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Preface to the First Edition

About one-third of the Earth’s land surface experiences a hyperarid, arid, or semi-arid
climate, and this area supports approximately 15% of the planet’s population. This
percentage continues to grow and with this growth comes the need to learn more about
the desert environment. Geomorphology is only one aspect of this environment, but
an important one, as geomorphic phenomena such as salt weathering, debris flows,
flash flooding, and dune encroachment pose major problems to desert settlement and
transportation.

The geomorphology of deserts has been the subject of scientific enquiry for more
than a century, but desert geomorphology did not emerge as an identifiable sub-
discipline in geomorphology until the 1970s when the first textbooks on the sub-
ject appeared, namely Geomorphology in deserts in 1973 and Desert landforms in
1977. Also, in 1977 the Eighth Annual (Binghamton) Geomorphology Symposium
was devoted to the theme ‘Geomorphology in Arid Lands’ and the proceedings of
the symposium were published in the same year. The 1980s have seen the appear-
ance of titles dealing with particular topics within desert geomorphology, the most
notable of these being Urban geomorphology in drylands and Dryland rivers. As we
enter the 1990s, a new generation of textbooks on desert geomorphology has reached
the bookstores. Arid zone geomorphology and Desert geomorphology incorporate the
advances in knowledge that have occurred during the past 20 years but are primar-
ily written for the college student. By contrast, the present volume assumes that the
reader already has some knowledge of desert geomorphology. It is pitched at a level
somewhat higher than the standard text and is intended to serve mainly as a reference
book.

To achieve this goal we sought out authors who were active researchers and author-
ities in their fields. We asked each to write an up-to-date review of an assigned topic
related to their speciality. These reviews are assembled in this book and together
represent a comprehensive treatment of the state of knowledge in desert geomor-
phology. The treatment, perhaps inevitably, contains a geographical bias, in that 14
of the 22 authors are based in North America. Although most of them have expe-
rience in deserts on other continents, their discussions and the examples they draw
upon are lop-sidedly American. The bias was perhaps inevitable (despite our best
efforts to avoid it) because modern research in desert geomorphology published in
English is dominated by investigations conducted in the Deserts of the American
South-west. Faced with this geographical bias, we specifically requested authors to
include research conducted outside North America. Different authors have succeeded
in this regard in varying degrees. Thus in spite of the bias, we believe this book will

v



vi Preface to the First Edition

have appeal and relevance beyond North America and will be useful to geomorphol-
ogists working in deserts around the globe.

The idea for this volume emerged during an informal field trip of desert geo-
morphologists through the Mojave Desert and Death Valley prior to the Annual
Meeting of the Association of American Geographers in Phoenix in April 1988. One
author submitted his chapter in September, even before we had found a publisher!
As we write this Preface, almost four years later, the final chapter has just arrived.
Assembling within a limited time frame 26 chapters from 22 authors, all of whom
have busy schedules and other commitments and obligations, is a daunting task.
Those who submitted their chapters early or on time have waited patiently for those
less prompt, while those running late have had to sustain regular badgering by
the editors. Finally, however, the book is complete. As is generally the case with
edited volumes, the quality of the product depends very heavily on the quality of
the individual chapters, and the quality of the chapters depends on the authors.
Recognizing this, we would like to thank the authors for their efforts in writing this
book. We are pleased with the final product, and we hope they are too.

Athol D. Abrahams Anthony J. Parsons
Buffalo, USA Keele, UK



Preface to the Second Edition

When we were approached by Springer to consider a second edition of Geomor-
phology of Desert Environments, our initial inclination was to say no. Before doing
so, however, we contacted the authors who contributed chapters to the first edition
and asked them if they would be prepared to update their chapters. To our consider-
able surprise, their response was overwhelmingly positive. With very few exceptions,
those still active in the field expressed enthusiasm for the idea. The appearance of this
volume is, therefore, more a credit to the contributors to the first edition than it is to
the editors! We are grateful to them for their support of this new edition, and to those
new contributors, some of whom have filled in the gaps, but the majority of whom
have provided chapters additional to those in the first edition. It may be invidious to
single out a single contributor, but we should specifically acknowledge Dorothy Sack
who not only revised her own chapter from the first edition but offered to take on the
revision of the two chapters that the late Don Currey had contributed.

In the decade and a half since the preparation of the first edition, progress in the
multitude of subjects that comprise the field of desert geomorphology has varied
greatly, and this variation has had a profound effect on the character of the field.
Some subjects (for example, dust) have burgeoned over the period to merit a chapter
in their own right. Others have seen significant changes, particularly those in which
the advances in dating techniques have had an impact. Yet other areas of research
have seen relatively little progress and appear to have fallen from fashion. In the
course of revising Geomorphology of Desert Environments, we therefore made an
effort to adjust the coverage of the various subjects to reflect the changes that have
occurred in these subjects since the printing of the first edition. Thus the raison
d’être for the second edition is to provide a balanced and up-to-date synthesis of the
geomorphic processes that operate in desert environments and the landforms they
produce.

Sheffield, UK Anthony J. Parsons
Buffalo, USA Athol D. Abrahams
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Chapter 1

Geomorphology of Desert Environments

Anthony J. Parsons and Athol D. Abrahams

The Concept of Desert Geomorphology

The notion that the desert areas of the world possess a
distinct geomorphology has a long history and, in many
ways, is informed by the popular concept of deserts
as places that are different. Not surprisingly, early ex-
plorers in deserts, particularly Europeans travelling in
the Sahara from the late 18th century onwards, were
impressed by, and reported on, the unusual features
of these areas. Rock pedestals, sand dunes, and bare-
rock hills rising almost vertically from near-horizontal,
gravel-covered plains all contributed to the impression
of a unique landscape. This spirit of exploration in a to-
tally alien landscape continued into the 20th century, so
that as late as 1935 R.A. Bagnold wrote of his travels
in North Africa during the preceding decade under the
title Libyan sands: travels in a dead world (Bagnold,
1935). Emphasis on the unusual and remarkable land-
forms of desert areas and a coincident emphasis on the
hot tropical deserts had a profound impact on attempts
to explain the geomorphology of deserts.

Of particular influence in shaping a view of the
uniqueness of desert geomorphology, due in large mea-
sure to his influence in shaping geomorphology over-
all, was W.M. Davis who was sufficiently persuaded of
the distinctiveness of desert landscapes that in 1905 he
published his cycle of erosion in arid climates. Davis
held the opinion that, notwithstanding the infrequency
of rainfall in desert areas, the landforms resulted pri-
marily from fluvial processes. Only towards the end of

A.J. Parsons (B)
Department of Geography, Sheffield Centre for International
Drylands Research, University of Sheffield, Sheffield S10
2TN, UK
e-mail: a.j.parsons@sheffield.ac.uk

his cycle of erosion did aeolian processes come to play
a dominant role. Subsequently, there was substantial
debate on the relative importance of fluvial and aeolian
processes in desert landform evolution, and only in re-
cent times has there been a recognition of, and attention
paid to, the links that exist between aeolian and fluvial
processes (e.g. Bullard and Livingstone, 2002) and the
extent to which desert landforms owe their character to
these two sets of processes acting in concert (e.g. Par-
sons et al., 2003). However, whether through agencies
of wind and/or water, the essence of Davis’s viewpoint,
namely that arid areas are subject to a unique cycle of
erosion, was maintained for much of the 20th century
in the work of, for example, Cotton (1947) and, in a
wider context, in the many writings that stem from the
concept of climatic geomorphology (e.g. Birot, 1960;
Tricart and Cailleux, 1969; Budel 1963).

As the emphasis in geomorphology moved, in the
latter part of the twentieth century, away from cy-
cles of erosion and morphogenesis within specific ar-
eas towards the study of geomorphological processes,
the distinctiveness of desert geomophology was under-
mined. Thus, in his study of the anabranching of Red
Creek in arid Wyoming (mean annual precipitation of
165 mm) Schumann (1989) drew a parallel between the
flashy regime of this river and that of the Yallahs River
studied by Gupta (1975) in Jamaica, where the mean
annual rainfall exceeds 2000 mm. Likewise, Abrahams
and Parsons (1991) compared their finding that resis-
tance to overland flow is related to the concentration of
gravel on hillslope surfaces in southern Arizona (mean
annual precipitation of 288 mm) to similar findings by
Roels (1984) in the Ardeche basin, France (mean an-
nual rainfall of 1036 mm).

In the minds of many (e.g. Young, 1978 p.78)
emphasis on short-term, small-scale processes was

A.J. Parsons, A.D. Abrahams (eds.), Geomorphology of Desert Environments, 2nd ed., 3
DOI 10.1007/978-1-4020-5719-9 1, c© Springer Science+Business Media B.V. 2009



4 A.J. Parsons and A.D. Abrahams

no more than a stepping stone in the history of
geomorphology towards an improved understanding of
landscapes. However, making the link back from the
greater understanding of geomorphological processes
that has been achieved in the past half century to a
more informed and quantitatively based understanding
of landscape evolution has proven to be more complex
than at first envisaged (Sugden et al., 1997). Conse-
quently, although geomorphology has showed renewed
and increasing interest in long-term landscape evolu-
tion (Summerfield, 2005), particularly in response to
the development of techniques to date landscape sur-
faces and deposits, progress in tying such quantitative
information on rates of landscape change to process
mechanisms has been both limited, often focused
within the confines of individual process domains,
and poorly linked to the growing record of climatic
oscillations.

Central to the concept of desert landforms and land-
form evolution is the assumption that similarities of cli-
mate throughout desert areas outweigh differences that
may arise from other influences and similarities (such
as those that arise from tectonic history or character
of the substrate) that transcend climatic setting. This
assumption may be challenged not only from the per-
spective of the relative importance of other influences
and similarities (see Mabbutt, 1977) but also from an

assessment of the geomorphological significance of the
supposed similarity of desert climates.

Desert Climates

In scientific terms, deserts are usually defined in terms
of aridity. However, providing a universally acceptable
definition of aridity upon which to base a definition of
desert areas has not been straightforward. Several at-
tempts based upon a variety of geomorphic, climatic,
and/or vegetational indices of aridity have been made
to identify the world distribution of deserts. The UNEP
World Atlas of Desertification (UNEP, 1997) classifies
deserts on the basis of an Aridity Index. This index is
derived from monthly data on temperature and precip-
itation (P) over the period 1951–1980 for a worldwide
network of meteorological stations. From the tempera-
ture data, together with monthly data on daylight hours,
potential evapotranspiration (PET) is calculated. The
aridity index is simply the value of P/PET. For pur-
poses of mapping (Fig. 1.1) the Aridity Index is classi-
fied into four:

Hyperarid regions – P/PET < 0.05
Arid regions – 0.05 < P/PET < 0.2
Semi-arid regions – 0.2 < P/PET < 0.5
Dry-subhumid regions – 0.5 < P/PET < 0.65

Hyper - arid
Arid
Semi - arid
Dry - subhumid

Fig. 1.1 World distribution of deserts (adapted from UNEP 1997)



1 Geomorphology of Desert Environments 5

Table 1.1 Land areas in each of the four Aridity Classes defined
by UNEP (1997)

Aridity Class World Land Area (%)

Hyperarid 7.5
Arid 12.1
Semi-arid 17.7
Dry subhumid 9.9

Global land area in each of these four aridity classes
is given in Table 1.1.

To what extent, however, are these aridity zones
geomorphologically meaningful? As the subsequent
chapters of this book will show, it is not aridity per se
that is of significance for geomorphological processes
in deserts. Rather it is the availability of moisture and
the timescales of that availability that matter: directly
so in the case of water-driven processes, and indirectly
so in the case of aeolian processes through the effects
of water availability on vegetation cover.

Similarly, the lack of any simple relationship
between current aridity and present-day geomorpho-
logical processes raises questions about the inferences
that may be drawn from palaeoclimatic information
for the geomorphological inheritance of deserts.
While it has been recognised that the world’s deserts
have very different climatic histories (Thomas, 1997;
Fig. 1.2), the broad geomorphological implications
of these different histories, couched as they are in
terms of varying aridity, are far from obvious and
almost certainly not straighforward. Indeed ques-
tions must arise about the data upon which climatic
histories are based. Where the data are drawn from
evidence based upon geomorphological processes,
then their interpretation in terms of simple aridty may
be suspect. On the other hand, where the data come
from other climatic sources or proxies, their value
in explaining the suite of landforms extant today is
dubious.
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Fig. 1.2 Late Quaternary climatic changes in the world’s desert areas (after Thomas 1997)
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Is There a Geomorphology of Deserts?

If general scientific notions of aridity are insufficient
to characterize a geomorphology of deserts, then
what is? Two arguments may be made. The first is
that employed by practitioners of geomorphology.
A number of geomorphologists focus on the geomor-
phology of deserts. Whether these geomorphologists
are interested in rivers, sand dunes or weathering
processes, the environmental context – that is, the
totality of desert geomorphology – will be pertinent
to their study. There is a geomorphology of deserts
because those who study component aspects of it need
the totality to exist. The second argument is that which
derives from the landscape itself. Notwithstanding all
the problems that may be encountered in defining a set
of unique and characteristic landforms for the world’s
arid lands, the fact remains that along transects, either
equatorward from temperate areas or poleward from
the wet tropics, there are progressive climatic and
vegetational changes. Along these transects (i) rainfall
diminishes in amount and becomes less frequent, and
more sporadic, (ii) vegetation becomes smaller and
patchy, and (iii) bare ground becomes more common.
Desert geomorphology can effectively be defined
as the geomorphic consequences of these climatic
and vegetational changes. Under this definition, as
in Fig. 1.1, the term desert is used in this volume
broadly to include all hot, warm, and temperate arid
and semi-arid parts of the world.

However, neither argument creates a watertight def-
inition. Practitioners often extend their expertise out-
side deserts, and landforms common in deserts are sel-
dom unique to them. Consequently, although many of
the luminescence studies conducted by Bateman, for
example, focus on environmental change in deserts
(e.g. Bateman et al., 2003), others address compara-
ble aeolian processes in quite different environments
(e.g. Bateman and van Huissteden, 1999). Understand-
ing the geomorphology of desert environments draws
upon knowledge gained in other settings. Likewise,
our understanding of deserts is frequently helpful in
understanding landforms outside the desert realm.

Organization of the Book

This book focuses on the geomorphic processes that
operate in desert environments and the landforms they

produce. The effects of most processes are spatially
limited so that it is possible to identify within any
landscape a set of process domains within which
particular processes dominate. The book is mainly
organized around these process domains. Because
different domains dominate different deserts, a first
consideration needs to be the distribution of these
domains across the deserts of the world. In the second
chapter of the introductory section, therefore, the
world’s deserts are compared from the point of view of
these process domains. Because all deserts are charac-
terised by patchy vegetation and all geomorphological
processes are influenced by this vegetation, chapter
three of the introductory session considers the nature
and geomorphological significance of vegetation in
desert environments.

Some processes, particularly weathering and soil
formation, are less constrained into specific process do-
mains than others. Because of their widespread effects
across all desert terrain types, these processes are con-
sidered in the second section of the book. The next five
sections examine the processes of the five main process
domains of deserts: hillslopes, rivers, piedmonts, lake
basins, and aeolian surfaces. In the final section of the
book, we step outside the present spatial pattern of pro-
cesses and process domains, which are no more than
a short-term expression of the contemporary climate,
to examine how the processes and process domains of
deserts respond to and are able to provide information
about climatic change.

References

Abrahams, A.D. and A.J. Parsons 1991. Resistance to overland
flow on desert pavement and its implications for sediment
transport modeling. Water Resources Research 27, 1827–36.

Bagnold, R.A. 1935. Libyan Sands: Travels in a Dead World.
London: The Travel Book Club.

Bateman, M.D. and van Huissteden, J. (1999). The timing of
Last Glacial periglacial and aeolian events, twente, Eastern
Netherlands. Journal of Quaternary Science, 14, 277–283.

Bateman, M.D., Thomas, D.S.G. and Singhvi, A.K. (2003). Ex-
tending the aridity record of the Southwest Kalahari: current
problems and future perspectives. Quaternary International,
111, 37–49.

Bullard, J.E. and I. Livingstone 2002. Interactions between ae-
olian and fluvial systems in dryland environments. Area 34,
8–16.

Birot, P. 1960. Le Cycle d’erosion sous les Differents Climats.
Rio de Janeiro: University of Brazil. English translation by
C.I. Jackson and K.M. Clayton, London: Batsford, 1968.



1 Geomorphology of Desert Environments 7

Budel, J. 1963. Klima-genetische Geomorphologie. Geographis-
che Rundschau 15, 269–85.

Cotton, C.A. 1947. Climatic Accidents in Landscape-Making.
Christchurch: Whitcombe & Tombs.

Davis, W.M. 1905. The Geographical Cycle in an arid climate.
Journal of Geology 13, 381–407.

Gupta, A. 1975. Stream characteristics in eastern Jamaica, an en-
vironment of seasonal flow and large floods. American Jour-
nal of Science 275, 825–47.

Mabbutt, J.A. 1977. Desert landforms. Canberra: ANU Press,
340pp.

Parsons, A.J., Wainwright, J., Schlesinger, W.H. & Abrahams
A.D. 2003 The role of overland flow in sediment and nitro-
gen budgets of mesquite dunefields, southern New Mexico.
Journal of Arid Environments, 53, 61–71.

Roels, J.M. 1984. Flow resistance in concentrated overland flow
on rough slope surfaces. Earth Surface Processes and Land-
forms 9, 541–51.

Schumann, R.R. 1989. Morphology of Red Creek, Wyoming,
an arid-region anastomosing channel system. Earth Surface
Processes and Landforms 14, 277–88.

Sugden, D.E., M.A. Summerfield and T.P. Burt. 1997. Link-
ing short-term geomorphic processes to landscape evolution.
Earth Surface Processes and Landforms, 22, 193–194.

Summerfield, M.A. 2005. A tale of two scales, or the two geo-
morphologies. Institute of British Geographers: Transactions
30: 402–415.

Tricart, J. and A. Cailleux 1969. Traite de geomorphology
IV: le modele des regions seches. Paris: Societe d’edition
d’enseignement superieur.

Thomas, D.S.G. 1997. Arid Zone Geomorphology (2nd Edn).
Chichester: John Wiley & Sons.

UNEP 1997. World Atlas of Desertification (2nd Edn). London:
Arnold.

Young, A. 1978. Slopes: 1970–1975. In: Embleton, C., Bruns-
den, D. and Jones, D.K.C. (eds) Geomorphology: Present
Problems and Future Prospects. Oxford: University Press.
73–83.



Chapter 2

Global Deserts and Their Geomorphological Diversity

Andrew S. Goudie

Introduction

The world’s deserts show great diversity in terms of
both their landscapes and their geomorphological pro-
cesses (Goudie, 2002). Climate is one major control of
their character. Thus aridity determines the extent to
which different types of salt can accumulate, but above
all it determines the nature of the vegetation cover,
which in turn controls the rate of operation of slope,
fluvial and aeolian processes. For example, dunes will
not for the most part move if is there is a substantial
vegetation cover, nor will dust storms be generated.
Deserts such as the Atacama, Libyan and Namib are
hyper-arid, whereas those of the Thar, Kalahari and
Australia are considerably moister. Some deserts are
high energy wind environments, while others are not,
and this helps to explain variations in dune forms, and
the presence or absence of wind erosion features such
as yardangs. Some have unidirectional wind regimes,
whereas others are more variable. Some deserts, espe-
cially coastal ones such as the Namib (Fig. 2.1) and
Atacama, are foggy and this may influence rates of
weathering. Other deserts are cold in winter and to may
be subject to frost processes. Climatic history is also
important. Some deserts are very ancient, but others
are less so. Some, because of continental drift show the
imprint of having travelled through zones of different
climates (e.g. Australia).

The other great control of desert character is
tectonic history. Deserts on active plate margins (e.g.
the Atacama) are different from those on passive

A.S. Goudie (B)
School of Geography, Oxford University, South Parks Road,
Oxford, OX1 3QY, UK
e-mail: andrew.goudie@stx.ox.ac.uk

Fig. 2.1 The Namib Desert of southern Africa is a coastal, foggy
desert, where fog precipitation may be greater than that provided
by rainfall. This plays a major role in rock weathering

margins (e.g. the Namib), while those on old shields
(e.g. Australia) are very different from those where
orogeny is active (e.g. Iran). Some deserts occur in
areas of ongoing erosion and uplift, while others occur
in areas of sediment accumulation and subsidence (e.g.
the Kalahari).

Let us now consider these general propositions by
examining what it is that creates the distinctive na-
ture of a selection of eight of the world’s deserts. De-
scriptions of other deserts are given in Petrov (1976),
while thorough treatments of particular deserts not cov-
ered here include Busche (1998) on the Sahara and
Edgell (2006) on the Arabian deserts.

The Libyan Desert

The Libyan Desert (which is called the Western Desert
in Egypt) forms part of the eastern Sahara and is the

A.J. Parsons, A.D. Abrahams (eds.), Geomorphology of Desert Environments, 2nd ed., 9
DOI 10.1007/978-1-4020-5719-9 2, c© Springer Science+Business Media B.V. 2009
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largest expanse of profound aridity on the face of
the Earth. It has been used as an analogue for Mars.
For the most part it is rather flat and only limited
areas reach altitudes more than a few hundred meters
above sea-level. Much of it is underlain by relatively
gently-dipping limestones, shales and sandstones that
create low escarpments and gently sloping plateaus.
Higher land only tends to occur in the south west of
the region, where the Gilf Kebir forms a flat plateau of
sandstone attaining heights of more than 100 m above
sea-level, and where the granitic Gebel Uweinat rises
to over 1900 m. The erodible sedimentary rocks that
characterise most of the region, however, have been
excavated to produce some great closed depressions –
Fayum, Qattara, Farafra, Bahariya, Dakhla (Fig. 2.2),
Kurkur, Kharga and Siwa – places where the under-
ground aquifers approach to or attain the surface, so
producing oases. The Qattara has been excavated to
−133 m below sea-level. There has been considerable
debate about the origin of these depressions, and they
may owe some of their form to excavation by Eocene
karstic processes or to incision by now defunct river
systems, but wind action has certainly played a highly
significant role, aided and abetted by salt attack (Aref
et al., 2002). Indeed, because large areas only have a
few mm of precipitation per year, and because they
are subjected to the persistent northerly trade winds,
aeolian processes are evident in the form of dune fields
(Fig. 2.3) and wind fluted terrain (Embabi, 2004). It has
been a classic area for dune research, (Bagnold, 1941.)
However, the closed depressions of the Libyan Desert
have been much affected by past humid climates in the
mid Holocene and portions of the Pleistocene. Large

Fig. 2.2 The Dakhla oasis in the Libyan Desert of Egypt is
formed by aeolian excavation into limestones and shales, and
contains Holocene lake beds which have been excavated by late
Holocene wind activity

Fig. 2.3 The Libyan Desert is a classic area for aeolian research
and contains large expanses of classic barchans and linear dunes.
These barchanic forms are in the Kharga depression

freshwater lakes existed as did active rivers such as
Wadi Howar (Pachur and Kröpelin, 1987) and Hoelz-
mann et al. (2001), have established the existence of
what they term the ‘West Nubian Palaeolake.’ This
covered as much as 7000 km2 between 9500 and 4000
years BP. The moist phases are also represented by
widespread spring deposits and carbonate tufas, by
large landslips in shales, and by groundwater-sapped
cliffs. However, some of the distinctiveness of the
Libyan Desert is created by the existence of The Nile,
both in terms of its present and its former courses. The
Nile as we see it today is a young river in geological
terms. Its course has been affected by the retreat of the
Tethys Ocean and the desiccation of the Mediterranean
basin around 6 million years ago, and the plate split-
ting that led to the uplift of the Red Sea Hills and the
mountains of Ethiopia (Issawi and McCauley, 1992;
Goudie, 2005). For example, at the end of the
Oligocene (c 24 Ma) a river, (the Gilf system) flowed
westward from the newly uplifting Red Sea Hills
through Aswan and Dakhla to Siwa, whereas in the
middle Miocene (c 16 Ma) drainage in the area (the
Qena system) was essentially south westwards from
the Red Sea Hills towards the Chad Basin. Around
6 Ma, at a time of very low sea level in the Mediter-
ranean (the Messinian Salinity Crisis), a precursor
of the present Nile (the Eonile) cut back southwards
along a great canyon to capture the Qena system.

The Namib

The Namib is a very dry desert which extends for
2000 km along the South Atlantic coastline of southern
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Africa, and occupies portions of South Africa, Namibia
and Angola. It is, however, narrow (only 120–200 km
wide), being bounded to its east by The Great Es-
carpment. It is hyper-arid (rainfall at the coast is of-
ten only 10–20 mm per annum), but is characterised by
frequent, wetting fogs (Olivier, 1995).

Its landscape demonstrates the importance of tec-
tonic setting. The Great Escarpment, the sloping plains
of the Namib itself, and its major inselbergs, can be
explained by the opening of the South Atlantic in the
Early Cretaceous, the separation of southern Africa
from South America, and the development of a ma-
jor hot-spot track associated offshore with the Walvis
Ridge and the Tristan and Gough islands (Goudie and
Eckardt, 1999). Igneous extrusive and intrusive activ-
ity occurred, leading to the formation of large spreads
of lava (the Etendeka lavas) (Fig. 2.4) and the develop-
ment of some large plutons and associated inselbergs
(e.g. Erongo, Brandberg and Spitzkoppje) (Fig. 2.5).
The Great Escarpment formed as a result of uplift and
incision following the break up of Gondwanaland, and
is comparable to that of other passive margin settings.
Deeply incised into it is the Fish River canyon, one
of the world’s largest examples of this type of feature
(Fig. 2.6).

The Namib is also an ancient desert and this also
must have been controlled to a considerable extent by
its plate tectonic history, which influenced the open-
ing up of the seaways of the Southern Ocean, the loca-
tion of Antarctica with respect to the South Pole, and
the subsequent initiation of the cold, offshore Benguela
Current. The date of the onset of aridity is the subject of
debate, but it could date back to the early Cretaceous,

Fig. 2.4 The opening of the South Atlantic in the early Creta-
ceous caused the eruption of large volumes of lava (the Etendeka
lavas) in the Skeleton Coast

Fig. 2.5 Spitzkoppje is a granite mass that was intruded into the
Central Namib in the Early Cretaceous, and which has been ex-
humed by subsequent erosion

Fig. 2.6 The uplift of the western passive margin of southern
Africa produced a Great escarpment into which the Fish River
has become deeply incised

for dune beds are found inter-digitated with Etendeka
lavas (Jerram et al., 2000). Ward et al. (1983) believe
that the Namib has not experienced climates signifi-
cantly more humid than semi-arid at any time during
the last 80 million years. The present Namib sand sea
is underlain by a lithified erg composed of the Tsondab
Sandstone, and this dates back to at least the lower
Miocene (Senut et al., 1994.) By the late Miocene, off-
shore dust inputs were increasing and river inputs were
decreasing (Kastanja et al., 2006).

The Namib today has a wide diversity of landforms
that includes wind fluted terrain (yardangs), especially
in northern Namibia (just to the south of the Cunene
river) (Goudie, 2007) and in the southern Namib near
Luderitz. There are also four major ergs or sand seas
(which from north to south are the Baia dos Tigres erg
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Fig. 2.7 The Namib Sand Sea of the Central Namib, seen here
at Sossus Vlei, contains some of the world’s highest linear and
star dunes

in Angola, the Cunene Erg, the Skeleton Coast erg and
the Namib Sand Sea) (Fig. 2.7). The wind has also cre-
ated pans, wind streaks and dust storms, and these have
been created particularly by high velocity winds blow-
ing out from the interior plateau (Berg winds) (Eckardt
et al., 2001).

The coastal portions of the Namib Desert, because
of the prevalence of fog and large quantities of salts, in-
cluding gypsum (Eckardt and Spiro, 1999), are sites of
very rapid salt weathering. As in the Atacama, this may
explain the presence of extensive, featureless plains
(Goudie et al., 1997). The salts themselves are derived
from wind-blown aerosols that have accumulated since
the initiation of the desert and which have been re-
distributed by wind action and sporadic surface runoff
(Eckardt et al., 2001).

The Kalahari

In the interior of southern Africa, much of it in
Botswana, lies the Kalahari (Thomas and Shaw, 1991).
Most of it is not a true desert but an extensively
wooded ‘thirstland’. Over enormous distances the re-
lief is highly subdued and the landscape monotonous.
In the extreme south west on the borders of Botswana,
Namibia and South Africa, the rainfall (<200 mm
per annum) is just sufficient to allow present day
dune activity (Fig. 2.8), but to the north the Kalahari
is largely a relict sand desert, which extends into
Angola, Zambia, Zimbabwe and the Congo (Shaw and
Goudie, 2002), and has mean annual rainfall levels
that exceed 800 mm.

Fig. 2.8 In the south western Kalahari, there is sufficiently low
rainfall for linear dunes to be partially active, but many of the
dunes of the mega-Kalahari are relicts of previously more exten-
sive dry conditions

The Kalahari owes its gross form and subdued mor-
phology to the fact that following the break up of
Gondwanaland it became an area of down-warping that
was bounded on the west by the highlands of Namibia
and Angola, and on the east by mountains such as the
Drakensberg and Lubombo. It became a basin of sedi-
mentation and this largely accounts for its flatness. The
Kalahari Beds that fill this basin are often over 100 m
in thickness and in parts of the Etosha region of north-
ern Namibia they are over 300 m thick. They consist
of dune sands, alluvial deposits, calcretes and marls.
Faulting within the basin has led to the formation of
the great Okavango Delta (McCarthy et al., 1988).

Apart from its relict dunes (Thomas, 1984), the
Kalahari contains large numbers of pans and asso-
ciated lunettes (Goudie and Thomas, 1985), together
with two large closed depressions – Etosha Pan and
the Mkgadikgadi Depression. Today these are major
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Fig. 2.9 The Molopo River, on the border between Botswana
and South Africa is probably a testament to former wetter condi-
tions. It is incised into the thick calcretes that are a feature of the
Kalahari basin

sources of dust plumes (Washington et al., 2003). Dur-
ing pluvials, and perhaps because of tectonically con-
trolled water inputs form the Zambezi, the latter was
occupied by a huge lake (Grove, 1968), which cov-
ered over 120,000 km2. Waters may also have been
contributed in the past by a series of fossil valleys –
mekgacha (Shaw et al., 1992).

Another characteristic of the Kalahari is the ex-
cellent development that has occurred of calcrete, sil-
crete and combinations of the two (Watts, 1980; Nash
et al., 1994). The reason why calcretes in particular
are so well developed probably relates to the Kala-
hari’s long history of gentle sedimentation, though the
carbonates making up the calcretes are largely derived
from the expanses of limestones and dolomites that oc-
cur on its margins. Ancient river systems, such as the
Molopo, are incised into the calcrete (Fig. 2.9).

The Kalahari then provides a fine contrast to the
Namib, because of its relatively high rainfall and
because of its basinal form.

The Thar

The Thar desert of India (Allchin et al., 1977), like the
Kalahari, is not an area of profound aridity and very
little of the area has less than 100 mm of mean annual
rainfall. The Indian arid zone, however, shows greater
diversity than the Kalahari, for there is a striking
contrast in relief between the arid foothills and valleys
of the Karakorams (Fig. 2.10) and Ladakh in the
north, the enormous alluvial plain and delta of the

Fig. 2.10 In the north of Pakistan is the Hunza Valley. At Pasu
there are the huge peaks of the Karakoram Mountains

Indus River, the salty sabkha of the Rann of Kutch
in the south, and the ancient mountain stumps of the
Aravallis in the east.

The Indus, which derives its waters from the high
mountains of Asia (Shroder, 1993), is a dominant influ-
ence on the desert, but the mountains also provided in
the past the discharge of a whole series of ‘lost rivers’
(Wilhelmy, 1969) that are a feature of the Punjab.
Other rivers, such as the Luni, flow from the Araval-
lis, which are notable because they are one of the old-
est mountains systems, still maintaining some relief, in
the world (Spate, 1957). Indeed, four orogenic events
have been identified, ranging in age from 3000 Ma to
750 Ma ago (Mishra et al., 2000).

The Thar is a relatively moist and low velocity wind
environment, but it has large expanses of dunes, the
sand for which comes from a wide range of sources:
the coastline of the Arabian Sea, the large alluvial
plains and the weathering of extensive areas of sand-
stones and granites. Uniquely in the world, many of
the dunes are rake-like parabolics (Kar, 1993), which
have formed transverse to the dominant early summer
south-westerly monsoon winds. Dunes were, however,
much more extensive under past more arid conditions
(Goudie et al., 1973: Allchin et al., 1977), and this
includes the highly lithified aeolianites (miliolites) of
Saurashtra (Fig. 2.11) (Sperling and Goudie, 1975:
Goudie and Sperling, 1977). The Thar contains some
lake basins, created in part by aeolian disruption
of drainage lines, and these provide evidence for
former wetter conditions (Wasson et al., 1984: Singh
et al., 1990), not least in early to mid-Holocene times
(Fig. 2.12). Likewise there have been alternations of
fluvial and aeolian accumulation in the southern Thar
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Fig. 2.11 On the coast of Saurashtra (Kathiawar) in northwest
India, as at Junagadh Hill, there are lithified ancient dunes,
called aeolianite (miliolite). The cross bedding structures are
well displayed

Fig. 2.12 At Pushkar, in Rajasthan, northwest India, there is a
small lake basin, surrounded by dunes. Such basins were occu-
pied by larger freshwater lakes in the early Holocene

during the late Pleistocene (Juyal et al., 2006). These
reflect fluctuations in the nature of the south west
monsoon.

Atacama and Altiplano

To the west of the Andean cordillera between latitudes
5 and 30◦ S lies the largest west coast desert in the
world (Bowman, 1926). It is also the world’s driest
desert and Quillagua (mean average rainfall 0.05 mm)
can lay claim to the driest place on Earth (Middleton,
2001). There are fogs (the garuá of Peru and the
camanchaca of Chile), and there are occasional high
rainfall years associated with El Niño conditions that
cause great floods (Magilligan and Goldstein, 2001),
but aridity is intense. It has also persisted for a long
time, and like the Namib, the Atacama has a very
extended history that goes back to at least the late

Eocene and possibly to the Triassic (Alpers and
Brimhall, 1988; Clarke, 2006). One consequence of
long continued intense aridity, is that the Atacama con-
tains the most famous and important caliche (sodium
nitrate) deposits in the world. Nitrate is highly soluble
and can only accumulate under very dry conditions
(Fig. 2.13). The nitrates mantle the landscape, break
up the underlying bedrock and are largely derived
from atmospheric sources that have provided material
to old, desert surfaces (Ericksen, 1981; Searl and
Rankin, 1993; Bohlke et al., 1997). Precipitation
seems to have plummeted between 19 and 13 Ma
(from >200 mm per annum, to <20 mm) as the
uplift of the Andes blocked the ingress of the South
American summer monsoon into the Atacama. Nitrate
accumulation may have begun at that time (i.e. in the
middle Miocene) (Rech et al., 2006). The combination
of fogs and salt at altitudes below c 1100 m create an
aggressive environment for salt weathering (Goudie
et al., 2002).

Indeed, a major influence on the geomorphology
of the Atacama has been the growth and presence of
the Andes (Fig. 2.14). Tectonic uplift and eastward
migration of the Andes volcanic arc associated with
the subduction of the Nazca oceanic plate beneath the
South American continental plate have created some of
the greatest altitudinal contrasts to be found on Earth.
Over a horizontal distance of no more than 300 km one
moves from the Peru-Chile French (at some 7600 m
below sea-level) to Andean peaks that rise up to over
6000 m above sea level. Thus, whereas the Namib is
on a passive margin, the Atacama is on an active mar-
gin. It has much evidence of volcanic activity, fold-
ing and faulting, high mountain development and, in

Fig. 2.13 In the Atacama of Chile, inland from Iquique, there
are large expanses of salt deposits, which include the famous
nitrate accumulations called caliche
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Fig. 2.14 Near Putre in the Atacama Desert of northern Chile,
the snow capped Andes form an impressive backdrop to the
world’s driest desert

the Altiplano, basin and range topography containing
large depressions (Lamb et al., 1997). The grain of
the land runs approximately north to south with a very
narrow or non-existent coastal plain, a coastal range
(Cordillera de la Costa), a longitudinal Central Valley
and then, to the east, the higher level Andes and Al-
tiplano. The Altiplano is a high plateau composed of
the sedimentary infill of a series of intermontane tec-
tonic trenches. It is characterised by some large basins
(salars) which have in the past contained large bodies
of water (Rauchy et al., 1996; Placzek et al., 2001).
One of these the Salar de Uyuni in Bolivia, is now the
major source of dust in South America (Washington
et al., 2003).

Taklamakan and Tarim

The deserts of China and its neighbours cover a wide
range of geomorphological and tectonic settings from
the Turfan (Turpan) Depression (−150 m) to the high
mountains of the Kunlun and Karakorams, where
altitudes exceed 5000 m over extensive tracts. The
Taklamakan, ‘the place from which there is no return’,
is the largest desert in China and is very dry, with mean
annual precipitation dropping to as low as 10 mm in its
driest parts. It occurs within the Tarim Basin, which,
with an area of 530,000 km2 is one of the largest
closed basins on Earth. The subsidence that produced
it was initiated in the Oligocene, and there are huge
thicknesses (up to 3300 m) of Pliocene and Pleistocene
sediments underlying it. The largest part in the basin is
‘the wandering lake of Lop Nor’, at only 780 m above
sea level (Zhao and Xia, 1984).

The Tarim Basin is bounded on the south by the
Kunlun Mountains and on the north by the Tian Shan.
Both ranges produce alluvial fans and gravel aprons
and generally feed the basin with sediment. It is for this
reason the Taklamakan can lay claim to have the most
positive budget of any sand sea in the world (Mainguet
and Chemin, 1986). At 337,600 km2 it is indeed a huge
sand sea with a diverse range of dune types, many of
which are 80–200 m in height (Zhu, 1984).

It is likely that the winnowing of fine sediment from
the Tarim Basin has been a major source of material
for dust storms and for the great areas of aeolian silt
(loess) that reach their ultimate development in the
Loess Plateau downwind to the east. Indeed, the Tak-
lamakan is one of the dustiest places on earth (Zhang
et al., 1998; Kes and Fedorovich, 1976), because of its
aridity, its plentiful supply of mountain-derived sedi-
ment, and it topographically funnelled winds (Wash-
ington et al., 2003). Dust from it is not only transported
to other parts of China, but also to Korea, Japan and
even North America. In addition, the area is the classic
location for yardang formation and this attests to the
importance of wind action (Hedin, 1903; Halimov and
Fezer, 1989).

Aridity in the area may be of some antiquity. The
uplift of Tibet took place in the Miocene, with a rapid
rise at about 8 m.y. ago (Molnar et al., 1993). This
caused a major shift in climate and a transformation
in the nature of the monsoonal system at that time
(Fluteau et al., 1999). Wang et al. (1999), on the ba-
sis of the study of sediments in the Qaidam Basin,
argue that the Tibetan Plateau must have reached a
threshold elevation in the latest Miocene that caused
a drying in central Asia and the intensification of the
East Asian monsoon. The Pliocene Red Clay Forma-
tion (PRCF) of China, which is in part a product of
aeolian dust accumulation and has loessic characteris-
tics, has been dated to around 7.2–8.35 million years
ago (Qiang et al., 2001; Ding and Yang, 2000), though
dust derived from the Tibetan Plateau and the Gobi is
evident in ocean core deposits going back to at least 11
million years (Pettke et al., 2000).

Australia

Australia is the world’s second driest continent, but
aridity is not especially intense and nowhere does mean
annual rainfall drop below 100–125 mm. This reflects
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the inland setting of the arid zone, the absence of very
high relief barriers against the inland penetration of
moist air (particularly of tropical air from the north)
and the lack of a definite cold inshore oceanic cur-
rent along the west coast (contrast this with the hyper-
arid west coast deserts of the Namib and Atacama.)
Australia is also for the most part at low altitude,
with about 40% of its area standing less than about
200 m above sea-level. It is also dominated by large
plainlands, associated with such typically Australian
phenomena as stone mantles (gibbers) and duricrusts.
Australia is also an ancient continent with extensive
venerable shield areas and land surfaces that have been
exposed to sub-aerial processes for hundreds of mil-
lions for years (Twidale, 2000). As Oberlander (1994,
p. 26) observed, ‘The erosional flattening of Australia
is so thorough that any sharp protruberance constitutes
a major landmark’. It is geomorphologically comatose
and a museum of relict features, with some of the low-
est denudation rates of any land surface in the world
(Gale, 1992).

Australia is a fragment of Gondwanaland and its
landscapes and its climates have been affected by
continental drift that has been ongoing since the Mid-
dle Jurassic. Over that time it has moved northwards,
and continues to do so. In the process it has moved
through different climate belts. During the Tertiary
it moved from being in a high-latitude near-polar
climatic zone, through a mid-latitude humid zone, into
a zone of tropical and sub-tropical climates (including
desert). Ancient, broad, infilled valley systems, now
dismembered and containing strings of salt lakes
(Fig. 2.15), especially in Western Australia, may
have been beheaded about 75 Ma by the rifting that
initiated separation of Australia from Antarctica. Deep
weathering profiles and etchplains, often associated
with a range of duricrust types (particularly ferricretes
and silcretes), are among the geomorphological
phenomena that date back to the early Tertiary and
before.

That said, other phenomena near witness to more
recent climate changes, including a massive anti-
clockwise whirl of sand deserts (Wasson et al., 1988),
composed very largely of linear dunes; great networks
of anastomosing and anabranching rivers created by
intense tropical storms (Tooth and Nanson, 1999;
Bourke and Pickup, 1999); large numbers of salt lakes
that were filled by large water bodies (Harrison and
Dodson, 1993) at various times in the Pleistocene; and

Fig. 2.15 In Western Australia, there are large, ancient valley
systems that now contain strings of salt lakes which have been
moulded by Aeolian activity

clay and sandy lunettes developed on the lee sides of
many ephemeral basins.

North American Deserts

Two main physiographical provinces – The Basin
and Range and The Colorado Plateau – contain the
most important of the North American deserts, but
there are marked differences between them. Within
the former lies the Sonoran, Chihuahuan, Mojave
and Great Basin deserts (Tchakerian, 1997). These
are characterised by block-faulted, more or less
north to sound trending mountain ranges and basins
(Morrison 1991; Peterson, 1981), which started to
develop in the late Oligocene as a response to crustal
extension. The juxtaposition of topographic highs and




