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ABSTRACT

The formation of Namibia’s extensive pedogenic gypsum crusts (CaSO4-2H,0) is interpreted in a new light. It is suggested
that gypsum primarily precipitates at isolated points of evaporitic concentration, such as inland playas, and that deflation of
evaporitic-rich gypsum dust from these playas contributes to the formation of pedogenic gypsum duricrusts on the coastal
gravel plains of the Namib Desert surrounding these playas. This study establishes the nature, extent and distribution
of playas in the Central Namib Desert and provides evidence for playa gypsum deflation and gravel plain deposition.
Remote sensing shows the distribution of playas, captures ongoing deflation and provides evidence of gypsum deflation.
It is proposed that, following primary marine aerosol deposition, both inland playas and coastal sabkhas generate gypsum
which through the process of playa deflation and gravel plain redeposition contributes to the extensive pedogenic crusts
found in the Namib Desert region. Copyright © 2001 John Wiley & Sons, Ltd.
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INTRODUCTION

Namibia’s pedogenic gypsum accumulation cement covers more than 30 000 km? of desert colluvium making
it one of the most extensive gypsum duricrust deposits known. It is contained underneath the regolith-covered
stone pavement of the Central Namib Desert (Figure 1A) and despite being one of the most described
gypsum accumulations (Gevers and Van der Westhuyzen, 1931; Martin, 1963; Scholz, 1963, 1972; Besler,
1972; Goudie, 1972; Rust, 1979; Wieneke and Rust, 1973; Cagle, 1975; Carlisle, 1978; Watson, 1979, 1980,
1982, 1983, 1985, 1988; Wilkinson 1990; Wilkinson et al., 1992; Heine and Walter, 1996) its exact mode of
formation is still uncertain.

Gypsum (CaSO4-2H,0) is an evaporite which forms through the accumulation of calcium, sulphate
and evaporation of water. As sulphur is the limiting element, the creation of gypsum is strongly coupled
to the biogeochemical sulphur cycle. Sulphur is widely distributed in the lithosphere, biosphere, hydro-
sphere and atmosphere and subject to ongoing transfer. Potential gypsum sulphur sources can either be
local, in the form of bedrock material and marine water, or distant in the form of atmospheric aerosols.
Aerosols can be derived from organic and inorganic compounds of terrestrial or marine origin. Gypsum
forms primarily with the per ascensum or per descensum movement of groundwater or the remobilization
of previously deposited gypsum and subsequent lateral redistribution by wind and water (Watson, 1988).
Per ascensum formation implies an upward formation of gypsum in a soil or playa section, largely due
to the evaporation of groundwater. Per descensum formation on the other hand occurs when the move-
ment and formation of gypsum is overall in a downward direction. This process is driven by wet and
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Figure 1. (A) Location of the narrow coastal Namib Desert. The Central Namib Region is home to an extensive pedogenic gypsum

accumulation and a series of inland playas (B). For the purpose of this study the area is divided into zones which are determined by

ephemeral highland drainage. Locations of other figures are shown. Locations of sections in Figure 5: C, Welwitschia Flats; F, Walvis
Bay; G, Torra Bay

dry atmospheric surface deposition of calcium, sulphate or gypsum which is gradually introduced into the
soil during sporadic high magnitude rains. Such a process favours the formation of pedogenic evaporites
in particular if groundwater is at considerable depth or largely absent preventing a per ascensum forma-
tion. Pedogenic gypsum forms a crust also known as gypcrete which causes a consolidation and hardening
of the soil. Hydromorphic gypsum on the other hand precipitates in host sediments during the evapora-
tion of groundwater which is largely taking place in moist, salt-covered, sediment-filled depressions also
known as pans which from now on are referred to as playas. When necessary we distinguish between inland
playas and coastal sabkhas which are coastal saltflats. None of the playas or sabkhas are known to have
been flooded during the period of this study but some feature permanent standing pools of water which we
describe as springs. Namib Desert playas in general form in drainage channels whose surface and ground-
water flow is obstructed by linear bedrock outcrops, in particular dolerite dykes. The origin of sabkhas is
uncertain.
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Previously the Namibian pedogenic gypcretes were considered to have formed by a three-stage model
developed by Martin (1963). Firstly, it considers a marine atmospheric H,S origin for sulphur. This is
followed by an advective marine fog pathway for sulphur transport into the terrestrial environment. Finally
authigenic formation of pedogenic gypsum occurs in the Tertiary gravel plain by a reaction of the sulphur
fog with calcium carbonate in the form of calcrete deposits in the soil. This model has been widely endorsed
(Besler, 1972; Goudie, 1972; Scholz, 1972; Carlisle, 1978; Watson, 1982, 1988; Wilkinson e? al., 1992; Day,
1993; Heine and Walter, 1996).

However, recent stable isotopic work by Eckardt and Spiro (1999) on the sulphate found in the pedogenic
gypsum does not support this theory. It suggests that sulphur is largely derived from primary marine production
of dimethylsulphide DMS, (CH3SCH3) in the cold water upwelling cells of the Atlantic. This has also been
supported by 7O evidence for the same deposit (Bao et al., 2000). Furthermore it has also been demonstrated
that the originally proposed fog is extremely low in ionic content (Eckardt and Schemenauer, 1998) and
therefore an unlikely pathway of sulphur. Data on the dry atmospheric chemistry, however, suggest that
both marine and terrestrial sulphate in the form of atmospheric dust (Annegarn et al., 1983; Eckardt and
Schemenauer 1998) is present. Determining the exact source of the aeolian sulphate, in particular the terrestrial
component, is at the core of this study as it could promote the formation of the pedogenic crusts outlined
above.

To date, studies in the Namib Desert have focused largely on the description and chemistry of these
pedogenic gypsum crusts in the colluvium soils of the gravel plains. The exception is mining-related work,
concerned with a few sabkhas and playas. The relationship between the vast pedogenic gypcrete accumulations
and the pockets of hydromorphic playa gypsum has never been investigated. The aim of this research is to
examine this relationship. Reworking of hydromorphic gypsum by deflation from playa surfaces and its
subsequent consolidation into a pedogenic gypsum crust is a likely process, as has been demonstrated in the
deserts of North Africa (Coque, 1962; Drake 1997), Australia (Chen et al., 1991) the Americas (Reheis, 1987)
and other parts of the world (Watson, 1979).

STUDY AREA

For the purpose of this study the Central Namib Desert is defined as the coastal desert between the Kuiseb
and Ugab Rivers (Figure 1B) as it is in this region that gypsum crusts are predominantly found within an
extensive Tertiary colluvium. The colluvium can attain more than 50 m in thickness and is generally underlain
by the metamorphic rocks of the Damara Orogen. The eastern limit of the study area is constrained by bedrock
exposures ranging from granitic outcrops, volcanics and in particular the mica-rich schists of the highland
which forms part of the great southern African escarpment. These regions are devoid of gypsum as are the
Namib Sand Sea to the south of the Kuiseb River (Figure 1A) and much of the remaining coastline, as dunes
and bedrock are unsuitable for the formation of evaporites.

The environment and geomorphology of the Namib Desert have been described previously (Meigs 1969;
Logan 1969). Rainfall gradually decreases from the semi-arid environment found in the highlands (250 mm),
towards the Pro Namib Desert (70 mm) and on to the hyper-arid coast which receives less than 20 mm of
rainfall per annum. Gypsum crusts generally can extend into regions where rainfall exceeds approximately
200-300 mm per annum (Watson, 1988). In Namibia, however, gypsum is not found outside the 50 mm
rainfall isohyet. The eastern limit of the coast-parallel deposit is found about 50—70 km from the coast at an
elevation of 400-500 m, well within the threshold imposed by the present-day rainfall. The Central Namib
Desert is considered to have been hyper-arid for at least the last 5 million years (Ward et al., 1983).

The gravel plain which hosts the gypcrete exhibits an extensive but subdued and poorly developed drainage
system. The headwaters of the larger river networks in this system originate in the Pro Namib Desert
(Figure 1A). Thus, as well as controlling the flow of surface water and groundwater produced by the infre-
quent rainfall events in the region, the channels in particular provide conduits for water flow from the more
frequent rains in the Pro Namib into the Namib Desert proper. The gravel plain is deeply incised by the larger
ephemeral river courses of the Kuiseb, Swakop, Khan, Omaruru, Messum and Ugab rivers which usually
form canyons that are poorly coupled with the gravel plain drainage and are fed by more frequent flows from
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their headwaters in the highland (Figure 1A). These channels and canyons dissect the gypsum-rich colluvium
and incise the underlying bedrock.

The colluvium-rich pedogenic gypsum of the region consist of mesocrystalline, lenticular and prismatic
crystals that are commonly accompanied by fibrous gypsum and lenses of microcrystalline alabastrine gypsum
(Watson, 1988). The bulk of this gypsum is stored in the upper horizons of the colluvium, cementing angular
clasts and finer material that form the building blocks of the Namib Desert crusts which, judging by the few
exposures, may be up to 5 m thick. A vertical segregation of carbonates, sulphates and chlorides into individual
soil horizons is evident in some regions (Gevers and Van der Westhuyzen, 1931). Gypsum is concentrated
at the surface but is covered by a thin lag of silt, sand and gravel. For a detailed study on variability of
sections refer to Heine and Walter (1996). Localized exhumation and weathering of pedogenic meso- and
macrocrystalline gypsum deposits generates microcrystalline powdery, columnar and cobble-like gypsum.
Exposed gypcretes of considerable thickness may portray columnar structures, which generate hexagonal
surface patterns.

While there has been no systematic survey of playas in the Central Namib Desert, a few playas have been
studied in the context of brine extraction (in particular near Henties Bay and Swakopmund) and have been
shown to contain gypsum, as have a number of gypsiferous springs reported by Day (1993). Coast-parallel
sabkhas stretch from Angola into South Africa (Schneider and Genis, 1992). Between Meob Bay (180 km
south of Walvis Bay) and Cape Fria (Figure 1A) more than 20 sabkhas have been identified with a cumulative
area of at least 300 km?. These sabkhas contain significant amounts of hydromorphic surface gypsum and
halite.

While some gypsiferous playas and sabkhas have been reported in the vicinity of the gypsum crusts, a
review of the literature suggests that playas in other parts of Namibia which have been studied much more
extensively are gypsum-poor (Forshag, 1933; Teller and Last, 1990; Schneider and Genis, 1992), possibly due
to the higher rainfall levels outside the Namib Desert region. Playas in the Pro Namib Desert on the eastern
margins of the Namib Desert, such as Sossus Vlei, Koichab Vlei, Tsondab Vlei and Zebra Pan, contain few salts
and mainly feature calcified silt. In the western Kalahari of Namibia playas hold Epsom salts (MgSQ,), halite
(NaCl), thenardite (Na;S0Oy), anhydrite (CaSOy), calcium carbonate (CaCOs3), magnesium chloride (MgCl,)
and sylvite (KCl). The playas of the Etosha Pan in northern Namibia (Figure 1A) hold thenardite (Na;SQOy),
trona (NaH(CO3), - 11H,0), sulphohalite (2Na;SOy4 - NaCl - NaF) and pirssonite (CaCO;3 - NaCOs - 2H,0).
This review indicates that none of the other Namibian playas contain gypsum. The only playa outside the
Namib Desert that is reported in the literature to hold sulphate minerals is Omongwa Pan in the Namibian
Kalahari which has anhydrite (CaSQ,4) as a minor constituent (Schneider and Genis, 1992).

From the little that is known about the Central Namib Desert playas so far, it is evident that they are rich
in gypsum and could provide a repository for the aeolian reworking. In this research we aim to examine the
distribution, chemistry and geomorphology of playas within the Central Namib Desert and to determine their
potential for deflation. This information is then used to evaluate the relationship between the well-studied
pedogenic gypsum occurrences and the little-appreciated hydromorphic accumulations in playas.

METHODS

Owing to limited ground access and the size of the study area, remote sensing is the only means by which
to determine the overall distribution of the playas. Playas in the Central Namib Desert were identified from
geometrically corrected Landsat TM scenes at a spatial resolution of 30 m (Path Row: 179/76, 179/75,
180/75), space shuttle large-format camera photography (1915 and 1916) and additional selected airphotos.
Gypsiferous playas are often not distinguishable from the general terrain in Landsat TM true colour displays;
however, in false-colour composites (red—TM band 7, green—band 4 and blue—TM band 2) gypsiferous playas
show up as dark turquoise patches and are readily mapped. In addition to mapping by interpreting standard
false-colour composites, mixture modelling (Settle and Drake, 1993) was used on an image subset to study
the surface distribution of pedogenic crusts. This technique is able to detect subpixel gypsum occurrences and
is more effective than colour composites for mapping low gypsum concentrations (White and Drake, 1993;
Eckardt and White, 1997). However, field checking of the Landsat TM imagery showed that small (subpixel)
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playas could not be identified whereas they could be distinguished on black-and-white airphotos. In airphotos
the presence of minor vegetation and thrust polygons generates a relatively dark surface compared to the
bright pedogenic gypsum regolith cover. Airphotos were not purchased for the whole area but only for areas
where playas were identified either in the field, from light and ultralight aircraft, or where the geology was
considered favourable for playa formation such as drainage channels traversing bedrock outcrops.

While all the major regions of the Central Namib Desert have been visited by the authors, not all the
locations which feature playas were accessible for sampling. This is due to the fact that off-road driving is
not allowed in the region and that walking was the only means of access to most of the playas featured
here. Having worked on a number of remote-sensing projects in the region (White et al., 1997, Eckardt et al.,
1997) the authors have developed confidence in the results provided from Landsat TM data.

For the playas that were visited in the field, maps of their geomorphology and depositional environments
were composed, using the remotely sensed imagery as a base map. These images were also useful for
mapping the distribution of extrusive dolerite dykes that, when they traverse the gravel plain drainage, cause
groundwater and surface water ponding and evaporation which commonly is the cause of playa formation. At
selected locations shallow holes less than a metre deep were dug to bedrock and sections were logged in order
to determine the vertical zonation of salts and sediments. Samples of salts were collected and their mineralogy
was determined by X-ray diffraction (XRD) analyses. Evidence for playa deflation was investigated using
both remote sensing and field indicators. Deflation events and associated meteorological conditions for the
Namib Desert region are described in Eckardt et al. (in press) with one of the events being presented here in
more detail. Field indicators of deflation were the presence of a surface lag of exposed gypsum crystals or
the presence of gypsiferous aeolian sands derived from playas.

RESULTS

Five distinct inland clusters of playas can be identified in the Central Namib Desert from remotely sensed data
(Figure 1B). All playas are located within the poorly developed gravel plain drainage systems, while none
are found in the ephemeral rivers that dissect the gravel plain, presumably because of the frequent flushing
of salts from these rivers by surface flow generated in the highlands. In general, playas are less than a metre
deep, they cover an area not larger than 80 ha, all feature thin salt crusts of gypsum and halite, and have
phreatophyte mounds, thrust polygon surfaces or other irregular microtopography. In the following discussion
these playas will be introduced on the basis of their location relative to the ephemeral highland drainage
which provides five discrete zones as shown in Figure 1B.

Zone 1: From the Messum River to the Ugab River

The playas between the Messum and Ugab Rivers are very small (<5 ha) due to the limited drainage
network and a very dense network of dolerite dykes (Figure 2). The dykes affect the flow of groundwater
and surface water with water seepage at the surface often being the result. They are less than 30 cm deep,
contain gypsum and halite and are readily identified in the TM image as dark turquoise patches from which
parallel, gypsiferous, turquoise wind streaks emanate in a southwesterly direction, attaining lengths of up to
150 m which traverse some of the dykes.

Zone 2: From the Messum River and Omaruru River

Between the Omaruru and Messum River, there are only a few isolated gypsum and halite-covered playas
which are the result of both Karibib marble and dolerite dyke obstructions. Generally this region is home to
very thick and broad accumulations of the Omaruru alluvium which prevents the evaporation of groundwater.
Based on spot-checks, pedogenic gypsum also appears to be less common.

Zone 3: From the Omaruru River to the Swakop and Khan Rivers

The largest playas in the area are found in this zone, and have been named Silver Lake Playas in mining
reports (Figure 1, zone 3, and Figure 3). The surfaces of these playas are composed predominantly of gypsum
and halite, such that Ehrhorn’s Playa was briefly mined for halite in the 1930s, while Eisfeld and others seem
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Figure 2. Playas and gypsum deflation mapped from Landsat TM image. Zone 1 features extensive dolerites dykes which promote
groundwater seepage. Substantial sabkhas along the coast show evidence of fluvial inputs from the Namib Desert interior

to have been subjected to some initial prospecting (Gevers and Van der Westhuyzen, 1931; Schneider and
Genis, 1992). The Silver Lake Playas have formed because relatively impermeable dolerite dykes traverse
drainage channels and force groundwater to the surface, even forming standing pools of water at a number of
points. Figure 3 shows that Ehrhorn Playa is clearly constrained by these dykes. Eisfeld Playa also shows that
the relationship between the surface expression of the dykes, the location of playa sediments, and the gravel
plain drainage can be intricate. Figure 4 also shows the spatial relationships between these features for Eisfeld
Playa. The playa is located in the middle of a complex set of dykes that have been partially breached by two
drainage systems but still restrict groundwater flow. Playa sediments are found in and between both drainage
systems. Phreatophyte fields, presumably characterized by relatively fresh groundwater, merge downstream
into more saline, smooth, dry gypsiferous mudflats. The surface of these mudflats is in places scattered
with a lag of large (10—20 mm) lenticular gypsum crystals that suggest that deflation of finer gypsiferous
sediments has taken place. In places the mudflats grade into bedrock, in other areas halite crusts are found,
and in one region the gypsum crust is exceptionally well developed and has formed thrust polygons. The
two sections obtained at Eisfeld Playa (Figure 5, sections A and B) reveal very shallow salt and sediment
deposits. Landsat TM imagery shows a gypsiferous windstreak for Eisfeld Playa pointing in a southwesterly
direction.

The playas in the northeastern part of this zone are also fairly large and have also been subjected to brine
prospecting and mining. They contain both gypsum and halite but differ from the other zone 3 playas in that
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groundwater ponding and the formation of playas. Eisfeld is one of the largest pans in this study area with deflation being evident. The
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they form behind Kuiseb schist exposures and local Karibib marble outcrops that block drainage channels
and groundwater flow. Again, small standing pools of water are present.

Zone 4: From the Swakop River to the Khan River

Between the Swakop and Khan Rivers a much smaller cluster of three playas exists on the Welwitschia
Flats (Figure 1B). These playas also contain gypsum and halite. They appear to be the result of groundwater
ponding of the gravel plain drainage by highly resistant, Precambrian Karibib marble obstructions. The playas
are very shallow (<0-5 m) and only contain a thin gypsum crust (Figure 5, section C). The presence of saline
groundwater on the Welwitschia Flats also forms an unusual perched playa associated with springs on the
north rim of the Swakop River canyon, 8 km upstream from the Swakop/Khan confluence (lat. 22°42/34” S,
long. 14°59'09” E). Groundwater seepage occurs on the walls of Swakop canyon encrusting it with halite
and gypsum over a length of 200 m and to a height 50 m. The aridity even allows the formation of halite
stalactites and stalagmites which are likely to be flushed away during occasional high Swakop floods which
on occasion may reach the canyon wall.
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Zone 5: From the Swakop River to the Kuiseb River

The largest number of playas is found between the Kuiseb and Swakop Rivers where there are at least
50-60 playas. However, they are all small, generally less than 5 ha in extent. These playas form a pronounced
belt which runs from Hosabes Playa near Gobabeb to Ubib spring and terminates to the west of Hotsas water
hole (Figure 6).

These playas commonly form behind resistant bedrock outcrops, such as pegmatites and quartz veins,
that force groundwater to the surface (or to the capillary fringe) with water seepage being common. These
outcrops are found in a swarm that cut through Damara bedrock of the Tinkas schist and the Salem granite
in the vicinity of the Okahandja lineament. All playas contain gypsum and halite that presumably result from
the evaporative concentration of groundwater. Usually the outcrops that cross-cut the channels have been
subjected to prolonged salt weathering and form indistinct topographic highs that could be readily breached
in periods of shallow groundwater or surface-water discharge. Where channels are crossed by many outcrops,
lines of playas are sometimes found running down the channel, behind each of these obstructions.

Pits dug into the gypsiferous areas of a number of these playas show that they generally contain shallow
deposits of salts and sediments, usually less than half a metre in depth (e.g. Figure 5, section D). The deepest
section excavated in this zone (Figure 5, section E) is found in a playa near Ubib. The playa surface is
composed of a gypsum zone around its margins, with a well-developed halite crust at the centre that is
underlain by up to half a metre of sediments. This playa is located in a channel whose outflow is completely
blocked by a large dolerite dyke that could only be breached in the severest of floods events. Such dykes
form a highly effective trap for salts and sediments preventing flushing of these materials further down the
channel and ultimately into the Atlantic Ocean.

Though playas in zone 5 are predominantly composed of halite and gypsum, Humberstonite
(K3Na;Mg,(S04)6(NO3)2H,0), a rare nitrate mineral, was identified by XRD at Hosabes Spring Playa (lat.
23°30'15” S, long. 15°03’11” E). This complex salt was found infilling the hexagonal cracks of a halite
crust and as far as can be ascertained, this is the first time that Humberstonite has been reported outside the
Atacama Desert (Mrose et al., 1970). Sylvite (KCl) and halite were also found in a dune 70 m to the west
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Figure 5. Sections of playas: A, B, Eisfeld; C, Welwitschia Flats; D, E, Ubib; and sabkhas: F, Walvis Bay; G, Torra Bay (Torien, 1964).
All surface feature gypsum or halite or a combination of both. Playas are very shallow by comparisons with sabkhas

of Gungachoab Playa that was sampled because it appeared to be composed of deflated playa sediments.
Although sylvite was not identified in Gungachoab Playa it is the most likely source. No other points of
evaporative concentration have been identified in the immediate vicinity.

The Coastal Sabkhas

The presence of numerous coastal sabkhas is well established in the Central Namib Desert (Schneider and
Genis, 1992) having been studied since the 1930s, with gypsum being reported from Swakopmund, Cape
Cross (Gevers and Van der Westhuyzen, 1931), Conception Bay (Kaiser and Neumeier, 1932) and Torra Bay
(Torien, 1964). These deposits reveal a surface crust of gypsum and halite underlain by much deeper and
sandier sections than those of the playas (Figures 1 and 5, section G). Their inland margins can be less sandy
and may be composed of fine clay (section F)

These sabkhas are often located at the terminus of the gravel plain drainage systems. Eckardt and Spiro
(1999) have analysed the sulphur isotope composition of gypsum from some, and found that they appear to
be the result of groundwater inputs from the gravel plain drainage systems, rather than from the evaporation
of seawater. Thus, though geological obstructions in the catchment of these sabkhas trap some groundwater
and dissolved salts to form playas, significant amounts of dissolved salt appear to pass into the sabkhas. Salts
are thus lost from the gravel plain drainage systems through groundwater flow, playa deflation, and probably
also through infrequent surface water flow that occurs when a significant amount of rain falls. A high loss
of salts and sediments through a combination of these processes presumably explains the shallow sections of
salts and sediments in the Central Namib Desert playas.

Evidence for deflation
Previous work has highlighted the presence of deflation features such as streaks and ventifacts on the
Namib Desert gravel plains (Selby, 1977; Sweeting and Lancaster, 1982) but no study has yet investigated
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accumulations. D, E, Locations of section in Figure 5

the effect of wind on the unconsolidated fine sediments provided by playas and sabkhas. We have identified
deflation from Cape Cross sabkha (Figure 7) and numerous further dust-producing events that are evident
in space shuttle photography of other Namibian playas and sabkhas (Eckardt ef al., in press) such as at
Conception Bay and Etosha Pan (Figure 1A). It appears that all playas and sabkhas in Namibia predominantly
deflate towards the coast. Though we have direct evidence of deflation form the sabkhas there are no direct
observations of deflation from the smaller playas. However, the presence of gypsiferous gravel lags on playa
mudflats, gypsiferous wind streaks emanating from playas, phreatophyte mounds common on playa margins,
and deflation of other salts all provides evidence of recent and probably ongoing aeolian processes.

There is also indirect evidence of gypsum mobilization on the gravel plain and it appears that even
surface exposures of pedogenic gypsum are affected. This is shown through the mapping of subpixel gypsum
occurrences using mixture modelling (Figure 8). The highest amounts of gypsum are associated with a road
that is made of gypsum excavated from the side of the road and tracks that reveal exposed subsurface
accumulations (bright areas) (Eckardt et al., 1997). The absence of gypsum (dark areas) is due to extensive
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Cape Cross

Figure 7. Deflation from Cape Cross sabkha surface in zone 2 (Figure 1A, B) during easterly Bergwind. Detailed view from Landsat
TM image Band 1 (blue)

bedrock exposures of the Hamilton Range and its scree as well as river washes. Large-scale windstreaks on
the gravel plains have been reported elsewhere (Wilkinson, 1990). This study suggests that the gravel plain
discoloration previously reported in ordinary space photography is partly derived by variations in gypsum
content on the surface. The areas of low gypsum accumulation shown in Figure 8 match those areas which
are supposedly the result of windscouring, hence it appears that superficial crusts are subject to removal by
wind erosion and abrasion.

DISCUSSION

We have shown that playas are a common feature in the Namib Desert stretching from the east of the Pro
Namib Desert merging along the coast with sabkhas. The area occupied by the small but numerous gypsiferous
inland playas is estimated to be around 3 per cent of the total study area, with the largest playas not exceeding
0-5 km? in size. However, this figure could be a conservative estimate. Many playas are below the spatial
detection limit of Landsat while high resolution airphotos have only been employed selectively. Furthermore,
there are numerous small patches of gypsum and halite crusts at constriction points in the channel network
on the gravel plain which are hard to map from the airphotos, but when considered in total, may have a
significant surface area. Our results also show that the salt assemblages found in the playas of the Namib
Desert are considerably different from those of other Namibian playas precluding the latter as an external
source of gypsum aerosols.

The marine-like gypsum and halite composition of playas suggests that marine aerosols are a significant
primary source of sulphur (Eckardt and Spiro, 1999), as has been shown for the playas of Australia (Chivas
et al., 1991) and the coastal Atacama Desert (Noller, 1990). Indeed in the Atacama it has been estimated
that the annual deposition of marine aerosols may range from approximately 1 to 7 tonnes per km? (Noller,
1990). Rain and fog may provide an additional but minimal chemical input (Eckardt and Schemenauer, 1998).
It appears that playa gypsum is a result of the dissolution of dry aerosol deposition by rain and fog water.
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0% Gypsum 100% Gypsum

Figure 8. Mixture model output from Landsat TM image showing gravel plain west of Hamilton Range. Pedogenic gypsum outcrops
are subject to windscouring resulting in variable gypsum on the desert surface

The occasional rain storms in particular promote runoff, infiltration and groundwater flow which may lead to
evaporation, concentration and salt precipitation in playas.

The relative input of surface or groundwater into playas is uncertain but the presence of clay, silt and
some sand-sized material in most of the playas suggests that surface water input takes place. This is likely to
occur during sporadic high-magnitude rain events, which cause surface run-off and transport eroded material
from inselbergs and the gravel plains into playa depressions. Most bedrock obstructions would appear not to
pose significant dams to infrequent ephemeral floods. Indeed playas that have formed in drainage channels
behind less pronounced bedrock obstructions have thinner sections than those behind more substantial ones.
The depth of the closed depressions is less, allowing periodic floods to partially flush the drainage network of
their salts and sediments. The shallow depth of playa sediments would make them ideal points for evaporative
concentration and deflation but there does not appear to be much scope for extensive accumulation. The total
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amount of evaporites in these playas is relatively small suggesting that significant losses occur. Hydrological
losses would contribute evaporites to precipitation points downstream which could include further playas
or sabkhas. Dissolved salts could also be lost to the sea, in particular where gravel plain channels feed the
ephemeral highland drainage systems. Ephemeral highland drainage periodically experiences floods that reach
the sea. Aeolian losses on the other hand are likely to contribute to the pedogenic accumulations that are at
the heart of this study.

The gypsum-rich nature of Central Namib Desert playas and sabkhas and the evidence for deflation support a
link between local playa deflation and gypcrete formation on the gravel plain which is further substantiated by
their identical chemistry and comparable sulphur isotope composition (Eckardt and Spiro, 1999). It appears
that the easterly Bergwind is the most significant vector for deflation being associated with the greatest
windspeeds (16 m s~!) along the Namib Desert coast (Schulze, 1969). This low-frequency, high-magnitude
wind operates only on a few days each year, in particular during the winter months when fog and rain are
least common and surfaces are at their driest. At Etosha outside the Namib Desert region, dated lunette dunes
at its western margin suggest that this Bergwind trajectory has been active for at least 140000 (Buch et al.,
1992).

In zone 5 the easternmost extent of playas strongly correlates with the most significant pedogenic gypsum
accumulations in the region. It therefore appears that the limit of gypcrete is determined by the presence
of playas, not climate. This is strongly supported by the distinct absence of recent evaporites in interdune
deposits of the adjacent Namib Sand Sea (Lancaster and Teller, 1988). The sands in the dune regions appear to
be moderately saline due to aerosol deposition (Besler, 1979). This, however, does not translate into gypcrete
formation. This includes extensive, stable interdune gravel plains of the Namib Sand Sea which provide a
strong contrast to the situation on the Central Namib Desert gravel plains as drainage networks and points
of evaporative concentration do not exist. Indeed groundwater appears to flow underneath the Namib Sand
Sea discharging into the ocean at a number of freshwater springs between Walvis Bay and Liideritz (Hellwig,
1968). Interdune evaporites are found only in relation with the inactive extension of the Tsondab River which
produced calcified salt deposits of considerable thickness at Narabeb (Lancaster and Teller, 1988).

Evidence for contemporary gypsum deflation is wide-ranging and dispersal appears to be largely in a
westerly direction driven by the regional easterly winds that carry material in a seaward direction and this
would seem to limit the potential role of coastal sabkhas in gypsum crust formation. However, weather
data show that the coastline is also frequently subjected to relatively strong southwesterly winds (Lancaster
et al., 1984) which could carry material from coastal sabkhas into the Namib Desert and this possibility
is also supported by the existence of nebkhas along the coastline with tails pointing inland. It is possible
that an extensive Proto-Walvis Bay sabkha of Miocene age (Miller and Seely, 1976) during higher sea level
could have provided some significant aeolian evaporite input into the desert. As Namibian sabkhas produce
evaporites from continental groundwater seepage (Eckardt and Spiro, 1999) a landward dispersal of sabkha
evaporites would amount to recycling of terrestrial salts rather than contributing salts of evaporated seawater
towards the pedogenic crusts.

Though this study has been able to put the formation of gypsum into the context of established and ongoing
processes, a number of questions remain. One issue is the role of stone pavements in the formation of
pedogenic gypsum crusts. An upward growth of pavements by the entrapment of aeolian material (McFadden
et al., 1987) would be a new proposition for the Namib Desert and especially interesting should the dust be
rich in gypsum, as this could explain how the crusts were able to gain such a thickness. However, the amount
of gypsum on the gravel plain will also be determined by the aridity of the climate as the amount of rainfall
will control dissolution losses. Aridity has been an increasingly dominating environmental condition in the
Namib Desert, which is thought to have varied between semi-arid, arid and hyper-arid conditions during the
last 80 million years; hyperaridity has been on the increase (Ward et al., 1983) over the last 5 million years
suggesting that pedogenic gypcrete losses are minimal.

On such geological time scales the authors envisage a multitude of playa configurations provided by the
variability and durability of different bedrock obstructions which, in and around playas, show signs of salt
weathering. Salt weathering in the Namib Desert is rapid and effective (Goudie et al., 1997; Goudie and Parker,
1998). The balance between bedrock-induced groundwater ponding and salt weathering is able to provide
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a highly dynamic picture for the formation of hydromorphic gypsum. Playas are likely to be significant
sources of weathering agents, which in conjunction with saline groundwaters, frequent fog incursions, and
high relative humidity along the coast produces a very aggressive weathering environment.

It is interesting to note that the model of gypsum crust formation proposed here is partly mirrored by the
model of calcrete formation in the Namib Desert. This has been linked to the aeolian dispersal of Ca from
secondary calcrete deposits, derived from the now largely denuded Damara Orogen of Namibia’s central
region (Eitel, 1994). Contemporary calcification has been linked to aeolian reworking of existing calcrete
exposures (Heine and Walter, 1996), which is supported by the high levels of Ca enrichment in atmospheric
aerosols (Eckardt and Schemenauer, 1998).

Generally the role of playas in determining downwind soil and water quality is not to be underestimated.
A groundwater-fed playa measuring less than 5 km? can produce significant saline aerosols. This has been
demonstrated on the High Plains of Texas, where Double Lake is estimated to produce 450 £ 200 tons of
chlorine dust each year. This dust is detectable up 35 km from its source (Wood and Sanford, 1995).

Similar work which estimates aeolian losses needs to be carried out for Namib Desert playas as well as
those found in the deserts of central and western Australia. These playas are also fed my marine aerosols
(Chivas et al., 1991), are positioned in drainage systems (Jacobson et al., 1988; Clarke, 1994) and experience
losses by deflation and overflow (Salma et al., 1992). Some of the playas even feature gypsum dunes (Chen
et al., 1991) and equally promote pedogenic gypsum crust formation.

CONCLUSION

It appears that pedogenic gypcrete does not form by the direct deposition of marine aerosols on the gravel
plain surface as previously considered. A stable soil environment alone is not sufficient in producing gypcrete
as is clearly shown in the Namib Sand Sea. Marine aerosols need to be concentrated and evaporated within
the aqueous geochemistry of playas in order for evaporates to form. Our findings are summarized in Figure 9.
Namibia’s pedogenic gypsum crusts have long been seen in an almost exotic context, but evidence suggests
that they can be interpreted in the light of established and ongoing processes, which partly mirror the formation
of Namibia’s calcrete and can be compared to deserts elsewhere, in particular Western Australia.

We argue that pedogenic gypsum requires the primary formation of gypsum at points of evaporitic con-
centration provided by playas which represent an essential catalyst. The formation requires both marine SO4
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Figure 9. Model of pedogenic gypsum formation for the Namib Desert. Marine-derived dry aerosols are dissolved and mobilized
through moisture provided by fog and rain water. Primary gypsum formation takes places in playas and is subjected to aeolian and
fluvial dispersal. Pedogenic gypsum accumulations increase towards the coast
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and terrestrial Ca which are subjected to widespread and probably subcontinental dispersal but will be mostly
dissolved by rain and transported into the Central Namib Desert playas and sabkhas along the gravel plain
drainage systems. Gypsum may precipitate at these points of evaporitic concentration, whence it is subjected
to aeolian dispersal and added to the pavement. Halite (NaCl) partly accompanies this cycle but through
time will have been subjected to preferential leaching while gypsum is less soluble and more prone to grad-
ual accumulation. Some of the pedogenic evaporites may be subjected to further solution and subsequent
secondary precipitation in playas. It is also apparent that playas and sabkhas do not differ significantly in
their surface morphology. Both appear to be subject to groundwater input, prone to occasional flooding and
susceptible to deflation by the easterly Bergwind. A coastal southwest wind could carry material landward
but this is probably of secondary significance and limited to the coast.

While some marine aerosols might be directly incorporated into the soil section, the lack of any pedogenic
evaporites in the interdune areas of the Namib Sand Sea would suggest that this is only of limited significance,
and that a primary playa production is an integral part in the formation of the extensive pedogenic accumu-
lations. Deflation rates from playas, atmospheric dust content and deposition rates for the Namib Desert need
to be determined in order to further validate this model. However, the varied interactions and vast potential
for the mixing of aerosols will make specific trajectory measurements of any sort a methodological but wor-
thy challenge. Our results so far propose a complex but interesting interaction between fluvial, aeolian and
pedogenic processes in an area which, at a glance, appears inert and almost devoid of significant processes
and features.
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