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Calcretes are also dozumented from humid climates (Seminuik & Searle, 1986)
however, McCarthy (pers.comm.) believes that caleretes car. form only in areas of
not rainfall deficit, where carbonate may precipitate in the soil and not be
redissolved by percolating groundwater,

Palacontological evidence has also been uged to define the elimatic setting for the
Burgersdorp Formation and as evidence for marked seasonality. Grine et al. (19879)
used the proposced eccurrence of salt glands in the eynodont Diademodon as
evidence of aridity. Chimsamy & Rubidge (1993) used the presence of alternating
layers of fibro-tamaollar ond lamellated bone tissue of the humerus of the dicynodont
Kannomoeyoria as ovid nce that the climate during the deposition of the Burgersdorp
rocks was seasonal. Evidence of strong soasonality is most commonly proserved
as growth rings within the trunks of trees (Bamford pers.comm.), however wood
from the middle and uppor part of the Burgorsdorp Formation doas not show
distinct growth rings. This wood is hiowever exclusively of the podocarp type and
podocarp wood is notoriously poor in their preservation of such structure (Bamforsd
pers.comm.).

Although the Burgersdorp Formation as a whole may therefere be envisaged to
have been deposited under a semi-arid, scasonal elimate, stratigraphic studies have
shown that subtle differencus may be observed througheut the Formatien,

a) Lower Burgersdorp Formation

As montioned previously in this chapter, the sedimentary rocks of the lower part
of the Burgorsdorp Formation arc characterisod by loterally eontinuous lag
conglomerates with calearenitia matrix, which may be traced out ever many tens
of kilomotres. Clasts found in these lags include rounded colearcous and soptarian
nodules, clay pobbles, fousil bone and cepralites. The bene is often of a
fragmentary nature and shows evidence of suncrocking and fracturing prior to
deposition. The fragmentary and suncrackaod nature of this foasil material indicates
disarticulation and fragmentation of the remaing prior to burial, with long periods

261

o wE



wEe D v TOES 3, M N S kit ST IR S B TR TTFE ST i itk

fod

of desiceation on the floodplain, ur in-channel during periods when the watercourse
was inactive. Such deposits are common in arid climates, which favour increaged
rates of sediment supply, erosion of p. . vicus deposits and in-shannel aggradation.
The thin {<1m} channel sendstones overlying these lag deposits are internally
structured almost exclusively by facies Sh. Such a predominance of Sh, which
suggests pulsatory discharge typical of semi-arid arcas with seasenal flow (Stear,
1980).

Type | palacosols are restricted to the lower part of the Burgersdorp Forruation and
are characterised by having: well developed calcic horizons; abundant
rhizocretionary layers; deeply infilled desiccation cracks; localised eolour mettling;
dark reddish brown purple colouration; and o “crumbly" wenthering texture
imparted by numerous clay fined fissures. These calcic vertisois are common in the
lower Burgersdorp ond are cansidered to ropresent pedogenesis of floodplain
gediments under a seasonally semi-arid environmont, being very similar to those
described from the Lystrosaurus Assemblage Zone by Smith {1998).

The rhizocretions in the lower part of the Burgersdorp Formation are generally larger
than those in the middle and upper part of the Formation and in places form large
scale {up to Sem diameter) subharizontal accumulations that show rugose surface
toxtures and clongate lincar ridges (Fig.2,13b). Thuse aro idontieol to features thot
Smith & Kitching {1897) attribute to matted roetlet horizons within the Trityloden
Acme Zong, balieved to have formed under arid climatie gonditiens.,

Calearcous nodules within the lower part of the Burgersdorp Formatien are in mest
places smooth surfaced and may form isclated sporadic clustors or lotorally
extensive horizons. The presenco of laterally gontinuous caliche doposits is
indicative of high evapetranspiration rates, and a net water deligit in the gystos
{MeCarthy, pers.caman ).

Guartz psoudomorphs of gypsum rosettes are also known from tho lower part of
tho Burgersdorp Formation (Groenewald, 1996, pers.comm.), and the presence of
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these features in the lower part of the Beaufort Group has previously been used to
imply an arid climate (Keyser, 1966). Experimental studies (Cody & Cody, 1988)
have shown that such aggregates form in warm saline muds which contain
concentrations of humic compounds. Radial aggregates of barytes, enriched in
strontium are also known from the lower part of the Formation in the north of the
basin. The mechanism of formation of these aggregates is obscure at present, but
they are thought to represent either hydrothermal or spring deposits or in situ
growth during arid palacosol development (Retallack, 1990).

Petrographic evidence shows that the sundstones from the lower Burgersderp
Formation plot between the plutonic and metamorphic arid climate fields of Basu
(1985) (Fig.4.3). Supportive petrological evidence for an arid climate comes from
the presence of abundant fresh plagioclase feldspar (Fig.2.43) within the
sandstones and fines of the lower part of the Burgersdorp Formation, which if
deposited under humid conditions should show alteration haloes of clay.

Tho presence of thick haematitic coatings to fossils from the lower part of the
Burgersdorp Formation is also suggostive of an arid setting. Haematite tends to
form ropidly in arid settings, whereas goothite is the iron ferm that usually
crystallizes undor humid conditions, It should be neted howover that goothite may
glter to haomatite through time (Reading, 1996). The small size of all the fessil
plant material recovered from the lower Burgersdorp Formation may be used as
supplementary palacontelegical cvidence for a climate that was arid.

All of the above evidonce therefore points to an arid climatic regime during the
deoposition of the lower part of the Burgersdorp Formation, being mest similar to tho
conditions proposed for the underlying Katborg Fermation (Hiller & Stavrakis, 1984,
Groonewald, 1996} and Lystresaurus Assemblage Zone {Smith, 1995)
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b) Middle Burgersdors Fomation

The sedimentary rocks of the middle part of the Burgersdorp Formation form the
bulk of the descriptions in the literature regarding the Formation and the
Cynognathus Assemblage Zone. Previously, the consolidated nature of the
mudstones, and the presence of calcareous concretions and tosette shaped
inclusions have becn used to imply of dry conditions (Kitching, 1977).

Although common in the middle part of the Burgersdorp Formation, facies Se, has
a very different character to that from the lower part >f the Formation. In contrast
to facies Se, in the lower Burgersdorp, Se, in the middle part of the Formation often
contain almost complete fossil skulls, jaws and skeletal elements, and does not
contain reworked Lystrosaurus Assemblage Zone clasts. Furthermore, the
sandstone matrix is not calcarcous. This may imply that this facies accumulated
under slightly less arid conditions, with less residence time of fossils on the
floodplain, | (™

Palacosols of Type Il and Il are common and in places form stacked sots
(Fig.2.19). These soils preserve medium sized rhizocretions, but not the large scale
coalesced rugose forms found in the lower Burgersdorp Formation. Infrequent to

*
locally frequent shallov to medium depth mudecrack infills also attest to poriodic
drying of the flaodplain and a lowering of the water table. (/
In the upper part of the middle Burgersderp, an increase in the amount and size of \ frf//

fossil plant material eceurs, with fossil stem axes up to 20em wide and fronds of ' ﬂ
D.hughesii up to 60cm in sizo {Andersen & Anderson 1983). The size and
abundance of cquisitalean casts of the genus Calamites alse increases over those
found in the lower part of the Formation. Those fasctors, together with an increase
in the size and numbor of large horbiverous genera, may also be indicative of
conditions that were slightly less arid than in the lower part of the Burgersdorp
Formation,

]
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c)  Upper Burgersdorp Formation

In the upper part of the Burgersdorp Formation, especially close to the contact with
the Molteno Formation, very little evidence oxists for an arid elimate. The colour
of the sediments is greyish red (R 3/4), rather than the dark reddish brown (10R
3/4) of the middle Burgersdorp or the very dusky red purple (oRP 2/2) of the lower
Burgersdorp Formation. The relative acareity of caleareous nodules which oceur
nnly as laterally discontinuous, isolated smoeth surfaced nodules suggests that the
climate was only periodically sutficiently arid to promote ealerote development, and
that there was sufficient rainfall to cou. «or ovopotranspirative loss, such that the
water budget was rarely in deficit. This would imply generally weiter eonditions
with a higher groundwater table.

The ocsurrence of numaerous fleedbasin pends in the upper Burgersdorp, and the
lack of woll proserved stacked palacosols i also suggestive of a generally high
ground water tablo, which would have intorsceted the fleedplain surface at
topegraphic lows to maintain semi-pormanent te permanent standing bedies of
water, This «3 also evideneed by tha coaisening upward nature of a number of the
splay sandstones, which show characters of deltaie progradation inte standing
bodies of water.

Although similar to the palacosols of the upper part of the middle Burgersdorp,
thase of the upper part of the Formatien oxhibit a slightly difforont eharagtor baing
structured by rooted horizens with pervasive celour mottling, und vortically
oriontated mieritic infill, These mettles form irregularly shaped patehos of greenish
groy {8G6/1) to light bluish grey {(8B7/1) colouration in a sequence of groyish red
(8R4/2) to greyish red-purple (BRP4/2) siltatones and mudstanes. Slickensided elay
linad arcuate fractures also eceur, whieh may intorproted as "skow planos” (Smith,
1898, formed by the swelling and shrinking of illuvial clays during scasenal
flustuations. Theso poleosels aro interpreted as hvydromarphic seils, with well
developed “"gley-type” mottling and are thought te ropresent periodic drying of a
1 armally saturated salum (Smith, 1998), The palacosols of the upper Burgersdorp
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Formation are very similar to thoso deseribed by Smith (1998) for the Dieynodon
Asgemblage Zone, which he interpreted as hydromorphic gloys, formed under wot
gonditions.

Petrological evidence also suggests that the climate was less and. Figure 4.3
shows that the sandstones of the upper Burgersdorp (upper hatched area] plot just
below the metamorphic source, humid climatc field of Rasu (1988). The overall
decrease in feldspar, and the decompased nature of the feldspar present is also
more indicative of a sub-humid setting.

The uppor Burgorsdorp Formation alse evidences a change in tho palaeontolegical
signature of tho Formation, enclosing the subzene C fauna, and a more abundant
and larger palacaflora. Although not really indicative of any particular palaeoslimatie
setting, this would suggest that tho palaceenvironment had changed from that of
the middle part of the Formation.

d) Conclusion

To judge from the unstratified nature of the dark red mudstones and the lack of
green coloured finos and the abundance of calearcous concrations and
rhizoeretions, the palacoelimato of the lowor part of the Burgersdorp Formation may
have beon sufficiently arid to warrant the term semi-desert. This eonciusion is
augmented by petrographic ovidenee and {ramewaork grain plots, which show that
the sandstones of the lowor part of the Burgersdorp Formation plot in tho arid
motamerphic source fields of Bagu (1985) (Fig.4.3) and are more similar to those
of the Katherg Formation. The up sectien deerease in: the frequency of palacogol
dovolopmont; desiceation cracks; calerote glaebules and rhizeerotions; as well as
tho notable celour change probably indisate mere peorly drained soils with a higher
water table during iate Burgorsdorp times. This weuld soem to indicate a change
from arid genditions in the lower part of the Fermation \hrough to less arid, more
equable, and less restrictive elimates in the upper part of the Fermation. This
change from an arid to moere humid cetting is also evidoneed by the petrography of
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the sandstones, which change from an aiid to sub-humid source (Fig.4.3).
4.1.2.2 Moiteno Farmation

The climate for the Molteno Formation has in the past been envisaged as ranging
from cold and wet with intermittent rainfall (Haughton, 1924; Anderson &
Anderson, 1970; Visser, 1991; MacDonald, 1993) to humid temperate (Ellenbergor
et al., 1964), It has oven been proposed that temperature fluctuations were very
severe, with palacofrosts and palacotemperatures as low as -30°C (Cairneross
pers.comm.). The presence of the fern Dicroidium in the Melteno Formation has in
tho past been used to imply pulacoclimatic conditions ranging from celd temperato
(Andersen & Anderson, 1979) to warm and humid (Rayner pers.comm.).
Dicreidium is however known to occur in strata of Early to Late Triassic age
{Anderson & Anderson, 19883; Taylor & Taylor, 1993) in doposits that range from
aid to tropical settings (Rotallack, 1990). Although dotailed study of fossil plants
may allow for refined palaeaclimatic reconstructions of the Molteno Fermation, the
use of Dicroidiurn must thereforo be soen as limited. The propescd cold climato in
the Karoo Basin during the Middle and Upper Triossic (Visser, 1891} is however
anomalous to tho global pattern {Frakes, 1978). Bearing in mind the twe extremes
proposed it is nocessary to assess these proposals, based on the sedimantological
and palacontological evidonce pravided by thoe rocks of the Meltono Fermatien.

a) Bamboesberg and Indwe Mombors

The: reddish celouration of some of the fines; amount of naomatitic altoration of
plant material; presence of weakly doveleped iron rich palacosale; and desiceation
¢racks in the lowermost part of the Bambeosborg Momber suggosts local exidising
conditions and limited subaerial exposara, This fact may in part aceount for the laek
of coal in tho lower part of the Bamboosberg Member. The dark eolouration of the
finos in the upper Bamboesberg and Indwe Sandstone Members, coupled fo the
presence of: reduction spots in the sandsteones; diagonetie pyrite; and erganic
carbon, tonds to suggest a reducing environment during tha dopesition of those
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s units, The scarcity of pedogenic sarbenate, desiceation eracks and the nature of
’ the preserved palacosols and coals in the upper Bambocsberg and indwe Sandstone
S Members is alse sungestive of a high groundwater water table, with depositienal
3 sites that were pormanoently saturated, and a system with sufficient rainfall to
4 prevent an avapotranspiration imbalance.

Socgard (pers.comm.) providos transport co-officients from mountain hoelts of
SR 100m® for arid climates and come 5000m? for humid climatos. The oxtensive
spatial distribution of the proserved fluvial system for the Bambeesberg and Indwo
Sondstone Members would therefere tend to bo more likely with a humid rather
than on arid elimato and point to thom being of the humid fan, rather than arid fan
ot proglactal outwash type, s proposcd carlier in this chapter. The abundonee of
¢oal and vegotal material may bo used as supportive evideneo Tor a humid sotting
{Cadle pers.comm.). Thin section petrography and framework grain plots fall within
the humid matamorphic source ficlds of Basu (1988) (Fig.4.3) and are used as l
supplementary evidence for a humid setting.

The twe gonera of wood found in the Meltene, Araucarioxylen and Rhoxaxylon are
both assigned te the Family Araugariceea (Bamford, pers.comm.) which were
common in the middle latitudes with their eptimal dovelepmont botween 40° and
50° south and north (Stockey, 1990). Arauicarian forosts are alse known from red
bed facies indicative of a low-latitude belts of summer dry climates, Stockey : ﬁ
{1990} {urthermero states that there is no evidence of o plant assomblage mere i
thermophelous than the arauearian forest, Tho prosence of distinct growth rings in
Araucarioxylon ig firm evidenee for morked seagsonality during the deposition of the
lowor part of the Moltene Formation (Andersen, 1974). Growth maost likely
oceurred during the wot seosens and terpor during the drier scasons, Soasanality
is further ovideneed by tho eyelie nature of loof fall and the vast amounts of
monogenexie folioge in rostrieted layors.

Fram tho above it is avident that of the two proposed palacoclimates for tho
Molteno Formation, those favouring a warm humid climate are mote probably
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correct. Based on the evidence presented here it seems that the anomalous cold
climate for the Molteno proposed by Visser {1991) did not exist and, as proposed
by Cadle et o/, (1993), the overall trond for the Karoo Basin during the Triassic
{Fig.4.4) does not differ significantly from the global trond proposed by Frakes

(1979).

Based on the available sedimentological ond palacontological evidence an overall
warm and humid climate is therofore envisaged for the lower part of the
Bamboesberg Member with periods of water table fluctuation, as evidenced by
limited palacosol devalopment, raro dusky red (SR 3/4) coloured sediments and
equally rare dosiceation cracks in the locustrino mudstones. The upper
Bamboesberg and Indwe Sandstone Members are envicaged as having formed
undor a warm hurnid climate with high water tables which allowed for the
accumulation of thick layers of plant material in standing bodies of water, and the
formation of peat swamps,

4.2 Corralation

Due to the scargity of radiemetrie marker horizons, the lack of seismic data, and
tho extensive remagnotization caused by the Drakensburg voleanies (Ballard ot al.,
1986), biostratigraphy coupled with accurate lithestratigraphy is the mast reliable
mothod for subdividing the Kareo Supergroup, und for censtraining the relative time
intervals invelved.

4.2.1 Burgersdorp Formation
4.2.1.1 Interbasinal correlation

Interbasiral correlation allows for tho rolotive age ef the faunal assemblages to be
doterminod by comparisen wiih botter dated secuonces trom other paits of
Gondwana. Russia and China. Such cerrclationg also show whether or not the area
in quegtiery was an isolated basin, with an ondemic fauna, or if there was free
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passage between basins.

Capitesaurid amphibians are known from both marine and nonmarino depesits and
provide thoe bost correlative link between the marine and nonmarine realm.
Kannemoeyeriid dicynedonts are documented from all the Gendwanan continents,
as well as Eurepo, Russia and China, and therefore have great potential in
correlating nonmarine strata. For this reason, and due to the fact that the Triassic
dicyncdonts were widely studied during the course of this investigation, they are
one of the key forms used for the correlations that follow. Twe different methods
of correlating may therofore be used for relative age doterminaticns. The first of
those is based on amphibians and the standard marine timesealoe and the second
on konnemoyeriids and the nonmarine reeord.

Both capitesaurid amphibians und kannemeyeriid disynodonts are thus important
for the global correlation of the nenmarine Triassic. The faunas from Ruagia, India
and South Africa contain both forms, whilst these from China and South America
aro rich only in dicynodonts, and those {from Eurepe and Australia aro dominated
by amphibians, and have very fow dicynodonts (Ochev & Shishkin, 1989).

The Cynognathus Assemblage Zone has in tho past beon broadly correlated to the
Omingonde Foen. “ion of Namibia (Pick{erd, 1996}, tho Upper Fremouw Formation
of Antarctica (H mmer, 1548}, the Puesto Viejo (Bonaparte, 196€a,b, 1971} and
Rio Mendoza Formations of Argentina (Dok tuw, 1893), the Yerrapalli Formation of
India {(Chowdhury, 1970), the Danguz Group,;8vi'* of Russia (Ochov & Shishkin,
1989) and vanous forrrations in Chen (Cheng, 1980, 1981). A per provious
workers, the Cynognathus Asserblage Zene is hera shown to centair «. fauna that
is broadly correlatable with tho: Omingonda Formatior of Namibia: Manda, Kingori
and N'tawere Formations of East Africa; Yorrapalli Formation of Indic: Upaer
Fremouw Formation of Antarctico; Pucsto Vicjo and Rio Mendoza Formations of
Argenting; Ermaying, Kolamayi and Hoshangou Fermations of China and loner
Mongolia; and the Donguz and Vetluga Groups/Svitas of Russia {Table 4.1).
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Apart from Watson (1942} and Coopor (1982), most provieus workers have failed
to recognise the presonce of different faunal assemblages within the Cynognathus
Assemblage Zone, and for the purpose of correlation equate the whole of the zone
with other Gondwanan aunas. The stbdivision of the Cynognathius Assemblage
Zone {Hancox et al,, 185), coupled to the findings of this thesis allow for more
refined correlations for the biozone.

Because many of the Gondwanan, Chiness and Russion sequences have net in the
past boon subdivided, nor are they clearly understood, a brief review of their
biastratigraphy is necessary prior to correlation with the proposed subzones of the
Cynognathus Assemblage Zone. It must be stressed that the following correlations
are based on: personal abservations of the Trinssic dicynodonts; discussions with
other sciontists; and on the eurrent state of the literature, which in many cascs
requires major taxonomic and biostratigraphic rovision.

al Namibia

n Mamibia, Triossic sedimentary strata have so far only baen deseribed from the
northern part of the country in the Otijiwarongo, Grootfontein and Omaruru
Distriets (Pickford, 1896), where they are known as the Omingonde Mudstens
Formation. Keysor (1873) considered the fauna of the Omingonde Formation to be
advanced aver the typical Gynegnothus Assomblago Zene fauna, and therefore
correlated this unit with the Molteno Formation. The rocks of the Omingonde
Formation however actually contain on assemblage of foessils closely related to
those from the Gynognathus Assembluge Zore, including: the dicynodants
Kannemeyeria cristarhynchus and Dolichuranus primaveus; the trirachodontid
cynodont Trircchadon sp; tho diademodontid eynodonts Diademadon tetragonus
and Titanogomphedon crassus; and a small lower jaw of an unidentified
cynognathid that rese ables Cynognathus (Keyser, 1973). Gther genarainclude the
baurids Sesamaden & . i and Herpotagalo marsupialis, an eriopid omphibion and
alarge erythrosuchid arehesauriform et Erythrosuchus africanus (Pickford, 1996).
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The exact taxonamie affinities of several of these forms are unfortunately unclear
at present. Kannemeyeria cristarhynchus (GSP R813) was originally assigned to
Kannemeyeria simacephalus (Keyser, 1973), but re-agsigned to K.eristarhynchus
by Keyser & Cruickshank {1979). The specific differences between these two
forms are howover poorly known, and the actual specific assignation of GSP R313
remains semewhat problematical. 7itancgomphoden is considered to be an
advanced diademodontid based on its overall size and the shape of its moliform
teath (Keyser, 1978), although Brink (1980) suggests that this form is congeneric
with Diademodon. The species of Trirachodon is similar to T.Derryi from subzone
B, although it apparently lacks a porietal foramen, has a narrower intertemporal
crost, and a large diastema in both the upper and lower jaws (Keyser, 13783). The
most rocent collecting in the Omingonde Formation has provided new specimens
of Trirachodon which aro larger than their Seuth African countorparts (Smith
pers.comim.), however their exact taxonomic position however awaits clarification.

Tho presence of Kannemeyeria, a large erythrosuchid c.f. Erythrosuchus africanus,
Disdemodon and a form similar to T.berryi indicatos a cloge tomporal relationship
for at lcast parts of the Qmingonde Formation and subzone B of the Cynognathus
Assomblage Zone. The presence of several advanced cynodonts and the
dicynodont genus Defichuranus may boe used to propose a slightly younger ago for
gertain lovels of the Omingonde Forination. An isolated intertomporal bar
{BP/1/6536) from subzene C is identical in form and sizo to that of Delichuranus
and further cellecting may show that this genusg, or a very clese relotive ocuurs in
suhzone €, thoreby allowing the dirost correlation of subzene € with the
Daliehuranus bearing levels of the Omingonde Formation.

Qf tho geriera known frem the Omingonde Formation, five are common to subzone
B and for the maost part this fauna may bo directly correlated. The prosence of
Doliehuranus and K.eristarhiynehus, which are belioved to come from the upper part
of the Fermation {Keyser pers.comm.), may be indicative of a slightly younger age
than gubzone B and parts of the Omingonde Formation may represent a timespan
intormediate botween subzones B and C. No genera except Diademodon are
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howgver shared with subzone C and the specific differences assigned to the
Omingonde genera may represeat isolated speciation in a sub-bagin. The eusrent
stratigraphie resoiution of the Omingonde Formation is not aecurate cnough to
allow for the possibility of subdividing the seqwenco, although the presence of a
mixed subzone B and advanced fauna suggests that this may in fact become
possible in the future,

b) East Africa

Scdimentary sirata eontaining a Karoo fauno in East Africa have been known singe
the investigations of Haughton {1932). Subseoquent colleetions and degseriptions by
workers such as Dixey (1936), Nowack (1937), von Huene (1942), Boonstra
(1953}, Attridge et al. (1963), Drysdall & Kitching (1962, 1963), Cruickshank
{1968, 1967), Bishop (1968, Cox (1869, 1991) snd Kemp (1975) have greatly
expanded our knowledge of those deposits and their fauna. The Kingori (K7} and
Manda Formations (K8) of Tanzunia and the N'tawere Fermation of Zambia all
contain founal agsembloges which may be correlated to the Cynognathus
Assemblage Zone. b

The presence of Kannemeyeria {Cruiekshank, 1968) and Diademodon rhodesiensis
{Brink, 1863) in the Kingori Sandstone Farmation (K7) of Tanzania allows for the
direct corrolation of this fauna with subzone B of tho Cynegnathus Assemblage
Zone. Kannemeyeria is known from only a single specimen that was originally
documented as having been colleeted i the Manda Formation, but was
subsecquently re-assigned to the Kingeri Formation by Cruickshank {19685). Although
onginally assigned to the now ahandened speeies K. latirfestris (Cruickshank, 1968),
this specimen has been studied by the authoer and has no characters that preclude
it from K.simocephalus cxeept fer g size, \

The overlying Manda Fermation (K8) eontains a fessil fauna which includos the:
dicynedants Angonisaurus {Cox & Li, 1983), Reechnisaurus (Cox, 1991),
Tetraganias (Cruickshank, 1867) and Songuseurus (Cruickshank, 1988);
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capitosaurid amphibian Parotosuchus prenus (Howie, 1970); rhynchosaurian
Stenaulorhynchus (Von Huene, 1938a); archogauriform Mandasuehus (Von Huene
1938); and trirachodont and traversodont cynodonts (Crompten, 1868, 1969)

The presence of Angonisaurus in both the Manda Formation and subzone C of the
Cynognathus Assemblage Zone allows for their direct tomporal correlation. This
correlation is strengthened by the oceurrence of the capitosaurid Parotosuchus
prenus in the Manda, which is very similar to Paretosuchus morgani sp.nov. At the
Family level the oeeurrenco of the shansiodont genus Totragonias may be used as
eorroborating evideneg, as Tetragonias is closely related to the new Shansiodontid
{BP/1/5532) from subzone C. The two iselated eylindrical coniniforms (BP/1/6626
& BP/1/5627) from subzone C are also idontical in ennstruction to that of
Tetragonias. According to Dilkes (1894} Stenaulorhiynchus is advanced over tho
rhynchosaurids from subzone B. The Manda Formation therefore shares two
genera, as well as one family level tie with subzene C, and for this reason parts of
the Manda may be correlated to subzone € with some confidence. This fauna
liowever lacks eynognathid and diademedontid eynodonts which are common in
subzone C and may thoerefere Yo slightly younger in plases.

In Zambia, the N'tawere Formation may be subdivided into an Upper and Lower
unit, The Lewer N'tawere ¢ontaing the dieynodont gonus Delichuranus latirostris
(Crozier, 1870Q), the cynoedonts Trirachoden, Diademodon and a Scalenodon-liko
farm, as well as the amphibian genus Parataschus mogarhinus (Chernin 1874) and
the invertebrate Unie karooensis (Drysdall & Kitehing, 1963).

Tha presonee of Dolichuranus and a gemphadent aynodont provisienally assigned
ta Sealenadon would allow a elese correl tion betwoen the Lewer N'tawere and the
Omingonde Formation, and by extrapelation, subzene B of the Cynognathus y e
Assomblage Zene. It should be noted howovar that Delichuranus latiriostris
{BP/1:3638) boars little resemblanee te the Omingonde speeios D.primaveus and
D.etionensis, and rather shares a number of chargeters with tho shansiodont genus
Tetragenias.
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Based on the presence of Sangusaurus (Cox, 1969) in botn faunas, the Upper
N'tawere is often correlated with the Monda Formation. Although the Upper
N'tawere and the Manda both contain the genus Sengusaurus, the Manda is usually
considered to be slightly younger due to the fact the Songusaurus pariingtoni from
the Manda is belioved to be advanced over Sanguscurus edentatus from the
N'tawere (Cruickshank, 1986a). The Upper N'tawere also contains the dicynodont
gonus Zambiasaurus which is considered a primitive Stahleckeriid {(Cox, 19689), the
cynodont Trirachodon and the temnespondyl amphibian Paratosuchus megarhinus.
P.megarhinus is vory similar to P.morgani sp.nov. from subzone C and based on the
similaritics of the fauna, the muurity of the Upper N'tawere is cotrelated to
subzone C of the Cynognathus Assemblage Zone.

c} Antarctica

An 8.0m thick sandstone at the base of the upper mombor of the Fromouw
Formation in the Beardmore Glacior region (Gordon Valley, Transantaretic
Mountaing) containg a fauna comparablo with that of the Cynegnathus Assemblage
Zone (Hammer, 1988, 1990, 1985; Hammer et a/. 1986, 1987, 1990, 1998). The
assemblage is poorly known at present, but contains the eynodont Cynognathus
sp. and a diademadontid possibly allied to Titanogomphodon (Hammer, 1995). The
material assigned Kannemeyeriidae /ncertae sedis by Haramer {1995) seoms to be
gimilar to the Reehnisaurus and Kannemeyeria christarhynechus in that the canine
erupts quite medially on the stout caniniferm process. Ropresentatives of the
amphibion Familios Capitesauridae and Benthosuchidae are also known from this
locality but are not as yot described,

Hommer (1990) notes that the diademodentid and a number of ather forms are
more advoneed than the traditional Cynognathus Assemblage Zene fauna. At
present this fauna eannot be directly cempared to the Cynognathus Assemblage
Zone, but based on the possible presence of Titanegomphedan { =2 Diademoden) and
a kannemeyeriid similar to Rechisaurus this fauna may be corrolated with parts of
the Omingonde and probably squates cither to the uppormost reaches of subzone
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8 ot the lower patt of subzone C,
d) India

The Yerrapalli Formation § the Pranhita-Godavari Valley of India (Jain ot al.,1964; ;
Chowdhury, 19704a,b) contains a fauna including the {argo capitosautid amphibian ‘
Farotosaurus rajareddyi, a possible brachyopid amphibian, erythrosuchid
archosauriformes  (c¢f.Erythrostchus, Cooper, 1980), the rhynchosaur
Mesodaperdon  kuttyi, indeterminable trirachodentid eynodonts and the
kannomeyeriid dicynodonts Wadiasaurus incus (Chowdhury, 1970b) and
Rechnisaurus eristarhynchus (Bandyopadhyay, 1989). Based on the evolutionary
stage of the capitosaurid amphibians and kannemeyeriid dieynodonts, this fauna is
slightly younger than subzone B and may be tentatively correlated with subzone G,
although no gonera are comnian to the two.

ol South America

The fossils of the Triassic sedimentary strata of South America have b en known
since the collecting of Von vuene (1938) and Cabrera (1943) and contain faunas
broadly similar with those of other parts of Gondwana (Cox, 1965, 1968;
Bonaparte, 1967; Batberena, 1977, Jarherena ot 2/, 1888).

The Puosto Vicjo Formation (Mendoeza Provinee, Argentine} comprises a 325m thick - 3
sequence of mudstones and sandstones which overlies the Permo-Triassic voleanies

of the Cerra Carrizalit Greup. The Puesto Viejo may be sub-divided into a lower

{Agua do Los burros local faunn) and upper sequence. The lower sequence,

pragased to be a lowland assomblage (Andersan & Anderson, 19934), contains tho

shansiodont genus Vinceria sp indet. (Bonaparte, 1969, 1973, 1982) and the

kannemoyetiid Rechnisaurus (DoBauw, 1993). Bonaparto (1982) eurrclates the |
Agua de Los burros local fauno with the Lystrosaurus Agsemblage Zene, however f v
the ptesenco of Rechniseurus in this fauna shiows that it io actually significantly §
vounger (DoFauw, 1893).
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The upper sequence is characterised by the presence of the dicynodont
"Kannemeyeria" argentinensis, the shansiodont Vinceria andina (Bonaparte, 1966,
1967, 1982), the cynognathid cynodont Cynognathus minor, the traversodontid
cynodonts Pascualgnathus piolanskii (Jenkins, 1970), and a proposed galas.aurid
Cromptodon mamiferoides (Bonaparte, 1972). On the basis of the presence of
Kannemeyeria, Cynognathus and diademodontids, Bonaparte {196845,b) correlated
the upper beds of the Puesto Viejo Formation with those of the Cynognathus
Assemblage Zone.

The presence of Kannemeyeria and a proposed galesaurid in the upper zone is
however problematical, as galesaurids are last known in the Lystrosaurus
Asseniblage Zone in South Africa (Kitching & Groenewald, 1995). Kannemeyeria
argentinensis is not well known and zomes from the same horizon as Vinceria
andina. Although first hand study of this material was not possible, photographs
kindly supplied by Arthur Cruickshank and Barry Cox, show that certain of the
features described by Bonaparte {1966a) are incorract. The most obvious of these
is that the postorbitals terminate on the skull roof approximately half way along its
length and therefore do not reach to the back of the intertemporal bar as figured
by Bonaparte {1966a,b). This is exactly the state found in the shansiodonts
Shansiodon and Tetragonias and for this roason it seems more likely that
"K".argentinensis belongs to the Family Shansiodontidae, and may in fact be
congeneric with Vinceria,

The two faunas from the Puesto Viejo are therefore more similar than previously
thought. The basal part of the upper assemblage, containing as it doos the first
appearance datum (FAD) of the shansiodont Vinceria and the cynodont
Cynognathus, may be directly correlated to subzone C of the Cynognathus
Asserablage Zone. The uppermost parts of the sequence rocord the FAD of
primitive traversadontid cynodonts and may therefore be slightly yor~ger than the
subzone C fauna, in which traversodontids are unknown. The presence of a
proposed galaesaurid romains problematical.
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The Rio Mendoza Formadon (Mendoza Province, Argentinal also contains the
shansiodont Vinceria andina and the travarsodontine cynodonts Ruscocynoden and
Andescynodon and is usually correlated with the Upper Puesto Viejo Formation
{Battail, 19983}, This fauna may therefore also be tentatively carrelated to subzone
C.

fi China

Nonmarine Triassic strata are widespread in northern China, occurring in two
distinct areas, in a number of separate basins. in the northwest part of the country
the Kalamay Formation occurs in the Junggur and Turpan (Tulufan) Basins (Xiniiang
Autonomous Region). The Ordos Basin containg the Heshangou and the Upper and
Lower Ermaying Farmations, and occurs in the Shanxi, Gansu and Ningxia
provinces in the contral part of the country.

The Katamay Formaotion (vatiously referred to as the Karamayi, (Li, 1980); Karamay
{Pang, 1983} and Kelamayi (Lucas, 1993b)) forms part of the lower Xiaoguangou
Group. In the Turpan Basin, this Formation contains amphibian material originally
assignod to Parotosuchus turfanenis (Young, 1966) but re-assignod capitosaur indet
by Lucas & Hunt (1993a). In the Junggar Bosin the Formation contains the
dieynodant Parakannemeyeria breviriestris. Pang {19983} assigned an archosauriform
from this Farmation to the qgonus Garfainia. The cnrrelation of this Formation with
the Cynognathus Assemblage Zono is therefore problematical, as it contains one
representative of subzone A, and a dieynodont fauna wnich hos no equivalent in
South Afriza. At present then this Fermation eannot be correlated to the sequence
in the main Karoo basin with any confidence.

in Inner Mongolia, in the Shaan-Gan-Ning Basin (Fugu County, Shaanxi Frovince)
the upper Hoshangou Formation has  vyiolaed tho: dicynodont genus
Shaanbeikannemeyeria (Li, 1980); procolophenid genora Eumetabolodon (Li, 1983),
Pentacdrusaurys ordosianus (L1, 1989); dipnoan Coratedus heshangauensis; and the
archosauriform Fugusuchus (Pang, 1993). Shaanbeikannemeyeria is thought to be
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very closely related to, and possibly congeneric with Kannemeyeria (King, 1988)
and Cerstodus heshangouensis is believed to be indistinguishable from Ceratodus
material from subzone B (Shishkin pers.comm.). This would suggest a strong
correlative link between the Heshangou Formations and subzone B of the
Cynognathus Assemblage Zone. The presence of Fugusuchus is somewhat
problematical as most authors (eg Pang, 1993) equate this genus to Garjainia, and
if this is the case, then parts of the Heshangou Formation may be correlatable to
subzone A, At present and until the stratigraphy of this unit is better documented,
the Heshangou Formation is therefore equated to both subzone A and the lower
parts of subzone B of the Cynagnathus A<scmtlage Zone.

The Ermaying Formation occurs within the Ordos Basin in the eastetn central parts
of China and has been biostratigraphically st:bdivided into an upper and lower part
based on the presence of two distinct fossiliferous horizons (Cheng, 1980; Li &
Cheng, 1995). The Ermaying has in the past been equated with the Cynognathus
Assemblage Zone (Sun, 1964, 1981), and placed as slightly older (Keyser &
Cruickshank, 1979) and slightly younger (Ccoper, 1982) than the biozone.

The faunal assemblage of the Lower Ermaying includos the dicynodonts
Shaanbeikannemeyeria (Cheng, 1980; Li, 1980) and Parakannemeyeria
xingxianensis (== P.ningwuensis), the bauriid Ordosia, a scapulasaurid, and primitive
thecodonts. Three teeth assigned to the procelophonid genus Paotoedon are also
recorded (Chow & Sun, 1960), as is the procolophonid Eumetabolodon. Tho
presence of Shaanbeikannemeyeria in this assemblago allows for its tentative
correlation with subzone B.

The fauna of the upper Ermaying Formation contains threc species of the
dicynodont genus Sinokannemeyena (Young, 1937; Sun, 1968; Cheng, 1980), as
well as five species of Parakannemeyeria (Sun, 1963, 1978; Cheng, 1980) and
four species of Shansiodon (Yeh, 1989; Cheny, 1980), including S.wuhsiangensis
(Yeh, 1959). The fauna also includes the trirachodontid eynodont Sinognathus, the
archosauriforms Shansisuchus and Wangisuchus, the captorhinid Neogracolophon,
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and the large bautiid Traversodontoides (Sun, 1981; Li & Cheng, 1995). Sun
(1883, 1981) has previously correlated the Upper Ermaying Formation with the
Cynognathus Asserblage Zone, however the presence of Shansiodon
wuhsiangensis allows for a direct correlation to be proposed between parts of the
Upper Ermaying and subzone C of the Cynognathus Assemblage Zone. The
presence of Shansisuchus which is very similar in nature to Erythrosuchus, may
indicate that parts of the upper Ermaying are of an equivalent age to subzone B as
well,

q) Russia

In Russia, the Vetluga {Zone V) and Baskunchak series are known as the

Parotosuchus fauna (Table 4.2) and are known to contain the amphibian genera

Paratosuticus, Trematosuchus, Batrachosuhus and Neorhaciotomi, as well as an %
associated fauna including Garjainia (= Vjushkovia} {Ochev & Shishkin, 1989} and

nine genera of captorhinids (procolophonids); Phaanthosaurus, Tichvinskia,

Burtensia, Contitosaurus, Orenburgia, Coslodontognathus, Kapers, Macrophion ang

Vitalia,

Shishkin (pers.comm.} considers the European genus Parotosuchus to be very
closely related to Kestrosaurus from subzone A, as is Trematosaurus to
Trematosuchus (Shishkin & Welman, 1996)., Coupled with the presence of
Batrachosuchus, the primitive archosauriform Garfainfa and the abundance of
procolophonids, this would allow for the Vetluga (Zone V) and Baskunchak faunas
to be directly corralated to subzone A of the Cynognathus Assemblage Zone, This
correlation of the Vetluga and Baskunchak faunas with subzone A is further
strengthoned by the fact that these faunas are overlain by the Donguz Svite,
shown below to contain genera common to subzanes B and C. This being the case ’
then tho ontire sequence known for the Cynognathus Assomblage Zone is also ‘
presorved in the Russian Triassic,

R
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The Eryosuchus fauna of the Donguz Group broadly equates to the Heylerosaurid
and Stenotosaurid fauna (Zone Vi of the Russian Platform and includes: the
kannemeyrild genera Rabidosaurus, Rhadiodrmus and Uralokannemeyeria (Danilov,
1971) the shansiodont Rhinodicynodon (Kalandadze, 1870); and an associated
fauna including the bauriids Notogomphodeon and Dongasattrus; the traversodontid
cynodont Scalenoden {Parish, 1986); a possible taversodontid originally assighed
to tha genus Antecosuchus; and the captorhinid Orenburgia.

The direct cotrelation of this fauna is somewhat problematical as it contains
Uralokannemeyeria, which, following {Cheng, 1880} | believe to be congeneric with
Shaanheikannomeyeria, and which in turn is closely related to Kannemeyeria from
subzone B. The presence of the shansiodont Rhinodicynodon would however rather
indicate & closer relationship with subzone C. Revision of the stratigraphic positions
of these finds may prove that the equivalents of both subzones B and C are
preserved in the rocks of the Denguz Group (Eryosuchus fauna).

&.2.2 Moitano Formation
4.2.21 Interbasinal corralation

Gondwanan correlatives for the Bamboesberg and Indwe Members are based on
{ime equivalent floral, palynological and faunal evidence. Tha Molteno Formation ' !
is formally restricted to the main Karoo Basin and equivalents of the Bamboosberg ‘

Mamber are unknown outside of South Africa. Mast provious work that has dealt

with equivalents of the Malteno Formation outside of the main Kareo Basin has

therefore bean based on the Indwe Mumber, which has in the past been equated

with deposits in Botswana, Namibia, Zimbabwe, and Kenya {Tablo.4.3).

In Botswana the equivalent of the Indwo Sandstone consists of o unit of coarse
grained, pebbly, cross-stratificd sandstones with intercalated purple or brown fines.
This unit is lithologically very similar to tho strota assigned to the Indwe in the
Springbok Flats region. In Namibia, the Indwe is equated to a coarse grained,
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trough eross-stratified poebbly sandstone approxirmately 80m thick (Visser, 1984).

The Escarpment Grit and the Ripple-marked Flags of Zimbabwe also consist of large
sots of facies St; with pebbles of quartz, minor gneiss, schist and mudstone up to
3.5 cm in diameter. These are equated to the Indwe Sandstone Member by Visser
{1984) and Cooper (1982), based on the occurrence of a Dicroidium flora in both
units. In the Lebombo Region the Ntabene Formation has also been equated to the
Indwe Sandstone Formation by Visser (1984). This unit consists & 10m of ¢oarse
grained, trough cross-stratified sandstone and subordinate shale, which rests
unconformably on sedimentary strata equivalent to the Beaufort Group. In the
Limpopo region, the Fripp Sandstone Formation and Bendozi Coal Series form a 240
m thick unit of medium to coarse graincd sandstone overlain by thick mudstones
and coal, which have boen correlated with the Molteno based on their
palaeontological signatures (Visser, 1984}, Based on their lithological similarity, the
Shimba grits of Kenya have also been equated to the indwe Sandstone Member
{(Meney & Prasad, 1977), and in Madagascar the Isalo Formation (lsale 1) has a
similar lithological appearance and paloecontological content and is here proposed
to be co-eval with the Indwe.

Although the author is of the opinion that all these sequenaas oceur in differont
sub-basins, the widespread occurrence of coarse, cross-stratitied pobbly
sandstones in southernn Africa raises the question as to the control on these
sequences. If it is a tectoni® control then the signature had to affect numerous
different basinal sottings, and be associatod with some type of major tectonic re-
organisation in southwostern Gondwana. The only other control on such
widespread soquences is climate and sediment supply (Paola pers.comm.). Similar
climutes would probably have prevailed cver much of the interior of southwestern
Gondwana, and! tois probuabiy accounts for the similar overprint to these sequences.
Climats on its ewn does not seem to be a great enough influence to aceount for
the naturo of those sequences however, aven if it was controlling sodirent supply.
it scoms tharefore that those widespread, coeval coarse grained sequences
ropresent o major tectonic re-organisation of southwestern Gondwana prior to
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fragmentation in the Late Triassic and Early Jurassie. This has been proposed for
northern Gondwana and Pangea by Rochling & Beutler {1993) wh+ believed that
the Triassic was a period of tectonic instability.

Correiation of the Molteno Formation with other Gondwanan basins has previously
been based mainly on the palacontological aspects of the Formation. On
palacofloral evidence, Anderson & Anderson (1970, 1971) and Anderson (1974)
considered the Bamboesberg and Indwe Members of the Molteno Formation to be
the time equivalents of the Ipswich Coal Measures of Queensland, Australia, with
several taxa common to both sequences. The palaeofauna {predominantly fish and
insects) of the Bamboesberg and Indwe Sandstone Members also show a close
relationship with the fauna of the Mount Crosby Formation of Australia (Rieck,
*974).

4.3 Age

Based on the above correlations the relative and absolute ages of the Burgersdorp
(Cynognathus Assemblage Zone) and Moltene Formations may now be re-examined
in light of known faunal contemporeity. For establishing the age of the sequenco,
the timescales of Harland et al, (1989) and Ross et al. (in prep.) are used, Problems
previously associated with the incompleteness of the suszession and the relative
dating of the two Formations is re-addressed.

4.3.1 Relative age
4.3.1.1 Burgorsdorp Formation

Some dispute surrounds the ages of tho Lystresaurus and Cynognathus
Assemblage Zones within the Burgersdorp Formation. This discussion deals
primarily with the Cynognathus Assemblage Zene, but has important implications
for the age of the Lystrosaurus Assomblago Zone as well as the development of the
Karoo Basin during the Trinssic. Arguments dealing with the age of the
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Lystrosaurus Assemblage Zone are presonted in Ochev & Shishkin (1989) and
Shishkin et a/. (1995}, however this biozone is widely believed to be Lower Triassic
(Induan) in age (Table 4.2).

i) Gynognathus Assemblage Zone

The Cynognathus Assemblage Zone has previously been assigned ages ranging
from the Late Permian (Cooper, 1982) through to the Late Triassic (Broom, 1904),
Most authors favour either an Early or Middle Triassic age, with some authors even
suggesting both. This confusion is due to the fact that in terms of its bulk
composition as listed by Kitching (1977), the biozone shares faunal similarities with
both Lower and Middle Triassic faunal assemblages from other parts of Gondwana,
China, Russia and Europs. The recognition of various subzones within the
Cynognathus Assemblage Zone (Hancox et al, 1995), and the correlations
presented in the previous section, allows for some of these problems to be re-
addressed.

a) Subzone A

The Cynognathus Assemblage Zone has long assumed to be the equivalent of the
Early Triassic (TR1) upper Scythian {Spathian/Olenekian) of Eurone dug to the
presence in the biozone of the European amphibian genus Parotosuchus (eg DuToit,
1984). Shishkin et al. {in prep.) show that the European genus Parotosuchus is not
hawever congencric with the South African Parotosuchus africanus and is in fact
far more similar to, if not congeneric, with Kestrosaurus, the zone index fossil for
subzone A (Table 4.2). Trematosuchus from Subzone A has also been shown to be
closely related to Tromatosaurus from the Early Triassic Middle Buntsandstein
{(Upper Olenckian) of Western Europe {Shishkin & Welman, 1994).

The archiosauriform from subzone A is either congeneric with, or at the same
gvolutionary state as, the Russian genus Garjainia (Welmy- ~omm,), known

from the Vetluga Series {Zone V) of Russia. Garair' neces over the
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garliest Proterosuchia i.e. tho Protorosuchidae (Cruickshank, 1978} which are
presumed to be of lowermost Triassic in age (Zone V). The age of the Lystrosaurus
Assemblage Zone within tho Scythian is presumed to be Lower Scythian
(Griesbachian) at the latest (Ochev & Shishkin, 1989; Shishkin & Ochev, 1993},
This would mean that the Protarosuchus bearing strata of the Lystrosaurus
Assemblage Zone are Griesbachian {Induan) {Tabie 4.2} and that subzone A of the
Cynognathus Assomblage Zone is Scythian {Spathian/Olenekian) in age,

The similarity of Kestrosaurus and tho European Parotosuchus, and Trematosuchus
with Trematosaurus {Shishkin & Welman, 1894) soupled to the primitive nature of
the archosauriform tentatively assigned to Garjainia all point to subzone A being
Lower Triassic latest Seythian; Spathian/Olenekian) in age. Further ovidence that
it is an older fauna than that found in subzone B or C comes from the primitive
nature of the Trirachodon spocies (Welman, pers.comm.), coupled to the total
absence of kannemeyeriids, which Ochev & Shishkin {1889) beliove first appear in
the Mid-Triassic,

Although based on erroneous assumptions and generic misidentifications, previous
authors were thorefore correct in thair assignation of an Early Triassic age, although
not for the entire Cynognathus Assemblage Zone.

b) Subzonoe B

Tetrestrial faunas spanning the Early/-Middie Trinesic contact are poorly known due
to the incomplateness of tho fossil racurd and tise lack of procise dating for faunas
presumeod to be of thess ages. Cruickshank {180 &, 1867), Cox (1973} and King
(1988) belioved that typical Middle Triassie (Ardisian} faunas include assembiages ’
gcomprising kannemeyeriid and shansiedont dieynodonts, wshopsauriformes, bauriids,
gynodonts and rhynchogaurs. Ochov & Shighkin {1989) dewwrmd the contoct
batwaoen the Eatly and Middle Triagsic as corrosponding to the changeover from
founas dominated by proterosuchian archosauritormos to one dominated iy
kannemaeyeriid dieynodonts.
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Euparkeria and more particularly Erythrosuchus show advancas over the state
found in Garjainia and the grade of evolution of the Euparkeria ankle is almost
identical to that of Chanarosuchus (Romer, 1972) from the !schichuca Formation
(= Chanares Formation) which is of late Middle Triassic age. This fact was used
by Cruickshank (1986) to assign the Zynognathus Assemblage Zone an early
Middle Triassic age. The presence of Buparkerrids {archosauriformes} in the
Cynognathus Assemblage Zone has also in the past been used as evidence for a
Middle Triassic age for the biozone, based upon a literal reading of their fossil
record (Dilkes, 1994). The fish fossils collected from Bekker's Kraal (Broom,
1909b) are similar to forms from the Brookvale Formation of Now South Wales
{(Hutehinson, 1972) that is also Mid-Triassic in age.

The faunal association of subzone B, dominated in numbers by the kannemeyeriid

dicynodont Kennemeyeria, the cynodonts Cynognathus, Diademodon and

Trirachodon and by the archosauriformes Erythrosuchus and Euparkeria thercfore

shares a number of close ties with faunas proposed to be of iid-Triassic age. One

problem with the assignation of subzone B entirely to th.¢ Mid-Triassic lies the close

relationship between Kannemeyeria and Shoonheitannemeyeria from the

Heshangou Formation of China, which is supposedly of Early Triassic age based on

the ostracod and pollen signatures (Pang, 1993). This boing the case then: either B
Kannemeyeria postdatoes Shaanbeikennemeyeria; subzone B is partly Early Triassic

in age and the FAD of kannemeoyeriid dicynodonts daes not tie in with the base of 1
the Mid-Triassic; or that the stratigraphic assignation of Stvanbeikainnemeyoria, or ]
the dating of the Heshangou Formation is incorrect.

c) Subzone C

Based on the presence of the dicynodont Angonis:.»ivus and Shansioden, subzone
C may be directly correlated with tha Manda Forvnten of 2ambia and the Upper
Ermaying Formation of China. The age of the Mdw J4s Farmation is at present
debatable, however it is generally regarded as iy teoadly of Mid-Trinssic age
(Parrington, 1946; Crompton, 1958; Watson, *#38}L Anderson & Cruickshank
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(1978} place it in the Middle Anisian, whilst Cox (1973) and Cox & Li (1983}
suggest that it is approximately uppermost Anisic s, based on the similarity between
Mandasuctius and Ticinosuchus from Monte San Giorgio, Switzerland, Cruickshank
{1986} suggests that the Manda might represent a stage later in time than the
middle Anisian normally assumed for it, a view shared by Shishkin (pers.comm.}
who feels it may even be Ladinian in age. The Upper Ermaying Formation is also
considered to be Middie Triassic (Anisian) by most authors {Cheng, 1980; Shishkin
pers.comm.}. Based on the ages assigned to the Manda and Upper Ermaying
Formations, subzone C may be viewed as being Mid-Triassic, probably middle to
late Anisian.

i Conclusion

Subzone A contains a fauna that may be assignad an Early Triassic {Saythian) age
with some confidence. Both subzone B and C ore  laced within the Middle Triassic
{Table 4.2}, with subzone 8 thought to be earliest Anisian, and subzone C slightly
younger, possibly aven late Anisian or carliest Ladinian. The boundary between tho
Early and Mid-Triassic in South Afiica may therefore be seen to correspond to the
boundary between subzones A ond B of the Cynagnathus Assemblage Zone. This
fact accounts for the provious assignations of both an Early and Middle Triassic age
to the biozone.

4.3.1.2 Moliteno Formation

Based on the presonce of the Oie aidium flora, the palynological signature, and to
o lessor degree on the fish and insect palacofaunas, the age of tho Melteno
Formation has boen propesed to bo anywhere botween uppermost Lewer Triassic
{Seythian} {Staploton, 1978; in Cooper, 1982), Middle Triassic {Keyser, 1973) and
Upper Triassic {Carnian-Norian} {Dunn, 1878; Anderson & Anderson 1970;
Anderson, 1974},
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Stapleten's (1978) assignation of a Lower Triassic age may be disproved by the
foregoing dating of the Cynognathus Assemblage Zone. Keyser's (1973) Middle
Triassic age was based on the belief that the fauna from the Omingonde Formation
was aquivalent in age to the Moiteno Fermation. The fauna of the Omingonde
Formation may however be correlated to subzones B and C of the Cynognathus
Assemblage Zone and is therefore not the temporal equivalent of the Molteno
Formation.

The best way to bracket the age of the entire Molteno Formation therefore seoms
to be by =pplying the ages determined for the uppermost Cynognathus Assemblage
Zone, and those known for the overlying Elliot Formation. By comparison of the
footprint assemblages with those of western Europe, Ellenberger et al. {1967)
proposed an Upper Triassic age for the lower Elliot Formation. Olsen & Galton
(1984) aiso propesed an Upper Triassic {Carnian-Norian) age for the Euskelosaurus
Range Zone, based on correlation with North American sequences. Comparison of
the fauna of the lower Elliot with that of Europe and North America suggests a very
close aftinity, especially betwecen the prosauropod genera Euskelosaursus and
Plateasaurus. Plateosaurus ocours in well dated Norian {Late Triassic) doposits
(Sander, 1822 and although Euskelosaurus may be sligntly more primitive than
Plateosaurus (Juul, pers.comm.), their similar evolutionary state allows for a Norian
age to be applied to the lowermost Elliot Formation. *
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The age of the Molteno Fermation may therefore bo seen to be ¢onstrained by the
Middle Triassic (Anisian) age of subzone C of the Cynognathus Assemblage Zone,
and the Norian age of the lowormost Elliat Formation (Euskelosaurus Assemblage
Zone), These ages theretore bracket the Molteno Formation between the Ladinian
and the Carnian. The age of the Bamboesberg and Indwe Members must fall within
this broad band, yet little avidence is available to furthor refine the ages ef these
two Mambers, Anderson & Anderson (in prep.) belinve Dicroidium zuberi to be
rostricted in its range to the Indwe Sandstone Member, and in South America this
species oocurs stratigraphicaily within strata roliably dated as Carnian (Webb,
1981). Anderson {pers.comm.) belicves the Bamboesherg Member {unit 1) to be
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barren of pollen, but assigns the Indwe Sandstone Member {(unit Z; & ©arnian age
based on its palynological signature. The typical Allisporites/Falcisporites
assemblage is however only broadly indicative of @ Triassic age, as Allisporites is
known fram the Fremouw and Falla Formations of Antarctica, which are assigned
ages ranging from the Anisian through to the Carnian (Farabee et al.. 1980},

The Bamboesberg and Indwe Sandstone Members also share several taxa of
palaeoflora with the Ipswich Coul Measures of Australia (Anderson & Anderson,
1988), which Flint & Gould (1875) assign a Carnian age. The fish and insect
palaeofauna of the Bamboesberg and Indwe Sandstone Members also show a close
relationship to the fauna of the Mount Crosby Formation of Australia, which Banks
(1978) dates as Carnian.

From the above it is evident that the Indwe Sandstone Member may be reliably
dated as Carnian on palaeofloral, palynological and palaeofaunal grounds, and that
the Bamboesberg Member must be pre-Indwe in age. The palaeontological and
lithological ties between these two Members howaver suggests that their ages are
fairly similar, and the Bamboesherg Member is provisionally placed within the
Carnian,

4.3.2 Definition of a global biochron for the Middle Triassic

The standard Triassic timosecale has fong been based on marine biochronology
(Tozer, 1867; 1984), boing developed on fossil data, especially ammonoids and
gonodonts. Indecision still exists howover regarding the adoption of an international
standard for the Triassiec ammonite zones (Tozer, 1984, 1993), as does the ages
applied to the various stages (Lucas, 1990). Little attention has in the past been
dovoted to nonmarine chronology in the development of the geologieal timescale,
mainly to a bias against tho use of terrestrial fussils for long range correlation
(Lucas, 1992). This bias is rooted in a number of percoptions including: that
terrostrial fossils are facics spogific and a:y not widespread; that terrestrial
evolution did not proceed at the same pace as ¢hange in the marine environment,

0
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and therefore terrestrial taxa have stratigraphic ranges that are too great to allow
them to be truly useful index taxa; and that terrestrial fossils, especially tetrapads,
are not sufficiently abundant to be useful for developing detailed biostratigraphies.

That the above is not the case for the Beaufort Group is very evident by the use
of tetrapod fossils for the detailed biostratigraphy of the Group, and as has been
shown in the saction on correlation, both amphibians and dicynodonts have a global
distribution. In the Burgersdorp Formation (Cynognathus Assemblage Zone)
amphibian forms evolved as quickly as their marine counterparts, and although
fragmentary they are very abundant, especially in subzone A. These biases may
therefore be removed through detailed collecting and taxono -ic assessment of
fossiliferous non-marine sequences.

A rentewed diversification of dicynodont forms acsurs during the Middle Triassic,
with most rion-marine faunas dominated in numbers by dicynodonts, cynodents,
taynchosaurs and advanced capitosaurid amphibians. For this reason, dicynodonts
have played an important role in defining the faunal epochs, chronofaunas and
viochrons proposed for the Triagsic by the likes of Romer (1870}, Anderson &
Cruickshank {1978}, Cooper {1982}, Cruickshank (1988}, Ochev & Shishkin
(1989}, DeFauw (1293}, Lucas {1993a) and Shishkin & Ochev (1993},

Amphibians also form a vital correlative link betwesn the marine and nonmarine
Trinssic. Prior to the works of Shisikin & Welman {1994) and Shishkin et af {in
prep.) howeover, direct comparison of amphibian forms from Gondwana, Russia,
China and Europo had not been undartaken, and tneir usofulness for global
biachronology was not recognised. Those studies have however shewn that forms
such as Trematosuehus and Pargtosuchus have a global distribution in the Triassie,
and may in future be used to define global bioghrons, Parotosuchus in particular
provides a useful indox for the Early Trinssic.,

Although both dicynodonts ond amphibians have therefore been shown to be
globally distributed, certain authors still favour provineiality during the Triassic
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(Battail, 1980; Thulborn, 1884}, This may in part be due to what Cooper (1982)
rofers to as provincial taxanomy. A number of other paiaeobioiogical studies of the
late Palaeozoic to early Mesozoic tetrapod faunas {Anderson & Cruickshiank, 1978;
Cooper, 1982) however point to a unity of Gondwana, China, Russia and Europe
during this time.

Cooper {1982} identified six intervals for Triassic time, with thres of those confined
to the Mid-Triassic. His Tetragonias zone encompasses the entire Anisian and the
Dinodontosaurus and basal part of the Stahleckeria Zones covers the Ladinian. The
Tatragonias zone is based on the fauna of the Manda Formation and is
characterised by the presence of shansiodonts, advanced kannemeyeriids,
chiniquodontid and traversodontid cynodonts.

Ochev & Shishkin (1989) divided the Triassic into three successive globai faunel
epochs {faunachrons), based on archasauriformes, amphibians and dicynodonts.
Their basal Proterosuchian epoch is equated to the entire Lower Triassic and is
divided into a lower Benthosuchus-Wetlugasaurus {noorachitome fauna) and an
upper Paratosuchus fauna, and equiated to the Lower Triassic. Their Kannemoyeroid
epach inciudes the first appearance of both kannemovyeriid dicynodents and
psuadosuchian archosauriformes and equates to the Middle Triassie, and their
Dinosaur epoch was cquated to the whole of the upper Triassic.

Both DeFauw (1993) and Lucas {1993a) proposad global biochrons for the Middle
Triassic based on dicynodont genera. The first Jf these i3 based on the
kannemevyeriid Rechnisaurus (DeFauw, 1993} and the second on the Shansiodontid
Shansiodon (Luecas, 1993a). Both of these proposals however have probloms
associatod with the taxonomy of the genera in use, The discovery of a new fauna
from South Africa and a ravised taxonomy of the Middle Triassic dicynodonts
{(Honcox in prep.) allows for thase proposals to be refined. Rechnisaurus is too
paorly known at prosent to be of use in defining a global distribution and, although
‘ Lucas {1993a) synonymised a number of genora with Shansiodon, thereby making
’ ”’fi its distribution glabal, at present this genus is actually known only from China.
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Based on the First Appearance Datum (FAD) of the Family Shansiodontidae,
Hancox (1996} informally propnsed a shansiodontid biochron for defining the Mid-
Triassic. This biochron was similar to the Shansiodon biochron of Lucas (1993a),
but reflected the advarces made in the taxonomy of the Middle Triassic
dicynodonts. The designation of a Middle Triassic age to subzone B of the
Cynognathus Assemblage Zone however means that the FAD of Shansiodontids in
the main Karoo Basin does not tie in with the base of the Mid-Triassic, which is
rather represented by the FAD of kannemeyeriid dicynodonts as proposed by Ochev
& Shishkin (1989).

To dato therefore no global biochron for the Mid-Triassic has been accepted. The
striking similarities between the Middle Triassic tetrapod faunas of southwestern
Gondwana, China, Russia and Europe however provides evidence for unhindered
migration and gene flow during this time, and holds promise that such an
undertaking may be possible in the near future.

4.3.3 Absclute age

“These ages, like thot : of railway timetables, are subject
to change without notice"

Mason (1966)

Numaerous geological timescales have been erected in the past and refinements are
continually occurring. Applying absolute ages from such timescales is therefere of
limited practical value, other than allowing for quantificaticn of the duration of
deposition of tho two Formations, as well as the length of time represented by the
contact that separates them. The following absolute ages opplied to the
Burgersdorp and Nolteno Fermations are based on the geological timescales of

Harland et al. (1989) and Ross at al. (in prep.) (Table 4.4),
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Taking the Cynognathus Assemblage Zone to represent the latest Early Triassic
(Seythian; Spathian; 241.9-241.1Ma) to the Middle Triassic (Anisian; 241.1-
239.5Ma), and applying the absolute ages of Harland et a/. (1988), the maximum
timespan represented by the entire Cynognathus Assemblage Zone would be
2.4Ma, with subzone A €0.8Ma and B&C combined <1.6Ma. These figures are in
keeping with the length of time proposed for Beaufort Group biozones by
Cruickshank (1986) and King {1993). Taking the Molteno Formation to reprosent
the entire Carnian (235-223.4 Ma), gives a timespan for deposition of the entire
Formation of 11.6Ma.

Following the timescale of Ross et al. lin prep.) the Anisian may be constrainea
between 241-234Ms and the Carnian botwoen 220-228 Ma. Taking these figuras
would increase the timespan of subzones B and C of the Cynognathus Assemblage
Zone to *7Ma and reduce the timespan represented by the Molteno Formation
(Bamboesberg and Indwe Members) to a maximum of +8Ma.

4.4 The Nature of the Contact batwaen the
Burgarsdorp and Molteno Formations

As mentioped in Chapter One much debate has centred around the ariteria for the
definition of the base of the Moltene Formation, and there is some confusion in the
literature regarding it's recognition, placement and nature. Prior to the work of
Turner (1975a) the Bamboesberg Member, and hence the true lower boundary of
the Molteno Fermation was not defined, and tho lower contact was presumed to 0
be the same throughout the basin,

Previous authors have used a number of criteria for defining the basal contact and o
theso are first roviewed in terms of the findings of this thesis. The contact is then
defined for the south of the basin where the sequence is most temporally complete, .
and the spatial and temporal variation of the contact is discussed. % .
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4.4.1 Review of previous criteria used for the piacement of
the contact batween the Burgersdorp and Molteno Formations

i} Colour

Dunn (1873) was the first to document that the c~'our of the Molteno Formation
contrasted strongly with that of the Burgersdorp Formation. DuToit (1954}, Rust
(1989, 1962), Haughton (1968) and Kitching (1977) all state that the Molteno is
readily distinguishable from the Beaufort Group by the absence of mareon coloured
strata. Turner (1975a) felt that the sandstones of the Bamboesborg Member could
be distinguished from those of the Burgersdorp Formation by their pradominantly
paler colour, but later noted that colour change was of little value in defining
stratigraphic boundaries on sither a local or regional scale (Turner, 1981).

Two main factors mitigate against colour as a reasonable criterion for the
placement of the lower boundary in tho south of the basin. The first of these is that
the grayish red (8R 4/2) coloured fines of the Burgersdorp Formation are roplacod
by light brown (5YR 6/4) and greyish orange (10YR 7/4) coloured rocks between
16 and 20m below the base of the Bamboesbarg Membor (Fig.2.83). The second
is that dusky red (BR 3/4) coloured sediments, although rare, alse vceur in the
lowormost lovels of the Bamboesberg Member,

fi) Glittoring nature

The base of the "Stormborg Group" was defined by DuToit (1954) as the
oceurrence of the first glittering sandstone of the Meltene Formation, and a numbeot
of authors still favour this criterion. it should be noted that at this time the
Bamboesberg Member was unknown and DuToit's (1954} dofinition therefore
actually refers to the base of the Indwe Sondstone Memboer, This criterion does not
heold in the south of the basin as most of the sandstones in the lower Bamboosberg
Member do not have significant quartz overgrowths and therefore do not glitter.
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i) Grainsize

DuToeit {1984}, Turner {1975a) and Kitching (1977) all state that the Molteno
Formation may be separated from the Burgersdorp Formation on the basis of its
coarser grainsize. As noted by Christie {1881), the Bamboesberg sandstones are
consistently more medium grained than those of the Burgersdorp Formation,
howaver the two are commonly difficult to differentiate toxturally in the field.
Because of this problem Christie (1981) considered that it could be d fficult to
determine the boundary if the contact occurred within an association of
sandstones. This is seen to be the case in the south of the basin at Bushmanshoek
Pass, as the lowermost sandstono of the Bamboesberg Member is no ¢oarser thon
the uppermest sandstone of the Burgersdorp Formation and the contact cennot be
placed on grainsize alone.

iv}  Sandstone/Fines ratio

Christiu {1981) stated that the Bamboesberg Member was readily distinguishable
from the underlying Burgersderp Formation by its dominantly arenaceous nature,
containing as little as ong porcent argilfaceous motorial. He therefare placed the
base of the Moltono Formation at the horizon at which sandstons succecdod
siltstone as the dorinant lithelogy. MacDonald {1993) followed Christie in using
the ratio of sandstones/fines as a criteria for the placoment of the contact, stating
that it may be placad where this ratio changes from less than 0.28 to more than
0.50, Christie and MacDonald (in prop.} alse defined the boundary as the horizon
above which sandstane becomes the dominant lithology, but state thot the lower
contact iy gradational and conformabie whore the Bamboosborg Membor is
dovelopod.

The foet that the Bamboesborg Membar in general contains more arehaceous
material is not in quostion, however, in tho south of the basin the first two fining
upward eyclos of the Bamboesherg Membet may have a considerablo fines content,
with a sandstono/finos ratio of only 0.4. The change in the sandstone/fines ratio
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as used by Christie {1981), MacDonald {1993} and Christic & MacDonald (in prep.)
is therefore inadequate when dealing with the contact in the south of the basin,

Too often in the past, only a single, non<tenable criterion has therefore been used
to define the Beaufort-Molteno contact, and at times these do not rofer to the true
chronostratigraphic contact in the south of the basin,

4.4.2 Definition of the contact in the south of the basin

As has been discussed above, the colour, glittering nature, grainsize and
sandstone/fines rativ are not significantly diagnostic to allow for the definition of
the contact between the upper Burgersdorp and the lowar Bamboesberg Member
in the south of ti e basin. Aithough the channel sandstone complexes of the upper
Burgersdorp Formation and the lowermost part of tha Bamboesherg Member share
a number of gross similarities, including textural characters and the abundance of
facies Sh, they diffar significens'y In v, of: their gross geometries; internal
architectural elements; facies types and relationships; and  palasontological
signatures,

A more precisae and reliable definition of the contact in the south of the basin is
therofore tho change in channel sandstono geomotry from that of a high sinuosity
meandering system (for the Burgorsdorp Formation) to a low sinuosity shallow
braided system {for the lowermost Bamboesberg Membar}. This is indicated by a
change in geometric form of the sandstones from laterally inextensive lenticular
bodies, with deoply erosive bases, and ehannel width/depth ratios of between 7-
20, to foterally oxtensive (kilometros) tobular, sheotlike bodies with horizontal
basos, ond width to depth raties between 30-70,

The architectural clomonts of the channel fills of the uppor Burgersdorp and
lowermost Bamboesberg alse diffor. Point bars and large cut bank clasts which

seur in tho upper Burgersderp Formation are not found in the Bamboesberg
Member and the channel complexes of the Bamboosberg Member are furthermore
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dominated by 2+, minor chatnsl fills, longitudinal and lesser transverse bars, and
farce sand flat mucreforms, which are unknown in the upper Burgersdorp
Formation.

Extraformational clasts do not oceur in the Burgersdorp Formation and although
rare in the lower Bomboaesberg Member, are present on the basal contact surface.
This criterion is probably the single most definitive indication of the placement of
the fower contact, The sandstones of the upper Burgersdorp Formation and
lowermost Bamboesberg Member may also be distinguished cn their petrographic
signatures, as the sandstones of the upper Burgersdorp Formation are
predominantly lithic arenites, whereas in tho {owermost Bamboesberg Member
foldspathic and quartz wackes and arkosic arenites dominate,

The internal sedimentary structure of the fines may alse be used to distinguish
between the two Formations. The fines in tho uppermost Burgersdorp Formation
are prodominantly massive (Fm) and bioturbatod, whereas thase from the
Bamboesberg Member are finely laminated {Fl) and non-disturbed. The uppermost
part of the Burgersdorp Formation in the south of the basin {Cynognathus
Assemblage Zone, subzone C) also preserves an iron {high Fo,04) rich clay harizon,
gome 2-5m helow tho basal Bamboesberg sandstone. This horizon is preserved
throughout the aerial extent of the upper Burgersdorp Formation, and may be used
as a marker horizon, when placing the contact.

The presence of coalified stringers and logs (Fig, 3.70) within the contact sandstone
of the Bamboesboerg Momber is also o usoful ficld criterion, as coal is unknown
from the Burgersdorp Formation. Care shauld howaver bo taken in applying this
gritorta too liborally, as eharcoal is preserved in small ameunts in the upper raaches
of tha Burgersdorp Formation. The gantact sandstona of the Bamboesherg Member
in the south of the basin i furthor characterised by an abundanee of plant romains
(Figs.3.69 & 3.71). Hore too care must bo oxorcised in applying this criteria, os
fessil plant material also becomes more prevalont in the sandstonags of the upper
Burgorsdorp Formation. Plant fossils in tho upper Burgersdorp Formation are
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however predominantly poorly proserved imprints of pteridosperm axes
{Fig.2.75a,b}, whereas those of the lower part of the Bamboesberg Member show
far better prosarvation. The exact taxonomic changes which occur are still under
investigation.

The litholegrsai ¢y iiges noted across the boundary also correlote to a
palaeontologival ¢k ange from a sequence dominated by a rich and diverse reptilian
fauna {ppor Burgersdorp; subzone C), to a well preserved, medium diversity
palaecflora for the Barnboesberg Member (Anderson & Anderson, 1989), within
which tetrépod fossils are unknown.

To conctudg, the contact between the upper Burgersdorp Formation and
Bamboesberg Mernber in the south of the basin may be defined on: the geometries
of the channal fill complexes; their width/depth ratios; preserved architectural
olement and facias associations; the presence/obsence of extraformational clasts;
tho presenca/abeance of coalified logs; the nature of the fines component; and on
their petrographle signatures. Supplementary palaeontological criteria include the
abundance and nature of prasorved fossil plant material, and the prosence/absence
of tetrapod fossils. Those differencos are summarised in Tablo 4.5.

4.4.3 South-North variation in the nature of the gontact

The regional study of Turner (1978a) showed that the Bamboosborg Member
wedged out from the seuth to the north of the basin (Fig.1.1). The nature of this
change has been documented during this study, and the contact may bas shown to
be highly diachronous with rocks containing a subzone C fauna overlain by the
Bambosesberg Membor in the south of the basin, and subzone A overlain by the
indwe Sandstone Member in the north {Fig.4.8). Various of the eriteria that ara not
tonable in thie south of the basin, may howover be of use in defining the contact
in the middle and north of the basin.
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At the most westerly outcrop of the Bamboesberg Member, the lower two
sandstone channel complaxes (BB1 & BB2) are no longer present and the contact
occurs between the third channel complex (BB3)} and rocks of the Burgersdorp
Formation which contain a subzone B fauna. This has the affect that the
characteristic lag found at the base of BB1 and BB2 in the south of the basin is not
present, The contact may however be defined on all the other characters listed for
the south apart from this one.

In the vicinity of Aliwal North only the top two units (BB4 & BB5) of the
Bamboasberg Member occur, overlying rocks of the Burgersdorpy Farmation
containing a subzone B fauna. Here the base of the Molteno Formation may be
defined by a change in the: gross sandstone morphology; internal architecture;
dominant facies type; colour; grainsize; and petrography; as well as on the abtupt
palaeontological break. The s¢ndstones of the Bamboesherg Member in this area
have a higher percentage of fasies Sp than m the south of the basin, but differ from
the Bargersdorp Formation sandstones, which are predominantly structured by
facies Sh.

Betwean the towns of Rouxville and Zastron, the basal four channel complex
sandstones of the Bumboesberg Member do not form part of the stratigraphic
succession, and the colour of the finos betwoen the two formations may be used
os an additional defining criteria when placing tho contact. The fines of the
Burgersdorp Formation in this area are predeminantly grayish red {8R 4/2 to 10R
4/2), whilst those of the overlying Bamboesberg Member are light olive groy (5Y
6/1) and dark greenish grey (BGY 4/1). Groinsize also becomes a useful fisld
character for dafining the contacst, as the sandstenes of the Burgersdorp Formation
are consistently fine grainod, whoreas thoso of the Bamboesherg Member are
medium-coarse grained. In this area, the nature of the fining upward sequences in
the Burgersdorp Formation and Bamboosberg Member may olso be used to
distinguish between the two sequences. The fining upward soquences in the
Burgersdorp Formation consist of a basal channel-fill sandstone overlain by thick
soquences of siitstone and mudstone, whereas in the Bamboesberg Member the
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basal chainel-fill sandstone comprises most of the gequence, being cappud by only
a thin sequerice of siltstone, carbonaceous mudstone ot coal,

To the north of Vanstadensrus, where the Bamboesberg Member is not present, the
indwe Sandstone Member unconformr. »ly overlies Burgersdorp Formation strata
which contain a subzone B fauna. The contact is erosional and  suslly ocours
between grayish red (10R 4/2) fines of the Burgersdorp Formation and moderate
yellowish brown {10YR 8/4} coarse, glittery, tabular channel complex sandstones
of the overlying Indwe Sandstone Membar, The base of the Indwe Member in this
area often co-incides with a concentration of small extraformational clasts of vein
quartz and jasper.

In the northernmost extent of the basin in the viginity of the town of Senekal,
greyish rad {10R 4/2) fines of the Burgersdorp Formation contain a subzone A
fauna, and are overlain by coarse grained, moderate brown vetlow (10YR 5/4)
sandstones of the Indwe Sandstone Member. The basal part of the Indwe
Sandstone Member consists of facies Geg,, with grains of vein quartz and jasper up
to 8mm in diameter. The overlying channel sandstone complex is dominated by
large and small scale sets of facies Gp and Sp (Fig.3.62). This is in contrast to the
underlying Burgersdorp Formation sandstones which are internally structured by
fine grained soandstones of facios Sh and St

i)  Discussion

Due to the change in the nature of the lower contact, and the similarities between
the upper Burgersdorp and lowermost Bamboesberg in the south of tha basin, many
authors considor it is more convenient and logical to place the boundary between
the "Stormberg" and Beaufort Groups at the base of the Indwe Memboer {Stavrakis,
1880; Coopor, 1982; Groenowald pers.comm.). Cooper {1982) actually includos
the Bamboesberg Momber at the top of the Beaufort Group, and places the major |
hiatal surface in the basin between the Bamboesborg ond Indwe Sondstono }
Members, The Bamboesberg Member however displays sufficient differences from
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the underlying Burgersdorp Formation ta warrant separation from it, and significant
similarities to the Indwe Sandstone Member to warrant inclusion within the Molteno
Farmation. The most striking similarities with the Indwe Sandstorie Member being:
the hature of the sandbody geometrias; the presence of extraformational clasts of
CFB arigin; the prosensce of coal; and the palaeontological signature,

As presently defined by Johnsan & Hiller {1990} and MacDonald (1993), the
contact is believed to be a transitional, conformable zone, some 100m thick.
Although the upper Burgersdorp Formation has certain similarities to the fower
Bamboesberg Member, at no locality in the basin was the contact transitional.
Although there is some sedimentological evidence for an unconformity separating
the Bamboesberg Member and Burgersdorp Formation in the south of the basin, no
diagnostic evidence, such as an angular discordance or the development of thick
palaeosol horizons (Bown & Kraus, 1987} exists. The palacontological signatures
of tho two Formations on tho other hand differ significantly and such a difference
may be used as evidence of an erosional unconformity when there is considerable
temporal difference in the assemblagoes (Grampton & Allen, 1995). The recognition
of a ragional subaerial unconformity (SU) at the base of the Molteno Formation, and
the abrupt palacontological broak therefore provide firra ovidence against a
conformable nature for the gontact sequonco.

4.4.1 Timo reprosonted by the contact
4.4.4.1 Helative time rapresented by the contact

DuToeit {1954} hald the viow that the contact botween the Boaufort and
"Stormborg" Groups was ene of the two major tomporal broaks in the main Karoo
Basin, Estimates of tho length of time represented by this contact however range
from conformable (Christio, 1981), to tens of millians of yeats {Vissor, 1891).
Boaring in mind the different datings of the proposed subzones of the Cynegnathus
Assemblage Zone, and the fact that the nature of the contact changes from south-
north through the basin, the relative amounts of time actually represented by the
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contact in the different parts of the basin may now be discussed.

The placement of the entire Cynognathus Assemblage Zone in the Lower Triassie
(Spathian) and the Molteno within the Upper Triassic {Carnian) {Anderson &
Anderson, 1993a), implied a considerable hiatus between the two, incorporating
all of the Middle Triassic (Anisian and Ladinian). This would almost account for the
pronosed 50Ma hiatus between the Molteno and Burgersdorp Formation as
proposed by Visser (1991), as well as the Mid-Triassic lacuna of Cole {1992). On
the other hand, applying an Anisian age to the upper Burgersdorp (Kitching, 1998),
and a Ladinian age to the Bamboesberg Member (Keyser, 1973; Smith et al.,
1983)), significantly reduces the hiatal surface in the south, such that the sequence
would be almost conformable, as proposed by Christie (1981).

Taking the lower Bamboesborg as Carnian as proposed in this thesis, the hiatal
surface in the south of the basin, where BB1 disconformably overlies the
uppermost Burgorsdorp Formation (Cynognathus Subzene C; late Anisian),
reprosents the entire Ladinian. In the middle of the basin where the uppermost
Bamboesberg (BB4 or BBS5) overlies middle Burgersdorp strata (Cynognathus
Subzone B; early Anisian), the hiatus probably represents only the late Anisian and
the Ladinian. In the north of the preserved limit of the basin, where the Indwe
Sandstone Member disconformably overlies the lowermost Burgersdorp
(Cynognathus Subzone A) the unconformity ropresents both subzones B & C. This
period of time spans the ontire Middle Triassic {Anisian and Ladinian) and possibly
even the early Carnian, The rolative ages applied to the Burgersdorp Formation
{Cynognathus Assemblage Zone) and Bamboesberg and Indwe Members of the
Molteno Formation in this thesis thorefore suggest a strongly diachronous nature
to the basal hiatal surface of the Molteno Farmation,

[t is intoresting to note that all over Gondwana a Ladinian tetrapod palacontological
“gap" is known to oceur (Anderson & Anderson, 1998a). This "gop" has in the
past been relatod to a period of custatic sea:-lovel fall and global marine lowstand,
with orosien in the nonmarine continental interiors {Anderson & Anderson,
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1993a,b). Such an inter-regional unconformity may however also be produced by
major orogeny, especially when coupled to periods of shanges in sea-floor
spreading rates (Crampton & Allen, 1995). Considering the world-wide lack of
Ladinian age faunas and deposits, and the ages applied to tho erosional
unconformity at the base of the Molteno Formation, it is possible that the hiatal
surface between the Burgersdorp and Molteno Formations may be tied to a
Gondwana-wide event. Such an phenomenon is further evidenced hy the
widespread occurrence of "Indwe" style sadimentation in all the sub-basing of
south-western Gondwana following the Ladinian event.

4.4.1.2 Absoiute time represented by the contact

The absolute ages of the two formations are discussed purely to try ana quantify
the estimates of the time represented by the contact between the Burgersdorp and
Molteno Formations. The timescales of both Harland et a/. (1989) and Ross et al.
{in prep.) (Table 4.4) arc used to show how different absolute dates would affect
the magnitude of time represented by the contact. It should be noted hero that as
the geological timescale becomes more refined, so too will the estimates of the
absolute time represented by the contact.

Previous estimates of the absolute time reprosented by the contact are limited to
the works of Visser (1984, 1981) who provided an age estimate of between 10-50
Ma for the basal hiatus. Loack (pers.comra.) however believes that the hiatus at
the base of the Molteno Formation ropresents a period of enly 1-2 Ma. The
timespan represented by the basal hiatal surface of the Molteno Formation
therefore ranges from between near conformable (1 Ma) to some 10 Ma for the
south and 50 Ma or more for the north of the basin (Visser, 1984).

Based on the agos of Harland et /. (1988), it may be shown that in the south of
tha basin the upper Burgeradorp Formation (subzone C: Anisian; 241.1-239.5Ma)
is overlain by the Bambeesberg Member (Carnian: 235-223.4Ma), the disconformity
between the two Formations represents at least 4.5Ma and at moest 6.1Ma.
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Applying the same ages to the north of the basin where lower Burgersdorp
Formation (Subzone A: Spathian; 241.8-241 1Ma} are overlain by the Indwe
Sandstons Member (Carnian: 235-223.4Mal, the magnitude of the hiatal surface
ranges from a minimum of 6.1Ma {Anisian & Ladinian} to a maximum of 18.6Ma
(beginning of tha Scythian to the end of the Carnian). Extending the agoe of the
Indwe Sandstone Member into the late Norian (223.4 - 209.5Ma), as suggested by
Andarson & Anderson (19930) extends the maximum to 32.4Ma. Even the most
extended range thetofore falls far short of Visser's (1991) 50Ma hiatal surface.

Applying the timescale of Ross et al. {in prep.) tho hiatus in the south of the basin
(Ladinian: 234-228) is of the order of 6 Ma, whereas in the north of the basin
{Anisian-Ladinian: 241-228Ma) it is at least 13Ma. Applying this timescale to a
Norian age (220-2.12Ma) for the Indwe Sandstone Member increases this maximum
figure to 29Ma,

Based on a best age estimate of {ate Anisian for subzone T and early Carnian for
tha Bambosesberg Member, the timespan reprosaented by the hiatus in the south of
the basin thorefore ranges from 4.5-6Ma. This timespan differs significantly to the
north of the basin where Spathion aged rocks of the Burgersdorp Formation aro
overlain by the Carnian aged Indwe Sandstone Membor, Hore the hiatal surface is
of greater magnitude, ranging from between 6.9-13Ma to a maximum of 29-32Ma
depandant on the timescale followed. The close of Beaufort Group sedimentation
was therafore followed by a long peried during which non-depaesition or erosion
oceurred, The unconformity between the Burgersdorp Formation and Indwe
Sandstone Member in the north of the basin ropresents the greatost magnitude
unconformity surface developed in the main Karoo Basin during tho Triassic, and
may possibly be linked to a wajor period of change in tectonic style in
southwoestern Gondwana,

Sueh intor-regional orosianal or non-depositional subaerial unconformities (SU) are
believed to be controlled cithor by toctenism or custacy (Posamentior & Vail, 1988;
Posamentior ot a/, 1988; Vaill et ak, 1991; Ettensohn, 1994; Crampton & Allen,
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1998). The recognition of such a widespread diachronous unconformity surface in
the upper Karoo has important implications for the development of the basin during
the Triassic.

4.5 Basinal development of the upper Karoo
during the Triassic

The data presented in Chapters Two and Three, along with the proposed
palacoenvironments, intrabasinal correlations, and ages of the Burgersdorp and
Molteno Formations, are here combined with the current literature to present a
madel for the development of the main Karoo basin during the Triassic.

Many of the palaeogeographic factors that contrel the evolution of sedimentary
basins, including the: basins shape; size; subsidence behaviour; water depth; and
the location and clevation of sedimont sourcos, are controlled by the plate tectonic
sotting (Bally & Snelson, 1980; Allen et al., 1986; Condie, 1983). The tectonic
framowork of any particular depositional basin and its source  2a also has a direct
and major bearing on the quantity and type of sedimentary fill (Krumbein & Sloss,
1963). To understand the fill of a basin, or part thereof, it is therefore first
nocessary to have an understanding of the tectonic framework within which the
basin eccurs.

4.5.1 Tootonic setting of the Karao Basin

The main Karoo Basin was originally tho largest and deepast of several separate,
or partly connccted depositories which existed on a large intracratonic plate that
formed southwestern Gondwana (DeWit, 1977; Johnson, 1991; Smith ot al,
1993; Veevers ot al,, 1994), As cvidenced from the feregoing corrolations, the
stratigraphic fills of these basins are now feund in the southern half of Africa,
South America, Antarctica, India and Australia.




¥ OEFIRY PO

The Karoo Basin is a retro-arc foreland basin (Johnson, 1991} bordered by the Capa
Fold Belt (CFB) in the south and the Kaapvaal Craton [KC) in the north. Johnson &
Beaumont (1995) prefer the usage of the term retro-foreland to distinguish basing
formed on the stablo cratonward lithosphere, and which preserves no evidence of
a distinct magmatic are. Because no direct evidonco occurs for @ magmatic arc
source during the Triassic, this usage is followed here, A distinction must algso be
drawn between the thrust belt and adjacent forcland basin, yet there is significant
control imparted by one on the other, and both the formation and fill of the (aroo
Basin is inherently linked to the orogenesis of the CFB (Hilbich, 1977, 1683a-d,
1992; Cole, 1992). The orogenesis of the CFB was controlled by the collision of
the palaco-Pacific and Gondwanan plates, and origiraily produced an oxtensive
retro-foraland basin (RFB} with its dopocontre situated in the southwest, howevor
during the Pormo-Triassic the depocentre migrated northeast (Thomas etal,, 1993).

The majority of RFB development is furthermoro related to thin-skinned thrust bolts
{Stockmal & Boutilier, 1986; Jordan, 1995}, whoro pre-existing sedimentary cover
rocks are shortened by folding and thrusting above undeformod basement
(Allmendinger ot al,, 1988). This is also the casa for the Karoo Supergroup whero
the Copoe Supergroup rocks formed o pre-existing, thick pile of layored sedimentary
strata.

a}

Mechanism of Cape Fold Belt formation

£

The Cape Fold Belt {CFB) is part of the Pan Gondwanian mebile thrust belt which
oxtended from Seuth America through to Australia. Proserved ramnants of this belt
occur today in Bolivia, Pery, Argenting, Antarstica and eastorn Australia {Lock,
1980}, The CFB is currently beiieved to have developed as a single phase, multiple
event orogon during the Pormian and Triassie {Theron, 1961; Hilbich, 19834-g,
1992; Hiibich ot al., 1983; Veovets ot al,, 1994), with up to five co-axial
compressienal deformation ovents, accompanicd by low grade metamorphism,
recognigsed and doted (Hitbich ot ok, 1983; Hiiibich & Cornell, 1983; Hilbich,
1992; Grogse et al., 1992). Theso comprossional togtonic events are belioved to
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produce varying structuial and sedimentary responses within the Karoo Basin (Rust,
1968, 1962; Turner, 1975q; Colo, 1992; Hancox & Rubidge, 1998; Groenewald,
1996).

Plate tectonic theory emphasizes horizontal lithospheric movements which induece
vertical movements due to changes in crustal thickness, thermal character and
isostatic adjustment. The necessary conditions for thrust belts to form and widen
are horizontal shortening and the existenco of topographic highs (Davis et al,
1983). Horizontal compression may be created by coupling at the contact between
the subducting and over-riding plate or by traction at the base of the lithosphere,
caused by mantle circulation above the subducting plate (Mitrovica et al, 1989;
Wdowinski et al., 1989).

Tho application of plate tectonic models to account for the development of the CFB
and the main Karoe Basin is complicated by the position of the proposed
cenvergent margin, some 1000km away from the thrust belt {Lock, 1978; deWit,
1992). Because of this problem, three main models have been proposed for the
formation of tho CFB and Karoo RFB. These are: the continent-continont collision
model (Winter, 1984; Rames, 1886); the northward subduction of oceanic crust
undoer the palaso-Pacific margin of Gendwana (Lock, 1980; Smellie, 1981), which
led to the flat plate subduetien model (Lock, 1980); and orogeny without
subduction or the ensialic model {Hilbich, 1983d). Opinions for the development
of the CFB and Karoo Basin thorefere differ in respect of the presence of a distinet
magmatie are, the site and nature of the subduction zone, and even as to whether
subduction was invelved at all.

Two other oxamples of large retre-foreland basing (North Americar Cordillera and
Andes of South America) are both known to have doveloped while they were
underlain by subducted plates with very low angles of descent into the mantle (flat-
subduetion) (Allmendinger ot a/, 1983). Cateneanu ot al (in prep.) furthermore
bolieve that flat plate subduetion is agtually a pre-requisite for the formation of
large seale ratro-forcland basing and it therefore scems most likely that this was
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also the case for the Karoo Basin. The cause and offect relationship between the
angle of subduetion and foraland shortening is not however cloar at present {Lyon-
Caen ot al., 1988},

Documentation and mathematical modelling (Quinlan & Beaumont, 1884; Stockmal
& Beaumont, 1987) of RFBs have advanced dramatically in the past fow years and
the effocts of basin fiexure relative to thrust advance, sedimentary loading and
source unloading, are now fairly well constrained {(Johnson & Beaumont, 1995).
Due to the vast amounts of work undertaken on rotro-fareland basins in the past
two dacades, and particulorly in the past five years, a review of tho current status
of these basins, their principal physical behaviours, and stratigraphic fills, is
gssential to a re-evaluation of the basin developmont of the upper Karoo.

4.5.2 Overview of retro-foreland basins

RFBs constitute one of the two principal oceurrences of nonmarine strata in the
rock record (Johnson & Boaumont, 1995). Such basins form along the continental
interior of continental-margin orogenic belts and are large-seale thundreds of
kilomotres wido and thousands of kilometres leng), long duration (10-100 Ma)
basins, which aceumulate sedimentary strata at rates ranging from 0.1-1m/1000
vears {Johnson & Boaumeont, 1995). Tho thrust belt, forelard basin and
stratigraphic fill is typically wedge shaped, being thickest adjacent to the core of
the orogenic systom, and taporing towards the cratenie interior. This usually loads
to an asymmotric fill in cross sectiona! prefile. Beeausoe of the nature of the
subsidence and sediment supply, REBs usually preserve an oxceptionally complote
stratigraphic rocord and geelogical time Is represented primarily by aceumulated
strata. This howover deereases dewn dip in a cratonward directiott.

a) Physical principlos of basin flexure and subsidence

The formation of a REB results from the deformation of a fareland fald-thrust bolt.
In such thrust belts, herizental shortening produces crustal thickening, which in
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turn ic responsible for a number of responses. Firstly isestatic adjustment to the
increased mass causes topographic elevation within the thickened region (orogen),
and a down-flexed foreland basin adjacent to this region. This is followed by an
additional transfer of mass during the simultancous erosion of th. topographic
highs, and the sedimentary filling of the foreland basin. The erosional transfer of
mass from the thrust belt to the basin brings about isostatic uplift in the mountain
belt and load driven subsidence in the basin, which amplifies the tectonically driven
subsidence. This genetic link between foraland thrust systems and basin
subsidonce was first recognised by J.Bairell in 1917 (Price, 1973), however for
nearly sixty years this finding was largely ignored. Price (1973) renewed interest
in the concept of thrust-load-driven subsidence and following this paper, Beaument
(1981) and Jordan (1981) independently established the quantitative relationship
between the mass distribution in a RFBs and the flexural and isestatic
compensation of the thrust-plate mags.

As mentioned previcusly, horizontal movements are governed by plate motion, and
vertical movements (both in the orogen and in the RFB) are governed by local
isostatic adjustments. Such localised isostatic adjustment is only stristly true for
a weak lithnsphere, in which cach column behaves indopendently of its neighbour,
In most retro-foreland settings, the underlying continental lithosphere has lateral
strength and isostatic compensation occurs over a broad area as regional or flaxural
compensation. A beam of greater floxural rigidity distributes the isestatic
compensation over a broader distance and hence causos less local subsidence and
a broader basin. Under viscoclastic conditions, tho response of tho lithosphere

approximates the bonding of an elastic beam under a vortical lead (Bcaumont,
1981).

This flexural model, first proposed by Beaumont (1981), simply states thot
lithospheric floxure caused by overthrust loading is sufficient to generate
subsidence in a forcland basin, Subsequent works by Quintan & Beaumont (1984},
Stockmal et a/. (1986) and Stockmal & Beaumnent (1987) have geodynamicully
modelled foreland subsidence, as well as the resulting stratigraphic thicknesses of
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foreland basin fill. These models quantitatively show that lithospheric flexurs
orought about by overthrust loading, coupled with the resultant togographical
exprassion across the thrust belt, is an adequate mechanism for gencrating RFBs
and their stratigraphic fills. Typically, only homogenous lithosphore and vertical
loads (orogenic wedge and basin fill sediments} are considered in modelling retro-
forelund geometries (Quinlan & Beaumont, 1984; Stockmal et al, 1986; Flemings
& Jordan, 1989, 1990} but moro recently this scope has been incteased to include
lithospheric heterogeneity in the wotwall plate {Yang & Dorobek, 1995),

At some distance from the load, an upward deflection occurs known as the
periphetal bulge or forebulge. Such floxural bulges normally have only limited
topographic expression and rarely exceed tens of metres in olevation, yet thay may
rmove many kilometres laterally during their avoiution, Tha position of the forebuige
in active basins can only be confirmed by the position of a high gravity value,
which retlect the upwards deflection of the base of the crust. In modern RFB
sottings, the forobulge rarcly forms a topographic high and is therefere not
exprossed in the surface sedimentary facies patterns. There is howover often a
marked thinning over the forcbulge (Johnson & Beaumont, 1898). The wavelength
of tho foreland floxural profile vaiies from basin to basin and is a function of: the
strength of the underlying lithospharo (rheology), expressed as its flexural rigidity;
the thickness and age of the lithosphere; basement toctonics; and the mass of the
opplied supracrustal load {Quinlan & Bosumont, 1984).

Jordan {1998} however warns that despite the theoretical justification of the
flexural madel, it romains unelear as to whothor changos in floxural response cesur
on & sufficient vertical scale, and at short enough timescales, to be a fastor in
basin dynamics, She furthermore points out that mest theoretical modols to date
consider floxural response only to tectonic loads, with the dynamic processes of
erogion and sodimentation loft out, and thot flexural models do not fully
opproximate real systems. This is because thoy are designed based en homogenous
materiels, and do not account for latoral variation in the composition of the
lithosphere and crust, which may have inherited zonos of weakness. Royden
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- g & (1992) showed that areas of pre-existing weakness in the lithosphere may ca ise
the forebulge to remain fixed in location, even whilst the load shifts in position.
Yang & Dorobek (1998) further showed that intra-foreland structural discontinuities
may partition strain during basin development, and influence regional subsidence
and sedimentation patterns.

Flemings & Jordan (1989), Beaumont et o/ (1993), Ettensohn (1994) and
Cateneanu et al. (1997) have demonstrated that foreland basins actually include
two distinct wctonic settings which behave differently during periods of tectonic
loading (Pulse) and erosional unloading (Quiescence) in the orogenic belt. Thase are
tke foreland syncline {foredeep or forethick) adjacent to the orogenic load and the
peripheral bulge (forebulge), away from the oregenic load. These authors have also
shown that these basinal settings undergo reciprocal flexure in response to tectonic
activity (Fig.4.6). Catuncanu et al (1997) suggest an altornative terminology of
proximal foreland for the foredeep, and distal forcland for the peripheral bulge
(Fig.4.6).

During tectonic loading (P stage) the proximal foreland undergoes eubsidence,

whareas the distal foreland (peripheral bulge) is uplifted. During the following

unloading (Q stago) the proximal foreland is uplifted by isostatic adjustment,

whereas tho distal foreland undergoes subsidence (anti-peripharal bulge or foresag). *
The proximal and distal foroland therefore shews rociprocal responses to tectonics,
whieh is reflected in the fill. The area that separates these two tectonic settings is
known as the hingeline (Fig.4.6).

™S

In view of tha overall hypothetical relationship of thrust systems to foreland basins,
the subsidence history of the basin and its fill sheuld reflect the history of thrust -
loading, and the cyelicity of movements in the thrust belt should be expressed as
variations across the hingeline. The stratigraphic fill of the RFB therefore ropresents
the preserved leng term rociprocal responges of the depositional surface to
prolonged subsidence.

311




" R TR TR A TPR I TR § i g % w g g

,
o
>,

In this new modelling, during the P stage, flexure creates subsidence in the
proximal foreland and distai foreland uplift (peripheral bulge). This produces more
pronounced unconformities at some distance from the orogen and across the
peripheral bulge (Crampton & Allen, 1995). During the Q stage, uplift occurs in the
proximal foreland and subsidence i1 the distal foreland (foresag). The Q stage is
therefore predicted to produce unconformities within the proximal foreland which
merge into the distal foreland. This is because the proximal foreland would be
isostatically uplifted in response to erosion of the mountain belt (Beaument, 1981)
and sedimentary loading in the foredeep.

b) Surface modification and basinal fill

During the stratigraphic history of their fill, RFB's may be in an underfilled or
overfilled condition. In an underfilled basin, subsidence is greater than sediment
supply and the basin will take the foerm of a topographic trough, bound on one side
by the orogenic belt and on the other by the peripheral bulge. In this instance
drainage is usually longitudinal (parallel to the orogenic belt), with input from the
olevated forobulge area as well. Undcrfitied basins usually occur where thero is
insufficient sediment supply from the source areq, or if the transport system is too
inoffectual to distribute the sediment across the basin. Overfilling may result {rom:
a high rate of sediment flux; efficient tiunsport of sediment across the basin {which
is dependant on the type of transportational system and its discharge); a weak
lithosphere; and/or a slow rate of thrust front advance. In this instance drainage is
usually perpendicular to the atrike of the orogenic belt and the sedimentary cover
oxtends across the forcbulge. In sueh a ease the foreland basin is a lowland rogion,
but is not a valtey. Such overfilling commonly produces a basin that is widor than
the zone of tectenie subsidonce.

As has been shown above, long-term acecumulation in a RFB requires toctonie
subgidence, which may be gonerated by mass loading in the oregon during
thrusting, or by isostatic adjustment during unloading. Flemings & Jordan {1989)
mado a significant advancement to the understanding of the fill of subsiding RFBs,

312

BRE



with the introduction of lincar diffusive mass transport to represent the
redistribution of mass via surface processes. Flemings & Jordan (1988), and
Waschbusch et al. {1996) have also investigated whether intrinsic surface
processes, or extrinsic tectonic controls are more important as primary stratigraphic
controls. Surface processes redistribute the vertical orogenic load by erosion and
may impart such a strong signature on the basinal fill that a tectonie signal may be
obscured (Flemings & Jordan, 1989). A number of controls on stratigraphic fill
{depositional onvironments) are furthormore independent of tectonic activity. These
controis include: bedrock lithology; climate (both in the source area and in the
depocentre); orographically controlled precipitation; geologie age (particularly in
relatior: ta the evolution of land plants); drainage patterns; river power; the balance
botween tectonic and crosional mass fluxes; and eustatic sea-level cl.anges
{Johnson & Beaumont, 1995). Flemings & Jordan (1989) indicate that on a
theoretical level, intrinsic surface processes may be the major controls on
stratigraphic fills, as the values of sedimoent supply and transport within the basin
can controi whether a basin is in an undorfilled or overfilled stato.

Another key variable in retro-foreland basins is the goometry of tho sediment supply

to tho basin. In underfilled basins, sediment supply oceurs from beth the orogenic

bolt and the elevated forebulge. In overfilled basins on the other hand, there is no

topographic expression over the forebulge and the only detrital supply is from the '
orogenic belt. Most RFB fill models are alse based on tweo dimensional line sources,

however sediment supply may also be from a number of peint sources, both within

the orogenic belt and the RFB.

From the proceding background it is evident that tho first order control on basin
subsidence bohaviour and architeetural fill in RFBs is complicated, and is dependant
aon o number of intorlinked variables. Basin subsidence bohaviour (base iovel
changa) is dopendant on the applied load, the flexural rigidity and heterogeneity of
the lithesphere (Beaumont, 1981; Yang & Derobek, 1998) and intra-plate stresses
(Poper, ot al,, 1995) and may show recinrocal behaviour acrass the hingeline
(Catoncanu et al, 1997). The sedimentary fill of the basin is strongly dependant
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on the croation of accommodation space,as well as on tho nature of the drainage
system and prevailing climate. Accurate basinal modelling tharefore requires
numerous inputs inciuding factors such as: the lithospheric strength; the duration
and timing of thrust activity; the attitude and rate of thrust advance; the
depositional topography; the nature of the drainage system; the volume of sediment
suppliod; and the transport cu-cfficient from the mountain belt. Of the above
factors, few are well constrained for the upper Karoo Basin at prasent, and for this
reason the model which follows is somewhat simplified, and will deubtlessly require
refinement with subsequent ressarch. This model is however based on all available
data from the literature as well as evidence accumulated during the course of this
study.

4.5.3 New modelling of the development of the upper Karoo Basin during the
Triassic

4.53.1 Introduction

Rosearch into the formation and fill of rotro-foreland basing has complotely
rovolutionised the way in which RFBs are porcaived, and in light of these new
findings, the nature of the procoss-response models previously proposed for the
main Karoo Basin during the Triassic will be re-evaluated.

In the models previously proposad for the upper part of the Karoo Basin (Rust,
1959, 1962; Vissor & Dukas, 1979; Watson 1984; Colo, 1992; Smith etal., 1993;
Honcex & Rubidge, 1995; Groenewald, 1988), phases of active tectonism were
belioved to bring about increased relief and an immediate flux of coarse sediment
into the basin (process-response medel). Interbedded finos were censidered to
indicate timos of tectonie quioseence. In these models the Katberg and Melteno
Formations waere propasead to represent the proegradational response ef the system
to incroasod gradients associotod with source arca tectonism, whereas the
Burgersdoro Farmation was boieved to reprosont a retrogradational (or sourceward)
facios shift during a poriod of toctenic quicscence (Hancox & Rubidge, 1995},
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The recognition that many modern sedimentary basins have accommodation space
that requires filling led to the querying of the dogma that sedimentary responses
to tectonic activity and the creation of accommodation space was rapid. This in
turn produced the question of whether much of recorded basin fills actually post-
date tectonic events (Soogard pers.comm.; Flemings & Jordan, 19889). Flemings &
Jordan {(1989) have shown that coarse grained clastic sediment may only prograde
cratonward during tectonically quite periods (Q), when the supply of sediment
exceeds tectonically induced subsidence. This then contradicts the long held belief
by many authors, that wedges of coarse clastic sediment within a sequence may
be directly related to thrust/fault activity.

Applying this modelling (Fig.4.7), the arenaceous Katberg and Molteno Formations
represont Q stage progradation (Q1 & Q2), whereas the predominantly argillaccous
Balfour and Burgersdorp Formations form as a response to P stage tectonism (P1
& P2). In terms of this flexural model, the Triassic development of the Karoo RFB
may be soen to be controlled by periods of limited tectonic activity or quiescence
{Q), during which time facies prograded basinward, punctuated by pulses of
tectenic activity in tho seurce area (P), which created accommedation space and
shifted facies sourceward (Fig.4.8). It also bocomes ovident that this moedelling is
exactly one phase out (180° on the timing of the sedimentary response model of
Haneox & Rubidge (1998) and the tectonostratigraphic model of Greenewald
{1996).

The application of the flexural medel te the fill of the uppor Karoo Basin cannot
hewaver account for the presence of large oxtraformational clasts, fresh foldspar
and coarse detritus in the distal secter, as the foredeep should preferentially rotain
coarse dotritus. To aceount for the presence of these features in the Bamboesberg
and Indwe Sandstone Membere, the reeiprocal stratigraphic model of Flemings &
Jordan {1989), Ettensehn (1994), Catencanu et al {1997) noeds to be applied.
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4.5.3.2 Model for the development of the Triassic Katberg, Burgersdorp and
Molteno Formations

This model intarprets the Katberg, Burgersdorp and Molteno Formations in terms
of modern sequence stratigraphic concepts, the flexural medel for lithaspherie
bending (Beaumont, 1981; CQuinlan & Beaumont, 1984) and the rociprocal
stratigraphic architectural approach of Flemings & Jorden (1988), Ettensohn
{1994}, Cateneanu ot al. (1997) and Catencanu et al, {in prep.).

The only previous attempt at applying modern sequence stratigraphic concepts to
the upper Karoo Basin during the Triassic is that of Groenewald (1996). In this
work he adopted a tectonostratigraphic approach to rmodel the fill of the basin
during deposition of the Tarkastad Subgroup. This approach is not followed here
as: it requires a totally now terminology; is based en process response models; and
is applicable only to the nonmarine parts of tho Karoo Basin, and may therefore not
bo readily integrated into the overall Karoo sequence. For a roview of
tectonostratigraphy and its application to the South Africon stratigrophic record, the
reader is referred to Johnson & Rust {1988) and Winter (1880). Following
Catencanu ot af {1997) the Transgressive-Regressive (T-R) sequence terminology
of Embry (1993, 1998) is preferred for nonmarine sequonces.

Of the factors controlling basin development listed in the previous section: the
lithospheric strength is inferred from provious work and basinal architecture; timing
of thrust activity is based on the work of Hiiibich et af (1988), Hilbich {1992), and
Grosse et al, {1992}, as well as on tho ages of the proposed sedimentary rosponses
to those gvents; and tho basin's depositional topography is dotermined from intra-
basinal stratigraphic correlations and sedimentologieal studies. The facios genesis,
climate and duration of fill follow tho proposals of this thesis. Fellowing Hillbich ot
al (1983) and Gresse et al. (1992) four cpisodes of tectonie activity are of
importance to this model. These episados (P1-4) (Fig.4.7) equate to the second,
third and fourth paroxysms of Hiilbich et af (1983), and to the sccond, third and
fourth ovents of Grosse ot al, 1992,
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With the introduction of the reciprocal flexural model for the generation of
subsidence in RFBs, it has been shown that upward coarsening sequences in the
distal foreland are evidence of periods of tectcaic quiescence (Heller et al, 1989;
Cateneanu et a/,, 1997).

Applying this model (Fig.4.7) the Katberg Formation may therefore be viewed as
a basinward progradational response (TST) during a major period of quicscence
(Q.1) foliowing cassation of compressional tegtonic activity (P1) at 2462 (250)
Ma. Towards the end of this period of quiescence, Burgersdorp Formation strata
(Cynognathus Assemblage Zone, subzone A} were being deposited on the distal
cratonward side of the basin. The next major period of dated tectonic activity in the
CFB at :239Ma (P2) (Gresse et a/, 1992), created accommodation space in the
toredeep and elevated the foreland bulge such that during subzone B times distal,
cratonward sedimentation was shifted sourceward (RST), and erosion occurred on
the uplifted cratonward side. This trend continued with the base of subzong C
restricted to the southern margins of the basin by orogenward foreland bulge
migration. The decrease in the aerial extent of the basin during Cynngnathus
Assemblage Zone times (Fig.4.8) may therefore be seen as a response to tectonics
in tho CFB creating accommodation space in the proximal sector, and to the
orogenward movaoment of the foraland bulge.

The 229 :5Ma paroxysm of Hillbich {1981) is slightly anomalous, but may have
been responsible for the formation of the regional erosional unconformity (SU) at
the basce of the Moltono Formation. Fellowing tho timeseale of Harland et a/. (1989)
it would be dated at lowermest Carnian and following Ross et al {in prep.) late
Anisian or Ladinian, This event thereforo seems to be dated either within the
uppermost Burgersdorp Formation, in which case it may be responsibla for the final
deaponing of the basin and orogenward shift oy the forebulge, or within the period
of development of the hiatal surface at the base of the Melteno.

The coarsening upward nature of the Bamboesberg and Indwe Membars of the
Moiteno Formation is proposed to represent deposition entirely within the distal

217




o T

S

R Al

soctor (foresag or anti-peripheral bulge) (Fig.4.9). The formation of accommodation
space in the foresag occurred during a major period of quicscence (Q2), during
which time isostatic uplift occurred in the foredecp. The uplifted foredeep was
therefore an area of sedimentary bypass (non-deposition) and erasion (Fig.4.9).
During this period the distal sector was subsiding ond gradients in the proximal
soctor increased due to isostatic unloading and erosional mass transfer from the
CFB. These factors may account for the presence of coarse detritus and
extraformational clasts of CFB and Lowoer Beaufort Group strata, in the distal
sector, some 200km from thoir source area. That the sediment transport across the
rising proximal sector was rapid (fluvial systems of high scdiment transport
officiency), is ovidenced by the presence of fresh feldspar in the distal sector.

The subsiding foresag therefore created accommodation space inte which the
Bamboosberg systern prograded through time (TST) (Fig.4.9). During Bamboesborg
Member timos tho extent of this subsiding foresag was eonstrained between the
northoern boundary of the Southern Cape Conductive Belt (SCCBJ, the southern
boundary of the Kaapvaal Craton (KC) (Fig.1.2) and the Colesberg lincament to the
west. As the Bamboosborg Member does not extend any further north than the
southern houndary of the KC, cither the supply of sedimont was insufficiont to
outstrip foresag subsidence, or the lithaspheric hoterogonaeity between the KC and
tho lithosphere underplating the foresag ereated a topographic high aguinst which
the Bambaosberg systom onlapped, but did not overtap. Although fault contrelled,
a similar foature is secn today for the distal reaches of the Okavange Losimean
system (Stannistrect & MeCarthy, 1993) which terminates against the Tamalakane
Fault, During Indwe Sandstone Member deposition {peak quiescence and proximal
soctor uplift) the supply of sediment probably exeeeded subsidenco in the forosag
and the system prograded over the southern margin of the KC, to significantly
incroase the spatial oxtent of daposition of the Moltene Formation.

The tectonic event (P3) dated at 223Ma {approximately end Carnian) by Gresse et
al. {1992} would have re-activated the upwarping ot the southern boundary of the
KC, restricting deposition 1o thoe southera sector, thoroby causing cossation of
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Indwo deposition and erosion in the uplifted northern part of the basin (SU). This
re-activation of the structural feature at the southern boundary of the KC rosteicted
the lower part of the "Transitional” Member (Mayaputi Shale Membor; Turner
1975a) to the more proximal reaches of the foresag. During the following period
of guiescence (Q3) the upper part of the “Transitional" Member (Glen Rossa,
Transitional and Gubenxa Membars; Turner, 1978a) prograded into the basin and
as for the Bamboesberg Member, the aerial extent of the "Transitional" Member
was initially controlled by heterogeneity between the lithasphere underplating the
faresag and the Kaapvaal Craton., If the upper of the two coarse sandstones of tha
Molteno Formation in the northern preserved extromities of the basin is considered
to be the upper "Transitional" Member (Gubenxa equivalant), then it may be seen
<hat the progradation of the "Transitional" Member (TST) into the basin is identical
to that modelled for the Bamboosberg-Indwe sequence. Following this seenario,
during Gubenxa times sediment supply was groater thon subsidence and the
system once again prograded into the northern soctor of the foresag. The last dated
tectonic ovent (P4) at 215Ma (Halbich ot a/,, 1983), brought about the cossation
of Molteno deposition, and eresion in the uplifted northern part of the basin (SU).

4.5.3.3 Factors affecting the {ill of the upper Karoo Basin during the Triassic

A contral goal in stratigraphic studios is to discorn the eause and gontrols on the ¥
seauencs, be they oxtrinsie factors such as testonism (thrusting and subsidencae),

custacy or ¢limate, or intrinsic changes in the depositional system. As has been

shown above, the primary contrel on the fill of RFBs is tho croation or deatruction

of accommodation spaee. Baso level ehanges may however be brought about by o
gither oustatic sea-leval ehanges (Pesamoentior & Vail, 1988; Van Wagoner et o/,
1988) or tectonism (Johnsen, 1998}, Eustatic sea-level ehanges are the primary
control on whether a REB is marine or nen-marine during its fill (Jordon, 1995). At
times of high eustatic sea-level RFBs tend to be marine, with maximum wator
depths in the region of BOOm (Jordan, 1998), whereas during poriods of low
gustatic sea-level, RFB's tend to be entirely non-marine. This is duo to the fact that
thrust-load driven subsidonce is insufficient to submerge normal thickness
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continantal lithosphere during low custatic sea-level (Jordan, 1995).

Stratigraphic sequences genecrated by opisodic tectonism in  nenmarine
environments also differ significantly from those produced by custatic sea-lovel
changes. In completely nonmarine basins with variable thrusting, stratigraphic
soquences are bound by major erosional unconformities in the distal foreland
(Flemings & Jordon, 1989), whereas in classic custatic controlled sequence
stratigraphy, major subaerial crosional unconformities occur predeminantly in the
marginal and shaliow marine realm during periods of custotic lowstand, Flemings
& Jordan's (1989} model shows that in nonmarine environments, subaerial
uncenformities occur only locally in tho proximal areas, and regionally in the distal
margins of the basin,

The fact that the upper part of the Karao Basin is entirely non-marine, that the
stratigraphic soquences in the distal forclond are bound by major subaorial
unconformities, and that tho Triassic was a period of rolatively low custatic sea-
lavel, argues against oustatic changos as the primary control on the preserved
sequences in the basin. Floodplain sedimont storago and preservation also requires
the ereation of accommedation space {Wright & Marriot, 1993}, and that this is
toctonically driven for the Burgersderp Formation is very evident from: the timing
of thristing in the CFB (Fig.4.7), nature of the sourceward facios shift during
toctonism (Fig.4.8), and the diachronous nature of the unconformity at the top of
the Formation. In o basin isolated frem eustatie influonce, the major control on the
stratigraphie fill is tectonically generated changes in accommodation space
{(Jehnson, 1998}, and the ereation/dostruction of accommodation space in the
Kareo Basin during the Triassic may be seen to be primarily controlled by reciprocal
flexural rospenses te tectenism in the CFB, Other factors ineluding inherited
topography, basinal seale structural discentinuitios, sediment flux and climate
{Posamentier & Jamos, 1993; Waschbush ot af, 1996}, may however have also
played a significant role.
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i) Inherited topography

LeRoux (1993} proposed that pre-existing topography may be ereated by the fact
that deposited sands subside faster than muds ond impart a created load. For this
reascen major channels often use the same patii after tectonic adjustment. The fact
that there is a continuous south-north trend for the sandstones of the upper part
of the Karoo Basin (Katberg-Moltene Formations), coupled to the fact that many of
the channel complexes of the Katberg and Molteno Formations eut down into one
another, may be evidence for some type of inherited topography. The continuous
south-north trend of the palacocurrents is however more probably due *o the fact
that the basin was in an overfilled state during the Triassie, with drainage parallel
to the strike of the erogen, ond that tha basinal axis was re-activated along
inherited preforential zonegs of grustal weaknoss.

it} Control by heterogeneity of the footwall

Vartous authors have shown that the footwall plate in not a homoegencous unit and
that it may have different flexural rigidities {Quinlan & Beaumont, 1984}, lateral
variation and inherited zones of wooaknoss (Reyden, 1992}, and intra-foreland
structural diseontinuities (Yang & Derobek, 1995).

On aregienal structural scole the thickest development of sedimentary strata of the
upper Kareo during tho Triossie (Katborg-MOltene Formations) eccurs between the
northern limit of tho Seuthern Capo Conductive Bolt (SCCB) (and Cape Suporgroup
rocks) and tho southoen margin ef the Kaapvaal Cruton. Tho area botween these
two structural features fermoed the ferosag during Bamboesberg and lower
“Transitional” Membor times, and is underlain by the castern extension of the
Natal-Namaqua Mobile Belt, These struetural foaturos therafore seom te impart a
strong control on the aerial oxtent and nature of the preserved fill of the main Karoo
Basin during the Triassic.
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The thinning and wedging out of the Bamboosberg Member in particular is most
probably a reflestion of the original basinal topography. This was primarily
controlled by the differences in rheology -utween the KC and the SCCB, as well as
the Colesberg Lineament in the west and the Natal embeyment in the east. The
east-west thinning may therefore be partly erosional, and partly due to the control
imparted by the position of pre-existing zones of weakness. If pre-rift doming was
active at this time, the eastern margin overlying the Cape Supergroup rocks of the
Natal embayment may well have served as a structural control, a5 well as a source
of sediment supply.

i)  Sediment supply and climate

From Figuros 2.51, 3,51 and 3.66 it is ovident that the nature of the souree area
supplying sediment to the Karoe basin changed during the Triassie.
Sedimentological and palacontological data also strongly suggest that this was
accompanied by a change in tho climate as well (Figs.4.3; 4.4), This change from
a semi-arid to humid climate would have uffected the rate of breakdown of material
in the sourge arsa, and the transpert co-efficient to the depobasin. Beeause the
officioncy of transport is dependant on the type of fluvial system and its discharge,
the humid climate propoesed for the lower part of the Molteno Formation would
allow for more efficient sediment transport across the basin than weuld the semi-
arid climato proposed for the Katberg and Burgersderp Fermations. Coupled to the
change in tectonic setting, a change in climate may therefore have played an
important role in allowing coarse sedimont to prograde inte the basin, and may
account for certain of the differonces botween the depositional style and
compasition of the Katberg and Meltene Formations.

The faet that the limits and position of the forcbulge and foresag renain semi-fixed
in space during the dopesition of the Burgeradorp and Moeltene Ferinations howover
suggests that this area was an inherited zone ef weakness, at tho suture between
the lithospherie plote that fermed the Kaapvaal Craton and the younger, more
viscoelastic lithosphere that underplated the Karee Basin, This in tura would imply
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that the tectonically controlled flexural profile strongly influenced the fill, and that
climatic and sedimentological factors were not the primary eontrol of the fill of the
main Karoo Basin during the Triassic (Waschbush ot al, 1896).

4.5.4 The question of a paraconformity in the upper Burgersdorp Formation

Rust (1959, 1962) and Stavrakis (1980a) both proposed that a major
"paraconformity" existed within the Burgersdorp Formation, which separated the
Katberg tectonosedimentary cycle from the proto-Molteno cyele. This conclusion
was based on the fact that these authors believed the upper Burgersdorp and
Molteno Formations to have been depositod under similar conditions.

Rust (1859, 1962) was however basing this similarity on the soction at
Bushmanshoek Pass, whero his placemeont of the contact was incorrect, and he
was therofore actually comparing the lowermost channel cemplexes of the
Bamboesberg Member. Stavrakis (1980) based his conclusion on the similarity of
sandstones within the upper Burgersdorp and lowermost Molteno Formation, an
observation which is in line with the dominance of facies Sh in both sequencas.

Although the Burgersdorp Formation scquence lacks basin-wide or rogional
concretionary layers, palacosels or an anqular discordance of strata, the difforence
in sedimontary style between the two Formations are significant. This is reflected
in the differences of their channel complox geometries, arehitectural styles and
facies associations (Table.4.5), Ceupled to the difforence in palacontalegical
signature between the twe formations, thore is sufficient evidence to show that o
hiatal surface of botween 4.5-6.1Ma actually separates the two Fermations in the
south of the basin, and that there was not continuous deposition across the
contact,

Stavrakis's (1980} conclusion was howevar based on a conformity of succession
from the upper Burgersdorp Formation through to the Bamboeshorg Member, which
as has been shown is not actually the case. What Stavrakis (1980) actually
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recognised is that the deposics of the upper part of tho Burgersdorp Formation
differ significantly from those of the middle part of the Formation, a fact which may
be accounted for by tectonically or climatically controlled changes in gradient and
sediment supply.

4.6 Conclusions

This study has shown that the stratigraphy, sedimentology and palaeontology of
the Burgersdorp and Molteno Formations are far mere complex than was previously
belioved, and these findings stress the importance of combined stratigraphic,
sedimentological and palacontologieal studics in elucidating basinal fills.

The sedimentological studies of the Burgersdorp Formation undertaken for this
work have chown that the Formation is broadly fluvial in its genesis and is
u~minated by high sinuosity mixed load meandering systems. Subordinate
sheotwash, shallew ephemeral, and bedload dominated low sinuosity systoms with
tracts of in-channel braiding also ocecur in places. The everbank environments were
dominated by suspended load deposition following flooding. A low water table is
envisaged for the lower part of the Formation, with a net water deficit for the
systom giving rise to widespread calerete formation. The presence of hydromorphic
paleosols in the upper part of the Formation attests to slightly higher water tables
and less net avaporative less. Climatic conditions also changed through the
depasition of the Burgorsdarp Formation from somi-arid to sub-humid, and this
change may well have controlled faunal and floral diversity within the basin.

Colleeting in the Burgersdorp Formation has allewed fer a better understanding of
the palacoccology of the Cynegnathus Assomblage Zane, as well as allowing for
refinemients to the biostratigraphy. The rocognition of faunal turnover in the
Cynagnathus Assemblage Zone allowed for the throofeld biostratigraphic
subdivision proposed by Hancox et af (1998) to be bettor understood. Althaugh
currently believed to contain faunal assemblages of both the Lystrosaurus and
Cyiognathus Assemblage Zones, the fauna represented in the rocks of the
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racognised is that the doposits of the upper part of the Burgersderp Formation
differ significantly from those of tho middle part of the Fermation, a foet which may
be aceountad for by tectonically or elimatically controlled changes in gradient and
sediment supply.

4.6 Conclusions

This study has shown that the stratigraphy, sedimantology and palacontology of
the Burgersdorp and Meltano Formations are far more complex than was previously
believed, and these tadings stress the impertance of combined stratigraphie,
sedimentological and palaeontelogical studies in elucidating baginal fills.

The sedimentologieal studics of tho Burgorsderp Formation undertaken for this
work have shown that tho Fermation is broadly fluvial in its gonesis and is
dominated by high sinuosity mixed load meandering systems. Suberdinate
sheetwash, shallow ephemeral, and bedioad deminated low sinuosity systems with
tracts of in-channcl braiding alse oceur in places. The everbank environments were
deminated by suspendud lead deposition following flooding. A low water table is
envisaged for the lower part of the Formation, with a net water deficit for the
system giving rice te widespread calerote formation. The presence of hydromorphic
paleosols in the upper part of tho Formation attests to glightly higher watar tables
and less not evaperative loss. Climatic conditions alse changed through tha
depositien of the Burgersdorp Formation from semi-arid to sub-humid, ond this
change may well have controlled faunal and floral diversity within the basin,

Collecting in the Burgersderp Formation hag allowed for a better understanding of
the palacoccology of the Cynognathus Assemblage Zene, as well as allowing for
rofinoments to the biestratigraphy. Theo recognition of faunal turnover in the
Cynagnathus Assemblage Zone allowed for the threefold biostratigraphic
subdivision propased by Hancox et a/ (1995) to he botter undorstood. Although
currently believed to centain faunel assemblages of both the Lystrosaurus and
Cynognathus Asscmblage Zones, the fauna represented in the rocks of the
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Burgersdorp Formation secms to be restricted to fossils of tho Cynognathus
Assemblage Zone. The palacoflora of the Burgorsdorp Formation is still not well
known, but gecoms to be more variable and diverse than previousiy docur-onted,
with a number of new forms discovered during collecting. This palacof”  .cems
to be transitional botween that of the underlying Lystresaurus Assem’ age Zone
and the overlying Molteno Formation.

Interbasinal correlation of the proposed subzones with faunas from other parts of
Gondwana, Russia and China has shown that a number of these sequences also
have more complex histories than provioisly documented. Study of the distribution
of amphibian and dieynodont familics have shown that provinciality first oceurs
only in the Late Triassic, and that during the Early and Middle Triassie, there was
free gene flow between the southern and northern continents. The refined
correlations allow for the age of the Burgersdorp Formation to be botter
constrained, and for the confusion regarding the age of the Formation te be
resolved. The Burgersdorp Fermation strata containing a Cynognathus Assemblage
Zone fauna are Early (TR1; Scythian) to Middle Triassie (TR2; Anisian} in age,
thershy encempassing the Early-Middle Triassic boundary.

The spatial and temporal extent and variability of the Bamboesberg and Indwe
Members of the Melter.o Formation have been documented and it has beon shown
that they both thin dramatically frem south to north. The stratigraphic poasitioning
of coals in the Bamboosbr rg Member has beon assessed and theit importance for
understanding the temporal ehangos that oecur in the Bamboeosberg diseussed. The
lower part of tho Moelteno Formatian is envisagoed as having been doposited on a
broad braidplain by bedlaad donunated, low sinuosity systems, under seasoenally
warm to humid climatie conditions, which were similar to the global conditions
(Fig.4.4). Overbank environments wore limited in their oxtent, and for the upper
part of the Bamboesborg Member were dominated by peat swamps, The poer
quality of the coals in the Bambeesberg and Indwe Sandstone Members may be
direetly attributable to the input of significant amounts of detrital clastie material,
to fluctuations in the water table, and to the naturo of the palaeoflora which
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formed the peat. Bascd on interbasinal correlation and the age of the underlying
Cynognathus Assemblage Zone {subzene C), and overlying lower Elliot Formation
(Euskelosaurus Assemblage Zone) the aao of the lower part of the Molteno
Formation has been constrained as Carnian.

The nature of the basal contact of the Molteno Farmation in the main Karoo Basin
has been defined, and it has been shown to be highly diachronous. The basal hiatus
represents at least tho entire Ladinian and estimates of the magnitude of this
surface range from 4.5-6Ma in the south of the basin, to between 13-33Ma fer the
north of the basin. The hiatal surface between the Burgersdorp Farmation and the
Indwe Sandstone Member of the Molteno Formation in the north of the basin
thereforo represents the greatost magnitude subaerial unconformity in the main
Karoo Basin during the Triassic. This surface and the overlying fill of the Meitono
Formation, may be linked to a major pariod of change in the tectonie style of
southwestern Gondwana, prior to fragmentation in the ear y Jurassic.

Spatial and tempeoral distribution studies of the amphibians of the Cynegnathus
Assemblage Zone, and their asseciated faunas, evidences a gradual nerth te seuth
docrease in the aerial extent of the basin during depositien of the Burgersdorp
Formation. This was concomitant with the deepening of the proximal fereland and
the orogenward migration of the peripheral bulge during a peried of thrusting (P2)
in the CFB.

The eratonward progradation of the lewer part of the Melten. Formation may bo
linked to a period of quieseenee in the thrust belt (Q2), and isestatie uplift in the
proximal secter (Fig.4.9). Sedimentation during Bambeesberg and Indwe Sondstone
Member times therefore occurred exelusively in the distal forcland (ferosag). This
medel moy for the first time oxplain the presence of very coarse sandstonesg, large
extraformational elasts of CFB origin, and froch feldspars at a distance of hundreds
of kilemetres from the source area. Previeus models for the dovelepment of the
upper Karoo Basin which linked orogenie aetivity in the CFB to the prograuation of
coarse detritus into tho basin were therefere 180° out of phase.
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The fact that the drainage is perpendicular to tho strike of the orogenic belt for the
entiro Triassie suggests that the main Karoo Basin was overfilled during this time.
Scdiment supply was predominantly from the orogenic belt, but the basin may also
have received detritus from poeint gources within, and en the flanks of the basin,
The affocts of doubly vergent erogens (Willet et o/, 1993), and the interplay of
compressional and extensional tectonies in dif forent parts of the basin, both require
further investigation.

The model presented for the development of the main Karoo Basin during the
Triassie shows that the primary eyelicity is the periodicity of tectonism in the CFB,
which controlled flexurally indueed reciprocal subsidence. It is also recognised that
the hoterogeneity of the footwall lithosphere may have played an impestant role in
the poagitioning of the forcbulge/feresag region. Modifying controls on sedimentation
includo the oxisting surface topography, continoentel scale drainage patterns,
climate, sediment flux and changing source arca geology.

Te conclude, this study has shown that the combined use of stratigraphic,
sodimentological and palacentological data, allows for far more procise
interprotations of the physieal and biologival events which eceurred during the
Triassic develoepment of th: main Karen Basin, than could any study undertaken in
isolation.
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