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Abstract: In most hot deserts Quaternary environmental changes have left their imprint on ground conditions, creating a legacy of materials that often reflect past as well as contemporary processes, and can
appear unusual to geologists trained in temperate environments. Attention is drawn in this article to three
near-surface features (duricrusts, palaeolakes and sulphate-rich soils) that reflect changing environmental conditions and that are of potential significance to engineering investigation, design and construction.

The popular notion is that hot deserts are dominated by barren sand
dune covered landscapes. The reality is somewhat different and
much more complex (e.g. Cooke et al. 1982, 1993; Parsons &
Abrahams 2009; Thomas 2011). Deserts reflect their own geological and climatic history and, as a result, each will have a unique
assemblage of landforms (e.g. Lee & Fookes 2005). Tectonic setting controls the distribution of basins (often the site of salt pans,
playas and salinas), escarpments and ranges (i.e. upland or mountain areas). Uplift tends to stimulate rapid erosion; areas of high
relative relief, and especially in humid periods, can be highly susceptible to landsliding, debris flows and surface water erosion, with
the debris accumulating in alluvial fan sequences around the upland
margins or in downwind sand seas or dune fields. Tectonics also
influences the occurrence of salt diapirs, which provide major input
of salt into the desert environment cycle (e.g. the Zagros Mountains, Iran, the Oman Mountains and the United Arab Emirates).
Another important factor in promoting desert diversity is that the
magnitude, frequency, duration and timing of rainfall and the scale
and significance of wind activity vary between arid zones.
Much of the desert landscape detail is probably the product of
the major climatic changes experienced throughout the Quaternary
(i.e. the last 2–3 Ma), during which there were many phases of
alternating semi-arid or humid and dry (arid) conditions. Lee et al.
(2013) discussed how Quaternary climate oscillations have left
their imprint on the desert landscape in the Sahara and have been
associated with periods of markedly different geomorphological
activity across the desert. In the context of geohazards they defined
two main modes of desert behaviour since the Last Glacial
Maximum, around 20 ka ago, as follows:
• Arid mode: dominated by ‘desert’ processes such as sand
transport and dune mobility, lake desiccation and deflation of palaeolake deposits, dust generation and transport, piping and gully
erosion along scarp faces, intermittent flash flooding along wadi
channels, and soil aggressivity.
• Humid mode: dominated by dune stabilization, lake recharge,
landslide activity along major scarps and more regular discharges
along perennial river channels.
As a result, both the current and past environmental conditions
need to be considered in the assessment of the geohazard threat to
engineering projects in deserts (Lee et al. 2013). However, these
environmental changes have also left their imprint on ground conditions, creating a legacy of materials that often reflect past as well

as contemporary processes, and can appear unusual to geologists
trained in temperate environments. Desert soils also bear the
imprint of climate changes. Many soils tend to be thin and gapgraded because the fine sand and silt particles have been removed
by the wind, leaving a surface pavement of closely packed stones
(reg, sarir or gibber; Fig. 1), which may protect the surface from
further deflation. This has been a long-term process and much of
the fine material is exported from the desert as dust and deposited
on the seabed or as spreads of loess-like material. Under the current
arid conditions, soils typically have high salt contents (e.g. chlorides and sulphates), often resulting from the accumulation of saltcontaminated dust within the soil profile.
The remoteness of many hot deserts often limits the accessibility
for site reconnaissance work, especially at pre-feasibility or even feasibility stages of a project. Frequently ground evaluation is limited to
satellite image interpretation, possibly a fly-over of the site if large or
remote, and possibly a limited drive-over of all, or parts of the site.
This early stage of study can therefore impose severe restrictions on
anticipating shallow below-ground conditions, especially with the

Fig. 1. Desert stone pavement, SE Algeria (15 cm ruler for scale). (Note
thermal cracking in some of the stones.)
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Fig. 2. Degraded silcrete carapace, near Timimoun, Algeria.

Fig. 3. Weak salcrust, Oman.

absence of common subsurface techniques such as trial pits, trenches,
engineering geophysics, ground penetrating radar or boreholes.
The aim of this short article is to draw attention to three nearsurface features that reflect changing environmental conditions and
that are of potential significance to engineering investigation,
design and construction. These will be illustrated by reference to
sites in the Sahara and Arabia visited by the authors over the last
decade during a range of oil and gas projects.

Duricrusts
The presence of bedrock at or close to the ground surface on
upland surfaces and gently sloping pediments may come as a
surprise if, for example, talus or alluvium was anticipated.
However, it is the occurrence of duricrusts (indurated horizons
at or near the ground surface) that can create a challenge to
planning and costing the method and rate of excavations (the
need to bring in heavier equipment than originally expected, or
to use blasting, can prove costly and cause delays).
Some duricrusts form by the relative accumulation of oxides (e.g.
iron and aluminium) in the soil, as more mobile compounds are
leached out of the weathering profile. For this reason, they tend to be
associated with high-rainfall climates. Other duricrusts form through
an absolute accumulation in the weathering profile. Accumulation

may occur as a result of capillary rise (per ascensum model), downward percolation (per descensum model) or throughflow of soluterich groundwater. These duricrusts are frequently associated with
arid and semi-arid conditions (e.g. Dixon & McLaren 2009; Nash
2011). Duricrusts are often stronger than the underlying or surrounding materials and, hence, tend to armour the landscape by forming a
hard cap to flat-topped hills and plateaux surfaces. However, they
may also form thin and weak surface layers. This leads to the distinction between moderately strong to very strong ‘cretes’ and weak
‘crusts’, terms that are widely used in desert engineering practice.
An important distinction should be made between duricrusts
formed by the enrichment of the bedrock surface (i.e. ‘caprocks’)
and those developed within the soil profile (i.e. they form indurated
layers that ‘float’ within the soil profile). Floating duricrusts can
generally be ripped out by conventional excavation equipment.
Well-developed caprock duricrusts can be strong and massive and,
hence, present significant problems for excavation requiring explosives or a heavy Caterpillar-mounted rock hammer.
Duricrusts can form by cementing surface sands and other surface
materials but probably most commonly they form on the top of the
bedrock. Therefore excavations through a duricrust may pass downwards through a transition zone into the bedrock; for example, a calcrete will often pass through a transition zone to an underlying
limestone. However, also commonly it may have a sharp boundary
with the underlying bedrock and usually, but not always, the bedrock
immediately below the duricrust is somewhat leached and weaker
than the same bedrock a few metres below this leached zone.
Duricrusts may thicken or thin over a distance of a few metres
and also may disappear only to reappear a few tens of metres away.
In addition, the sequence of duricrust and underlying materials may
change, typically over longer distances such as a few hundred
metres, but this can also occur in shorter distances. Duricrusts can
be crudely bedded, jointed, and even show significant micro-scale
karst (i.e. dissolution features). In an eroding environment, desert
surfaces may become covered by a litter of duricrust fragments. At
a following stage these fragments (if they still exist) may be incorporated into new duricrust cover (Fig. 2).
The type of duricrust that developed within a desert terrain
depends on the availability of the minerals within the bedrock,
superficial soils or older duricrusts. The common duricrusts are
named by their principal components, although they often include
other materials (e.g. silica in calcium carbonate ‘calcrete’) and are
rarely completely monomineralic. The main types are as follows:
• Salcrust (Fig. 3): composed of sodium chloride salts and initially formed very quickly (hours), and is sufficiently weak and
transient to be of no problem to excavatability other than promoting
aggressive salt rusting of equipment. Salcrust is typically formed in
areas of high water table (e.g. coastal sabkha). The bearing performance is very poor and use in fill poor, although temporary successful ‘desert’ roads can be made.
• Gypcrust (Fig. 4): composed of calcium sulphate dihydrite
salts, usually quickly formed within weeks to a few years, and is of
little significance to trenching or other excavation as it is also weak
and transient. It has poor bearing characteristics and the potential
for volume change between gypsum (CaSO4.2H2O), plaster of
Paris (CaSO4.1/2H2O) and anhydrite (CaSO4) depending on moisture, temperature and confining conditions. Gypcrust accumulations may reach 5 m thick, ranging from bedded crusts to bands of
large crystals (desert roses; these can reach up to 5 m high) or surface crusts of alabastine gypsum.
• Gypcrete (Fig. 5): this term is often used for thicker and
stronger gypsum–anhydrite crusts.
• Calcrete (Fig. 6): typically moderately weak to moderately
strong, occasionally strong, duricrusts formed through the accumulation of calcium carbonate. Calcrete can form relatively quickly (over
the 100–1000 year time scale) and is a common feature of deserts with
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Fig. 6. Strong, massive calcrete, central Oman.
Fig. 4. Surface gypcrust with modern gypsum growth heave structures
on floor of a small palaeolake basin, Erg Bourarhet, SE Algeria.

Fig. 5. Multiple duricrust sequence of gypcrete (top) over calcrete (bottom; the hammer rests on the calcrete). central Oman.

extensive carbonate-rich bedrocks, as in most Middle East and North
African deserts. It may contain cavities produced by dissolution (e.g.
karstic processes), making it somewhat weaker in the mass.
Calcretes may range from calcified soils, calcium carbonate
nodules or concretions, honeycomb calcretes (coalesced nodules)
to mature hardpans (Netterberg, 1980). Hardpans are typically 0.3–
0.5 m thick, although superimposition of sequences of calcretes can
create thick, complex profiles. They may form a ‘carapace’ draping
across the landscape, especially on scarp slopes. Where jointed
they can be excavated fairly easily by, say, a large backhoe but
where unjointed more effort and good technique is required, probably with a Caterpillar-mounted hammer on standby (Fig. 7).
‘Caliche’ in English usage is used to describe calcareous (i.e.
carbonate) rich soils, commonly in the form of small nodules or
canker, and is not as strong as calcrete. Caliche soils may be a mixture of carbonate in clay, silt or sand deposits. They commonly
make good road building material as they have self-cementing
properties after wetting and rolling. Some caliche may be in a transition state to becoming calcrete and may be up to moderately weak
rather than typically just weak.
• Dolocrete (Fig. 8): as calcrete, but ranging up to strong and even
very strong. Its mineral composition includes magnesium carbonate.
Common in the Middle East, where it is often called calcrete.
• Ferricrete (Fig. 9): oxides of iron often formed under subtropical conditions, a type of laterite that can be considered a duricrust,

Fig. 7. Strong calcrete requiring excavation by Caterpillar-mounted rock
hammer, central Oman.

typically moderately strong to strong but more easily excavated
when jointed. Can be up to metres in thickness and when crushed
usually makes good road material.
• Silcrete (Fig. 10): silicon dioxide (i.e. quartz), commonly the
strongest of all duricrusts, ranging from strong to very strong and
usually considered to take the longest time to form (thousands or
perhaps up to hundreds of thousands of years). Well-developed silcrete horizons are between 0.5 and 3 m thick, although multiple
crusts may exceed 5–7 m.
Silcretes and ferricretes are believed to be ancient features formed
by the near-surface solution and re-deposition of iron and silica
under prolonged periods of warm–humid conditions (e.g. Williams
2009). They are relatively common in Australia, southern Africa,
parts of the Sahara and the Arabian Gulf (e.g. Milnes & Thiry 1992).
In the Sahara, massive, strong silcrete duricrusts can be found capping desert plains and plateau surfaces. Silcrete can be metres thick
and when unjointed, as it is often, it is very difficult to excavate,
requiring a large mobile hammer or blasting. However, it typically
provides good bearing conditions depending on the circumstances,
rock armour, rip rap and when crushed, acceptable aggregate.

Palaeolakes
Enclosed basins within deserts are typically characterized by
almost flat vegetation-free ephemeral lakes (playas, salar or
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Fig. 10. Silcrete (with degraded calcrete layer above), central Oman.
Fig. 8. Degraded dolocrete platform, In Amenas, Algeria.

Fig. 11. Palaeolake with encroaching dunes, Erg Bourarhet, Algeria.

Fig. 9. Massive ferricrete duricrust, south of In Salah, Algeria.

pans; e.g. Shaw & Bryant 2011). Similar features may occur
in topographic lows in both pediment and alluvial plains (salinas) or on coastal plains (sabkhas). A good introduction to the
engineering hazards associated with these landforms has been
given by Cooke et al. (1982).
In the Sahara and Arabia, it is common to encounter cliff-lines
around the margins of the larger basins and eroded remnants of
laminated carbonate silts and fine sands within these low-lying
areas (Fig. 11). These features are characteristic of former lake sites
(‘palaeolakes’), with the cliff-lines marking former shoreline positions. Palaeolakes are relict features, inherited from humid, wet
periods (e.g. Lee et al. 2013). These lakes would have been fed by

wadi flows and local rainfall, resulting in a series of deposition,
evaporation and erosion cycles, relating to both seasonal and
longer-term Quaternary climate cycles. In the Sahara a series of
‘mega-lakes’ existed in large enclosed basins (Drake & Bristow
2006): Lake Megachad (over 400000 km2; Schuster et al. 2005;
Drake & Bristow, 2006), Lake Megafezzan in SW Libya
(159000 km2; Drake et al. 2008), the Basin of the Chotts in Tunisia
and NE Algeria (42000 km2; Causse et al. 2003), and the AhnetMouyder mega-lake in southern Algeria (58000 km2). At their largest extent, these lakes could have covered around 10% of the
Sahara.
Evidence increasingly suggests that the chain of Saharan palaeolakes provided routes of dispersal for anatomically modern
humans ‘out of Africa’ during past humid periods (e.g. Drake et al.
2011). The dating of lacustrine sediments shows that high lake levels during the last interglacial (around 125 ka BP) provided green
corridors that could have formed dispersal routes during the time of
the migration of modern humans. A similar story is emerging for
Arabia, with chains of interglacial lakes providing routes for dispersal around the Indian Ocean rim around 60 ka ago (e.g. Armitage
et al. 2011; Rosenberg et al. 2011).
Much of the laminated silt and fine sand material will have been
reworked from surrounding geological units (including previous
lake material if present), and may therefore contain fossils and/or
microfossils from those units (Fig. 12). There may also be soil or
duricrust horizons, gypsum pseudomorphs, desiccation cracks now
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Fig. 12. Palaeolake material containing fossil gastropods, near In Amenas, Algeria.

Fig. 13. Erosion remnants of palaeolake sediments (Bagnold’s ‘mud
lions’), near In Amenas, Algeria.

filled with silica and calcite and/or evidence for trace fossils (such
as rootlets and worm casts), usually indicative of subaerial exposure. These lake bed sediments are being destroyed by current processes, including wind deflation and surface erosion during rare
flood events. In places, this has led to the formation of pinnacleshaped or streamlined erosion remnants or ‘mud lions’ (so named
by Bagnold 1939), often in groups (Fig. 13).
The presence of these deposits can be significant to foundation
construction of engineering works. Under the current commonly
hyper-arid conditions, the main engineering issues and hazards
associated with these deposits are possible weak foundation or
structural bearing conditions, temporary flooding (during and
immediately after heavy rainfall) and the potential for sulphates
to be present, leading to a risk of sulphate attack. Surface erosion
and the generation of dust can turn into a health hazard or a problem for traffic (Fig. 14), and the dust may be transported considerable distances beyond the Sahara (e.g. Goudie & Middleton
2001; Wiggs 2011).

Sulphate geohazards
Downward leaching of salts through the desert soil profile is
limited and even very soluble salts can remain in the soil and
joints or fractures within bedrock. For example, many of the
desert soils in the Sahara and Arabia can be expected to contain
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Fig. 14. Dust generated by traffic, central Oman.

Fig. 15. Books of gypsum (selenite crystals) in a small heave mound
dehydrating to anhydrite, SE Algeria.

sulphate salts, which can occur in a number of forms: gypsum,
plaster of Paris and anhydrite (Figs 15 and 16). The accumulation of such salts tends to produce a highly aggressive environment in which salt activity is an important factor in rock
disintegration, ground heave or settlement, solution migration
and concrete attack (Fookes et al. 1985), as described in the following paragraphs.
Evaporation results in the formation of highly concentrated
solutions that can yield large amounts of crystals. As salt solubility
often decreases as the temperature falls, there can be significant
nocturnal salt crystallization along discontinuities. The overall
effect can be significant salt crystal buildup leading to salt ‘jacking’, causing the upward migration of fragments of bedrock or
duricrusts (Figs 17 and 18). In some locations, over geological time
this process can cause a pavement of angular duricrust and bedrock
fragments at the surface.
Many salts undergo significant volume changes as a result of
hydration during rainfall or other ground wetting events. During
subsequent dehydration by the high desert temperatures (Fig.
19), for example, anhydrite hydrates to hemihydrate (plaster of
Paris) and gypsum. The change from anhydrite to gypsum under
laboratory conditions causes a soil volume increase of up to
68% (i.e. swelling), whereas gypsum dehydration results in a
reversal back to anhydrite that leads to a volume decrease up to
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Fig. 16. Bed of gypsum (selenite crystals) converting to anhydrite, SE
Algeria.

Fig. 18. Sulphate jacking above calcrete layer lifting degraded calcrete
and sulphate crusts, central Oman (15 cm ruler for scale).

Fig. 17. Sulphate growth causing jacking in jointed limestone beds, central Oman.

38% (i.e. shrinkage; Azam et al. 1998). Swelling pressures of
around 300 kPa in a constant volume laboratory test and around
800 kPa in a free swell test have been measured during anhydrite
hydration (Azam 2007). This creates the potential for swelling
and shrinkage cycles, probably of the order of tens of millimetres within engineering time (perhaps 3–5 decades), depending
on the local conditions. Research is continuing in this area and
case histories are needed.
In some deserts where superficial deposits are primarily sulphates, salt gulls (Figs 20 and 21) may develop, and it is suggested
that these are caused by shrinkage in gypsum beds as they convert
to anhydrite. Typically they are not deeper than a metre and a half.
The gulls superficially look like ice wedges, but are probably
caused by repeated shrinkage owing to the conversion of gypsum to
anhydrite as a response to the current hyper-arid climatic conditions. In plan they form large polygons. They quickly fill with
windblown material so that when the soils swell in wetter times,
converting back to gypsum, the ground heaves a little because the
gulls are filled with incompressible fine sands.
Sulphate dissolution and migration from areas of high foundation loading to more lightly loaded areas could result from the
flow of water (leaking pipes or produced water) that would occur
over the project lifetime, leading to differential settlements of
the order of tens of millimetres. Such accumulation of sulphates
can also cause distress to engineering structures owing to the

Fig. 19. Gypsum heave mound (with Professor Fookes for scale), central
Oman.

ability of sulphates to physically or chemically attack concrete,
bitumen, bitumen-bound materials, etc., and their ability to go
into solution in engineering time and therefore cause collapse,
for example in engineered fills; or, if precipitated elsewhere
below a structure, they may cause heave (Fig. 22). Good practice
for hot weather concreting in salty ground should be used. The
CIRIA/Concrete Society Guide No. C577 (Walker 2002) provides guidance on concrete use in hyper-arid conditions where
there is a salt-rich environment.
The aggressiveness of this ground geohazard can be related to
observable soil moisture zones (Table 1). For example, soil aggressivity tends to be most severe where the water table is high and the
engineering structure is positioned within the zone of capillary rise
from the water table. In Zone I terrain, the hazard is passive, requiring the presence of dampness to trigger the aggressiveness of the
sulphates or other salts. As a result, problems can be caused by
changes in moisture content associated with rainstorms, floods or
man-made problems such as broken water pipes and drains, and
failure to deal correctly with surface water, air conditioner or roof
drainage. The longer the dampness remains in contact with the
sulphate-rich material, the greater the progressive development of
aggressiveness. Thus, the man-made problems are usually the most
significant triggers.
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Fig. 22. Salt heave affecting black top, central Oman.
Table 1. Aggressive groundwater hazard zones (after Fookes & French 1977)
Zone Description
I
II

III

Fig. 20. Soil-filled gull formed within the gypcrete duricrust, central
Oman.

IV

No hazard from groundwater as the limit of the capillary fringe is
below foundation depth. Protection may be needed in some cases
The limit of the capillary fringe is below ground surface but
sufficiently close to it to affect foundations. Concrete and
structures will need protection
The limit of the capillary fringe is potentially above ground level
so that both foundations and superstructures are at risk. Full
protective measures should be used if construction is necessary
The water table is within 0.5 m of the ground surface for most
of the year so that foundations are emplaced in water and there
is potential for capillary rise to well above ground level. These
areas should be avoided

reference to a new approach to the desert model and detailed
specialized assessments of the latest methods for materials characterization and testing.
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