
1. Introduction

1.1. Process-related geology

The research question in the present study is wheth-
er the geological features in the Dwyka Group of 
South Africa indicate glacial conditions or not.

Schermerhorn (1974, 1976a, 1976b, 1977) pub-
lished a comprehensive review which document-
ed evidence for a sediment gravity flow origin of 
ancient tillites, shown in his classic work on Late 
Precambrian diamictites, even though an older pa-
per by Crowell (1957) is considered to be the first to 
have covered this research area. Since then there has 
been a growing understanding that many pre-Pleis-
tocene glaciogenic deposits could have been formed 

by different kinds of slumps, slides and sediment 
gravity flows like turbidity currents, and especially 
by cohesive debris flows (e.g., Eyles, 1993; Eyles & 
Januszczak, 2007; Vesely et al., 2018; Fedorchuk et 
al., 2019; Kennedy & Eyles, 2021).

In this context the origin of the Permo-Carbon-
iferous Dwyka Group diamictites of South Africa 
was studied. As most documentation of the general 
geology of the Dwyka Group formerly published 
does not need discussion, only geological features 
which are particularly important for the origin of 
the deposits were examined in detail. Independent 
of the process – glaciation or sediment gravity flow 
– the source and age of the sediments will be simi-
lar, e.g., data published by Griffis et al. (2021) and 
interpreted in a glaciogenic context still hold, even 
if the process may be different.
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Abstract

The Gondwana Late Palaeozoic Ice Age is probably best represented by the Dwyka Group in South Africa. Striated and 
grooved surfaces or pavements are commonly considered to have formed subglacially, as are diamictites which have 
been interpreted as in-situ or reworked tillites. These interpretations were tested by investigation of outcrops in former-
ly well-studied areas, throughout South Africa. Detailed analyses have focused on striated surfaces/pavements and 
surface microtextures on quartz sand grains in diamictites. The sedimentological context of four pavements, interpreted 
to be glaciogenic, display features commonly associated with sediment gravity flows, rather than glaciation. A total of 
4,271 quartz sand grains were subsampled from outcrops that are considered mainly to be tillites formed by continental 
glaciation. These grains, analysed by SEM, do not demonstrate the characteristic surface microtexture combinations of 
fracturing and irregular abrasion associated with Quaternary glacial deposits, but mainly a mix of surface microtextures 
associated with multicyclical grains. The Dwyka Group diamictites warrant reinterpretation as non-glacial sediment 
gravity flow deposits.
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Commonly, researchers start with the inter-
pretation that the Dwyka Group is to a large part 
glaciogenic, as this is the current understanding 
of the geological features. In the present work the 
starting assumption is the evidence from geological 
processes of Pleistocene and recent glaciations, i.e., 
a process-related issue (Shanmugam, 2021; Molén, 
2022a, 2022b), and not former interpretations. The 
most distinctive geological feature from the Dwyka 
Group interpreted to be glaciogenic is striated and 
grooved surfaces, i.e., ‘glacial pavements’. There-
fore, a sample of well-known striated surfaces was 
studied in detail and compared to striated surfaces 
produced by Quaternary glaciers and by sediment 
gravity flows (e.g., Peakall et al., 2020). Further-
more, surface microtextures on quartz grains will 
display evidence of any glaciogenic transport his-
tory of diamictites, even if sediments had been re-
worked by, for instance, slides or sediment gravity 
flows (Mahaney, 2002; Molén, 2014). Therefore, to 
uncover the transport history of the Dwyka Group 
diamictites, quartz sand grains were studied by 
SEM.

1.2. Origin of geological features – 
glaciogenic or related to sediment 
gravity flows

Differences between glaciogenic and mass flow 
features often can be revealed by comparing data 
from different geological disciplines (compare 
Shanmugam et al., 1994; Major et al., 2005; Talling 
et al., 2007, 2012; Dakin et al., 2013; Shanmugam, 
2016; Molén, 2017, 2021, 2022a, 2022b; Dietrich & 
Hofmann, 2019; Peakall et al., 2020; Cardona et 
al., 2020). Geological features which are common-
ly interpreted as glaciogenic, for example, striated, 
grooved and polished bedrock, including all kinds 
of chevron structures/crescentic gouges/chatter-
marks, grooves and nailhead striations, can form 
as a result of different kinds of mass movements, 
such as avalanches, slides and different kinds of 
sediment gravity flows (Draganits et al., 2008; Da-
kin et al., 2013; Molén, 2017, 2021, 2022a, 2022b; 
Kennedy & Eyles, 2021). A lahar generated by the 
Mount St. Helens eruption truncated volcanic boul-
ders and produced, in places “... a surface similar 
to a glacial pavement cut in conglomerate” (Scott, 
1988, p. A43). A process somewhat similar to glacial 
plucking may be caused by sediment gravity flows, 
and sometimes by fluvial action, even on the face of 
hard granite (Whipple et al., 2000; Dakin et al., 2013; 
Kennedy & Eyles, 2021; Molén, 2022a).

1.3. Geology of the Dwyka Group

1.3.1. History of research, tectonic context and 
evidence of sediment gravity flows

The Dwyka Group is present mainly in large basins, 
the Karoo Basin of South Africa and the Aranos/
Kalahari Basin, the main part in Botswana and Na-
mibia. The unit is conformably overlain by the Ecca 
Group shales to a great depth (e.g., Baiyegunhi & 
Gwavava, 2016; Götz et al., 2018; Bell et al., 2020).

The Dwyka Group has to a large part been stud-
ied with the commonly accepted interpretation, or 
paradigm, that this sedimentary unit was the geo-
logical consequence of a major glaciation. In 1856 
the diamictites were interpreted to be of volcanic 
origin (Sandberg, 1928; Norman, 2013), and lat-
er as mudflows or the result of meteorite impacts, 
including striated surfaces (Geophysical Discus-
sion, 1960; Master, 2012; Rampino, 2017). The gla-
ciogenic interpretation was first published in 1870 
(Hancox & Götz, 2014), generally accepted in 1898 
(Sandberg, 1928), and basically has withstood criti-
cal comments and alternative geological interpreta-
tions. During the early investigations of the Dwyka 
Group, most sections were considered to have been 
deposited subglacially, but as more data accumulat-
ed, interpretations have become more complicated, 
including many and varied glacial advances and 
retreats, and recognising the presence of sediment 
gravity flows and rain-out deposits (Visser, 1986, 
1990, 1994, 1996, 1997; Visser et al., 1997a, 1997b; Is-
bell et al., 2008; Dunlevey & Smith, 2011).

The current work is mainly concerned with the 
Karoo Basin, an area which was primarily con-
trolled by tectonism (Von Brunn, 1994; Visser, 1997; 
Bangert & Von Brunn, 2001; Isbell et al., 2008). Part-
ly overlapping, and extending outside of the time 
period of the deposition of the Dwyka Group, large 
compressional events are associated with the Cape 
orogeny (Scheiber-Enslin et al., 2015). In the south-
ern part of South Africa, the Dwyka Group was tec-
tonically deformed during uplift and partially met-
amorphosed (Fagereng, 2014). In conclusion, the 
Karoo Basin shows evidence of downwarping as a 
lithospheric deflection (Dietrich & Hofmann, 2019). 
The basin may be seen as a retroarc foreland basin, 
and the Dwyka Group forms its basal part (John-
son et al., 1997; Catuneanu et al., 2005; Barbolini et 
al., 2018; Hansen et al., 2019; Dietrich & Hofmann, 
2019).

In areas with Dwyka Group sediments in Na-
mibia, interpreted to be subglacial, the basal uncon-
formity below diamictites may be highly irregular 
and heterogenous, with areas of sediment injections 
into the underlying basement, and ‘elongated boul-
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ders’ of sediment displaying fractures (Le Heron 
et al., 2021), i.e., an appearance partly similar to 
jigsaw-puzzle textures which are common in sed-
iment gravity flow deposits (Dufresne et al., 2021; 
Molén 2021). Furthermore, in Namibia, Martin 
(1981) described ‘pre-glacial valleys’ that were gla-
ciated and also crossed obliquely by glaciers. As the 
valleys are interpreted to be mainly pre-glacial, per-
haps originating by tectonism and glaciated during 
the Neoproterozoic (Bechstädt et al., 2018), it may 
be difficult to determine if there is any impact from 
more recent glaciers, as the pre-glacial appearance 
is still present. The descriptions of these valleys are 
general glaciogenic interpretations of different ge-
ological features (Dietrich et al., 2021), but details 
which have not been documented may often reveal 
alternative interpretations of, for example, striations 
and roches moutonnées (Molén, 2022a, 2022b). Na-
mibian (‘pre-glacial’) valleys do not display typical 
characteristics of fjords (i.e., no ridge at the outlet 
and not narrow), despite the fact that it may be the 
current interpretation (Dietrich et al., 2021). Valleys 
in northern South Africa have uneven floors (Viss-
er, 1987). The Virginia Valley (Orange Free State), 
which has been described as a fjord, does not dis-
play the typical narrowness, overdeepening and a 
prominent “sill” or ridge at the outlet, so typical of 
fjords (Mangerud et al., 2019), but is a rather wide 
and shallow valley (Visser & Kingsley, 1982). Hang-
ing valleys, including in magmatic/metamorphic 
bedrock, are often present in subaqueous and oth-
er non-glacial canyons (Dill, 1964; Shepard & Dill, 
1966; Mitchell, 2006; Amblas et al., 2011; Norman-
deau et al., 2015), and are not exclusive to glacia-
tion. Hanging valleys that have been reported from 
the Dwyka Group may therefore be interpreted to 
be non-glacial (Visser, 1982; Hancox & Götz, 2014). 
U-shaped valleys commonly form by non-glacial 
processes, so the shape by itself is not evidence of 
glaciation (Amblas et al., 2011; Puga Bernabéu et al., 
2020).

The Dwyka Group sediments consist of very 
complex layered successions with many diamictites, 
sandstones and shales superimposed or interfinger-
ing with and/or eroded into each other (Visser et 
al., 1987; Visser & Loock 1982, 1988; Visser, 1988, 
1989a, 1989b; Dietrich & Hofmann, 2019), similar to 
and often interpreted to be sediment gravity flow 
deposits. The glaciogenic outcrops both in South 
Africa and South America, have lately been reinter-
preted to have originated from many smaller gla-
ciers and not one large glacier that was continuous 
and covered large parts of Gondwana (Dietrich et 
al., 2019; Fedorchuk et al., 2019), even though there 
is still an ongoing discussion (Craddock et al., 2019; 

Griffis et al., 2021). Therefore, reinterpretation of 
the Dwyka Group diamictites may not affect the in-
terpretation of any other Gondwana diamictites, as 
the glaciation at any rate is considered to be patchy 
or discontinuous during its long duration. Massive 
diamictites have been discovered to be often strati-
fied and to be aprons, fans or debris flows and not 
deposited subglacially (Visser, 1994, 1997; Visser et 
al., 1997a; Huber et al., 2001; Haldorsen et al., 2001; 
Isbell et al., 2008; Dietrich & Hofmann, 2019; Jo-
han Visser, pers. comm., 2020), and some authors 
believe that there are only very few places where 
there is subglacial basal/lodgement tillite (Visser, 
1997; Isbell et al., 2008), while others are more likely 
to interpret diamictites as subglacially formed (e.g., 
Blignault & Theron, 2015). Horan (2015) reinterpret-
ed much of the Dwyka Group as having been de-
posited in a large lake. All these new interpretations 
and data make it difficult to know what is consid-
ered to be primarily glaciogenic.

Where massive diamictite rests on igneous (or 
metamorphic) bedrock, there are often large areas 
displaying a thin layer (maximum 1 m in thickness) 
superimposed on the bedrock of brecciated and re-
worked, but not (heavily) abraded bedrock materi-
al, similar to what may also be present discontinu-
ously at the base of cohesive sediment gravity flows 
(Festa et al., 2016). In addition, there is evidence of 
soft sediment deformation or thinly bedded sedi-
mentary deposits superposed on the breccia (Viss-
er, 1981, 1997; Isbell et al., 2008), indicating a less 
powerful environment than underneath a glacier 
and similar to facies produced by sediment grav-
ity flows. Such a sequence may be interpreted as 
tectonic shattering of the bedrock followed by sed-
iment gravity flows (Molén, 2021). However, brec-
ciation may also be formed in the basal shear zone 
below mass flows (Cardona et al., 2020), while bed-
rock in the subglacial environment is plucked and 
heavily abraded.

1.3.2. Dropstones and palaeotransport
Outsized clasts which are generally interpreted as 
dropstones are present in the Dwyka Group and are 
commonly small (Tavener-Smith & Mason, 1983). 
Solitary clasts, well rounded or angular, which are 
enclosed by sediments with a similar appearance as 
around dropstones, commonly are also transport-
ed by floating vegetation and in sediment gravity 
flows. There are boulders up to 70 kg in Carbon-
iferous coal seams (Price, 1932; Liu & Gastaldo, 
1992), and boulders transported by modern floating 
(commonly larger) tree roots are up to 3 m (Ben-
nett et al., 1996). From Cretaceous and Carbonif-
erous sedimentary rocks, boulders were described 
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that were transported over up to 100 km by floating 
vegetation (Hawkes, 1943; Liu & Gastaldo, 1992). 
But, more importantly, there is commonly an abun-
dance of clasts, occasionally in sizes up to metres 
in diameter, within sediment gravity flow deposits 
and embedded in a clayey and in instances rhyth-
mic matrix (e.g., Bouma, 1964; Embley, 1982; Molén, 
2017, 2021, 2022a; Peakall et al., 2020). If the ‘drop-
stones’ only display evidence of sediment draping 
and compaction, it may indicate a sediment gravi-
ty flow. If there is penetration of clasts, these may 
have been dropped by an agent but may also have 
been transported by sediment gravity flows (Ken-
nedy & Eyles, 2021; Molén, 2021, 2022a, 2022b). 
Tavener-Smith & Mason (1983) and Haldorsen et al. 
(2001) documented ‘dropstones’ from South Africa 
which are mainly draped by or within single strata 
of rhythmites or other sedimentary strata, and Viss-
er (1983b) described outsized clasts in debris flow 
deposits, none that is different from occurrences 
of outsized clasts in non-glaciogenic deposits (e.g., 
Molén, 2017, 2021; Kennedy & Eyles, 2021). 

Rhythmites in the Dwyka Group have been in-
terpreted to be deposited from turbidity currents or 
tidal activity (Isbell et al., 2008). Within the diamic-
tites, in what is described as the northern valley fa-
cies association of the Dwyka Group, most clasts are 
local. In what is described as the southern platform 
facies association (downstream from the northern 
valley facies) there is more far-transported material 
(Visser & Loock, 1982; Visser, 1986).

Palaeoslopes in the area are commonly referred 
to, but seldom measured (e.g., Visser et al., 1997a), 
but there is no evidence of large areas with lower 
slopes than below that documented for sediment 
gravity flows or slides of 0.05–1°, in instances for up 
to distances of 1,000 km (Yincan et al., 2017; Shan-
mugam, 2021; Molén, 2022a).

1.3.3. Pavements/striated surfaces
Usually, striations and grooves on bedrock are 
curved and irregular below glaciers (Flint, 1961; 
Iverson, 1991). By contrast, they are often straight 
when caused by tectonism or slides, and they may 
be both straight and curved due to sediment grav-
ity flows but commonly are parallel or sub-paral-
lel (e.g., Lindsay, 1970; Schermerhorn, 1970, 1971; 
Savage, 1972; Deynoux & Trompette, 1976; Glicken, 
1996; Peakall et al., 2020).

Soft-sediment striations and pavements are 
commonly produced below sediment gravity 
flows, including crossed striations up to 90°, and in 
rare cases below flow tills (which is a kind of sedi-
ment gravity flow) (Evenson et al., 1977; Kneller et 
al., 1991; Pickering et al., 1992; Dakin et al., 2013; 

Molén, 2022a), covering areas of up to c. 300 km2 
and for distances in excess of 40 km (Peakall et al., 
2020). Soft-sediment pavements have not been doc-
umented to form commonly (or not at all) by direct 
glacial action.

Striated surfaces are numerous within and un-
derneath the Dwyka Group sediments, and are con-
sidered as probably the prime geological evidence 
of glaciation. Many of the Dwyka striated surfaces 
were formed in unconsolidated material (Dietrich 
& Hofmann, 2019; Le Heron et al., 2019), and stri-
ations and grooves are often parallel (e.g., Savage 
1972). In soft sediments, striated surfaces which 
are interpreted to be glaciogenic are often superim-
posed, or stacked, in many layers above each oth-
er. Similar stacked surfaces with parallel striations 
are not known from Pleistocene deposits where it 
is known that glaciers were the final depositional 
agent. They are similar to so-called tectonic hydro-
plastic slickensides or internal grooves and stria-
tions that form in soft sand and mud (Enos, 1969; 
Petit & Laville, 1987; Simms, 2007; Cesta, 2015; Le 
Heron et al., 2014), but they are sometimes inter-
preted as internal movements in sand caused by 
overriding ice (Deynoux & Ghienne, 2004; Le Heron 
et al., 2005, 2019).

Commonly, the Dwyka Group striated surfac-
es/pavements display features which are strikingly 
different from Quaternary glacially striated surfac-
es. Six examples of such differences are:
a) Striations continue unbroken from on top of a 

‘tillite’ into the striations on the pavement below 
(Flint, 1961).

b) Striations are present in triple superposed/
stacked soft-sediment surfaces on top of a striat-
ed surface/pavement in Ventersdorp lava (Viss-
er, 1988).

c) Thin soft sediment beds are present between 
striated pavement and diamictite (Slater et al., 
1932; Visser, 1988; Visser & Loock, 1988).

d) A soft-sediment striated surface is cut into ripple 
laminated siltstone (Visser, 1983a).

e) Fossil plants are present on top of a striated 
pavement and compressed below ‘tillite’ (du 
Toit, 1926; Sandberg, 1928).

f) A soft-sediment striated surface is draped with 
mudrock with crustacean track ways, which 
passes up to diamictite (Von Brunn, 1996).

1.3.4. Interpreting climate data
Model calculations of pCO2 during the Phanerozo-
ic are inconclusive (Montañez et al., 2016; Myers, 
2016; Dahl & Arens, 2020), and recent reviews of 
palaeotemperatures had to dismiss about half of the 
data to make it fit in with current interpretations of 
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palaeoclimate (Scotese et al., 2021). The δ13Corg does 
not change in the post-glacial Ecca Formation which 
conformably overlies the Dwyka Group (Scheffler 
et al., 2003). The δ13Corg in the Dwyka Group dis-
plays evidence of a primarily algal origin (Scheffler 
et al., 2003). Therefore, 13C-discrimination cannot be 
used as a final answer for past CO2 levels.

The fossil vegetation of the Late Carboniferous 
and Early Permian South Africa deposits does not 
include plants described as displaying physiologi-
cal adaptations typical of cold or subpolar climate 
species (Anderson & McLachlan, 1976; McLough-
lin, 2011; Hancox & Götz, 2014). Fossils of the Glos-
sopteris flora are closely associated with the Dwyka 
Group diamictites, and have even been discovered 
between ‘tillite’ and the underlying ‘ice-polished 
bedrock’ (du Toit, 1926; Sandberg, 1928). Coalified 
plant fragments also occur within massive ‘tillites’, 
and coal seams are often situated superimposed on, 
or between, ‘tillites’ (Anderson & McLachlan, 1976; 
Stavrakis, 1986; Stavrakis & Smyth, 1991; Visser, 
1989a; Hancox & Götz, 2014). Coal seams that may 
be interbedded with ‘glaciogenic’ diamictites have 

in many instances coalesced with other coal seams to 
form one thick coal seam (Stavrakis & Smyth, 1991). 
The mixing of diamictites and coal beds of the Dwy-
ka Group may be considered to be a result of re-
working (Hancox & Götz, 2014), but coal seams that 
are interbedded between stacked Dwyka diamictite 
deposits are often thin, and complete sequences ap-
pear to be a kind of debris flow deposits (Hancox 
& Götz, 2014). Some deposits may be considered to 
be hyperpycnite beds sorted into dense and dilut-
ed parts with or without plant material, and these 
deposits may later transform into a full spectrum 
of sediment gravity flows (Zavala & Arcuri, 2016; 
Shanmugam, 2019; Zavala, 2019, 2020). The absence 
of fossils in most parts of the Dwyka Group depos-
its may be an indication of water depth or transport 
distance, i.e., deeper water or sorting during longer 
transport. Fossils are seldom reported from within 
debris flow deposits, but in Holocene glaciogenic 
deposits there may be trees and other plants if these 
were growing nearby (Fleisher et al., 2006; Ryder & 
Thomson, 2011).

Fig. 1. Study area and field locations. C – Nooitgedacht, diamictite and striated surface, D – Douglas pavement, E – Oor-
logskloof, soft-sediment pavement, F – Nieuwoudtville, G – Kransgat River, Koringhuis, H – Elandsvlei, J – Mat-
jiesfontein, K – Umkomaas River Valley, L – Durban University of KwaZulu-Natal Westville Campus, M – Durban, 
Coedmore Quarry, N – west of Denny Dalton, O – south-west of Denny Dalton, P – east of Ulundi, Q – Surreyvale. 
The Karoo Basin is marked in a darker colour, approximately, after Catuneanu et al. (2005). General major ice-flow 
directions (arrows) are after Visser (1997), Cape Geosites (2014) and Dietrich & Hofmann (2019).
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As most of the Dwyka Group has now been rein-
terpreted as ‘glacial marine’ deposits from a middle 
palaeolatitude far from the South Pole (Craddock 
et al., 2019; around 30–60°S as depicted by Kent 
& Muttoni, 2020), it has become difficult to distin-
guish these deposits from non-glacially derived 
sediment gravity flow deposits. Some parts of the 
widespread Permo-Carboniferous ‘tillites’ have 
previously been interpreted to have been deposit-
ed close to 30°S (John, 1979; Chumakov & Zharkov, 
2002; Catuneanu et al., 2005; Kent & Muttoni, 2020), 
while at about the same time there were apparently 
no (or very limited in areal extent) glaciers at the 
Permo-Carboniferous South Pole in Antarctica (Is-
bell et al., 2012, 2013; Montañez & Poulsen, 2013; 
Craddock et al., 2019). Likewise, there was no gla-
ciation in South Africa when it was at or close to 
the South Pole during the Devonian and Early Car-
boniferous, even though glaciation has been inter-
preted in South America at the same time (Ruban 
et al., 2007; Kent & Muttoni, 2020; Caputo & Santos, 
2020). Thus, a polar position by itself does not indi-
cate glaciation per se.

2. Research area

The general geology and stratigraphy of the Dwyka 
Group have been thoroughly documented by many 
researchers. The current work is based on these for-
mer descriptions of the research areas which will 
not be repeated here. The question is whether or not 
the current climatological interpretation is correct. 
Several documented diamictite and striated sur-
face/pavement outcrops of the Dwyka Group were 
chosen for field work, in order to investigate fea-
tures that might shed light on their origin. Samples 
for SEM research were collected from Dwyka diam-
ictite deposits from geographically distant parts of 
South Africa, so as to cover both the northern and 
southern area. Whenever possible, samples were 
collected at different levels and outcrops. Striated 
surfaces were studied at Nooitgedacht, Douglas, 
Oorlogskloof and Durban.

All research areas are marked in Figure 1 and 
listed in Table 1 (detailed descriptions can be found 
in Supplemental material).

Table 1. General descriptions of all Dwyka Group samples. All samples consist of > 90% clay, silt and fine sand, except 
where noted otherwise. Details can be found in the Supplemental material.

C. Nooitgedacht, diamictite on Ventersdorp lava pavement
C-1-1 Thin black hard diamictite crust on top of pavement
C1b, C2a C2b, C2bb, C2c, C3a, C3b, C3c, C4 Diamictite. C1b, C2b, C2c, C3b and C3c are stratified
C3bm String 1–10 mm of sediment between pavement and diamictite
C4m Black string 2–3 mm of sediment between pavement and diamictite
F. Nieuwoudtville
F1a, F1aa, F1b, F2, F2b, F3a, F3b. F3c, F5 Diamictite. F5 is stratified
F4, F4b Conglomerate
F4c Weathered sandstone pebble in sample F4, i.e. source rock
G. Kransgat River, Koringhuis homestead/farm
G1a, G1b, G1c, G2a, G2b, G2c Diamictite
H. Elandsvlei farm area
H1, H1a, H2b, H2c Diamcitite
J. South of Matjiesfontein
J1a, J1b, J1c, J1d Diamcitite
K. Umkomaas River Valley
K1a, K1b, K1bb, K1c, K2, K2b, K3b, K3c Diamcitite
L. Durban, University of Kwazulu-Natal Westville Campus
L1, L1b, L1br, L1c Mainly sand and silt. Pavement
M. Durban, Coedmore Quarry
M1, M2, M3, M4, M6 Extra hard, mainly clay. Black
N, O. Denny Dalton
N1a, N2a, N2b, O1a, O2 Diamcitite
P. R66 at Ulundi
P1, P1a, P3a, P3b, P5b, P5c, P5e, P5 norm., P5s Diamictite. P5s is thin sandy string
Q. Surreyvale
Q1, Q3 Diamcitite
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3. Methods

Pavements were recorded and documented in the 
field, as reported in Results. SEM methods are de-
scribed below.

3.1. SEM studies of surface microtextures on 
quartz sand grains

The generation of surface microtextures during 
glaciation is well documented (Mahaney, 2002; 
Molén, 2014, 2017). Even if the final deposition of 
sediments may be non-glaciogenic, e.g., sediment 
gravity flows or rainout till that do not reshape the 
complete grain surfaces and leave little or no im-
print on the grain surfaces, the surface microtex-
tures will display evidence of a former glaciogenic 
history (Molén, 2014). Only if grains were dumped 
onto the top of a glacier (supraglacial), or transport-
ed inside the ice (englacial) and never reached the 
basal part of the glacier, or in periglacial sediments, 
will typical glaciogenic surface microtextures not 
be generated (Molén, 2014, 2017; Woronko, 2016). 
Surface microtextures will originate quickly and in 
large numbers, only if it is an all penetrating and 
continuous energetic environment like below a gla-
cier, and these surface microtextures will probably 
almost immediately display evidence of subglacial 
stress (Molén, 2014). In a less all-penetrating ener-
getic environment there has to be an extended time 
period to create numerous surface microtextures. 
In sediment gravity flows the energy dissipation is 
momentous and more ‘sporadic’, which may create 
fractures on single grains but commonly not simul-
taneous irregular abrasion on the same fractured 
surfaces.

The methods used in the present study were es-
pecially detailed and designed to discover any evi-
dence of mechanical and chemical artificial genera-
tion of surface microtextures during sampling and 
laboratory work, and also to remove any post-dep-

ositional grain coatings (see Supplemental materi-
al). The more general methods were documented in 
detail by Molén (2014), and SEM methods are brief-
ly described in Tables 2 and 3.

In total 71 samples were processed for SEM 
(Table 1). Surface microtextures on quartz grains 
are best displayed on the size fraction 0.25–2 mm 
(Molén, 2014), and therefore this size fraction is an-
alysed here. Commonly 30–50 grains were studied 
from each sample, and hundreds of grains from 
each research area, in order to detect and then avoid 
any possible anomalies in the subsamples. Detailed 
descriptions are documented in the Supplemental 
material.

3.1.1. Methodology for SEM studies and surface 
microtexture classification

The method used to study surface microtextures 
is based on geological processes and not only the 
general appearance of grain surfaces (Molén, 2014; 
Table 2). The surface microtextures are ordered in a 
2-History Diagram, depending on the freshness of 
the grain surfaces (Table 3, Figs. 2–7), for interpre-
tation and visual documentation of the geological 
history. This diagram, with enhancing connecting 
lines, also displays an easily distinguishable ‘geo-
logical signature’ of the appearance of each sample, 
which will not show up in a histogram or any other 
diagram (Molén, 2014). Definitions and labels are in 
accordance with Tables 2 and 3.

History-1 surface microtextures are defined as 
recent, i.e., they are defined as having been gener-
ated by the last geological process which shaped 
the grain surfaces, which except for weathering 
surface microtextures, appear to be fresh. History-2 
includes all surfaces which display weathering that 
shaped the grain preceding the origin of the Histo-
ry-1 surface microtextures, and are labelled as F2, 
f2, A2, SP2, EN2 or C2.

The geological history of quartz grains starts 
with crystallisation from a magma or in a metamor-
phic rock (EN/C), then release from bedrock (F/f), 

Table 2. The predominant processes that influence the surface of a quartz grain, and symbols/abbreviations for the 
different surface microtextures (details in Molén, 2014, but this table has in part been modified to include more 
variations of surface microtextures).

Mechanism Microtexture Environment
Crushing large scale fractures (F) glacial, tectonic, crystallisation, rock slide/fall, high ener-

gy environments
small scale fractures (f) water, glacial, wind, gravity flow

Abrasion rounded edges, rounded microtextures, 
grooves (A)

water, glacial, wind, gravity flow

Chemical solution, precipitation (SP) weathering, contact reactions, lithification,
Crystal growth embayments, nodes (EN) metamorphism, crystallization

crystal surfaces (C) precipitation, lithification, crystallization



90 Mats O. Molén, J. Johan Smit

transport (F/f/A) and weathering (SP), in different 
combinations. For example, weathered grains, re-
leased from bedrock and then abraded by ice will 
document large fresh fractures and (irregular) abra-
sion as the most recent geological history (Histo-
ry-1) and weathered surfaces and crystal surfaces 
from a previous history (History-2) of the host bed-
rock, i.e., F1, A1, SP2 and EN2 or C2. Small-scale 
fractures (f) often are of lesser genetic importance, 
as they easily originate from small forces/collisions 
and may almost always be hypothesised for Histo-
ry-2.

Some researchers may only record a few minute 
surface microtextures, which may originate in dif-
ferent environments, on a small sample of grains, as 
evidence to deduce an interpretation of the origin 
of a sedimentary deposit, while the overall appear-
ance of all surface microtextures on a large number 
of grains in the deposit may indicate a different or-
igin.

The quartz grains that were recorded in the cur-
rent research were divided into two main groups, 
those with and without fresh F1-fractures, but only 
if F1 was the single surface microtexture in the most 
recent history and there were no other fresh sur-
face microtextures such as EN1 or A1. The reason 
for this was twofold: first, it is unknown how many 
fractures are from a) depositional processes or 
from b) post-depositional processes like compres-
sion or recent anthropogenic road construction/
mining work or sampling/laboratory processes, 
and, secondly, if there is a mix of grains displaying 
only F1-fractures as the most recent history togeth-
er with grains displaying A1/SP1, this mixture of 
grains will skew the result in a 2-History Diagram 
(Molén, 2017). The A1/SP1 group was used in most 
analyses and interpretations of the geological histo-
ry of the diamictites, as these had not acquired any 
single recent/final fracturing.

The SEM analysis of the Dwyka Group samples 
was conducted with a ‘table top’ Hitachi TM 3000 
equipped with a backscattered electron detector 
for imaging and an energy dispersive X-ray spec-
trometer (Bruker, Quantax 70 system) for element 
analysis. Imaging was done at both 5 and 15 kV and 
element analysis at 15 kV with a high probe current.

4. Results

4.1. SEM studies of surface microtextures

4.1.1. Documentation of surface microtextures
The details of the laboratory processes and field 
data from all South African samples are document-
ed in the Supplemental material.

The 71 Dwyka samples analysed included 4,271 
quartz grains of size 0.25–2 mm. Of these 664 grains 
displayed F1 as the single most recent surface mi-
crotexture (and no other History-1 surface micro-
textures). In the present study 3,110 grains from 
diamictites which have been interpreted as tillites 
or reworked tillites, which had not been simply 
fractured (i.e., no single F1), displayed A1/SP1 for 
between 96–100% of the grains (Fig. 7). These grains 
also displayed f1 (9–24%) and/or only SP1 with no 
abrasion. Other sediments, i.e., those in between the 
striated surface and diamictite (samples C3bm and 
C4m), a small conglomerate (samples F4-F4c) and 
sandstone (samples L1-L1c), displayed 83–100% 
A1/SP1.

4.1.2. Comparison of surface microtextures of 
South African diamictites to Quaternary 
glacial deposits

In order to reveal any similarities to till, quartz 
grains from the South African diamictites were 

Table 3. Definition of surface microtextures (SM). Percentages are approximate and calculated from comparison of how 
large an area of the grain surface is covered by a surface microtexture. If, for example, many very small f1, about 
4% or less coverage each, in total cover more than 10–15%, then both F1 and f1 are recorded as surface microtex-
tures. There are many special small-scale fractures in this size, which are recorded in tills and other environments 
(Mahaney, 2002; Molén, 2014). The percentages of the History-2 surface microtextures are similar to the History-1 
definitions, except that they are weathered.

SM Area coverage Excludes 
F1 ≥20–25%; or sum of many 5–20% f1 covering 

≥50–55%
f1 (except if many ≤4% covering ≥10–15%); and SP1 (except 

if sequence of origin is unknown)
f1 5–20%; or sum of many ≤4% covering ≥10–15%
A1 ≥15–20%
SP1 ≥10–15% SP2 (except if sequence of origin is evident)
EN1 ≥10–15%
C1 ≥5–10%
F2 see definition of F1 f2
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compared to quartz grains deposited from Quater-
nary glaciers (Figs. 2–7). The result is displayed in a 
2-History Diagram (Fig. 7). In order to compare to 
different glaciers, a till deposited from the thinnest, 
recent glacier studied was chosen as an example of 
a very low degree of processed till, i.e., the Tärna 
Glacier in Västerbotten County, Sweden (Molén, 
2014). This glacier was probably no more than c. 
10–30 m thick at the place where this till was depos-
ited, and such a small glacier will not impose large 
forces on the grains (Figs. 2G-H). With this compar-

ison, evidence of even a very thin Dwyka glacier 
could be detected. Comparison was also made to 
Pleistocene tills which were deposited by large con-
tinental glaciers with different substrata (Figs. 2E-
F), Precambrian magmatic/metamorphic shield in 
Västerbotten and mainly a sedimentary Palaeozoic 
substratum in Southern Ontario, Canada (Fig. 3B; 
Molén, 2014).

In Figure 7 the result of the documentation of 
surface microtextures from the Dwyka Group 
diamictites for the group A1/SP1 are in one group, 

Fig. 2. A-D, Dwyka Group. E-H, Quaternary tills, Sweden (Molén, 2014). A – Three quartz grains embedded in silt and 
clay, similar to all samples from the Dwyka Group (sample F4, a conglomerate). The grains are already fractured 
inside compact and lithified clay, which makes it likely that the fractures originated during transport and deposition 
in the conglomerate; B – A typical grain from the Dwyka diamictite samples. These grains are commonly regularly 
abraded and weathered (A1/SP1), and many have been fractured prior to abrasion/weathering, i.e., the grains 
may display F2 or f2. Grain is classified as A1, SP1, f2 (sample C3a, Nooitgedacht); C – Closeup of three typical 
Dwyka Group grains (sample O2, Denny Dalton). All grains display A1/SP1. The upper two grains also display F2. 
D – Sample G2b, from the site that was interpreted by Visser (1996) to have formed in front of a grounded marine 
ice sheet. This quartz grain displays the most general overall similarities to a glaciogenic grain, of all quartz grains 
in the present study. The original appearance of this grain was probably multicyclical. The grain was later heavily 
fractured. The fractures have been subsequently weathered and regularly abraded, i.e., the fractures have not been 
abraded much in one place and little or not at all in other places (i.e., they are not irregularly abraded), but there is 
evidence of regular/’soft’ abrasion and weathering all over the grain. Grain is classified as A1, SP1, F2; E – Example 
of a quartz grain from Pleistocene waterlain till, from an area of magmatic/metamorphic bedrock substratum, Swe-
den. The appearance of the grains from this site is very different in comparison to that of all South African grains, 
including the grains from sample G which have been interpreted to be rainout till in front of a grounded marine 
ice sheet (Visser, 1996) (e.g., Figs. 2D and 5). The grain in the picture is heavily fractured and irregularly abraded; 
F – Closeup of the grain in picture E which shows that the white areas of the fractures, in the centre and lower left, 
are more abraded than the other fractures; G – A grain from Tärna glacier, Sweden, a thin Neoglacial glacier. This 
grain is heavily fractured and irregularly abraded unlike all Dwyka grains; H – Closeup of grain in picture G which 
shows that fractures have been irregularly abraded, as is typical of glaciogenic grains. But, as this glacier is very thin, 
there is not much abrasion on the grains from this area.
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Fig. 3. A – Sample C4m, the thin dark sedi-
mentary layer between the diamictite and 
the striated pavement. All four quartz 
grains are heavily weathered. One grain 
displays a large fracture which is clas-
sified as F1 (upper left grain); B – Grain 
from Pleistocene till in southern Ontario 
(Molén, 2014). The source area for this till 
is similar to much of the source material 
of the Dwyka diamictites, i.e., a substra-
tum of multicyclical sedimentary rocks or 
sediment. This grain is heavily fractured, 
but the general outline of a multicycli-
cal grain is still evident. The abrasion is 
strong and irregular, i.e., not the same on 
all surfaces, as is typical of glaciogenic 
grains. Classification is F1/A1.

Fig. 5. Sample G1a, “deposited in front of a 
grounded marine ice sheet” (Visser, 1996, 
p. 285). These grains are very different 
from, for instance, Pleistocene waterlain 
till from Scandinavia (Figs. 2E-F; Molén, 
2014). Some grains are almost spherical, 
and none display the typical glaciogenic 
appearance of fractures that have been 
irregularly abraded. If the grains are 
fractured, the fractures are either solely 
sharp or otherwise more or less regularly 
rounded all over their edges, i.e., display 
regular abrasion which is common in, for 
example, aqueous environments, but not 
formed by glaciers.

Fig. 4. Quartz grains from sample C-1-1 from the thin, blackened by weathering, diamictite crust directly on top of the 
Ventersdorp lava, Nooitgedacht pavement (right photograph). The quartz grains are labelled with the identified 
surface microtextures. The grain on the left is similar to many of the quartz grains from the thin dark sediment be-
tween the diamictite and the pavement (sample C4m, Fig. 3A). The two grains to the right are more or less fractured 
and rounded and display the most common surface microtextures A1/SP1, combined with other surface microtex-
tures. The middle upper grain only displays fractures, which in larger magnification could be sorted into older and 
more recent fractures. No grain shows irregularly abraded fractures that are typical of glaciogenic grains. There are 
only fractures which have been regularly abraded, or not abraded at all, and weathered grains (i.e., multicyclical 
grains, most recent history is A1/SP1).
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as all samples are almost identical. If the diagrams 
had displayed a mix of quartz grains from different 
geological histories, this scatter would blur the dia-
gram, and information would be lost (Molén, 2017). 
Therefore, all grains with unaltered large fractures 
(F1) as the single most recent geological incident, 

and no other recent (History-1) surface microtex-
tures like chemically unweathered abrasion (A1) or 
weathering (SP1), are not included in the diagram 
that shows all diamictites. More detailed discus-
sions, including examples of photomicrographs, 
can be found in the Supplemental material.

Fig. 6. Grains from sample M2, from Coed-
more Quarry, Durban. There are no gla-
ciogenic surface microtextures on any of 
these grains.

Fig. 7. A 2-History Diagram displaying all Dwyka Group 
diamictite grains that do not show unaltered F1. Sam-
ples C3bm, C4m, conglomerate (F4:s) and striated 
surface (L1:s) are not included. Dwyka diamictites 
(circles) are compared to relevant examples from 
Pleistocene and modern-day glaciers. Curve marked 
by triangles is from the smallest glacier studied by 
ourselves, probably not much more than 10-30 m 
thick (Tärna Glacier, Neoglacial; see Molén, 2014). 
Curve marked by squares is from tills deposited by 
thick Pleistocene glaciers with magmatic/metamor-
phic bedrock as source rocks, Västerbotten County, 
Sweden. Star marked curve is from southern Ontario, 
Canada, Pleistocene glaciation, from tills originating 
to a large part from sedimentary bedrock. The con-
necting lines in the diagram are drawn to enhance 
visibility, as described in Molén (2014). These lines 
are important, as they indicate the general trend of 
the different surface microtextures, and therefore eas-
ily visualise a distinguishable ‘geological signature’ 
of the appearance of each sample. The latter will not 
show up in a histogram. Typical geological signatures 
in this diagram are multicyclical (A1/SP1, all diamic-
tites), large glaciers (much F1/A1) and small glacier 
(less F1/A1). The number of quartz sand grains stud-
ied are within parentheses, inside the box.
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4.2. Pavements

The four striated surfaces/pavements that were 
studied in the present work display clusters of 
mainly parallel striations. The only pavement that 
was covered by a confirmed diamictite was at Nooit-
gedacht. Iverson (1991) described the appearance of 
glacial striations as generally short and deflected, 
due to internal clast movement inside the glaciers. 
The striations documented here displayed many 
different appearances.

4.2.1. Nooitgedacht
The pavement area at Nooitgedacht is probably the 
best known of all pre-Pleistocene pavements in the 
world. Many small outcrops displaying striated 
surfaces are exposed in an area of a few thousand 
square metres (Slater et al., 1932). The striated sur-
faces are formed on top of Neoarchean Venters-

dorp Supergroup andesite lava and are subjacent to 
diamictites.

The pavements display striations with different 
appearances in distinct areas. Master (2012) identi-
fied three main sets of bearings: 225–232°, 240–256° 
and 203–216°. But, there is a large variation of bear-
ings, which is partly controlled by small local highs 
or steep surfaces (Fig. 8A). A more detailed investi-
gation of striations and grooves shows that they are 
commonly ordered in distinct ‘groups’ displaying 
different appearances and bearings. Each group 
commonly displays internally parallel straight stri-
ations (Fig. 8B).

Some areas display striations in so many direc-
tions that they appear to be fan shaped. Upon clos-
er inspection, however, they appear to be clusters 
of parallel striations displaying different bearings, 
meeting and crossing each other at different points 
(Fig. 8B).

Fig. 8. Nooitgedacht. A – Google Earth image displaying the main directions of the striations at different pavement 
outcrops at Nooitgedacht. The striations which are almost straight south (black lines) were deflected by local highs 
on steep surfaces. The pavement marked with one black line, in the far south, is photographed in Figures 9B-C, and 
the one just above, displaying different bearings, is in Figure 9A; B – Example from an area displaying thin stria-
tions which are commonly less than 1 m long, straight and in parallel groups, which make them appear as regular 
fans. Note that the striations are criss-crossing, forming almost a conjugate pattern. The ruler is 60 cm long; C – Two 
near-parallel grooves, many metres long, that were probably generated by a single clast. Thinner striations cross the 
grooves. Arrow is 25 cm.
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The striations are often up to about a metre in 
length for the thinner ones, and longer for thicker 
grooves. Deeper striations or grooves are often many 
metres long (Fig. 8C). Usually these are straight, par-
allel if two or more are next to each other, but not 
curvilinear (even if some may show diversions, as 
is also possible by gravity flow-induced striations).

On steeper surfaces striations are deflected but 
may still remain more or less parallel (Fig. 9).

In some areas (Fig. 9A) striations are very short, 
more than 80% may be less than 10 cm long, and 
only 2% may be longer than 50 cm (100 striations 
measured; see Supplemental material).

In some places there is a thin veneer-like layer 
of diamictite material on top of the striated surface 
which has been moulded into soft-sediment grooves 
and ridges (Fig. 10).

After removing the diamictite a very thin 
brown-coloured sediment was evident, which was 
plastered onto the volcanic striated surface (Fig. 
10C). Sedimentary relationships similar to this 
were also observed at other striated surfaces (e.g., 
Fig. 11A). This sediment in between the diamictite 
and the striated volcanic surface was almost totally 
moulded into small and large ridges and grooves dis-
playing an appearance of striations (Fig. 10C). In the 

Fig. 9. Nooitgedacht. A – Vertical overview of one of many small striated surfaces (see location in Fig. 8A). All white 
arrows point in the directions of the striations. In the lower part of the photograph, on the lee side edge of the striat-
ed surface, there is a small scarp displaying a uniform and steep flat 10-40 cm long slope (marked with small black 
arrows), down to the next flat level of the outcrop (grass-covered). The appearance of this lee side structure may be 
interpreted as a cut sheeting joint surface, as there are no large irregularities at this surface. Next to the north arrow 
and the two small white arrows there is a confined area where the striations are short (approximately four square 
metres in size; 80% of the striations are <10 cm) and in more varied directions (Supplemental material). Striations at 
the upper right of the pavement are on a steeper surface and are slightly deflected to be more parallel to the slope 
of this surface. Those on the near flat surface, higher up on the outcrop, mainly pass straight over and follow the 
outline of that surface; B – This outcrop has a near-vertical wall that is striated horizontally (location marked in Fig. 
8A). A large part of the surface is recently exfoliated to a depth of a few cm, following the outline of the volcanic 
bedrock, with a rugged surface below. Scale is approximately 25 cm; C – Closeup of part of Figure 9B. There are 10-
20 cm long vertical striations which cross the horizontal striations almost perpendicularly, which shows that there 
was an intermittent short change in the direction of movement.
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area just outside of the diamictite cover, the brown 
sediment had turned black by weathering and had 
been partly removed by weathering/erosion, and 
there is only a very thin dark/black sediment left 
with few of the striations from the brown sediment 
preserved. Furthermore, where the black sediment 
had weathered away, the volcanic basement surface 
displayed even fewer and less deep striations than 
on the black sediment surface (Fig. 10C). In conclu-
sion, most of the striations and grooves were only 
present as soft moulded sediment, and only a few of 
these passed through the sediments and down onto 
the volcanic basement pavement.

At one site, striations on Ventersdorp lava con-
tinued as soft-sediment striations on a diamictite 
surface on the same plane (Fig. 11A).

In a few areas no striations were recorded, or 
they were very thin. Some of these areas appeared 
to be small bypass zones as observed in sediment 
gravity flows (Fig. 11B) (Cardona et al., 2020; 
Peakall et al., 2020).

The thin veneer of sediment between the striated 
surface and the diamictite was mentioned by Slater 
et al. (1932; see also Visser & Loock (1988) and Viss-
er (1988), who described similar sediments in the 
near vicinity). The thickness varies between 1 and 
10 mm (Figs. 10, 11A). The sediment display strati-

fication on a mm-scale, similar to the superimposed 
diamictite (Table 1). The thinner dark lower layers 
(e.g., sample C4m, Fig. 3A, but also partly sample 
C-1-1, Fig. 4) contain quartz grains which apparent-
ly came from a highly weathered area, possibly a 
former saprolite.

The volcanic bedrock at Nooitgedacht often dis-
plays stoss sides that are steep and lee sides that 
are gentle, as opposed to roches moutonnées, but 
were labelled drumlinoid complexes by Visser 
(1988) and Visser & Loock (1988). At the lee sides 
there is often a short and steep flat regular scarp 
surface sloping down to a lower level of the vol-
canic bedrock displaying approximately the same 
angle (Figs. 9A, 11). At a few places more than one 
small scarp is present, with a flat surface between 
(Fig. 11B). The flat scarp surfaces are in some plac-
es striated. These regular structures display an ap-
pearance that is similar to cut sheeting joints. At 
one place striations in the bedrock continued to a 
diamictite surface that displays soft-sediment stri-
ations (Fig. 11A).

The volcanic basement bedrock frequently dis-
play recent exfoliation in cm-thick layers, both on 
horizontal surfaces and inclined surfaces, following 
the surface of the outcrops (Figs. 9B, 11B). There is 
no evidence of strong unbound glacial abrasion.

Fig. 10. Nooitgedacht. A – Small moulded sediment ridge which shows ‘bouncing’ (upper part of picture), then makes 
a bend and splits into two and later three ridges (compare to similar ridges in Baas et al., 2021, fig. 16); B – Grooves 
and ridges moulded in diamictite on top of the Nooitgedacht striated surface. These are no striations on the bedrock 
but grooves smeared internally inside the diamictite, on top of the bedrock. Scale lines are in mm; C – After remov-
ing a part of the diamictite it became apparent that there is a thin sediment plastered onto the lava. This brown sed-
iment (left) is made of internal striations/grooves/mouldings covering the complete surface in the sediment, and 
are not striations on bedrock. This sediment had disappeared quickly by weathering, so just outside of the diamictite 
there was only a very thin blackened sediment surface with few striations/grooves/mouldings left (middle). Where 
the black sediment cover had weathered away, the Ventersdorp lava was at the surface and displayed only a few 
shallow striations (right).
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4.2.2. Douglas
At Douglas there is a pavement displaying grooves 
and striations on Ventersdorp volcanic bedrock 
(Fig. 12). The striated surface is approximately 9,000 
m2 in size (Stratten & Humphreys, 1974). Large 
grooves can be followed for tens of metres. These 
grooves are commonly a few centimetres deep and 
tens of centimetres wide. They display a pattern 
with the appearance of a washboard, and becomes 
deeper towards the green area of Figure 12A which 
is marked with arrows and shown in Figure 12B. 
Both striations and grooves are very long and paral-
lel. They display no unequivocal evidence of the va-
riety of glacial features that prevail on Pleistocene 
pavements, like deviations from a parallel path, 
and moving vertically and horizontally inside a gla-

cier-produced curvilinear path (Figs. 12B-C). There 
is no diamictite in the area, but there is shale near-
by, with sparse outsized clasts up to 3 cm long. This 
shale is often interpreted to be postglacial or late 
glacial Ecca Group (Stratten & Humphreys, 1974).

4.2.3. Oorlogskloof
At Oorlogskloof there is a soft-sediment sandstone 
pavement which is covered by sediments made up 
of sand containing little clay and a few outsized 
clasts. The pavement area is slightly higher com-
pared to the surroundings, except for a quadran-
gle stretching from slightly north of the pavement 
and to the west. The covering sediments have been 
defined as sandstone or pebbly sandstone (Cape 
Geosites, 2014). The underlying striated sandstone 

Fig. 11. A – A flat surface of the Ventersdorp lava with striations (1), displaying a joint-like lee-side similar to many 
other lee-sides of the pavement area (2), a thin veneer-like layer of sediment below the diamictite (compare Fig. 10C) 
(3), a diamictite with soft-sediment striations at the same level as on the flat lava surface (4) and a boulder with stri-
ations in many different directions (two more pronounced striations are marked with thin lines) (5). The striations 
on the bedrock and diamictite are in the direction of the pen; B – This small striated surface displays two long, but 
low straight-edged joint-like scarps (at the tips of the arrows). On the flat surface between the scarps there are few 
striations, except next to the left small scarp, and this flat surface therefore may be referred to as a small bypass zone. 
The general direction of the striations is marked with the long arrows, but both surfaces display groups of striations 
with different bearings, slightly similar to those shown in Figure 8B.
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surface contains similar outsized clasts as the sand-
stone covering the pavement. There is no diamictite 
in the near surroundings.

The pavement is striated, grooved and fluted 
parallel (Le Heron et al., 2019) in soft sand (Fig. 
13). Four stacked levels of striated surfaces were re-
corded (Fig. 14B). The most outstanding structures 
in the pavement are parallel long stretched furrows 
and ridges which are V-shaped in appearance, with 
steeper north sides than south sides, the latter dis-
playing grain flow lobes (Fig. 13B). The furrows and 
ridges have been interpreted as glaciogenic flutes 
by Le Heron et al. (2019). Three of these ridges are 
especially outstanding (Fig. 13C). The grain flow 
lobes on the south side are slightly deflected in the 
flow direction (Fig. 13B). The steeper north sides are 
more like a flat wall, molded and planed off, and 
therefore are more compressed and cemented with 
an appearance of clay smear (Vrolijk et al., 2016). In 
some areas, this steep surface is slightly vertically 
‘ribbed’, i.e., with an appearance that is similar to 
vertical slip surfaces of many faults. Single or occa-
sionally multiple tool marks in different directions, 
comparable to the size of pebbles in the overlying 
sandstone, have been imprinted onto the elongated 
forms (Fig. 13B).

There are a few fractures or joints which are 
perpendicular to the direction of the striations and 
grooves in the pavement, and in places next to 
where the pavement shows slight vertical move-
ment (Fig. 13A). The sandstone covering the pave-
ment area was deposited in an east-west path, like 
large sand lobes, in the same direction as the stri-
ations. The sand flowed upgradient while coming 
up from below of the pavement surface from the 
east, then covered, thrust and squeezed parts of the 
pavement (Fig. 13A, at number 4, and Fig. 14A). 
The sedimentary structures in the sandstone dis-
play upward movement during deposition over the 
pavement area, at the north side (Fig. 13A, number 
3). These sand lobes are similar to sandy debris flow 
lobes. A large sand lobe at the east side of the stri-
ated surface deflected and warped the underlying 
pavement so that all furrows and striations have 
been remoulded and in part obliterated (Fig. 14A). 
All data show that the pavement and the under-
lying sedimentary section were soft, probably in a 
semiplastic or apparent cohesion condition, during 
the whole depositional event.

Stratigraphically, above the pavement area are 
convex streamlined ‘sand bars’, the largest one more 
than 10 m long and 1 m high. The largest ‘sand bar’ 

Fig. 12. Douglas pavement. A – Overview. The area marked with arrows is displayed in B; B – This area displays large 
parallel grooves forming a washboard pattern. Vegetation grows in the deeper parts of the grooves. Depth differ-
ence from top to bottom of grooves is less than 10 cm and commonly only a few cm; C – Closeup of a section with 
only thin grooves and striations. The parallel direction of striations and grooves is clearly visible. The lower part of 
this photograph is about 1 m across.
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Fig. 13. Oorlogskloof. A – Vertical overview of part of the pavement (person for scale). The surface of the striated surface 
is higher than the surroundings, except on the western and parts of the northern side. Parallel furrows and ridges 
are visible over most part of the photograph, marked at two places with the number 1. Some furrows are slightly soft 
tectonically bent. There are a few fractures in the pavement area which are perpendicular to the furrows. At number 
2 the pavement is lowered on the right side of one perpendicular fracture (pavement is partly covered with grass). 
Sediments continue in a path up from the lower areas (from the north and east) and cover the pavement, and there 
are bedding planes in the sandstone in these overlying sediments (above numbers 3-4); B – Details of part of the area 
that displays small sand lobes, showing that these flowed down onto and covered parts of the striated and grooved 
surface at the bottom of the V-shaped depressions. The grain flow lobes are slightly deflected in the flow direction, 
i.e., to the west (opposite to the direction of the arrow), which is more evident on the left side of the arrow. Straight 
or curved shorter single grooves pointing in different directions are superposed onto the grain flow lobes; C – The 
three most outstanding parallel elongated furrows/flutes which display sand grain flow lobes. Photograph taken 
in front of person in Figure 13A. The ruler in front of the arrow is 30 cm; D – Closeup of pavement. Note that one 
groove makes a short bent ‘jump’ (lower small arrow) and one groove is deflected and then moulded together with 
the underlying one (upper small arrow), which indicates rotation of the tools making the marks. Flow direction is 
opposite to the arrow. Large white arrow is 25 cm.
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was described as a glaciogenic flute by Le Heron et 
al. (2019). This bedform consists of sand, partly con-
formable and following the surface of the ‘sand bar’, 
with the internal composition displaying bedding 
(Fig. 14C). Some smaller streamlined convex ‘sand 
bars’ next to the largest one are partly descending 
below the base level of the pavement surface.

4.2.4. Durban
At Durban´s University of KwaZulu-Natal West-
ville Campus there is a pavement of approximate-

ly 100 m2 on sandstone, and similar soft-sediment 
pavements are in a zone around Durban (Bangert 
& Von Brunn, 2001; Haldorsen et al., 2001). No con-
firmed diamictite is present. Striations and grooves 
on the pavement are long and parallel but not cur-
vilinear (Fig. 14D). The longest striation is 6 m. On 
top of the pavement, there are small veneers of 
mainly sand and gravel (Fig. 14E). A sample of a 
sliver of sand and gravel on top of the pavement 
was studied by SEM (sample L1c; Supplemental 
material).

Fig. 14. A-C – Oorlogskloof, D, E – University of KwaZulu-Natal, Westville Campus, Durban. A – A large stratified sand 
lobe, with bedding planes, has deflected and remoulded the sandstone of the striated surface a few metres, the latter 
of which must have been in an apparent cohesion or semiplastic condition. Sand lobe is visible in Figure 13A, above 
and to the east of number 4. White marker is c. 1 m; B – Four stacked soft-sediment striated pavements, i.e., this is the 
internal structure of the sandstone in this area; C – Internal part of the large flute, displaying bedding planes similar 
to the sandstone which covers the pavement in Figure 13A (numbers 3-4). The ruler is 30 cm; D – Striations on the 
sandstone surface are long and parallel; E – Small area on top of the striated surface in D, displaying a thin veneer 
of sand and gravel (sample L1c). Arrow is 25 cm.
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5. Discussion

5.1. General geology – Dwyka Group

The sediments of the Dwyka diamictites commonly 
are devoid of large sand grains. All diamictite ma-
trix sediments appear to be mud in which grains 
from different environments have mixed, mainly 
multicyclical grains but some that could have been 
incorporated more directly from bedrock.

Many diamictites are stratified on a large scale, 
but some diamictite subsamples display stratifica-
tion on a mm-scale (Table 1). Most samples were 
small (usually <5x5x3 cm), so stratification was un-
expected, and internal structures were not looked 
for.

At site H, Elandsvlei farm area (Blignault & 
Theron, 2015), an abundance of brown diamictite 
blocks within grey diamictite were documented 
(Fig. 15). These were transported and slid into posi-
tion, as there are flow structures in the grey diam-
ictite around the brown diamictite blocks. This also 
indicates that the lower grey diamictite was in a soft 
condition. Sediment gravity flows commonly pick 
up and transport intact weathered rocks, soft sed-
iments, including aggregates of boulders and sed-
iment gravity flow deposits, even with intact stra-

tigraphy, without disintegrating them (Schneider & 
Fisher, 1998; Major et al., 2005).

5.2. SEM studies

5.2.1. Origin of surface microtextures and SEM 
study

There is nothing unusual about the appearance of 
the surface microtextures studied from South Af-
rica, but similar surface microtextures are present 
in Quaternary samples from non-glaciogenic en-
vironments (Mahaney, 2002). There is no evidence 
of coatings detected during SEM analysis, and the 
surface microtextures on the quartz grains are in-
disputable (compare Somelar et al., 2018). The main 
difference between the South African samples and 
Quaternary glaciogenic samples is the combina-
tions of surface microtextures. The typical glacio-
genic combination of fractures that are irregularly 
abraded are not present on any quartz grain of the 
South African samples.

5.2.2. General surface microtextures on quartz 
grains

Figure 7 shows combinations of surface microtex-
tures from Dwyka diamictites, which are different 
from, and actually in their details contrary in ap-
perance to, surface microtextures displayed by gla-
ciogenic grains. No grain from any sample displays 
large fractures and irregular abrasion, i.e., the com-
bination F1/A1 typical of glaciogenic grains. The 
samples display an almost 100% occurrence of A1/
SP1 and small and/or older fractures (f1, F2, f2) (ex-
amples in Figs. 2–6). Furthermore, minute surface 
microtextures on grains from sandstone that has 
been interpreted as a glacially reworked sediment 
by Le Heron et al. (2020), do not display any glaci-
ogenic features.

When investigating the possible impact on the 
surface microtextures from post-depositional pro-
cesses in the field and laboratory methods, there 
is no evidence of any modification of the results, 
except in some probably low degree for the origin 
of History-1 fractures/F1 (Supplemental material). 
No History-1 fractures (independent of their ori-
gin) in the samples show a resemblance to glacio-
genic surface microtextures, but all studied grains 
display original A1/SP1 followed by single unal-
tered F1-fractures. Hence, the F1 then reclassifies 
the older geological history of A1/SP1 to A2/SP2. 
There was no evidence of almost simultaneous F1/
A1 (irregular A1), as is the combination of surface 
microtextures which is generated by glaciers. A few 
grains displayed minute surface microtextures that 

Fig. 15. Many brown aggregates of diamictite boulders 
were inside the grey diamictite at site H, Elandsvlei 
farm area, with flow or load structures in the grey 
diamictite around these boulders. It was evident that 
the brown boulders slid into place. The grey diamic-
tite apparently was in a soft and wet condition dur-
ing deposition of the brown aggregates. White line is 
c. 1 m long.
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often are present in glaciogenic material, like con-
choidal fractures (Mahaney, 2002); however, these 
minute surface microtextures do originate in any 
high-energy environment and not only by glacia-
tion. In the South African samples these fractures 
show either no abrasion or only regular abrasion 
caused by long-time exposure to flowing water 
(Molén, 2014). The samples contain a mix of grains 
which would be expected from non-glacial process-
es, such as tsunamis, mass wasting and sediment 
gravity flows (e.g., Mahaney, 2002; Molén, 2017; 
Costa et al., 2019). Surface microtextures typical 
of glaciated areas, i.e., F1/A1, are absent from the 
Dwyka samples, and there is no evidence of oblit-
erated F1/A1 surface microtextures in any sample.

It would be exceptional if no grain from any 
diamicitite sampled showed evidence of glaciation. 
Surface microtextures can be different or change, 
if transported with water, in periglacial areas, or 
if all samples are from supraglacial/englacial sed-
iments, but there was no evidence of such environ-
ments from surface microtextures or macrotextures 
in the Dwyka Group diamictites (Mahaney, 2002; 
Molén, 2014, 2017; Kalińska-Nartiša et al., 2017; 
Kut et al., 2021; Passchier et al., 2021; Górska et al., 
2022; Kalińska et al., 2022). All diamictite samples 
are compressed and they do not show geological 
features of any other environments than those that 
would be interpreted as tills or debrites.

A further observation is that the southern sam-
ples (C-J) show 44–57% F2, compared to 48–70% for 
the northern samples (K-Q) (Table 1). This may in-
dicate that grains from the south were transported 
over a longer distance, as they are more rounded 
and therefore display less F2. Samples from the 
northern sites display more protuberances which 
indicate sedimentary source rocks consisting of 
little-rounded grains or magmatic/metamorphic 
source rocks (Molén, 2014). The rounding of the 
grains is not glaciogenic but only created from less 
energetic environments where a combination of 
regular mechanical abrasion and slight chemical 
surface weathering are the most common processes 
(Molén, 2014).

5.3. SEM – detailed discussion of results

The diamictite at Nooitgedacht is of special interest 
because it is situated directly on top of a striated 
surface and displays mainly surface microtextures 
A1/SP1. The rarely reported thin sedimentary 
veneer-like layer between the pavement and the 
diamictite is present in many areas (Figs. 10, 11A). 
This thin sedimentary layer displays no large dif-

ferences in surface microtextures compared to 
the diamictite, except that there is more abrasion 
in a thicker brown bed (sample C3bm) and less 
in a thinner dark bed (sample C4m) (Figs. 3A, 10, 
11A). Even if the thicker brown sediment (sample 
C3bm) was clearly deposited by a more fluid pro-
cess than the overlying diamictite, it still is mostly 
in the clay, silt and fine sand sizes, and cannot have 
been transported over a long distance apart from 
the overlying diamictite. The thinner dark sample 
C4m appears to be a mix of transported grains (i.e., 
surface mictrotextures A1/SP1), similar to all oth-
er diamictites from the Dwyka Group, and heavily 
weathered quartz grains displaying no surface mi-
crotextures indicating transport (e.g., no A1), but 
heavy weathering (SP1) indicating grains released 
from a possible saprolite. Sample C4m displays less 
A1, much less F2 and is much more weathered than 
other grains from Nooitgedacht (Fig. 3A; Supple-
mental material). The high degree of weathering 
explain the absence of F2 on many C4m-grains. The 
documentation of surface microtextures shows that 
there is commonly a single history of fracturing of 
sample C4m, either F1 or F2, which could also indi-
cate that F1-grains from this sample may have been 
fractured during the preparation work because they 
were heavily weathered. Slight weathering in some 
cases may create more rounded forms that can be 
mistaken for abrasion, and therefore the recorded 
abrasion surface microtextures (A1) may be slightly 
overestimated (Molén, 2014). The thin sedimentary 
beds in samples C3bm and C4m correspond to trac-
tion carpets, a common structure in the lowermost 
part of sediment gravity flows, but not below till 
(Talling et al., 2012; Peakall et al., 2020).

Diamictites subsampled at sites F-Q display sim-
ilar macrofeatures as have earlier been interpreted 
to be glaciogenic by previous researchers (Table 
1, examples in Figs. 2–6). Sample G diamictite has 
been interpreted by Visser (1996) to have formed in 
front of a grounded marine ice sheet, but the sur-
face microtextures are similar to all other diamictite 
samples, displaying the non-glaciogenic combina-
tion of A1/SP1 (Figs. 2D, 5). The difference in sur-
face microtextures is clear when compared to grains 
from confirmed glacial deposits (Molén, 2014; Figs. 
2E-F). None of the grains analysed in any sample 
showed the typical surface microtexture combina-
tions associated with glaciation. Grains from sedi-
ments similar to the sandstone pavement at Durban 
(L-samples), inside of the conglomerate (F4-sam-
ples), and from weathered granite (small fragments 
of weathered granite, c. 2x1x0.5 cm, were present 
in samples P1a, P3b and P5b) have probably con-
tributed to these diamictites (these grains display 
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mainly the same basic appearance and surface mi-
crotextures; see Supplemental material).

Even very small glaciers rapidly generate large 
numbers of glaciogenic surface microtextures 
(Molén, 2014), and there is no evidence of glaciogen-
ic surface microtextures in any of the Dwyka diam-
ictite samples (compare to tills from any Pleistocene 
and more recent glaciers, Figs. 2–7; Mahaney, 2002; 
Molén, 2014, 2017).

5.4. Pavements/striated surfaces

The pavements of the Dwyka Group display var-
ious features that are commonly associated with 
basal shear zones of submarine mass flows. The 
striations and grooves in the four striated surfaces 
studied do not display continual short-distance var-
iations, neither vertical nor horizontal deflections, 
similar to how these form by clasts which are frozen 
into ice (Iverson, 1991). Even if glaciers were cold 
based, displaying none or almost no movement, a 
clast at the bottom is never frozen with no minute 
internal movement within the ice. This is as op-
posed to clasts in dense sediment gravity flows or 
slides where the process is so fast that clasts may 
move in a straighter manner, i.e., hundreds of me-
tres in seconds or minutes (Piper et al., 1999; Peakall 
et al., 2020). But, sediment gravity flow striations 
and grooves may also be short and curved.

5.4.1. Nooitgedacht pavement
The striations at Nooitgedacht display many differ-
ent bearings, but are mostly internally straight and 
ordered in generally parallel patterns. The striations 
are also grouped, deflected and differ in appearance 
between various confined areas. These appearanc-
es, including ‘conjoining’ and crossing striations, 
are consistent with sediment gravity flow mecha-
nisms (Draganits et al., 2008, fig. 11), including flow 
diversion in an expanding current or flow (Potter & 
Pettijohn, 1963). The small area which displays per-
pendicular vertical striations could be interpreted 
to have formed by a boulder that suddenly settled 
under gravity after slowing to below the critical ve-
locity of the flow (Fig. 9C). The areas with soft sedi-
ment-moulded striations or grooves plastered onto 
the Ventersdorp lava, but with few striations be-
low the sedimentary rock, indicate that it was not a 
thick glacier that was responsible for the striations. 
This evidence of striations and moulds in soft sedi-
ments, which were not transferred onto the bedrock 
below, indicates a process by which sediment mass-
es passed with only little downward pressure (Fig. 
10C). Furthermore, this evidence is at odds with an 

interpretation that weathering of the underlying 
bedrock dissolved most of these tool marks after 
their formation, as an explanation of the decrease in 
both number and depth of striations and grooves. 
Areas with no striations on the Ventersdorp lava 
could then be classified as small bypass zones, since 
a large glacier would impact the overall bedrock 
more overall but with local variations in abrasion 
and plucking. And clasts within a glacier would 
always randomly change their vertical and hori-
zontal directions, not commonly producing straight 
and invariable sub-parallel or parallel tool marks, 
but almost always constantly asymmetrical tool 
marks. The full spectrum of striations and grooves 
at Nooitegedacht, i.e., the grouping, the parallelism 
and the minute appearance of the striations and 
grooves, are consistent with and indicative of sed-
iment gravity flow origins. Striations and grooves 
on hard basement rocks in the northeast of South 
Africa appear similar to those at Nooitgedacht, but 
these are covered by stratified diamictite which is 
interpreted as sediment gravity flow deposits (Die-
trich & Hofmann, 2019).

Thin basal beds of sediments, i.e., traction car-
pets, are common below cohesive debris flows, 
and are similar to the thin sediment beds below the 
Nooitgedacht diamictites, but are not displayed by 
glaciogenic deposits. Soft sedimentary deposits are 
easily eroded away by glaciers except in more con-
fined and shielded areas. The mm-thick dark lay-
er (sample C4m), which we interpret as part of a 
traction carpet, contains a mix of highly weathered 
grains displaying no or little evidence of long trans-
port, from a possible saprolite, and grains rounded 
from a long time of low-energy impact which may 
be interpreted as from long-distance transport (Ma-
haney, 2002; Molén 2014, 2017). The thicker brown 
layer of sediment below the diamicite also resem-
bles a traction carpet, and displays mostly far-trans-
ported grains (i.e., sample C3bm).

The smooth Ventersdorp lava surface below 
the diamictites is commonly exfoliated, displaying 
rugged surfaces beneath (Figs. 9B, 11B). There is ev-
idence of slight erosion on top of the lava but no 
evidence of strong glacial abrasion, which would 
in at least the more outstanding/steep areas cut 
deeply into and bevel the bedrock surface straight 
through any former weakness planes. Furthermore, 
the pavement is in an area where the subjacent bed-
rock is mostly composed of Ventersdorp lava (Van 
der Westhuizen et al., 2006), but the clasts in the 
diamictite are composed of a mix of different lith-
ologies and not mainly local lava clasts. The matrix 
of the diamictite is not composed of much dark ma-
terial, except in the thin basal sediment layer which 
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is probably blackened by weathering (sample C4m 
and partly in sample C-1-1; compare to Figs. 4 and 
10B-C), but generally mostly light minerals. This 
observation enhances the indication that the bed-
rock was not heavily eroded by a thick glacier, but 
was only bypassed by sediment gravity flows.

The so-called drumlinoid complexes or roche 
moutonnées in the area do not display evidence of 
glacial sculpting, but mostly of weakness planes 
in the lava which have been only slightly abrad-
ed by the process which formed the striations and 
grooves. The small scarps and the regular and uni-
form bedrock areas next to these surfaces show no 
evidence of strong shifting, glacial plucking and 
irregular abrasion. These features simply display 
intermittent release of rocks along weakness zones 
of what appear to be sheet jointing in a more uni-
form, less erosive and brief process consistent with 
sediment gravity flows. All these observations are 
evidence that the general appearance of the bed-
rock (including possible residues of saprolites) was 
formed long before deposition of the diamictites, 
i.e., there is no evidence of strong glacial erosion. 
The major geomorphological bedrock features of 
the area may have been inherited from before the 
deposition of the diamictites.

5.4.2. Douglas pavement
The Douglas pavement is flat and very regular, 
which could be an argument for a glaciogenic ori-
gin. However, even if there had been a very slow 
moving cold-based glacier, one in which clasts 
would not move/rotate much inside the ice during 
transport and come into contact with the underlying 
surface, one would expect at least some movement 
in the basal part of the glacier with evidence of this 
displayed on the pavement. There is no obvious ev-
idence for such movements. In a slide or cohesive 
debris flow, the material may be transported more 
or less as one large mass (Peakall et al., 2020), albeit 
with some internal movement inside the mass. The 
documented lack of diamictite close to the outcrop 
is more indicative of natural processes of a debris 
flow that simply passed through the area without 
depositing any sediments.

5.4.3. Oorlogskloof pavement
Le Heron et al. (2019) deduced three different ep-
isodes of deposition and erosion of sediments at 
Oorlogskloof as movements of a glacier that was 
grounded, partly uplifted by the sea, and ground-
ed once more. However, there is no evidence for 
recurrent vertical movements of a marine glacier 
(or an iceberg) at Oorlogskloof, as the geological 
work has been generated mainly sequentially on 

the same surface. The erosional events and deposi-
tion of new sediments are localised, and there is no 
evidence of a large glacier. If the parallel long ridge 
and furrows in the pavement were grooves or flutes 
made by glaciation, it would require the generation 
of very similar V-shaped elongated structures, ei-
ther by a few, near-identical boulders (or iceberg 
protuberances) moving straight next to each oth-
er, or squeezing by a glacier of many flutes next to 
each other made in the same V-shaped sharp-crest-
ed forms with similar inclinations. After the gener-
ation of these structures there would have to follow 
uplift of the glacier and subsequent grain flows on 
the gentler side of the flutes.

Leaving the glaciogenic interpretation aside, the 
appearance of the V-shaped flutes displays similari-
ties to joints followed by small faults in the sediment 
generated by tectonic movement, i.e., faulted joints 
(Wilkins et al., 2001). Joints in sandstone are com-
monly straight and may be parallel for long distanc-
es (Cruikshank & Aydin, 1995; Loope & Burberry, 
2018), and the overall appearance of the V-shaped 
structures are similar to faulted joints (Wilkins et 
al., 2001). The subsidence of parts of the pavement 
area, and the perpendicular fractures, may also 
have originated during the vertical movement, as 
there commonly are perpendicular fractures where 
there are joints.

The exact origin of the streamlined convex flutes 
superposed on the pavement, the largest described 
by Le Heron et al. (2019), is unclear (Fig. 14C). The 
few less prominent but similar forms next to the 
larger bedform are partly below the base level of the 
pavement, indicating uplift of the pavement area. 
These forms partly display the appearance of lin-
ear sandbars, sand ridges or small flowbands (Du-
fresne & Davies, 2009). They are made up of mainly 
sand, and the flute of Le Heron et al. (2019) displays 
internal bedding planes. These flutes appear to 
be from sandstone that in some extent moved up-
wards, from the lower area next to the pavement, 
and covering part of the pavement, and are aligned 
in the same main general direction as the sand cov-
ering parts of the pavement (Fig. 13, numbers 3–4).

The striations and grooves at Oorlogskloof dis-
play similarities to striations and grooves in sedi-
ment gravity flows in many places (Enos, 1969; 
Peakall et al., 2020), and especially to Neoprotero-
zoic/Lower Cambrian striations and grooves from 
submarine landslides at the base of superposed 
sandstone beds in India (Draganits et al., 2008). 
There are no similarities to any soft-sediment gla-
ciogenic striations and grooves. The appearance is 
fully consistent with pavements caused by debris 
flows which leave grooves, striations and short-
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er tool marks behind (compare Ortiz-Karpf et al., 
2017; Peakall et al., 2020).

The different episodes of deposition and erosion 
of sediments at Oorlogskloof may be interpreted as 
evidence of different sediment gravity flows. The 
sediments covering the pavement display sharp and 
irregular fronts, similar to sediment gravity flow 
debris tongues (Shanmugam, 2016). The palaeo flow 
in the surrounding area is in one main direction and 
a few lesser ‘valley glacier’ flow directions (Visser, 
1981; Cape Geosites, 2014), similar to what has been 
observed for more recent large slides/sediment 
gravity flows (e.g., Haflidason et al., 2004).

5.4.4. Durban
The striated surface at Durban University is small, 
and the striations are more or less parallel. The small 
sliver of sediment on top of the striated pavement 
either was sediment between the pavement and any 
diamictite, or otherwise a part of a stacked pave-
ment. Nothing on this striated surface makes it nec-
essary to invoke glaciation, and the appearance is 
more consistent with a sediment gravity flow origin.

6. Conclusions

As briefly described above (Introduction), evidence 
from palaeochemistry, palaeontology and palae-
omagnetism may be ambiguous and do not con-
clusively support continental glaciation in South 
Africa during the Late Carboniferous and Early 
Permian. The Dwyka Group deposits are present in 
downwarped basins controlled by tectonics; hence, 
their origin is consistent with a subaqueous fan 
environment displaying debris flows. This is also 
supported by the great depth of the overlying Ecca 
Group shales and sandstone, which show that the 
downwarping period persisted until after depo-
sition of the diamictites until at least the southern 
parts of the area became a deep-water basin plain 
(Brooks et al., 2018; Hansen et al., 2019). This fact 
shows that the Dwyka Group deposits are different 
from Pleistocene tills, as the former are deposited in 
a downwarping area and the latter on a shield. Sed-
iments deposited on top of shields are much more 
prone to erosion. However, those laid down in syn-
clines often persist and may later turn into positive 
topographic erosional remnants or mountains. This 
seems to be evident from the appearance of the lo-
cal geology, especially in the south of South Africa, 
where the thickness of the sediments is greatest. In 
conclusion, if the sediments in the Dwyka Group 
were glaciogenic, then there are no deposits from 
former subaqueous fan environments from this 

period. This lack of fan deposits is problematic be-
cause subaqueous fan environments are very com-
mon in modern-day depositional settings, particu-
larly in downwarping basins (Talling et al., 2015, 
Shanmugam, 2016), and the Dwyka Group diamic-
tites are covered by sediments deposited in a fan 
environment (Hansen et al., 2019).

The four major cycles of glaciation, interpreted 
from the sedimentary succession of the southern 
parts of the Dwyka Group (Visser, 1997; Dietrich & 
Hofmann, 2019), can be equally well interpreted as 
four episodes of more or less extensive downwarp-
ing and sedimentation. There are no geological in-
consistencies which follow from an interpretation 
of the Dwyka Group as having formed mainly by 
recurrent flooding and sediment gravity flows of 
occasionally large magnitude.

The SEM study has demonstrated that not a 
single quartz sand grain displays the typical gla-
ciogenic combination of surface microtextures, 
fracturing and (irregular) abrasion (F1/A1), that 
would have been generated almost simultaneously 
below a glacier. Except for single F1- or f1-fractures, 
the grains display more or less surface microtex-
tures that probably originated during release from 
weathered bedrock (mainly F2, f2, but a few EN2), 
but most grains display surface microtextures that 
need a long time to be generated, i.e., regular A1 
and SP1 on more or less spherical multicyclical 
grains (compare Molén, 2014, 2017). Quartz grains 
transported over a short distance display slightly 
sharper fractures and protuberances compared to 
those transported over a long distance (comparing 
northern and southern samples from the Dwyka 
diamictites). Finally, there is no evidence of artifi-
cial surface microtextures or chemical coatings on 
the grain surfaces that obscure the original surface 
microtextures.

The overall appearance of the pavements dis-
plays many structures that can be expected to have 
been generated by sediment gravity flows but not 
by glaciers, even if some of the striations are not 
at odds with glaciers and marine ice sheets. This is 
evident from the appearance of the Nooitgedacht 
pavement but also from the Durban and Douglas 
pavements.

The history of formation of the more complex 
Oorlogskloof pavement area probably was some 
variation of the following episodes. Details are visi-
ble in Figures 13 and 14, but the overview described 
below is in Figure 16:
1. Tectonically generated sediment gravity flows 

passed across the area, forming surficial stria-
tions and internal hydroplastic slickenside stri-
ations in soft sediments.
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2. Subsequently, the small striated area was uplift-
ed, or alternatively the area south, east and part-
ly in the north sunk. The long linear V-shaped 
furrows were formed, first by slight compression 
and then partly by jointing followed by slight 
faulting. Clay smearing took place in some areas 
of the steep sides.

3. During the minor vertical movement, sandy 
grain flow lobes were formed on the gentle sides 
of the furrows.

4. Almost simultaneously sandy debris flows 
pushed and deformed some of these V-shaped 
forms to smoother forms and also deposited the 
linear sand structures in the area. Because of ap-
parent cohesion or semiplastic condition in the 

Fig. 16. Simplified drawings showing the possible sequence of events that led to the formation of the Oorlogskloof 
pavement area. A – Sediment gravity flow passed across the surface; B – V-shaped furrows marked as two thick 
parallel lines. The lower area is marked with white arrowheads. Small sandy grain flow lobes are marked as small 
black triangles. The direction of the sandy debris flows which pushed and deformed some of the V-shaped forms to 
smoother forms, marked with thin white arrows, and the outline of these sandy debris flow lobe heads is marked 
with a thin irregular line in front of these arrows. Linear convex ‘sand bars’ are depicted as two oblong structures in 
the upper right-hand corner (direction marked with black arrow). The ‘sand bars’ are outside the photograph and 
not exactly next to each other, but have been drawn inside the photograph. Perpendicular fractures are marked with 
thick, grey, almost vertical lines. Fractures are visible in Figure 13A. See text for details.
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sediments, the V-shaped structures at this place 
were not flattened but only rounded, almost like 
a dough.

5. Subsequently, faulting opened up perpendic-
ular fractures, and parts of the pavement area 
were downwarped by 10–30 cm. The sediments 
were still not lithified and in at least one place 
were displaced northwards over a distance of 
some tens of centimeters.
Whatever the exact depositional history of the 

Dwyka Group is, there is no unequivocal evidence 
of glaciation. It appears possible to exchange sim-
ply the word glaciogenic with, for instance, tec-
tonics and sediment gravity flows. The diamictites 
and pavements in the area do not conform to the 
current paradigm of glaciation. This is especially 
evident by the absence of glacially formed surface 
microtextures (i.e., there are no F1/A1), but also by 
the overall appearance of the geological features of 
the Dwyka Group.

Dietrich et al. (2019, p. 887) noted, following the 
description of an area in Botswana that did not dis-

play any evidence of glaciation, that the deposits 
had been reinterpreted and there is an „ ... emerging 
view that the (Late Paleozoic Ice Age) ice mass was 
in fact fragmented, covering only patches of south-
ern Gondwana”. From the evidence presented here, 
glaciers were not only patchy, but non-existent all 
over South Africa, or at least did not leave any im-
print on the geology in the area. The implications 
of these data may help resolving some paradoxes 
concerning Late Palaeozoic climates and inferred 
glaciations.

We may conclude with the words of Johan N. 
J. Visser, formerly of the University of the Orange 
Free State in South Africa and probably the fore-
most expert on the Dwyka Group, that: “... ancient 
deposits do not always correspond with Cenozo-
ic glaciation models” (Visser, 1989a, p. 378). If the 
Dwyka Group was not formed by glaciation, this 
statement is fully understandable. The present may 
be the key to the past, but past interpretations are 
not always the solution to past geological processes.

Table 4. Geological features of Dwyka Group deposits for outcrops documented in the present study, comparing glaci-
ogenic and mass flow features (for more details of different features, reference is made to Molén, 2017, 2021, 2022a, 
2022b). Not included are structures that form by non-glaciogenic processes in a glacial environment, e.g., debris 
flows. Tabulated features are only those that differ much between glaciogenic and non-glaciogenic deposits. Con-
jectural or insignificant (not fully) documented differences from the study area are not tabulated, but discussed in 
the text only.

Feature
Origin

Glacial Sediment gravity flow Dwyka Group
Warm climate fossils 0–1 2 ٭
Streaks of different sediments/diamictites 1 2 ٭
Unconsolidated transported sediment 1 2 ٭
Pavement/striations/grooves 2 1
 parallel striations 1 2 ٭٭
 soft sediment pavements 1 2 ٭٭
 stacked pavements 0–1 1–2 ٭٭
 regular striations 0–1 1–2 ٭
 interlaminated sediments/traction carpet – 1 ٭٭
Iceberg keel scour marks and mimics 2 0–1
 superposed/stacked in same direction – 1 ٭
 parallel striations/grooves 1 2 ٭٭
Roches moutonnés/plucking 2 (0–1) ٭
 uneven surfaces 0–1 1 ٭
Fjords, overdeepened, regular, ridged outlet 2 (0–1) ٭
Dropstones/outsized clasts 2 2
 small size 1 2 ٭
 small size compared to other sediments – 2 ٭
 no/little penetration 1 2 ٭
Surface microtextures weathered and regularly abraded – 2 ٭٭

2nd and 3rd column: 2 = more common, 1 = less common, 0 = very rare, – = no example known, parentheses = rare or 
commonly displaying a distinct appearance.

The last column summarises which features are more indicative of sediment gravity flow: ٭ = similarities to sediment 
gravity flow features, but not excluding a glaciogenic origin, ٭٭ = non-glaciogenic origin.
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Evidence of the geological features discussed 
in the present paper, which are different when 
comparing glaciogenic and mass flow deposits, is 
summed up in Table 4.
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