1981; Lancaster, 1984; Deacon and Lancaster, 1988). (H) Periods of aeolian activity in South Atlantic marine core GeoB 10235 (Shi et al., 2000).
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the Gaap Escarpment in South Africa (Butzer et al., 1978;
Beaumont and Vogel, 1993), and pan carbonates at
Alexandersfontein, Voigtspost, Deelpan and Klipfontein in
South Africa (Butzer, 1984a,b; Butzer et al., 1973) and at the
Tsodilo Hills in NW Botswana, where there is currently no
standing water (Robbins et al., 2000; Thomas et al., 2003). Also
included are periods of increased fluvial activity in the Tsondab
valley 70km north of Sossus Vlei (Vogel and Visser, 1981;
Lancaster, 1984; Deacon and Lancaster, 1988) and in the
Xaudum and Okwa valleys of northwestern Botswana (Shaw
et al., 1992). Chronologies for these records are based on cali-
brated radiocarbon ages but no corrections have been made for
the possible inclusion of old dead carbon (the hard water effect)
as we have no way of knowing the exact amount of such con-
tamination. Vogel (1989) suggests that a correction of about
—1ka is appropriate prior to calibration for tufas and pan
carbonates. If correct, this means that ages of secondary
carbonates in Fig. 10, columns (A), (B), (E), (G) and ())-(L),
are perhaps ca. 1ka too old.

Figure 10 also shows the OSL ages of relict fluvial deposits in
the Khumib and Kuiseb valleys of Namibia that we believe
required increased river flow for their deposition (Srivastava
et al., 2004, Srivastava et al., 2006). The Khumib ages are
4-mm aliquot minimum ages rather than the large aliquot cen-
tral ages listed in Srivastava et al. (2004); the Kuiseb chronology
is fixed by ages that are averages of single grain minimum ages
and 4-mm aliquot minimum ages for each sample analysed.
Information from the South Atlantic Ocean coring site GeoB
1023 (cores 4 and 5) is also presented. This site is seaward of
the Kunene River mouth and so marine cores provide evidence
of wet and arid climate phases in Namibia (Gingele, 1996; Shi
et al., 2000).

One very important aspect of Fig. 10 is the good correspon-
dence between the Sossus Vlei, Hauchabfontein and Bull-
spoort sediment ages (all sites within the Tsauchab River
catchment) of Heine (1998) and the ages of dead trees in Dead
Vlei (Vogel, 2003), with the OSL ages presented here (columns
(D) and (E) in Fig. 10). We believe this agreement between a
radiocarbon-based chronology and our OSL chronology is
further confirmation that OSL 4-mm aliquot minimum ages
very closely approximate the true ages of a deposit.

Despite numerous attempts to synthesise the available data
there is still no consensus on climate changes in Namibia dur-
ing the last 30 ka. For example, Lancaster (2002) suggests that
the Namib Desert experienced three wetter periods of climate
at 38-31, 28-23, and 14.5-9 ka. Rust and Vogel (1988) identify
five periods of increased precipitation in the northern Namib
Desert in the last 30ka at 28-27, 20-19, 13-12, 7-4.5, and
1ka, and Vogel (1989) three periods at >40-29, 20-13 and
4.4-1.5ka.

The palaeoclimate data of Fig. 10 are perhaps the most reli-
able compilation available. They indicate marked wet intervals
of climate at ca. 25, 15, 9-5 and 0.6 ka and there is good agree-
ment between the terrestrial and marine information. There is
only partial agreement with the records presented previously
by Rust and Vogel (1988), Vogel (1989), and Lancaster
(2002). In particular, in Fig. 10, the ages of sediments in
the west flowing ephemeral Kuiseb (Homeb silts), Tsondab,
Tsauchab and Khumib rivers of Namibia appear to correspond.
Also, marine core GeoB 1023-5 arid intervals at 21-17.5,
14.3-12.6, and 11-8.9 ka (Shi et al., 2000) fit fairly well into
gaps in the record of moist conditions. '*C dates for a log pre-
served in Khumib River sediments near the coast suggest
increased discharge at 0.4 ka (Vogel, 1989) while trees buried
by fluvial silts in the Amspoort area of the Hoanib valley record
wetter conditions at 0.6-0.05ka followed by a drier climate
that led to silt accumulation (Eitel et al., 2005). These young
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ages agree with our finding of increased fluvial activity at
Sossus Vlei at 0.9-0.3 ka.

Recent studies have shown a strong positive relationship
between SE Atlantic sea surface temperatures (SSTs) off Angola
and Namibia and rainfall along the coast and inland. A warmer
ocean increases the flux of moisture to the Zaire Air Mass thus
increasing rainfall along the intertropical convergence zone
(ITCZ) as it moves south during the austral summer months.
Also, some warm events off the Namibian coast, the so-called
‘Benguela-Ninos’, are preceded by reduced trade winds in the
tropical and equatorial Atlantic Ocean (Rouault et al., 2003).
These observations raise the possibility that increased rainfall
in the past was triggered by weaker South East Trades that
led to reduced upwelling of the Benguela Current and therefore
to a warmer ocean off the Namibian coast.

Several studies of marine cores off the Angolan and
Namibian coasts provide evidence to test this theory. For
example, grain-size data and alkenone temperatures from sedi-
ment cores MD962086 and MD962087 off Luderitz suggest a
negative correlation between increasing wind strength and
water temperature, indicating that strong Southeast Trade
Winds in the past increased upwelling of the Benguela Current
(Pichevin et al., 2005). Periods of low wind strength and
warmer water off the Namibian coast during Oxygen Isotope
Stages 3, 2 and 1 correlate well with reconstructed posi-
tions of the Angola—Benguela front (Jansen et al., 1996) and
indicate warmer water off the coast at ca. 24, 15 and 10ka,
at times when there is evidence of increased rainfall inland
(Fig. 10).

Little et al. (1997) suggest that conditions in the SE Atlantic
affected ocean temperatures in the North Atlantic as well as
ice sheet conditions. They show that Neogloboquadrina
pachyderma (s) peaks (PS events) in marine cores GeoB1711
and PG/PC12 off Walvis Bay, that indicate intense upwelling
of the cold Benguela Current and strong Southeast Trade
Winds, correlate with interstadials in the Greenland GISP 2
ice core isotope record and precede Heinrich events by about
3 ka. They hypothesise that intensification of the trade winds
increases cross-equatorial flow and delivers more warm water
to the tropical pool for transport northwards. The increase in
heat flux from the equator to the high latitudes of the North
Atlantic via the Gulf Stream, leads to increased ice accumula-
tion and thermal instabilities that result in rapid ice sheet cal-
ving and ultimately ice sheet collapse (Heinrich events).

The most recent PS events were 37-33 (PS3), 29-26 (PS2),
and 22-19ka (PS1) ago, so that increased fluvial activity at
Sossus Vlei ca. 25 ka occurred between PS2 and PS1, at a time
of reduced upwelling, weaker Southeast Trade Winds, and a
warmer southeast Atlantic. Directly supporting increased
fluvial activity at this time is aeolian dust and hemipelagic
mud largely of fluvial origin in marine core MD962094 from
the Walvis Ridge off the northwest coast of Namibia, just south
of the Kunene River mouth. The large amount of hemipelagic
mud compared to aeolian dust indicates reduced continental
aridity ca. 25 ka and increased input of sediments from stream
runoff (Stuut et al., 2002).

Conclusions

Sediments in interdunal depressions D-1 to D-3 near Sossus
Vlei lack the carbonate deposits, thick clay beds, and mollusc
shells normally associated with river end-point or groundwater
seepage deposits. Instead, the channel-related facies and
interdune facies associations in the litho-sections indicate
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deposition due to increased channel activity and associated
flooding of interdune corridors.

The present end-point of the Tsauchab River is at Sossus Vlei.
Relict fluvial sediments 2-3km W and SW of this end-point
indicate vigorous fluvial activity further into the Namib Sand
Sea ca. 25 and 9 ka and then later at ca. 0.9-0.3 ka. Regional
data suggest an additional wet interval at ca. 15 ka that has so
far not been identified in the Sossus Vlei area. Our OSL 4-mm
aliquot minimum ages for sediments near Sossus correspond
well with calibrated radiocarbon ages suggesting they closely
match the true ages of the deposits, raising the possibility that
published OSL ages determined by using mean ages of large
aliquots may be too old.

The deposits discussed here give only a minimal range for
the western extent of fluvial activity because they represent
channel sediments. Associated end-point deposits of the
Tsauchab River must lie deeper into the Namib Sand Sea in,
or under, the dunes.

Further work is needed west of Sossus Vlei to determine
whether there was increased fluvial activity ca. 15ka, as the
regional record suggests, and to more fully document the flood-
ing history of the Tsauchab and its former penetration into the
Namib Sand Sea. These data will help assess the rate of migra-
tion of Namib sand dunes into this area and the changing bal-
ance between moving sand and fluvial activity.
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