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ABSTRACT
Aeolian sedimentary processes and corresponding facies shape the Earth’s surface and control
the evolution of dune fields. The Namib Sand Sea with its Sossusvlei playa-lake is a perfect
example to investigate the spatial distribution of fluvially influenced aeolian deposits.
Remote sensing in combination with ground observations allowed for mapping of the facies
distribution pattern of associated fluvial and aeolian sediments. Laboratory spectral signature
measurements were used to further improve the separation between six groups of facies:
modern aeolian sand, deflation surface, mud pool/mud drapes, heavy mineral lag, reworked
fluvial–aeolian sediments, and fossil dune remnant. The best results were achieved through a
supervised classification algorithm trained by field observations, a combination of Principal
Component Analysis, band ratios, texture and geomorphologic indices. Consequently, a map
outlining the facies distribution pattern of the Sossusvlei area at a scale of 1:10,000 was
created. We propose this as a possible workflow to efficiently map and monitor desert
environments and to investigate the interplay of aeolian and fluvial sediments.
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1. Introduction

Remote sensing is a valuable tool for lithological map-
ping of remote or inaccessible areas. In the last decade,
it has been successfully applied for mineral mapping
and exploration of different terrains using various sen-
sor combinations (Bertoldi et al., 2011; Bullard, White,
& Livingstone, 2011b; Sabins, 1999; van der Meer et al.,
2012; Zimmermann, Brandmeier, Andreani, Mhopjeni,
& Gloaguen, 2016). This technique has also been used
to investigate the geology and geomorphology of other
planets, including Mars (Parker, Gorsline, Saunders,
Pieri, & Schneeberger, 1993), Mercury (Stepinski,
Collier, McGovern, & Clifford, 2004) and Pluto (Telfer
et al., 2018).

In the Namib Desert, numerous remote sensing
studies have been conducted over the last decades
(Livingstone, 2013). Over this time, the technical pos-
sibilities of remote sensing have improved and the
extracted information has increased in quality and
quantity. Strohbach (2008) created a catchment
map on the main rivers in Namibia with Shuttle
Radar Topography Mission-Digital Elevation Model
(SRTM-DEM) data and White, Walden, and Gurney
(2007) investigated changes in dune colour and iron
oxide content. The morphometry of dunes was
investigated focusing on their height, spacing and

thickness of the sand (Blumberg, 2006; Bullard,
White, & Livingstone, 2011a; Lancaster, 1989) and
the distribution of dune types, which have been
mapped extensively (Besler, 1980; Breed et al., 1979;
Livingstone et al., 2010). However, a detailed map
of sedimentological facies is still missing. Overall,
attempts to map the spatial distribution of sedimen-
tary facies with remote sensing are very scarce
(Castañeda, Herrero, & Casterad, 2005; Maeder
et al., 2002; Quintanar, Khan, Fathy, & Zalat, 2013;
Raines, Offield, & Santos, 1978). This paper aims at
testing the applicability of remote sensing of facies
in a sand desert environment. It is specifically focused
at mapping and constraining the interaction between
aeolian and ephemeral fluvial processes, as they are
the main force for the generation of facies and the
geomorphological shaping.

In recent years, the topic of aeolian and fluvial inter-
action in dryland environments has gained traction.
The studies investigated controlling factors, different
interaction types and geomorphological landforms
(Al-Masrahy & Mountney, 2015; Bullard & Living-
stone, 2002; Liu & Coulthard, 2015; Roskin, Bookman,
Friesem, & Vardi, 2017). It is understood that fluvial–
aeolian interaction is crucial for the evolution of
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dune fields and that aeolian sediments may be mainly
preserved by fluvial interactions in inter-dune areas
(Fryberger, Krystinik, & Schenk, 1990). This paper
focuses on the interplay of these two processes
especially on the resulting facies and their spatial distri-
bution and mixing of fluvial and aeolian sediments.

The Sossusvlei playa-lake system is located at the
eastern flank of the Namib Sand Sea (sensu Lancaster,
1985) in central Namibia (Figure 1). It provides an
excellent example of sedimentological processes associ-
ated with an ephemeral river repeatedly entering a
dune field, becoming dammed and finally terminating
in a flat inter-dune playa called ‘vlei’. The spectrum of
aeolian and fluvial processes generates a complex inter-
play of sedimentary facies, which make a facies map a
prerequisite to better understand the mutual relation-
ships and distribution pattern of the sediments. The
Namib Sand Sea is perfectly suited for remote sensing
as there is little vegetation, rare cloud coverage and
restricted anthropogenic modification due to its setting
in a protected national park area.

Data from the Worldview 3 platform are used
because of its high-spatial resolution as well as their
band combination, making them particularly suitable
for geological analysis (Kruse, Baugh, & Perry, 2015;
Kruse & Perry, 2013; Ye, Tian, Ge, & Sun, 2017).
This approach highlights compositional differences
on an m-scale, with notably greater detail compared
to other satellite systems (e.g. Advanced Spaceborne
Thermal Emission and Reflection Radiometer
(ASTER)). Such a high resolution is critical for sedi-
mentological studies as they allow consideration of
small-scale morphological features associated with
sediment surfaces.

2. Namib Desert and Namib Sand Sea

The Namib Sand Sea is part of the Namib Desert in
central southern Namibia (Figure 1). It stretches
from the ephemeral Kuiseb River in the north to
Lüderitz in the south (Ward, 1988) and extends for
up to 140 km inland (White et al., 2007). It contains

Figure 1. Location of the Namib Desert (shown in orange), the erg ‘Namib Sand Sea’ (shown in yellow) and the study area around
Sossusvlei (modified after Livingstone, 2013)
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a broad variety of different dune shapes: large linear
dunes, star-shaped dunes, simple and compound trans-
verse, barchanoid dunes, coppice dunes and sand-
ramps (Lancaster, 2014; Miller & Becker, 2008; Rowell
et al., 2018; Stone, 2013).

Climatic conditions in the area have remained
hyper arid since the Miocene (Lancaster, 2002). The
convergence of the warm Angola Current with the
cold Benguela Current and subtropical high-pressure
systems cause low humidity and only limited precipi-
tation (ranging between ∼ <50 mm/yr at the coast to
∼100 mm/yr near the escarpment) between c. 30 and
15°S (Garzanti et al., 2017; Lass, Schmidt, Mohrholz,
& Nausch, 2000; Shannon & Nelson, 1996). Veg-
etation is very limited and critically depends on fre-
quent fogs (Eckardt et al., 2013). Strong southerly
winds prevail, except during winter when the so-
called Berg Winds occasionally blow from the north-
east (Lancaster, 1985).

Except for the Orange and the Kunene, all Namibian
rivers are ephemeral (Krapf, Stollhofen, & Stanistreet,
2003) with the majority of them draining west towards
the Atlantic. Catchments start 100–300 km east of the
coastline, where mean annual rainfall is about 300–
500 mm (Jacobson, Jacobson, & Seely, 1995). Minor
river activity occurs almost annually, but major flood-
ing events (Stanistreet & Stollhofen, 2002) are
restricted to climatic disturbances, such those related
to El Niño that cause a southward shift of the intertro-
pical convergence zone, and produce exceptional rain-
fall (Shannon, Boyd, Brundrit, & Taunton-Clark,
1986).

Sand-sized sediments transported by the Orange
River to the Atlantic Ocean are displaced northward
by powerful and persistent longshore currents to
reach as far north as Namibe city in Angola (Garzanti
et al., 2015; Garzanti et al., 2017). In southern Namibia,
they are blown out from modern and palaeo-beaches
and accumulate in the Namib Sand Sea, which, there-
fore, represents the wave- and wind-displaced part of
the Orange River Delta (Garzanti et al., 2012; Rogers,
1977).

2.1. Geological setting of the study area

The geological map of the area, Sheet 2414 –Meob Bay
at the scale 1:2,50,000 (Richards, Schreiber, Tjikukutu,
& Cloete, 2000) shows the distribution of Neoprotero-
zoic, Palaeozoic, and Cenozoic units, and divides the
Quaternary units of the Sossusvlei region into ‘allu-
vium’, ‘undifferentiated sand, gravel, calcrete’, and
the ‘Sossus Sand Formation’. The analysed samples
originate in the alluvium and Sossus Sand Formation.

The study area encompasses the modern dune, river
and playa-lake environments of Sossusvlei and Dead-
vlei which form at the end of the Tsauchab River
(Figure 1). The Tsauchab River has an approximate

length of 150 km, with a catchment area of about
4000 km², and largely drains the Naukluft Mountains
(Jacobson et al., 1995). The catchment comprises a var-
iety of Neoproterozoic to Cambrian rocks, including
quartzite, shale, limestone, dolomite, porphyry, granite,
and gneiss (Villers et al., 1964).

The river flows across an extensive deflation plain
and deeply penetrates the eastern flank of the sand
sea for c. 40 km to terminate eventually at Sossusvlei.
Water reaches the vlei only every few years (Brook, Sri-
vastava, & Marais, 2006). Sparse vegetation grows
along the river pathway and around the vlei where
groundwater is available. Deflation surfaces – some
including thin mud drapes and occasional thin aeolian
sand sheets – are found at the dune entry point along
the river valley.

The river carries mud, silt, sand, and fine gravel.
Coarser-grained bedload stays in the river channels
whilst thin mud drapes form along the thalweg during
the waning stages of occasional floods. Thicker
accumulations of mud settle in variably sized interdune
pools such as the Sossusvlei. Because of the ephemeral
nature of the river, the mud pools/drapes dry out
rapidly forming spectacular mud cracks. Semi-consoli-
dated ‘fossil’ aeolian sandstones crop out at the margin
of the vlei, infiltrated by mud and also often sealed by a
thin mud layer, largely protecting them from aeolian
erosion (Krapf et al., 2003).

The larger Deadvlei and other mud pool relicts are
located south and southeast of Sossusvlei and represent
older terminal lakes of the Tsauchab River. Sediments
of the Deadvlei were deposited at about 0.9–0.3 ka
B.P. during a period of higher fluvial activity (Brook
et al., 2006). In the area between Sossusvlei and Dead-
vlei, along the main tracks to the vleis, the thin mud
drapes are mostly destroyed and mixed with aeolian
sand by the trampling of tourists.

Adjacent to the Sossus and Deadvlei areas, a multi-
directional wind regime favours the formation of com-
plex star dunes with heights reaching 300–360 m and
widths of 400–500 m (Lancaster & Teller, 1988; Living-
stone et al., 2010). In areas of fluvio-aeolian interaction
and/or lower wind velocity, other aeolian deposits such
as sand sheets, sand ramps, barchan and coppice dunes
prevail.

3. Data and methods

Worldview-3 (WV-3) is a multispectral satellite system
covering the Earth’s surface in 29 spectral bands (Table
1). A package of four visible to near-infrared (VNIR;
blue, green, red, near-infrared (NIR 1)) and eight short
wave infra-red (SWIR) bands are used in this study.
The scene was preprocessed by Digital Globe to the
ortho-rectified standard level 2A.

The scene was recorded on 29.04.2015 at 09:20:53
UTC with no cloud cover.
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Worldview-3 was chosen over other available data-
sets because the high-spatial resolution (∼4 times bet-
ter than ASTER or Landsat) enables the delineation of
confined exposures of single facies. Furthermore, due
to the spectral resolution in the SWIR (8 channels com-
pared to the 6 of ASTER and the 2 of Landsat), facies
can be separated by means of their clay and carbonate
contents.

An ALOS PALSAR [Dataset: © JAXA/METI ALOS
PALSAR ALPSRP0554066802007. Accessed through
ASF DAAC 11 October 2017] DEM was used to calcu-
late geomorphological derivates. The DEM has a resol-
ution of 15 m and an estimated accuracy of 2.5 m
(Rosenqvist, Shimada, & Watanabe, 2004). Geomor-
phological indices like the Topographic Position
Index (TPI) and slope were calculated using the Tec-
GEM toolbox (Andreani, Stanek, Gloaguen, Krentz,
& Domínguez-González, 2014) for landform analysis.

Laboratory spectral measurements of representative
soil samples were performed to evaluate the spectral
separability of the sedimentary facies (for description
of samples see section ‘Ground Truthing’). A Spectral
Evolution PSR-3500 portable spectroradiometer was
used to record the spectra in the wavelength range
between 400 and 2500 nm (VNIR to SWIR). Spectral
data were acquired using a contact probe with constant
illumination and a spot size of 8 mm. The spectral
readings were calibrated against a calibrated Polyte-
trafluoroethylene (PTFE) panel with >99% reflectance
in VNIR and >95% in SWIR. Eight spots were
measured and averaged per sample to account for
heterogeneities.

3.1. Pre-processing

Pre-processing follows the workflow outlined by Kue-
ster (2016) (Figure 2) and starts with converting digital
numbers (DN) to at-sensor radiance and then calculat-
ing the top of the atmosphere (TOA) reflectance. The

VNIR bands (bands 1–4) are resampled to match
spatial resolution of the SWIR bands using a nearest
neighbour algorithm. Effects of atmospheric scattering
are removed using a dark object subtraction (Chavez,
1988).

Furthermore, a composite mask as proposed by var-
ious authors was applied:

(1) A Normalised Difference Vegetation Index (NDVI)
mask was calculated. A threshold value of 0.21 was
applied to mask out pixels associated with veg-
etation based on the results of Gitelson and
Merzlyak (1994). NDVI values of greater than 0.2

Table 1. Technical Data Worldview 3 (Digital Globe).
Orbit Altitude: 617 km

Type: SunSync, 1:30 pm descending Node
Period: 97 min.

Sensor Bands Panchromatic: 450–800 nm
8 Multispectral:
Red: 630–690 nm Blue: 450–510 nm
Green: 510–580 nm Near-IR1: 770–895 nm
8 SWIR Bands:
SWIR-1: 1195–1225 nm SWIR-5: 2145–2185 nm
SWIR-2: 1550–1590 nm SWIR-6: 2185–2225 nm
SWIR-3: 1640–1680 nm SWIR-7: 2235–2285 nm
SWIR-4: 1710–1750 nm SWIR-8: 2295–2365 nm

Sensor Resolution Panchromatic Nadir: 0.31 m
20° Off-Nadir: 0.34 m
Multispectral Nadir: 1.24 m
20° Off-Nadir: 1.38 m
SWIR Nadir: 3.70 m 20°
Off-Nadir: 4.10 m

Dynamic Range 11-bits per pixel Pan and MS; 14-bits per pixel SWIR

Figure 2. Workflow for pre-processing and classification of the
Worldview 3 image.
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is usually referred to increasing chlorophyll content
of vegetation (van der Meer et al., 2000).

(2) low albedo pixels with a reflection <5% in the
SWIR-4 band (at 1735 nm) were masked because
of strong shadows at the western side of the dunes
caused by scene acquisition in the early morning.

3.2. Processing

Following pre-processing, several analyses were applied
to both the multispectral satellite image and the DEM.
Dimensionality reduction and noise filtering were per-
formed using Principal Components Analysis (PCA)
to reduce linearity effects between the 12 WV-3 bands
(Gomez, Delacourt, Allemand, Ledru, & Wackerle,
2005). Band ratios such as those for clays or iron were
deployed in order to discriminate different mineralogical
compositions (Amer, Kusky, & Ghulam, 2010; Elsayed
Zeinelabdein & Albiely, 2008; Gad & Kusky, 2007;
Rowan & Mars, 2003; van der Meer et al., 2012). They
are used to enhance spectral differences – based on the
mineralogy – by dividing specific spectral bands by
each other in order to see the relative band intensities.

Texture statistics are derived from a Gray Level Co-
Occurrence Matrix (GLCM) (Barber & LeDrew, 1991)
applied on the WV-3 dataset. The GLCM algorithm cal-
culates how often pixel with specific gray-level and a
fixed spatial distance and angle occur (Haralick, Shan-
mugam, & Dinstein, 1973). Several statistical parameters
can be derived from this matrix. It is well suited to clas-
sify by means of diversity of neighbouring pixels. The
TPI highlights differences in elevation between the aver-
age elevation zi and the central pixel z0 within a pre-
defined radius R (Gallant & Wilson, 2000). Best results
for the study area were achieved using a moving window
width (2*R) of 33 pixels (500 m), roughly corresponding
to the width of the largest dunes. Furthermore, a stan-
dard slope map was calculated.

Different composite images of PCA+ Band-ratios +
Homogeneity + TPI + slope are fed into the classification
and are validated with the field data. The random forest
classification (Breiman, 2001) was chosen because of its
high suitability for remote sensing (Cracknell & Reading,
2014). Compared to other machine-learning algorithms,
it is easily trained, works reliably under a variety of input
parameters and classifies accurately even with scattered
training data (Cracknell & Reading, 2014). All processing
is conducted in R language (R Core Team, 2016) using
the packages raster (Hijmans, 2017), rgdal (Bivand
et al., 2017), glcm (Zvoleff, 2016) and randomForest
(Liaw, Wiener, Breiman, & Cutler, 2015).

3.3. Ground truthing

Sampling and validation campaigns in 2016 and 2017
were based on a preliminary interpretation of satellite

images. Data on sedimentary structures, grain sizes
and compositional characteristics of the different facies
were collected in detail in the field. Representative
samples from each facies were taken around Sossusvlei
and Deadvlei, additional ground observations and
extensive photo documentation were logged using a
handheld GPS.

Accordingly, the following six sedimentary facies
were distinguished and characterized (see Table 2):
(I) modern aeolian sand (Figure 3(A); including
dune and sheet sands), (II) deflation surface (Figure
3(B); including interdune wind corridors, windward
inclined sandramps, deflationary sand sheets, defla-
tion plains), III) mud pool/mud drapes (Figure 3
(C)), (IV) heavy mineral lag (Figure 3(D)), (V)
fluvial–aeolian reworked (Figure 3(E)), and (VI) fossil
dune remnant (Figure 3(F)). It should be noted that,
apart from localized thin mud drapes, no in situ
fluvial deposits are currently exposed at the surface,
due to intense aeolian deflation, reworking and/or
aeolian sand coverage. Deposited sand and gravel
fractions in fluvial facies are, in fact, modified by
intense aeolian activity, resulting in well-developed
deflation surfaces and fluvial–aeolian reworked facies
type.

4. Results and discussion

4.1. Spectroscopic analysis of representative
samples

Spectra of mud pool and heavy mineral lag are easy to
discriminate from the surrounding facies. The spectral
measurements for the remaining facies (Figure 3) dis-
play only slight differences in shape and location of
their absorption minima (Table 3, Figure 4). Thus,
additional data (like geomorphologic and textural
analysis) are, therefore, needed to successfully discrimi-
nate among them.

The high Fe2+/Fe3+ charge-transfer absorption
(Hunt, 1977) in modern aeolian sand, deflation sur-
face, fossil dune remnants, and fluvial–aeolian
reworked sediment originate from iron-rich coatings
formed around the aeolian sand grains (Walden,
White, & Drakes, 1996; White et al., 2007). In general,
the Fe2+/Fe3+ absorption minima is located around
910 nm, indicative at goethite-rich coatings (Hunt,
1977). However, for the heavy mineral lag the Fe2
+/Fe3+ feature is shifted towards a lower wavelength,
indicating more hematite-rich constituents (Hunt,
1977).

In all samples, the Al–OH overtone vibrational fea-
ture is shifted towards a higher wavelength, indicating
Al-poor compositions (Cudahy et al., 2008). Deepest
absorption, and thus highest clay content, shows the
samples of mud pool/drape, followed by fossil dune
remnants and deflation surfaces. Mud pool/drape
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consists mainly of clay minerals and the other facies
contain mud chips and clasts.

The samples from deflation surfaces show exclu-
sively a notable carbonate absorption feature around
2337 nm, indicative of calcite (Zaini, van der Meer,
& van der Werff, 2014). Carbonate clasts were orig-
inally carried by the river (Jacobson et al., 1995) and
accumulate on deflation surfaces and deflationary
sand sheets due to their relative coarse grain sizes.
Other sources for carbonate are aeolian dust drapes,
sourced from deflated calcrete surfaces exposed
towards the east of the vlei area, at the foot of the
escarpment.

4.2. Remote sensing analysis

Several approaches have been tested in order to differ-
entiate the sedimentary facies exposed in the Sossusvlei
area. The processing workflow was optimized to maxi-
mize the interpretative potential. Based on the eigen-
values, the two first PCA components explain more
than 98% of the variability, and are therefore sufficient
for a robust classification. Three main groups can
already be identified from the RBG false colour image
of PCA band 1, 2, and 3 (Figure 5(a)): (1) mud
pools/mud drapes in white/light green, (2) modern
aeolian sand in pink/cyan, and (3) deflation surfaces
in green. However, the heavy mineral lag, the fluvial–
aeolian reworked facies, and the fossil dune remnants
do not show distinctive patterns.

Band ratios based on the results of spectral analysis
are further included into the classification. Best results
are obtained for ferric oxides (SWIR3/NIR1), ferrous
iron [(SWIR5/NIR1)+(Green/Red)], and AlOH abun-
dance [(SWIR5 + SWIR8)/SWIR6] (Henrich, Krauss,
Götze, & Sandow, 2017). Ferrous iron is mainly con-
centrated in the mud pools/mud drapes (Figure 5(b)).
The results for the ferric oxide band ratio confirmed
previous observations by White et al. (2007), showing
that Fe3+ abundance is highest in sand dunes located
80–90 km inland from the coast. Figure 5(c) shows
that modern aeolian sand and fossil dune remnant
facies have the highest ferric oxide abundance, whereas
heavy mineral lag and mud pool/mud drapes facies
have the lowest. The highest Al–OH ratio is displayed
for mud pool/drape facies (Figure 5(d)). All three ratios
for deflation surface and the reworked aeolian facies
range between those of the mud pool/mud drape and
modern aeolian sand.

The similarities in mineralogical composition
(revealed by the spectral data and ground-truthing)
and the morphologic differences in areas covered by
different facies, support the need for including geo-
morphologic analysis (of slope, TPI and textural
analysis) as additional classification layers. Despite
similar mineralogical compositions (revealed by the
spectral data and ground-truthing), sedimentaryTa
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facies, exert a primary control on both geomorpholo-
gical (of slope, TPI and textural analysis) and textural
indices (homogeneity). Thus geomorphological indi-
ces can be successfully used for discrimination and
improving classification accuracy. Geomorphological
indices distinguish between steep dune sand and
sub-horizontal mud pools/mud drape surfaces. The
fluvially aeolian reworked facies as well as defation
surfaces are associated with slightly inclined surfaces
within the dunes, whereas heavy mineral lags occur
on steeper surfaces. Deflation surfaces build on either

flat interdune areas or on the slightly inclined base of
the dunes.

Textural analysis (homogeneity) based on SWIR 8
band allows distinguishing fossil dune remnants and
the reworked aeolian facies from other facies. Hom-
ogeneity is, in this case, the most meaningful parameter
as the two above mentioned facies show a low hom-
ogeneity due to more variable composition.

Based on the above observations, the input file for
classification includes: (1) the first two PCA com-
ponents; (2) three-band ratios; (3 and 4) TPI and

Figure 3. Photographs of the different facies identified in the field (Black bar for scale = 20 cm). (a) Modern aeolian sand (small
dune with grain flow lobes); (b) deflation surface with granule rippled surface; (c) mud pool with polygonal desiccation cracks;
(d) heavy mineral lag (e) fluvial–aeolian reworked facies, comprising aeolian sand and mudchips; and (f) fossil dune remnant show-
ing crossbeds.

Table 3. Absorption wavelength and depth calculated from mean spectra of the respective lithological units for the Fe2+/3+, AlOH
and carbonate absorption features.

Fe2+/Fe3+ Abs Wvl Depth Al–OH Abs Wvl Depth Carbonate Abs Wvl Depth

Modern aeolian.sand 905 0.031 2206 0.016 2335 0.001
Deflation surface 911 0.040 2206 0.018 2337 0.009
Mud pool 907 0.023 2208 0.020 2339 0.002
Heavy Mineral lag 894 0.008 2206 0.011 2335 0.004
Fluvial–aeolian reworked 910 0.039 2208 0.016 2337 0.002
Fossil dune remnant 908 0.043 2208 0.020 2337 0.003
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slope; and (5) homogeneity of SWIR band 8. Cali-
bration points and validation areas were created in
QGIS, based on GPS points and samples collected
in the field. Using only data based on the spectral
input, the classification reached an overall accuracy
of 84%. By adding morphometric indices (TPI and
slope) and textures (GLCM homogeneity for surface
textures) the accuracy could be increased by 7% up
to 91% (Table 4). The confusion matrix for classifi-
cation with the highest accuracy is shown in Table
5. Fluvial–aeolian reworked deposits still show the
most significant deviations which can result from
the mixing of fluvial and aeolian material. The facies
consists of both aeolian sand and fluvial mud chips,
the size (2 mm to 5 cm) and the amount of the
mud chips vary in different areas.

4.3. Facies mapping

The facies in the Sossusvlei area can be described by
means of remote sensing as units with specific spectral,
geomorphological and textural characteristics based on
training areas. However, limitations are given by spatial
resolution of the satellite images (7.5 m) and spectral
separability of the sedimentary facies. On the other
hand, classical mapping techniques are hardly appli-
cable due to sensitivity and accessibility of the area.
Remote sensing proved able to accurately classify
areas that can be correlated to modern aeolian sand,
mud pool/mud drape, deflation surface, heavy mineral
lag, fluvial–aeolian reworked, and fossil dune remnant
facies (Table 5 and Figure 5) and to show their detailed
areal distribution (Figure 6). Basing on satellite imagery,
the Sossus Sand Formation can be therefore further

subdivided into modern aeolian sand, heavy mineral
lag and dune remnant facies units. The ‘Alluvium’ is
in fact only represented by mud pools/mud drapes
and deflation surfaces. Some deflation surfaces in inter-
dune areas along and adjacent to the Tsauchab river
comprise concentrations of fluvial pebbles in layers.
The fluvial–aeolian reworked facies and also many of
the deflation surfaces record the interplay of aeolian
and fluvial processes. The fluvial–aeolian reworked
facies consists of fluvial–aeolian reworked fluvial sand
and small mud chips of the ‘Alluvium’ (waning flood
muds deposited along the thalweg) mixed with recycled
aeolian sands of the Sossus Sand Formation.

The mud pool/mud drape facies is easily distin-
guished in both the field and by remote-sensing by
its low Fe2+/Fe3+ and high AlOH absorption features.
The mud pools occupy large, flat inter-dune areas
characterized by terminal lake deposits. Deflation sur-
faces comprise extensive deflation areas in the flat
river valley, deflationary sand sheets, and small defla-
tion areas associated with interdune areas and some
dune flanks. The discrimination is particularly effec-
tive for this facies, because of its unique carbonate
absorption. The Sossus Sand Formation includes
sand dunes and aeolian sheet sands, and is character-
ized by low AlOH absorption and deep Fe2+/Fe3+

absorption. Heavy mineral lags occupy localized
areas of the dunes where heavy minerals are concen-
trated by aeolian sorting processes and mostly occur
in the southern part of the (Main Map). Fossil dune
remnants and fluvial–aeolian reworked facies are
those with the highest rate of misclassified pixels,
due to their intermediate composition between dune
sand and mud pool/mud drape. However, classifi-
cation accuracy is increased if spectral data are inte-
grated with textural and morphological information
(Table 4).

Additional facies may be identified in the field,
however, they cannot be distinguished through
remote-sensed images at the present resolution of
7.5 m. These features might be resolved in future
and mapped by a multi- or hyperspectral camera
with a decimetre resolution carried on a drone. For
the time being, it was not possible to discriminate
between fluvial and aeolian sands in the Sossusvlei,
because the former mix quickly with the latter after
the river enters the desert (Garzanti et al., 2012)
and finally become reworked by aeolian activity. As
a consequence, samples taken in the entryway to Sos-
susvlei have a similar spectral signature as modern
aeolian sand. Fluvial sands might only be differen-
tiated by collecting samples immediately after exten-
sive flooding and using a satellite image taken from
that same time period. However, these periods
count as ‘events’, whereas our map documents the
overwhelming dry periods in between major flooding
events.

Figure 4. Spectral signatures of the facies. Spectra are offset for
clarity. The grey bars indicate the location of absorption
minima for Fe2+/Fe3+, Al–OH and CO3

2,– respectively.
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4.4. Fluvial–Aeolian interactions

The (Main Map) shows the interplay of aeolian and
fluvial facies (Figure 6). As expected, modern aeolian
sand makes up the upper active part of the dunes, and
mud pools form in inter-dune areas. After drying out,

the mud pools are efficiently eroded by the wind and
redeposited on the adjacent slightly to moderately
inclined dune flanks as mud curls and chips intermixed
with reworked aeolian sediments (fluvial–aeolian
reworked).

Coarser fluvial material (deflation surface) is redis-
tributed during events with increased wind energy
and accumulates on variably sized deflation surfaces
on the slightly inclined dune flanks and inter-dune
areas. Smaller grains are removed with only coarse-
grained sand and pebbles remaining.

Fossil dune remnants aremainly exposed at the mar-
gins of the vleis. They are cemented during floods when
mud infiltrated the lower part of the dunes which was

Table 4. Accuracy assessment for different set of input
parameters for the supervised Random Forest classification.
The overall accuracy highly improves by adding multiple
independent datasets.
Input parameters Overall accuracy (%)

PCA + Ratios 0.84
PCA + Ratios + Geomorphology 0.88
PCA + Ratios + Geomorphology + Texture 0.91

Figure 5. Band ratio images and PCA (lighter colours stand for a high concentration and dark colors for a low concentration). The
images have the same extent as the highlighted frame in Figure 1. (a) PCA 1+2+3; (b) Ferrous iron ratio; (c) Ferric Oxides ratio; and
(d) Al–OH ratio (Image © 2015 DigitalGlobe, Inc.).
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covered with water (Langford, 1989). During the next
flooding events, the river removes the loose sand leaving
the fossil dune remnants exposed.

Localized lag deposits enriched in heavy minerals
accumulate on dune flanks, coppice dunes and larger

sand ripples because of selective-entrainment processes
(Garzanti et al., 2015). In the remote-sensed map, only
the larger accumulations on dune flanks are visible,
while the other ones are spatially too small to be
resolved.

Table 5. Confusion matrix for the Random Forest classification resulting the highest accuracy.

Class
Modern dune

sand Mud pool
Deflation bypass

surface Deflation lag
Fossil dune
remnant

Aeolian
reworked Total (%)

Modern dune sand 88 4 0 4 4 0 100
Mud pool 0 100 0 0 0 0 100
Deflation surface 0 0 100 0 0 0 100
Heavy mineral lag 0 0 0 100 0 0 100
Fossil dune remnant 0 0 0 0 100 0 100
Fluvial–aeolian
reworked

0 5.6 0 16.7 5.6 72.2 100

Figure 6. The facies map displays the output of the supervised random forest classification trained with field observations, a com-
bination of Principal Component Analysis, band ratios, texture and geomorphologic indices. Masks were applied for vegetation and
shadows. The facies show a complex distribution pattern. Modern aeolian sand occurs on the steep dunes and on sand sheets.
Bypass surfaces develop in inter-dune areas, but also on the slightly inclined dune bases. Mud pools build ‘vleis’ in inter-dune
areas, where the river was dammed by the dunes. Mud drapes can be found around the thalweg. On the southern part of the
map heavy mineral lags accumulate on the dune flanks. Fossil dune remnants are exposed directly next to the vleis and
fluvial–aeolian reworked sediments accumulate adjacent to mud pools (Image © 2015 DigitalGlobe, Inc.).
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In the classification for fluvial–aeolian interactions
in desert-margin settings (Al-Masrahy & Mountney,
2015), the Sossusvlei area can be classified as ‘Termin-
ation of fluvial channel network in Aeolian dune fields’.
The interaction is fully aeolian dominant (Liu &
Coulthard, 2015) as the river flows only very sporadi-
cally (Brook et al., 2006) and the reworking of the
deposits starts immediately.

5. Conclusions

The detailed map of Sossusvlei presented here high-
lights the distribution and diversity of sedimentary
facies resulting from the interplay of fluvial and aeolian
processes in a hyperarid desert environment. The
results obtained allowed us to propose a workflow suit-
able to differentiate and classify facies in fluvio-aeolian
environments by the efficient use of remote sensing
techniques. Modern aeolian sand and mud pool/mud
drape facies can be discriminated with the highest
degree of confidence using solely spectral data. Other
facies are closer in composition and they can be discri-
minated only by integrating textural and geomorpholo-
gical constraints (based on using GLCM from remote
sensing spectra for textural analysis and DEM data to
extract slope and TPI data). Sedimentological
ground-truthing is essential to validate the remote-
sensed map. Remote sensing analysis is advantageous
over other techniques concerning the scale of mapping
and accessibility of the area.

The integrated mapping of mineralogical, textural,
and geomorphological parameters can provide a greater
level of detail into accurately mapping land surface sedi-
mentary facies and through this provide important
insights into sedimentological processes in dryland
environments. Fossil dune remnants are exposed
through fluvial erosion. Mud pools are abraded and
small mud chips accumulate on dune flanks. Fluvial
sand deposits are immediately aeolian reworked and
mixed with aeolian sand. Course fluvial material is redis-
tributed during high wind energy events and accumu-
lates on deflation surfaces between the dunes.

The remote sensing approach is proven to be a helpful
tool for successfully mapping sedimentary facies in the
Namib Desert, an essential step to study dune-river inter-
actions in arid environments. With a better understand-
ing of spatial facies distribution, ancient desert
environments can be reconstructed more accurately
and ‘desertification’ processes monitored more precisely.
The same combination of methods applied here can
enable mapping of sedimentary facies on other planets.

Software

All the pre-processing of the satellite image was done in
R studio, using R language. Morphological indices like
TPI and slope were calculated using the TecGEM

toolbox, which is python-based and still under devel-
opment. All processing is also conducted in R language
(R Core Team, 2016) using the packagers raster (Hij-
mans, 2017), rgdal (Bivand et al., 2017), glcm
(Zvoleff, 2016) and randomForest (Liaw et al., 2015).
The map was created in Quantum GIS and later aug-
mented with Corel Draw X7.
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