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Abstract

The Sahara is the largest of the world's deserts, and is characterized by extreme aridity
and the greatest number of sand seas. Sand dunes in the Sahara come in all of the many
dune forms, and vary in size and shape. They are found as isolated dunes or in
continuous series covering thousands of square kilometres. Wind velocity and
direction, sand supply, vegetation cover and topography are major factors determining
dune types. There are longitudinal dunes lined up parallel to the dominant wind
direction, transverse dunes perpendicular to the wind, barchan dunes having the
familiar crescent shape and others. The rate of dune movement depends on their size
and sand flow rates, smaller dunes are usually fastest. Mobile dunes often pose a threat
by invading agricultural lands and residential areas. Surveys by satellite imagery, aerial
photography and ground checks seem to indicate that the Sahara is in progress
southwards. However, some authors believe that sand shifting is a localized process in
deserts. Therefore, regular monitoring of desert dune movement is essential for the
planning of effective control measures. Also, the success of any such measures
dependent upon the better understanding of the nature of dunes, their genesis,
dynamics and reaction to dune determinant factors. There are a wide variety of
possible control measures; dissipation techniques, mechanical fixation using fences,
chemical treatment, and vegetation planting. The best measures combine several
methods including use of vegetation, which lasts longer with relatively lower costs.
Usually, vegetation needs a pre-fixation phase to reduce sand movement before
establishment. Stabilization techniques are reported successful from several affected
countries in the Sahara region. The selection of any control method depends on the
magnitude of the threat, the objectives of control and other economic and
environmental considerations. Conservation of natural vegetation on fixed dune areas
is also important. The Sudan is one of the countries affected by the threat of mobile
dunes. Monitoring and assessment techniques, stabilization experiments and control
methods involving significant local participation have been attempted with some degree

of success.
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Sand Dunes: Their Formation and Stabilization in the Sahara
with Special Reference to the Sudan

Chapter 1: Introduction and objectives

‘ 1.1 Introduction

" S

and 1287 km (Smith, 1984),
j The global pattern of sand-fields and dupes largely corresponds to the regional
distribution of arid climates as shown in Figure 1 (Hagedorn er al., 1977). From

of the area. Climate js not the only factor responsible for the formation of sand dunes,
the source of sand supply is also one of the main factors,

Most dunes are 8athered in vast areas termed "sand seas" or ergs in Arabic.
These ergs are made up of coalesced complexes of geometrically arranged sand
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Hamada of Gyir in Algeria (Mitchell, 1984).
The scale of the problems Caused by moving sand precludes long-term
prevention in many areas. The sand flow must, therefore, often be regarded as

1990). Also it hag to be recognized that stabilizing barren dunes in arig regions is very
difficult, whether mechanical or chemical treatment




Chapter 2: Background

2.1 Sahara climate

the sub-tropical high pressure Zones responsible for desert aridity are the resyjt of a
simple convection pattern called the "Hadly Cell" driven by the Sun's energy. Most
deserts lie north ang south of the equatoria] rainforests around the 30°S and the 300N
latitude, Thus, African deserts are found in two bands; in the North the Sahara, and in
the South the Kalahari and Namib.

2.2 Sahara history

T e
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Sources of sand.

2.4 Sand dune movement in the Sahara
Wind s 5 major agent of erosion and deposition jn the arid regions (Ben Salem, 1991).
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disturbed and the pressure on land is at jts greatest,
Evidence of advance of the Sahara southwards had been reported by Stebbing

Survey including ground checks was carried out in the Sudan in 1975 Quoting
Lamprey ( 1975), who stated that, "it is evident that the desert's southern boundary has
shifted south by about 90-100 km in the last 17 years. The southward shifi can be
readily appreciated in the vicinity of the Wadi El-Milk in northern Kordofan". A similar

added that recent studies involving ground, landsat and meteorological sate]lite
observations demonstrate clearly the difficulty in drawing conclusions about the

untenable.
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2.5 Control of sand and sand dunes

While discussing how to deal with shifting sand dunes, El-Baz (1986a) stated that one
can either avoid them, try to halt their advance or learn to live with them, and even
utilize them. It has become increasingly clear that avoidance of migrating dunes can be
achieved by planning in advance. Hagedron et al. (1977) suggested the use of
aerodynamic shapes for installations to avoid sand accumulation. This view is shared
by Watson (1990) who recommended that the design of installations, whether roads,
railways, individual buildings, or whole complexes must allow a degree of through-
flow of sand,

Sand dune fixation is designed to prevent the movement of sand to enable
either natural or planted vegetation to become established. The technique is often
based on the principle of reducing the threshold velocity of wind at the dune surface by
establishing a pre-planting mechanical system (Kaul, 1985).

Mechanical dune fixation appears to be effective and has successfully been
applied in most of the Sahara countries, for example, Egypt (Ibrahim, 1969; Hagedorn
et al, 1977; Tag-El-Din, 1986), Sudan (Rapp, 1976; Laird, 1990; Ibrahim, 1991),
Libya (Messines, 1952), Senegal and Niger (Grainger, 1990), The Spanish Sahara
(Benito and Le Roux, 1976), Mauritania (Ben Salem, 1991; Gaye, 1987). The major
problem with the technique is that it is labour intensive and therefore slow. In countries
where labour is in short supply the method can prove costly. Moomen and Barney
(1981) have reported that rising costs of erecting barriers and heavy use of plant
material that also threaten to denude and accelerate erosion prompted the search for
other dune stabilization methods. Recently, equipment and technique for stabilization
of dunes with bitumen spray, considered to be faster and more economical than the
older method has been developed in Libya.

On the other hand, sand dune stabilization with plant species has been reported
to be more permanent than the mechanical and chemical fixation techniques which are
largely regarded as temporary measures. The choice of vegetative species for planting,
however, requires studies of the natural vegetation in the area and on the
environmental conditions (FAO, 1989) if a reasonable degree of success is to be
attained.

Vegetation will not grow, however, as long as there is still strong movement of
sand. Effective stabilization therefore means the combination of mechanical (or
chemical) and biological methods at least for the initial phase of vegetative growth
(Hagedorn et al,, 1977).
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Chapter 3. Sand Dupe Genesis, Develogment and Classiﬁcation

10
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Cooke et al, (1993) have described three ways in which sand dunes may be
initiated, namely: surface roughness, calving and formation of ground jets. Each of
these is examined further,

follow the first.

3.2.2 Calving
Many mobile dunes are "calved" or separated from the ends of the anchored dunes, and
they then migrate downwind as free dunes.

3.2.3 Ground jets
It has been observed that the break-up of waves in an early morning atmospheric
inversion, was capable of sweeping sand from limited areas and depositing it when

asymmetrical shape (Cooke et al, 1993 quoting, Graf, 1971).
Usually sand flow rate increases with height, and therefore increases erosion

1978). For a dune to maintain a steady-state profile (equilibrium) in the medium term,
the rate of sand input to the dune must be equal to the sand output. If the two are not
in balance the dune either grows or shrinks in size, A change in dune dimensions

12



(Pye and Tsoar, 1990).

As a dune grows, the upper margin of deposition moves relatively closer to the
summit until the lee slope becomes over-steepened. When the angle of repose for dry
sand is reached downwind, slipping results and the slipface is formed. Slipface angles
reported in the literature vary from 320 to 340 (Hagedorn et al., 1977),

(Tsoar, 1986b).

3.4 Dune minimum size

Bagnold (1941) has stated that a dune can not be smaller than the zone of readjustment
in sand carrying capacity, as wind passes over the edge of sand patch. The results of
his study show that in order for the in-coming wind may be sufficiently checked to

3.5 Flow separation and lee eddy

As a dune grows upwards, there comes a point, depending on flow characteristics, at
which wind no longer follows the form of the dune, and flow separates from the bed
(Cooke et al, 1993). Micro-wind measurements by Tsoar (1986b) revealed that when
wind encounters a dune body perpendicular to the crest line, the streamlines are
separated from the surface over the brink, and are reattached to it a certain distance
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3.6.5 Topographic obstacles

The formation of true dune forms like barchan, transverse and seif dunes, is usually

16






Figure (6)
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of topography and secondary circulation in the atmosphere (Pye and Tsoar, 1990).
A useful distinction had been shown by El-Baz (19862) who used satellite
imagery for dunes investigations in the Western Desert of Egypt. He stated that

3.8.1 Simple classification of major dune types

Pye and Tsoar (1990), in their dune classification System shown in Figure 7 stated that
simple dunes are divided into three basic groups:

(a) Those whose development is related to topographic obstacles;

(b) Those which can be regarded as self-accumulated.

(¢) Those whose development is strongly influenced by vegetation.

The first category is divided into windward accumulations, which include climbing
dunes and echo dunes. Also there are the leeward accumulations that inclyde lee
dunes, Jalling dunes, and cliff-top dunes. Self-accumulated simple dunes include

19
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as type of sedimentary structure or even the going-conditions for vehicles,

Although Cooke's classification of dunes is simple, it will not be pursued
further in this chapter because it includes some Components such ag "clay dunes" that
are irrelevant for thig study. Furthermore it i quite similar to Pye and Tsoar's (1990)
classification, which will be examined further in the Jater chapters of this sty

21




Chagter 4: The Dynamics of Desert Sand Dunes

4.1 Introduction

unidirectional wing (Cooke et al., 1993),

Bagnold ( 1941) observed that accumulatjop of sand can also occur in the lee of
a gap between two obstacles. The sand flow ig accelerated and funnelled through the
8ap, but fans oyt and decelerates on the lee side, leading to sanqg deposition.

22
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4.24 Falling dunes

These are formed whep the Sand-carrying winds deposit the sand a5 they descend the
slopes of hills of Plateau (E|-B az, 1986a).

can be blown up slopes as steep as 60°, the formation of cliff-top dunes does not
necessarily require cliff recession Or erosion of g sang famp (Pye and Tsoar, 1990),

4.3 Sand accumulatiop related to peq roughness ang aerodynamic fluctuationg
Wind-blown sand has a natyr, tendency tq accumulate jntq dunes in the abscence of
topographic obstacles. These self-accumulatfng dunes are classified op the basis of

Sand texture into tWo groups, dupeg Composed of fine sand and forms composed of
Poorly sorted ang bimoda] sands.

24
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4.3.1 Dunes composed of fine sand

Dune sand grain size determines the threshold velocity for sand movement by the wind,
and strongly influences dune alignment (Lancaster, 198 1). Grains are generally
described as sand when their diameter lies between 0.063 and 2 mm (Hagedorn et al.,
1977). Dune fine sand lie in the range 0.3-0.65 mm (Pye and Tsoar, 1990).

4.3.1.1 Simple barchan dunes

Barchans are isolated cresentic dunes on a firm, coherent basement, with horns
pointing downwind (Kadar, 1934; Bagnold, 1941; Mckee ez al., 1964; Ghose, 1985;
El-Baz, 1986; Pye and Tsoar, 1990; Thomas, 1992; Cooke et al., 1993). The
windward slope is typically convex with an average maximum slope of 12°, while the
leeward slope is characterized by a slip face at 330-340 (Kadar, 1934; Khalaf, 1989;
Pye and Tsoar, 1990). Smaller barchans tend to be flatter than larger ones and have
smaller angle between the windward flanks and the desert floor (Khalaf, 1989; Pye and
Tsoar, 1990). Bagnold ( 1941) observed that the relative length, width and height of
barchans vary greatly. The maximum length and width of barchan dunes in the Libyan
Desert are about 400 metres. The hej ght of these big dunes varies up to 30 metres.

There is a general agreement that barchans form in vegetation-free areas, where
sand supply is limited and the winds are almost unidirectional (Bagnold, 1941;
Hagedorn e al, 1977: Howard et al., 1978; Wasson and Hyde, 1983; Pye and Tsoar,
1990; Thomas, 1992; Cooke et al., 1993; Allan and Warren, 1993). Meso- and mega-
barchans are commonly confined to directionally constant annual wind regimes
(Bagnold, 1941; Kar, 1990).

Patches of sand migrating over a land substrate develop a cresentic plan form
even before they are high enough to develop a slip face, because sand is transported
more rapidly across and around the sides of the sand patch than across its centre
(Howard ef al., 1978; Khalaf, 1989). As more sand is trapped in the middle of the
patch, it grows in height until it is sufficiently high to induce flow separation and form
slip face. The precise form of the dune is determined by the rate of sand supply, degree
of sand flow saturation, and wind regime (Howard et al, 1978). These studies agree
with Bagnold's ( 1933) assumption that the barchans are the true forms of dunes.

According to Hagedorn ef al. (1977) a barchan dune is the optimal
aerodynamic form for a migrating sand body. Further investigations have revealed that
barchans can migrate long distances downwind without major changes in size or shape
(Shehata et al, 1992; Thomas, 1992). In some instances they act almost as a closed
system, in which sand is prevented from escaping from the dune by reverse flows
associated with vortices on the leeward side of the dune. However, in most cases
migrating barchans act as an open system in dynamic equilibrium, in which the input of
sand from upwind is equal to the downwind losses from the horn tips (Pye and Tsoar,
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Shehata ez al. (1992) noted that dome like shield dunes with relatively small slip faces
are believed to transform in time into cresentic dunes.

4.3.1.5 Star dunes

Star dunes are the largest aeolian bedforms in many modern sand seas, and they
contain a greater volume of sand than any other dune type (Lancaster, 1989). They are
characterized by their pyramidal morphology and three or more sinuous arms radiating
from a central peak with multiple avalanche faces, and a broad gently sloping plinth
forms the basal parts (Mainguét, 1985; El-Baz, 1986a, Lancaster, 1989; Pye and
Tsoar, 1990; Cooke et al., 1993). They are the highest of the mobile dunes, reaching
up to 400 m, and have a mean width of 500-1000 m (Pye and Tsoar, 1990).

Star dunes occur in many African sand seas, where they are known as demkhas,
ghourds, rhourds or oghourds. They are found in the North-western Sahara, the Fachi-
Bilma Sand Sea in Chad and Niger (Mainguet, 1985; Lancaster, 1989; Pye and Tsoar,
1990; Cooke et al., 1993), and in North-eastern Sahara as well (Thomas, 1992). The
greatest continuous area of star dunes is in the Great Eastern Sand Sea in Algeria,
where they cover about 12,000 km?2 (Cooke ez al, 1993).

Holm (1960) noted that the stellate form of star dunes is a response to sand
transporting winds which blow from different directions at different times of the year.
While the Wasson and Hyde's (1983) hypothesis relates star dunes to regional wind
regimes commonly called the "multimodal wind regime hypothesis". Recently, Cooke
et al. (1993) reported that the best authenticated hypothesis is that which relates star
dunes to regional wind regimes known as the "multimodal wind regime hypothesis".

On the initiation and development processes of star dunes, Wilson (1972)
speculates that they might develop under depositional process, where wind systems
overlap. While Lancaster (1989) suggested that star dunes may be initiated and
developed as a result of the modification of other dune types as they extend or migrate
into areas of seasonally changing wind directions. He added that the effects of
multidirectional wind regimes are in part influenced by dune size. It is clear from
several reports that the processes responsible for the initiation and subsequent early
development of star dunes are still uncertain.

Lancaster (1989) concluded that whatever the process that initiates them, star
dunes are characterized by a high degree of interaction between dune form and airflow
as winds change direction seasonally. This plays a major role in the formation and
maintenance of this dune type. Such interactions often lead to deposition of sand in the
central parts of the dune, giving rise to its pyramidal shape, as well as extension of the
linear arms. Star dunes are immobile dunes and their arms only change position and

elongate (Mainguet, 1985). On the other hand, Thomas (1992) reported that star dunes
can move 1-3 m year-! but that this movement is probably not a long-term trend.
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4.3.2 Sand forms composed of poorly sorted and bimodal sand
These forms are often of low amplitude, dominateq with coarse grain mode, Tow main
types, "Zibars" and sand sheets that wil] pe discussed further.

4.3.2.1 Zibars

mode in the sediments that comprise them (Cooke et al, 1993). On the other hand,
Warren ( 1972) has reported that some of the zibars in the Tenere Desert in Niger are
higher than nearby seif dunes, reaching over 5 metres,

Separation occurs in the Jee of zibars, only flow expansion (Cooke ef al., 1993). This
agrees with Bagnold's (1941) statement that dunes composed of fine sand have steeper
slopes than dunes composed of coarse sand.

4.3.2.2 Sand sheets

surface, which are resistant to surface creep and saltation.
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4.4 Sand accumulation related to vegetation

Wasson and Hyde (1983) regarded vegetation as 3 modifying factor for example, from
transverse to parabolic dune, rather than a primary determinant.

and Tsoar, 1990).

4.4.1.2 Vegetation as an accretion focus
Vegetation can contribute to the genesis and development of dunes by acting as a

sand within the body of the plant.

4.4.1.3 Vegetation as a determinant of dune morphology
The complex interaction of environmental variables which contribute to the
development and characteristics of desert dune fields means that it is possible to
Consider the role of vegetation as more than simply inhibiting sand movement or
Cncouraging its deposition (Thomas and Tsoar, 1990). Spatial variations in plant cover
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allow adjacent communities to act as surface stabilizers on dune arms and to permit
deflation in the central corridor where plants are absent. The widespread occurrence of
parabolic dunes in some deserts provides evidence of the importance of vegetation as a
determinant of dune form. A reduction in the vegetation cover of these dunes has been
noted to result in significant changes in the morphology of the dune crestal zones and
in dune alignment (Tsoar and Moller, 1986). Morphological degradation may be in the
form of a reduction of dune height, which in the case of linear dunes, may result in

relict dune forms being lower for a given spacing than active counterparts, assuming
that a dynamic relationship exists between sand supply, wind regime and dune field
morphology (Thomas and Shaw, 1991).

4.4.2 Dune types related to vegetation
Because there is a substantial scattering of bushes or clumps of grass in many deserts,
dunes associated with plants are very common indeed.

4.4.2.1 Vegetated linear dunes

Vegetated linear dunes range in height from several metres to a few tens of metres, and
typically have a rounded cross-sectional profile. The vegetation cover is thickest on the
plinth and lower slopes and is usually sparse or absent on the crest (Pye and Tsoar,
1990). Many, if not most, linear dunes are vegetated to a point where sand movement
is severely restricted (Allen and Warren, 1993).

Cooke e al. (1993) reported that many of the linear dunes in the West African
Sahel have clearly been stabilized following climatic change, for they are now covered
by dense vegetation. The bimodal wind regimes that favour linear dune formation may
be more characteristic of desert margins, and these are more likely to experience the
critical climatic change between dune activity and inactivity, than are the desert cores.

Destruction of the vegetation cover can turn vegetated linear dunes into seifs
or braided linear dunes, the latter being linear dunes on which small secondary
transverse dunes are superimposed. This has occurred in some parts of Sinai (Tsoar
and Moller, 1986), and the Sudan (Davies, 1991).

There appear to be at least two modes of vegetated linear dune development.
The first is by slow down wind movement of sand along the crest of a dune ridge
whose flanks are largely vegetated, and the second is by more rapid movement of sand
along an essentially bare sand ridge, followed by vegetation colonization of the ridge
when the sand transport rate is reduced due to an increase in rainfall or reduction in
wind energy downwind (Pye and Tsoar, 1990). Partially vegetated linear ridges
displaying crestal sand movement, are a normal active type of dune in desert
environments (Thomas and Tsoar, 1990), and should not always be regarded as
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4.4.2.3 Hummock dunes
The term hummock dune as yseqd by Pye and Tsoar ( 1990) describes any irregular

4.4.2.4 Nabkhas dunes
This kind of dune hag many ethno-geomorphological descriptions such as "pygh
mounds", "shrub-coppice dunes" and "rebdou". The concise, and now  widely
Tecognized North African word "nabkha" s the Most preferred (Cooke et al., 1993),
Shrub-coppice dunes form on the leeward side of Vegetation. Isolateq mounds or
shrub-duneg are formed around low treeg and shrubs witp limited sang supply
(Mainguet, 1985). From observationg and €Xperiments, Hesp ( 1981) assumed
individua] plants need to be higher than 10-15 ¢m before they can begin to trap sand
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Chapter 5. Control of Drifting Sand and Mobile Dunes

5.1 Introd uction

2- Enhancement of sand transport.
3- Deflection of moving sand.

4- Enhancement of sand deposition.
5- Control of mobile dunes
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Most of these methods have been applied in several projects, and good results
have been reported by Grainger (1990), although much earlier, Finkel (1959) was very
critical of these methods, from his experience in southern Peru. His views are discussed

in para 5.8.

3.2 Assessment techniques

In order to combat drifting sand and mobile dunes an understanding of the physics of
moving sand is required together with an effective data collection system (Stipho,
1992). In most cases, the techniques for controlling blowing sand and mobile dunes are
well established. However, implementation of these procedures under field conditions
frequently proves difficult (Watson, 1990). One reason for this is that empirical data on
the rate of sand and dune movement are often scarce (Jones ef al., 1986). Another is
that the environmental phenomena of topography, aeolian dynamics, and the physical
characteristics of sand are far more variable than those assumed by theoretical or
simulated estimations of sand movement (Watson, 1985; Pye and Tsoar, 1990).

It is important to develop a broad scale for the types of sand dune movement,
so that the conditions at a particular site can be placed in a regional setting (Jones ez
al., 1986). 1t is in this context that examination of satellite imagery may yield valuable
information on the distribution of surface sand accumulations and the major stream
lines of sand movement (e.g. El Baz, 1986a; Mainguet, 1986; Jones ef al., 1986;
Watson, 1990). Aerial photography is, normally, a better source of information on the
direction and the rate of the mass transport of sand (Rapp, 1976; Laird, 1990; Ibrahim,
1991). The author is of the opinion that ground checks are of equal importance to
aerial photography and satellite imagery, and need to be done on the basis of
systematic field monitoring to assure useful and durable stabilization methods. On the
other hand, Jones ez al. (1986) recommend that care needs to be taken when assessing
the field evidence in order to ensure that the features recognized represent
contemporary forms evolving under present environmental conditions. Many dunes are
in fact stabilized palaco-forms and give false indications of both the direction and
magnitude of present sand migration.

Ibrahim (1969) stated that all methods of controlling sand drift should be
based on sound ecological studies carried out on both micro-climate and macro-climate

scales.

5.3 Reduction of the sand supply
In areas where intense sedimentation oceurs, enhancement of sand deposition or
transport may be impractical or impossible. In such instances it may prove preferable to

34




identify the main sources of sand and stabilize the deflating sand body which is often
most cost effective (Watson, 1985; Pye and Tsoar, 1990). Three main methods of
source area control are employed: '

1- Treatment of the surface.

2- Reduction of wind velocity.

3- Restriction of human and livestock activity in sand source area.

5.3.1 Surface stabilization by mulches

years these materials have been widely replaced by oil, bitumen, lime, resins, latex and
other commercially formulated chemicals (Hagedorn er al, 1977, Moomen and
Barney, 1981; Watson, 1985; Kaul, 1985).

5.3.2 Reduction of wind velocity

Physical barriers to the wind create regions of low flow velocity both infront of and
behind the barrier. Barriers built upwind can thus be used to reduce the friction
velocity over a potential sand source area (Pye and Tsoar, 1990).

5.3.2.1 Artificial barriers

evidence of annual rates of sand movement. Once the fenced area has been buried by
sand, the next fence is installed on top of the sand mound (Watson, 1985).

5.3.2.2 Vegetative barriers
Alternatively, tree shelterbelts can be created by planting rows of trees or shrubs
perpendicular to the dominant sand flow direction, for example in northern Sudan
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5.5 Diversion of moving sand

This system is designed to divert or deflect sand around individual structures (Kaul,
1985; Khan, 198 5). Two types of fence alignment have been used. In the first, the sand

5.6 Enhancement of sand deposition

This involves reducing the sediment load of the wind by decreasing the wind energy.
This can be achieved by the construction of ditches, sand fences, planting vegetation,
or by a combination of methods (Watson, 1985; Pye and Tsoar, 1990).
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wind velocities, For this reason the fence design mygt be tailored to local
environmentg] conditions (Kaul, 19853),
A fence with less than 20% Porosity behayes almost a5 5 solid obstacle to the




S5.6.3 Vegetation planting

Vegetation can be used to trap sand in several different ways; First, belts of trees or
shrubs can be planted to act as a self-renewing fence system. Second, vegetation can
also be planted to trap sand over large areas rather than in discrete belts (Watson,
1990). However, since dunes are dynamic bedforms, the pattern of sand transport and
form evolution must be properly evaluated from geomorphological perspectives before
planting. Also, shifting sand presents a hostile environment for many seedlings and
young plants, and it is therefore important to identify areas of net sand erosion and
accretion in order to plan the correct pre- and post-planting management measures
(Pye and Tsoar, 1990).

The establishment and evolution of vegetation are, in part, influenced by
physical and chemical properties of the sand which include thermal regime, moisture
retention characteristics, salt concentration, cation exchange capacity, and nutrient
availability. This interaction between vegetation and sand substrate is of great
importance in management and conservation of sand dunes (Hagedorn et al., 1977, Pye
and Tsoar, 1990).

S5.6.3.1 Moisture and tem perature characteristics of dune sand
The maximum quantity of water which can be retained by surface tension and granular
absorption against the pull of gravity is defined as the field capacity. The field capacity
of active dune sand which contains less than 1% fines and less than 1% organic matter
varies from about 4% to 10%. While stabilized dune sands which contain more fines
and organic matter can retain up to 35% moisture at field capacity (Brady, 1974).
Temperature variations have little effect below 30 cm of sand surface.
Therefore, when water reaches a depth of 20 to 30 cm it remains there as a moist
unsaturated zone for several years because, sand being a very poor conductor of heat,
the temperature is constant, and virtually no direct evaporation loss occurs (Bagnold,
1954). The author believes that this is true, where he observed that in the Sudan, a
dune area at El-Rekabia village (figure 11) had been flooded in 1988. Field tests
carried out in 1993 revealed that the unsaturated moisture is at a depth of about 50 cm_
On the other hand, Alizai and Hulbert (1970) stated that the effect of texture on
evaporation varies with the amount of water added. If rainfall is plentiful so that all
soils are wet below the root zone, the storage capacity is more important than
evaporation. In semi-arid conditions most rains do not wet to the root zone, and then
the amount of water available to plants is determined by evaporation, and not storage
capacity.
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5.6.3.2 Protection against sand blasting and burial
Over a monitoring period of several months, 25% of all sand movement occurred

during one storm lasting only 43 hours. In such conditions rapid sand accumulation
may bury the plants precluding their survival (Watson, 1990). Survival of plants in
these mobile areas may be enhanced, however, if the surface is covered with brush
matting, protected by fences, or spraying with a binding agent (Pye and Tsoar, 1990),
In the Sudan (Ibrahim, 1991) fences are a prerequisite for the survival of trees planted
to prevent sand drift and dune stabilization, Also starting the planting season after the
period of maximum sand movement has been found to have an effect on the survival
rate up to 15%.

3.7 Control of mobile dunes

Relatively few investigations of the methods of combating the problems posed by
encroaching dunes have been undertaken (Stipho, 1992). In some ways the problems
associated with mobile dunes are less severe than those posed by drifting sand. This is
because, while sand will drift from any direction that the wind blows at velocities
greater than 5 m/s, dune movement requires the mobilization of a large volume of sand
and, therefore, the direction of movement is more or less constant on an annual basis
(Watson, 1990). Rates of dune movement vary considerably, not only from desert to
desert but also from dune to dune. Bagnold (1941) argued that there js an inverse
relationship between rate of movement and dune size. The larger the dune the slower it
would move,

The problems posed by the movement of sand dunes have been tackled in three
ways; removal, dissipation, or immobilization of the dunes. The selection of one of
these options depends on the type of installation being protected, the distance of the
dune from the installation and the size of the dune.

5.7.1 Removal of the dunes

The only practical method of dune removal is mechanical excavation and
transportation to a new site (Hagedorn et al, 1977). The costs are high since a 6 m
high dune may incorporate 20,000-25,000 m3 of sand, weighing between 30,000 and
45,000 tonnes depending on the volumetric porosity of the material (Watson, 1985).

5.7.2 Destruction of the dunes

Mobile dunes can be destroyed and the sand removed by natural processes. This is
practical only if the endangered area can stand through-transport of sand (Hagedorn ez
al., 1977). This can be undertaken in four ways:
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since the sand mound will tend to evolve toward the optimum aerodynamic form, The
surface of the reshaped dune myst be stabilized if the treatment is to be permanent

(Watson, 1990).

5.7.2.4 Partial surface treatment
This involves fixing the arms of 5 barchan allowing deflation of the central portion, The
stabilizing materials include oil, chemicals, gravel, or fences (W. atson, 1990).

5.7.3 Mechanical dune stabilization
In areas where mobile dunes pose an immediate threat, destructive techniques are



(Hagedorn er al, 1977). Kaul (1985) recommends parallel line fences for
unidirectional winds and a checkerboard system for multidirectional winds (figure 9).

Two ways identified for the use of fences to stabilize dunes are:

1) If the dunes are more than approximately 1 km from a property, fences can be
erected upwind of the dune to trap incoming sand (Watson, 1990). Fences should be
built on the windward side of a dune as, the wind-blown material will be deposited
there instead of on the dune. While the dune migrates, with its sand supply cut off, it
will grow smaller and eventually disappear (Hagedorn ef al., 1977). However, the
distance the dune will travel before it disappears completely depends on the size of the
dune, its rate of movement and the rate of sand loss. The greatest problem with this
approach to dune control is that the fences that inhibit sand supply will accumulate
sand. Dunes built by sand fencing are permanent features which must be periodically
re-fenced as sand accumulates (Watson, 1985).

2) When encroaching dunes present an immediate threat, two methods have to be
combined to stop the dune (Hagedorn et al., 1977). The windward slope has to be
stabilized by fences, and another sand collecting fence has to be erected in front of the
dune. Stipho (1992) stated that the precise location of fences can be determined by
field monitoring of lines of sand movement or by the identification of the paths from
aerial photographs. The rate of growth of the artificial dune and the scheduling of
fence replacement can be determined by using field measurements of the rate of sand
transport. Under severe conditions and where sand drift must be minimized (Watson,
1990), fences can be erected on the dune itself In this case the optimum location for
fences relative to the crest of the dune should be determined with consideration to the

fence height and wind velocity.

3.7.4 Vegetative dune stabilization

In the author's opinion, permanent stabilization of dunes can only be achieved by the
development of vegetation cover of the dune area. Vegetative control techniques have
been widely implemented because they are often relatively inexpensive and are less
disruptive to the environment than other methods of stabilization. Vegetation will not
grow, however, as long as there is still a strong movement of sand. Effective
stabilization therefore means the combination of mechanical or chemical methods with
biological methods at least for the initial phase of vegetative growth. In many cases the
mechanical methods used against moving sand will no longer be needed, once the
vegetation has been firmly established (Hagedorn e al., 1977).
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species choice should also be considered as major determinants of vegetation
establishment on dunes,

least during the first two or three months, after planting, at weekly intervals (FAO,
1989a). From field experience the author hag found that when rainfal] is negligible,
irrigation is essential Its duration depends on ground water availability and its leve]

on shifting sand.
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5.7.5 Combining different stabilization techniques

Effective control often requires the combination of mechanical and vegetative
techniques. The building of parallel and grid-like barriers, usually made of dead plant
material, clay and asphalt felts, to halt moving sand, is often carried out first. Shrubs
are then planted in the centre of the grids (Kebin and Kaiguo, 1989; Gaye, 1987).
Moomen and Barney (1981) reported that in Libya bitumen is applied in a layer about
2-3 mm thick immediately after a good rain (annual rainfall 300 mm). Survival of trees
in treated areas has been about 20-30% greater than on comparable areas using

barriers.

5.8 Discussion

Although in recent years the techniques described have proved effective in many
situations, Finkel (1959) reached several interesting and controversial conclusions from
field work and experiments with barchan dunes in Peru:

i) The control of wind-blown sand may have no effect whatsoever on the rate of dune
movement.

ii) Dunes cannot be tolerated in the same way as blown sand might.

iif) Source areas are often very distant, so stabilization of the sand source may prove
impractical or impossible.

iv) Ditches are useless since they fill with sand almost immediately while having little
effect on dune morphodynamics.

v) Mechanical disturbance is often ineffective.

vi) Physical barriers are also ineffective.

vii) Vegetative stabilization techniques are usually impractical because they require
irrigation.

viii) Techniques that reduce the height or volume of the dunes may merely aggravate
the problem by increasing the rate of advance.

The author's own view is that sand dune control in desert regions has never
been an easy task. It is important to mention that several of the methods discussed
above are not just theoretical hypotheses, but are the result of the experiences of many
workers in this field, and have been reported as successful measures. Finkel's views are
therefore probably the result of specific local conditions which made success
particularly difficult. Shelter-belts and wind-breaks (mechanical) assume great
importance in North Affica because of the need to fix dunes and protect agricultural
land and human settlements. About 282,000 ha are already under the protection of
various types of stabilizing techniques (FAO, 1989b). For example, vegetative
measures such as shelterbelts or dune fixation practices have been established
successfully in the Sudan where the water table can be 15 metres below ground surface
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(e.g. Tbrahim, 1991). Also, different types of fences have been used successfully with
the involvement of voluntary community participation to protect their houses and
agricultural lands. High levels of commitment from the beneficiaries have been
reported where it is their last resort (Laird, 1990). In Mauritania, a combination of
methods has been used, including mechanical stabilization and dune fixation by planting
at sites under particular threat where mobile dunes have completely buried homes,
roads and agricultural lands. The results have been successful and the local people
were able to move back after the sand had been cleared and the dunes stabilized (Gaye,
1987). According to Grainger (1990) in Senegal shelterbelts of Eucabyptus
camaldulensis and Acacia trees were planted on mobile dunes. Woven brushwood
panels of the local shrub Guiera senegalensis were established on the windward of the
dunes to protect the planted trees. Rows of trees were planted at spacing of 2-3 metres
starting at a distance of 20 metres from the panels. The work has been considered a
substantial achievement in dune stabilization. Eckholm (1975) reported that Algeria is
setting an example with it's bold plan to plant a 15 km wide great barrier all the way
across its 1500 km expanse. On the other hand, Stewart (1993) argued that the
climatic effects of the Green Dam will not be felt more than a few kilometres away,
and northern Algeria will go on turning to desert whex:ever over-exploitation and
deforestation continue to degrade the environment. The author believes that the
protection of dune plantations and the conservation of natural dune vegetation are the
first priorities for success. For example, in Tunisia as reported by Novikoff (1976) the
stabilized vegetated dunes are grazed by animals in the dry season. With excessive
overgrazing and destruction of trees, the dunes have started to move.

According to Tagel-Din (1986) in the extreme arid climates such as the
Western Desert of Egypt, mobile dunes cover vast areas. In this case, protective
methods are almost impossible, because vegetative stabilization can only be done with
permanent irrigation, which is not feasible due the scarcity of water in the region. As
the apphcanon of chemicals is costly, he added that even if the dunes within the oases
were fixed at a high cost, there still remained an unlimited source of mobile dunes that
could invade and cover the stabilized dunes. He recommends the only economical way
to handle the migrating dune chains is to get out of their way.

Each method has its advantages and disadvantages. The adoption or rejection
of any method should not be necessarily based on its technical aspects only. There are
other criteria that govern the decision such as the method's costs and the value of the
area in need of protection, and the attitude of the local population.
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Chapter 6: Sand Dune Encroachment and Stabilization in the Sudan

6.1 Introduction

Sudan is the largest country in Africa, covering some 2.5 million km2 and stretching
from 49 to 220 N. It has a population of approximately 23 million (1986) and an
annual population growth rate of 2.2% (El-Mangouri, 1990). The area threatened by
desertification and mobile sand dune hazards lies between 120 to 180 N, extending
across the country from east to west. It includes northern parts of Kordofan and Dar
Fur, and the Nile valley up to the Egyptian border between 300-32°E (figure 4),
covering a total area of 650,000 km?2 (El-Karouri, 1986). This area (the study area)
will be discussed further with emphasis on sand and sand dune genesis and movement,
and the control measures adopted so far.

6.2 Climate

The climatic contrasts within the Sudan reflect the great N-S extent of the country and
can be explained in terms of the migratory Inter-tropical Discontinuity (LTD.) at
different times of the year (Walsh, 1991). The rainfall within the study area ranges
from 75 mm in the north to about 400 mm in the south (El-Karouri, 1986). At Jebel
Tageru (169N to 179N) and the greater part of Wadi Hower the annual rainfall is less
than 50 mm. At Malha (figure 10), the annual rainfall varied between 53 and 326 mm
in a measurement period of 16 years (Neumann, 1987). The relative humidity in the
area for most of the year is below 20%. Summer shade temperatures can regularly
reach 45-500C, and soil surface temperatures in full sun can reach 70-800C (Bristow,
1989). Also, El-Karouri (1986) stated that the annual potential €vapotranspiration in
the extreme north is over 2500 mm. Thus, the whole region suffers from a large water
deficit, the annual water balance being -2500 mm. The seasonality of the rainfall, its
variability and unreliability as well as the general water deficit combine to to make this
region vulnerable to desertification and dune movement.

6.3 Desert encroachment

In several areas of Northern Kordofan and Northern Dar Fur, moving sands and sand
dunes from the Libyan Desert have degraded consolidated sandy clay rain-fed lands
and some settled areas (El-Karouri, 1986; El-Mangouri, 1990). Also the whole of the
north and north-east-facing banks of the Nile in the Northern Province are now
seriously threatened by encroaching sand, where sand dunes are engulfing productive
agricultural lands and human settlements (Rapp, 1976; Bristow, 1989; Ibrahim, 1991),
In northern Sudan, major rivers which in the past had eroded large valleys, have
dwindled and dried up, have become choked with mobile dunes (Mitchell, 1991). The
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importance of the protective role of natural vegetation cover which has been expressed
by several other authors, is that the process of desertification and sand dune movement
has been exacerbated by the removal of ground vegetation, which exposes sandy soils
to wind movement and leads to sand accumulation.

6.4 Sand dune types in the Sudan

Broadly two main types of dunes can be identified in the region; the fossil fixed dunes
in Kordofan and Dar Fur, and the mobile dunes further in the North. At some sites the
fixed dunes are reactivated by the removal of vegetation, presumably by the recent
droughts and human activities.

6.4.1 Fixed dunes
Andrew (1948) stated that the Qoz is an accumulation of dune-sands consisting almost
entirely of quartz-grains derived from the Nubian series. During the early Pleistocene
period the limits of the Qoz to the north were found to be on the frontier with Libya
(199N and 249E) and near Wadi Howar. Grove and Warren (1968) assume that dune
sands forming the Qoz have been derived partly from the Umm Ruwaba beds and
associated thinner deposits that formed during the Pleistocene period.

Fixed dunes border the White Nile right bank between Hshaba and Jebel Aulia,
and occupy about 160,000 ha. They extend for over 150 km between latitude 140 15'
and 15© 15'N, and near El Geteina dunes extend up to 20 km from the river (Williams,
1968). They probably originated as channel deposits laid down by the former sandy
tributaries of the Blue Nile. At about 6000 BP discharge diminished, perhaps due to
climatic change, and the channels became redundant. Their bed loads were resorted by
wind action (Williams, 1966; Williams and Adomson, 1974).

6.4.2 Mobile dunes

In the Sudan, the chief geological formation is the continental Nubian sandstone which
covers about one-quarter of the country (Mitchell, 1991). In the Northern Province,
Jensen (1993) considered the origin of mobile dune sand to be from the Nubian
sandstone. The quantity of sand coming to the area varies considerably from site to site
according to the nature of the Nubian sandstone situated upwind. He also stressed the
importance of topography, where valleys may concentrate the transport of sand, while
mountains may produce shelter. The author agrees with this opinion, where the
complex barchanoid dunes in the area, for example, in Argi, were attributed to the
deposition of sand in the lower old river flood basin from the surrounding plateau,
which is relatively higher.
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6.5 Pilot projects for dune fixation
A thorough and well founded plan for analysing and counteracting desert

Karima and Dongola
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The inevitable result is that great sand drifts dominate the area and mobile
dunes, mainly barchans and transverse forms, are the main dune types (plate 1).
Massive lee dunes extending from escarpments, and echo dunes behind jebels, hills and
buildings are also common features in the landscape.

The author believes that the abundance and continuity of sand drift and dune
movement in one direction from N to § js reasonably explained by Bagnold (1941)
who stated that the mean wind direction indicates indirectly the direction of sand
movement. However, sometimes, strong winds from the opposite direction for short
periods may cause a notable sand drift and significant changes in the shape and
orientation of dune forms, but normally such changes do not last for long periods and
the dune shape and net advance rate are always governed by the dominant winds which
are Northern and North-eastern. Periodical monitoring of sand dune movement carried
by the Northern Province Community Forestry Project (Implemented by the Sudan
Government and SOS Sahel in 1988 and still running) at the project sites (figure 11),
showed that an average advance rate for El-Hau barchans (up to 6 m high) is 30 m
year-l, and El-Rekabia barchans (up to 10 m high) is 20 m year-1. Relatively lower
rates had been recorded for the barchanojd complex dunes at Argi (up to 40 m high)
where the advance rate is only about 5-10 m year-! (NPCFP, 1993). The author
considers the massive lee dunes in the lee of the nearby escarpments and Jebels as a
source of sand for barchans and dome dunes, It has been observed on the upwind side
of Argi, Affad and north of El-Bar (figure 11) that small barchans and dome dunes are
calved from the ends of the longitudinal lee dune at the point where the effect of
shelter is no longer significant.

6.6.1 Historical background of sand dunes

The history of the area shows that sand drift and sand dunes are not new events.
Traditionally, local people of the Northern Province used to cope with the sandy
environment by self-learning and inherited knowledge. In some places they have
managed to initiate their own control techniques that have helped them to avoid or fix
moving sand and sand dunes on a limited localized basis. For example, the invention of
round or elliptical building designs instead of the normal square ones, have been
observed in many of the villages of the province. Very old high foredunes built by
fences have been seen at Abkur and Tergis villages. Wind dissipating panels made of
local wooden materials and protective mud walls are common in Kur and Rekabia
villages.
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Site of The Northern Province Community Forestry Project, Sudan
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is more or less similar to the foredune fences, the only difference is that some strong
posts of local material will need to be erected at reasonable distances to support the
fence which, in most cases, is installed on a hard surface or where there is little sand.
The porosity of the fence needs to be no less than 50% to allow the trapping of sand
on both the windward and the leeward of the fence. This high porosity is needed to
extend the life-span of the fence long enough before renewal.

6.7.2 Biological fixation
The use of trees to control drifting sand and mobile dunes is more sustainable where
the planted trees become self renewing barriers. In the project area there is no reliable
precipitation, and so irrigation sources need to be identified before the planting of
trees. The ground water table is another factor to be considered, as with deep ground
water more time for “irrigation will be needed before establishment is attained.
Generally, the water table lies at a depth of 8-15 metres. Moisture is usually found at
about 2 metres above the level of the water table (Ibrahim, 1991).

The author divides the types of plantations in the project area into two groups:
First, shelterbelts on levelled terrain, and second, trees on sand dunes.

6.7.2.1 Shelterbelts

The purpose of planting shelterbelts is to prevent sand from invading agricultural lands
and residential areas. One type of shelterbelt is located close to farm lands, by the edge
of the fertile land at the foot of the dunes or drifting sand to provide immediate
protection. These are locally known as infernal shelterbelts. The second type of
shelterbelt is located further to the back of the properties requiring protection, in an
attempt to trap the moving sand and dunes far enough from the agricultural land and
houses. These are locally known as external shelterbelts.

In the case of internal shelterbelts (plate 2), establishment is relatively easy,
where the fertile and moist soil accelerates the growth of seedlings, and in addition to
that the effect of wind blasting and desiccation are found to be at a minimum. Irrigation
is required only for a short period at the first stage for no more than 6 months, and
normally such small amounts of water are provided from the farm irrigation source.
These shelterbelts are well protected from damage by animals as they are in the vicinity
of the farms.

The external shelterbelts (plate 3), which are relatively far behind the village
and farms, and have more difficult growing conditions. The soil is poor, the water table
in most cases is relatively deep and the wind energy is high and loaded with sand
causing burial, defoliation and blasting of the newly planted seedlings. Irrigation
requirements are much greater due to the high rates of evapotranspiration compared to
internal shelterbelts. Windbreak fences here are crucial before planting seedlings. The
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furrows receiving water from a shallow well with pump (a matara), or pit irrigation
using portable water source e.g. lorry tanker, horse cart or manual irrigation. The
selection of any of these depends on the topography and the scale of the proposed
shelterbelt, Normally, establishment is achieved between 15 to 24 months, with
frequent irrigation throughout the period, starting with intensive irrigation (e.g. once a
week) at the early stages, extended to one irrigation fortnightly after the first four
months. By the end of the first year, the irrigation interval is extended to once a month
as the tree roots will be approaching the ground water table,

Tree species used in the internal and external shelterbelts are dominated by
Prosopis chilensis locally known as "Mesquite", which was introduced from South
America more than 60 years ago (Bristow, 1989). On a limited scale other species
were tried such as Acacia tortilis, A. nilotica, and Prosopis Juliflora. Generally, the
Acacias have lower rates of growth compared to "Mesquite".

The effectiveness of these shelterbelts is very high, as they trap almost all the
surface moving sand. The land to the lee of the shelterbelts is kept clear of sand,
because the wind at this point is free of sand- It has been observed that with an increase
in height of these shelterbelts more sand will be cleared. Some data on sand deposition
in these shelterbelts is shown in table 2.

Table 2: Accumulation of sand within and behind shelterbelts and sand fences at some
selected sites in the project area:

Locality Accumulation Period Speed of
volume m3/ml months accumulation
m3/ml/year
Affad internal 11.30 43.00 3.15
shelterbelt
Affad external 5.60 6.00 11.20
shelterbelt
Aﬁ'adfTergis 26.00 24.00 13.00
shelterbelts
Takar external 3.60 3.00 14.40
shelterbelt
Mora external 3.00 6.00 6.00
shelterbelt
Weighted mean 7.24

ml = metre length along shelterbelts,
Source: Jensen (1993).
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agriculture and date palm orchards. Plate 4 shows an example of inter-dune

limited scale.

6.7.3 Cost benefit analysis



mechanical and chemical, are significantly higher still. In the case of the NPCFP the
costs of vegetative methods were found to be acceptable when compared to the value
! of the agricultural land being protected. There is no available info
' stabilization costs from similar sites for comparison.
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Plate (1)
Barchan and Transverse dunes- Northern Province, Sudan.
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Plate (2)
Internal shclterbelt between the foot of the dunes and the agricultural lands- an
example from Argi village, Northern Province, Sudan.
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Plate (3)
External shelterbelts with irrigation channel appear on the foreground- an example

from Affad village, Northern Province, Sudan.

Plate (4)
Inter-dune shelterbelts- an example from Argi village, Northern Province, Sudan.
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Chapter 7: Conclusions and Recgmmgndations

73 Conclusions

star dunes as sand-accumulating forms,

The rate of transverse and barchan dune migration is generally a function of the
wind-determined tota] sand transport potential, together with dune size.

The orientation, direction and magnitude of most palaeo-form fixed dunes is
attributed to ancient climatic conditions,

Only limited and scattered data on desert sand movement are available at
present.

information may be supplemented with fielq checks and meteorological data in order to
estimate potential rates of sand flow.

dune fixation programmes. Usually, unidirectional wind regimes are relatively easy to
deal with, while multidirectional wind regimes often complicate dune patterns, and
relatively sophisticated control measures will be required.

In desert regions with strong winds and abundant sand supply, a complete
arrest of sand and sand dunes has often proved very difficult,

considerations.
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can lead to rapid sang movement
Traditiona] 8razing systems accelerate erosjon mainly on fixed dunes. The enclosure
System has proved to pe effective and is highly recommended in sensitive dune areas

7.2 Recommendations

Regular monitoring of dune Mmovement rates and direction is feécommended if goog
protection is to be obtained.
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Irrigation is the most costly item in vegetative fixation of dunes and g required
wherever rainfal] i insufficient. Better techniques to économize in the yge of water will
be necessary if the high costs of dune stabilization are to be reduced.
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