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At present, the fauna of subzorne A (Table.2.9a) is therafore characterised by the
presence of the: amphibians Kestrosaurus, Trematosuchus and undescribed
primitive brachyopids (Shishkin, pers.comm.); and archosauriformes believed to be
congeneric with the European genus Garainia (Welman pers.comm.). The
associated fauna includes: the cynodonts Cynegnathus and Trirachodon
kannemeyrii; the captorhinid Thelegnathus oppressus; the bauriid therocephalian
Sesamodon; small lungfish assigned to the genus Ceratadus; and indsterminable
members of the r+  c¢hogauria (Gow pers.comm.). To date no dicynodonts are
known from the subzone.

Studies of this faunal assemblage, particularly the amphibians {Hancox et al., 1995;
Shishkin & Welman, 1995} have shown this fauna to be more primitive than any
previously discovered in the Cynognathus Assemblage Zone and this finding has
importantimplications for the relative dating of the Cynoegnathus Assomblage Zone.

b}  Subzone B

Geographically, subzone B outerops from south of Thaba Nehu in the north to
Steynsburg in the west and Lady Frere in the east. The most southerly occurrence
of the subzone occurs in the area surrounding Tarkastad. The lower boundary is
taken as the FAD of the capitosaurid amphibian "Parotosuchus"africanus, which
co-incides with the FAD of the dicynodont Kannemeyeria (Fig.2.85). Bath of these
FADs co-incide litholagically with the top of a laterally pe sistent sandstone within
the lower half of the Burgersdorp Formation.

The upper bcundaryf is marked by the LAD of “Parotosuchus® ofri.

Kannemeyeria and Thelegnathus and the FAD of Parotesuchus morgani s, .
This contact may be an erosional remnant at places, but where fully presaerved, ce-
incides lithologically with the base of the secend prominent sandstone horizon
within the Burgersdorp Formation that Grocnewald (1998) refers to as the
Andriesberg Member, To the west of Rouxville and on the Aliwal North-Bethulie
road, the upper lithelogical contact is formed by a single sheet sand deposit of the
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Bamboesberg Member of the Molteno Formation, and at Aliwal North district
subzone B is directly overlain by two sandstones cf the Bamboesberg Member.

During the course of collecting in subzone B {Appendix 3) numerous lungfish tooth
plates were collected on the farms Grootdam and Winaarsbaken in the Burgersdorp
district. At these localities lungfish fossils occur within facies Se; along with
numerous fragmentary amiphibian remains assignable to "#"africanus {Shishkin
pers.comm.). The lungfish speciraens may be assigned to the catch all genus
Ceratodus, but are of markedly different size {up to 50mm) from those in subzone
A, and quite possibly represent a different species of the genus.

The fauna of subzone B (Table.2.9¢) equates to the classical Cynognathus ‘

Assemblage Zone fauna as documented by Kitching (1977} and includes the: -
amphibians "P".africanus, Batrachosuehus ard an unidentified brachyopid (Shishkin
pers.comm.); dicynodonts Kannemeyeria and Kombuisia; archosauriforms
Erythrosuchus and Euparkeria; eynodonts Cynognathus, Diademodon, and
Trirachodon; therocephalian Bauria, captorhinids Thelegnathus and Myocephalus;
rhynchosaurs Howesia and Mesosucuhus; and lungfish Ceratodus. 0

A number of the forms from subzone B show an advanced state of evolution over
their predecessors in subzone A, The zone index amphibian F.ofricanus is advanced
over the state found in Kestrosourus (Hancox et al., 1995) showing the trend
towards closure of the otic notch as well as in the advanced nature of the
construction of the basierani and lower jaw {Shishkin pers.comm.). Erythrosuchus
is advanced over the state found in tho archosauriform from subzone A {(Welman
pers.comm.) as is Trirachadon berryi when compared to T.kannemeyerii (Welman
pors.ecomm.). The brachyopid amphibian from tho zono is also believed to be
advanced over the state found in the lowormost subzone (Shishkin pers.comm.). .
Considering the wealth of procolophonid material from the subzone (Gow, 1978),
a comparative study of material from subzone A and B would bo very useful,

169

o




A ' The abundance of for;ns in this subzone may be a real increased abundance over
. subzone A or may be due to a collceting bias, in as much as for most of the history
| of the zone these were the only known exposures. If the former is the case then
the radiation of new forms following the proposed end Permian extinction, began
during subzone A times and reached its peak in the Karoo Basin during subzone B.

¢}  Subzone Ci

The new faunal assemblage discovered during the course of this study in the upper
part of the Burgersdorp Formation, in the south of the basin, is assigned to subzone
C. Geographically this subzone is restricted to exposures in the Bamboeshoek
Valley and its surrounds in the Eastern Cape Provinge and the strata containing this
fauna have a maximum preserved thickness of only +130m. '

The basal boundary is taken as the FAD of the amphibian Paratosuchus morgani
sp.nov., and this coincides with the FAD of the dicynodont Angonisaurus, as well
as the first appearance of the shansicdontids. Because the Molteno Formation is :
barren of tetrapod fossils, the upper boundary of subzone C cannot be based on a
FAD, and must for practical reasons be based on the LAD of Cynognathus
Assemblage Zone fossils. This coineides lithologically with a barren zone towards
the top of the Burgersdorp Formation, but in places may also be defined by the
basal sandstone of the Bamboesberg Memboer.

The new components of this fauna are described earlier in this chapter and include
the capitosaurid amphibian Parotosuchus morgani sp.nav., as well as stahleckeriid
{Angonisaurus coxi) and shansiodont dieynodonts. At present the total fauna from
this subzone (Table 2.60a) includes the above mentioned forms, the cynodonts
Cynegnathus, Diademodon and Trirachodon, and indeterminable material assigned .
to tho archosauriformes.

The palacoflora of this subzone includes: podocarp wood; a new saed genus; the
hersetail Calamites; and a now fern similar to Dicroidium superbum. 1t is different
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to that from subzone B, where Dicroidium hughesiiis the only species of Dicroidium
known, and is more similar to that of the overlying Bamboesberg Member of the
Molteno Formation. It is also of interest to speculate on the changes in internode
size, and plant size for the specimens of Calamites. Those from subzene A are
small and seem to bacome larger through to subzone C {Fig.2.76). A similar change
in the overall size of the palacoflora is evidenced from the Katberg Fermation
through the lower. middle and upper Burgersdorp Formation. This trend is however
based on limited cvidence at present, and should be further investigated before
being used for biostratigraphic applications or palacoclimatic reconstructions. The
study of the biostratigraphy of the palaeoflora of the Burgersdorp Fermation is stilf
in its infancy, but prelimiuary results suggest that the palaecofloral signatures may
prove very useful.

Table 2.7 summorises the faunal assembloge characteristic of the uppermast
Burgersdorp (Cynognathus Assemblage Zone) in tho south of the basin compared
to the fauna of subzones A and B. These differences bocome important in Chapter
Four whon considering the basinal dovelopment of the Karoo Basin during the
Triassie.

2.7.2.3 Discussion on Cynognathus Assemblage Zono biostratigraphy

Apart from the tentotive suggestions of Watson (1842) and Ceoper (1982), the
Cynognathus Assemblage Zone has not provieusly been sub-divided, and at present
rio formal subdivision is aceepted (Kitehing, 1996). Hancox et af. (1995) proposed
an informal threefold biestratigraphie subdivision based on the spatial and temporal
distributions of the zones amphibians. Recent cellecting and taxenomie studios by
indepondent authors hove substantiated the threefeld subdivision of the
Cynognathus Assemblage Zone proposed by Hancoex et al. (19985},

This study has also allowed the cenfusion regarding the biostratigraphic ranges of
a number of individual genera to be carrected. Kannemevyeria has in the past beon
thought to be diagnostic of the lower and middle parts of tho Cynognathus
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Assemblage Zone (Kitching, 1977), and has its FAD has been proposed to equate
to the base of the Cynognothus Assemblage Zone. When the Cynognathus
Assemblage Zone was only known from the subzone B doposits, this was indeed
the case. The discovery of a lower subzone (Welman et al, 1991) and new upper
subzone, in which Kannemeyeria does not occur shows that this form is
stratigraphically restricted to the middle part of the Cynognathus Assemblage Zone
{subzone B). The preposed presence of Kannemeyeria in the upper part of the
biozone (Keyser & Smith, 1977-78) may be due to the fact that they were working
in the middle of the basin, where subzone B is directly overlain by the Bamboesberg
Member of the Molteno Formation, or in that the postcrania on which the range
was based actually belong te ene of the now dicynodont genera from subzone C.
Thera is at present ne biostratigraphic overlap between the ronge of Kannemeyeria
and the new dicynodonts from subzone C.

Spatially Kannemeyeria is known from Tarkagtad in the south to Burgersdorp in the
wost and Lady Frere in the east. The most northerly documented occurrence of
Kannemeyeria is at Thaba Nchu mountain (Welman et al,, 1991), where a single
spoecimen occurs just below the Indwe Sandstone Momber of the Molteno
Formation (Kitching pers.comm.).

Cynognathus and Diademeden oceur throughout the range of the Cynognathus
Assomblage Zone, and those two genera have been proposed to be long range
consgrsotive taxa \Cooper, 1822). Further studies of these forms may show
yshother spocias divarsity escurs within the proposed subzones, or whether thoy
uly are long range conservative farms. Such a study is currently undorway for the
eynodent genus Trirachodon (Hopson & Welmaon pers.comm,), and preliminary
tesults indicate that the northern speeies of this genus are more piimitive than
those from tne southern reaches of the basin (Welman pars.comm.).

To avotd confusion when dealing with earlior subdivisions proposed in the literature,
the prasent subzones are here correlated to their historical equivalents, At the time
of Watson's (1942) subdivision, subzones A and B {Hancox et a/, 1995) were
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unknown. subzone A therefore occurs stratigraphically below Watson's zone A,
Watson's {1942) zone A, in which both Kannomeyeria ond Erythrosuctus are
present, may be equated to subzone B. His zone B may with some modification be

tentatively correlated with the uppermost parts of subzone B and the lower part of
subzone C.

Cooper, {1982) stated that the lower half of the Burgersdorp Formation yielded the
type fauna of his Kannemeyeria Zone, whereas the upper part yielded only
Cynognathus and Diademeden, which he belioved persisted into his overlying
Tetragonias Zone. The Tetragonias zone was based on the faunas of East Africa
and was characterised by the FAD of the shansiadont index genus Tetragonias,
psuedosuchian thecodonts, chiniquodontid and traversodontine eynodents, as well
as the last cynognathid, trivachodontine and diademedoentine cynodonts.

Cooper's (1982) Kannemeyoria zone may be directly equated to subzone B.
Angonisaurus occurs togother with Tetragonias in the Manda Formation and
although Tetragonias is not known from the Cynagnathus Assemblage Zono, the
newly described shansiodontid is similar. The presence of Angenisaurus, coupled
to the FAD of shansiodont gencra and on associated fauna dominated by
eynognathid, diademodontid and trirachodontid cynodonts allows for subzone C to
he equated to the Tetragonias Zene of Cooper (1980).

Welman et al. (1991} believe that the fossiliferous horizons in the Burgersdorp
Formation the aortharn part of the basin were the equivalents of the upper part of
the Formation in the south. That this is not the case is proved by regienal
stratigraphie studies, and by the primitive nature of the fauna from: the north. The
majority of the fauna documented by Welman et al. {1991) may be included within
subzone A.
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MOLTENG FORMATION

3.1 introduction

In this Chapter, the goneral geology of the Moltene Formation is discussed and the
Bamboesberg and Indwe Sandstone Members are documented in terms of their
lithology, palaecontology and spatial and temporal variability. A neostratotype for the
Bamboesberg Member is proposed and the Member is formally defined (Appendix
5) following the quidelines set out in SACS (1987].

The two units of the Molteno Formation under investigation, namaly the
Bamboesberg and indwe Sandstone Members, are the same as those recognised
by Turner {1975a), Christic {1981) and MacDonald {1993} for this region of the
Eastern Cape (Table 1.3¢) and are the only twe Members formally recognised by
the South African Committee for Stratigraphy (SACS, 1980). The strata above the
Indwe Sandstone Member were also studied during the course of fieldwork, but a
number of the informal units (Table 1.3b,¢) defined by Turner {(1975a), Christie
{1981), and Christie & MacDonald {in prep.) could not be recognised. The strata
abave the Indwe Sandstone Mamber differ fairly considerably on a regional scale
and new nomenciature would have had to be erected to define this sequence of
rocks, espocially in the Bamboseshoek Valley where the succession is formed by a
complex transitional phase fram the Indwe Sandstonce Member through to the Elliot
Formation. A detailad study of these strata was beyand the scope of this work and,
as mentiened in Chapter One, for the purpose of this thesis the strata of the
Moelteno Farmation above the Indwe Sandstone Member are grovyed togethor and
referred to as the "Transitional” Member {Turner, 19784).

3.2 General Geological Description

The Moltene Formation overlies the Burgersdorp Formation (Beaufort Groupl and

forms the basal subdivision of what was proviously termed the "& = Group”,

In the south of the h;min. the lower contact is toke of tho
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Bamboesberg Member of the Molteno Formation (Turner, 1875a) and is currently
defined as a transitional zone with the Burgersdorp Formation, some 100m thick
(Johnson & Hiller, 1990). In the north of the basin, the basal contact oceurs
between the Burgersdorp Formation and the Indwe Sandstone Member (Fig.1.1)
and is in most places sharp and erosional. The upper boundary of the Molteno
Formation as defined by DuToit (1954), Ryan (19683), Botha (1952, 1968),
Haughton (1969), Turner (1975a) and Christie (1981) is regasded as being
gradational and conformable with the overlying Elliot Formation.

Geographically the Molteno Formation outcrops over an area of some 25000km?
{Turner, 1983), extending from the Eastern Cape Provinee, northward through
Lesotho and into the Froe State, and eastward into Natal {Fig.3.1). The most
extensive and stratigraphically complote exposures of the Formation oceur in the
northeastern Cape, south of the towns of Aliwal North and Matatiele (Fig.3.2).
Geometrically the Molteno Formation is wedge shaped in south-no:th cross section
and has previously been sub-divided into three sedimentary packages (Turner,
1983), all of which thin northwards away from the proposed source area (Fig. 1.1}
These three sequences approximately cequate to the Bamboesberg, Indwe
Sandstone and "Transitional" Moembers as used in this thesis. Within the upper of
these three main packages, a number of smaller eyeles have been recognised
{Turner, 1978a; Christic, 1981, 1986; Cairncrass ot al, 1995).

No singlo type locality has boen proposed for the sivvs “ermation, and instead a
composite type was proposed, with each Membor assigried a type lecality (Turner,
1978a; Christie, 1981). The type locality for the Bambuaeberg Member is situated
in the hills above Greotdoringhock Pass and that for the Iniixve Sandstone Member,
dircetly behind the town of Indwe itself (Fig.1.2).

The strata of the Molteno Formation are net structurally somplex, being dafermed
only into broad, open anticlines and synelines. These structures trend north and
nertheast and have a horizontal to sub-herizental attitude, with an inward dip
towards Lesotho. Dolerite sills and dykes, ranging in thickness from a fow
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centimetres to scveral hundred motres, are tho main cause of structural
complexities, inducing gentle easterly and wosterly dips to the strata, This is
especially the case in the area boetween Sterkstroom and Indwe, where the Glen
Grey dolerite swarm (DuToit, 1908a) accounts for nearly all abserved displacement.
These dolerite intrusions also discoleur and metamerphose the lithologies into
which they intrude to varying degrees. The proximity to large intrusive delerites has
particular impact when dealing with the rank of the coal of the Formation, or when
sampling rocks for palynelogical studies.

A small amount of faulting is believed to have occurred prior to dolerite
emplacement (Turner, 1971; MacDonald, 1993). These authers note that such
faults do not exceed a few kilometres in length and rarely have displacements
exceeding 30m, oxcept at Jamestown and to the north of the town of Indwe,
where throws aro believed to have exceeder 300m {MacDonald, 1993). Turner
{1983} however statos that there is a distinct absence of intrabasinal faulting in the
Molteno Foermation. Ne evidence of major faulting was ebserved during tho course
of this study.

3.2.1 Thickness

Because tho upner and lower boundarios of the Formatie': are nat well defined,
numerous diseropancies occur in the literature as to the muximum prosorved
thickness of the Molteno Fermation. This is compoundcd by tne faet that the
max‘murm thicknesses rceorded in the literature eome fren. diffarent parts of the
basin, where the Formatioen may be compesad of various Marabars, or limited parts
thercof. The primary controls on the thickness ef the i 1ution are believed te
have hoen eresional {Turner, 1975a) and non-depositior:y* {histig, 1981).

Schwartz (1903) records the earliest thickness mons. sansnts for the entire
Molteno Formation of betwoen 610-762m at Matatiess. 0Tt (1908a) gives a
maxirum thickness of 488m for the Formatien, but liwg e riused this to 580m,
for a scetion at Elliot (DuTeit, 1911} Similar maxwuese thekresses of 609m
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{(Haughton, 1969) and 605m (Christie, 1981) are recorded for the area between the
towns of Indwe and Cala. MacDonald {1993) gives a slightly higher maximum for
the Formation of 650m in the southeast of the basin. Turner (19754, 1978, 1983)
belicved that early thickness estimates of the Molteno Formation were exaggerated
due to the incorporation of parts of the Elllot Formation and provided a reduced
figure of 460m for the sautheast of the basin. Christie (1981) notes that Turner
(1975a) did not correctly place the upper boundary in terms of the parameters that
he outlined for its identification, and therefore underestimated its true thickness.

A number of other maximum thickness figures that appear in the literature suffer
from the faet that they are not dealing with the entire Formation. Dunr's {1873,
1878) recorded maximum thickness for the Coal Measures” of 305m hear the town
of Molteno encompasses only the upper part of the Bamboesberg, the entire Indwe
Sandstone and lower parts of the “"Transitional" Members, as does Robinson's
(1969] figure of 385m for the area to the south of the tov n of Melteno. DuToit
{1808b) records thicknesses for the Formation of 305m south of Aliwal North to
botween 45-75m at Aliwal North (DuToit, 1905b). MacDonald's {1998) figure of
90m at Aliwal North accords well with this. Turner {1975q) gives a maximum
thickness of 30m for the Formation in the north of the basin naar the town of
Bethlehem. In the northern margins of the basin, only the Indwe Sandstone and
parts of the "Transitional" Member are proserved.

As noted previously, tho spread of thiekn.  estimates for the Molteno Formation
is primarily due to the confusion regarding the placement of the lower and upper
eontacts. Tho placement of tho loewer eontact is defined in this Chapter, and its
nature is more fully diseussed in Chapter Four. Prior to prosenting the maximum
thicknessos reeorded during this study, it is necossary to briefly present the eritevia
usad for the placemont of the upper boundary.

For tho purpese of this invostigation the upper contact of the Moltene Formation
was takon as the top of the uppermost coarse sandstone within the Molteno
Formation, This sandstene lies above the dinosaur tragks reported on by Raath ot
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al. {1991) and co-incides with an important palacontological break, in that tetrapod
bone is unknown below the contact, whereas directly above it, fossils assignable
to the Suskelosaurus Assemblage Zono (Kitching & Raath, 1984) (Table.1.2) are
abundant. These criteria are similar to those used by Turner (1975a) and Christie
{1981), except for their use of the red colour of the Elliot Formation in their
placement ot the boundary. Colour is not considered significant in the placement
of the contact, as red colouration occurs in the fine components throughout the
"Transitional" Member.

Thicknasses recorded for the entire Molteno Formation during the course of this
studyr 3e from 550-605m in the Bamboeshoek Valley, to 240m south of Aliwal
North. rjorth of Rouxville, the three main sequences are still preserved, but with a
very reduced thickness of between 15-35m. North of Vanstadensrus, the Molteno
Formation is represented by only by the Indwe Sandstone and "Transitional"
Members, and at places in the north, only by the Indwe Sandstone Member, In the
north of the basin measured thicknesses of between 12-15m were recorded on the
farm Fraaiuitsicht (Rosendal distriet) and on the Seneckal-Fickshurg road.

From the above thick.o.s measurements it is ovident that the Molteno Formation
is thickest in the southoaster parts of the basin and thins gradually in a north and
nerthwaosterly directior. until the area surrounding Aliwal North, where a rapid
ducrease in thicknoss oceurs. In the area surrounding the town of Rouxville, the
Bomboesberg, Indwe and "Transitional" Members ara dramatically reduced in
thicknoss, with rogards to their southorn scetions, with the whole Molteno
Formation being only & 25m thick. North of Rouxville, the Formation maintains a
fairly constant thicknoess, thinning from £28m to 10m over a distance of some
250km. The thickness figures for the Molteno Formation recorded during this study
aceord fairly well with those of DuTeit (1911}, Haughtont (1969) and Chrstic
(1981) for the south of the basin, but differ from the figure of 460m supplied by
Turner {1975a). Measured thicknesses in the middle and north of the basin accord
well with the figures of DuToit (1954), Haughton (1969) and MaeDonald (1993)
for tho aroa around Aliwal North and Turner (19784} for the northern margin.
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General lithology

The Molteno Farmation is cemposed predominantly of sandstone with subordinate
siltstone, mudstone and ceal. In the past the Moltcno has often been lithologically
distinguished from the overlying Elliot and underlying Burgersdorp Formations solely
on its predominantly arenaceous character. Sandstone percentage is however
variable throughout the Formation and ranges from almost 100% for the indwe
Sandstone Member in the north of the basin, to only 20% for some of the
argillaceous units of the "Transitional" Member in the south of the basin.

In many places, the sandstones grade vertically into siltstone and mudstone,
creating fining upward sequences between 5-50m thick. Grainsize for the
sandstones varies from fine to very coarse, with pebble to cobble size intra- and
extra-formational clasts dispersed throughout. Extra-formational clasts are
predominantly blue-white quartzites of the Cape Supergroup (Rust, 1959, 1962).
The intra-farmational clasts are predominantly siltstone and mudstone, although
roworked silicified wood also oceurs, Tho sandstones are gonerally yellowish grey
(8Y 7/2), pale yellowish brewn {(10YR 6/2), mederate yellowish brown {10YR §/4),
to pale blue (6PB 7/2) and very light grey {N8) in colour, Tho majority of fessils in
the sandstones are fragmentary megaplants, imprints of stem axes and well
praserved hersotail costs. At a few localitics fossil fish are preserved in the
sandstones {Cairneross et al., 1995), however none were discovered during this
study.

Individual fining upward eycles are usually topped by siltstones and mudstor.os,
which range in eoleur from dark grey (N3) to light olive groy (8Y 6/1), and dark
reddish brown {10R 3/4) to dusky red (8R 3/4). The fines usually contain the bost
preserved fossil megoplant material and are alse known to contiin inseet fossils
{Cairncross et al.).

A number of coals soams occur in the Melteno Formation and these have
praviously beon recerded by DuToit (1908), Turner (1971, 1975a), Christie (1981),
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Heinemann {1988) and MacDonald (1993). The stratigraphic occurrence of these
seams is not well understood and is discussed fater in this Chapter. Coals are
normally only sporadically developed and are often only carbonaceous mudstones.
Although mined in the past, and currently to power a brickworks, they are of littie
to no real economic potential. The coal is predominantly durain to clado-durain and
is high in ash content, with values ranging from 50-60% for the raw material
{(MacDonald, 1983). The rank of the coal decreases {rom east to west.

1 he moan palaeocurrent directions for the Molteno Formation in the south of the
basin range between 0185° (Turner, 1975a) and 330° (Christie, 1981). Turner
{1978a) gives a figure of 310° for the mean in the north of the basit which, when
combined with his mean for the south, gives a basinal mean of 330°,

3.3 Bamboesborg Membet
3.3.1 General geological description

The Bamboosberg Member (Turner, 1978a; SACS, 1980) is the basal Member of
the Moltene Formation and lies stratigraphically between the Burgersdorp Formation
{Boaufort Group) and the Indwe Sandstone Member of the Molteno Formation
(Fig.1.1; Table 1.1). Where the Member is preserved to its maximum extent, the
basal contact is usually sharp and erusional, The top coniact is at all localities
marked by the base of the overlying Indwe Sandstone Member and in many places
eo-incides with a cenceontration of extra-farmational clasts ‘nformally named the
“Kolo Pebble Bed" (Turner, 1975a) (Table 1.3a,b).

The Member is named after the Bamboesberg Mountaine in the Eastern Cape
Provinee, and the type scetion is located within this mountain range at
Groatdoringhoek Pass (Fig.1.2). MaceDonald (in prep.) proposed two reference
steatotypos fer tho Bamboosberg Mamber, the first at Cala Pass, and the second
some 20km southoast of the town of Molteno,. Prosently there is no type aroa for
the Bamboaosberg Member, however the the Bamboeshoek Valley to Bushmanshook
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Pass are is proposed in this thesis (Appendix 5}, A brief deseription of the
sedimentology of the Bambooesberg Member at the type locality is given by Turner
{(1976a) and for the arca around Indwe and Cala by Christie (1981). The
geographic outcrop area of the Bamboesberg Member has been fully mapped during
this present study (Fig.3.2) and extends from norti of Queenstown in the south,
to Vanstadensrus in the northwest, and from Caola in the east to the Steynsburg-
Molteno district boundary in the west (Fig.1.2).

Lithologically, the Member is composed of up to five stacked fining upward
sequerices, each of which is composed of laterally extensive sandstones, capped
by thin lenticular siltstones, mudstones and rare coal. Sandstone is the dominant
lithology in the Member and may form as much as 9995 of the sequence in the
southeast of the basin {Christie, 1981). Values up to 92% were recorded during
this study, although, more typically, sandstone percentage ranges from 65-80¢ for
the Bamboesberg Member. The sandstones are generally yellow grey {8Y 8/1) to
light grey (N7-N8) in colour when frosh, and light olive grey (6Y 6/1) when
weathered. The coarser sandstones frequently bave a glittery appearance, eaused
by the secondary overgrowth of quartz, which makes field estimations of grain size
difficult.

No true conglomerates were recognised in the Bamboesberg Member, although in
places the bases of fining upward sequences may locally contain well rounded
extra-formational clasts of blue and white quartzite. Such clasts may alse eceur
seattorod throughout individual sandstone units. Granite pebkles have been
recorded in the past (Haughton, 1924) however none wera observed during the
aourse of this study. These extra-formational clasts are the most useful indicator
of source area provenance, and also play an important role in deciphering the
basinal fill history of the Bamboosberg Member. Intra-formational clasts of siltstone
and mudstone alse oceur distributed throughout the sandstones.

Two coal saams have previously boen reeegnised within the Bamboesberg Member,
and these re variously referred to as the Suurkep Coal (Turner, 1878q) and the
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Indwe and Guba scams {Christio, 1981). The stratigraphie affinities of these coals
are not clear in the literature, a fact further compounded by the presence of
numerous minor seams in the upper parte of the Bamboesberg Member, The

nomenclature, stratigrephic position and importance of these coals is discussed
{ater in this chaptor.

The siltstones and mudstonas vary from dark greyish olive green {(5GY 3/2), dark
greenish grey {BGY 4/1) to light olive grey {5Y 6/1 - BY 5/2) in colour dependant
n the amount of included carbonacecus material and the redox siate. In the lewer
part of the Bamboesberg Member the fines may also be dark reddish brown {10R
3/4) to dusky red {5R 3/4) in colour. The carbonaceous mudstone ranges from dark
grey (N3) to grey black (N2) to greenish black (6G 2/1). The coal in the Member is
black (N1}. Well preserved fossii megaplant remains are frequently concentrated on
bedding plains, as well as randomly interspersed within the siltstongs and
mudstones,

3.3.2 Thickness

As defined in tho previous section, the Bamboesherg Moember is restricted to a
relatively small area along the southern rim of the main Karoo Basin, extending
gsome 160km north of its most southerly outerop near Queenstown. Previous 5
warkers present a wide range of maximum thicknesses for the Bamboasberg
Member, dependant on where in the basin they were working. Rust {19589, 1962), |
Turner (19750} and MacDonaid {1893) give maximum thickriesscs of 2857m, ; >
162.8m and 240m raspactively for Bushmanshaeck Pass in tho south of the basin. !
Christie {1981} provides a maximum thickness of 120m at Cala Pass in the
southoast and MacDonald (1893) a moximum thickness in the west of 101m. This A
thickness was hased on borehole SF1/885, drilled to the west of the town of
Melteno.

The Barmboesberg Member furthermore follows tho regional trond of the Molteno
Formation in thinning rapidly frora south to narth {Fig.1.2; 8.3a). Turner (1975a)
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documents thickness changes for the Member from 1185 m in the area to the south
of the towns of Indwe and Cala, to approximately 70 m at Indwe. He also records
figuros of 128m to the east of Elliot and an anomalous fow of only 31m southeast
of Maclear. Christie (1981) gives figures of between 1186-128m (average of 90m)
for the Bamboesberg in the southaast of the basin near the towns of Indwe and
Cala, and notes that the Member thins rapidly northward, being only 70m in the
area to the north of the town of Indwe. MacDonald (1963} gives an average of
150m for the Member in the south of the basin, noting that it thins teo less than
100m in places. Johnson {pers.comm.), notes that thicknesses variations from
175-236m seem to characterise the Bamboesberg Member in the Indwe to
Sterkstroom area, whereas his average for Aliwal North is only 26m.

Although thickness ehanges oceur throughout the spatial range of the Bamboesberg
Meomber (Fig.3.3a,b), most of the thickness discrepancies that occur in the
literature may be acceunted for by the fact that a number of previous workers have
misplaced the upper and lower boundaries of the Member. This factor has tended
te increase or decrease the thicknoss to varying extends. Due to the indoterminate
nature of the basal and upper contacts, most of the thicknesses supplied in the
literature must be viewed with some suspicion, unless firm reasoning is given for
the choice of lower and upper boundaries.

Due to the proposal in this thesis of Bushmatshoek Pass as a neostratotype for the
Bamboesberg Member (Appendix 8), it is nacessary to briefly disecuss the thickness |
fiquros provided for this arca. Rust's {1959, 1962} figure of 287m is considerced
to be too high, as his placement of the lower boundary was actually within the 5
Burgersdorp Fermation and he therefore increased the thickness by some 30m. A
re-calgulation of his Tigures without the included Burgersdorp scction provides a
total of 227m. Turner {1975a) gives the lowest figure for the Pass (section 72),
boing only 162.8m. This figurc is felt to be an under-estimation duec to his
placament of the Indwe Sandstone Member low in the succession here, as well as
his uncertainty regarding the basal contact. Adding the extent of the top
Bamboesberg sandstone and everiying carbonaceous mudstone at this section
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would increase this figure by some 30m to 192.8m. MacDonald (1993) gives a
figure of 240m for the Bamboesberg Member in Bushmansheeic Pass, but does not
state what paramaters he used for defining the upper and lower boundaries.
Measured thicknesses recorded for Bushmanshoek Pass during this study are
194.67m, 198.4m and 208m respectively. Thickness ranges for Bushmanshoek
Pass may therefore be realistically grouped between *192-215m, making this
section the thickest preserved sequence of the Bamboesberg Member anywhere in
the basin (Fig.3.3).

Measured thicknesses for the Bamboesherg Member were recorded at a numboer of
localities throughout the basin (Fig.1.2) and this data was supplemented by a single
core (SF1/85) drilled by the Council for Geosciences. This core was onginally
believed to have intersected upper Burgersdorp Formation strata (MacDonald,
1988). Re-examination of the core found that the red mudstone that MacDonald
(1893) used to define the uppermost Burgersdorp, actually occurs within the lower
part of the Bamboesberg Member and is underlain by a coal bearing candstone. D
Thus the entire Member was not drilled and the preserved thickness of the

Bambaesberg Member in this core is 103.36m.

Measured thickness variations for the Bamboesberg Member are presented in Figure
3.3, which clearly shows that the Bamboesherg Member thins cast, west and north t
from a maximum thickness of £2185m in the Bushmanshoek Pass area. Between
Bushmanshoek Pass and the type section ot Grootdoringhoek Pass, the Member is
only partially preserved at surface, and only drilled to a dopth of £ 104m west of
the town of Molteno. At the typo scetien at Grootdoringhoek Pass (seme 30km
wost of the town of Moltene) the Member is 88m thigk, thinning to enly 60m at
its westernmaost eccurrence on the farm Hillsido (Steynsburg distrist), where the
Member is preserved in its entiroty as an uplifted outlier. To the oast of
Bushmanshoek Pass, the Member deces not eutcrop at surface until near the town
of Dordrecht and borchele data is not available. In this area the thickness ond
contaet relationships of the Bamboeosberg Momber are greatly affected by massive
dolerite intrusions of the Glen Grey Sheet {DuToeit, 1908) and by the regional
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sastoerly dip. Borchole data from Christie {1981} suggests that the thinning in this
area was structurally controlled. At and around Cala, the Member has a fairly
constant thickness of between 110-120m. On the preserved eastern margin
thicknesses of betwoen 60-80m are rccorded (Christie, 1981), North of
Bushmanshoek Pass, the Member is not preserved at surface until south of Aliwal
notth, where the thickness is between 40-60m, The south to north thinning from
Bushmanshoek Pass to south of Aliwal North is fairly rapid {Fig.3.3b}, with the
thickness falling from £ 218mto =70m over a distance of 100km. A rapid thinning
oceurs at Aliwal North, and just to the north of the town, the Member is only 22m
thick. The most northetly occurrence of the Bamboesberg Member occurs botween
Zastron ond Vanstadensrus, where the Member is preserved as a single 3m thick
fining upward sequence of sandstone through to coal.

From the recorded thickness measurements it is evident that the Bamboesberg
Member thins rapidly in a south to north direction, as well as thinning consistently
gast and west from a maximum thickness in the Bushmanshoek Pass arca. It
therefore seems that the basin was deepest in the Bushmanshoek Pass area and
that the seuth to north, and symmatrical cast and west thinning may be accounted
for by original basin topography.

3.3.3 Sedimentology
3.3.3.1 Lithofacies doscriptions

For the Bamboesberg and Indwe Sandstore Mombers, full lithofacies descriptions
are given, but extended interprotations arc prosented only whore they differ
significantly to these feund in tho Burgersdorp Formation. As for the previous
Chapter, facies are broadly defined following the schome of Miall (1877, 1978,
1966).

Y
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A) Sandstone Facies (8)

Sandstones are volumetrically the most abundant lithology in the Bamboesberg
Member. Grainsizes within the sandstone facies range from fine to very coarse
sand and individual grains may be angular to well rounded. Feldspar tends to be
more angular than quartz of a similar size. Pebbles and cobblas occur sporadically
within most facies but are more usually associated with the coarser sandstones.
Sorting is variable dependant on facies type, but in general the fine to medium
grained sandstones are poorly to moderately sorted, whereas the coarse
sandstones are well to vary well sorted. Extra-formational clasts are predominantly
blue/grey quartz arenites, brown lithic arenites and minor amounts of vein quartz.
Soft sediment deformation (Figs.3.4, 3.5) is rare in the fine grained sandstones of
the Bamboesberg iv.amber, being more abundant in the coarser fraction. They occur
as convolutions composed of regularly spaced folds which die out upwards and
downwards within a bed and do not cross bevinding surfaces (Fig.3.6).

o
o

al  Heterolithic Scour Fill  (Se,)

Facies Sg, is a matrix supported, heterclithic lag and scour fill sandstone facios,
with both intra- and extra-formational clasts present together (Fig.3.7). This facies
squates to the rock pebble conglomeorate {Cp) of Christie (1981), but because true
cenglomerates are not prosent in the Bamboesberg Member, these pobbly
sandstones are rather included under the sundstone facies.

",

The matrix consists of poor to very poorly sorted miedium to coarse-graincd
feldspathie sandstene. Intra-formational clasts consist mainly of subangular to v
subrounded discs of mudstone, siltstone and fine grained sandstone, sometimes |
with included fossil plant material. Those fossils are mostly fragmentary leaves,
stems and small logs, which form part of the lag fabric. Megaplant fossil remains
ocour as two-dimensional impressions or as three-dimensional compressions., The
gonprassions may be either coalified or completely altered to haematite, and the
original material tends to weather out, leaving behind a three dimensional mould.
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Extra-forrmational ¢iw2ts are predominantly rounded to well rounded pebbles of
blue/whste quartz arenite, sithough subangular clasts are also documented. Vein
quarz is rare and chert was not tecorded for the Bamboesherg Member, although
chert is known from the overlying Indwe Sandstone Member (Turner, 1975a), Clast
size averages 12cm, with the largest recorded clast size being 65em. The clasts
have intermediate to long axis (I/L) ratios of between 0.48 and 0.95 and short to
intermediate axis (S/1) ratios of between (.22 and 0.78 {Appendix 7). These ratios

fall predominantly within the oblate and equant fields of the shape classification of
Zingg (1935).

Lag set thicknesses range from 30-80cm {average 40cm) and are discontinuous,
extending loterally no further than 15-20m. The base of a set is undulatory in
nature and may take the form of an erosional surface of limited rolief. This facies
is gonerally unstratified, although erude internal stratification was decumented.,

Fuacies Sg, is interpreted as channel lag ond scour fill deposits formed in response
to scouring of the sides ond floor of the chennels as they shifted across a well
vegetated braidplain, with pebbles being deposited following poak flow, The build
up of a basal lag of coarse detritus would tond to increase the ehannel bed surface
area and frictional resistance, thereby bringing about a decrease in flow velocity,
in turn rosulting in the deposition of finor grained materiol as interstitial matrix.

b} Intraclast Conglomearate  (Se)

Tho intraclast conglomeorate faeies {Fig.3.8) diffors from the hetorolithie scour fill
in thot oxtro-formaotional clasts aro not prosent and the clasts are oxelusively of
silistone and mudstene. Intraformational fossit plant debris may alse be prosent,
but {s subordinate it amount, In most gasos fasios Sg, is proserved at the base of
massive, horizentol and eross-stratified sandstene sets, as diserete lag deposits
{Fig.3.9), as well as rondomly dispersed throughout sets. Se, grades both vertically
and latorally into other facies types, particularly 8t and Shy, This facies is therefore
only locally developed, normally at the base of a larger architoctural oloment, and
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tor this reason Miall {1996) abandons it as a discrete facies. Set sizes range from
10cm to more thaon 50cm.

Dependant on the naturx of the hosting architectural element, the matrix ranges
from medium to coarse vy 6, yoorly to moderately sorted sandstone. Clasts are
predominantly dise-shagad ...th diameters between 1-30cm, aithough usually no
mora than Sem, and froquently !3ss than 2cm in size. Clast sizes tend to be larger
in the finer grained sancstones, In places the siltstone clasts preserve deformed
internal lamina, which cepresent evidence of liquefaction prior to reworking.

Facies Sg, is believed to be formed by the erosional scour of intraformational silts
and muds, and their rawarking prior to deposition. The presence of deformed
laminae within the siltstona clasts, attests to soft sediment deformation prior to the
clasts being incorparated inta the sandstones. The faet that larger clasts tend to
occur in the finer facies may be directly attributable to less abrasion and rounding
under lower flow regime conditions.

c)  Trough crogs:stratified (St)

Facies St (Fig.3.10) eccurs in fine to coarse grained sandstone and in many places
has rounded to woell-raunded extraformational quartzite clasts seattered throughout
sets. These extraforinational pebbles are more abundant in the coarser sandstone
fractions. St is, sub-equally with horizontol stratification {{acies Sh), the dominant
facies type for the sandstones of the Bamboesberg Member. The percontage of St
is however higher in the coarser sandstones of the Bamboesberg Member, whereas
Sh is higher in tho finor grainsizes.

Sets occur as wedge, tabular and channel fill scours and in many instances
praserve concave down, erosive basoes. Facies St may be further sub-dividad into
large (St) {Fig.3.11) and smali scale sets (St,). Large scale sets (> 1.0m thick and
up to 7 wide) and co-sots are more common in the eoarser sandstones, whereas
small scale, golitary sots (18-50em thick and 30-50cm wide) are mare abundant
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in the finer grained sandstones. In most casos solitary sets have a sharp basal
bounding surface, and co-sets tend to mutually cross-cut one another, The foreset
dip angle with the basal bounding surface is always less than 30° and averages
between 10-15° Mudstone and siltstone drapes may be interspersed between
individual sets.

Facies St, is generally accepted as being formed by three dimensional dune
migration in the upper part of the lower flow regime (Harms & Fahnestock, 1965;
Miall, 1996), where water depth exceeds 30cm. The large size of the co-sets and
their lateral continuity suggests deposition by large dune field migration, in the
upper part of the lower flow regime. St; possibly owes its formation to the
migration of large scale catenary ripples similar to those described by Williams
(1971) and Jackson (1978b), or as proposed above for St, but with decreasing
water depth and flow regime. In the latter case the change from St-St, ropresents
a continuum of process.

d)  Plapar cross-stratified  (Sp)

Facies Sp {Fig.3.12} is far less abundant in the sandstones of the Bamboesberg
Member than either Facies $h or St. This fucies occurs mest abundantly in the finer
grained sandstones in the south of the basin, and may be the dominant facies type
in the northern outcrop area of the Bambeesberg Member. Facies Sp oceurs as
individual sets between 8em and 1m thick in fine to medium grained sandstones,
whieh are moderately to well serted. Loteral eontinuity is nermally restricted to less
than 5m, but in rare instancos may reach 25m. Individual sets may be tabular or
wedge shaped, with sharp, flat upper and lewer boundaries. Facies Sp occurs
randomly interspersed with facies Sh and St and as co-sets with facies St
(Fig 3.13). Foresets may be either tangential or discordant and dip at a maximum
angle of 16°

Palaeocurrent directions measured from these sets are gencrally oblique or normal
to the wnain flow direction as determined from more relioble indicators such as
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trough cross-stratification (Rust, 1972, 1978; Allen, 1982). Small scale co-sets,
8-25¢m thick, preserve evidunce of palacocurrent dircction parallel to the main
flow,

Facies Sp in the Molteno Fermation has _ reviously been proposed to form by the
t 4gration of two dimensional, straight crested sandwaves (Cairn. ross, et al.,
1995}, The dip of the foresets is indicative of simple transverse channel bars with
ac:ve slip taces {Williams, 1966; Rust, 1978) Sets which exhibit near normal
palacocurrents are thought to represent transverse (cross channel) bar foreset
migration duting sand flat growth (Banks and Collinson, 1974}, and may cross both
the main channel and the braidplain. The origin and growth of such bars is
exploined in detail by Smith (1970, 1971). Small scale sets with palasocurrents
parallel to palacofiow represent the migration of simple, two dimensional, straight
crosted sandwaves as previously decumented for the Molteno Formation by
Cairncross et al. {1995).

e}  Massive Sondstong {Sm)

Facies Sm (Fig.3.14) consists of structureless, apparently structureless and faintly
irregularly stratified sandstonos, that occur locally near the base of sandstone
sheets, or as thick {1-3m) individual sets. Grainsizes documonted for this facies
range from fine to coarse sand, and the facies is poerly to moderately well sorted.
This facies may be fairly localised and laterally inextensive, or traceable down
palacoslope for distances of up te 100m. Intra- and extraformational clasts and
carbonacceus material may be randomly dig ributed throughout sets, but do not
form discrete layers, The basal eontact of a set is usually sharp and orosive with
the top contact abrupt or gradational into finer grained sandstone.

The eresive naturc of their bases, the prosence of 1are well rounded quartz pebbles
and numerous pellets of mud and siltstone, as well as the absence of sorting and
grading, point to transportation by a single high encrgy (uppar flow regime), but
fairly short lived event, with rapid dumping of sediment. in tho semi-massive facies,
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faint relict bedding may be duc to the obliteration of internal structure by hydraulic
creep or dewatering.

fil  Horizantally steatifiod  (Sh)

Sh {Fig.3.15) is the most abundant facies in the finer grained sandstones of the
Bamboesberg Member, Loeally this facies may account for up to 70% of the facies
assemblage prescnt. Facies Sh is preserved in fine-medium grained, poorly to
moderately well sorted sandstones. As for the Burgersdorp Formation, facies Sh
may be sub-divided into 8h,,Sh, and Sh, dependant on where in a given sequence
it oceurs. Sh, and Sh, equate to the sub:-horizontal ard irregularly planar stratified
sandstene (S,) of Christie (1981).

Facies Shy, aceurs as individual sets between 10-25em thick and as co-sets up te
2.0m thiek. The sets arc laterally extensive, forming sheets up to 150m in length.
Grainsize often doercases within a sequence and Shy, may grade vertically into Sh,
Sh, or $r. Laminae within sets are parallel, and at places are well delineated by
diserote cencentratiens of heavy minerals (Fig.3.16), predeminantly rutile and
garnet,

Facies Sh, and Sh, are similor in nature, tend to oceur as sets up to 28em ¢hiek, and
form co-sots up te 1.0m. This facios tends not to be as laterally continuous as
facios Shy, Tho internal laminae are  * as well dofined and may be sub-parallel in
nature, especially towards the tep of a sot, wheie Sh, grades inte overlying Sr. The
dip on individual laminae reach up to 5°10° in places, howoever they always flatten
out prior to reaching a bedding plain,

The bedding plain surfaces of facios Sh, and Sh, frequently preservo current parting
lineations (Fig.8.17). This is the primary sedimentary structure on which
palacecurront trend 15 obtaned for the finer graned sandstones of the
Bamboosharg Member. Bed top surfaces are ofton highly micaceous and may also
contain siltstone elasts and whoele and fragmentary earbonaceous fossit plant
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Facies Sh,,, with bed top parting lineation are documented as forming under high
velocity, laminar flow, by currents in the upper flow regime (Allen, 1964b; Picard
& High, 1973). The upward decrease in grainsize and gradational change into other
facies, including Sh, and Sr, probably reflects a response to waning flow following
peak discharge. Where the upper contact is sharp and there is little or no grainsize
variation within a set, deposition is thought to represent a single high velocity
event.

g)  Ripple ¢ross-stratified  {Sr)

Facies Sr (Fig.3.18) is locally well developed in the Ramboesberg Member. This
facies accurs exclusively in groinsizes ranging from fino to very fine sand and tends
to be modorately to poorly sorted. Sets may be up to 50cm thiek, but arc typically
between §-20cm. Sets are not laterally continuous and may grade leeally into St,,
thareby forming a continuum botween St=St, and Sr. Asymmetric current rippled
bed top surfaces are losally well doveloped and ripples are predominantly of the
linguoid type, with losser sinuous and straight crested forms also preserved. Ripplo
amplitudos range from less than 1em up to a maximum of 3em, with wavelengths
betweon 8-32em, giving ripple indicos of between 6-12.88,

Faeios Sr is belioved to form in the lower flow regime by sand ripple migration
{Allen, 1871, 1882). Tho variety of internal strueturing evident may be attributable
to changes in flow veleeity and sediment supply during depesition {Allen, 1982),
Their positioning relative to other facies suggests that they are predominantly
formed as bor top depoesits duo to changes in flow regime duning shallowing, or
during porieds of high water level, when proviously exposed bar teps become
tomporarily submerged.
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B) Fines facies (F)

As for the Burgersdorp Formation, the term fines is used to cover lithologies
ranging from very fine-grained sandstones to siltstones and mudstones. Mudstone
and siltstone form a relatively minor camponent of the total facies assemblage of
the Bamboesberg Maember, but have received a fair amount of attention in the past
due to the fact that they host the coal seams and the best preserved fossil
n. grial,

The fines are often massive (structureless) or horizontally laminated, with a small
percentage of ripple cross-lamination. The siltstones and very fine sandstones are
often micaceous and usually finecly laminated to structureloss. Except in the case
of the proposed lacustrine deposits, they normally form laterally inextensive 1 odies
less than 3.0m thick. The fines are eften richly fossiliferous, with well preserved
megaplant material concentrated on bedding plains. The mudstones are often
massive and may be highly carbonaceous.

a)

QNG (Fﬁh)

Facias Fo, is unique to tho Bambooesberg Member in the study area and consists
almost exclusively of small { € 2em) intra-formational elasts of mudstono (subfacios
So) (Fig.3.19) but with rare quartz aronite pebbles up to 8cm alse present
(Fig.3.20) and the larger clasts may show rough imbrication. The matrix of this
conglomeratic accumulation consists entirely of mudstone. Individual sets rangs in
size fram 4em to 30em and may be normally or inversely graded.

This facies is somowhat unusual in that very fine mudstone and quartz clast are
preserved together. The nermally graded beds are thought to be developed by
sugponsion settiing of mixed mud and mudstone clasts from sediment laden
surrents entering a standing body of water. Tho inversely graded beds with larger
clasts and quartzite probably represont traction driven bedlead deposits prograding
into a standing bedy of water.
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bl  Magsiva  (Fm)

Facies Fm includes structureless to faintly laminated fines (Fig.3.21) which may
show faint colour banding. Facies Fm may oceur as thick (1-2m), laterally extensive
deposits or as thin {<20mm) deposits draped onto the tops of other facies, in
which case the lower surface eonforms to the gross morpholegy of the underlying
bedform. Soft sediment liquefaction features arc fairly common and faintly
muderacked bed-tops attest to very infrequent periods of desiccation. Well
preserved carbonaceous fossil plant compressions are fairly cemmon within this
facies.

Facies genosis is thought te be due to the sottling of suspended load fines from low
energy currents in the lower part of the lower flow regime. This prebably oceurred
in abandoned tracts and low lying areas within and surrounding the main flow
locus.

b} Bipple lomippted  (Fr)

Ripple taminated fines (Fr) {Fig.3.22) with and without climbing lamination eceur
as thin (< 15em) isolated or latorally continuous sets up to 180m in length. This
facies grades upward into facics Fm or Fh. In the upper part of the Bamboesberg
Member, these deposits are often silicified to form chertified horizons, with well
proserved fessil plant material en the bed tops.

Straight, asymmaetrie, sinuous crested and linguoid ripples are typically formed on
tho bed tops ef such sets. Amplitudes range from 1-20mm.  Straight crested
ripples are formed at slightly lower flow velesitios than lingueid ones, with sinuous
crested forms bolioved to rop:esent intermediate bedforms (Harms et al,, 19785).
Climbing ripples are currently held to form by the migration and upward growth of
ripples with excossive supply of suspended fine sediment (Allen, 1971) and are
indicative of woak currents in the lower part of the lower flow regime (Reinock &
Singh, 1973).
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c) Horizontally laminated  (Fh)

Facies Fh consists of horizontally to irregularly planar lominated fines (Fig.3.21)
forming beds up to 20cm thick. Organic rich laminae and whole fossil plant
compressions oceur throughout. Facies Fh may have intercalations of very fine to
fine-grained sandstone and at places mav exhibit soft sediment deformation.

This facies is indicative of flow regimes too low to allow for traction movement
(Hamns & Fahnestock, 1965) and arc thought te represent back channel and
braidplain suspension deposits in the lower part of the lower flow regime, where
flow turbulence is insufficient for the formation of ripples.

Although it comprises lass than §¢ of the total facies abundance of the
Bambeesberg Member, coal has been the subject of numerous studies since tho
oarliest investigations of the Molteno Formation. Turner {187 1) reviewed the early
investigations undertaken batween 1856 and 1948, as well as work earried out by
Federale Mynbou in 1860-61 and the Geological Survey botween 1968-87. Since
this time, studios by Christie (1981), Heinneman (1986) and MacDonald (1988}
have advancad the knewledge of the coal seams to the present state found in the
litoraturo.

Coal and carbonaceous muastone (Fig.3.23a) in the Bemboesberg Member is
typically horizontally zonated, with bands of dull {inertinite/{usinite) and bright
{vitrinite) coal (Fig.3.23b) alternating with carbenaeeous siltstone and mudstone.
Seams up to 4.5m thiek are documented ot Indwe (Christie, 1981) however during
tho course of this study a maximum thicknoss of only 1.2m was recerded for
soams in the Bamboosberg Member. Thoe eoal seams do not have basal underelays
ot rooted horizons and are typically thin and discentinuous, eccurring as lenses up
ta 80m in length. Goal seam thiekness is vanable due to ariginal palacotopography,
nan-depositien and erasion. Thia is partieulacly true for the uppermest coal in the
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Bamboesberg Member, which is often directly overlain by the erosive base of the
Indwe Sandstene Member.

Coal samples were not analyzed for proximal, ultimate or maceral charaeteristics
and the following coal properties are combined from reports by Christie (1981},
Heinnemanr (1986) and MacDonald (1993). The coals are durain to cladodurain rich,
with high ash values, ranging fram 30-85%) for the raw material. The mineral
component consists of clay, caleium and magnesium carbonates, pyrite, mareasite
and trace amounts of chloride, fluoride and phosphorous (Turner, 1971). They
range in rank fram low-volatile bitumous to anthracite und are gencrally fairly
vitrinite rich. The fixed carbon content ranges from 30C- 31 % (MacDenald, 1983).

Although the coal seams do not have basal underclays or rooted herizons, the
oxcellent preservation of plant material within the carbonaccous mudstone
interealations suggest that they were at loast part autochthonous in nature. The
autoehthonous erganic component was most probably derived from plant material
growing in and around the edges of standing bodies of water. The high ash
contonts of the coal is most likely due to the introduction of mineral matter during
peat formation, by aecelian or fluvial processes.

The coal depesits and the interealated earbonaceous mudstone are intorproted as
backswamp peat deposits and areas of plant colonisation and compaction on
abandoned terrace and braidplain hollows. The alternating bands of bright and dull
coal aro considered to be the result of fluctuations in the water table lovel. Bright
bands arc thought to roprosont times of high water table levels, while the dull
bands and carbonaceous mudstone represent times of lower levels.

Apart from typical coal deposits, coalified stringers within tho sandstones may also
ba included in thig facies. Coalified logs ecour within the sandstone horizons and
layors af characeal (fusain) aro often assoeiated with the coarse sandstone horizons
within tho Bamboesherg Member. The fusain within the sandstones may represent
either roworked and exidized peat aceumulatiens, or evidence of a large palacofire.
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The occurrence of fusain in the upper part of the Bamboesberg Member at the
same strotigraphie horizon over distances of tens of kilometres would tend to
faveur the latter.,

3.3.4 Architectural eloment associations

As praviously noted by Turner (1975a) and Christie {1981), the Bamboesberg
Member is eomposed of a number of stacked fining upward scquences, each
between 10-40m thick (Fig.3.24}. Where fully developed and preserved, such a
sequonce grades upwards fram medium-coarse grained sandstone through siltstone
and carbonacoous mudstone or coal. Based on recont approaches in interpreting
ancient scdimentary sequences (Allen, 1983; Miall, 1985, 1996) twe mamn
architeetural element assogciations are recegnised within the Bamboesberg Member.
The first association oceurs within thick, laterally extensive tabular sandstono
bodics assemblages and the second predeminantly within the sequences of fines
that oceur betweon the tabular, sheet sandstoncs {Fig.3.24). Within each of these
asgeciations, difforont architectural elements and facies asseciations are
documented.

The tabular sandstones of tho Bamboesberg Member are characteristically laterally
gontinuous, sheet forms, ranging from 1.5 to 6 m in thickness and traceable
regionally over several tens of kidemetras. The basal eontact ef the sandstene urits
is usually sharp and flat, or gently undulatoery, and is often overlain by a basal
accumulation of facios So, or Se,,. Beoply ineised cutbank structures do not eceur.
The top centact is also usually sharp, although it may alse be gradationol inte fine
gandatene or siltstono., Due to their regional extent, the nature ef their internal
architestural elomonta, thoir facies relationships and the eecurrence of basal
arosional surfaces oeverlain by fasies Se,,, these latorally extensive tabular
sandstone sheots are interproted as bedlead dominated ehannel fill deposits
{element CHS of Miall, 1996) {Cant & Walker, 1976; Cairneress et al., 1998). The
fines facios assoeciations aro interpreted as braidplain deposits, with the eeal and
carbonaeoaus mudstone reprosenting depesition in pormanent, to semis-permanent
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hodies of water,
3.3.4.1 Channe! fill systems {CHS)

The rebuilding of Boesmanshoek Pass during the latter half of 1891 yiclded now
axposuras in road cuts that were ideai for the study of the architectural elomants
and facies refationships of the channael fill sequenges. Due to the fresh nature of the
exposures, most of the following deseriptions are based on this lecality, coupled
with observations of spatial and temporal changoe from other parts of the basin.

The channet fill sequonces form distinctive, foterally extensive, tabular sandstone
shaets, that may be correloted over many kilometres, They are generally betweon
5-15m thick and are internally structured by three main architeetural elements,
minor channels (CH), downstream aesreted macroferms (DA} and laterally acereted
maeroforms (LA} {Fig.3.25), The basal eresional surfaces of these channel
combloxes ropresent third order contacts (Allen, 1983), whereas the individual
architectural elements are bound by sccond erdor surfaces.

hY) Minor channal fills {Ch)

Minor channel clements (Ch) {Figs.3.28, 3.26a,b) within the overall channel
complex {CHS) oeeur as lenses of sandstone, overlying a sorvex down oresional
surface. In Bushmanshook Pass, sueh miner channel fills are usually up to 15m
wido by 1-1.5m thiek, with width/depth raties f botween 10-15. The largest minor
channel was reeorded in the uppor part of Cala Pass and measured 80m wide by
3.1m deop, giving a width te dopth ratio of 25.80.

The basal gontaet te a ehannel fill sandstone is commenly flat or slightly crosive
and eonvax down inte the underlying faeies. Sedimontary structures associated
with the minor ehannal fills inelude basal sele structures and bedstop parting
lincation ond eurrent ripples. Internally the fill is structured predominantly by
madium to large seale St, St ind lessor Sp. Evidonee of penceontemporancous soft
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sediment deformation and bioturbation occurs at places. Ferruginous concretions
frequently occur on the top surface of the coarser grained channel fills. Facies Se,
or Se, commonly occur above the basal erosion. Scour surfaces within the
sandstones in many places contain siltstone clasts and whole fossil plv  t material.
in order of abundance, sandstone facies found within the channel fill sequences are
Sh=8t, Se, Sp=Sm, Sr and Se, Fines facies preserved in-channel are
predominantly Fh and Fm, with rare Fr. Coal is not usually preserved within this
facios, although carbonized plant fragments and soalified logs may be preserved.
Charcoal (fusain) is rresent in the finer grained units of the channel fills.

The basal facies Se, or Se, is typically ovetlain by facies St, or Shy, and grades
upwards into facies St, and Sh,. Individual trough thicknosses and grainsize
docrease upwards in a typical channel fill, with a progression from St; to St,. This
decrcase in sot thicknesses and change wrom 8t to St, is thought to be a response
to a reduction in flow veloeity, brought about by increased frictional drag, due to
in channel bedload deposition. Facies St, may also occur inter~persed with other
facies within the minor channel fill scquence. Those deposits may be due to
seasonal fluctuations in fiow ratos and water depths in the channel. These
sequences are interpreted as complete channel fills formed during the iateral
migration of the active channel tract acress the braidplain.

Cosots of facies St up to 1.0m thick overlying facies Se, er Se, roprosont anly
partial channel fills, with the upper Sh and Sr facies not presont. This lack of the
upper part of the sequence may be duo either to nen-deposition or erasion during
channel switching and the establishmoent of the suceeeding ehannel base.

Facies Sp may be randomly interspersed throughout a typien! ehannel fill sequenees
and rearesents the intornal structure to numerous differont architectural element
typos. Individual sots of facies Sp bounded by second arder surfages aro interpreted
as being tho internal structure te beth transvorse and longitudinal/linguoid bars, The
distinction between these two architectural eloments is based on intornal
palagocurrent direction (transversedlateral or downstreom aceretion) and overall
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gross morghology.

In placas, lateral restrictad {<3m long), thin {<50em), concordant, undeformed
lenticular and tabular mudrock units occur interspersed within the channel
sandstones. These units usually ocour abave class two bounding surfaces which
define individual bars. They are internally structured by facies Fr and Fin and are
intarprated as bar top and terrace deposits.

b) Abandoned channel {ill systams (ACH)

A typical abandoned channel fill sequence is shown in Figure 3.27. The sequence
is compased predeminantly of finar grained sandstones than in active channel fills,
together with intercalations of siltstone and mudstone. It is predominantly
structured by facies Sr, Fh, and Fr. They are also the sites of rich plant
accumulations and fusain, with numerous well preserved megaplant fossils on the
bedding plains. The exceptional prescrvation of the fossil megaplant material in
these deposits suggests plants may have colonised the channel prior to fill. The
lack of associated leaves, stems ond reproductive structures however favours at
loast a small amount of transport. Plant material most probably floated inte a quite
water setting, became waterlogged and sottled from suspension along with the
mud and silt fraction. In rare instances coal may also be presorved in this setting.

c} Lateraily acerated mucroforms (LA)

Latarally aceroted macroforms in the Bamboesherg Member include transverse bars,
sand-flats and rare everbank splays. Transverse bars (Fig.3.28) are tabular eloments

vith sharp, basal and top contacts, and are laterally continuous acrss the width
of individual channel fills. Splay sandstones interspersed within the braidplain fines
{Bf}) may also be trongverse in nature (Fig.3.29). Solitary sots of facies Sp are
attributed to high flow stage deposition by simple bar slipface migration.
Palacecurrent directions obtained from this facies show ditections between 45-90°
to the flow dircetion ascertained from facies Sty within in-channel dune fields.
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d) Downstream accreted macroforms (DA)

Downstream accreted macrotorms in the Bamboesberg Member include both
longitudinal and linguoid bars (Figs.3.28, 3.30). These bar macroforms have either
flat or slightly concave basal sontacts and convexo-planar upper surfaces. They are
traceable in a downcurrent direction for between 50-120m and are internally
structured by facies Sh, St and Sp. Facies Sp is far less abundant than in
transverse bars, and provide palacocurrent directions similar to those obtained from
in channel dunes.

The upstream side of longitudinal bars tend to be coarser than the minor channel
fills. Where bar tops are preserved unalterod they may be capped by asymmetric
current ripples. The searcity of such ripple topped surfaces in the Bamboesberg
Member is probably due to their low preservation potential, especially when bar
tops become channel bottoms during peak discharge. The searcity of bar top
structures was explained by Turner (1983} in terms of de-activation of the slip-face
followed by non-deposition. Rippled surfaces may be continuous for some 20m or
more across the width of the bar tops, thus providing an indication of the width of
longitudinal bars within the system during periods of low discharge.

3.34.2 Interchannel fines systems (IF)

The sequence of fines which tend to overly the tabular sheet sandstone
associations are also broadly tabular in their gcometry. Due te the fining upward
naturo, tho prosence of carbonized leaves and silicified wood, as well as immiature
palacasol dovelopment, these units are interpreted as braidplain fines (element FFP
of Miall, 19986). In general, the interchannol fines preserved in the Ramboesberg
Member represont vertically aceroted (VA) sequences from suspended load settling
in standing bodics of wator. Dusiecation cracks are not common in the
Bamboosborg Momber and where preserved, oceur as thin, shallow cracks,
exclusively in mudstones (Fig.3.31).
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a) Braidplain fines  (Bf)

The channel sandstone assemblage grades upwards into finer grained, blocky
lenticular sandstones and siltstones. These sequences are usually not very thick
{<10m)}, with a maximum thickness recorded in the first fining upward sequence
of the Bamboesberg Member of 22m. In most sequences the braidplain fines are
massive or horizontally laminated (Fig.3.21), with a small percentage of ripple
cross-lamination (Fig.3.22).

Megaplant fossils oceur in various taphonomic states within the braidplain fines
facies association and apart from the abandoned channael fills, braidplain fines tend
to preserve the best fossil plant material. /n situ silicified wood also 2ccurs within
the braidplain fincs elements (Fig.3.32), being most prevalent in the upper reaches
of the Bamboesberg Momber.

Interchannel braidplain fines form the upper component of the typical fining upward
sequences preserved in the Bambeesberg Member. Thu lower contact with the
sandstones may be sharp or gradational. Thin {1-20cm), iron and manganese rich
layers with preserved clay lined box-work lattices are abundant in the lower part
of the Bamboosberg Member and are interpreted as weakly doeveloped
hydromorphic palaocosels. Periodic oxposurc of parts of the braidplain therefore
allowed for the dovalopment of weak palaeosels, whieh were froequently drowned.

Cairncross et al. (1595) document the eceurrence of crovasse splay doposits in tho
Bamboesberg Membeor and distinguish them from sheetfloed doposits en the basis
of thair limiwod lateral continuity. A single example of such a depnsit is preserved
noar the top of Boesmanshook Pass, where a 1m thiek doposit of facies Sp is
sandwiehad between layers of carbonaceous mudstone (Fig.3.29). The direction
of transport {040°% shows it to be eblique to the main direction (35Q° for tha
associated channel elemonts at this leeality and it therefore most likely reprosents
a single opisode splay dopesit ento the elovated braidplain,
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The upper contaet of the braidplain fincs and coal seams tend to be irrcgular, due
to erosion by the overlying channel sequonces. In places the channel sandstone
complexes (CHS) completely cut down into each other to form stacked sheets,
such that the braidplain fines are completely removed from the sequonce.

b) Lacustrine depasits

Lacustrine deposits are differontiated from braidplain fines on a combination of their
stratigraphic position, lgteral continuity, the stratification of the sequence, and on
the taphonomy of their palagontological signatures {Picard and High, 1973b). Large
seale lacustrine dunesits are documented only from the farm Norwood in tho
Bumboeshoek Valley. whereas minor lacustrine and backswamp deposits are
rocorded throughout the spatial and temporal extent of the Member.

On the farm Norwood in the Bamboeshoek Valley, the third and fourth channel
sandstone complexes of the Bambioesberg Member pinch out at the northern end
of the valley and their place is taken by a laterally extensive bedy ef blue/gray fines
(Fig.3.33). Exposures of this unit eceur on both sides of the Bamboesheck Valley
and form a laterally eontinuous layer for some 2km ar more. Tho unit ranges in
thickness between 2-18m (Fig.3.33). Lithologically this dopesit is dominated by
mudstones, which have subsequently been silicified. Tho deposit is predominantly
structured by facies Fh and Fr (Fig.3.22), with lesser Fe, and Fe, and shows little
to no bioturbation and no faunal remaing.

Although tho exact peint of intersaction of the ehannel and lacustrine deposits
could not bo mappod eut, the proximal reaches of the mudreck sequence contain
a number of quartzite pobbles up te 8em in length (Fig.3.20), whereas quattzite
robbles are unknown further away from the channols. Fer this reason, facies Fe,
and Fe,, aro interpreted as representing the channal entry peints to this standing
body of water, Switehing of sediment distribution patterns lead te the deposition
of small coarsening upward unis {Fig.3.19, 3.20) by p ogradation of channel sands
into @ standing body of water. Miner {lugtuations in the acrial extent of the system
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are shown by rare desiccation cracks in the silicified mudstones (F.g.3.31).

Abundant, well preserved monogeneric accumulations of HMeidiphylum and
Dieroidium, as well as mixed plant associations of Dicroidium and Heidiphylum
{Fig.3.34) are preserved on the individual bedding plancs near the channel entry
points. Such an association of Dicroidium and Heidiphylum as sale dominants is not
unusual in the Bamboesberg Member and the situation of monegeneric Heidiphylum
and mixed Heidiphylum{Dicroidium oceurring as interspersed layers is very sirnilar
to that described by Cairncross et a/. (1995) at Cyphergat 111. Megaplant fossils
become dominated by miscellaneous stem axes away frem the entry points. The
plant assemblages probably represent parautochthonous deposition, with fairly
short distances of transport as shown by the relatively unmixed nature of the
sample and the good preservation of megaplant leaf material. These particular
deposits were probably surrounded by a low-diversity coniferaus thicket of
Heidiphylum as this is the principal community represented in the taphocoenases.
Duo to the disassociated nature of the fronds and the fack of associated fruiting
structures, a more distant allochtony for Dicroidium is propased.

This deposit is vory similar to the Paninsula exposures described by Cairneross et
al. {19985), although these authors interproted the doposits as representing
deposition during floeding of the distal fleedplain. The latoral extent of tho depesit;
the predominonce of mudstone, with intra- and extra-fermational clasts; the
presence of coarge feeder channels at the same stratigraphie horizon; and the fact
that well preserved plant fossils are preserved enly on the inlet side, whereas stem
material prodominatos towards the outlet side tond to favour a laeustrine
interprotation.

A good example of a more restricted laeustring sotting is preserved en the farm
Klipkraal (Storkstroom distriet), on the right hand side of the R397 between the
town of Sterkstroom and the base of Bushmanshoek Pags. At this locality the
doposit takes the form of a «8m thiek unit of interlayored mudstone and siltstone
underlying a prominent sandstone ledge. The unitis internally strustured exelusively
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by facies Fh and Fm. The fine rhythmical lamination suggests suspengien settling
in open water bodies. From the sedimentological evidence alone it is difficult to
determine the depositional environment with any certainty, other than that it must
ropresent a very low energy deposit, such as a lake, marsh or large abandoned
channel. Its palaeontological signature however mirrors that of the previocus setting
and suggests a small lacustrine setting.

The plant assemblage at this locality has not been studied to the species level, but
at the genaric lovel is strongly dominated by Dicroidivm and Heidiphylum. This
assemblage tacks diversity and appears to represent only two plant communities
growing on a floodplain surrourding an open body of water. The two taxa represent
a Heidiphylum thicket and a low diversity Dicroidium woodland (Cairncross ot al.,
1995). At this locality the presence of monogeneric layers of both Heidiphylum and
Dicroidiurm may imply that normal leaf fall was not at tho same titae of the season
for the two genora, howover similar assomblages may be created due to tho
proximity of the taphococnaeses to the water body.

Woll drained swamps or lakes have near-surface oxidising eonditions with little or
no presarvation of organic matter whilst poorly drained swamps or lakes are of a
redueing noture which tend to preserve plant material (Celeman, 1966). The
abundance of plant matoriol associated with the lacustring deposits of the
Bamboosborg Member tend therefore te favour restrieted eirculation and a reducing
nature for the lake waters,

oy

3.3.8 Potrography

As for the Burgersdorp Fermation, potroegraphic analysis of tha sandsiones of tho
Bamboosberg Member was undertaken in arder te determine eriginal grainsiza,
gross mineral composition and textural maturity, Samples fram similar facies typo
were sectioned for each of the main sandstane horizens, to tost for stratigraphic
changes, such ag theso propesed by Rust (1989, 1962). Textural analyses of the
sandstones were rmainly concerned with detrital grainsize as quartz evergrowths
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on detrital graing prohibits acecurate grainsize analyses in hand specimen.
Microscope analysis was therefore essential for the original grainsize of
Bamboesberg sandstones to be determined.

3.3.5.1 Petrographic descriptions

The finer grained sandstones of the Bamboesberg Member are generally minerally
and texturally submature, with moderate to poor sorting and sub-angular to well
rounded grains. These finer sandstones have a fairly high percentage of clay matrix.
The coarcer sandstones tend to be minoralogically and texturally mere mature, with
high percentages of quartz, rounded to well rounded grains and far less matrix. The
coarser sandstones tend to be cemented by rim coment, however they are
gencrally more friable than the finer grainad units.

a) Framework Grains

The major framework grains in tha sandstones of the Bamboesberg Member are the
light minerals, quartz and feldspar as well as numerous roek fragments.

i) Quartz

Quartz {Fig.3.38) is the principle componont of the channel sandstenes, as well as
being fairly abundont in the braidplain recks. Individual grains are gonerally
subrounded te subangular, although well rounded grains are alse present. Most of
the grains show unit oxtinction, with enly %1095 exhibiting undulatery extinction,
showing that they have undergoene strain to greater or lesser degrees. Many grains
show fine tracts of inclusions and more rarely, small acicular rutile and zircon
inclusions are pregent within the quartz graing {Fig.3.36). Leng, point and (loating
contaets {Fig.3.35) are mest commenly develeped between detrital grains, although
sutured and coneaveo-convex {Fig.3.36) grain baundaries also oceur,
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Both the fine and coarso grained sandstones of the Bamboeesberg Momber are
modified by secondary {diagenetic) overgrowths of quartz (Fig.3.3 /], fiswuver the
coarser sandstones display this feature to a far higher degree. The boundary
between rim overgrowth and detrital grain is in many cases defined by a line of
inclusions. Overgrowths are othorwise in optical continuity with the detrital grains,
aven when the detrital grain shows undulatory extinction. Overgrowths may be
irregular (Fig.3.87) or euhedral (Fig.3.37b) in nature and may increase the size of
the original groin by up to 209, as well as altering the sandstones textural
characteristics. Overgrowth contacts are dominantly concavo-convex or planar.

The low abundance of overgrowths in the fine to medium grained sandstones,
which usually have high matrix contents, may be due to the lower porosity of such
sandstones or due to the decreased number of grain contacts, which would reduce
the amount of quartz made available by pressure dissolution.,

it) Feldspar

Frash, partially and totally weatherea feldspar grains are present in varying
quontities within the sandstones of the Bamboesberg Momber, Sodium rich
plagioclase (Fig.3.38} is the most abundant feldspar in the basal part of the
Bamboosberg Member and individual grains show albite, carlsbad and loss
frequently poricline twinning. They are typically cuhedral when preserved as fresh
grains. Potassium foldspar, is less frequent in the basal horizons, becoming more
abundant in tho upper recaches of the Bamboosberg Member, especially in the
coarser fraction. Orthoclase (Fig.3.39) is uncommon and fresh, unweathered
euhedal (Fig.3.40q) and well reunded microcline {Fig.3.40b) is the more common
grain typo. Weathered orthoelase grains (Fig.3.39) arc often difficult to distinguish
fram the matrix eontent and this fact alone probabiy biases the true representation
of foldspar within the Bambeesberg Member.
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ili!  Rock fragments

Rock fragments are not common in the finer grained sandstoncs of the
Bamboesbkerg Member, but are fairly common in the coarser grained horizons. Rock
fragments are most commonly polycrystalline quartz of sedimentary {Fig.3.41)
igneous (Fig.3.42) and metamorphic origin (Fig.3.48), although granite fragments
also occur. The most common sedimentary rock fragments are pebble sized
extraformational clasts of quartz arenite compesition (Fig.3.44) that are impertant
provenance indicators, The lithie grains are usually larger in size than the average
for monocrystalline grains in a particular sandstone unit.

ivli Mica

Preserved detrital miea is not an abundant ecomponent of the sandstenes, but when
present, muscovite (Fig.3.45) is the dominant form with biotite being extremely
rare. Muscovite occurs as lath shaped grains, sometimes showing slight bending
duo to compaction, Bietite (Fig.3.46) oceurs as small, angular grains and may show
zoning due to variations in iron content.

b} Hoavy minorals

Heavy minrerals usually eceur as accoessory minerals in the Bambeesberg Member,
in concentrations less than 193, unless preferentially concentrated by fluvial
processes. Detailed heavy mineral analyses and separations were nat undertaken
for this study and all identifisations were underiaken solely by means of normal
potrographic precedures. Christie {1281) lista the four nen-opaque heavy minerals
present as: colouriess and pale pink/red garnet; colourless zireen; yellow brown
rutile; and eolourless and pale greon taurmaline. Of these zireons, tourmalines and
garnets were wentified during this study.

Zircons aro the most abundant non-opaque heavy mineral in tho Bamneeshorg
Membor and eceur as well rounded (Fig.3.474,b) and subhedral te euhedral grains.
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Tourmalines are rare, but where present occur mainly as euhedral graing (Fig.3.48).
Garnets (Fig 3.16} arc fairly common within the coarse grained sandstones of the
Bamboesberg Member, often eecurring in scour hollows in front of longitudinal
bars. Although detailed geochemistry was not undertaken on the garnets from the
Member, Reynolds (1980) assigned the garnets in the Molteno Formation to the
almanding-pyrope ¢lass, some with a small grossularite component.

Opaque heavy minerals are more abundant than non-opagues, with magnetite and
ilmenite predominating, along with rare leucoxone (Christie, 1981). In the lower
part of the Bamboesberg Member, oxides often form discrete laminae (Fig.3.49)
associated vvith facies Sh.

c) Matrix

The matrix (Fig.3.50) of the sandstones of the Bambocesberg Member is composed
of very fine grained quartz, decomposed feldspar and clay. It forms an important
compenant of the everall assemblage, with dotrital and authigenie clay mineral
abundance up to 25%. X-ray diffraction {(XRD) and microprobe analyses were not
undertaken on the clay fraction, however the work of Turner (1969) showed the
clay mincrals prasent to be mainly illite and montmuorillonite.

3.3.5.2 Sandstone classification

Previous authors (Rust, 1989, 1862; Turncr, 1972b, 1978a; Christie, 1981;
MaeDenald, 1993) have in the past experienced problems with the classification
of the sandstones of the Bambeesberg Member due to the large percentage of
matrix and the variable feldspar contonts. This problem is cempounded by the in
situ brookdown of feldspar te elay (Fig.3.50) and is diseussed for immature
sandstones by Dott {19644,

Rust {1989, 1962) classified th sandstones of the Bamboesberg Member as lithie
sandstones (lithie arenites) to lithic sub-greywackes. Turner {1972b) gives a figure
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of 25.5% clay matrix for the sandstones of the Molteno Fermation, making them
greywackes (quartz and feldspathic wackes) according to the elassification of
Pettijohn ot a/, (1975, 1887). Christic (1981) regarded tho sandstones of the
Bamboesberg as ranging from feldspathic to lithic wackes, a elagsification adhered
to by MacDenald (18983). Cairncross ot al. (1995) classify the sandstones of the
Bamboesberg Member as arkeses.

Figure 3.51 documents the framework grain plots determined from this study, and
shows that the sandstones of tho Bamboesberg Member range from sublitharenites,
litharenites, arkosic arenites, to arkoses and suborkeses. Lithie, feldspathic and
quartzwackes also aceur. The coarser fraction are generally grain dominated,
whereas in the finer sandstones, elay matrix may be an important component. The
majority of wackes arc secondary in origin and their predominanee in somo
workers' classifications {Christie, 1981) is L.lieved to have been brought abeut by
the inclusion of altered feldspars as matrix rather than frameweork grains. The
inclusion of all totally altered feldspar grains that preserve grein outlines, would
shift the majority of Bomboesberg sandstones inte the arkosic arenite sandstong
field.

3.3.6 Palagcocurrent analysis, provenance and
tectonic sotting

3.3.6.1 Palacocurrent analysis

Combined palagoecurrent measurements for the Bamboosberg Member are gresented
in Figure 3.52. The lower part of the Bamboosberg Member containg fow
diroctional indicators, although numerous trend indicators are present, particulorly
parting lineation associated with fasies Sh. These measurement are however
presented as directions due to the unimodal nature or the palacecurrent direction
as obtained frem all ether seurges of dota. Trough axes and parting linoation data
is supplemented by pobble imbrigation and long axis erientations, as weil as long
axis orientations of large stom axes and logs. In the seuth of tho basin, cach
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sandstone horizon was treated separately such that any stratigraphic variability
would be evident. No marked inter-unit variation was however found to oxist, and
the data has therefore been lumped together to show the general palacocurrent
directions for the Bamboesberg Member as a whole.

This palaeccurrent analysis shows that the Bamboesberg Member was deposited
by unimodal palacocurrents flowing mainly to the north-northeast. These directions
accord well with the north-easterly direction pestulated by Turner {1975a) for the
southorn part of the basin, as well as the subordinate northeast flow direction of
Christie {1981). They also accord fairly well with the figure of 350° given by Rust
{1959, 1962) for Bushmanshoek Pass. They arc however in eontrast to the overall
northwest basinal trend (Turner, 1877) and tha northwest (329°) dircction given
by Christie {1981) for the Bamboeesberg in the Indwe and Cala areas.

Turner (1978q) postulated a two component flu.wv system governed by source areas
to the south and south east. It appears therefore that this control was alroady
present in Bamboosberg times as evidenced by the northeasterly fiow ascertained
in the west of the basin and the northwaest flow evidenced in the east {Christie,
1981). In addition the petrelogical studies suggest that during the dopaesition of the
Bombosgsberg, twe major coraplimentary systoms were carrying material from
varicd soeurce provenances situated to the southwest, south and southeast.

3.3.6.2 Provenance and tectonic setting

The sandstongs of the Bambaesberg Member eontain scattered extraformational
clasts {Figs.3.7, 3.14), which are the moest useful indicator of source areca
nrovenance. These clasts are predominantly quartz arenites (Fig.3.44), believed to
have been derived cither from the Witteborg er Table Mountain Groups of the Cape
Supergroup (Rust, 1958, 1962; Turner, 1983). Rara pebbles of brown, litharenite,
with inclusions of pyrito (altered to haematite) also oceur. These are thought to ho
roworked from the Lower Beaufort Group, where such sandstones are common,
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Study of the different micrescopic rock fragments 1s the second most important
indicator of provenance for the Bamboesberg Member. The presence of rock
fragments with elongate, sutured quartz grai  "ig.3.43) that show a bimodal size
distribution strongly suggest a metamorphic provenance for their do:ivation. Rock
frogments composed of between two and six individual interlocking quartz grains
are strorgly suggestive of a granitic source area (Blatt et al., 1972). Granite is also
present as rock fragments and is indicative of an acid plutonic provenance.

A number of other lines of evidence as to the provenance for the Bamboesberg
Member may be ebtained from this petrographic swudy. Quartz in the Bamboesberg
may display undulose extinetion and strain, not in itself diagnostic, but suggestive
of a plutonic igneous or motamorphic source (Blatt & Christie, 1963; Lewis &
McConchie, 1994). Acicular rutile inclusions are present in some quartz grains and
these are thought to be indicative of quartz of granitic derivation {Tucker, 1991).
The sub-rounded to sub-angulor shape to the quartz grains indicates that the
predominant source area was primary, and the well rounded grains providing
gvidence of a secondary cyele of reworking, as also indicated by the presence of
well rounded quartzite pebbles. The high percentage of sedium plagioclase
(Fig.3.38) is common in sediments derived from an island are source terrane (Lewis
& MeConehie, 1994}, Microsling, is often used as a strongly suggestive indicator
of pegmatites in the souree area, ospecially when it displays porthitic twinning
{Fig3.40q) (Lewis & MecConehie, 1994). The absence of the heavy mineral
assemblage of pegmatitos, such as cagsiterite, boryl, topaz, monazite and fluorite,
in the sandstones of tho Bambeesberg Member would tend to discount large
pegmatites as a primary provenance. Rust (1258, 1962) suggests that the garnots
in the Molteno come from rewerking of the Dwyka Group. The occurrenee Jf rare
detrital biotite is not diagnestic, but is strongly suggestive of an acid plutanic te
low grade metamerphie seurce terrane. The dotrital mica content is particutarly low,
due mainly to its alteration to clay. Detrital miza is however more cemmonly
derived from sehists, gneisses and plutonic igneous rocks, although muscovite may
be a produet of a sedimentary source area (Zuffa, 1988},
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«i The relative percentages of the non-opaque heavy minerals are used by Pettijohn
(1975) and Lewis anc¢ MeConchie (1994) as provenance indicators. The
combination of rutile, tourmaline and leucoxene is used by Tucker {1991) to imply
a roworked sedimentary source. The cambination of rutile, pink tourmaline, spheno
and magnetite, together with the presence of potassium feldspar, sodic plagioclase,
biotite and muscovite is Jsed to define an acid igncous source by Pettijohn {1975).

The ostensible pausity of garnet in the Formation was ascribed by DeVilliors and
Wardaugh {In Ryan, 1863} to the cutting off of a erystalline area to the south by
the rising CFB. This study has shown however that in the Bamboesberg Member
garnets are still fairly abundant. The presence of garnets in the upper part of the / !
Bamboesherg Member is indicative of a high grade metamorphic source. Garnets

are also known from pegmatite deposits, however the associated heavy minerals,

especially the lack of blue tourmaline, discount pegmatites as the source of the

garnets in the Bamboesherg Member.,

Potrographic evidence of the sandstones of the Bamboesberg Member therefore
suggests a mixed sodiraentary, acid-plutonic ond associated metamerphic
provenance, with contributions from the underlying Formations of the Kareo
Supergroup. Figure 3.52b shows that the sandstones of the Bamboesberg Member ,
plot within the quartzose recyeled orogen field and into the craton interior field of : ¥ ]
Dickinson et a/ (1985). This position in the quartzose recycled orogen field reflects 3
the roeworking of Cape Supergroup rocks. Tho high percentage of sodic plagicclase |

may refloet cithor sedimentary rowarking of sodic plagiociase rich sandstones of
the Lowaer Beaufort, or that remnants of an island are terrane were still available to ; ;
supply sediment during Bamboosberg Momber times. The heterogenoity of the
sandstenc composition suggests a varied source terrain that changed threugh time,
with a high grade motamorphie terrane supplying materiol during the deposition of ;
the uppoermaost part of the Member, %
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Indwe Sandstone Momber

The Indwe Sandstone Member (Turner, 1975a; SACS, 1980) overlies the
Bamboesberg Member in the south of the basin and the Burgersdorp Formation in
the north of the basin {Fig.1.1). It is an important lithostratigraphie unit in that it
is present throughout the basin and forms an 2asily identifiable marker herizon. For
this reason it was taken as the uppermost unit for the stratigraphic range of this
study.

The name Indwe Sandstone was first used in the literature by Du Toit (1908) tor
exposures around the town of Indwe in the Eastern Cape, which have subsequently
been designated the type section (Turner, 1975a) and type arca (MacDenald, in
prep.). Robinson et al (1969) preferred the usage of the term Indwe Member,
however SACS (1980) formally accepted the Indwe Sandstone Member as
suggested by DuToit (1905a). Christie (1981) felt that the type section as
designated by Turner {1975a) was not representative of the Member as a whole,
az only the basal 28m is preserved and instead used four reference sections to
show the varied nature of the Member. MacDonald {in prep.) followed Christie
{1981} in that he econsidered that the Member was not preserved to its full extent
at Indwe, and designated Cala Pass. some 40km east of the town of Indwve, as the
holestratotype. MacDenald (in prep.) also designates two borehole «sios as
reference stratotypes. The first of these is on the farm Sewefontein 167 in the
Molteno district and the second on the farm Pesenkenplaais 212 in the Indwe
district. Both cores are housed in the core sheds of the Council for Geoseience at
Silverton (Preteria).

3.4.1 General geological description

The Indwo Member outcrops from south of Sterkstroom in the Eastorn Cape, to
Bothlvhom in the northern Free State, and from east of Indwe, to west of Aliwal
North (Fig.3.53). The Indwe Sandstene Member has previously boon propoesed to
extend all the way through te Zimbabwe (Turner pers.comm.) however the author
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foels that these doposits were formed in distinet separate basins and for this thesis,
the usage of the term is restricted to occurrences within the main Kareo Basin of
South Africa. It is however a Member of appresiable lateral extent and is therefore
of regional significance as a lithostratigraphic marker honzon. It is fairly casily
recognised in outerop due to: the coarse nature of the ¢honnel sandstones; the
presence of quartzite pebbles aleng the lower crosion surfaces, especially in the
south of the basin; its characteristic woathering pattern; and by the glittery
appearance imparted by the presence af secondary quartz overgrowths, Because
¢y its distinctive nature, most work pieviously censerned with the Molteno
Formation has focused on this Member

In the south of tho basin, the base ef the Indwe Sandstone Member often co-
incides with an aceurnulation of mixed extra- and intraformational dobris, informally
termed thoe “Kole Pebble Bed" (Turner, 1975a). This "Bed" is a matrix supported
conglomorats that varies in thickness and eentinuity on a sealo of tens ef metres.
It is not always rostricted to the basal contact and ofton eceurs some 1-2minto o
given sequence, Where lengitudinal or trangverse bar clements mark the base of
the soquence, the "Kole" is not present. For those reasons, although the torm
"Kolo" is used in this thesis, werkers should take eare when using the "Kolo Pebble
Bed" to dofine the base of the Indwe Sandstone Member.

Although the basul conglemeratic units of the Indwe Sandstone Member are
lenticular in nature, they eseur on a regional extent and tho sequence is informaily
known as the "Kele Pobble Bed". This unit eensists of oval to ollipsoidal pebblas,
cobblos and boulders sot in a poerly sorted, coarse to very eearse grained matrix.
In the study arca this bed is represonted by a composite zone up to 2.0m thick. A
maximum eclast gize of €8em was recerded in tho south of the basin, which
approximates well to the maximum of 75em recorded by Turner (1975a), Pebbla
size deereases ropidly to tho north till at Senckal, the maximum elast size is only
Tem. In the seuth and seuthwest mere than ninoty percent of the pobbles in the
Kelo and Indwe aro white to pale grey quartzite, with the rost censisting of
hornfels, slate, vein quartz, jaspor, granite and brewn quartzite with large inclusions
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of cubic pyrite. Rust {1959, 1862) reports pegmatitic material from the Molteno
area, but such pebblos were not observed during this study. Te the cast and
northeast vein quartz is most abundant, followed by pink and grey quartzite and
jasper. This is particularly so in the vicirity of Seneckal and Rouxville in the Free
State.

In the southern marging of the basin, whero the Indwe Sandstone Member directly
overlies the uppermost sandstencs of the Bamboesbherg Member, the contact is
conformable and usually flat and sharp, although it may be marked by an eresional
surface of up to 1.8m, espeeially where the Indwe overlies earbonageeus mudstone
or coal of the upper Bamheesberg Member., Both Turner {1978a) and Christio
{1981) felt that the Indwe eroded up to 8m of underlying coal, howeover a lot of the
discrepancies in coal thickness in tho upper Bamboesberg may be aceounted for by
original topography and non-deposition and do not nocessarily represent loss by
erosioen,

in the north of the basin, the basal accumulation of clasts is not as marked, being
developed more eommonly enly as a band of coarsu grit, with rare clasts up to
0.9em. A numerous logalities, the sandstenes of the Member in the nerth of the
basin show evidenee of solt sedimant deformation (Fig.3.54). This seft sediment
deformation is loealised to a single bed and does not eress cut bounding surfacos.
For this reason they arc interpreted as being due te syndepositional sedimontary
lending and dewatering, rather thon by tectonic shoek.

Lithologically the Member is predeminantly cempesed of moderate orange pink
{5YR 8/4), light brown {BYR 6/6), moderate yellow hrown {10YR 6/4) te moderate
roddish orange (10R 6/6) eoarca to very coarse grained sandstones, with
aceumulations ef oxtraformational elasts of blue/grey quartzites and
intrafermational claste of mudstens and siltstons, One rewerked clast of silicified
wood was also recerded during this study. The tops of individual sandstone beds
ofton preserve limonite nich ferruginous concrotions.
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In the north of tho basin what has previeusly been mapped as the Indwe Membeor
often consists of two independent eyeles, buih with accumulations of intra- and
extraformational elasts at the base, The actual stratigraphic affinity of tho upper
sandstone is however uncloar at present, and for the purpese of this study, only
the basal fining upward sequence was documented as the Indwa, with tho upper
sandstone assigned to the "Transitional” Member. Further fioldwork is required to
determine the actual stvatigraphie affinity of this upper sandstone.

3.4.2 Thickness

The Indwe Sandstone Member thins rapidly from south to north, fellowing the
regional pattern of the Melteno Formation, in that the major thinning eccurs in the
region of Aliwal North. MaeDenald (in prep.) gives an averogo thiskness for the
Member of 25m. In go.. ‘ol however the Member s thickest in the south and
goutheast ond thins gradually west and east, and more rapidly nerth to south. In
the seuth of the basin, lesal variations in thickness oceur, with the Mamber rang.ng
from between 10-60m around the type locality (Christie, 1981). In the north of the
bagin, recorded thicknesses range from between 2-8m in the area surrounding the
town of Senckal. Turner {(1878a) gives thickness figures of betwaen 14-36min the
nerth of the basin. This relatively large flustuation of thieknesges in the nerth of the
basin is presumably caused by the occurience of the split sandstones.

3.4.3 Scdimentology

All gradations between mudstone and eonglomerato eccur within the indwe
Sandstonc Member, however coarso grained sandstone is the predominant
lithology.

N W | Lithofacios deseriptions

Facies deseriptions are provided for the Indwe Sandstone Member only where thoy
are significantly diftoront from the underlying Bamboesberg Member, and therofere
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have cignificance for the palacocnvironmental and basinal rocenstrustions
pragented in Chapter Four,

A}  Gravel Facies (G)

Altheugh certain authers distike the use of this facies because it refers to modern
sediment, rather than a rock type, mest authors degseribing coarse to very ¢ourse
grained sandstones, with included grainsizes above 2mm, still tend to include it
{Miall, 1996) and as such use is made of the designation here.

o) Hotorolithic geour fill  (Gey)

Mixed intra- and oxtra-fermational, elast and matext supperted conglomerate
(Fig.3.55) eommonly oceur at the base of the Indwe Sandstone Member. Set
thicknesses range from 10-100cm, but are usually in the 30-60em range. This
facios may be unstratified ond ungraded, or show faint stratificatien and clear
grading, with the coursest clast sizes eccurring along the basal eresien surface to
a set. Bxtra-formationa! clast types range from white to blue quartz arenites and
brown lithie arenites with pyrito inelusions which are totally altered to haematite.
Clasts size ranges from 1-65em. Intra-formational clasts congist mainly of siltstone
and mudstone pebbles and a fair amount of exidised weod. Discoidal shaped elasts
show a weil developed fabrie, with their long axes dipping upstream and orientated
parallel to the palacoflew, whereas rellers (rod shaped) clasts have their long axes
aricntated perpendicular to flow. A single rounded pebble of siligified fessil weed
of tho goaus Auriearioxylan {Bamford pers.eomm.) was alse discavered within the
pebble conglomerate at the base ef the Indwe Sandstone Membeor. Fossil waod of
this type is eommon in the undetlying Bamboest.erg Member and this elast is mout
likely rowerked from this Member. Tho matnx consists predominantly of cearse
quarz graing and lesser feldspar. Quartz graing tend to bo bettor rounded than the
foldspars, which are often euhedral in r..uie. Large grains of feldspar sometimes
form lenges agseeiated with smell pebbles.
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Facies Ge, occurs mainly at the base of sandstone sequences as matrix supported
lag eonglomerates, although it does not always directly form the base of a
particular unit and may oecur gsporadically distributed threughout a sandstone
package.

These deposits are thought to represent lag aceumulations following periods of
peak flow, duting which time the system could move latge clasts as bedlead.
Harms and Fahnestock (1965) nate that pebbles with long axes greater than 2.5em
and a speeific gravity greater than two, could be transparted only in the upper flow
regime. The unstratified and ungraded nature of seme of the sets probably
represents rapid dumping of coarse suspended load following peak fleed. No
invorsely graded sots were identified, and debns flows are not though to be active
in tho system.

b)  Trcugh crogs-gtratified {Gt)

Faaies Gt (Fig.3.56) is associated with, and semetimes laterally continuous to,
fagies Ge,, with igelated pobbles and pebbly bands on individual set laminae,
Trough widths are marginally greater than for facios St in the upper parts of the
Bamboeesberg Member. Individual troughs may have widths of up to 8m ond can
be up to 2.0m in height, olthough the norm is botween 30-70cm. Forosets dip
betweon 10-15° These units may eut into one anather both vertieally and laterally,
with the eresional base cverlain by the coarsost grain frastion. Faeies Gt represent
the internar strugture of coarsa bedload, sinsus erosted dune migration,

¢}  Plonorgroso stronfied  (Gp)

Facies Gp 13 raro in tho Indwe Sandstene Member in the seuth of the basin, being
far mora aburdant in the north {Fig.8.57). This focios eceurs as a eoarse pebbly
gandstone, rather than o true conglemerate Faeies Gp Jsually occuss ag selitary
gots wathin facios St or Sh, but may aceur as grouped sets. Textural variation
within gets may be quite severe. Thoy aceur randemly distnibuted throughout the
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sandstone sequence, but are more prevelent in the upper reashes of a particular
sandstone unit and in the northern part of tho basin. Palaeosurrent direetions may
be parallel to those obtained from facies Gt and St, but more commonly are at an
oblique angle to it.

Boguchwall and Scuthhard (1989) documented the fermation of Gp and Sp under
mean fiow exeeeding 1.0m/s (for standardised 10°C water temperature). Rust &
Gibling {1930) record the formation of facies Gp by the migration of bar margins
of minor bedforms into locally decper channels. Facies Gp in the Indwe Sandstene
Member therefore most probably represents deposition of gravelly transversa and
longitudinal barferms in the quieter water settings of individual ehannel tracts. The
large range of textural variation is thought to be caused by fluctuating hydraulic
conditions, gravel-clast bypassing {Miall, 1996) and grainsize sorting resuiting from
the advancement of grains down the avalanche face of individual bars.

B} Sandstone facles (S)

The sandstono facies in the Indwo Sandstene Member are similar in nature to those
in the underlying Bambregberg Member, and therefere individual figures ef the
facios types are not pros: nted. The facies tynes are however described as they
differ from those ir L« Lamboesbera Member . eertain respeets.

a)  Trough gcroggstratifivg  (3t)

This ¢ the deminant sandstene fagies wit»a the Indwe Sandstene Member and
differs from the underlying Bambeesberg only in the 'arger gransize and sale of
the gets and stacked co-sets. Grainsize ranges from coarse to very eourso sand and
individual troughs average 1.8m in width, but muy bo up to 6.0m.
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b}  Plangr cross-stratifiod

Facies Sp is rare in the Indwe Member in the couth &f the basin, altheugh it is
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commeon in the north of the basin where it occurs as thin sets (<10em)
intorspersed with facies St and Sh, as well as large scalo sets {10-100em) and
stacked co-sots (up to 3.0m).

Facies Sp represents dow=  ream aceretion of sand in longitudinal bars and straight
crested sandwaves and < transverse migrz.don of bars and sandflats in the distal
reaches of the system.

C) Fines facies (F)

As for the sandstone facies, individual figures of the fines facies are not presented.
The fine fraetion consists predominantly of massive and horizontally {aminated
siltstonos. These are broadly interpreted as braidplain and quite water deposits and
form a very miner percentage of the Indwe Sandstone Member. In general, apart
from minor charactoristics, they do not aiffer significantly from the fines in the
underlying Bambeesberg Member,

a)  Maogsive {Fm)

Faeics Fm ineludes structurcless to faintly laminated fines which may show faint
colour banding. Facies Fm may form thiek {2-4m), laterally extensive depesits or
oeeur as thin (< 20mm) dopesits draped ento the tops of other facios. This facios
is often chertified, forming the chert gannister of Rust {1959, 1962) and the
porcellanite beds of Turner (1975a). In the Indwe Sandstone Membe: this facies is
often richly fessiliferous, preserving plant and inse«. material (Anderson &
Andeorsen, 1983).

Facies genesis is thought to be dua to the sottling of suspended load fines from low
energy eurronts in the low >r part of the lewer flow regime. This probably oceurred
n abandoened channel 100 and on the braidplaing within and sutreunding tho
man flaw locus.
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b)  Bipplelnmunated  (Fr)

. Ripple laminated fines are rare in the Indwe and form sets up to 15em thiek, which

. moy be laterally continuous for up te 100m. This facies may grade upward into
i S .&'.l,," facies Fm or Fh. Straight, asymmotrie, sinuous erested and linguoid ripples are
R typically formed on the bed tops of such sets. Amplitudes range from 0.5-4.0ern,
Facies genesis ic thought te be as for the underlying Bambecsberg Member.

¢} Horizontolly laminated  (Fh)

Facies Fh consists of hurizontally to irregularly planar laminated fines forming beds
up to 30em thick. Organie rich laminae and whole fossil plant compressions ecaur
throughout and invertebrate fossils may be locelly abundant on bedding plaing
(Cairneross et al, 19985). Faeios Fh may have intercalations of fine to medium
grained sandstono and at places.

d}  Ceonland Cuarbonpceous Mudstong  (C)

Coaal is rarely doveloped in the Indwe Sandstone Moember, however a coal soam
doos eccur topping the sequence in places. Turner {18754} recegnises twe ceals
within the Indwe Sandstone Member, a lower Cala Pass and upper Guba Ceal,
whereas Christio (1981) and MacDenald {1998) do not recognise any caal saams
within the ladwe Sandstene Momber, but rather place the Cala Pass seam adove
the Indwe, at the tep of their Mayaputi Shale Member. Tho ceal in the Indwe
Member is sypically dull {inertinite/fusinite), with alteraating bands of earbenazeous
siltstoeno and mudstene,

3.4.4 Architectural elament assoelations

The Indwe Sandstone Member formas a gross fining upward sequence between 10-
35m thick in tho south of the main Kareo Basin. Where fully preserved the
seguence grades up fram a basul aceumulation ef facios Go, through to facies Fm,
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Fh and Fr. As is the case for the underlying Bamboeesberg Member, a channel and
fines facies association were delineated, based on thnir overall geometries,
architectural elements and component facies. Of these two associations, only the
channel facies association was documented for the Indwe Sandstone Member
during this study.

The tabular sandstones of the Indwe Sandstone Member take the form of sheot
sandstone bodies ranging in thickness from 6-15m, that are loterally continuous
and lithologizally traceable over hundreds of kilomotres. The basal contact inay be
sharp and flat, or strongly erosional and is oiten marked by an aceumulation of
facies Ge,, up to 2.0m thick, informally known as the "Kole Pebble Bed" (Fig.3.55).
As for the Bamboesberg Member, these thick sheet sandstones are interpreted as
bedload dominated fluvial channel complexes.

3.4.4.1 Channel {ill systems {CHS)

Tho nature of the channel fill systoms in the Indwe Sandstone Member is well
shown in a roadcut on the R394 between Queenstown and Sterkstroom {Fig.3.58).
This channel fill system is internally structured by four main architectural elements
including minor {CH) and abundoned channel fills {(ACH), downstream acereted
macroforms (DA} predominantly longitudinal bars and latorally accroted (LA)
macroforms.

Individual ehannel margin struetures are rare, but where preserved show deep
erosion into the underlying faeles (Fig.3.59), particularly whore the underlying
lithology is mudstone or coal. Whare the base of the Indwe rests on sandstones of
the upper Bamboesberg, the contaet is sharp, flat, or slightly crosional (Fig.3.60).
Individual major channel {ills form large scale strusturos up to 90m wide and 9m
deop, giving a width/dopth ratio of 10, A similar figure of 80m by 9m was
documented by Christie (1981) for a ehannel coemplex to tho northwest of tho town
of Indwe, giving a widtn/depth ratio of 8.89. Comparad te the width/depth ratios
of between 20-26 for the underlying Bamboesborg Member, it seems that the moin
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channel eomploxes in the Indwe Sandstone Momber, were deeper and more
incised.

a) Minor channel fills (CH)

Minor channel fill systoms (Fig.3.61) in the Indwe Sandstone Member are most
abundantly associated with the base of individual channel complexes, although they
may also oceur throughout sueh fills. These elements are usually internally
structured by facies St, and Sm, and may have basal aceumulations of facics Ge,,
or So,

Minor channels range in width from 3.0-9.0m and aro between 0.8-2.5m deep,
giving low width/depth ratios of betweecn 3.75 and 11.25. The average
width/depth raties for these structures is 4.5. The elements prebably represent
channel switching during peak flow and rapid erosion and subsequent depaosition
of sediment by turbulent eurrents in the upper flow regime.

b) Abandoned channel filf vystems (ACH)

Tracts of channel abandenment and fill may oeecur throughout the channel cemplex
sequence. A geed example of sueh fill is evidenced in Figure 3.58. Hero the
seguonco is compesed of a basal facies St, averlain by facics Fr and Fl. The basal
St, most probhably represents the channel fleor prior to channel switching and
abandonment ond the sequence of Fr-Fl represents the fill subsequent to
abandonment.

e) Laterally acereted macroforms (LA)

Laterally aceroted macroforms include, transverse bars and sandflats and are the
predeminant architoatural element in the Indwo Sandstone Member in the north of
tho basin (Fig.3.62). Trangverso barg are predominsntly intornally structured by
facies Gp or Sp and may gongist of single ar composite cets of 8p. Thoy range in
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thickness batween 10¢m-2m and are remarkable similar in form to o 15verse bars
deseribed for the Platte River by Crowley (1983). Individual sand flat elements
range n thickness from 50-300em and are internally structured predominantly by
facies St and SP.

d) Downstream accreted macroforms (DA)

Downstream accreted maeroforms are the dominant architectural element in the
Indwe Sandstone Member in the south of the basin, and include simple longitudinal
and lingueid bars (Fig.3.58). Longitudinal hars {Fig.3.63) may ke up to 2.0m thick
and laterally persistent in a downstream direction for aver @ 100m, These eloments
are generally coarser at their upstrearn maorgin and may grade downstream into
faeies St. Due to the downcurront migration of such bar forms, the sequence
proserved at the downstream margin often reflects minar channel fill overlain by
coarser bar sandstones. Accumulations of heavy minerals, especially garnet may
he associated with facies St at the downstr.am margin. The tops of these
barforms may preserve thin mudstone veneers, or tracts of abondoned ehannel fill
(Fig.3.64).

3.4.5 Potrogrophy

Tho mest obvious distinction between the sandstenes of the lower Bambeesberg
and Indwo Members is grainsize and the very distinetive seeondary evergrowthg of
quartz. It must be neted thot the uppermost sandstenes of the Bamboosberg
Membaer in the seuth of the basin may alse have secondary avergrowths, but are
not as searse as tho sandstencs of the Indwe Sandstene Member.
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3.4.5.1 Fotrographic descriptions

a) Framework Grains

i) Quartz

Quartz is the predominant light mineral in the Indwe Sandstone Member,
aceounting for up to 902 of the framework grains. The mojority of quartz grains
are sub-rounded to sub-angular, with some very wel! rounded grains as well.
Individual quartx grains often preserve lines of inclusions and heavy mincrals
{Fig.3.05). Many of the sandstones of the Indwe Sandstenie Member have syntaxial
secondary avergrowths distinguishable from tho detrital grain by a rim of dark
inclusions. Monomineralic quartz is sometimes present as part of the interstitial
cement.

if) Feldspar

Fresh and totally weathored feldspars are rocognisable in hand speeimen and
various stages of decomposition are visible potrographically. "ligher pereentagos
ard largor graing of feldspar are associated with the ecarser facies and the largest
recorded grains, from tho south af the basin, muasure 3.0em. As for the uppermost
part aof tho Bamboesberg Member, sedium plagieclase and mieracline are the
predarainant foldspar types, hewever potassium feldspars are far mere abundant
in the Indwa than in tho underlying Bamboesherg Member. Mierochne 15 the most !
abundant foldapar, with suberdinate amounts of perthitic miaroacling and ortheelaso. ‘
Plagioclase is typically euhedral and is predominantly albitic in natue. | !

i)  Rock fragments

Tho percentage of lithie fragments in the Indwe Sandstone Member varies from
south to north and is also dependont on faeies types and grainsize. In general there

is a higher nereentage of lithic fragments in the goarser sandstones (facies Gp &
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Gt) in the south of the basin. The amount of rock fragments preserved generally
decreases towards the north of the basin. Lithic fragments are usually larger than
monocrystaline grainsg and are predominantly polycrystaline quartz (Qp) of low
grade metamorphic, sedimentary and igneous origin. The metamorphic fraction of
the Qp is characterised by stretched or elongate crystals, with sutured
intercrystalline boundaries, and which exhibit undulose extinction.

iv) Mica

Mica is not abundant in the sandstones of the Indwe and is usually less than 1%
of the total grains. When present, muscovite is the dominant form, and occurs as
small detrital flakes.

b) Heavy minerals

The heavy mineral suite is not distinetly different from the underlying Bamboesberg
Member and contains in order of abundance, zircon, rutile, tourmaline and garnet.
Garnet is not as abundant as in the Bamboesberg Member, a trend first recorded
by Theron (19689), but disputed by Turner {19750). Opaque hoavy minerals may
comprise as much as 20% of the assemblage, being mainly ilmenite and magnetite.

c) Matrix

The matrix component of the sandstones of the Indwe ranges from 5-18%,
although it is usually iower than 10% The matrix is composed predominantly of
silt sized quartz graing, partially to totally decomposed feldspars, and clay.

3.4.5.2 Sandstone classification

According to Turner (1983), the sandstones of the Indwe Sandstone Member are
predominantly feldspathic lithic arenites, ¢haracterised by rapid textural changes.
MacDonald {1993) states the lower part of the Indwe Sandstono Momber is
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composed of very coarse litharonites and the upper part of feldspathic wackes.

From Figure 3.66 it is evident that the sandstones of the Indwe Member are quartz
rich and fall in the lithic arenite, feldspathic arenite and quartz arenite fields of
Pettijohn (1975). In the south of the basin the sandstones of the Indwe Member
are more feldspar rich being sub-arkosic in nature, although with a significant
percentage of the feldspar converted to clay minerals. In the north of the basin the
sandstones preserve less feldsr - and may be composed of up to ninety percent
quartz. This is probably a reflection of prolonged reworking.

3.4.6. Palacocurrent analysis, provenance
and tectonic setting

3.4.6.1 Palasocurrent analysis

Current direction indicators used for the palacocurrent analysis of the Indwe are
mainty trough cross-stratification, as well as pebble imbrication. Parting lineation,
rills and plant stem orientation trends aided in the final interpretation. Planar cross-
stratification was also used for palacocurrent directions but the data was treated
soparately due to the large variation in the palacecurrent moans obtained frem this
structure. Elongate and flat extraformational clasts show a well doveloped fabrie
with their a long axis parallel to flow and dipping downstream. Rellers tend to bo
aligned with their @ axis perpendicular to flow. Palacocurrents based on clast
imbrication show relatively little directional variance {(Appendix 7).

Figuro 3.67 shaows that flow dircctions for the Indwe Sandstone Member are
predominantly north-northeast, north and north-northwest, with a veetor magnitude
of 88.63 and a vector mean of 344.08° for the basin as a whole. This figure is
almost identical to the mean of 344° given by Christic (1981) for Cala Pass and
337° for the typo locality of the Indwe Sandstone Member above the town of
Indwo in the Eastern Cape.

218

Joves &.;-m.-im‘mkﬂ_wﬁm‘ P s




3.4.6.2 Provenance and tectonic setting

Numerous authors have in the past tried to define the provenance for the rocks of
the Indwe Sandstone Member of the Molteno Formation. Ryan (1963) proposed a
granitic source to the south-east to provide the foldspathic components of the
Member. Johnson {(1976) proposed that the folding, uplift and erosion of Witteberg
and/or Table Mountain Group sandstones contributed significantly to the quartz
content of the upper Beaufort as well as the Molteno and Elliot Formations. Turner
(1980, 1983) postulated the existence of a scuthcrly Molteno source comprising
Cape Supergroup quartzites in addition to a southeasterly granitic source. Johnson
(1991) concluded that the first evidence of a quartzose recycled origin occurred in
the Molteno Formation. This study confirms that input from the Table Mountain and
Witteberg Groups (quartzose recycled orogen) is first directly evidenced in the
Bamboesberg Member (although it was possibly a significant source to the upper
Burgersdorp Formation as well), and is dominant in the Indwe Member of the
Molteno Formation,

The most direct evidence of the provenance of the Indwe Sandstone Member
comes from the extraformational clasts preserved in the basal Ge, facies. The light
mineral and framework grain composition, coupled to the heavy mineral assemblage
present shows that these clasts are predominantly metamorphosed quartz arenites
from the Cape Supergroup (Table Mountain or Witteberg Groups), as for the
underlying Bamboesberg Member. The presence of pebbles of hornfels and slate
suggests a low to medium grade metamorphie terrane. The occurrence of fairly
abundant polycrystaline grains with more than five individual crystals is probably
indicative of a low grade metamorphic source, as Qp of igneous origin seldom
contain more than five individual grains (Blatt et al., 1972).

The prescnece of vein quartz, and rare granite and pegmatite closts evidence
plutonic acid igrieous rocks in the source. The presence of microcline with a
perthitic texture is strongly suggestive of pegmatites and plutonic rocks, and its
presence together with orthoclase and non-perthitic microcline is strangly indientive
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of a granitic component to the source area. Turner (1975a) notes that the
predominance of albitic twinning in the plagioclase component is a characteristic
of plutonic rocks and that the acicular inclusions ¢i rutiie in the quartz grains are
indicative of a granite source. Plagioclase from a metamorphic source usually
contain numerous inclusions (Pittman, 1970). The prasence of almandine garnets
is suggestive of derivation from a pegmatoidal source (Turnier, 1975).

Brown quartzite with altered cubic pyrite inclusions are most probably derived from
the Lower Beaufort Group. The presence of a single, well rounded clast of silicified
wood of the Auricarioxylon type, such as is known in the Bamboesberg Member,
suggests uplift and reworking of the more proximal reaches of the upper
Bamboesberg Member as well.

The primary source arca for the Indwe Sandstone Member lay to the southwest,
south and southeast of the present outcrop area, as witnessed by the
predominantly northeasterly, northerly and northwesterly palasocurrent directions.
As for the Bamboesberg Member, the provenance area for the Indwe must have
included a number of different source rock types as shown by the numerous
pebbles of differant lithotypes. Figure 3.68 shows that the sandstones of the Indwe | 3
Member plot within the upper reaches of the quartzose recycled orogen field and
craton interior fields of Dickinson et a/ (1983). Based on the above evidence, the
provenance far the Indwe Sandstone Member is therefore believed to be a mixed
low to high grade metamorphic and acid plutonic source. The granite component
is belived to have been supplied from the castern margin of the Falkland Plateau
(Turner, 1975a; Veevers et al,, 1994), and the metamorphic material from within
the southern CFB. Small feldspar rich lenses at the base of channel elements in the o
north of the basin, may be indicative of a local plutonic source. ‘ \\
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Palacontology of the Bamboesberg and
Indwe Sandstone Members

3.5.1 Palaeoflora

The palaeoflora of the Molteno Formation is well known from the extensive works
of Anderson (1974, 1976a,b, 1978} and Anderson and Anderson (1878, 1983,
1984, 1989, 1985, in prep.) and is probably the most comprehensively sampled
and richest known Triassic flora in the world. This study offers little new by the
way of taxonomic assessment, except for the wood from the Formation, which
was previously not well documented, being mostly lumped in the catch all genus
Dadoxylon.

Due to the similar nature of the palaeontological wignatures of both the
Bamboesberg and Indwe Sandstone Members, they are treated together, the only
major change being in the number of specimens collected. All the identifications of
material described below were undertaken by John and Heidi Anderson.

Although the fines facies of the Indwe Sandstone Member are very rich
palacontologically (Anderson & Anderson, 1995), the bulk of the fossils collected
during this study were frem thoe fines in the lower two sandstone herizons of the
Bambooasberg Member. In these horizons, fossil megaplant remains are preserved
in the braidplain, lacustrine, channel and abandened channel elements, with the
best proserved material usually found within the lacustrine and abandened ehannel
clements,

Fossil megaplant matorial aceurs throughout the Bambooesberg and Indwe Members
in a number of difforont prosorvational forms, and associated with a number of
different facies typoes, predeminantly Ge,, Se,, and all the fines facies (F). Mast of
the fossil plant material associoted with the gravel (G) and sandstone (S)
lithologics, oceur primarily as impressions (Fig.3.69) and veory less frequently as
haematitic or coalified compressions (Fig.3.70). Fossils from facies Ge, and So,
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include comminuted and whole plant material and coalified and haematite altered
wood. The internal structure of this wood is however altered or obliterated by
swelling and post depositional changes. Abundant well preserved stem axes
imprints (Figs.3.68, 8.71), Equisctum lhorsetail, Equisetales) casts and coalified
compressions of lycopod stems occur in the basal twe sandstones of the
Bamboesberg Member in the south of the basin. Silicified stem impregsions are
common in facies Gt in the Indwe Sandstone Member.

The best preserved material is found within the fines facies association, especially
within facies Fh and C and most of the collected megaplant material is broadly
assignable to either Dicroidium (seed fern, Petaspermales) (Fig.3.72) or Heidiphylum
{conifer, Valziales) (Fig.3.73). A single spocimen of the forn Ginkgophytopsis
spatulifolia was also idontified {H.Anderson pers.comm.). This trifurcating frond
is to be assigned new gencric status as Kanneskopio (Anderson & Anderson
pers.comm.).

In descending order of abundance, the megaplant assosiations in the Bamboesberg
are monogeneric low diversity associations of Heidiphyllura and Dicroidium
(Fig.3.34), and Equisetum. Monospecific to low diversity associations of
Heidiohyllum are thought to represent thicket accumulations peripheral to swamps,
and at low water stage in river channels {Anderson & Andorson, 1984).
Monogeneric Dicroidium assaciations are proposed to represent low diversity
forests end vroodland associstiont . growing aleng wie river bank and other elevated
grews - Mondspuwiaic associations et Equisetum represont thickets in shallow
watas, in otk river channels aad back swarn™ areas of the braidplain (Cairncross
et al. 12885).

Stow 1871) first roported on largy silicified tree trunks from the Molteno
Formation in the vicinity of Dordrecht (Fig.3.22). These trunks were also
documented by Haughton (1870), and were assigned to the genus Dadexylon. The
Dardrecht locality preserves ever 20 in situ trunks and oceurs stratigraphically in
the uppermost Bambeesberg Member, elose to the contact with the Indwe
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Sandstone Member,

Fow authors have undertaken research on the silicified wood from the Molteno
Formation, and only one other genus, Rhexoxylon (Walton, 1923) is described.
Wood from the Molteno Formation is therefore not well dacumented, with most
speciriens being assigned to the form genus Dadoxylon Eindlicher (1847).

Much confusion exists in the literature as to the usage of the terms Dadoxylon
Endlicher {1847) and Araucarioxylon Kraus (1872), with both names having been
used almost interchangeably (Stockey, 1982). According to the rule of priority, the
name Dadoxylon should be applied to both araucaroid Coniferales and Cordaitales
wood (Erasmus, 1976}, however certain authors use Dadoxylon for Palacozoic
wood and Araucarioxylon for auraucarian ¢onifers of Mesozoic and younger age
(Erasmus, 19786; Stockey, 1982).

The wood in the Bamboesberg Member (Table 3.1) is assigned to the conifer
Araucarioxylon (Bamford pers.commy). Most of this wood has been badly altered by
heat and not much cell detail is visible as cells are modified and distorted to various
degrees. Some cellular detail is proserved in BP/16/456b, including paired cell wall
structures {Fig.3.74) and simple pits (Fig.3.75). The average width if the preserved
growth rings ranges from between 0.6-1.25mm (BP/16/397) to 3mm (BP/15/388),
These are fairly narrow for this type of wood and imply a fairly slow growth rate
{Bamford pers.comm.).

The gonus Araucarioxylon is knewn throughout Gondwana from the Triassic
through to the Tortiary (Stockey, 1990), and thercfare the prosence of this typo of
woad in the Molteno Fermation has little age or correlative value, Its main value
stoms from the information it provides regarding palacoclimates {Taylor & Taylor,
1993), and comparison with the podocarp wood from the Burgersdorp Formation
gives it a limited biostratigraphic value within the upper Karoo,
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Anderson & Anderson (1984) note that one of the most striking features of the
flora of the Bamboesberg Member is its relatively low numbers and diversity in
relation to the oveilying Indwe Sandstone Member. This fact may be accounted for
oy any number of reasons including a real lower diversity flora, a lower presorvation
potential for plant material, especially in the lowermost parts of the Member and
a lack of adequate collecting. Collecting undertaken to date however seerns to
corroborate a low diversity flora.

Palynomorphs are also documented from the Bamboesberg and Indwe Sandstone
Members (Plumstead, 1969; Stapleton, 1978; Falcon, 1986) (J.Anderson,; Macrae
pers.comm.). Numerous sampies were collected in the field and sampled from
boreholes for palynomorph extraction. Care was taken to avoid oxidised near
surface sediments 2nd facies influenced by dolerite intrusions, but to date, no
significant palaynomorphs have been discovered by the author. Early research on
the palynolegy of the Formation by Girault-Tasia (in Stockley, 1947) indicated @
dominance of pteridophytic trilete spores with sculpturing, zonates, monoletes and
non-striate bisaccates (in Ellenberger et a/., 1964). This is broadly indicative of e
AllisporitesiFalcisporites assemblage as proposed by Falcen (1986),

3.6.2 Trace fossils

Trace fossils are rare in the sediments of the Molteno Formation and prior to Turner
(1978a) trace fossils were not recorded for the Formation. Turner {1978a)
deseribes only a single locality and trace type for the entire Formation. Turner
(1975) felt this trace was of a surface crawling or browsing type and assigned it
to the ichnogenus Canalichnus moltenensis, noting that it occured only in the upper
Molteno. Trace fossils have not therefore beon previously documented for the
Bamboesberg Member. Although Raath et al (1991) placed their dinosaur
trackways within the Bamboesberg Member by inference, stratigraphic re-
assesment of this site revealed that they occur in the uppermost part of the
Formatien {"Transitional" Member), some 30m below the Elliot Formation.
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Although rare in the Bamboesberg Member, trace fossils do occur and are here
described for the first time. Traces are mostly of three types and occur exclusively
in the finer grained, lower two sandstone horizons of the Bamboesberg Membor in
the south of the basin, The first type consists of simple clay filled tubes which
have a maximum diameter of only 4mm (Fig.3.76), with the diameter of the
epening at surface normally between 2-4mm. They are orientated both obliquely
and sub-vertically and may have a slight helical nature.

The second type consists of siltstone filled tubes which have a maximum diameter
of only 8mm, with the diameter of the opening at surface between 5-6mm. These
traces take the form of simple tapering tubes up to 1Lem in length. The oblique
nature of the trace to the host and the simple mudstone or siltstone infills, allow
this trace to be assigned to the ichnogenus Skelithos.

The third type (Fig.3.77) occurs on bed tops and may take the form of a cast fill.
The infill of the burrow is of the same material as the host lithology. This trace type
is ovoid in section, being a maximum of 12mm wide and 8mm high. The trace
shown in Figure 3.73 is 90mm in length and shows a distinet kink. This trace is
thought to represent a backfillad horizontal feeding burrow (Seilacher, 1964).

To date trace fossils are not known in the Indwe Sandstone Member, probably due
to the coarse nature of the sandstones.

3.6 Stratigraphy
3.6.1 Lithostratigraphy

The doscription of the lithestratigraphy of the Bamboesherg and Indwe Members
is here goographically subdivided into the south, southwest, southezst, northwios:
and north of the basin. The generalised stratigranhy of the sequence is discussed,
and tho different geographical regions are correlated. The individual channel
sandstone complexes aro numbered BB1-6 in reference to their stratigraphic
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position, with BB1 being at the base, and BB5 at the top of the Bamboesherg
Member.

Al Geographic Areas
i) South of the basin

The Bamboesberg and Indwe Sandstone Members of the Molteno Formation are

well exposed in the Bawboesberg Mountains in the south of the basin and the

southern expasures of the Bamboasberg Member in particular are typified by the

sequence as preserved in Bushmonshoek Pass (Fig.3.78), and on the farm Aviiion

{Bamboeshoek Valley) (Fig.3.79). These sections are supplemented by @ single
borehole core (SF1/85) drilled to the west of the town of Moltens (Fig.3.80;. In this :
region, the Bamboesberg Member disconformably overlies the Upper Burgersdorp
Formation, and is in turn disconformably overlain by the Indwe Sandstone Member,
as indicated by the erosive naturo of both contacts.

In Bushmanshoek Pass and the Bambooshoaok Valley, the sequence forms part of
a large anticlinal structure fitst documented by Rust {1989, 1962). The strata dip
between 1-4° northwards and the Bamboesbarg and Indwe Sandstone Mambers are
relatively undeformoed, except for a faw minor faults and dolerite dykss (Fig.3.78).
In the Bambeesberg Mountains (Figs.3.78,3.79 & 3.80), the genoral sequence
consists of five successive cycles, capped by the Indwe Sandstong Neomber
(Fig.3.81), The base of cach eyele is composed of a laterally extonsive, tabular
sheet sandstone, and is usually everlain by a sequenee of fino sonas ane, siltstone
and rare mudstore or coal (Fig.3.80).

et W

The basal channel fill complex {(CHS) sandstone of the Bamboosbery iMember (BB1)
i+ the Bambzooshoek Valloy (Fig.3.82) is botween 3-9m thick, and & »ymnesed of
numerous longitudinal bar elements (DA} and minor channel fills 10k, Y bose of
this sandstone is erosional into the underlying siltstones, and wh e ahzpnol bases
are exposed, ig often overlain by facies So, and rarcly Se,, Facies &% 4uninates the
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channel fill complex of BB1. Impressions (Fig.3.69, 3.71} and coalified
compressions (Fig.3.70) of plant stems are preserved throughout *he fill. Towards
the top of the unit, rare trace fossils are preserved (Fig.3.76).

The top of tho first sandstone is gradational into finer grained sandstone and
siltstone. The preserved fines sequence consists of between 10-30m of
intercalated sandstones and siltstones which may be light olive grey (5Y 6/1) to
dark greenish grey (5GY 4/1), or dark reddish brown (10R 3/4) to dusky red (5R
3/4). Directly above tha top of the consolidated channel sandstone, iron boxwork
lattices intercalated with zoned iron rich siltstones occur at places. These are
interpreted as weakly developed hydromorphic palaeosols. Between the basal and
second unit, a thin (< 1m), latarally impersistant sandstone (BB1/2) is sometimes
present (Fig.3.73). Directly below this sandstone, some 2.0m of dark reddish
brown mudstone is exposed. Above this sandstone the dark greenish grey fines
preserves large amounts of fragmentary fossil plant material.

The sccond sandstone of the Bamboesberg Member (BB2) is very similar in
character to BB1, being dominated by facies Sh (Fig.3.25), in minor channel and
bar elements. On the farm Avilion, numerous equisetum fossils are preserved at the
base of this sandstone, including two impressions in growth position. The basal
channel fill complex of BB2 is up to 8.0m thick, and has a gradational top contact
into massive or trough cross-stratified fine sondstone and ripple cross-stratified
siltstone. This unit prescrves the stratigraphically * ‘<hest evidence of bioturhation

observed in the Bamboosberg Mumber.

The base of the third sandstone horizon (BB3) shows a ehange in the character of
tho Bamboesberg Member, and is marked by an erosional surface, above which a
thick accumulation of facies Se, oscurs (Fig.3.9). Facies Sh that predominated in
BB1 and BB2 is present in tho lower part of the channel fill complex of BB3 but is
replaced by facies St, higher up. Their is also a marked coarsening in the grainsize
of the sandstones of this unit, BBA is alse gradational inte averlying finer grained
sandstone, but the fine compenent is not as thick as in the lower two cycles. The
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stratigraphically fowest coal may be prosent at the top of the sequence (Fig.3.78,
3.80). This lower seam is rirely encountered and would more correctly be
described as ¢ carbonaceous mudstone,

The fourth sandstone of the Member (BB4) in places has a strongly erosive base,
and may cut down mto BE3, such that the two form a coalesced stacked unit
{Fig.3.79). in general the sandstones are coarser than those of BB1-3 and
extroformational clasts are fai ly abundant, occurring as accuinulations at the base
of minor channel fills, and dispersed throughout DA bar elements. The channel fill
coemplex is composed of simple longitudinal bars (DA) and minor channel fills (CH)
(Figs.3.26a,b), which are internally structured by facies St, (Fig.3.11), St,, Sm and
Sh. In Bushm :.shoek Pass, BB4 has a high concentration of heavy minerals
(Fig.3.16) (predominantly garnets) associated with the downstream onds of
longitudinal bars.

The upper part of the sequence may preserve the second of the coal seams found
in the Bamboesberg Member (Fig.3.78), however at other localities this may be
missing due to erosion (Fig.3.80). On the farm Avilion, coal is not developed and
instead a 30-60cm thick achre ~aloured layer of oxidised plant fossils is present.

The fifth and last sandstone (BBS) in the sequence is the coarsest, and in places
has accumulations of extraformational clasts at the base of minor channel eloments
and longitudinal bars (Fig.3.14), as well as distributed throughout. This unit is
almost exclusively intornally structured by facies St; and Sm. Above the main
channel belt, a fairly oxtensive (up to 30m thick) unit of fines, carbonaccous
mudstone and coal may be developed (Fig.3.23a). Within this thick aceumulation
of fines, in situ silicified trunks of Araucariexylon are preserved in placos,
particularly in Bushmansghoek Pass and at Dordrecht (Fig.3.32). The uppermost coal
is the bost preserved and is directly overlain by the Indwe Sandstone Member.

Three coal horizons therefore eceur in the Bamboesberg Member in the south of the
basin, although they may not alt be preserved at any single locatity. In this region,
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the preserved seams only occur within the upper three sandstone horizons (BB3-5),
and coal is not preserved in the lower two sandstone horizons. The number,
stratigraphic position and nomenclature of these coal seams in the Bamboesberg
Member has long been the source of confusion.

DuToit (1903, 1905a) and Turner {(1875a) recognised only one seam in the
Bamboesberg Member, whereas Christie (1981; 1985) places twe coals in the
Bamboesberg and MacDonald (1993) three (Fig.3.83). Turner's (1975a) belicf that
only a single seam occurred in the Bamboesberg Member stemmed from his

placement of the Indwe Sandstone Member too low in the succession. The correct

placement of the Indwe Sandstone Member (Turner's Sandstone Y, Fig.3.83) would

incorporate his Cala Pass and Guba seams into the Bamboesberg Member, thercby

increasing the number of seams in the member to three. From Figure 3.83 it is also

evident that Turner's (1975) Suurkop coal equates to the Indwe Seam of Christie

{(1981) and MacDonald (1993}, and is actually the middle seam in the Bamboesberg

Member. As noted by Turner {19784} the term Indwe coal is not favoured due to

the use of the same geographic namo to describe two lithological units of different

status within the same formation. Confusion may also be created duc to the fast ’ ‘
that the "Indwe" coal actually occurs within the Bamboesberg Member. For these

reasons the term Suurkep Coal is rathor usod to refer to the raiddle coal in tha |
Bamboesberg Memboer. '

The towermost coal seam in the Bamboosheok Valley and Bushinanshoek Pass | i
therefore equates to the Lower Seam of MacDonald (1993), the middle seam
equates to the Suurkep coal (Indwe Seam of Christie (1981} and MacDonald
(1998), and tho upper seam, which lies immediately below the Indwe Sandstone
Meraber, equatos to the Guba Seam of Christie (1981) and MacDonald (1993},
With tho eorrect placoment af the indwo Sandstone this is also the same Guba soal
as dofined by Turner (1978a).

The base of the overlving Indwe Sandstone Member may preserve laterally
impersistant minor channels with accumulations of Gey, and is crosive into the
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underlying fines of the Bamboesbery Member, The Indwe Sandstone Member is
almost exclusively internally structured by facies St, which occurs within dune
fields in the major channel fill complex. Above the main sandstore layer, a thin (up
to 4m) saquence of fines may be preserved basinwide. This unit of fings is often
chertified, and in other parts of the basin has been referred to as the chert
gannister (Rust, 1959, 1962} and the Aliwal North Porcellanite (Turner, 1975a).

i) Southwast of the basin

Further to the west, the Bamboesberg Member thins and at the type section
overlooking Grootdoringhoek Pass (Fig 3.84, 3.85) it is some 80-88m thick, being,
formed by only four sandstone bodies {BB2-5) (Fig.3.85). In this sequence, only
BB2 is inte ‘nally dominated by facies Sh. BB4 and BBS have deeply erosive bases
and are internally structured predominantly by facies St, with loser Sh and
sporadically developed accumulations of facies Se,,

Although the exposures at the type locality are faitly typical of the Bamboesberg
Member, the sequence is not developed to it's fullest extent and is not
ropresentative of the Member as a whole. For this reason Bushmanshoek Pass is
proposed as a neostratotype (Appendix 8) to replace Turner's (1975a) ariginal type.
Bushmanshoek Pass is further preferred over other sections in the Bamboesberg
Mountains because of its accessibility and the presence of road cut exposures
which show the nature of the channet {ill comiplexes and their internal architectural
elements.

The most westerly exposures of the Bamboesborg Member oceurs on the farm
Hillside in the Stoynsburg district (Fig.3.86). Here the strotigraphic suscession
(Fig.3.87) is some 60m thick and consists of enly throe sandstones (BB3-3) of the
Bamboesberg Member, everlain by the basal part of the Indwe Sandstone Moember,
The lowermost channel complex sandstonc has an eresive contact with the
underlying Burgersdorp Formation, and is internally structurad equally by facies Sh
and St The upper two Esandstene complexes are predominantly structured by
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facies St,. In this region BB4 and BB5 preserve a higher percentage of facies Sh
than in the upper sandstones in the south of the basin. Large quartz arenite clasts
are also less common than in the south of the basin and these factors may reflect
a more distal, basin edge setting.

itt) Southeast of the basin

The lithostratigraphic fill of the Bamboesberg and Indwe Members in the southeast
of the basin is formed by a composite succession of up to five stacked sandstone
herizons (Fig.3.88}, These are well represented by the section ot Cala Pass
(Fig.3.89) where the Bamboesberg Memberis some 110-118m thick, andis formed
by five successive fining upward channel {ill complexes. The sandstones in the
basal part of the section are predominantly medium grained, and are internally
structured mainly by facies Sh, with lesser St,. Individual channol fill complexes are
composed of a number of stacked sets of minor channael fills (Ch), longitudinal bars
(DA) and transverse bars and sandflats {LA). The upper two sandstones (BB4 &
BBS) are more consistently coarse groined and are internally structured
predominantly by facies St; within in-channel dune fields. BB4 and BB5 are more
decply erosional into the underlying units, and at places BBS may downcutinto BB4
to form a thick stacked sequence. At other places in Cala Pass the top of the BB4
sequence preserves abandoned channel fills. In Cala Pass, the Bamboosberg
Member is overlain by up to 6m of the erosively based Indwe Sandstone Maember.

The soction at Cala Pass is similar, although less thick than the sequence preserver
in the Bambaoesberg Moeuntains. It is however typical of the Bamboesberg Member
as a whole and for this reason it is designated as a reference stratotype for the
Member (Appendix 8). East of Cala Pass the Bamboesberg Meraber thins rapidly,
being only 50m thick at the casternmost exposures, to tha southeast of the town
of Cala. At this locality tho succession is formed by only throe cycles (BB3-5),
overlain by the Indwe Sandstone Member,
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iv) Northwest of the basin

The northwaest of the basin is characterised by the exposuras in the vicinity of
Aliwal North (Fig.3.90) and extends to the northernmost outcrop in the area areund
Vanstadensrus (Fig.3.91). To the south of Aliwal North, the entire Bamboesberg
Member is exposed in new road cutiings on the N7 (Fig.1.2 & 3.60), where it is
composed of three individual sandstones, overlain by the Indwe Sandstone
Member. At this locality, the uppermost succession of fines is not preserved due
to the erosive nature of the Indwe Sandstone Member (Fig.3.€0).

On the farm Braamspruit to the southeast of the town of Aliwal North, only the
upper two sandstone units (BB4 & BBS) (Fig.3.92) are preserved, and form a unit
some 20-30m in thickness. Both these channel complex sandstones are dominated
by downstream accreted (DA) and laterally accreted {LA) architectural elements.
Downstream accreted longitudinal bars are not as common as in the south of the
basin, and are internally structured by both Sh and St,. Laterally accreted
transverse bars are far more abundant in this region and are internally structured
pradominantly by facies Sp and‘ Sh. The predominance of facies Sh and Sp is
thought to represent a distal setting.

Two coal seams occur in the vicinity of Aliwal North and may be associated with
the top of either BB4 or BB, The lower of these weas once mined and is well
exposed on the farm Gryskop, southwest of Aliwal North. These coals are equated
with the middle (Suurkop) and upper (Guba) scam in the south of the basin.

In the arca to the south, southeast and southwest of Aliwal North, the indwe
Sandstone Member lacks the charactoristic basal oaccumulation of large
extroformational clasts, although sporadic pebbles up to 19em in diameter may
ocour. Large (up to Bem) clasts of fresh feldspar may also oceur. The channel
complex is composed of numerous minor channels and transverse bars, and is
internally structured almost exclusively by facies Gt,, St and Sp.
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To the east of Aliwal North, the Bamboasberg Member outcrops in low lying hills
and in roadcuts on the R58 to Lady Grey. Here tho entire Member is presorved as
only two thin sandstones, some 12m thick. North of this latitude the Bamboesberg
Member outcrops only infrequently on isolated uplifted koppies. Some ten
kiloretres past Rouxville, the Member occurs as a single sandstone interval some
8.0m thick. The Member cannot be traced further north than +15km to the south
of the town of Vanstadensrus. Here the sequence is formed by a single fining
upward sequence which consists of pale blue (5PB 7/2) medium grained sandstone
(BBS) overlain by coal and carbonaceous mudstone (Fig.3.91), This coal seam is
equated with the uppermost (Guba) seam in ths south of the basin. This sequence
is capped by the Indwe Sandstone Member, North of this point, the Bamboesberg
Member is not exposed at surface, and 15km to the north of Vanstadensrus, the
Indwe Sandstone Member directly overlies the Burgersdorp Formation |
{Cynognathus Assemblage Zone).

v} North of the basin

In the north of the basin the Bamboesberg Member is not preserved and the Indwe
Sandstone Member forms a unit between 2-15m thick, directly overlying the
Burgersdorp Formation {Cynognathus Assemblage Zone, Subzone A) (Fig.3.93). As
discussed earlier, where two coarse sandstones occur separated by a unit of
siltstono containing abundant plant fossils, the term Indwe Sandstone Member is
used only for the lower of the two sondstones. This sandstone unit is
predominantly composed of stacked sets of transverse bars (Fig.3.62), and is
internally structured predominantly by facies Gp and Sp. The foreset laminae of this
focies aro often deformed due to soft sediment liquefaction (Fig.3.54).

From the above descriptions, a numbor of features of tho stratigraphy of the
Bamboesherg Member are evident, The most important of these is that the Member
as a whole coarsens up and that the member is thickest in the south of the basin,
decreasing to the north, east and west, The fact that the Bamboesberg Momber
coarsens upwards was first recognised by Curistie (1981) and inferred by Ryan
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{(1963) in that his "Indwe transition zone" was coarser than the lower half of the
Bamboesbearg Member. It was not however recognised by Turner (1975a), and this
led to the incorrest placsement of the Indwe Sandstone Member., This low
placement of the Indwe Sandstone Member brought about a general lowering of the
thicknesses given to the Bamboesberg Member, and confused the stratigraphic
placement of the coals. A number of other spatial and temporal trends are evident,
and these are discussed below.

3.6.2 Temporal and spatial trends and interbasinal correlation of the Bamboesberg
and Indwe Sandstone Members

Frer the above descriptions of the stratigraphy of the Bamboesberg Molteno, it is
evident that the nature of the sequence changes both spatially and temporally. The
five major laterally continuous sandstone horizons of the Bamboesberg Member
have new been traced throughout the cutcrop arca, and are correlated as shown
in Figure 3.94.

In the south of the basin, the sandstones of BB1 and BB2 are consistently more
fine-medium grained than the upper three units, which are predeminantly medium
to course, and very coarse-grained. Due to their coarser nature, the upper three
units froquently have a glittery appearence caused by the secondary overgrowth
of quartz. South to nerth, thosc upper three sandstones decrease in grainsize, so
in the area around Aliwal North, they are of a similar grainsize to the basal
sandstones in the south of the basin,

Facios Se, is abundant at tho base of the first two Bamboesberg sandstenes in the
south of the basin and those twe sandstenes contain abundant plant stoms, as well
as the enly cvidence of faunal bieturbation. The mojor percentage of the first twe
cyclos consists of sandstone predeminantly structured by facies Sh. These two
cycles also preserve the thicloest deposits of braidplain fines, but do not have coal
seams capping the sequences. The middle sandstone (BB3) is internally structured
sub-aqually by Sh and Sty and the upper two sandstones are dominated by St In
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the basal two sandstones of the Bamboesberg Member facies St generally oceurs
as solitary sets between 16-80cm thick, whereas large scale sets (> 1.5m thick
and up to 6m wide) and cosets tend to be more prevalent in the upper sandstone
horizons of the Member, as well as from the overlying Indwe Sandstone Member.
In general facies Sp in the Bamboesberg Member is most abundant in the lower part
of the Member in the south, and increases from south to north within any particular
sandstone horizon.

Extraformational clasts are very rare in the lower two sandstone bodies of the
Bamboesberg Member and enly a single quartzite pebble (8em) has been discovered
from the basal sandstone in the south of the basin. The abundance and size of
extraformational clasts decreases from south to north and increases as one moves
stratigraphically higher in the Bamboosberg Member, reaching a peak in frequency
at the base of the overlying Indwe Sandstone Member. This fact has important
implication regarding the channel gradient, proximity to the source area and the
hasinward progradation of the system discussed in Chapter Four.

Petrological studies of the compositional trends of the sandstonos of the
Bambosesterg Member show that the member coarsens up and become less matrix
rich. The pereentage of feldspar in the soquence also increasos stratigraphieally
from BB1-5, with a gradual ehange from plagioclase to microcline as the dominant
feldspar present, Rock fragments are not common in the lower herizons of the
Bambeesberg Member, but increase up the sequence, being more abundant in the
coarser grainod sandstones. This brings about compositional changes from
feldspathic and lithic wackes in the basal sandstones, to arkeses, subarkeses and
quartz arenites in the upper sandstonos,

Turner {1978a) eonsidored that the most northerly sandstones of the Bamboesberg
Membor equated to the basal sandstones in the seuth, which implied that the aerial
oxtent of the Bamboasberg Member diminished trough time, and the Molteno
should have an overall fining upward trend. The overall coarsening upward trend
however implies a prograding system and an increase in aerial extent through time.
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Turner {1975a) further noted that the thickness changes, and hence the temporal
variation in the Member was brought about by the "Indwe transgression", which
he believed bevelled away over a 1000m of previously deposited strata.

The nature of the thinning of the Bambeesberg Member coupled to the observed
spatial and temporal trends are however all consistent with the basinal progradation
of a bedload dominated system through time (Allen et a/, 1986). The nature of the
thirning of the Bamboesberg Member and its increase in spatial extent are therefore
believed to represent the original extent of the system depositing the Bamboesberg
Member, and not due to subsequent erosion as believed by Turner (1975a).

3.6.3 Biostratigraphy

Various attempts have in the past been made to subdivide the Molteno Formation
based on its palasontological signature (Ellenberger et a/. 1964; Ellenberger, et al.,
1967, Anderson & Anderson in g#ep.), how=. i ot < = .nt the Formation is not
biostratigraphically subdivided.

Ellenberger et al. (1967) subdivided the entire Stormberg into a Lower (A) and
Upper (B) sequence and defined seven biozones for each of them. This biozonation
was based on lithological and palaesontological criteria, mainly on fossil megaplants
and trackways. In this subdivision, four of the seven 2zones were assigned to the
Molteno Fortnation and three to the lower part of the Elliot Formation. This zonation
is however inconsistent with accepted stratigraphic and palaeontological practices
and there is some doubt as to the authenticity of the stratigraphic position of the
tracks and therapsid material in g'1estion (Turner 1972b). The enly definite evidence
of tetrapod activity in the Molteno comes from a number of trackways in the
Maclear district (Raath et al, 1991; Raath pers.comm.), and these feotprints, and
possibly those recorded in the Melteno by Ellenberger et a/. (1964, 1967), come
from the uppermost part of the Formation. ‘
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Turner (1972b) considered t+ wsncipai eivmionts of the palaeoflora to have too
erratic a distributica to be usefui {5r biozonat'on, even at a local scale. Anderson
& Anderson {in prep.) however challenge this view and propose four assemblage
zones based on the co-occurrence of megaplant and insect fossils. They further
note that at present these biozones are not as well differentiated as the tetrapod

biozones of the Beaufort Group and should probably be referred to as subzones or
interval zones.

Of the four biozones proposed, only the lower one has any bearing on this study,
and due to the fact that no insact fossils were discovered during this study, only
the megafloral component may be addressed. Anderson & Anderson (in prep.)
propose a basal Kanneskoppia spatulifolia-Permithonidae Assemblage Zone which
equates to the entire lithostratigraphic range of the Bambogsbherg Member. This
biozone is characterised by the common occurrence of Kanneskoppia spatulifolia
and the absence of any other species of this genus. The predominant palaeofloral
association for the Bamboesberg Momber documented during this study is
monospecific Heidiphyllum and Equisetum thickets and low diversity Dicroeidium
woodlands, which accords well with the most significant associations documented
for the Bamboesberg Member at Aasvoclberg (Cairneross et a/, 1995; Anderson &
Anderson in prep.). Although a single specimen of Kanneskoppia spatulifolia was
discovered, this genus was by no meons common in the arca studied. The
Bamboesberg Member may be further defined biostratigraphically by the dominant
association of a rather limited assemblage compared to the vast number of ¢pecies
found in the averlying Indwe Sandstone Momber.

Silicifiod wood assigned to the eonifet Araucarioxylon occurs throughout the entire
Molteno Formation and is therefore of little use for biozonation within the
Formation. It is however significontly different from the wood of the uppor
Burgersdorp Formation and therefore has a broad scale biostratigraphic use for the
upper part of the Kareo Supergroup.
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It is also of interest to note the fish fossils, first reported by Ellenberger et al.
(1964), seem to be more frequently found in the lower half of the Formation, apart
from the Birds River locality. The Birds River Dolerite complex however disrupts
stratigraphic relationships fairly considerably in this area, and the exact
stratigraphic position of the fish <ie is uncertain. Stratigraphic positioning is in fact
the major stumbling block i« @ surer -choasive biostratigraphy for the Molteno
Formation, as much of the sarly work suffered from a lack of stratigraphic control.

The biestratigraphic partitioning of the Molteno Formation is therefore still in its
infancy, but the combined use uf megaptants, insect, fish, conchostrachians, as
well as tracks and traces, counled to strict Iithostratigraphic control, may in the
future allow for a coherent hiostrotigraphic subdivision of the Formation to be
constructed.
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DISCUSSION

The previous chapters have dealt with the quantitative and descriptive aspects of
the Burgersdorp and Molteno Formations, as determined from field and laboratory
studies. These findings now provide the basis for reconstructing the processes
responsible for the facies genesis of tha Burgersdorp and Molteno Formations, as
well as the prevailing palacoclimates. More precise inter- and intrabasinal
correlations are presented, which in turn allow for refined dating of the two
Formations, and new insight into the diachronous nature of the Beaufort-
"Stormberg" contact. Previous models for the basin development of the upper part
of the Karoo Supergroup are evaluated in light of modern advances in retro-foreland
basin modelling (Beaumont, 1981; Quinlan & Beaumont, 1984; Flemings & Jordan,
1989; Cateneanu et al., 1997) and a new basinal model for the development of the
main Karoo Basin during the Triassic is proposed.

4.1 Palaeoenvironmental Reconstruction

Palaeoenvironmeital reconstructions previously proposed for the Burgersdorp and
Molteno Formations have in most cases been based on only a single aspect, such
as the sedimentology or palacontolegy, and to date no holistie paleoenvironmental
synthesis has becn proposed. Palacontelogical and sedimentological data should be
used in conjunction in order to provide the most accurate reconstructions possible :
{Hughes, 1989).

In the following section tho palagseenvironmental sottings for the Burgersdorp and
Molteno Formations proposed by previous authors are discussed, and the nature
of the sequences are assessed by anale gy with modern depesitional systems. In the
pact, facios genesis and palacoenvironmental conditions have often been lumped
together as palaeoenvirenmontal or dopesitional medels. In tho following section
hewever, the palacoenvironmental reconstructions are subdivided, firstly into facies
genesis and depositional system type, and secondly into environmental aspects,
including palacoelimate.
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Facies genesis

Recent years have seen a revolution in the documentation and understanding of
modern depositional systems, and consequent major advances in the sophistication
ot actualistic depositional models (eg Walker & James 1992; Reading, 1996; Miall,
1996). Process-response models are now known for many modern fluvisl
environments and these models allow for a far greater understanding of the ancient
record than was previonsly possible (Reading, 1996). Rescarch on modern
depositional environments has however revealed shortcomings in some of the
classic vertical sequence models {Jackson, 1976, 1978a; Cant & Walker, 1976;
Miall, 1977), and Miall (1978, 1996} has stressud the spatial complexities of
individual fluvial environments.

The hydrodynamic conditions under which sedimentary rocks are deposited are
raflected in their gross geometries, internal architectural elements, facies
associations, and the presence or absenco of biological activity (Miall, 19986). The
prosence of fossil remains, their abundance, mode of preservation and gross
assemblages, provides supportive evidence for the interpretation of depositional
onvironments (Colbert, 1963). The depositional system interpretations presented
below are largely dependant on gross sandstone geometry, architectural element
and facies analysis, complimented by the wealth of available palacontological
information.

4.1.141 Burgersdorp Formation

The sodimentary strata of the of the Burgersdorp Formation which presorve a
Cynognathus Assemblage Zone fossil record, have proviously been interproted as
being deposited by moeandering, high sinuosity rivers, with fine grained sedimont
accumulating in an inland basin, receiving detritus from the south, southwest and
southeast (Hiller, 1990; Groenswald, 1999; Kitching, 1998). The northern doposits
(Drickoppon Formation) have been interpreted as those of a meandering river,
representing the distal facios of a braided system (Groenewald, 1984} and as an
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extensive lacustrine sotting (van Dijk et al, 1978; Groenewald, pers.comm.).

Previous authors usually referred to cither the Burgersdorp Formation or the
Cynognathus Assemblage Zone as a whole and suffer strongly from a lack of
temporal and spatial control. The subdivision of the Burgersdorp Formation into a
lower, middle and upper part allows for each of these units to be individually
assessed. The envisaged depositional styles for the various parts of tha
Burgersdorp Formation arec presented in Figure 4.1.

a)

The lower part of the Burgersdorp Formation in the north and west of the basin
preserves numerous, thin channel sandstenes, as well as a thick channel fill
sandstone towards the top of the sequence (Fig.2.80). The thin channel sandstones
deposits have a width/depth ratio of botween 34-54 and are internally structured
predominantly by calcarenites of facies Se, and Shy,. The abundant, laterally
extonsive busal lag deposits (Se), consist of reworked calcarcous and septarian
nodules, well rounded clay pebbles, invertebrate burrow casts, eoprolites and fossil
fragments assignable to subzono A of the Cynognathus Assemblage Zone. The
socondary rounding of tha clay pebbles, coprolites and fossil bone in fagies Se,
implies the reworking of carlier dopasits, the rounding of floodplain material by
sheetwash and/er the abrasion of skeletal material in channel. The presence of
these lags in scoured pockets can be aceounted for by winnewing and hydraulie
sorting, with localized depression fill. The laterally continueus naturo of the lag
deposits however implies that there was a time of erasien or non-depeosition on a
rogional scale prior to the deposition of the everlying sandstone fill.

A high peorcentage of facies Sh in a svstem is often used as ovidence for nen-
perennial rather than perennial flow (Stear, 1983). The main doseriptions of modein
aphemeral flood sedimentation arc those of MeKee et all (1967), Picard & High
{1973}, Frostick & Reid (1977) and Stear (1983, 1985). All theso authors
emphasizo the dominance of uppor flow regime flat bedding (Sh) in their facies
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sequence models. Miall (1977), Rust (1978), Turnbridge {1981) and Stear (1983,
1988) also all list a high percontage of facies Sh as a eritical element of the facies
model for ancient ephemeral stroams. Similar high pereentages of Sh are however
also known fromm modern perennial rivers subjoct to strongly fluctuating discharge,
eithar of a seasonal or local nature, including braided systems such as at Bijou
Croek {McKee ot al, 1967},

The predominarce of facies Sh and Se, soupled to the high width/depth ratios of
the sandstone bodies, in the lower port of the Burgersdorp Formation in the north
ond west of the basin is therefore strongly suggostive of deposition in a shallow
system with highly sporadic {ophemeral or pulsatory) upper flow regime discharge.
Such a scenatio is similar to that proposed by Hiller & Stavrakis {1984) for the
lower Burgersdorp Formation in the south of the basin,

The fines in the lower part of the Burgersdorp Formation are of twoe main typos.
The first consist of thick accumulations of facics Fm and proserve a rich amphibion
and archosaurimorph fauna. These deposits also prasorve small haematite crystals,
which have repiaced cubic pyrite, Tho lack of pedagenic medification, the
hemogencous nature of the fines and the abundance of well presarved amphibian
and archosaur remaing, suggosts that these doposits represont lacustrine
conditions, with periodic drying out due to groundwatar table fluctuations. The
socond type of flood bosin deposit exhibits colour mottling and presorves numereus
large rhizocretions, root infills, desiccation cracks and barytes aggrogates. Thesa
are thought to reprosent overbank floed accumulations subject te rapid drying and
pedogenic modification (Type | paolacosols). The occurrence of patehy
aceumulations of barytes in the overbank deposits may be indieative of localised
hydrothermal vents or gprings (Duda & Roji, 1986), or may be of a pedogoric
noture,

The upper sandstone in the sequenee (Fig.2.80) has a width to depth ratio betweon
15-20, is lenticular in nature ond is internally struetured by facies St and Sh.
Aithough peint bar depasits aro nat well proserved, the lentieular noture and fining
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upward fill characterised by fine grained Sh and St, point to a high sinuosity
channel system with fluctuating discharge.

bl  Middle Burgersdorp Formation

For the most part the strata of the middle part of the Burgersdorp Formation are
c.. -cterised by fining upward cycles of arenitic sandstone overlain by thick
sequences of fines (Fig.2..30). Fines to sandstone ratios of # 4:1, and channcl
width to depth ratios of between 18-20 are common. The channel complox
deposits are internally composed of channel and point bar elements, and
characteristically display a classic fining upward sequence. This sequence is formed
by a basal scoured surface of low rolief, fining up through facies Se, St Sp, Sh
and terminating with thick accurulations of facies FI-Fm and Fr,

The resognition of: thick and thin, lenticular, bodioad (Fig.2.23) and mixed load
dominated channel fill elements (CH) (Fig.2.29); low angle lateral accretion surfaces
{LAS) (Fig.2.831a,b) with facies 8t, Sh and Sr current indicators perpendicular to the
dip direction of the LAS; point bars with interspersed mudstone couplots
(Figs.2.29, 2.31c); the high suspended load/bedload ratio; and presence of thick
suspended load floodplain deposits with interspersed sandstone splays (Figs.2.37,
2,38}, is all highly indicative of a mixod load, high sinuesity meandering fluvial
system with frequent periods of overbank flooding and leveo breach (Allen,
1966a,b; Jackson, 1976; Lowin, 1978; Bridge, 1988). The high variance and lew
vector strengtho of the palacocurrent data is further evidence for deposition by a
high sinuosity meandering system rather than a low sinuosity system,

Tho point bar sandstone/mudstono couplots are very similar to Jackson's {1978)
Class 1 lithofacies, which he decsumoents as having formed in o muddy system with
fine grained sand bodload. Smith (1987} documents similar point bar doposits and
shews that those are more common in the lower reaches of a systom, espocially
thoso with eithar a very low fluvial eriergy, or that are tidally influenced. As there
ig nho supporting evidenge of tidal activity in the Burgersdorp Formation, these
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deposits are thought to represent the most distal reaches of a fluvial system of
very low energy.

The nature of facies Se, (Fig.2.3} differs from that of the lower Burgersdorp
Formation ins that it is composed almost entirely of larger, cllipsoidal mudstone and
siltstone clasts, plant impressions, and infrequent bone; and that the matrix is
arenitic rather than cole-arenitic. The mixed percentage of facies Sh and St
probably reflects seasonal fluctuations in discharge, and at times thoe river course
may have been totally dry. Thero is however somo debate as to whether the flow
in moandering systems may be ephemeral. Cadle (pers.comm.) believes that
peronnial flow is necessary for the formation of meandering systems, whereas
Stear (1983, 1985) documents that many stable meandering channels in semi-arid
to sub-humid terrains experionce only ephemeral flow, with flood events limited in
their duration, normally to only a matter of hours. Periodic high rates of discharge
due to rapid run-off in the catchment areas may have led to breaches of the levees
and inundation of the surreunding floodploins. Because lovees are net well
dovataped for the channels of the middle Burgersdorp, overbank sedimentation
during peak discharge was probably fairly common.

Tho thick laterally extensive tabular sandstone deposit in the middie Burgersdorp
Formation has proviously been variously roferred to as the Middle Sandstone
Marker (Johngon & Hiller, 1990) and the Andriesberg Member (Groenowald, 1896},
This sandstone differs from the sandbody goometries of the rest of the middle
Burgorsdorp Formation in: its tobular geemetry and loteral continuity; the
prevalonee of numerous internal seour surfaces; and the presenco of minar ehannel
and bar architectural elamoents, which are in most placos intornally struetured by
facies St and Shy,,. The sandbody goametry and structure points to deposition in
a boedload deminated, low sinuasity systom, with higher fluvial onergy than {or the
rest of the middio Burgorsderp, and may roflect oither o toctonically eontrolled
gradient change or o change in the sediment supply to the systom {(Paola
pors.comm.). Sediment supply is also strongly controllod by climate, so climatic
change may be an additional factor,
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Above this thick tabular sandstone bedy (Fig.2.42) in tho type section at Nonensi's
Nek, tho sequence reverts to a fines dominated low energy meandsring system.
This upper part of the middle Burgersdorp also preserves ovidence of smail
floodplain (Fig.2.34.) and splay top channols (Fig.2.38). Towards the top of the
sequence, the width to depth ratios of the major channels decrease to between 10-
18, and are more commonly structured by facies St; than Sh. Both type Il and Ili
paloeosols oceur within the middle part of the Burgersdorp Formation, sometimes
as stacked units which evidencs long perieds of non-depesition on the floodplain,
Palaeontologically thore is alse a change towards a groater amount of preserved
plant material, and an increase in the number of recovered specimens of
Kannsmeyeria.

¢}  Unpor Burgersdorp Formation

The upper paort of the Burgersderp Formatien has a far higher percentage of
sandstona then cithor the lower ot middle sections. Coupled to the change in nature
of the channel goometrios (boing significantly doeper with high ¢..ibanks), and lack
of intersporsed mudstonoe couplets within the point bar olements (Figs.2.22a,b), the
high sandstone percentage is indicative of a systom capable of moving a high
percentage of bedlead. Tho abundance of facies St and Sh, forge mudstone
intraciasts, and thick units of facios Sm, are evidence for formation of the deposits
in a river system with considerablo bank relief and channel depth. The gross fining
upward sequence, sond body geometry, internal architocture and facios
relationships of the ehannol sandstenes in the upper Burgorsdorp Formation
howaver still resemble the classie high sinuesity, meandering stream madet of Allon
{1965, 1870).

The up seection deercase in tho froquoney of palacosel dovelopm v, caleareous
nodular fayers and rhizocrotions, coupled to the change in palaeasel geochemistry N
{to o carbenate poor, Po,Qy and silica rich typol suggests higher lovels of ’
precipitation and more poorly drained seile. The lack of woll doveloped stacked
paleosols may imply aithpr a fairly high water table, or frequent inundation of the

248

& o e s beadt madbieat




. SN

floodplain, such that the time interval between flood events was not long enough
for racognisable pedogenic development. The thick units of facies Fm may be
ottributed to rapid suspended load deposition on the floodplain, and biogenic
modification. The thin coarsening upward sandstone splays are believed to be
produced by small deltaic type build-out of sand into a standing body of water.

The presence of abundant stable vegetation is directly evidenced by: impressions
of large fossil pteridosperm axes {Fig.2.75a,b); casts of the spenaphyte Calamites
(Fig.2.786); and silicified wood. The presence of laterally continuous fibrous rooted
horizons within thin siltstone splays {Fig.2.40) shows that vogetation was present
in the proximal parts of the floodbasin and vogotation prokably played an important
role in stabilising the position of channel ag dosumeonted for modern sottings by the
likes of Smith (1976), McCarthy ot o/, [1986) and Stannistreot of /. {1993).

Although these findings for the Burgersdorp Formation do not differ significantly
from those olready published, it is evident that the depositional history of the
Burgersdorp Formation {Fig.4. 1) is more complex than praviously recagnised. Nowly
decumonted cnviranments and sub-cnvironments, include low sinuosity channels
{Fig.2.34), minor floodplain {Fig.2.34) and crevasse top channels {Fig.2.38), thiek
splay deposits (Fig.2.38) and palacasols {Fig.2.19).

4.11.2 Molteno Formation

Tho Melteno Formation has previously been propesed to have been depositod by
systems ranging from subaerial deltas (Haughton, 1924) and distal meander tracts
(Smith et al,, 1993; Anderson & Anderson, in prep.), 1o braided and anastomosed
river systems (LoRoux, 1998}, The eurrent consensus (Turner, 1978q, 1978;
Christie, 1981; Cairnerogs ot al, 1995; Rust pers.comm.) scoms 1o be for a
braided river erigin, with materiol depesited in the preximaol reaches of a system
draining an alluvial fan of tho glacial outwash typo. Provious modols for the
Molteno Formation suffer from a lack of stratigraphic and spatiat control and no
changes within the Bambooesberg Member have heen decumanted.
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Christie (1981) considered the large proportion of planar stratified sandstone (facies
8h) and the scarcity of "argillaceous” fines to bo features which showed the
Bamboosberg Member to resemble the Bijou Creek ephemeral model (McKee et al.,
1967). He furthermore noted that the geometry aid internal structure of tho
sandstones were similar in appearance to the Brazeau-Paskapoo Sequences of
Brazil (McLean & Jerzykiowicz, 1978).

MacDonald (1993) followed Christie {1981) in proposing that the Bamboesberg
Member of the Molteno Fermation was the product of sandy ephemeral streams,
due predominantiy to the large percentage of facies Sh. High pereentages of Sh are
however also known from braided streams with perennial, although fluctuating,
flow (Langford & Bracken, 1987).

Based en a study of grainsize distributions, LoRoux (1993) proposed doposition by
an anastomosing systein for the Indwe Member in the north of the basin., No
ovidenee of anastomesing {anabranching) was rocorded in the Indwe Sandstone
Member during the ¢ourse of thic study. Eriksson (1983, 1984, pers.comm,) {eels
that the deposition of the Indwe Sandstone Member in the northeast of the basin
took place within a elassie braided river setting, with perennial flow, but with low
and high water phases. The high porcentage of fines in the upper part of BBS led
Anderson & Andcrsen (in prep.) to suggest intervals of low sinuosity meandering
river sedimentation towards the elog2 of the Bamboesberg Member.

The nature of the fining upward sequences found in the Bamboesberg and Indwe
Sundstone Members grogsly resombles the facies sequence of both braided
(Doeglas, 1962) and meandering systems {Allon, 19644a, 1965q; Coloman, 1969;
Smith, 1970). The: thicknoss; gress geomotry and internal architecture of the
channel complex sandstones; numerous scour surfaces representing channel
switching; facios types and relationships; graingizos; rapid textural changes; high
sandstono to fines ratio; and the high veeter strongths and low variance of the
palacocurrents. all favour deposition in a low sinuosity braided system (Qre, 1964;
Miall, 1974, 1976) as proposed by Rust (1959, 1962), Turner (19752, 1983,
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1984), Christic (1981, 1986) and Eriksson (1984).

Blair & McPherson {1994) have however documented that braided sedimentary
deposits may aceumulate on alluvial fans, in braided rivers and on braidplains. The
recognition that the Molteno Formation is predominantly structured by braided
deposite raisas tho question as to the type of depositional system (aliuvial fan,
braided river or braidplain) responsible for the pattern of sedimentation preserved
within the Bamboeosberg and Indwe Sandstone Members.

Alluvial fans are a form of fluvial depositional system distinguished on the basis of
geosmorphological characteristics rather than by a particular fluvial style (Bull, 1872,
1977). The term is broadly used by in the litorature, with considerable
disogreement and confusion as to the range and types of depositional system that
should be termed alluvial fans (Stannistreet & McCarthy, 1993; Miall, 1996).
Roading (1998) rocognises gravity flow (somi-arid) and fluvial (humid) fans based
on the processes oporative on the fans. Following Blair & MePhorson (1994) humid
fans are here considored to be large braidplains.

Althougl tho definition of fans is therefore the subject of much debate, in genoral
fans are semi-conical features, with radial dispersal from a single point source.
They have radii which are normally less than 10km, especially in arid elimates. In
gontrast, braided rivers and braidplains (braid deltas and humid braided fangs) show
essentially paraliel dispersal on sub-planar surfaces and extend from tens te
hundreds of kilometres {MePharsen & Blair, 1993; Blair & MePherson, 1994), Tho:
lateral continuity of the channel sandstone complexes; their high width to depth
ratios; unidirectional palacocurrents; and lack of angular clasts, matrix supported
siove cenglomerates and small inversely graded eoarsoning upward units indicative
of debris flow doposits, all argue against proximal arid alluvial fan depesition
(Blissenbach, 1954). This allows for a general braided fluvial envirenment toe be
constrained for the Bamboesberg and Indwe Membors of the Meltene Fermation as
hag been praviously suggestod by earlior workers (Turner, 19784q; Christie, 1981).

gt
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Braidplains differ from braided rivers in being unconfined by valloys, although the
active tracts of braidplains may be temporarily confined within banks of their own
ailuvium (Blair & McPherson, 1994). Braidplains commonly arise from the
downslope coalescence of fans or of braided rivers where they emerge from their
confining valleys. The distinction between braided riverz and braidplains is
irnportant because most models for braided alluvium are based on braided rivers.

Because there is no evidence that the channel complexes of the Bamboesberg and
Indwe Sandstone Members were constrained by bedrock, they are best referred to
as braidplains (broadly including humid braided fans). Most of the literature
documenting modern braiderd systems however deals with processes in braided
rivers, and furthermore are concerned with gravel and sand dominated pre-glacial
rivers (Boothroyd & Ashley, 1957; Boothroyd & Hummendal, 1978; Miall, 1878;
Cant & Walker, 1978}, Only the Brahmaputra and Kosi systems are adequately
described {Coleman, 1989; Bristow, 1987; Welles & Dorr, 1987) to act as a
modeols for sand dominated bedload deposition in a humid fan setting.

Although most models are therefore based on pro-glacial, braided rivers, it is still -
useful to compare actualistic studies of modern systems (both braided river and

braidplain) to the deposits of the Bamhoesberg and Indwe Sandstone Members, in e
order to understand the processes operating within the system,

a) Bambaeshorg Mamber

A number of features of the Bamboesberg Momber are indieative of depesition in
a bedlood dominated, low sinuasity broided fluvial system. These includo: the
elongate, sheet-like nature and large lateral extent of the channel sandstone
complexes; their high width to depth ratios, at times approaching 70:1; their o
multistoried nature with abundant eresion surfacos marking downeutting and
channel shifting; the dominance of longitudinal and transverse bar olements; the
lack of lateral ageretion surfacos; the medium-goarse grainsizo of the sandstones;
their rapid toxtural changes; the inclusion of both intra- and extrafermational clasts;
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the low variance and high vector strengths for the palacocurrents; and the paucity
of overbank deposition of fines {low fines/sandstone ratic}. The uniformity of facies
dominatad by Sh and the consistent mean palaeoflow direction (north-northeast)
are two characteristics that Rust & Gibling (1990) believe clearly identifies
braidplain deposits as opposed to braided rivers.

The entire Bamboesberg Member does not however fit any of the pre-existing
braided river, braidplain, or humid fan models for sundy, braided fluvial deposition,
and no single model can account for the farge range of stratigraphic variation of
architectural style seen at the regional level.

Using the stratigrophic section at Bushmanshoek Pass {Fig.3.78) as a roference
type for the Bamboesberg Membaer in the south of the basin, it may be seen that
g number of changes occur stratigraphically within the Member. The lower two
sandstones of the Bamboosberg Member preserve a high percentage of facies Sh
with parting lineation on the upper surfaces. These are indicative of shallow water
doeposition, and as proposed by Christie {1981), may be the product of shallow,
ephemeral braided streams, or the product of seasenal flow fluctuations as shown.

Vertically accreting Sh such as is found in ths lower two sandstones of the
Bamboesberg Member is however net common in broided river sequonces except
in the Bijou Creek and Medano Creck models (McKee ot al, 19687; Langford &
Bracken, 1987). Facies Sh may howover be abundant in the more distal reaches of
hraided systems whare finer grainsizes are deposited, and the scarcity of facies Sh
i the proximal reachoes of the Bamboosherg Membet is most probably a function
aof grainsize and not flow velacity.

The presence of significant amounts of braidplain fines in the lower Bamboesberg
is atypical for bedload dominated fluvial systoems and may also be indicative of a
distal braided setting. This abundance of fines in the lower part of the Bamboesberg
Member may also be provenance refoted, in as much as the source at this time may
still have beon reworked Dwyka, Ecca and lower Beaufort Group strata (Rust,
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1959, 1962). In a few places plant fossils are preserved in a growing position
within the finer grained sandstone in the lower part of the Bamboesberg Member,
This is also typical of the more distal reaches of braided systems, where
equisitaleans often colonise raised or abandcned levels as well as bar tops (Williams
& Rust, 1969).

The lower two sandstones of the Bamboesherg Member therefore preserve features
suggostive of shallow, high energy flow, with rapid switching and lateral migration
of channels in a distal braidplain setting. This distal setting and rapid lateral channel
shifting allowed for the formation of thick accumulation of fines in the abandoned
channel tracts and on the braidplain overbank. With its larger amount of braidplain
material, predominance of facies Sh and losser proportions of St and Sm, the basal
Bamboosberg has no direct modern analogue, but is suggestive of deposition in a
systom very similar to the distel reaches of the Kosi megafan (Welles & Dorr, 1987;
Gohain & Parkash, 1990).

Tho upper three sandstones of the Bamboesberg Member preserve different internal
architectural eloments, have a coarser grainsize, and show a decrease in the
pereentage of faces Sh and fines, than those of BB1 or BB2. Facies St, becomes
the dominant in channel facies and coal is found topping individual fining upward
sequences, Facies Smin the upper Bamboesberg occurs within transverse bars and
sheets in the eresively based minor channels. These equate to the massive shect
facies and massive erasively based facies of Turner & Martin {1987). Such facies
are common within permanent braided systems and are documented for the ancient
in the Hawkesbury Sandstonc by Rust & Jonos (1987).

The predominance of facies St in the uppor part of the Member, as opposed to
facies Shin the lower Bamboosberg, suggoests that the systom was different to that
for tho lower part of the Member. This system seems to be most similar to that
described by Cant & Walker {1978) for the South Saskatehewan River, The upper
part of the Bambooesherg Member in the seuth of the basin howover differs from
tho South Saskatchewan in the greater abundance of facies S$t, the scarcity of
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facies Sp and the fewer completely preserved fining upward channel fill sequences.
This suggests that the active tract relocated by lateral channel switching. Such
lateral switching {active tract avulsion) is most likely when the river i¢ not confined
to a valley (Blair & McPherson, 1984), In the upper Bamboesberg it seeias then
that channel switching brought about the rapid abandonment of the previously
active tract, such that the waning channel fill sequence, characteristic of South
Saskatchewan type deposition, is often not deposited. Instead, the abandoned tract
may have becomae colonised by plants, receiving sediment only during high stage
flow. Following high stage flow, the water hody may have stood for some time,
thereby allowing for the suspended load settling of laminated muds and silts, which
form the abandoned channel fills documented in the upper Bamboesberg
(Cairncross et o/, 1995; Fig.3.27).

The abundance of facies St; in the Bambogesberg Member allows for speculations
to be made regarding the depth of flow. Facies St, is the internal structure to
subaqueous dunes and Harms et al, (1975) state that the water depth at which
these dunes form is & twice the thickness of the individual set. Allen {1983, 1984)
alse domonstrated a rolationship between dune height and flow depth in rivers,
although Rust & Gibling {1990) paint out that there is considerable scatter in this
relationship. Applying the simple estimation of Harms et g/, {1975) to tho maximum
sot thickness of 80cm for the lower Bamboesherg, and 1.2m for the upper
Bamboasberg would give a moean water dopth in channel of 1.6m and 2.4m
raspectively. These figures are similar to those supplied by Turner {1983} of
betweon 0.73-2.2m hased on the sixth power law of clast sizes between 16.5-
706m in diamater, The depth figures are also consistont with both the thickness of
sots and casots of 8t, and the preserved thicknesses of fining upward channael fills,
Abandoned channel fill thicknosses of up to 3.0m provide supportive evidence of
channel depth and bank height.

The Seuth Saskatechewan River nas an avorage in-channol bankfull water depth of
3.0m with a maximum of 5,0m, values which are very similar to these proposed
for the upper Bormboosberg Member, Tho slightly doeper channels in the South
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Saskatchewan may be accounted for by valley confinement (Blair & McPherson,
1994), and although this may have been the case for the upper Bamboesberg, is
not likely given the lateral extent of the channel complexes and the fact that such
deposits are only very rarely preserved in the ancient (Rust & Gibling, 1990). This
therefore raises the question of how channels some 2.4m deep were maintained,
as such depths could not have extended simultancously over the entire braidplain.
The most likely explanation is that during 2*.e deposition of the upper Bamboesberg
Member, braided tracts were temporarily confined by alluvial banks of finer material
stabilized by vegetation. These where not however stable enough to maintain the
active channel tract in ong position indefinitely, and their erosion allowed for the
channel to migrate transversely across the braidplain with time. Although of a
smaller secie, a possible modern analogue for this style of sedimentation is the Lake
Torrens Plain of South Australia, which has banks up to 4m high cut into
essentially contemporaneous alluvium (Leckie, 1994).

The two pringiple phytotaphocoenoses noted for the Bamboesberg Member are
monodominant to monospecific Heidiphylum thickets, thought to represent shrubby
coniferous stands associated with areas of higher water table on the braidplain, or
sandbars within tho channel systems (Cairncross et al, 1998) ond
HeidiphylumiDicroidium association, which are believed to represent tracts of stable
vegetation flanking the main channel. The presoenee of silicified logs in the upper
Bamboesberg, up to 18m in length, demonstrates that trees of a moderate sizo
woro algo present. The progsence of coal in the upper Bamboosberg is evidonce for
the dovelopment of peat swamps on the braidplain, Peat probably grew on clevated
terraces, abandened shannels, backwater swamps and lacustrine sottings and
probably added to bank and aetive tract stability.

The moest extensive timo of peat swamp formation is represented by the Guba coal
seam which is up to 4.5m thick in places {Christie, 1981). Based on a compaetion
ratio of 11:1 (Ryor & Langer, 1980), the 1.2m thick eoals seams in the upper
Bamboesborg, are indieative of peat thicknr sses of up to 13m, and the 4.5m
thickness recorded by Christie (1981), of pout accumulation of up to 50m.
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Taking an average for peat formation of 1Tmm/yr (MicCabe, 1984} would give un
estimate of peat swamp formation of between =13 000 and 50 000 years for the
Guba Secam. This implics long periods of high water tables, active subsidence and

relative stability on the braidplain prior to the erosion and burial of the peat by the
active river tract.

b) Indwe Sandstone Member

A number of features indicate that deposition of the Indwe Sandstone Member
occurred during a time of increased discharge and channel depth than for the
underlying Bamboesberg Member. These include: the greater lateral extent and
tabular nature of the channel sandstone complexes; the lenticular nature of the
minor channels within them; the coarsor grained nature of the sandstones; the
abundance of facics Ge, and Se,; the predominance of facies Gt, and St; tho
presence of thick units of facies Gm and Sm; the lower width/depth ratios; and the
low finos/sandstone ratio. Those characters all suggest formation of the Indwo
Sandstone Member in a braidplain system with considerable bank relief (Fig.3.59)
and greater channol depth than for the underlying Bambocesberg Memboer {Fig.4.2).

The most southern outerops of the Indwe Member show certain of the features of
a distal alluvial fan setting including thin graded sheet flood deposits with pebble
lags, and channel flood conglomerates with well developed horizontal cross-
stratification. The erosional nature of the basal surface and the predominance of
facies St, may hawever best be explained by deposition in a moderately confined,
preximal humid braidplain setting. The prosence of sequences of facies Ge, with
well rounded clasts, overlain by Gt;,, St, Sm and Sh, is also similar to the sequences
prosorved in the proximal deposits of soveral braided rivers, including the Scott
{Miall, 1977), Donjek (Rusat, 1972) and Yukon {(Rust, 1972) rivers. The Scott River
however ig choracterised by a higher percentagoe of gravel than found in the Indwe.

In the north of the basin, the Indwe Sandstone Membor has a high perecentage mf_
facios Sp, preserved within trangverse and linguoeid bar olements, and the sequence
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is similar in character to the Platte River model (Smith, 1970, 1971, 1972; Blodgett
& Stanley, 1980).

Although the preserved sequences show similaritics to cortain of the braided river
models, the lateral extent and sandbody architecture of the Indwe Sandstone
Member diffors shows that it was not confined within a valley, and modern
analoguas may be the proximal reaches of the Kosi Fan (Singh et a/., 1993) and the
Brahmaputra River of northern India (Coleman, 1969; Bristow, 1987).

i) Evolution of the Bamboesberg and Indwe braidplain

Although Blair & McPherson (1994) believe that the lateral confinemant of braided
rivers by valley walls should resul* in facios assemblages different from those found
on braidplains, the facies associations for the Bamboesberg and Indwe Sandstone
Members, show remarkable similaritics to a number of the braided river models.
This may in part be due to the confinement of the main channel tract by banks of
alluvium and peat marshes, and in part by the similarity in processes operating on
the systoms.

Placing the typical in ehannel sequences of the Bamboesberg and Indwe Membors
within the classic braided stream medels (Miall, 1977, 1978), it becomes apparent
that the lower part of the Bumboesberg Member is most similar to the Bijeu (MeKee
et al.,, 1967) and Medano Crack (Langford & Sracken, 1987) models, where Sh is
the dominant facies, and flow is episodic and unconfined. Tho upper Bamboosberg
is more similar to the South Saskatchowan (Cant & Walker, 1878) in nature being
the product of in-channel dune and bar migration, within temperarily confined
banks. Tho Indwe Sandstone Member does not fit perfectly inte any of the
proposed models for braided rivers, but seems to be intermediate botween the
Scott and Donjek River medels in the south of the basin, and similar te the Platte
River modol in the north of tho basin.

0

i

/

& s
L

.

)




Miall (1978) considers that the Scott, Donjek and South Saskatchewan profile
types represented a grudational proximal-distal sequence in ancient braided
systems, with the boundaries between the three types dotermined on gravel
content. The percentage of included gravel decreasing from greater than 90% for
the Scott to between 10-9095 for the Donjek and less than 1095 for the South
Saskatchewan type. In terms of the lateral relationships of those madels, the gross
petrological resemblance of the sandstones, and tho similarity of the
palaeontological signatures of the Bamboasberg and Indwe Mombers, it is not
unreasonable to assume that the Bamboesberg deposits are a distal facies
equivalent of the coarser grained Indwo Sandstone Member, In this scenario, the
more proximal Indwo strata prograssively overstepped their distal equivalents due
to basinward progradation of the fan, in response to increased gradient and
sediment supply in the southern reaches of the system.

The vertical transition botween the lower and upper Bomboeesberg Member and
betwoen the upper Bamboosberg and the Indwe Sandstone Members, shows the
classical coarsening upward motif of prograding alluvial systems (Davis ot a/,
1983), and indicatos deposition of transitional sub-environments within an
integrated drairiage system. The doposits of the lower two members of the Molteno
Formatien may therefora be envisaged as representing a continuum from docp
gravelly braidplain channels to a shallow distal sand dominated braidpiain.

i) Conclusion

In terms of the fluvial models of Leopold & Welman {1957) and Schumm (1972)
the channel fill sequences of the Bamboesberg and Indwe Sandstone Members of
the Molteno Formation fall into the low sinuosity, bedlead dominated, broided
systems, as concludod by Turner (19780, 1983, 1984) and Christio (1981, 1986).
The system was structured predeminantly by active ond abandoned ehannel tracts
and in-channel bars of various morphelogies, and the overall environment for the
deposition of the Bamboosberg and Indwe Sandstone Members of the Melteno
Formation may thereforo he envisaged as a sand-bedload eminated braidplain
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system, which prograded into the basin from an uplifted source area. Palagocurrent
partitioning does not occur in the Bamboesherg and Indwe Sandstone Members and
the lack of significant palacocurrent changes between major channel complox
sequences suggests that changes in slope, rather than major avulsions, were the
cause of system progradation and the stacking of channel complexes. The
evolution of the lower Molteno Formation braidplain through time {Fig.4.2) may
therefore be seen as a response to increased slope and differential erosion and
subsidence.

Pulsatory flow within the Bamboesberg Member is evidenced by numerous factors
and may be attributed to episodic, possibly ephemeral flow in the lower part of the
Member, and to pulsatory seasonal flow in the upper part. This may be attributed
to variable precipitation and/or seasonal fluctuations in diacharge.

The depositional system for the lower Bamboesberg is envisaged as a tract of
coalescing braided rivers with little lateral stability, whereas the upper Bamboesberg
and Indwe Members may be regarded as having a more permanent active tract,
flanked by well vegetated banks, ard overbank environments on which peat bogs
and swamps were formed (Figure 4.2), Although the Bamboesberg and Indwe
Sandstone Members share numerous process related features with modarn braided
river models, their lack of confinoment by bedrock, and sheer size suggests that
better modern analogues are the Lake Torrens Plains of South Australia, the Kosi
Fan of northern India (Gole & Chitale, 1966; Gohain & Parkash, 1990; Singh et al.,
1993} or the Canterbury plains of New Zealand (Leckie, 1994).

4.1.2 Environmental aspects

Environmental aspects assessed inelude tho groundwater pH-Eh, water table levels,
and palasoclimate. The groundwater pH-Eh is controlled primarily by the nature of
the vegetation cover and the exchango of disselved saits, and the water table lovel
by the amount of precipitation and infiltration, as well as tcctonics, Both of these
aspects are further influenced by climate.
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Climatology is the net result of a humber of integrated parameters including: colar
energy admission; atmospheric composition; landform configuration; sea-level;
positions of the poles; ocecanic and atmospheric circulation (Visser, 1991), Global
trends are rogionally mediated by factors such as local atmospheric conditions,
large bodies of water and mountain ranges. The relative importance of, and
interplay between, these factors is not yet fully understood, and a number of these
wnputs are unavailable to the student of anciont sequences. As such, palasoclimatic
and palacoenvironmental reconstructions have to be based on the sedimentological
and paloeontological record. Thin section petrography, combined with other
sedimentological and palaeontslagical data (Gould, 1972}, especially the study of
palacosols (Retallack, 1990), allows for various conclusions to be drawn reqarding
the palacoenvironment prevalent during facies genesis of the Burgersdorp and lower
Molteno Formations.

Numerous authors have previeusly used mineral stability relationships to infer
palaeoclimates (Krynine, 1949; Folk, 1959, Todd, 1998; Basu, 1985; Lewis &
McConchie, 1994). Krynine (1949) and Folk {1959) proposed that the mutual
presence of fresh and weathered feldspar to be indicutive of humid weathering
eonditions, James et al. (1981) havo however shown that thero is a broad overlap
in the amount of alteration on detrital feldspars from wet and dry climates and that
the amount of detrital feldspar in anciont sandstones is not a good indicator of
palasoclimatic conditions. James et al. (1981) also show that the alteration of
dotrital foldspars from huraid climates is predominantly limonite and kaolinite,
whereas in somi-arid and arid elimates it is predeminantly limenite and smeectite.
The use of feldspar ratios or decay in predicting palacoclimatos is furthor
compounded by diagenetic everprinting. Bearing these limitations in mind, the
overall composition of feldspar is used cautiously, and is cambined with all ether
availoble data to predict palaceelimate. The palacoenvironmental aspocts of the
Burgersdorp Formation are basea predominantly on palacosols and palacontoloegical
data, whereas that for the Moltene Formation is strongly based on palaeontological
critaria, supplemented by lithotogical data.
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Cadle ot al. (1993) propose that the climatic evolution of the Xaroo Basin may bo
corrslated to the global trends of Frakes (1979), in that a cold, moist Early Pormian
was foilowed by steadily increasing tomperature and aridity until the Jurassic.
Global temperatures rose sharply during the Late Permian and Early Triassic and
during the Middle Triassic the climate was warm and secasonal, with atmospheric
circulotion sluggish in the abscnce of polar ice caps (Frakes, 1979). With the
exception of the Molteno Formation, for which Visser {1991) proposed abnormal 3
cold and wet conditions, arid conditions have therofore been proposed te have
prevailed during the Triassic deposition of the Karoo sedimentary strata succession.
The enigma of a cold, wot Molteno, as proposed by Haughton {1924), Andorson
& Anderson (1870, 1976, 1983}, Tumer (1983), Visser (1991) and MacDoenald
{1993} therefore naeds to bao re-oxamined.

4,1.2.1 Burgersdorp Formation

Most workers agroe that the thick soquences of finos and sandstones within the
Burgersdorp Formation were deposited under warm, arid to semi-arid conditions
{Kitching, 1977, 19886; Vissor, 1991; Graonewald, 1996). Vissor (1991) states
{p,428} "In the Karoo Basin the catly Triassic (Anisian & Ladinian, 231-248Ma)
climate was alse warm and veory similar to that of the Late Pormian, except that it
was porhoaps more equable”, It should be noted that the time period reforred to hore
{Anisian-Ladinian) is actually Mid-Triassie, and that the ages given cover a range
from the late Permian through to the Late Triagsic.

i

During the deposition of the Burgersdorp Formation, the Karoo Basin was situated
botween latitudos 45-58°8 (Visser, 1991). At this time, the magnetic south pele
was located over tho palaco-Pacific Ocean, and the oriontation of the palase-Pacific
margin of south-western Gendwana changed from north-nerthwest te northwest.
This would have brought about a partial ebstruction of the flow of cold water
towards the cquater, which in turn would have restricted the width of the cold
circum-polar zone.
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Based on the red and purple colouration of the mudstonc and sandstones,
Groonewald (1996) proposed that climatic conditions were dry throughout the
depositional history of the upper Burgersdorn in the southeastern part of tho basin.
Dubiel (1991) believes that red beds actually have no palacoclimatic significance
since they are known to occur in early to late stage diagenetic oxidising Eh-Ph
conditions, in a wide spectrum of subaqueous and subaerial settings, both humid
and arid. This stated however, colour is used by many authors as an environmental
indicator {Krynine, 1949; McBride, 1974), due to the fact that the red colouration
of meny sequencoes is imparted by iron oxides {particularly haematito), which ence
formed tend to be relatively immobile and diagenotically stable. The abundanee of
hacmatite cs the predominant iron mineral in the Burgersdorp Formation favours
sedimentation under oxidising conditions for the majority of the floodplain fines.
Localised groen mottling may indicate local reducing conditions, as does the local
formation of cubic pyrite (replaced L, haematite). Under oxidising conditions,
organic matter would simply be oxidised to CO, and water and this probably
aceounts for the lack of presorved plant remains within the fines of the Burgersdorp
Formation. The red colouration of the fines and palacosols in the Burgersdorp
Formution, coupled to the presence of haematite as the main iron mineral, therofore
tends to evidence oxidising conditions on the floodplain, which coupled to the
palavogeographie sotting and depesitional style, favour o warm palaeoclimate. High
temperatures would alse lead to accelerated rates of organic decay, which in turn
creatn less acidic and reducing pore waters and a preferential environment for the
preservation of bone.

Calcrote formation is documonted almost throughout the Beaufort Group
(McFhersorn & Germs, 1979; Smith, 1880, 1981, 1989, 1990b), and the
Burgorsderp Formation is no exception. Galeareous concrotions occur at most lovels
within the Fermation and by comparisen with Helocone pedogenic carbenates
{Goudie, 1973; Roaves, 1970; Hubert, 1978; Netterborg, 1980) caleretes are
generally aceeptod as being indicative of arid to semi-arid climates (with a mean
annual temperature of 16-20°C) {Goudie, 1973) and a highly seasonal, periodically
distributed rainfall (mean annual of 100-800mm} (Seminuik & Searle, 1985).
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