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Abstract
South Africa boasts some of the most impressive sandstone landscapes and landforms in the
world, and although these are widely distributed across South Africa, some of the most
spectacular examples are associated with the Molteno, Elliot and Clarens Formations in the
central region of South Africa. The prominence of sandstone in this region is primarily owing
to palaeo-basin infilling during the late Carboniferous and a climate dominated by seasonal
precipitation patterns, both now and in the past. Consequently, a range of weathering and
erosion processes have operated at wide-ranging spatial scales upon the sandstone outcrops.
The chapter describes prominent sandstone landscapes (plateaus, mesa-butte topography,
scarplands, slopes) and landforms (e.g. ichnofossil structures, honeycombs, rock arches, rock
doughnuts) of central South Africa and reflects on their associated cultural heritage and
geoheritage linkages. For instance, almost all known San rock art sites are associated with
sandstone, yet rapid weathering of such rock is jeopardizing the longevity of this cultural
legacy.
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2.1 Introduction

A considerable portion of South Africa’s landscape is
characterized by sedimentary rocks which represent infilled
basins such as the Main Karoo basin, which is now the
primary host to the subcontinent’s sandstone landscapes and
landforms (Fig. 2.1). Importantly, this basin contains rich
palaeontological and hominid fossil records (e.g. Sterkfon-
tein), and world-renowned rock art sites (e.g. Kamberg,
Main Caves at Giant’s Castle), which therefore has consid-
erable geotourism appeal. It is likely that the spectacular
sandstone landscape and landforms also fascinated early
settlers, as attested by place names such as ‘Kamieskroon’

(kroon = ‘crown’, to describe the prominent sandstone rock
formation upon a hill) in the Western Cape, and ‘Maan-
haarrand’ (meaning ‘mane of a horse’ which describes a
sandstone ridge outcrop) in the Magaliesberg (Fig. 2.1).

Early sandstone work in South Africa was primarily
concerned with describing the macroscale landscape of slope
forms (e.g. King 1953, 1957; Le Roux 1978; Moon and
Munro-Perry 1988). In contrast, more recent work has
described the rich variety of sandstone landforms in areas
such as the eastern Free State Province (Grab et al. 2011),
suggested process mechanisms for rock doughnut formation
(Grab and Svensen 2011), and undertaken experimental
work on sandstone weathering (e.g. Mol 2014). This chapter
provides the geological context to sandstone landscapes in
the central Karoo Basin region of South Africa including
areas in the Free State and Eastern Cape and illustrates
examples of some of the more intriguing landforms found
within them. Finally, the strong connectivity between
sandstone geomorphology and cultural (stone) heritage
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provides for mixed (i.e. natural and cultural) heritage tourist
attractions, for which these regions are already well known.
Places referred to in the text are represented in Fig. 2.2.

2.2 Geological Setting

Most sedimentary rocks in South Africa are a product of
basin infills, of which there are several including the Main
Karoo Basin, which existed over much of the central interior
of South Africa (Fig. 2.1). This chapter will focus on this
region specifically.

The sandstone succession in the Karoo Basin accumu-
lated over a period spanning from the late Carboniferous
(*300 Ma) to the early Jurassic (*190 Ma). Climate
change over this time period influenced sediment type,
depositional environments and geological structures (e.g.

bedding planes) of the various sandstone formations. In turn,
these have influenced the spatially variable weathering and
erosion processes over time. Subsequent infilling of the
basin yielded a total stratigraphic thickness of *12 km, and
the Karoo Supergroup currently crops out over more than
half of South Africa (*600,000 km2). However, the most
striking sandstone landscapes/landforms are those associated
with the Molteno, Elliot and Clarens Formations of the
Karoo Supergroup. The late Triassic Molteno Formation
outcrops over *25,000 km2, consists of rock types ranging
from mudstones to coarse sandstones, and attains a maxi-
mum thickness of *460 m (Turner 1983). The Elliot For-
mation (formerly known as the ‘red beds’) represents a
transition from predominantly fluvial and lacustrine during
the late Triassic to increasingly aeolian during the early
Jurassic (Lucas and Hancox 2001) (Fig. 2.2). The ‘Lower
Elliot Formation’ consists of thick mudstones and isolated

Fig. 2.1 Sandstone/sedimentary outcrops in South Africa, Lesotho and Swaziland (redrafted after Council for Geoscience, 1997; Stefan Grab and
Wendy Phillips)
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channel sandstones, while the fine- to medium-grained and
interbedded mudstones of the ‘Upper Elliot Formation’ are
thought to be the product of an ephemeral flash flood-
dominated fluvial system (Bordy et al. 2004a).

The final phase of basin infill was associated with shal-
lowing-upward lake infill with alluvial fan propagation on
the northern basin margin (Eriksson 1986; Holzförster
2007). The resulting Clarens Formation (Fig. 2.3) was pre-
viously known as ‘cave sandstone formation’ owing to the
prominent concavities/overhangs at the base of near-vertical
cliffs. Although the Clarens Formation is represented by the
finest textured sandstones within the sandstone stratigraphic
sequence, a variety of sedimentary rock types ranging from
mudstones and shale to coarse conglomeratic sandstones has
been identified within it.

2.3 Sandstone Landscapes

The sandstone landscapes of central South Africa have an
important place in global geomorphology, as this is where
Lester King (1953, 1957) developed his ideas of parallel
slope retreat. More recently, Moon and Munro-Perry (1988)
tested the concept of parallel slope retreat in the sandstone
landscapes of the north-eastern Free State province; they
found a variety of sandstone slope forms and concluded that
many site-specific conditions determine hillslope develop-
ment. In most instances, valley side slopes develop by cliff
retreat and subsequent replacement by rectilinear bedrock
slopes, which may at first be mantled by weathered debris.
The sandstone slope forms are well preserved over geological

Fig. 2.2 Locations of sandstone phenomena and places mentioned in the text of this chapter
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time scales owing to the relatively resistant nature of the
sandstone bedrock (Moon and Munro-Perry 1988).

The western plateau regions, especially in the eastern Free
State, are the product of long periods of landscape denudation
associated with predominantly parallel scarp retreat through
large drainage meander systems undercutting slopes and
causing cliffline failure and colluviation. Consequently, this is
a landscape of mesas and buttes (Fig. 2.4); here, the cliff faces
are relatively smooth and uniform, suggesting little contem-
porary spatial variation in rates of cliffline retreat. The typical
succession of convex interfluves—near-vertical cliffs—linear
colluvial mid-slopes—and concave foot slopes is notable in
this landscape. In the wetter north-eastern Free State, the
lower slopes are relatively stable and vegetated, but as one
travels towards the south-western Karoo Basin, the drier cli-
mate exposes lower slope elements to more visible contem-
porary denudation (active gullies and colluvial fans). The
mesa-butte sandstone landscape is primarily controlled by a
more resistant upper basalt or Clarens sandstone outcrop,
which in places provides a distinct lateral protrusion or cap-
ping over the underlying light yellowish Clarens and reddish
Elliot sandstones (Fig. 2.3). The stratigraphic positioning of
more highly jointed lower Clarens and Elliot sandstones

(often represented as mudstones) regularly coincides with
areas of groundwater seepage (sapping), hence creating the
conspicuous overhangs that contour slopes for hundreds of
metres. Such undercutting also causes widespread block/
toppling failure, which is still currently active and contributes
to rock fall debris mantles.

By contrast, the sandstone landscape to the east of the
Great Escarpment is a product of rapid incision enhanced by
a dense drainage network and wet climate. Upper catch-
ments are within the Drakensberg basalts and are largely
controlled by major basaltic lineaments and dolerite intru-
sions. The drainage network produced relatively deeply
incised sandstone valleys (with narrow gorges, waterfalls
and cascades) in the upper reaches (Fig. 2.5a), yet elsewhere
ridges and valleys are uniformly spaced and asymmetric in
cross-profile. Valley-side drainage off sandstone interfluves
in several places has also initiated very regular patterns of
bedrock ‘ribs’ and adjacent eroded channels, likely con-
trolled by bedrock mechanical strength and climate.

On interfluves, landforms include ‘tors’ or ‘domes’ and
‘pillars’ (Fig. 2.5b), which in some instances have become
tourist attractions named after the rock formation, such as the
‘Policeman’s helmet’ at Royal Natal National Park or

Fig. 2.3 The Elliot Formation (‘red bed’) underlying the aeolian Clarens Formation, eastern Free State (the arrow indicates the distinct boundary
between the two formations) (Photograph S. Grab)
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‘Mushroom rock’ outside the town of Clarens. These are
thought to be a product of initial subsurface etching, and
once exposed are subject to enhanced weathering and ero-
sion associated with joints and areas of lower rock strength
at the base of these phenomena (Ollier 1978).

2.4 Sandstone Landforms

More striking than sandstone landscapes is the diversity of
specific sandstone landforms within them, which vary from
micro-scale (mm) to tens of metres in size. These are

primarily a product of site-specific weathering and erosion
over geological and shorter timescales. Several conspicuous
contemporary sandstone landforms are also a product of
geohydrological or biological activity of the past. Here, a
few of the most striking landforms are described.

Pentagonally or hexagonally fractured sandstone sur-
faces (crack diameters = *2–5 cm; surface diameters = *5
to >50 cm) are particularly common in case-hardened
sandstone outcrops (Fig. 2.6a). Suggested mechanisms
include shrinkage of silica gel due to changing rock thermal
and/or moisture conditions (Robinson and Williams 1992)
and thermal surface stress (Croll 2009), although it remains

Fig. 2.4 A butte in the eastern Free State, west of the Great Escarpment (Photograph S. Grab)

Fig. 2.5 a Steep, incised sandstone valley to the east of the Great Escarpment, Drakensberg foothills; b mushroom shaped ‘tor’/‘pillar’/‘dome’,
Sehlabathebe National Park, Drakensberg (*17 m in height) (Photographs S. Grab)
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unclear whether these are syndepositional or postdeposi-
tional phenomena. In many instances, such fractures direct
surface run-off producing rinnenkarren (rundkarren) or ril-
lenkarren (‘solution flutes’), which are likely strongly asso-
ciated with dissolution and biokarstic processes. In some
instances, long micro-drainage channels connect a succes-
sion of shallow rock basins.

Honeycombs, consisting of closely spaced pits bounded
by thin raised lips or walls (McBride and Picard 2004), are
widespread in sandstone outcrops throughout South Africa
(Fig. 2.6b). Such micro-weathering forms (few tens of cm
across), also known as ‘alveoli’, are commonly ascribed to
salt solutional and salt recrystallization processes. In con-
trast, case-hardening by iron oxide or calcium carbonate
provides greater resistance to weathering between the pits
(McBride and Picard 2004). Somewhat larger tafoni (several
metres across) cavernous weathering/erosion forms also
occur, albeit less frequently. These typically have over-
hanging lips/hoods/visors, arch-shaped entrances, concave
inner walls, overhanging margins and relatively smooth,
gently sloping, debris-covered floors (Grab et al. 2011).

The largest cavernous sandstone forms are those com-
monly referred to as amphitheatres or alcoves (e.g. Laity and
Malin 1985), which overhang below the cliffline. These may
be up to several hundred metres in diameter and over 100 m
in height. Several mechanisms may be responsible; these
include groundwater sapping and perched water tables

locally weakening rock, granular disintegration, wind ero-
sion, rock falls and plunge pool scour at the base of water-
falls, all of which produce caverns below vertical cliffs.
These processes are most enhanced where weaker, less
permeable sedimentary strata underlie stronger or case-
hardened cap rock (Ryan et al. 2012).

Apart from coastal rock arches (see Chap. 7), sandstone
arches are best known from the Cederberg (‘Wolfberg Arch’:
see Chap. 10) and southern Drakensberg/Lesotho regions of
South Africa, with smaller examples also occurring across the
Karoo, Eastern Cape, Magaliesberg and Mpumalanga
escarpment regions. Natural bridges, which are rock arches
that span across valleys, have been documented during his-
torical times from the Golden Gate Highlands National Park
(Fig. 2.7), two in the Mpumalanga Province (see Chap. 19)
and one in the remote Lesobeng Valley in central Lesotho—
which is also likely the largest rock arch in southern Africa at
*70 m across, *9 m in height and *4 m in bedrock thick-
ness at the centre of the arch. Arches, in contrast to natural
bridges, do not span valleys but are typically found in canyon
lands (Dixon 2010) and denuded sandstone-dominated pla-
teaus and interfluves, such as is the case at Sehlabathebe
National Park (SNP) (Fig. 2.8). Here is found the highest
concentration of rock arches in southern Africa (*10–12);
these are typically 5–12 m in diameter and*4–5 m in height.
Most sandstone rock arches are thought to be the product of
enhanced weathering and erosion along joint/fracture zones,

Fig. 2.6 a Fractured sandstone surface on case-hardened rock, eastern Free State (pen for scale); b honeycombs, in which both birds and rodents
build their nests, Eastern Cape (total height = *220 cm) (Photographs S. Grab)
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often associated with rockfalls along horizontal or vertical
discontinuities, eventually leading to material collapse and
production of the ‘window area’ (Leasure et al. 2007).

A variety of raised conical- or cone-shaped structures,
often with a central pothole (rock basin), have been descri-
bed from several Clarens Formation sandstone outcrops in

Fig. 2.7 A natural rock bridge
(now collapsed) in the Golden
Gate Highlands National Park, as
depicted in a photograph by
Johan Van Reenen, dating to ca
1930–1940 (Source South
African National Parks)

Fig. 2.8 Rock arch in Clarens
Fm. sandstone, Sehlabathebe
National Park, Drakensberg
(*7 m in width; *5 m in height)
(Photograph S. Grab)
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South Africa, including the Eastern Cape, KwaZulu-Natal,
Free State and Limpopo provinces. These are typically
known as rock doughnuts, which are circular/oval in plan,
and many are bowl shaped in cross section with a pothole in
the centre. Potholes develop singly or in clusters, are flat
floored and contain weathered detritus. Rock basins may
contain standing water for short periods after rainfall events,
or for several weeks to months during wet periods/seasons,
and induce both chemical weathering associated with dis-
solution (Domínguez-Villar et al. 2009), and mechanical
(Goudie and Migoń 1997) weathering.

The hypotheses for rock doughnut formation range from
differential water-level weathering/erosion due to water/
moisture contrasts near the surface (e.g. Twidale and Vidal
Romaní 2005) to lithological variations, liquefaction and
fluidization, which produce clastic pipes (Netoff and Shroba
2001; Grab and Svensen 2011). In places, small and circular
pipe structures filled with calcite-cemented sand are present
and suggest conduits for fluidized sand. This may suggest that
some of these features are Jurassic remnants cemented with
superimposed and secondary silica (Grab and Svensen 2011).

2.5 Biological Influences
on Sandstone Formations

Biota such as lichens, fungi and cyanobacteria are known to
shape sandstone surfaces, causing relatively small-scale
(mm–cm) etching, pitting and flaking (see Viles et al. 2008).
Larger-scale (cm–m) fossilized sandstone phenomena (ich-
nofossils) in the form of insectivorous nests (calie) have also
been reported from central South Africa.

Most sandstone surfaces in central South Africa are at
least partially lichen covered and are thus weathered through
processes including cation chelation, dissolution, swelling
and hyphal penetration (see Grab et al. 2011). In addition,
the larvae of a bagworm moth species (Lepidoptera) asso-
ciated with endolithic lichen further contribute to weathering
by dissolving the sandstone-cementing agents (Wessels and
Wessels 1991). Cryptoendolithic cyanobacteria (blue-green
algae) are also widespread, and typically so along sandstone
fractures where weathering is induced by substrate alkali-
zation during photosynthesis (Büdel et al. 2004). These
processes are responsible for micro-weathering forms such
as circular or crescentric-shaped depressions bounded by
micro-scarps (Fig. 2.9a). The sandstone rock basins or pot-
holes mentioned in Sect. 2.4 are not only a product of
mechanical geomorphic processes, but also closely con-
nected to cyanobacteria and other micro-organisms found in
the microbial mats within sandstone depressions. Complex
biofilms may accumulate at the base of rock basins, dis-
solving cementing agents between sandstone grains, but also
act as biological sealants to water infiltration (see Chan et al.
2005).

Unique sandstone pillars (Fig. 2.9b) up to 3.3 m in
height, possibly representing fossil termite (or other social
soil-dwelling organism) nests, are prominent in the eastern
Free State/western Lesotho and Tuli Basin regions (Bordy
et al. 2004b, 2009). These ichnofossils occur in groups,
typically spaced between 0.5 and 10 m. The true height of
the features is difficult to determine owing to denudation at
the top of the pillars and extension into the parent bedrock
at the base, but may typically stand 1–3 m above ground.
The basal circumference commonly exceeds 1 m, but

Fig. 2.9 a A lichen-weathered sandstone surface: note the crescentric-shaped depressions bounded by micro-scarps (Photograph S. Grab);
b sandstone ichnofossils of likely termite origin, Limpopo Province (Photograph E. Bordy)
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pillars narrow towards their apices. Although the outer
walls are relatively smooth, the internal bioturbated struc-
ture consists of interconnected burrows, channels, ducts
and tubes averaging 0.5–2 cm in diameter. The pillars are
exposed due to differential rates of weathering and erosion
between the nest sites and surrounding sandstone, even
though both are of aeolian origin. The elongated north–
south-orientated nests are thought to be a bioengineered
midday heat deflection construction in what would have
been an arid hot environment (Bordy et al. 2004b). The
biochemical process involved produces a hydrophobic film,
which, together with the general absence of swelling clays
but abundance of quartz minerals in Clarens Formation
sandstones, lowers shrinkage but increases the bonding
mechanism. Consequently, surrounding sandstone would
have weathered and eroded more rapidly, thus exposing
and preserving the ichno-fossiliferous sandstone pillars.

2.6 Sandstone Geomorphology
and Cultural Heritage

There are exceptionally strong associations between
southern African sandstone and cultural heritage/geoheri-
tage. For instance, the SNP was added to the World Heri-
tage Site List (mixed cultural/natural category) in 2013, in
part given its sandstone landscape appeal. Sandstone
overhangs (alcoves) were important occupation sites by the
San (‘Bushman’) for at least the last two thousand years. In
addition, ancient rock dwellings from former hunter-gath-
erer and early farmers still occur in some sandstone over-
hangs (Fig. 2.10a). There were even accounts of missionary
workers during the nineteenth century taking refuge in such
rock shelters during times of war. Elsewhere, sandstone
potholes have been used in former times for fire making,
and surfaces used for engraving outlines for the Morabaraba

Fig. 2.10 Sandstone cultural heritage: a rock dwelling within a
sandstone cavity (indicated by red arrow), b the morabaraba board
game (note the lichen growth along the engraved sections, indicating

pronounced micro-spatial bioweathering) and c weathered San rock art
(Photographs S. Grab)
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board game (Lesotho variant of Nine Men’s Morris board
game) (Fig. 2.10b).

Arguably the best example of mixed cultural/sandstone
heritage is that through the preservation of San rock art on
sandstone surfaces (Fig. 2.10c). Several thousand rock art
sites are known, almost all of which are located within finer-
grained sandstone outcrops (particularly Clarens Formation),
owing to their smooth and light-coloured surfaces. Rock art
sites frequently occur within overhangs where active weath-
ering makes the paintings fragile. Water seepage and thermal
stress at such sites have been identified as contributing factors
in their disintegration (e.g. Hoerlé 2006). Thus, considerable
attention has been given to understanding rock weathering
and art deterioration at key field sites (e.g. Mol and Viles
2010). However, protecting such art in the natural environ-
ment is exceptionally difficult. One option is to identify the
most critical rock art panels likely to detach in the near future,
through techniques such as GPR profiling (e.g. Denis et al.
2009), and possibly to retrieve these panels from such sites—
although this action is controversial.

2.7 Concluding Remarks

Sandstone weathering and erosion has produced remarkable
landscapes, landforms and niches for cultural preservation in
the central Karoo Basin of South Africa; arguably one of the
best examples globally. It was through the observation and
theorization of South African sandstone landscapes by the likes
of King that brought attention to southern Africa’s rich geo-
morphological heritage. In contrast, more recent micro-scale
approaches towards understanding sandstone geomorphic
processes, particularly in the context of weathering associated
with rock art deterioration/preservation, have highlighted the
global value of this natural geomorphic laboratory. The lon-
gevity and preservation of some sandstone landforms and
associated cultural artefacts are now threatened through climate
change, inappropriate management, land transformation and
tourism, and thus require better attention in future.
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