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INTRODUCTION

Quartz sand dominates aeolian deposits in most arid regions, as dust-sized particles are carried out of the
desert entirely or are trapped by vegetation or rough surfaces on desert margins (Tsoar and Pye 1987). The
greater part (>95 per cent) of this sand occurs in accumulations known as sand seas or ergs (Wilson 1973)
that comprise areas of dunes of varying morphological types and sizes, as well as areas of sand sheets.
Smaller dune areas are known informally as dune fields. Major sand seas occur in the eastern hemisphere
arid zones of the Sahara, Arabia, central Asia, Australia and southern Africa, where they cover as much as
45 per cent of the area classified as arid (Figure 1.1). In North and South America there are no large sand
seas and dunes cover less than 1 per cent of the arid zone.

PROBLEMS AND CHALLENGES IN DUNE GEOMORPHOLOGY

Plate 1 shows a Landsat image of the Namib sand sea, in southwestern Africa. Even with a ground
resolution of 80 m per pixel, this image shows a wealth of information about dune form and patterns, and
raises many fundamental questions about the geomorphology of the area.

Dominating the image are large south-to-north oriented linear dunes. Why are these dunes oriented in this
direction, and what factors determine their size and very regular spacing? What determines the very
different linear dune orientation to the east of the sand sea? Dune type changes from crescentic through
linear to star dunes from the coast to the inland edge of the sand sea. Why does this occur, and what factors
determine dune type? Other questions immediately arise. What are the relations between the dunes and the
river valleys that enter the sand sea from the east and how has the sand sea reacted to changes in sea level
and climate? A closer aerial view of some of the coastal crescentic dunes (Plate 2) reveals further questions:
why are there two sets of dunes: the main crescentic ridges and the smaller superimposed dunes?

On the same scale, the Landsat image of the Gran Desierto sand sea in northern Mexico (Plate 3) shows a
much smaller sand sea, but one with a very different set of dune patterns. Unlike the Namib sand sea, the
Gran Desierto shows a series of discrete areas of different dune types. Again, the questions of controlling
factors and formative processes arise, but with the additional consideration: why does this sand sea appear
different from the Namib? Why do large star dunes occur next to small crescentic dunes? Is this an effect of
dune size and process-form interactions? Do different dune areas represent multiple generations of dunes
formed at different times and in different conditions, and therefore does the climatic, tectonic, and sea level
history of this area play a role in determining dune patterns? What is the role of different sediment source
areas and how have these changed over time?

These images point to some of the challenges in dune geomorphology today. Whereas we have quite a
good knowledge of the main aspects of dune morphology and are beginning to understand the processes
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Figure 1.1 Location of major sand seas and dune fields (after Thomas 1989).

that maintain different dune types, we still are a long way from understanding the fundamental controls of
dune size and spacing, and the processes by which dunes and sand seas develop.
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Plate 1 Landsat image of the central parts of the Namib Sand Sea.
DEVELOPMENT OF MODERN DUNE STUDIES

Early work on desert dunes was dominated by descriptions of dune form, based largely on exploratory
investigations. Important contributions were made by Hedin (1903) in central Asia, Gautier (1935) and
Newbold (1924) in the Sahara, Blandford (1876) in the Indian subcontinent, Thesiger (1949) in Arabia, and
Passarge (1904) in the Kalahari. Following this exploratory phase, scientific investigations of desert regions
by Capot-Rey (1947), Monod (1958), Beadnell (1910), and Bagnold (1933) in the Sahara; Madigan (1946)
in Australia; Kaiser (1926) in the Namib, and Hack (1941) in the United States, produced a wealth of
important information on the occurrence of dunes and their basic forms. Attempts to relate form to process
were very few. One exception is the pioneering work of Cornish (1914), but it was not until the seminal
work of R.A.Bagnold (1941) in the Egyptian desert that the relations between the characteristics of the
surface wind and sand processes. transport processes emerged and were quantified.

In recent years, the focus of studies of dunes has changed radically. Three main developments have
stimulated investigations of dunes: (1) Satellite images of desert regions have become widely available,
focusing attention on the development of dune patterns and their relations to sediment sources and wind
regimes; (2) Orbital images of Mars (Mariner and Viking missions) (Greeley, Lancaster et al. 1992) and
Venus (Magellan) (Greeley, Arvidson ef al. 1992) have shown that aeolian processes occur on other
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Plate 2 Oblique aerial view of compound crescentic dunes in the Namib Sand Sea. Note two sets of dunes: the main
forms and the superimposed forms.

terrestrial planets, and have resulted in sharpened concepts of the fundamentals of the physics of sediment
transport by the wind; and (3) The discovery of oil and gas in Mesozoic sandstone in the western United States
and northwest Europe has stimulated a series of detailed studies of aeolian sediments and sedimentary

ASPECTS OF DUNE STUDIES

Studies of dunes are concentrated in three main areas: (1) the description of dune forms and patterns, (2)
analyses of dune sediments, and (3) investigations of dune dynamics and processes.

Description of dune forms and patterns

The starting point for all aspects of desert dune geomorphology is the identification and description of
different dune types. Initially, descriptions of dunes were made in the course of ground investigations, often
during the exploration of desert regions. Names for the forms (e.g. self, silk, barchan, zibar, etc.) were
derived from the rich terminology for desert landforms employed by the local population (Bagnold 1951;
Breed et al. 1979). Later investigations utilized aerial photography to great advantage in their descriptions
(e.g. Wilson 1972). As a result, data on dune patterns and trends became more widely available. In the
1970s, the availability of satellite images of desert regions made it possible to study the patterns of dunes
throughout sand seas with relative ease and led to the realization that basic dune forms in different sand seas
are remarkably similar (McKee 1979a). The realization that dunes of similar characteristics occur in widely
separated sand seas has focused attention upon the factors which control their morphology and
morphometry.
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Plate 3 Landsat image of the Gran Desierto Sand Sea of northern Mexico.

Studies of dune sediments

Studies of dune sediments have concentrated upon investigations of grain shape, colour and mineralogy;
grain size and sorting characteristics; and sedimentary structures in dune sediments. Many investigations of
dune sediments have been linked to attempts to positively identify sands in the rock record as aeolian and to
characterize their depositional environments (Ahlbrandt 1979). This has frequently involved comparisons of
aeolian sands with those deposited in marine, coastal, fluvial, or glacial environments (Mason and Folk
1958). However, recent work has shown that the use of textural parameters (grain size, sorting) is unreliable
as an indicator of depositional environments. Consequently, attention has turned to studies of the variability
of grain size and sorting parameters of dune sands over individual dunes and within sand seas and dune
fields, as well as to the analysis of primary sedimentary structures.

Studies of sedimentary structures in dunes were pioneered by McKee and have provided much valuable
information on the ways in which dunes accumulate (McKee 1966). However, the logistics of carrying out
such studies in most desert regions have prevented their full potential from being realized. Recent work has
been concerned with the identification and description of small-scale sedimentary structures associated with
primary aeolian depositional processes as well as experimental and theoretical investigations of aeolian
deposition (Hunter 1977).
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Studies of dune processes

Studies of the physics of grain movement by the wind provide the basis of our knowledge of aeolian
processes and sand transport rates. Many investigations are still strongly influenced by the seminal work of
Bagnold (1941). In recent years debate on the nature of aeolian processes on other terrestrial planets,
notably Mars and Venus, has led to a re-examination of the physics of grain movement and the nature of
aeolian saltation. Consideration has been given to the effects of grain density and mineralogy and grain
shape on sand transport rates.

Investigations of dune processes have concentrated on documenting the movement and dynamics of
dunes in terms of airflow and sediment transport. Studies of the movement of dunes, especially those of
barchan type, have had a long history. In recent years, there have been important advances in the knowledge
of dune processes through careful study of winds and sand movements on individual dunes (e.g. Tsoar 1978;
Havholm and Kocurek 1988; Lancaster 1989a; Livingstone 1989). These studies have given rise to a new
understanding of the factors which influence dune dynamics and morphology of barchan and linear dunes,
and demonstrate the importance of secondary airflow in controlling dune morphology.

As observed by Warren (1969), investigations of dunes are geographically clustered. In part there is also
a temporal pattern. For example, field investigations of the Saharan sand seas, mostly by the French, peaked
in the 1950s and 1960s. Since then there have been few field studies, but many investigations using remote
sensing imagery. In recent years the best-studied sand seas and dune fields have been in Australia
(especially the Simpson-Strzelecki), the Namib and Kalahari in southern Africa, the Thar Desert of India,
and the deserts of the USA. Many Middle Eastern and Asian sand seas are almost unknown to modern
investigators, except through remote sensing investigations.

CONTEMPORARY PARADIGMS FOR DUNE STUDIES

Today, the combination of the regional perspective of remote sensing data with detailed field studies has
resulted in a new set of paradigms that emphasize studies of dune dynamics and processes on different
temporal and spatial scales, in contrast to the descriptive approach employed by many earlier workers.
Valuable perspectives are also coming from the realization that Quaternary climatic and sea level changes
have had a major effect on the accumulation of many sand seas.

Dune-forming processes operate at three main spatial and temporal scales (Warren and Knott 1983)
which correspond approximately to the steady, graded and cyclic time scales of Schumm and Lichty (1965).
Processes operating at the steady scale, which involves very short or even instantaneous amounts of time
and small areas, include the formation of wind ripples. The graded scale involves periods of 107! to 10?
years, and particularly concerns the dynamics and morphology of dunes, which tend towards an actual or
partial equilibrium with respect to rates and directions of sand movements generated by surface winds.
Form-flow interactions and feedback processes are important at this scale, which is probably the most
important for determining the morphology and dynamics of dunes. The cyclic time scale involves periods of
10°-10° years and a spatial scale corresponding to that of sand seas and their regional physiographic and
tectonic setting. Processes at this scale involve those responsible for the accumulation of sand seas as
sedimentary bodies.

At all scales of investigation, aeolian processes operate within geomorphic systems that form an
interrelated set of processes and landforms in which sediment is transported by the wind from source areas
to depositional sinks via transport pathways (Plate 4). Sources and sinks for sediment are linked by a cascade
of energy and materials which can be viewed in terms of sediment inputs and outputs, transfers and storages.
Study of aeolian processes within a systems framework permits the assessment of responses to external
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Plate 4 The Kelso Dunes aeolian sediment transport system. Sediment is transported from fluvial source areas to the
west at the terminal fan-delta of the Mojave River toward the depositional sink, Kelso Dunes.

changes on differing spatial and temporal scales, as well as focusing attention on the links between system
components.

This book is intended to give the reader an overview of modern concepts of dune forms, processes, and
dynamics at the different spatial and temporal scales outlined above, beginning with sand transport by the
wind, and ending with the development of sand seas, and the role of climatic changes. In doing this, I have
drawn on my experience in sand seas in southern Africa and North America, as well as the work of many
colleagues and co-workers.



2
SAND TRANSPORT BY THE WIND

INTRODUCTION

As will be demonstrated in subsequent chapters, spatial and temporal variations in sand transport rates play
a major role in determining the dynamics and morphology of desert dunes. It is therefore necessary to
understand the principles governing the entrainment and transport of sand by the wind before examining
dune processes and dynamics.

Transport of sediment by the wind involves interactions between the wind and the ground surface.
Understanding the operation of these processes requires a knowledge of relevant surface characteristics
(e.g. sediment texture, vegetation cover, degree of cohesion and crusting) as well as the dynamics of airflow
over the surface. There are three distinct modes of aeolian transport (Figure 2.1). These depend primarily on
the grain size of the available sediment (Bagnold 1941). Very small particles (<60-70 pm) are transported
in suspension and kept aloft for relatively long distances by turbulent eddies in the wind. Particles of this
size range play a minor or

Long term
suspension

(<20 pm)
Wind
—
~ Short term
suspension
Turbulent {20-70 pum)
eddies U
]
A
Saltation

(60-1000 f\f"\r\f' O v S T

Reptation
creep Modified saltation
(>500¢1m) (70-100 pm)

Figure 2.1 Modes of aeolian sediment transport (after Pye 1987).

insignificant role in dune dynamics, although post-depositional modification of dune sediments by
infiltration of dust is important in many areas. Larger particles (approximately 60—500 pm, or sand size)
move downwind by saltation (a series of short-distance jumps). The impact of saltating particles with the
surface may cause short distance movement of adjacent grains (reptation). Larger (>500 pm) or less
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exposed particles may be pushed or rolled along the surface by the impact of saltating grains in surface
creep.

The dominant process of sand transport by the wind is therefore saltation, in which a cloud of grains is
transported close to the surface by the shearing action of the wind. Four distinct sub-processes can be
identified in the sand transport system (McEwan and Willetts 1993): aerodynamic entrainment, the
trajectory of the wind-driven sand grains, the collision between these grains and the bed, and the
modification of the wind by the saltation cloud.

THE SURFACE WIND

Naturally occurring airflow is almost always turbulent and consists of eddies of different sizes that move
with different speeds and directions. In these conditions the flow can only be characterized by time-
averaged parameters. Turbulent eddies transfer momentum from one ‘layer’ to another such that each
‘layer’ has a different average velocity and direction. This process is known as ‘turbulent mixing’ and the
description of wind profiles in this way is known as the mixing length model (Prandtl 1935). As a result of
frictional effects, the wind speed near the surface is retarded. If the surface is composed of very fine
particles (<80 pm) the surface is considered to be aerodynamically smooth. A very thin laminar flow sub-
layer, usually less than 1 mm thick, develops adjacent to the bed even for flows in which most of the
boundary layer is turbulent. By contrast, when the particles forming the surface or other roughness elements
are relatively large (>80 um) the surface is regarded as aerodynamically rough. The laminar sub-layer
ceases to exist and is replaced by a viscous sub-layer for which the velocity profile is not well understood
(Middleton and Southard 1984). Under conditions of neutral atmospheric stability (defined as a condition in
which the lapse rate equals the dry adiabatic lapse rate), the velocity profile above the viscous sublayer for
aerodynamically rough surfaces is characterized by the Prandtl-von Karman equation:

u 1 In z

. kb m (2.1)
where u is the velocity at height z, z, is the aerodynamic roughness length of the surface, u is the shear
velocity and k is von Karman’s constant (~0.4). In these conditions, the wind profile plots as a straight line
on semi- logarithmic axes with the y intercept representing the aerodynamic roughness length (z,)
(Figure 2.2). No matter how strongly the wind blows all the velocity profiles tend to converge to the same
intercept or roughness length (Figure 2.3). Thus u- increases with increasing wind speed at a given height
(z) above the surface.

For sand surfaces, the aerodynamic roughness length (z,) is approximately 1/30 the mean particle
diameter. For rougher surfaces, the roughness length also varies with the shape and distance between
individual particles or other roughness elements so that z, increases to a maximum of ~1/8 particle diameter
when the roughness elements are spaced ~2 times their diameter (Greeley and Iversen 1985). Representative
values of aerodynamic roughness for unvegetated desert surfaces are shown in Table 2.1. The exact nature
of the relationship between z, and surface roughness and particle size is however poorly understood
(Lancaster et al. 1991; Blumberg and Greeley 1993).

Table 2.1 Typical values of aerodynamic roughness (z,,) for desert surfaces.

Surface type Aerodynamic roughness (m)

Playas 0.00008-0.00013
Alluvial fans 0.00076-0.00310
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Surface type Aerodynamic roughness (m)

Lava flows 0.00132-0.07351
Source: From Blumberg and Greeley 1993.
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Figure 2.2 Boundary-layer wind profiles over the surface of an alluvial fan in Death Valley. A: linear scale; B:
logarithmic scale for height, y intercept is an estimate of the aerodynamic roughness length.

Where the surface is covered by tall vegetation or high densities of other large roughness elements (e.g.
on lava flows), the point at which the wind speed is zero is no longer the ground surface, but is displaced
upwards from the surface to a new reference plane which is a function of the height, density, porosity and
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Figure 2.3 Changes in boundary-layer wind profiles over the surface of an alluvial fan in Death Valley with different
wind speeds (measured at the highest anemometer). Note that the roughness length (z,) remains the same although wind
speed at a given height increases.

flexibility of the roughness elements (Oke 1978; Wolfe 1993). The upward displacement is termed the zero
plane displacement height (d), which is thought to represent the mean level of momentum absorption. The

wind profile equation then becomes:
v 1, z-d
—==In
u, k z

(2.2)

o

However, the significance of the zero plane displacement height has been questioned for sparsely vegetated
desert surfaces (Wolfe and Nickling 1993).

The shear velocity (u:) is proportional to the slope of the wind velocity profile when plotted on a
logarithmic height scale (Figure 2.2) and is related to the shear stress ( ) at the bed and the air density ( ,)
by

T

", = e (2.3)

Pa
These relations represent the ideal case of a wind blowing across a horizontal homogeneous surface in
conditions in which the atmospheric stability is neutral (lapse rate equal to the dry adiabatic lapse rate:
DALR). In practice, however, atmospheric conditions in desert regions are frequently unstable (lapse
rate>DALR) as a result of surface heating. This results in enhanced convection and vertical mixing so that
the velocity gradient changes little with height above the surface (Figure 2.4). As a result, the shear stress in
this region will decrease, but the near-surface shear stress will increase because higher wind speeds occur
nearer the surface (Frank and Kocurek 1994a). In stable conditions, vertical mixing and convection are
reduced, so increasing shear velocity away from the surface. These effects are significant when wind speeds
(at a height of 5 m) are less than 9.5 m.sec™! in unstable and 13.5 m.sec”! in stable conditions (Frank and
Kocurek 1994).

Another important effect on wind profiles is that of sloping surfaces. As discussed in detail in Chapter 5,
streamline convergence and flow acceleration on the windward slopes of dunes result in wind profiles that are
no longer log-linear, so that mixing length models for wind profiles cannot be used in these situations.
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Figure 2.4 Effects of atmospheric stability on the wind profile (after Oke 1978).
ENTRAINMENT OF SAND BY THE WIND

The threshold of motion

Sand grains will be moved by the wind when the fluid forces (lift, drag, moment) exceed the effects of the
weight of the particle and cohesion between adjacent particles (Figure 2.5). The drag and lift forces as well
as the resultant moment are caused by the fluid flow around and over the exposed particles. The lift force
results from the decreased fluid static pressure at the top of the grain as well as the steep velocity gradient
near the grain surface. The weight and cohesive forces are related to physical properties of the surface
particles including their size, density, mineralogy, shape, packing, moisture content, and the presence or
absence of bonding agents such as soluble salts.

As drag and lift on the particle increase, there is a critical value of wind shear velocity when grain
movement is initiated. This is the fluid threshold shear velocity or u., (Bagnold 1941):

= Ay PP (2.4)
pd
where A is an empirical coefficient dependent on grain characteristics (approximately 0.1 for sand-sized
particles), and D is particle diameter.

During the downwind saltation of grains their velocity and momentum increases before they fall back to
the surface. On striking the surface, the moving particles may bounce off other grains and become re-
entrained into the airstream or embedded in the surface. In both cases, momentum is transferred to the
surface in the disturbance of one or more stationary grains. As a result of the impact of saltating grains,
particles are ejected into the airstream at shear velocities lower than that required to move a stationary grain
by direct fluid pressure. This new lower threshold required to move stationary grains after the initial movement
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Figure 2.5 Schematic view of forces on a spherical particle at rest: D=aerodynamic drag, L=lift, M=moment,
I=interparticle force, and W=weight. Moment arms about a point p given by a, b, c (after Greeley and Iversen 1985).

of a few particles is the dynamic or impact threshold (Bagnold 1941). The dynamic or impact threshold for
a given sediment follows the same relationship as the fluid threshold (Equation 2.4) but with a lower
coefficient A of 0.08 (Figure 2.6).

Entrainment processes

Bagnold (1941) suggested that once the critical threshold shear velocity is reached, stationary surface grains
begin to roll or slide along the surface by the direct pressure of the wind. Once particles begin to gain speed
they start to bounce off the surface into the airstream and initiate saltation. More recent work (e.g. Iversen
and White 1982) indicates that particles moving into saltation do not usually roll or slide along the surface prior
to upward movement into the airstream. Initial movement into saltation is caused by instantaneous air
pressure differences near the surface which act as lift forces. As wind velocity is increased, particles begin
to vibrate with increasing intensity and at some critical point leave the surface instantaneously (Lyles and
Krauss 1971). The number of grains entrained aerodynamically is given by:
N, =o(t,-1,) (2.5)

where N, is the number of grains leaving the surface per unit area, is a constant with units of m.s.kg™!, ,
is the mean fluid shear stress at the surface and | is the threshold shear stress (Anderson and Haff 1988;
McEwan et al. 1992).

Williams et al. (1990), Willetts et al. (1991) and Williams et al. (1994) show that fluid threshold is
dependent on the turbulent structure of the boundary layer, and that initial disturbance is related spatially
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Figure 2.6 Relations between fluid and impact threshold shear velocity and particle size (after Bagnold 1941).

and temporally to semi-organized ‘flurries’ of activity (Lyles and Krauss 1971) associated with sweep and
burst sequences well known in boundary layers, as well as to spatial inhomogeneity in the boundary layer.
Willetts et al. (1991) suggest that it is the peak rather than the mean value of short-term shear stress that
determines the level of aerodynamic entrainment. Grains dislodged by sweeps of movement then become
the agents for further dislodgement by collision.

The threshold process is therefore complex, involving localized near-bed turbulent features that dislodge
grains which act as ‘seeds’ for downwind ejections of further grains at shear velocities lower than that
required to entrain them by direct fluid pressures and lift forces. The newly ejected particles move
downwind and impact the surface, displacing an even larger number of stationary grains. Initiation of
widespread grain motion therefore involves a cascading effect, such that the number of grains in motion
increases exponentially (Nickling 1988). Interactions between the developing saltation cloud and the wind
result in extraction of momentum from the near-surface wind and a reduction in the near-bed wind speed so
that the saltating grains are accelerated less and impact with less energy. As a result, the number of grains
dislodged at the bed decreases, and the transport rate approaches a dynamic equilibrium value termed
‘steady state saltation’ (Anderson and Haff 1988) or ‘equilibrium saltation’ (Owen 1964). Equilibrium
appears to be reached very rapidly, with a characteristic time period of 1-2 seconds (Figure 2.7). More
recent work (Willetts et al. 1991; McEwan and Willetts 1993) suggests that the attainment of equilibrium
saltation is a two-stage process in which the wind and the saltation cloud first reach an equilibrium on a
time scale of 1-2 seconds, and then the wind profile adjusts to the increased surface roughness over a period
of several tens of seconds. McEwan and Willetts (1993) regard the latter condition as the true equilibrium
condition. This implies that sand transport rates in natural conditions are unlikely to be in complete
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Figure 2.7 Computer simulations of saltation for 25 um grains. A: numbers of grains impacting (dashed line), being
ejected (rebound and splash, solid line), and being entrained (dot-dashed) as a function of time. Note that equilibrium is
reached in a very short time (~2 seconds). B: corresponding history of total mass flux (solid) and shear stress at the bed
(dashed) (after Anderson and Haff 1988).

equilibrium with flow conditions. Measurements of sediment flux are therefore the average of a series of
temporally adjusting flows.

Effects of surface conditions on entrainment

Although fluid threshold can be closely defined for a uniform sediment size greater than approximately 100
um, this is not the case for most natural sediments because they usually contain a range of grain sizes and
shapes which vary in grain density and packing. As a result, fluid and dynamic thresholds should be
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considered as threshold ranges that are a function of the size, shape, sorting and packing of the surface
sediments.

Grain size effects

The relationship between threshold shear velocity and particle diameter based on Equation 2.4 (Figure 2.6)
shows that, for grains greater than 80 um diameter, u, increases with the square root of grain diameter. In
this case, the grains protrude into the airflow and are therefore aerodynamically ‘rough’ so that the drag acts
directly on the grains. Smaller grains lie within the laminar sub-layer. The drag is distributed more evenly
over the surface which is aerodynamically ‘smooth’, and the value of the threshold parameter A rises
rapidly. As a result u+, is no longer proportional to the square root of grain diameter but is dependent on the
value of A. Wind tunnel studies (e.g. Bagnold 1941; Chepil 1945a, b) confirm that very high wind speeds
are required to entrain fine grained materials. However, Greeley et al. (1976) and Iversen and White (1982)
have questioned the assumption that the coefficient A in the Bagnold threshold model is a unique function
of particle size. They indicate that A is nearly constant for larger particles but increases rapidly for small
particles, suggesting that it is not solely a function of particle diameter for grains less than about 80 pm in
diameter. For very small grains inter particle forces such as electrostatic charges and moisture films appear
to be important in determining the threshold for entrainment.

Local bed slope

Sand transport on dunes almost always occurs on sloping surfaces. The local bed slope may influence
threshold shear velocity through the effects of gravity acting via the angle of internal friction of the sediment.
Howard (1977) produced a theoretical expression for the effect of local slope on threshold shear velocity:
#,, = F?D[(tan? 0. cos? 8 — sin?  sin? 8)'/2 — cos y sin 8] (2.6)
where £ = B(g p,/ P)”z, B is a dimensionless constant with a value of 0.31, D is the grain diameter, is the
angle of internal friction of the sediment, is the local slope and is the angle between the local wind
direction and the direction normal to the maximum local slope.

Hardisty and Whitehouse (1988a, b) used a portable wind tunnel on Saharan sand dunes to investigate the
effects of slope on threshold shear velocity. They found that threshold increases slightly with slope for
positive (upward) sloping surfaces, and decreases significantly for negative (downward) slopes
(Figure 2.8).

Moisture content

Surface moisture content is an extremely important variable controlling both the entrainment and flux of
sediment by the wind. Capillary forces developed at inter-particle contacts increase the cohesion and thus the
threshold shear velocity. Gravimetric moisture contents of approximately 0.6 per cent can more than double
the threshold velocity of medium sized sands. Above approximately 5 per cent gravimetric moisture
content, sandsized material is inherently resistant to entrainment by most natural winds (Belly 1964).

The capillary force moment for grains with either open or closed packing arrangements can be
incorporated into Bagnold’s (1941) threshold equation to provide a general expression for the threshold
velocity of a moist surface (McKenna-Neuman and Nickling 1989):

Maro=A[(p,—p,)]"? [65in 20/ (1 D> (p,-p,) g sin ) F, + 1] 2.7)
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Figure 2.8 Relationship between threshold velocity (u,,) and bed slope. Circles are values from field experiments, solid
line is theoretical relationship determined by Dyer (1986). u.u+, the ratio between threshold velocity on a sloping bed
and a flat bed (equal to unity on a flat bed) (after Hardisty and Whitehouse 1988a). Reprinted with permission from
Nature.

where F. is the capillary force moment, is the angle of internal friction and D is grain diameter.
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Bonding agents and surface crusts

Particles at the surface may be bound together by silt and clay, organic matter, or precipitated soluble salts
to produce erosion-resistant structural units or more continuous surface crusts (Chepil and Woodruff 1963;
Nickling 1984). Even low concentrations of soluble salts (especially sodium chloride) can significantly
increase threshold velocity by the formation of cement-like bonds between individual particles (Nickling
and Ecclestone 1981). Surface crusts formed by raindrop impact, algae and fungi, or precipitation of soluble
salts, can also increase the threshold velocity (Gillette et al. 1982).

Surface roughness

The presence of vegetation, gravel lag deposits or other non-erodible roughness elements is important to
both the entrainment and transport of sand by the wind. When the wind blows over a smooth unobstructed
surface, the shear stress is imparted more or less uniformly across the entire surface, but when non-erodible
roughness elements are present a proportion of the shear stress is absorbed by the roughness elements
protecting the underlying erodible surface. The degree of protection is a function of their size, geometry,
and spacing (Marshall 1971; Lyles et al. 1974; Gillette and Stockton 1989; Musick and Gillette 1990). Low
densities of roughness elements (glass spheres and gravel particles) tend to reduce the threshold velocity of
the surface and cause increased erosion around the elements because of the development and shedding of
eddies (Logic 1982). By contrast, higher densities of roughness elements tend to increase the threshold
velocity of the surface.

SALTATION PROCESSES

The process of sand transport by the wind can be viewed as a cloud of grains saltating along a sand bed,
with grains regaining from the wind the momentum lost by rebounding from the bed. These high energy grains
rebound from the bed in a process termed ‘successive saltation’ (Rumpel 1985). Impacts between the
saltating grains and the bed transfer momentum to other grains, which move a short distance. The motion of
these low-energy ejected grains is termed reptation (Ungar and Haff 1987). The number and velocity
distribution of grains ejected in this way is described statistically by the ‘splash function’ (Ungar and Haff
1987; Werner 1988). The saltating grains rebound with ~50-60 per cent of their original velocity (Willetts
and Rice 1986; Anderson and Haff 1988). However, the ejected grains reach a maximum of only ~10 per
cent of the speed of the impacting grain. In addition, rearrangement of the bed by saltation impacts leads to
movement of grains that remain in contact with the bed at all times (surface creep) (Willetts ef al. 1991).

Saltation trajectories

Sand particles moving in saltation are characterized by trajectories with an initial steep vertical ascent
followed by a parabolic path such that they return to the bed with relatively small impact angles
(Figure 2.9). There are four forces that determine the trajectory: (1) gravity, (2) aerodynamic drag, (3) the
Magnus effect, and (4) aerodynamic lift. For an idealized case assuming that the initial take-off speed is in
the same order as the shear velocity (u-) the trajectory height is 0.81 u+?/g and the length 10.3 u-?/g (Owen
1964). Lift-off angles of 75° to 90° were measured by Bagnold (1941) and Chepil (1945b), but White and
Schultz (1977) determined the average ejection angle as ~ 50° for particles 586 um in diameter for a shear
velocity of 40 cm.sec™!. White and Schultz (1977) also observed that particle trajectories were higher than
those predicted by theoretical equations of motion. This occurs because of a lift force that is generated by
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Figure 2.9 Schematic view of a typical saltation trajectory, h=saltation height, = impact angle, and /=saltation path
length.

the spinning of the grain as it moves through the air (the Magnus effect) which is related to the rate of
spinning (350 to 400 rps) and the steep velocity gradient adjacent to the particle surface (White 1982).
When the Magnus effect is included in the equations of motion, theoretical trajectories are in much better
agreement with those observed in wind tunnel experiments (White and Schultz 1977).

Because the near-surface wind velocity gradient is steep, the higher the saltating particles rise from the
surface, the greater the velocity at which they will be carried in the airstream. This also gives rise to longer
saltation path lengths. Once particles have attained their maximum height they descend approximately
linearly, to impact with the surface at incidence angles of 10° to 16° (Bagnold 1941), or from 4° to 28° with
an average angle 13.9° (White and Schultz 1977). The impact angle of a saltating particle tends to decrease
with an increase in wind velocity and particle size (Sorensen 1985). Grain shape has a pronounced effect on
the saltation path and the nature of the bed collisions. Platy sands tend to saltate in longer, lower trajectories
compared to more spherical particles (Willetts 1983) and collision is a more efficient mechanism for
maintaining saltation in compact quartz particles than for platy sands (Willetts and Rice 1986).

T
h
!

Modification of the surface wind by saltating grains

When the wind shear velocity is great enough to move sand particles the near-surface wind velocity profile
is altered because momentum is extracted from the wind near the surface by the saltating sand grains. This
decelerates the near-surface wind. In addition, the fluid shear stress is modified by the grains so that it is no
longer constant with height (the grain-borne shear stress of Owen (1964)). The velocity profile in the
saltation layer is therefore modified from the logarithmic one found above this layer, so that the profiles exhibit
a distinct ‘kink’. Bagnold (1941) showed that velocity distributions with height remain as a straight line but
tend to converge to a focus (z,) at a point 0.2-0.4 cm above the surface (Figure 2.10). Below this the wind
profile is non-logarithmic, and wind speed in this zone may actually decrease as u- increases (Bagnold
1941). The focus (z,) may represent the mean saltation height of uniformly sized grains (Bagnold 1941),
but Anderson and Haff (1988) have shown that there is a range of saltation trajectories. Owen (1964)
believed that the saltation layer acted to increase aerodynamic roughness by an amount related to the mean
vertical lift-off velocity of the grains, so that the apparent bed roughness (z,) is dependent on u« during
sediment transport:
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Figure 2.10 Change in near-bed wind profiles and roughness length under conditions of sand transport. The straight
profile with a u- of 19.2 cm/sec is at fluid threshold. All the other profiles are for winds above threshold and display a
‘kink’ at 0.5 to 1 cm above the surface (modified from Bagnold 1941).

2

z, = (2.8)

where =0.02 when determined from wind tunnel experiments.

Detailed analyses of near bed wind profiles by Gerety (1985) also cast doubt on Bagnold’s concept of a
focal point, suggesting instead a focal zone at 2-3 cm, below which the grains significantly alter the flow,
and above which the grain concentrations are too low to be significant. Numerical models of saltation
(McEwan and Willetts 1991) discussed in McEwan (1993) show however that the kink in the profiles
identified by Bagnold is a real physical feature that is caused by a maximum in the extraction of momentum
from the wind by saltating grains (Figure 2.11).

The saltation layer

Most sediment in the cloud of saltating and reptating grains is transported close to the ground, with an
exponential decline in sediment and mass flux concentration with height (Bagnold 1941; Sharp 1964;
Williams 1964; Nickling 1983; Anderson and Hallet 1986) (Figure 2.12). Over sand surfaces most grains
travel within the lower 1-2 cm (Bagnold 1941, Williams 1964), but reach greater heights over hard gravel-
covered surfaces. Sharp (1964) found that 50 per cent by weight of sediment transported across an alluvial
surface in the Coachella Valley travelled within 13 cm of the ground, and 90 per cent below 60 cm. Williams
(1964) and Gerety and Slingerland (1983) also observed a decline in average grain size with height.
However, the size of sediment transported at a given height tends to increase with u-.
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Figure 2.11 Numerical model for the effects of saltation on the wind profile, d /dz (derived from the hyperbolic tangent
stress profile, solid line) is the force per unit volume exerted by the grains on the wind and shows a maximum at 5.77
mm. This is the cause of the kink in the wind profiles in Figure 2.10. The broken line is the stress profile predicted by
the numerical model of McEwan and Willetts (1991) (after McEwan 1993).

SAND TRANSPORT EQUATIONS

The seminal work of Bagnold (1941) relating the quantity of sand transported as a function of the shear
stress exerted by wind forms the basic theoretical background and supporting empirical evidence for almost
all research on aeolian sand transport rates. Using theoretical considerations in conjunction with field and
wind tunnel observations Bagnold found that the sediment transport mass flux in saltation and creep (g)
could be defined by:

PR 2.9)

q= P

where (dp/D) is the ratio of the mean size of a given sand to that of a ‘standard’ 0.25 mm sand. The
coefficient C is a sorting coefficient with values of 1.5 for nearly uniform sand, 1.8 for naturally graded
sand, 2.8 for poorly sorted sand, and 3.5 for a pebbly surface. For a given value of u-, the sediment flux, ¢,
increases from a minimum for nearly uniform sand to somewhat higher values for more poorly sorted sands
and reaches a maximum value over a pebble surface. The effect of impacts from larger saltating grains is
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Figure 2.12 Relationship between mass flux of material in transport and height above the bed (after Bagnold 1941).
probably greater for poorly sorted sands. Sand grains saltate more effectively and further across hard and
pebbly surfaces because less momentum is extracted by impacts with the bed.

Following Bagnold’s (1941) work, other investigators have developed both theoretical and empirical
equations to describe the transport of sediment by wind (for a review see Sarre 1989). These equations,
although frequently derived in different ways and from different points of view, are similar in general form
to that initially proposed by Bagnold (1941).

A fundamental problem with the original Bagnold equation is that it does not include a threshold term
and thus predicts sediment transport at shear velocities below that required to initiate particle movement,
although Bagnold (1956) did modify his equation to include such a term. Kawamura (1951) proposed a
somewhat different equation that included a threshold shear velocity (u-,) term:

Pa
q=K; By thyy) (U — 1, ) (2.10)

where K is an empirical coefficient which is a function of the textural characteristics of the sediment (K=2.
78 for moderately well-sorted sand with a mean diameter of 0.25 mm). A threshold shear velocity term was
also included in the transport equation derived by Lettau and Lettau (1978):

d
q=C5p§#*2(u‘—u.,) @2.11)

where the exponent n has values ranging from 0.5 to 0.75. A universal transport equation was proposed by
(White 1979):
g=261u(1-u,/u)(1+u’/n2p,/g (2.12)
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Figure 2.13 Comparison between different flux equations for sand-sized sediment (after Lancaster and Nickling 1994).

This expression provides good estimates of actual sediment flux as demonstrated by both wind tunnel and
field experiments (Greeley and Iversen, 1985; Greeley et al. in press).
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Comparison of the sediment flux predicted by different transport equations with increasing shear velocity
for similar particle sizes (Figure 2.13) shows that despite the rather similar form of the equations and
similar mean particle diameters used in the calculations, the equations give significantly different results.
However, accurate data on actual sediment fluxes are difficult to obtain, due to less than perfect sand trap
efficiency and the non-stationary nature of the bed in wind tunnel experiments (Rasmussen and Mikkelsen
1991; Nickling and McKenna-Neuman 1995).

Data on wind shear velocity are rarely available outside of specific field or wind tunnel experiments, yet
there is a clear need to be able to estimate sand transport rates from conventional meteorological
measurements of wind velocity at a single height in order to assess sediment transport on a regional scale.
Bagnold (1941) was aware of this problem and modified his flux equation (Equation 2.10) accordingly to
express transport rate as a function of wind speed (v) at 1 metre above the surface:

q=15.10"7(@-V,) (2.13)
assuming a constant roughness length. Bagnold (1953) later modified this expression for general use to:
q =(1.0.107*/(log 100 z)?).t.(v — 16) (2.14)

where ¢ is the flux in tonnes/metre width, z is the wind measurement height, ¢ is the number of hours a wind
with a velocity v km.hr ™! blows and 16 km.hr ! is a threshold velocity (V,). This formula was used to assess
regional sand transport rates in the Namib and Kalahari by Lancaster (1981a, 1985a). Hsu (1971) derived a
different empirical formula for sand transport in terms of wind velocity at 10 m height (the World
Meteorological Standard Height):

g=1.1610"*¢> (2.15)
assuming a value for u of 4.0 m.sec™!.

In addition to the very sparse distribution of meteorological observations of wind speeds in most arid
regions, the major problem with using wind velocity measurements to estimate sand transport rates on a
regional scale is that u. varies with the aerodynamic roughness of the surface, which changes from place to
place. Use of orbital radar data to assess aerodynamic roughness may assist in providing better data for
regional sand transport estimates (Greeley er al. 1991). Further, unless wind profiles are corrected for
atmospheric stability effects, calculations of sediment fluxes may be in error by as much as 15 times (Frank
and Kocurek 1994a).

All equations for sand transport should be regarded as providing maximum potential rates at which the
capacity of the wind for transport is saturated (Wilson 1971). Actual rates are limited by sediment
availability, and are frequently less than the maximum, or under saturated.

CONTROLS ON SAND TRANSPORT RATES

Textural effects

Most sediment transport equations contain various empirically derived coefficients which are a function of
the grain size and sorting characteristics of the sediments. Differences in the sediment flux predicted by
these equations may be related to undocumented textural differences, especially the grain shape of the test
sands used in the experiments (Williams 1964; Willetts et al. 1982). Sediment flux (g) varies as a power
function of shear velocity (u.) but with exponents considerably different from the value of 3 suggested by
Bagnold (1941) and others. The value of the exponent and thus the flux of sediment increases with the
sphericity of the sediment from 2.76 for crushed quartzite to 3.42 for natural sand, and 4.10 for glass
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Figure 2.14 Relation between mass flux and moisture content (W) (after Hotta ef al. 1984).

spheres (Williams 1964). Williams (1964) also showed that at low shear velocities (ux <75 cm.sec™") there
is a tendency for sediment transport rate to increase as particle shape becomes more irregular.

Effects of moisture content

Although dune sand in many desert areas is normally dry, damp sand may exist in the subsurface in semi-
arid areas (Hyde and Wasson 1983). Moisture affects sand transport rates through the higher threshold
velocity required to entrain damp sand. As wind shear velocities increase, the effects become less
(Figure 2.14), although transport rates are still lower by as much as 25 per cent for a wind shear stress of 1
m.sec”! (Hotta et al. 1984; Sherman 1990). Comparisons of calculations of transport rates using the
Bagnold formula and dune migration data on the Oregon Coast indicate that in this area actual transport
rates are reduced by as much as one-third by wet conditions (Hunter ef al. 1983). However, the exact nature
of the relationships between moisture content and transport rates are poorly known, and the role of
evaporation in the process is uncertain (Hyde and Wasson 1983; Sherman 1990).

Effects of vegetation

Dunes and aeolian depositional features that are vegetated to varying degrees occur in most deserts,
including even the hyper-arid Namib. The effects of vegetation on sand transport rates are however poorly
known. Empirical studies of the effects of vegetation on sand transport by Ash and Wasson (1983) and
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Wasson and Nanninga (1986) indicate that sand transport can take place even when vegetation cover is as
much as 45 per cent.

A more rigorous approach involves assessment of the partitioning of wind shear stress between plants and
the sand surface. In the absence of large roughness elements, the shear stress at the surface can be
determined from the shear velocity (u) using the log-linear wind profile (Equation 2.1) by

T=pnt (2.16)
where | is the shear stress at the surface. In the case of surfaces covered with large roughness elements, the
logarithmic wind profile does not extend down between the roughness elements, so that computation of the
surface shear stress from the wind profile is impossible. In these situations the total force (F) imparted to the
surface is equal to the sum of the forces on the roughness elements F, and the intervening surface F, (Schlicting
1936) so that:
F=F +F, (2.17)

Stockton and Gillette (1990) showed that the total shear stress on a surface covered with roughness
elements can be partitioned between the elements and the intervening surface by:
t=F, /A +(F/A,) (A, /A;) 2.18)
=F, /A, +1,(A/A) .
where F, is the force exerted on the roughness elements, A, is the ground area not covered by roughness

elements and  is the shear stress on the intervening ground surface. The fraction of the total force going to
the erodible surface (shear stress partitioning) is:

1-[F,/(A;1)] = (1,/7) (A,/A,) (2.19)
which can be rewritten as a shear stress ratio defined by
1-[F,/(A,1)]=R*(A,/A,) (2.20)

where R is the threshold velocity ratio (us/u+,) (Musick and Gillette 1990). The two parameters expressing
the stress partitioning in this equation are R, the ratio of threshold shear velocity without vegetation to the
threshold shear velocity with vegetation, and A/A,, a geometric factor describing the proportion of surface
area covered by the erodible sediment. The shear stress ratio can be shown to be a function of the density
and size of the vegetation cover as expressed by the lateral cover (L) (Figure 2.15).

Effects of roughness elements

For an unvegetated surface with non-erodible roughness elements, e.g. desert pavements, the relation
between transport rates and the size, density, and spacing of roughness elements is influenced strongly by
the effect of roughness element geometry on the threshold for transport. Greeley et al. (1974) summarized
this as:

n,>=0.139pgD /p(1+0.776 (In(1 + D/z,))?) (2.21)

where D=the diameter of the grains in transport.

Transport rates may therefore be larger or smaller on surfaces of different roughness, depending on the
relative values of us, us, and the ratio between particle diameter and z,, (Figures 2.16 and 2.17). There is a
sharp increase in threshold for particles between 100 and 200 pm (Blumberg and Greeley 1993). Greeley
and Iversen (1987) suggested that transport takes place only on smoother surfaces at low wind speeds; at
intermediate speeds transport occurs on both surfaces, with greater transport on the smooth surface.
However, at high wind speeds, transport rates are greater on the rough surface.
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Figure 2.15 Relation between shear stress ratio and lateral cover of roughness elements (after Musick and Gillette
1990).

Slope effects

Most dune surfaces are not flat, so the effect of slope on transport rates is potentially very important.
Bagnold (1956) showed that the transport rate on an inclined surface, g;, is proportional to:
q;=4q/(cos B(tan o + tan 6)) (2.22)

where ¢ is the transport rate on a flat surface, 1is the slope angle, and is the angle of internal friction of
the sand. Field experiments by Hardisty and Whitehouse (1988a) show that actual transport rates deviate
from this relationship (Figure 2.18), suggesting an increased role of surface slope that  significantly
enhances sand transport on downward sloping surfaces, and retards it on upward sloping surfaces, due to the
effects of gravity on grain collisions and the reptation process (Willetts and Rice 1988).

WIND RIPPLES

Wind ripples (Plate 5) are ubiquitous on all sand surfaces except those undergoing very rapid deposition.
They are the initial response of sand surfaces to sand transport by the wind and form because flat sand
surfaces over which transport by saltation and reptation takes place are dynamically unstable (Bagnold
1941). The formation and movement of wind ripples are therefore closely linked to the processes of
saltation and reptation.
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Figure 2.16 Relations between threshold shear velocity and aerodynamic roughness (after Blumberg and Greeley
1993).

Wind ripples trend perpendicular to the sand transporting winds, although Howard (1977) has
emphasized the effects of slope on ripple orientation. Because they can be reformed within minutes, wind
ripples provide an almost instantaneous indication of local sediment transport and wind directions. Typical
wind ripples have a wavelength of 50-200 mm and an amplitude of 0.005-0.010 m (Bagnold 1941; Sharp
1963). Much longer wavelength (0.5-2 m) ripples with an amplitude of 0.1 m or more are composed of
coarse sand or granules (1-4 mm median grain size) and are termed ‘granule ripples’ by Sharp (1963) and
Fryberger et al. (1992) and ‘megaripples’ by Greeley and Iversen (1985). Ellwood et al. (1975) showed that
granule ripples are not distinct forms, and form one end of a continuum of wind ripple dimensions
(Figure 2.19). Ripple wavelength is a function of both particle size and sorting and wind speed so that
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Figure 2.17 Relations between mass flux and aerodynamic roughness (after Blumberg and Greeley 1993).

ripples in coarse sands have a greater spacing than those in fine sands (Sharp 1963). For sands of a given
size, ripple wavelength increases with wind shear stress (Seppéld and Linde 1978). Most wind ripples are
asymmetric in cross-section with a slightly convex stoss slope at an angle of 8-10° and a lee slope that
varies between 20 and 30° (Sharp 1963). In all cases the crest of the ripple is composed of grains that are
coarse relative to the mean size of the surface sand.

Several models have been put forward to explain the formation and characteristic wavelength of ripples.
Bagnold (1941) pointed to the close correspondence between calculated saltation path lengths and observed
ripple wavelengths in wind tunnel experiments. Chance irregularities in ‘flat’ sand surfaces give rise to
variations in the intensity of saltation impacts (Figure 2.20a) creating zones that would be preferentially
eroded or protected. Grains from the zone of more intense impacts (A-B) would land downwind at a
distance equal to the average saltation path length such that a zone of more intense saltation impacts would
propagate downwind. In addition, variations in surface slope and saltation impact intensity cause variations
in the reptation rate. Bagnold argued that interactions between the developing surface micro topography and
the saltating and reptating grains would soon lead to a coincidence between the characteristic saltation path
length and the ripple wavelength (Figure 2.20b). Wilson (1972) and Ellwood et al. (1975) extended
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Figure 2.18 Relation between mass flux and slope (after Hardisty and Whitehouse 1988). Reprinted with permission
from Nature.

Bagnold’s hypothesis to show that even the wavelengths of granule ripples were related to the mean
saltation path length.

Bagnold’s concept of the formation of wind ripples was first challenged by Sharp (1963) who argued that
grains in ripples are moved mostly by reptation. Irregularities in the bed and interactions between grains
moving at different speeds give rise to local increases in bed elevation. These ‘protoripples’ begin as short
wavelength low amplitude forms and grow to their steady state dimensions by the growth of larger forms at
the expense of smaller. Each developing ripple creates a ‘shadow zone’ in its lee (Figure 2.20c), with a
width proportional to ripple wavelength and impact angle. The size of the shadow zone determines the
position of the next ripple downwind. Sharp argued that the controls of ripple wavelength are impact angle
and ripple amplitude, both of which are dependent on grain size and wind speed, but could see no obvious
reason why ripple wavelength should be dependent on the mean saltation path length. His observations on
ripple development to an equilibrium size and spacing have been confirmed experimentally by the wind
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(b)
Plate 5 Wind ripples:

(a) Ripples in medium-fine sand in the Gran Desierto Sand Sea, Sonora, Mexico.

(b) Granule ripples on the Skeleton Coast, Namibia.
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Figure 2.19 Wind ripple morphometry. Note that there is a continuum of ripple wavelength from ‘normal” wind ripples
to granule ripples. Data from Sharp (1963), Walker (1981), and my field observations.

tunnel experiments of Seppild and Linde (1978) and Walker (1981) and by computer simulations of
sediment surfaces (Werner 1988).

Anderson (1987) has provided a rigorous model for ripple development based on experimental data and
numerical simulations of sand beds. Saltating sand consists of two populations: (1) long trajectory, high
impact energy ‘successive saltations’ and (2) short trajectory, low impact energy ‘reptations’. There is a
wide distribution of saltation trajectories with typical path lengths that are much longer than ripple
wavelengths, and a low range (1-2°) of impact angles. This suggests that the high impact energy grains do
not contribute directly to ripple formation, as Bagnold hypothesized, but drive the reptation process. Using a
simplified model of aeolian saltation, Anderson was able to show that a flat bed is unstable to infinitesimal
variations in bed elevation, giving rise to spatial variations in the mass flux of reptating grains. Convergence
and divergence of mass flux rates results in the growth of ripples, with the fastest growing ripples having a
wavelength approximately 4 to 6 times the mean reptation distance (Figure 2.20d). As reptation lengths
increase with wind shear stress, ripple wavelength should increase as well. This is in good agreement with
wind tunnel data (Seppild and Linde 1978; Walker 1981).

Ripple wavelengths therefore appear to scale with grain transport distance, but it is the reptation length
rather than saltation path length that is the relevant parameter. The ripple pattern appears to develop from
the complex merging of smaller and larger ripples with different rates of movement and by statistical
fluctuations in the mass flux of reptating grains (Werner 1988; Anderson 1990). A quasi stable wavelength
emerges that is the effect of the sharply decreasing rate of ripple mergers with increasing ripple size.

New models for ripple development indicate that their formation and characteristic dimensions are not
directly related to the movement of grains in successive saltation, as Bagnold (1941) hypothesized. Rather,
wind ripples are initiated by statistical fluctuations in the flux of reptating grains driven by impacts from a
uniform distribution of saltating grains. Once the initial nuclei of the ripple pattern are set up, then the
effects of local bed slope on impact intensity and the local reptation mass flux become important, as
suggested originally by Sharp (1963) and confirmed by the wind tunnel experiments of Willetts and Rice
(1986), and the pattern becomes self-organizing, by merging of ripples in the manner suggested by Werner
(1988) and Anderson (1990).
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Figure 2.20 Models for wind ripple formation. A: Variation in impact intensity over a perturbation in the bed (after
Bagnold 1941). Note higher impact intensity in zone A-B compared to B-C. B: Coincidence between ripple wavelength
and mean saltation paths. C: Alternation of impact and shadow zones on a developing wind ripple (after Sharp 1963).
D: Growth and movement of developing bed perturbations that evolve to wind ripples (after Anderon 1987).
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CONCLUSIONS

Most dune sand is transported close to the surface by saltation and reptation of grains. The shearing action of
the wind is resisted by grain size and shape, bed slope, moisture content, and surface roughness elements
(especially the presence of vegetation). Resistances are best quantified via their effects on the threshold
wind shear velocity for entrainment of sand, but also play a role when transport occurs. Modelling and wind
tunnel studies show that the threshold process is complex and involves a series of interactions between the
near bed airflow and the sand grains before an equilibrium is reached. In natural conditions, the natural
variability of the wind as a result of turbulence and gusts suggests that such conditions will only be acheived
momentarily.

The most reliable estimates of sand fluxes are derived from equations that characterize sand transport
rates as a function of the ratio between wind shear velocity and the threshold wind shear velocity. The
relations between flux, particle size, aerodynamic roughness, slope, wind shear velocity and actual sand
fluxes on dunes are complex and may depart significantly from estimates derived from transport equations,
although there are few studies of actual sand transport on desert dunes; they will be discussed in Chapter 5.

The formation of wind ripples is intimately associated with the saltation of sand. New models suggest
that fluctuations in the flux of reptating grains rather than spatial patterns of saltating grains determine the
initial conditions for ripple formation, which evolve rapidly by influencing the saltation impact intensity and
thus the flux of reptating grains.

More than in any other area of aeolian geomorphology, studies of sand transport have been dominated by
the seminal work of R.A.Bagnold. Recent developments in both computational power as well as
experimental techniques have however provided new insights into the mechanisms of sand transport by the
wind. The effects of boundary layer characteristics and turbulence on sand transport are increasingly being
recognized, and seem likely to lead to a new appreciation of the character of sediment transport on dunes, as
will be discussed further in Chapter 5.
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DUNE MORPHOLOGY AND MORPHOMETRY

INTRODUCTION

Dunes are created by interactions between granular material (sand) and shearing flow (the atmospheric
boundary layer). The resulting landforms are bedforms that are dynamically similar to those developed in
sub-aqueous shearing flows (e.g. rivers, tidal currents). Their morphology reflects: (1) the characteristics of
the sediment (primarily its grain size) and (2) the surface wind (both the local surface shear stress, which
determines the sand transport rate as well as the directional variability of the annual wind regime). In some
areas vegetation may be a significant factor, and interactions with topographic obstacles may also result in
dune formation. As the dune grows upwards into the atmospheric boundary layer, the primary airflow is
modified by interactions between the form and the flow which result in modification of the boundary layer
flow (e.g. flow acceleration, expansion and separation, streamline convergence and divergence) and the
creation of secondary flow circulations (especially in the lee of the dune). These interactions play a major
role in determining dune morphology, as will be discussed in Chapter 5.

Desert dunes occur in a variety of morphologic types, each of which displays a range of sizes (height,
width, and spacing). Aerial photographs and satellite images of sand seas show that most dune patterns are
quite regular, and that very similar dune morphological types occur in widely separated sand seas. For
example, partly vegetated linear dunes in Australia and the southwestern Kalahari are almost identical in
morphology, as are compound crescentic dunes in Namibia and North America. This suggests that: (1) the
local response of sand surfaces to airflow is governed by generally applicable physical principles, and (2)
that there are general controls of dune size and spacing.

DUNE CLASSIFICATIONS

Many different classifications of dune types have been proposed (see Mainguet 1983, 1984a for a list of
references to different schemes). They fall into two groups: (1) those that imply some relationship of dune
type to formative winds or sediment supply (morphodynamic classifications), and (2) those based on the
external morphology of the dunes (morphological classifications).

There are many morphodynamic classifications in which dunes are classified by their form and relation to
formative winds, especially their alignment relative to the dominant or resultant (vector sum) sand transport
direction (e.g. Aufrere 1928; Clos-Arceduc 1971; Wilson 1972; Hunter et al. 1983). Thus dunes may be
classified as transverse, longitudinal or oblique (Figure 3.1), yet studies of dune dynamics (e.g. Tsoar 1983a;
Lancaster 1989a) show that different parts of the same dune may be simultaneously transverse, oblique or
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Figure 3.1 Morphodynamic classification of dunes based on the relations between dune trend and wind direction (after
Hunter et al. 1983).

longitudinal to the primary wind direction. Other workers (e.g. Mainguet 1983, 1984a) have attempted to
order dunes by including aspects of their mobility and relation to sediment budgets and thus to distinguish
between erosional types (parabolic dunes, sand ridges) and purely depositional forms (barchanoid dunes,
transverse chains, linear dunes and star dunes). One problem however with all morphodynamic systems of
dune classifications is that they assume a knowledge of how dunes form. As will be seen below (Chapters 5
and 06), that knowledge is at best incomplete.

The morphological classification of McKee and his co-workers (McKee 1979a) groups dunes on the basis
of their shape and number of slip faces into five major types: crescentic, linear, reversing, star, and
parabolic (Figure 3.2). In turn, three varieties of each dune type can occur: simple, compound and
complex. Simple dunes are the basic form of each dune type. Compound dunes are characterized by
superimposition or juxtaposition of dunes of the same morphological type (e.g. superimposition of smaller
crescentic dunes on the stoss side of large crescentic dunes). Complex dunes occur where dunes of two
types are superimposed or merged (e.g. crescentic dunes on the flanks of larger linear or star dunes, or
linear dunes with star dune peaks). Compound or complex dunes are a common feature of many modern
sand seas and comprise 46.6 per cent of the dunes in sand seas examined by Fryberger and Goudie (1981).
They are equivalent to the draa of Wilson (1972), and this term has been applied to all large dunes with
superimposed bedforms (Kocurek 1981).

In addition to the major dune types identified above, many sand seas and dune fields contain areas of
gently undulating to flat sand surfaces (sand sheets), and areas of low rolling dunes without slip faces
(zibar). Interactions between vegetation and sand accumulations lead to the formation of shadow dunes
(also called shrub-coppice dunes or nebkha) (Nickling and Wolfe 1994). Where sand accumulates adjacent
to topographic obstacles, echo dunes or climbing dunes occur on their windward side, and lee dunes or
falling dunes on the lee side.

Most dune types can be accommodated in an expanded morphological classification of dunes, following
Pye and Tsoar (1990). My version of this classification is presented in Figure 3.3, and will be the basis for
this book, although it is not intended to be a comprehensive model.
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A B

Figure 3.2 Major dune types (after McKee 1979a). A; Barchan; B: Crescentic ridges; C: Linear; D: Star; E: Reversing;
F: Parabolic.

AEOLIAN BEDFORM HIERARCHIES

In all sand seas and dune fields, there is a hierarchical system of aeolian bedforms superimposed on one another
(Matschinski 1952; Wilson 1972; Lancaster 1988a). Similar bedform hierarchies occur in sub-aqueous
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Figure 3.3 A morphological classification of desert dunes (based in part on McKee 1979a and Pye and Tsoar 1990).

environments (Allen 1968a; Jackson II 1975). Wind ripples cover at least 80 per cent of sand surfaces in all
dune areas, whereas in many sand seas large dunes (compound or complex dunes) are characterized by the
development of smaller dunes superimposed on their stoss or lee slopes. Three orders of aeolian bedforms
can therefore be identified (Figure 3.4), although only the first two occur in all sand seas: (1) wind ripples
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Figure 3.4 The hierarchy of aeolian bedforms of superimposed dunes and compound and complex dunes. A: Compound
crescentic dunes (Namib); B: Compound and complex linear dunes (Namib); C: Compound crescentic dunes (Gran
Desierto; D: Compound crescentic (Gran Desierto) (after Lancaster 1988a).

(spacing 0.1-1 m), (2) individual simple dunes or superimposed dunes on compound and complex dunes
(spacing 50-500 m), and (3) compound and complex dunes or draa (spacing >500 m).

A range of sizes of dunes occurs in all desert sand seas, yet satellite images and air photographs of desert
sand seas show that most dune patterns are very regular. Regular, ordered spacing of dunes of a limited
range of sizes in a given area gives rise to the close relationships between dune height, width, and spacing
that have been documented by many workers (e.g. Wilson 1972; Breed and Grow 1979; Lancaster 1983a;
Wasson and Hyde 1983a; Lancaster et al. 1987; Thomas 1988) for widely separated sand seas (Figure 3.5).
This organization of dunes into regular patterns is a classic example of self-organization in a geomorphic
system (Hallet 1990).
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Figure 3.5 Relations between dune height and spacing. Note overlap between simple, compound, and complex dunes in
this global sample (from Lancaster 1988a).

MORPHOLOGY AND MORPHOMETRY OF MAJOR DUNE TYPES

Crescentic dunes

The simplest dune types and patterns are those that form in wind regimes characterized by a narrow range
of wind directions. In the absence of vegetation, crescentic dunes will be the dominant form. Hunter et al.
(1983) and Tsoar (1986) indicate that this dune type is stable where the directional variability is 15° or less
about a mean value. Isolated crescentic dunes or barchans occur in areas of limited sand availability. As
sand supply increases, barchans coalesce laterally to form crescentic or barchanoid ridges that consist of a
series of connected crescents in plan view (McKee and Douglass 1971; Kocurek ef al. 1992). Larger forms
with superimposed dunes are termed compound crescentic dunes (e.g. Breed and Grow 1979; Havholm and
Kocurek 1988; Lancaster 1989b). Complex crescentic dunes occur in some sand seas, especially where star
or reversing dunes develop from superimposed crescentic forms (e.g. Lancaster ef al. 1987; Havholm and
Kocurek 1988).

Barchans

Barchans (Plate 6a, Figure 3.6a) occur in two main areas: (1) on the margins of sand seas and (2) in sand
transport corridors linking sand source zones with depositional areas. Despite the attention that has been given
to this dune form, they comprise a very small proportion of global sand deposits (Fryberger and Goudie
1981). Small barchans occur on the northern margins of the Namib Sand Sea (Slattery 1990) and on the
downwind margins of the Algodones and Skeleton Coast dune fields (Smith 1980; Sweet et al. 1988;
Lancaster 1982a). Barchans are also found on the upwind margins of the Namib Sand Sea (Lancaster
1989b), the Skeleton Coast dune field, and at White Sands (McKee 1966). The most widespread
development of barchans occurs in sand transport corridors extending downwind from source zones, such as
in the Kharga Oasis in Egypt (e.g. Bagnold 1941; Embabi 1982), the Jafurah Sand Sea (Saudi Arabia)
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Figure 3.6 Terminology for dune morphology. A: Barchan; B: Crescentic ridge; C: Linear dune; D: Star dune.
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(Fryberger et al. 1984), the Pampa la Joya in Peru (Finkel 1959; Hastenrath 1967) and the southern Namib
(Endrody-Younga 1982; Corbett 1993). Most areas of barchans seem to be characterized by a gravel- or
granule-covered substrate and an irregular spacing of dunes.

Wind regimes in areas of barchans (Figure 3.7a) are characterized by the dominance of one directional
sector, although seasonal reversal of wind directions involving short-lived high intensity storms does occur
(e.g. in the Namib). Barchans appear to be a very stable form in areas of limited sand supply and
unidirectional winds, as demonstrated by their ability to migrate long distances with only minor changes of
form (e.g. Long and Sharp 1964; Hastenrath 1987; Haynes 1989). For example, some fifty years later,
Haynes (1989) was able to recognize the same barchan that R.A.Bagnold and his colleagues camped next to
in 1930. In this period the dune had migrated 375 m downwind. In the Salton Sea area of California, the
same barchans can be identified and followed on aerial photographs spanning a thirty-year interval (Long
and Sharp 1964; Haff and Presti 1984).

Barchans are characterized by an ellipsoidal shape in plan view, with a concave slip face and ‘horns’
extending downwind (Plate 6a, Figure 3.6a). Most barchans range in height between 3 and 10m. Very large
barchans (mega barchans) with superimposed crescentic dunes have been described from a few localities,
including the 55 m high Pur Pur dune in Peru (Simons 1956), the southern end of the Algodones Dunes, the
Snake River Plain in Idaho, and the Skeleton Coast dune field (Lancaster 1982a). The stoss slope of
barchans is convex in profile, with slope angles of 2—10° (Hastenrath 1967; Tsoar 1985), and the crest may
lie some distance upwind of the brink of the avalanche face. Dune height is typically about 1/10 of the dune
width (Finkel 1959; Hastenrath 1967; Embabi 1982). Lower barchans appear to have a generally flatter profile.
Strongly elongated horns and asymmetric development of barchan plan shapes occurs in some areas (e.g.
Hastenrath 1967; Lancaster 1982a), and has been attributed to asymmetry in the wind regime or sand
supply. In some areas, barchans of this type are transitional to linear dunes (Lancaster 1980; Tsoar 1984).

Crescentic ridges

Crescentic ridges of simple and compound varieties occupy about 40 per cent of the area of sand seas world
wide (Fryberger and Goudie 1981), and occur in all desert regions. Crescentic ridges are also called
barchanoid ridges or transverse dunes by many investigators. They are the dominant dune form in the Thar
Desert, the Takla Makan, and Tenegger sand seas of Asia; the Jafurah, Nafud, and eastern and northern Rub’
al Khali of Saudi Arabia; and in the northern Saharan sand seas (Fryberger and Goudie 1981). In southern
Africa, crescentic dunes occupy some 13 per cent of the area of the Namib Sand Sea, and are the main dune
type in the smaller northern Namib dune fields. They are also very widespread to dominant in all North
American dune fields.

Simple crescentic ridges

The patterns of most simple crescentic ridges are quite regular, as indicated by the close correlations that
exist between dune height, width and spacing (Figure 3.8). Typical areas of simple crescentic ridges occur
at White Sands, New Mexico (McKee 1966), Guerro Negro, Baja California (Inman et al. 1966), on the east
margin of the Algodones dune field (Sweet et al. 1988), and in the Skeleton Coast dune field in the northern
Namib (Lancaster 1982a). Their morphometry is summarized in Table 3.1. Simple crescentic ridges occur
in areas of unidirectional wind regimes similar to those found in areas of barchan dunes (Figure 3.7).

In the Skeleton Coast dune field, most simple crescentic and barchanoid ridges (Plate 6b) are between 3
and 10m high, with a spacing of 100-400 m (Lancaster 1982a). In profile, windward slopes steepen from 2—
3° at the base to 10—12° in the upper mid slope and decline again to 2-3° at the crest, which is generally
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Figure 3.7 Wind regimes of crescentic dunes. A: Simple and compound crescentic dunes, Namib Sand Sea. B:
Compound crescentic dunes, Algodones dunes, California (data from Havholm and Kocurek 1988, Figure 3).

sharp, but occasionally rounded, with the brink of the slip face, at an angle of 32-34° lying beyond the
crestline (Figure 3.6b). In plan view, some crescentic ridges (Plate 6b) are straight or very gently curved,
and are called ‘transverse ridges’ by McKee (1979a). Other crescentic ridges are
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(b)

Plate 6 Simple crescentic dunes:
(a) Barchans on the upwind margin of the Skeleton Coast dune field, Namibia.
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Figure 3.8 Relations between dune height and spacing, crescentic dunes.

(b) Simple crescentic ridges, Skeleton Coast dune field, Namibia.

Table 3.1 Morphometry of simple crescentic dunes. Mean values, range in parentheses.

Location Spacing (m) Width (m) Height (m)
White Sands 112 72
(60-198) (30-185)
United Arab Emirates 590 440
(70-2000) (100-1100)
Al Jiwa 630 590
(200-1000) (200-900)
Thar Desert 580 470
(200-1000) (500-1500)
Takla Makan 590 630
(500-1200) (200-1000)
Gran Desierto 150-400
Namib Sand Sea 272 8.25
(100-400) (3-10)
Skeleton Coast 259 21
(90-645) (4-56)

Source: Data from Breed and Grow (1979) supplemented by my field measurements.

sinuous in plan and consist of a series of connected crescents that form the higher parts of the dune ridge
separated by lower saddle areas. These were called barchanoid and linguoid elements by Wilson (1972), and
this variant of a crescentic ridge is also known as a barchanoid ridge. In some areas of complete sand cover
where the toe of one dune lee face abuts the base of the stoss slope of the next dune downwind, linear ridges
cross interdune areas from one linguoid element to the next giving rise to enclosed interdune hollows and a
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Plate 7 Compound crescentic dunes in the Algodones dune field, California.

rectilinear or aklé pattern (Cooper 1958; Cooke and Warren 1973). In the Skeleton Coast dune field,
straight crested dunes occur on the western side where sand supply is greater; and barchanoid ridges are
more common in the east where sand supply is less and the sub-dune surface more irregular.

Compound crescentic dunes

Compound crescentic dunes (Plates 2 and 7) are characterized by a major dune ridge that rises to a height
of 20-80 m above the interdune area, with multiple crescentic dunes superimposed on the upper stoss and
crestal areas. The spacing of the major dune ridges ranges from around 700 to as much as 2000 m
(Table 3.2). Compound crescentic dunes are particularly common in the Takla Makan and northern Saharan
sand seas (50 per cent of all dunes) and are important in the Nafud and northern Rub’ al Khali of Saudi
Arabia (Fryberger and Goudie 1981). Dunes of this type comprise about 10 per cent of the Gran Desierto
and Namib sand seas (Lancaster et al. 1987; Lancaster

Table 3.2 Morphometry of compound crescentic dunes eses. Mean values, range in parentheses.

Location Spacing (m) Width (m) Height (m)

Gran Desierto 1380 660 20-100
(500-2300) (300-1500)

Algodones 1070 880 50-80
(400-2500) (500-2500)

Nafud 1840 800
(800-3300) (500-2000)

Rub’ al Khali 1430 670

(850-2200) (300-1100)
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Location Spacing (m) Width (m) Height (m)
Thar Desert 1440 1300
(700-2500) (750-2000)
Takla Makan 3000 2200
(2000-5500) (1100-3400)
Aoukar 1710 1590
(1000-2500) (1200-2100)
NW Sahara 650 1240
(300-1500) (500-2000)
Namib 694 680 18.6
(800-1200) (300-1200) (10-40)

Source: Data from Breed and Grow (1979) supplemented by my field measurements.

1989b) and more than 50 per cent of the Algodones dune field (Sweet et al. 1988). Typical areas of
compound crescentic dunes are the coastal areas of the Namib Sand Sea, the Algodones dune field of
southern California, and the eastern parts of the Gran Desierto Sand Sea.

In the Namib, this dune type occurs in a strip up to 20 km along the Atlantic coast (Lancaster 1989b). The
dunes there consist of a main dune ridge 20-50 m high with a spacing of 800-1200 m that is aligned
transverse to S to SSW winds (Plate 2). There are no true interdune areas, and the base of the slip face of
one dune abuts the lower stoss slopes of the next dune downwind. Crescentic ridges, 2-5 m high with a
spacing of 50-100 m, are superimposed on the upper stoss slopes and crestal areas of the main dunes.
Compound crescentic ridges in the Gran Desierto Sand Sea are 300-1000 m wide and 20-50 m high
(Plate 6a). Dune spacing ranges from 1400 m to as much as 2000 m. Superimposed on the stoss (southern) side
of the main ridges, which are aligned approximately transverse to S-SE winds, are multiple 2-5 m high
crescentic ridges with a spacing of 50-100m. In the centre of the main ridge there are large, crescentic
avalanche faces oriented towards the north. Compound crescentic dunes in the Algodones dune field
(Plate 7) are up to 80 m high with straight to gently curved lee faces oriented to the south. In the southern
third of the dune field deflated gravel-covered flats up to 500 m wide separate 60 m high dunes (Sharp 1979;
Havholm and Kocurek 1988; Sweet et al. 1988). Superimposed crescentic dunes up to 20 m high occur on
the stoss, crest, and some lee slopes of the main dunes. Superimposed dune height tends to increase toward
the main dune crest.

Wind regimes in areas of compound crescentic dunes are generally similar to those for other varieties of
crescentic dunes (Figure 3.7). However, the Algodones dunes are maintained by a wind regime that has
three main directional sectors: summer winds (late June to August) are southerly, winter winds (late
October to February) are from the north, and spring winds (March to early May) are from the west and
northwest. The vector sum of sand transport is toward the southeast, or approximately perpendicular to the
main dune crestline (Havholm and Kocurek 1988).

Complex crescentic dunes

Complex crescentic dunes, some with star dunes superimposed on their crests, have been described from
several sand seas, including the Gran Desierto, Algodones dune field, Grand Erg Occidental, Awbari and
Murzuq sand seas of Libya, and the Thar Desert (Breed et al. 1979; Kar 1990). In some areas, these dunes
are transitional to star dunes, as crescentic dunes migrate into areas of more complex wind regimes
(Lancaster 1989a).
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Linear dunes

Linear dunes (Figure 3.6c) are characterized by their length (often more than 20 km), straightness,
parallelism and regular spacing, and high ratio of dune to interdune areas. Lancaster (1982b) estimated that
50 per cent of all dunes are of linear form, with the percentage varying between 85-90 per cent for areas of
the Kalahari and Simpson-Strzelecki Deserts to 1-2 per cent for the Ala Shan and Gran Desierto Sand Seas.
Linear dunes are the dominant form in sand seas in the southern hemisphere and in the southern and western
Sahara.

There are several varieties of linear dunes. Simple linear dunes are of two types: the long, narrow,
straight, partly vegetated linear dunes of the Simpson and Kalahari Deserts (the vegetated linear dunes of
Tsoar (1989) (Plate 8a)), and the more sinuous sharp-crested dunes often called seifs (Plate 8b) found in Sinai
(Tsoar 1983a), parts of the eastern Sahara (Bagnold 1941), and along the west edge of the Algodones dune
field (Sweet et al. 1988). Compound linear dunes (Plate 9) consist of two to four sinuous ridges on a broad
plinth and are typified by those in the southern Namib Sand Sea and the Fachi Bilma Erg (Mainguet and
Callot 1978; Lancaster 1983b). Large (50-150 m high, 1-2km spacing) complex linear dunes (Plate 10)
with a single sinuous main crestline, distinct star-form peaks, and crescentic dunes on their flanks, occur in
the Namib and Rub’ al Khali Sand Seas (Holm 1960; Lancaster

Table 3.3 Morphometry of linear dunes. Mean values, range in parentheses.

Location Spacing (m) Width (m) Height (m)

Simple

Simpson! 648 290 114
(431-1148) (6.5-21.0)

Great Sandy Desert! 1134 9.09
(370-2346) (4.1-15.4)

SW Kalahari? 435 220 9.0
(431-1148) (2-20)

Compound

Namib? 1724 650 34.5
(990-2082) (24-48)

SW Sahara* 1930 940

Complex

Namib? 2163 880 99.5
(1500-2760) (44-167)

Rub’ al Khali* 3170 1480 100-200

S Sahara* 3280 1280

Sources: Data from: (1) Wasson and Hyde 1983a; (2) Lancaster 1988b; (3) Lancaster 1989b; (4) Breed and Grow 1979.

1983b). Wide (1-2 km) complex linear dunes with crescentic dunes superimposed on their crests occur in
the eastern Namib, parts of the Wahiba Sands (Warren 1988) and the Akchar Sand Sea of Mauritania (Kocurek
et al. 1991). Table 3.3 summarizes the morphometry of linear dunes.
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(b)

Plate 8 Simple linear dunes:

(a) Vegetated linear dunes in the northern Gran Desierto, Mexico.

(b) Sinuous crested dunes in the northern Namib Sand Sea.
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Simple linear dunes

Simple linear dunes of the straight, partly vegetated variety are typified by those in the Simpson-Strzelecki
and southwestern Kalahari sand seas. In both areas, the dominant dune type consists of straight to slightly
sinuous, parallel to sub-parallel ridges (Plate 8a, Figure 3.9a), which are 2-35 m high, with a spacing of
200-450 m and a width of 150-250 m (Lewis 1936; Folk 1970; Lancaster 1988b; Wasson et al. 1988).
Most dunes are 20-25 km long, although individual examples have been traced for over 200 km (Madigan
1946). Other areas of simple, vegetated linear dunes are found on the Moenkopi Plateau of northeastern
Arizona (Hack 1941; Breed and Grow 1979), in parts of Sinai and Mojave Deserts (Tsoar and Mgller
1986), and on the northern margins of the Gran Desierto (Lancaster et al. 1987). Several varieties of simple
linear dune patterns have been identified in both the Simpson Desert and the Kalahari (Mabbutt and
Wooding 1983; Thomas 1986).

In the Kalahari and Simpson Deserts, each dune ridge consists of a broad plinth, with a slope of 2—4°,
rising to a crest line which consists of a series of peaks and saddles with a local relief of 1-3 m. Upper flanks
of the dunes have slope angles of 5-18°. In profile the dunes are asymmetric, with steeper slopes on their
southwest or south sides (13.4°) compared to their northeast or north sides (8.4°) in the Kalahari, and a
gentle western slope (12°) and a steeper eastern slope (20°) in Australia. Avalanche faces are poorly
developed and seldom exceed 2 m in height. A characteristic feature of areas of this dune type are ‘Y’ or
tuning-fork junctions open to the upwind direction (Figure 3.9). ‘Y’ junctions are more common in areas of
closely spaced dunes (Mabbutt and Wooding 1983; Thomas 1986), and are one mechanism by which the
dune pattern adjusts its spacing to changed conditions of sediment availability or substrate type.

Interdune areas between simple linear dunes are often relatively well vegetated and may be sand-covered
or reflect the substrate over which the dunes pass: locally alluvial deposits or gibber (desert pavement).
Mabbutt and Wooding (1983) and Wasson et al. (1988) have shown that dune spacing tends to increase as
dunes pass into areas of gravel substrate on the margins of the dune fields. Closely spaced dunes are
associated with areas of fine-grained interdune sediments. The height and spacing of dunes between blocks
of linear dunes in both deserts are closely correlated (Figure 3.10) although there is considerable scatter
within each area (Wasson and Hyde 1983a; Lancaster 1988b; Thomas 1988).

Compound linear dunes

Compound linear dunes are best documented from the southern parts of the Namib Sand Sea (Plate 9,
Figure 3.11d) where they consist of three and locally up to five slightly sinuous 5-10 m high sharp crested
ridges running parallel or sub-parallel to each other on SE-NW alignments (Lancaster 1983b). These dunes
are very similar to the ‘bouquets de silks’ and ‘silks sur ondulations’ described by Mainguet and Callot
(1978) from the Erg Fachi Bilma. Forms comparable with compound linear dunes are the broad crested
linear dunes of the Great Sandy Desert (Wasson et al. 1988) and the coalesced or clustered dendritic linear
dunes of the southwestern Kalahari (Goudie 1970; Thomas 1986; Lancaster 1988b) (see Figure 3.9d).

In the Namib, the crestal ridges lie on a 500-800 m wide gently convex linear ridge, composed of coarser
sand and with the same general alignment as the crestal ridges and similar to the ‘whale backs’ of Bagnold
(1941) and the ‘ondulations longitudinales’ of Mainguet and Callot (1978). Total height of these dunes is
25-50 m and they have a spacing of 1200-2000 m. Locally the crestal ridges may join in ‘Y’ junctions open
to the south or southeast. In other places, dendritic or ‘feather barb’ patterns may occur. The ridges are
asymmetric, with the aspect of the slip faces changing seasonally from SW or W in April to September and
NE or E during the remainder of the year. Windward slopes of the crestal ridges are between 15 and 25°.
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Figure 3.9 Patterns of simple and compound linear dunes in the southwestern Kalahari. A: Broad widely spaced ridges
in the N and NE parts of the dune field; B: Straight parallel ridges with ‘Y’ junctions in the central part of the dune field;
C: Narrow closely spaced ridges with common ‘Y’ junctions in the SE part of the dune field; D: Clustered dendritic
ridges (compound linear dunes) west of the lower Molopo river. (After Lancaster 1988b).

The lightly vegetated lower slopes, or plinths, on each side of the dune slope at 2—-6° steepening towards the
centre of the dune. Interdune areas between compound linear dunes of this type are generally sand covered.
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Figure 3.10 Height/spacing relations for linear dunes. Data for Australian areas from Wasson and Hyde 1983a.

B ]

Plate 9 Compound linear dunes in the southern Namib Sand Sea.
Complex linear dunes

Complex linear dunes occur in the Namib Sand Sea (Lancaster 1983b), the Rub’ al Khali (Breed et al.
1979), the northern Sahara in Algeria, and the Akchar Erg of Mauritania (Kocurek ez al. 1991). Those in the
Namib Sand Sea consist of a single main dune ridge on a S-N to SSE-NNW alignment which rises to 50—
170 m above adjacent interdune areas (Plate 10, Figure 3.11). Individual dunes are spaced 1600-2800 m
apart, with a mean of 2108 m. The overall dune pattern is regular, with a close correlation between dune
height and spacing (Figure 3.10). The crestline of the main ridge is sharp and sinuous and connects a series
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Figure 3.11 Cross-sections of different varieties of large linear dunes in the Namib (after Lancaster 1989b). A-C:
complex varieties, D: compound variety.

of regularly spaced peaks. The major slip face, at an angle of 32-33°, faces east or northeast and may be 10
m high at the time of its maximum development in March. In winter, east to northeast winds erode its
upper section and reverse the orientation of the slip face to face west or southwest. However, this slip face
is rarely more than 5 m high (Livingstone 1989). Below the slip faces on the eastern side of the dune is a
wide, sparsely vegetated, gently sloping plinth. Secondary or superimposed dunes of barchanoid or
crescentic form, 2—-10 m high and 50-200 m apart, are developed on the upper parts of the plinth
(Livingstone 1987a). Strong development of east flank barchanoid dunes is associated with a sinuous main
crest. Where it is straight, or slightly sinuous, such dunes are absent or poorly developed. Western slopes
and plinths of the linear dunes are smooth or gently undulating in a direction normal to the main dune trend.
Slope angles steepen from 2-5° on the plinth to 15-20° near the crest. Most interdune areas between
complex linear dunes in the Namib are sand covered with undulations on a trend normal or slightly oblique
to that of the main dune ridges. In places, these undulations continue onto the plinths and upper western
slopes of the adjacent linear dunes.

Complex linear dunes in the Akchar Erg of Mauritania are commonly between 15 and 30 m high, but
may reach 75 m above the interdune areas. They have a crest-to-crest spacing of 200 m. Superimposed on
the linear ridges are 2-3 m high crescentic dunes, oriented approximately perpendicular to the trend of the
linear features (Kocurek et al. 1991). Complex linear dunes in the Wahiba Sands described by Warren
(1988) are up to 100 m high, 1200 m wide and have a spacing of 2000 m. Reticulate or ‘network’ patterns
of crescentic dunes occur on their broad crests and narrow simple linear dunes in interdune corridors and
dune flanks.
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Plate 10 Complex linear dunes in the northern part of the Namib Sand Sea.

Wind regimes of linear dunes

Linear dunes are found in a range of wind regimes both of total energy and directional variability
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Figure 3.12 Wind regimes of linear dunes. A: Simple, vegetated: Upington, South Africa; B: Compound: Harlenberg,
Namibia; C: Complex: Narabeb, Namibia.

(Figure 3.12). They are commonly found in wide unimodal (winds from one broad directional sector) or bi-
directional wind regimes (winds from two distinct directions) and occasionally occur in complex wind
regimes (more than two modes) (Fryberger 1979).

Regional-scale systems of linear dunes have been described from the Sahara (Mainguet and Canon 1976;
Fryberger 1979), Australia (Figure 3.13) (Jennings 1968; Wasson et al. 1988), and southern Africa
(Figure 3.14) (Lancaster 1981a; Thomas and Shaw 1991a). This type of dune system forms large arcs
corresponding approximately to the pattern of outblowing winds around anticyclonic cells, but influenced
also by winds associated with temperate cyclones on their poleward sides, especially in Australia, and the
Intertropical Convergence Zone (ITCZ) on their equatorial margins (Fryberger 1979). The development of
linear dunes appears to be favoured by the wind regimes associated with this type of circulation with
relatively persistent winds from one major direction, together with seasonally important cross-winds.

Wind regimes in areas of simple vegetated linear dunes are typified by that of Oodnadatta in the Simpson
Desert of Australia and Upington in the Kalahari (Figure 3.12a) (Fryberger 1979). In these areas, winds
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Figure 3.13 Linear dune systems in Australia (after Jennings 1968).

change seasonally over a range of directions on each side of the dune trend so that over the year, the
resultant or vector sum transport direction is approximately parallel to the dunes. Some linear dunes occur
in areas where there is a clearly bi-directional wind regime. Tsoar (1983a) identified two sectors of sand-
moving winds in the Sinai: southerly winds associated with cyclonic circulation in winter and northwesterly
sea breezes in summer months.

Wind regimes in areas of complex linear dunes are more variable compared to simple and compound
varieties (Fryberger 1979), but one or more adjacent directions are persistent, and these appear to determine
the overall alignment of the dunes (Figure 3.12c). In some cases, winds from directions perpendicular to the
dunes form an significant subsidiary component of the wind regime. In the Namib Sand Sea two main
directional sectors are important in areas of complex linear dunes: SW-SSW and NE-E. The southwesterly
winds are the product of the sea breeze and are most persistent and strongest during summer months
(September to April) and generate some 40 per cent of annual potential sand movement. Strong easterly to
northeast winds occur during the winter months and are responsible for 25-30 per cent of sand flow. Thus
there are two major sand-moving winds from sectors 130° apart, but the southwesterly sector dominates,
giving a net sand movement at an angle of 20-30° to the trend of the dunes.

Star dunes

Star dunes (Plate 11, Figure 3.6d), characterized by their large size, pyramidal morphology and radiating
sinuous arms, are the largest dunes in many sand seas and may reach heights of more than 300 m. They
contain a greater volume of sand than any other dune type (Wasson and Hyde 1983b) and occur in areas
which represent depositional centres in many sand seas (Mainguet and Callot 1978; Lancaster 1983a).
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Figure 3.14 Linear dune systems in the SW Kalahari (modified from Lancaster 1988b).

Approximately 8.5 per cent of all dunes are of star type, and occur in many sand seas, including the
Grand Erg Oriental in Algeria; the Ala Shan Desert in China; the southeastern Rub’ al Khali in Arabia; the
Gran Desierto in Mexico; the Erg Fachi-Bilma in Niger and the Namib Sand Sea in southern Africa (Breed
et al. 1979; Breed and Grow 1979; Capot-Rey 1947; Holm 1960; McKee 1966, 1982; Mainguet and Callot
1978; Lancaster 1983a; Mainguet and Chemin 1984; Lancaster et al. 1987). In the Basin and Range
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province of the North American desert there are many occurrences of starlike dunes (Sharp 1966; Andrews
1981; Nielson and Kocurek 1987).

The area covered by star dunes varies considerably from one sand sea to another, but is rarely more than
10 per cent. Star dunes are absent in Australian, Kalahari and Indian sand seas, as well as those in the
eastern, western and southern Sahara. They cover 9 to 12 per cent of the dune area of sand seas in the
northern Sahara, central Asia, the Namib and the Gran Desierto (Fryberger and Goudie 1981; Lancaster
1983a; Lancaster et al. 1987). The only sand sea in which star dunes cover a large proportion of its area is
the Grand Erg Oriental in Algeria, where 40 per cent of dunes are of this type (Breed et al. 1979; Mainguet
and Chemin 1984).

In many sand seas, complex dunes (McKee 1979a) are transitional to star dunes. Star dunes may develop
from complex linear dunes in the Namib Sand Sea (Lancaster 1983a) and complex crescentic dunes in the Gran
Desierto, northern Saharan, Arabian and central Asian sand seas (Breed er al. 1979; Lancaster et al. 1987,
Walker et al. 1987).

Star dunes are characterized by a pyramidal shape, with three or four arms radiating from a central peak
and multiple avalanche faces. Each arm has a sharp sinuous crest, with avalanche faces which alternate in
aspect as wind directions change seasonally. The arms may not all be equally developed and many star
dunes have dominant or primary arms on a preferred orientation. Star dunes in the Gran Desierto Sand Sea
have primary arms oriented approximately transverse to the main wind directions in the area (northerly and
southeasterly) (Lancaster 1989a). Deep hollows often occur between the arms. The upper parts of many star
dunes are very steep with slopes at angles of 15-30°. Avalanche face orientation changes seasonally. The
basal parts of star dunes consist of a broad, gently sloping (5-10°) plinth or apron. Small crescentic or
reversing dunes are often superimposed on the lower flank and upper plinth areas of star dunes.

Table 3.4 Morphometry of star dunes in different sand seas. Mean values, range in parentheses.

Location Spacing (m) Width (m) Height (m)

Namib! 1330 1000 145
(600-2600) (400-1000) (80-350)

Niger? 1000 610
(150-3000) (200-1200)

Grand Erg Oriental? 2070 950 1173
(800-6700) (400-3000)

SE Rub’ al Khali2 2060 840 (50-150)*
(970-2860) (500-1300)

Gran Desierto’ 2982 2092

Clusters (1500—4000) (700-6000)

Dunes in clusters 312 183 80
(160-488) (90-363) (10-150)

Ala Shan? 137 740 (200-300)°

(Badain Jaran Shamo) (300-3200) (400-1000)

Sources: Data from: (1) Lancaster (1989b); (2) Breed and Grow (1979); (3) Wilson (1972); (4) Holm (1960); (5)
Lancaster et al. (1987); (6) Walker et al. (1987).

The spacing of star dunes in the global sample of occurrences studied by Breed and Grow (1979) ranges
from 150 m to more than 5000 m (Table 3.4): most dunes have a spacing between 1000 and 2400 m. The
available data on the heights of star dunes indicate that they are in many cases the highest dunes in a sand
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(b)

Plate 11 Star dunes: (a) At Sossus Vlei, Namibia. (b) Gran Desierto.

sea. Many of the claims for the ‘world’s highest dunes’ relate to star dunes. In the Grand Erg Oriental, star
dunes are 230 m high in its southwestern areas (Breed et al. 1979), and average 117 m in height (Wilson
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Figure 3.15 Relations between star dune height and spacing.

1973). Wilson (1973) reports that star dunes in the Issaouane-N-Irrararene (Algeria) are 300-430 m high. In
the Badain Jaran sand sea in China, Walker et al. (1987) report star dunes 200-300 m high, with some
reaching as much as 500 m. In the north American deserts, star dune peaks at Kelso are 170 m high (Sharp
1966), 122 m at Dumont, and 203 m at Eureka. The mean height of star dunes in the Namib Sand Sea is 145
m. The largest star dunes occur in the vicinity of Sossus Vlei, where they attain heights of 300-350 m.
Those in the southern parts of the sand sea are much lower, at 80-150 m, and more closely spaced
(£1000m). In the Gran Desierto, many star dunes are 80—100 m high, with a maximum of 150 m. Star dune
height and spacing are correlated in both the Namib and Gran Desierto Sand Seas, but the relation is much
less strong than for crescentic and linear dunes (Figure 3.15).

Star dunes in the Namib Sand Sea (Plate 11a) consist of a single narrow, steep sided ridge with a straight
or sinuous crestline, which is near symmetrical in profile and has a SE-NW or SSE-NNW alignment. From
the crestal ridge, curving arms descend on alignments which are roughly perpendicular to the crest. Slip
faces develop on both sides of the crest and the subsidiary arms, their orientation depending on the winds
at the time. The lower slopes of the star dunes form a wide, undulating plinth with slope angles of 2-5°. In
many areas, there are small crescentic and reversing dunes on the plinths. These dunes merge with the arms
descending from crestal ridges. Plinths of star dunes are often quite well vegetated and there are deep
hollows and blowouts between and adjacent to the arms descending from the crestal areas. Interdune areas
between star dunes are often irregular in shape, with areas of small crescentic and reversing dunes in some
places.

Star dunes are a prominent feature of the Gran Desierto Sand Sea and occupy some 10 per cent of its area
south and southwest of the Sierra del Rosario (Lancaster et al. 1987). Many of the star dunes occur in linear
clusters or chains with WNW-ESE trends (Plate 11b). The clusters are mostly 2-5 km long and 1-2 km
wide with a spacing of 2-3 km. Each star dune cluster or chain consists of a series of 80-100 m high, sharp
crested, straight to slightly sinuous, near symmetrical ridges on a dominant NE-SW alignment and with a
spacing of 300400 m. The avalanche face of these ridges is oriented to the NW or NNW in summer, but is
reversed seasonally to face southwest or south in the winter. Lower linear crests on NW-SE or N-S
alignments form subsidiary arms on many star dunes, and may connect adjacent NE-SW trending ridges to
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form a rectilinear pattern of peaks and ridges separated by deep hollows, in which pre-dune alluvial deposits
are often exposed. The main NE-SW trending star dune arms lie on a wide plinth, on the lower parts of
which are multiple transverse and reversing ridges 3—10 m high on ENE-WSW or NE-SW alignments.
These dunes increase in height to 10-20 m and become more symmetrical in cross section towards the main
dune ridges. The interdune corridors between the star dunes consist of areas of 2-3 m high partly vegetated
crescentic dunes and sand sheets.

Wind regimes of star dunes

Dunes of star form are associated with wind regimes that are multi-directional, or complex, especially in the
months in which most sand transport occurs (Aufrere 1928; McKee 1966; Fryberger 1979). Annual
resultant or net sand transport in these situations is often low. Examples of wind regimes in areas of star
dunes are given in Figure 3.16.

Fryberger (1979) showed that star dunes occur in areas which exhibit a wide range of annual potential
sand transport rates, but are characterized by low to very low ratios between total and net potential sand
transport with annual unidirectional indices from 0.20 to 0.40. At Ghudamis, on the margin of the area of
star dunes in the Grand Erg Oriental, there is a complex wind regime in all months, but two major
directional sectors can be distinguished: NNE-E in summer and W-SW in winter (Figure 3.16a). Wind
regimes of areas where star dunes occur in the Namib Sand Sea are characterized by a tri-modal wind regime,
with SW-W and NE-E modes dominating (Lancaster 1985a) (Figure 3.16b). Although no wind records exist
for the area of the Gran Desierto, data from Yuma, Arizona, supported by observations in the field, suggest
that winds in the region are from three major sectors, the importance of which varies seasonally
(Figure 3.16c). Winter northerly, spring westerly and summer southerly winds each generate 25-30 per cent
of annual potential sand transport.

Complexity in wind regimes in desert areas appears to be the result of circulation patterns which vary
significantly from season to season, combined with the effect of the passage of frontal systems during
winter and spring. A situation in which a winter high pressure cell is replaced by a thermal low in summer
occurs in the Sonoran and Mojave Deserts of North America, and in central Asia. In the northern Sahara,
wind regimes change as winter westerlies associated with the passage of frontal systems through the
Mediterranean are replaced in summer by anticyclonic circulations and northerly to northeasterly winds
(Dubief 1952). Many areas of star dunes are associated with the poleward margins of desert regions, where
the effects of seasonal changes in wind directions are most often felt, compared to the equatorial margins
where wind patterns are dominated by trade-wind circulations.

Parabolic dunes

Parabolic dunes (Plate 12), common in many coastal and semi-arid dune fields, have a restricted distribution
in arid region sand seas. The only major sand sea with significant areas of this dune type is in the Thar Desert
of India (Verstappen 1968; Breed et al. 1979; Wasson et al. 1983). Areas of parabolic dunes occur in the
southwestern Kalahari (Thomas and Shaw 1991b), Saudi Arabia (Anton and Vincent 1986), northeast
Arizona (Hack 1941), in eastern Colorado (Muhs 1985), the Nebraska Sand Hills (Ahlbrandt and Fryberger
1980; Ahlbrandt ef al. 1983), and at White Sands (McKee 1966).

Parabolic dunes are characterized by a U shape with trailing partly vegetated parallel arms 1-2 km long,
and an unvegetated active ‘nose’ or dune front 10-70 m high that advances by avalanching. In the Thar
Desert, compound parabolic dunes with shared arms occur in some areas and result from merging or
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Figure 3.16 Wind regimes of star dunes (from Lancaster 1989d). A: Ghudamis, Grand Erg Oriental (after Fryberger
1979); B: Eastern Namib Sand Sea; C: Gran Desierto Sand Sea.

shingling of several generations of dunes with different migration rates (Wasson et al. 1983). The
conditions under which parabolic dunes form are not well known. They seem to be associated with the
presence of a moderately developed vegetation cover, and with unidirectional wind regimes. Downwind,
some parabolic dunes are transitional to crescentic dunes (Anton and Vincent 1986).

Nebkhas

Nebkhas (also known as coppice dunes) develop where sand is trapped by vegetation clumps (Thomas and
Tsoar 1990). They are widely distributed in semi-arid areas, and also occur in hyper-arid areas like the
coastal Namib, where strong sand movement into areas of phreatophyte vegetation occurs (Lancaster
1989b). Nebkhas in the Namib (Plate 13) range up to 3.5 m high. In Mali, they are 0.35 to 0.72 m in height
(Nickling and Wolfe 1994) and have developed in the last thirty years.
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Plate 12 Parabolic dunes on the Snake River Plains, Idaho (photograph courtesy of R.Greeley).
Lunettes

Dunes of a ‘U’ or sub-parabolic shape may form on the downwind margins of small playas. Such dunes are
widely distributed in Australia (Bowler 1983) and the Kalahari (Lancaster 1978; Goudie and Thomas
1985). In some places, linear dunes also extend downwind from lunettes in Australia (Twidale 1980) and
the southwestern Kalahari (Lancaster 1988b) (Figure 3.17). Like nebkhas, wind regime is not a primary
factor influencing the form and development of lunettes.

Zibars and sand sheets

Not all aeolian sand accumulations are characterized by dunes. Low relief sand surfaces such as sand sheets
are common in many sand seas, and occupy from as little 5 per cent of the area of the Namib Sand Sea to as
much as 70 per cent of the area of Gran Desierto (Lancaster ef al. 1987). Fryberger and Goudie (1981)
estimated that 38 per cent of aeolian deposits are of this type. Many sand sheets and interdune areas
between linear and star dunes are organized into low rolling dunes without slipfaces, known as zibars (Holm
1960; Warren 1972; Tsoar 1983a; Nielson and Kocurek 1986) with a spacing of 50-400 m and a maximum
relief of 10m. Typically, zibars (Plate 14) are composed of coarse sand, and occur on the upwind margins of
sand seas. Zibars in the Skeleton Coast dune field are 1-2 m high with a crest to crest spacing of 100m
(Lancaster 1982a). Those on the western margins of the Algodones dune field have a crest-to-crest spacing
of 60 m and rarely exceed 2 m in height. Somewhat similar coarse grained bedforms occur in the Selima
Sand Sheet of Egypt, but have a much longer wavelength (130-1200 m) and an amplitude of 0.1-10 m
(Breed et al. 1987; Maxwell and Haynes 1989).

Sand sheets develop in conditions unfavourable to dune formation (Kocurek and Nielson 1986). These
may include a high water table, periodic flooding, surface cementation, coarse grained sands (Plate 15a),
and presence of a vegetation cover that act to limit sand supply for dune building (Plate 15b). Sand sheets
that develop under different conditions appear to have distinct geomorphic characteristics. Some of the
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Plate 13 Nebkha anchored by !nara in the Kuiseb delta region, Namibia.

most extensive sand sheets known are located in the eastern Sahara, where they cover more than 100,000
km?. Sand sheets in this area have a relief of less than 1 m over wide areas and a total thickness of a few cm
to as much as 10 m (Breed ef al. 1987). The sand sheets consist of sandy plains with a granule to pebble
lag deposit that forms the surface layer, together with areas of very low amplitude (10-30 cm), long
wavelength (130-1200 m) bedforms that form a giant chevron pattern on Landsat images (Maxwell and
Haynes 1989). In this area, sand sheets develop because of an abundance of coarse particles that inhibit all
but localized dune development.

Sand sheets cover an area of 1000~1500 km? in the northwestern parts of the Gran Desierto. They form a
sparsely vegetated, flat to gently undulating surface with a maximum local relief of 1-5 m (Plate 15b). The
sand sheets are composite features consisting of successive generations of aeolian accumulations separated
by stabilization surfaces (Lancaster 1993a). Sand sheets in the northwestern Gran Desierto appear to have
developed in conditions of a restricted sand supply and a sparse vegetation cover which is insufficient to
prevent sand transport taking place, but sufficient to cause divergence and convergence of airflow around
individual plants in the manner suggested by Ash and Wasson (1983) and Fryberger et al. (1979), giving
rise to localized deposition by wind ripples and shadow dunes.

Topographically controlled dunes

Dunes that owe their existence and form to interactions of sand-transporting winds and topographic
obstacles are common in many desert regions, yet are poorly documented. At the smallest scale are shadow
dunes that accumulate in the lee of large boulders or breaks in slope. By contrast, large climbing and falling
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Figure 3.17 Lunette dunes and linear dunes in the southwestern Kalahari (from Lancaster 1988b).

dunes in the Mojave Desert have a total relief of as much as 200 m and comprise large volumes of sand
(Evans 1961; Tchakerian 1992). Very large climbing dunes also occur in the Atacama Desert of Peru
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Plate 14 Zibars between linear and crescentic dunes, Algodones dune field, California.
(Howard 1985).

Echo dunes form on the windward side of escarpments, where the average slope is greater than 55° and
the dune is separated from the scarp by a sandfree area that results from a fixed eddy between the cliff and
the dune (Tsoar 1983b). When average slope angles are less than 55°, the fixed eddy is small or non-
existent and the result is a climbing dune (Plate 16a). Falling dunes (Plate 16b) occur in the lee of hills that
are asymmetric in form, with lee slopes steeper than those to windward. In many areas of the Mojave
Desert, climbing and falling dunes occur on opposite sides of the same mountain mass (Smith 1954).

In some areas, linear dunes form in the lee of mountains or downwind from escarpments (Clos-Arceduc
1967; Smith 1978; Breed et al. 1979; Tsoar 1989) as the wind field is modified by the topographic obstacle.
Linear dunes extend for 1-2 km downwind from the Superstition Mountains of southern California, but
break down into a series of small barchans thereafter.

CONCLUSIONS

Although field studies indicate that there is a wide variety of different dune morphological types, remote
sensing images show a remarkable degree of similarity between different sand seas and dune fields,
suggesting that there are some overall controls of dune morphology. Five major dune types can be
identified: crescentic, linear, star, reversing, and parabolic. Each major dune type can occur in three
varieties: simple (individual dunes); compound (superimposed dunes of the same type) and complex
(merging or superimposition of dunes of different types). Together with wind ripples, simple and compound
or complex dunes form a hierarchical system of aeolian bedforms. Dune morphology and occurrence
appears to be controlled primarily by regional wind regime characteristics (especially directional
variability), but is also influenced by vegetation cover and sediment availability. The morphology of other
dune types is not primarily determined by wind regime characteristics. Sand sheet and zibar development is
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(b)

Plate 15 (a) Sand sheet developed in coarse, poorly sorted sand, Elizabeth Bay, Namibia.

(b) Sparsely vegetated sand sheet in the northern Gran Desierto Sand Sea.
mainly determined by the availability of coarse sand, but a sparse vegetation cover and sediment starvation
may be locally important. The formation of parabolic dunes and nebkhas is strongly influenced by
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(b)

Plate 16 Climbing and falling dunes:

(a) Climbing dunes in the Mojave Desert.
(b) Falling dune: the Cat Dune, Mojave Desert.
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interactions between sand transport and vegetation cover, whereas climbing and falling dunes are anchored
by topographic obstacles.

In all areas, there are close correlations between dune height and spacing, suggesting some overall self-
organization of the system that is related to sediment availability which sets a limit to dune size and the
pattern of airflow over and between the dunes, which may determine their spacing. Fundamentally, dune
morphology is the product of interactions between sand transporting winds and the dune, which will be
examined in Chapter 5. The controls of dune morphology and morphometry will be discussed in detail in
Chapter 6.



4
DUNE SEDIMENTS

INTRODUCTION

Dunes are depositional landforms. As a result their sediments provide a record of dune accumulation and
can therefore provide important information on the processes of dune formation and development.

There are three primary modes of deposition on dunes (Hunter 1977): (1) migration of wind ripples, (2)
fallout from temporary suspension of previously saltating grains in the flow separation zone in the lee of the
crest, and (3) avalanching on the lee slope of the dune. These processes form three main types of aeolian
sedimentary structures which constitute the primary units of aeolian deposition (Hunter 1977; Kocurek and
Dott 1981): (1) climbing translatent strata (wind ripple laminae), (2) grainfall laminae, and (3) grainflow
cross-strata.

Climbing translatent strata are formed by the migration of wind ripples under conditions of net deposition
that give rise to bedform climbing (Rubin and Hunter 1982). In conditions where wind shear stress
decreases downwind, the transport capacity of the wind declines and excess sediment is deposited or
transferred to the bed, producing wind ripple laminae (Plate 17a). These are equivalent to the traction or
accretion deposits of Bagnold (1941) and Sharp (1966). Wind ripple deposits are very widespread in most
dune areas and occur on the stoss slopes of many dunes, as well as on the plinths or aprons of larger linear
and star dunes (Kocurek 1986; Fryberger and Schenk 1988). Wind ripple laminae are also prominent in the
deposits of most sand sheets and interdune areas (Ahlbrandt and Fryberger 1981; Kocurek and Nielson
1986) and on the steeply sloping lee faces of dunes affected by strong secondary flows (Tsoar 1983a;
Havholm and Kocurek 1988).

Grainfall laminae (Plate 17b) are formed when grains that saltate over the brink line of the dune come to
rest on the lee face. Preservation of grainfall deposits only occurs if no subsequent oversteepening and
avalanching take place. They appear to be more common on small dunes or in deposits laid down in very
strong winds so that grainfall occurs on the lower parts of the lee face (Hunter 1977).

Grainflow cross-strata (Plate 17c) are formed by avalanching of grainfall deposits on the lee face of
dunes which are oversteepened beyond the angle of repose of dry sand (28-34°) (Anderson 1988). They
consist of a series of overlapping tongues 3—4 cm thick with coarse grains concentrated on their upper
surfaces and at the toe of the tongue. Most grainflow strata thin out towards the top of the dune, and have a
tangential lower contact with the base of the dune. Slump structures and blocks may be preserved in damp
sand avalanches (McKee et al. 1971).

Primary dune sedimentary structures are separated by bounding surfaces of different types that can be
classified in terms of a hierarchical scheme (Figure 4.1) (Brookfield 1977; Fryberger 1991). Third order or
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(a) Wind ripple laminae -
on linear dune plinth.

(b) Grainflow cross
strata,

(c) Grainfall laminae
and grainflows, Great
Sand Dunes, Colorado.

Plate 17 Primary sedimentary structures in dunes

primary bounding surfaces occur within sets of laminae and represent reactivation episodes resulting from
short-term changes in wind strength and/or direction; second order or growth surfaces bound sets of strata
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A Interdune Deposits
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B Interdune Deposits
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Figure 4.1 Model for the formation of bounding surfaces in aeolian deposits (after Kocurek 1988). A: migration of simple
dunes and interdune areas; B: migration of compound/complex dunes and interdune areas. Different orders of bounding
surfaces indicated by 1, 2, 3.

and form by erosion or non-deposition as dunes grow episodically; first order or stacking surfaces may
divide the accumulations of laterally migrating dunes, or in some environments may represent episodes of
deflation to the water table (Stokes 1968; Loope 1984). In addition, regional scale or super surfaces
(Kocurek 1988) form as a result of hiatuses in sand sea accumulation due to depletion of sediment supply
and/or climatic changes. Their characteristics and significance are discussed in Chapters 7 and 8.
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DUNE SANDS

Composition and sources

Dune sediments are dominated by quartz and feldspar of sand size (63 to 1000 um), derived originally from
the weathering of quartz-rich rocks, especially granites and sandstone. Dune fields close to source regions
(e.g. Kelso dunes in the Mojave Desert) often contain large proportions of feldspar and lithic fragments. In
addition, dunes composed of volcaniclastic materials (e.g. pumice, cinders, basalt, tuff) occur in some areas
(Edgett and Lancaster 1993). Examples are to be found at the Great Sand Dunes, Colorado (51.7 per cent
volcanic rock fragments, 27.8 per cent quartz), in central Nevada, and southeastern Oregon. Inland dunes of
carbonate sand have been documented from Oman and the United Arab Emirates (Besler 1982; Gardner
1988), and gypsum dunes occur at White Sands (McKee 1966); in the eastern Great Basin and adjacent to
the chotts of Tunisia (Besler 1977; Mainguet and Jacqueminet 1984).

Direct contributions of sand from the weathering of bedrock appear to be limited. Sandstones, some of
them aeolian in origin, have been cited as sources of sand for dunes in the Namib (Besler and Marker
1979), the Thar Desert (Wasson et al. 1983), Saudi Arabia (Holm 1960) and north America (Ahlbrandt
1974a). In most cases, however, aeolian sand is derived from materials that have been transported by some
other medium. The most important sediment sources are fluvial and locally deltaic sediments (e.g. Glennie
1970; Andrews 1981; Lancaster and Oilier 1983; Wasson 1983; Blount and Lancaster 1990). Other sources
include beaches (e.g, Inman et al. 1966; Lancaster 1982a; Allison 1988; Corbett 1993), Pleistocene
paleolakes (McCoy et al. 1967) and playas and sebkhas (e.g. McKee 1966; Besler 1982). Many sand seas
have internal sediment sources as a result of the deflation of interdunes and reactivation of older dunes
(Folk 1971; Wasson 1983; Lancaster 1988b; Kocurek ef al. 1991). In the Sahara and Arabia, some sand seas
receive inputs of sand from adjacent sand bodies along well-defined sediment transport corridors that are
clearly visible on satellite images (Fryberger and Ahlbrandt 1979; Mainguet 1984b).

Tracing dune sands to their sources involves comparison of their mineralogy and chemical composition with
that of potential source areas. This can be done using analyses of both light and/or heavy minerals (e.g.
Sharp 1966; Merriam 1969; Wiegand 1977; Lancaster and Oilier 1983). Recently, minor element
geochemistry has proved a valuable technique and ratios of the elements Rb to Sr and Ti to Zr can
effectively pin-point sand sources (Muhs in press).

Sand colours

The colours of dune sands vary widely from one sand sea to another, and even within the same sand sea
(Figure 4.2). Some of the darkest and most reddened sand is in the Kalahari and Simpson-Strzelecki deserts
where sand colours are red to yellowish red (Munsell Notation 2.5YR 5/8 to 7.5YR 5/8) (Folk 1976a;
Wasson 1983; Lancaster 1986). Relatively pale colours (I0YR 6/2 to 7/4) are associated with dunes in some
coastal deserts (e.g. Lancaster 1982a). Most North American sand seas and dune fields are composed of
relatively pale coloured sand (10YR 6/2) (e.g. Blount and Lancaster 1990; Lancaster 1993b). Sand from the
northwestern Sahara (Alimen et al. 1958); Libya (Walker 1979); the central Namib Sand Sea (Lancaster
1989b) and Arabia (Besler 1982) is intermediate in 