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ABSTRACT 

Three basement trends, defined by the 1.0-0.5 Ga foldbelts of weak crust that 
wrap around the 1 Ga Namaqua-Natal Belt and >2.5 Ga Kaapvaal Province, pro-
vide a tub-shaped template that was impressed on succeeding structures up to the 
Cretaceous breakup of Pangea along the present divergent margins. The pattern is 
reprinted during the Ordovician-Devonian deposition of the Cape Supergroup in 
grabens on the northwest and northeast linked by an east-west depositional axis and 
during the Permian and Triassic development of the Cape Fold Belt along the east-
west trend linked with intermittent uplifts to the northwest (Atlantic upland) at a 
syntaxis around Cape Town and to the northeast (Eastern upland) at a syntaxis in 
the (restored) Falkland Islands. 

The inception of the Karoo (Gondwanan) Sequence in the latest Carboniferous 
(290 Ma) reflected the Gondwanaland-wide relaxation of the Pangean platform in 
sags (Karoo terrain) and rifts (Zambezian terrain). The first appearance of tuffs 
from a convergent arc in the Sakmarian (ca. 277 Ma) marked the onset of a fore-
land basin. Material derived from the south included a small component of mainly 
rhyodacitic tuff which persisted to the end of Beaufort deposition, when the pre-
sumed southern magmatic arc became extinct. Karoo deposition expanded north-
ward over the interior beyond that of the confined pre-Gondwanan Cape Sequence. 
The axis of maximum thickness of the Permian-Triassic foredeep remained near the 
South Crop of the Karoo Basin; the parallel drainage axis migrated northward from 
an initial distance of 80 km during Dwyka deposition through 400 km during Ecca 
deposition and 550 km during Beaufort to a final 1,000 km during Stormberg depo-
sition. The increasing separation of foredeep and drainage axis reflects the widening 
during the growth of the Cape Fold Belt of the southern depositional flank of the 
Karoo Basin at the expense of the starved northern cratonic side. Only during 
Stormberg deposition did the northern craton match the Cape Fold Belt as a source 
of voluminous sediment. 
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Renewed and more extensive deposition in the Late Triassic corresponds to a 
singularity in Pangean history: terminal compression of foldbelts (Cape Fold Belt, 
Bowen-Sydney Basin, Canning Basin) and widespread subsidence, mainly in rifts 
that prefigured the divergent margins of the Atlantic and Indian Ocean regions. The 
subsequent Karoo volcanism reflects the increased activity of Pangean hotspots. 

INTRODUCTION 

This synopsis of the geologic history of southern Africa, 
south of 26°S, focuses on the Permian-Triassic Karoo Se-
quence of the Karoo Basin in its Gondwanan setting. The Ka-
roo Sequence (Figs. 1-3) is a component of the Pangean 
Supersequence of the Gondwanaland cratonic province of 
Pangea (Veevers, 1990). In the latest Carboniferous (290 Ma), 
the Karoo Sequence started to accumulate in the oval-shaped 
Karoo Basin and narrow, fault-affected, Zambezian basins. 
From 277 Ma, the Karoo Basin became a foreland basin that 
subsided along a zone of inherited (pre-Gondwanan) structure 
behind the Panthalassan margin. Information was compiled 
from the regional accounts of Kent (1980), Tankard et al. 
(1982), Dingle et al. (1983), Sohnge and Halbich (1983), and 
from the primary literature. Original contributions are Cole's 
field studies and Cowan's petrographic studies of the Karoo 
Basin (Appendix 1). Particular attention is given to an ap-
praisal of the contribution to the Karoo Basin fill by the source 
region to the south, comprising the Cape Fold Belt and an in-
ferred magmatic arc generated by the convergence of Pan-
thalassa and Pangea. The data are presented in the figures and 
documented in the captions and tables; the text is reserved for 
critical evaluation of the pre-Gondwanan inheritance of the 
Karoo Basin and Cape Fold Belt and the influence of the in-
ferred magmatic arc. 

Reconstruction of the Falkland Islands off southeast Africa 

A prerequisite to the analysis is a palinspastic reconstruc-
tion of the Falkland Islands off southeast Africa before this 
part of Gondwanaland started to break up in the Middle-Late 
Jurassic and Early Cretaceous (Ben-Avraham et al., 1993). 

On structural and stratigraphical grounds, Adie (1952a) 
fitted an inverted Falkland Islands off the Transkei coast, be-
tween 33° and 34°S, to complete the truncated Karoo Basin 
and Cape Fold Belt. Adie's (1952a) reconstruction was con-
firmed by Mitchell et al. (1986, p. 131) 

with preliminary palaeomagnetic evidence from [Early Jurassic] do-
lerite dykes on West Falkland which suggests that the Falkland Is-
lands were rotated through - 1 2 0 ° during the early stages of the 
break-up and dispersal of the southern part of G o n d w a n a l a n d . . . .The 
first stage of continental drift probably took place during the Jurassic, 
as Antarctica separated f rom southern Africa, the islands moving as a 
microplate to a position approximately 500 km south-east of present-
day Cape Town. Subsequently, during the opening of the South 
Atlantic, the islands and the Falklands Plateau have drifted to their 
present position and undergone a further rotation of - 60° . 

The pre-Middle Jurassic reconstruction, shown in Fig. 1, 
entails the following connections. 

(1) >0.5 Ga: Rex and Tanner (1982) dated gneiss of the 
Cape Meredith amphibolite-grade Complex of the Falkland 
Islands (Fig. 4) by the K-Ar method on biotite and hornblende 
as 963 ± 30 and 987 ± 40 Ma (converted with the new con-
stants). Rex and Tanner (1982) compared these dates with K-
Ar ages of 950-1150 Ma on gneisses from the Natal coast of 
the Namaqua-Natal Belt affected by the Kibaran orogenic 
event. The Cape Meredith dates straddle the boundary be-
tween the Namaqua-Natal Belt (2.1-1.0 Ga) and the Saldanian 
Province (1.0-0.5 Ga) so that the possible connections of the 
Cape Meredith Complex are (1) with the Natal Belt, either a 
southern salient, e.g., the Transkei amphibolite-grade terrane 
at 31.3°S on the coast, or an allochthonous block of the Natal 
Belt within the Southern Cape Conductive Zone-Saldanian 
Belt, or (2) with an extension of the Saldanian Belt. The 
strongest connection is through the common amphibolite 
grade of the Transkei terrane and the Cape Meredith Complex 
(Thomas, 1989; Thomas and Mawson, 1989). 

(2) <0.5 Ga: (a) Port Stephens-Fox Bay-Monte Maria 
(Port Stanley plus Port Philomel) Formations (Adie, 1952a, 
1952b; Frakes and Crowell, 1967; Barrett and Isaacson, 1988). 
The Port Stephens Formation, 1,500 m of cross-bedded quartz-
ose sandstone with minor conglomerate and red shale, noncon-
formably overlies the Cape Meredith Complex and passes 
conformably upwards into the Fox Bay Formation, 800 m of in-
terbedded shale and sandstone with Emsian brachiopods and 
trilobites of the Malvinokaffric Realm. The conformably over-
lying 800 m of Monte Maria Formation comprises the Port 
Philomel Beds in West Falkland, sandstone and shale with 
Lepidodendroid plants, and the Port Stanley Beds in East 
Falkland, white quartzite with relatively few intercalated shales. 

Adie (1952a, 1952b) correlated the Port Stanley Beds 
with the Witteberg Group, the Port Philomel Beds and Fox 
Bay Beds with the Bokkeveld Group, and the Port Stephens 
Beds with the Table Mountain Group. The only secure corre-
lation is by the Emsian marine fauna in the Fox Bay For-
mation and in the lower two-thirds of the Bokkeveld Group. 
We choose the option that provides a consistent trend of the 
isopachs, such that the Fox Bay and Port Stephens Formations 
are correlated with the Bokkeveld Group, and the Monte 
Maria Formation is correlated with the Witteberg Group (Fig. 
5, B and C), while at the same time allowing for the possibility 
of Table Mountain Group equivalents (Fig. 5 A). 

(b) The strongly cleaved Lafonian Diamictite, 350-850 m 
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of massive gray and brown diamictite, with clasts up to 7 m 
and stratified intercalations of sandstone and shale, is slightly 
disconformable to the underlying quartzites, in the same way as 
the equivalent Dwyka Formation (Adie, 1952a, 1952b; Visser, 
1987) (see Fig. 11 in a following section) disconformably over-
lies the Witteberg Group (Du Toit, 1937, p. 119). The con-
formably overlying sequence (Port Sussex Formation, Terra 
Mota Sandstone, and Bay of Harbours, Choiseul Sound, 
Brenton Loch, and West Lafonian Beds) is about 3,000 m thick 
and comprises gray interbedded shale and sandstone with 
Glossopteris. Adie (1952b) correlated this sequence by the 
plant fossils with the Ecca and Beaufort Groups. The lack in 
this sequence of the tetrapods and of the red pigment character-
istic of the Beaufort Group suggests to us that the sequence is 
related to the Ecca Group only. Both have a comparable thick-
ness (see Fig. 12 in a following section). 

(c) Dolerite dykes cut the Devonian Port Stephens-Monte 
Maria sequence on West Falkland and the Permian sequence 
on an island east of Lafonia. As cited by Mitchell et al. (1986), 
the West Falkland dykes have yielded a K-Ar date of 192 ± 10 
Ma, which lies near the old end of the radiometric age range of 
the Karoo Dolerite (Kent, 1980, p. 566) and the Drakensberg 
Volcanics. Fig. 1 shows the extension of the Dolerite line to 
the Falkland Islands. 

The Early Jurassic dolerite postdates the Gondwanide de-
formations. In the Falklands, field evidence indicates the ages 
of deformation to be Early Permian, shown by the cleaved di-
amictite, and within the interval Late Permian to Early Juras-
sic; in southern Africa the deformations are dated as Early 
Permian, Late Permian, and mid-Triassic (Fig. 3). 

In summary, the geologic history of the Falkland Islands 
followed a course parallel with that of the Cape Fold Belt and 
the southern crop of the Karoo Basin except that deposition in 
the Falklands started later, in the Devonian. 

Adie's (1952a, b) reconstruction is confirmed by J.E.A. 
Marshall (1994). 

PRE-GONDWANAN HISTORY 

Pre-Cape geology 

The pre-Cape geology of southern Africa (Fig. 4) com-
prises (1) the Archean (>2.5 Ga) Kaapvaal Province, (2) the 
Early-Middle Proterozoic (2.1-1.0 Ga) Namaqua-Natal Belt, 
and (3) the following Late Proterozoic and epi-Late Proter-
ozoic/Cambrian (1.0-0.5 Ga) belts: (a) Southern Cape Con-
ductive Belt and Beattie Anomaly; (b) the overlapping 
Saldanian Province, including the Malmesbury Group and the 
possible equivalents of the Gamtoos Formation and the 
Kaaimans and Kango Groups, intruded by the Cape Granite; 
(c) the Gariep Province; (d) Nama and Vanrhynsdorp Basins; 
and (e) the correlates of the Gariep near Vanrhynsdorp. De 
Beer et al. (1982) interpreted the Namaqua-Natal Belt as an 
Andean chain generated behind a trench that terminated 
0.8-1.0 Ga and the Southern Cape Conductive Belt (SCCB) as 
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Figure 3. Time-space diagram for the interval 540-180 Ma, located in Figure 1 (line CE); <300 Ma 
condensed from Figure 7. The youngest reliable age of the Cape Granite Suite is 525 Ma (Kent, 
1980, p. 483). The oldest reliable age of the Cape Supergroup is latest Ordovician or Hirnantian 
(Tankard et al., 1982, p. 335; Theron and Loock, 1989, p. 730) and the base possibly extends to the 
Early Ordovician. Here we arbitrarily take the base as Middle Ordovician, with the Klipheuwel 
Formation stretching into the Early Ordovician. The uppermost Table Mountain Group is Pra-
gian/Emsian, the Bokkeveld Group is Emsian and Givetian/Frasnian, and the Witteberg Group is 
Late Devonian (Boucot et al., 1983; Anderson and Anderson, 1985, p. 20; and other authors cited 
in Theron and Loock 1989, p. 730). The exposed top of the Cape Supergroup (Witteberg Group) is 
probably no younger than latest Devonian (Anderson and Anderson, 1985, p. 20), contrary to 
Gardiner's (1969) view that fish indicate late Early Carboniferous (Visean), as shown by the 
queries. See Figure 7 for symbols, with these additional abbreviations and symbols for the Cape 
Basin: TM—Table Mountain Group, BD—Bokkeveld Group, WG—Witteberg Group; age-
diagnostic megaplants in the Witteberg; environments—alluvial fans (open circles), littoral sedi-
ment (L), transgression (T), and regression (R). 
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Figure 4. Pre-Cape geology. Precambrian provinces: (1) the Archean (>2.5 Ga) Kaapvaal Province (Hartnady et al., 1985), (2) the Early-
Middle Proterozoic (2.1-1.0 Ga) Namaqua-Natal Belt (Tankard et al., 1982), (3) the Late Proterozoic and epi-Late Proterozoic/Cambrian 
(1.0-0.5 Ga): (a) Southern Cape Conductive Belt and Beattie Anomaly (de Beer et al., 1982); (b) the Saldanian Province (Tankard et al., 
1982), including the Malmesbury Group and the possible equivalents of the Gamtoos Formation (GA) and the Kaaimans (KAA) and Kango 
(KAN) Groups, intruded by the Cape Granite, mapped f rom Haughton (1969) and Kent (1980); (c) the Gariep Province; (d) the Nama and 
Vanrhynsdorp (VP) Basins (Halbich and Hartnady, 1985; Tankard et al., 1982); and (e) the rocks near Vanrhynsdorp (V) correlated with the 
Gariep (Germs and Gresse, 1991; Tankard et al., 1982). Falkland Islands reconstruction off the Transkei coast f rom Adie (1952a) and Mitchell 
et al. (1986), showing the location of the 1.0 Ga Cape Meredith Complex (Rex and Tanner, 1982). 
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Figure 5. Pre-Gondwanan geology: Cape Supergroup of Ordovician-
Devonian (and possibly Early Carboniferous) age. Inset: basement 
( f rom Fig. 4) of 1.0-0.5 Ga foldbelts and the reworked Mozambique 
Province wrapped around the Namaqua-Natal Belt (2 .1-1.0 Ga) and 
Kaapvaal Province (>2.5 Ga). Superimposed on the deep structure 
are the depositional axes of the Cape Supergroup (Fig. 5D) and of the 
early Karoo: Dwyka, Ecca, Beaufort (see Fig. 13B). 

A. Table Mountain and Natal Groups (Tankard et al., 1982; 
Hobday and Mathew, 1974; Hobday and Von Brunn, 1979). Isopachs 
(km) (Visser, 1974), f rom boreholes (circled dot) and field sections 
(circled cross); prominent paleocurrents f rom Visser (1974), Hobday 
and Mathew (1974), Hobday and Von Brunn (1979), and Turner 
(1990); facies and depositional environments f rom Visser (1974), 
Hobday and Von Brunn (1979), Tankard et al. (1982), Turner (1990), 
Fuller (1985), Shone (1987), Thamm (1987), Marshall (1988), and 
Thomas et al. (1992). In the western Cape, the solid black denotes 
outcrops of the Klipheuwel Formation (Kent, 1980, p. 493), and the 
broken lines denote the edges of the valley in which the Pieken-
ierskloof Formation was deposited east of a western provenance area 
that Rust (1973, p. 252) called the Atlantic Highland and southwest 

of the Bushman Mountainland. C—Citrusdal. 
B. Bokkeveld Group of Early-Middle Devonian age. Isopachs 

(km) f rom Rust (1973), extended to the 2.3-km-thick Fox Bay and 
Port Stephens Formations of the Falkland Islands, paleocurrents and 
sand-shale ratios (dotted line denotes the 0.5 value) f rom J. N. Theron 
(1970), depositional environments f rom Tankard et al. (1982), and 
paleogeography f rom Theron and Loock (1989). 

C. Witteberg Group of Middle and Late Devonian (and possibly 
Early Carboniferous) age. Environments, isopachs (km), and flow 
pattern f rom Theron and Loock (1989). The 0.8 km isopach in the 
Falkland Islands refers to the Monte Maria Formation, and the data 
point of the 0.5 km isopach in the northeast is the Pondoland (Tran-
skei) quartz arenite (Visser, 1974). 

D. Cape Supergroup. Isopachs (km) summed f rom A, B, and C. 
Zero isopach of Table Mountain Group indicated by line of open cir-
cles, of Bokkeveld Group by filled circles, and of Witteberg Group 
by triangles. The zero isopach of the Witteberg Group is extended 
past Port St Johns (PSJ) to accommodate the occurrence of a Late 
Devonian megaplant in the Pondoland quartz arenite. 
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serpentinized basalt obducted against the Namaqua-Natal Belt 
at the termination of subduction. The overlapping Saldanian 
Province was deformed further and intruded by granites 
(0.6-0.5 Ga) during the final closing of a marginal sea. In this 
manner, the Pan-African fold belts—the Gariep on the west, 
the Saldanian on the south, and the reworked Natal-Mozam-
biquean on the east—became wrapped around the cratonic nu-
cleus of the Namaqua-Natal Belt and the Kaapvaal Province. 
Subsequent extensions and compressions of this anisotropic 
lithosphere determined depositional structural axes of the suc-
ceeding Cape and Karoo Basins. In particular, the weak crust 
of the SCCB determined the location of the Cape Fold Belt. 
As described later, this is unlike the situation elsewhere along 
the Paleo-Paciftc margin, where deformation was located 
along and landward of the weak zone along the magmatic arc. 
This different location of the foreland basin of the Karoo, dis-
tal to the arc, is consistent with the apparently small volume of 
volcanogenic material found in the Karoo Basin fill. Note: A 
geoscience transect of Southern Africa (Halbich, 1993) was 
published when this work was in press. 

Cape geology 

Table Mountain Group. Preferential subsidence of the 
1.0-0.5 Ga foldbelts determined the site of the depositional 
axis of the Ordovician-Devonian Cape Basin (Fig. 5, inset): a 
main W - E trend along the Saldanian Province, and branches 
to the NW (north of Cape Town) and NE (Natal). 

According to Tankard et al. (1982, p. 12, 14), 

During the Early Paleozoic southern Africa lay at the heart of Gond-
wana, bounded in the west by South America, in the south by the 
Falkland Plateau, and to the east by Antarctica. Abortive rifting 
around the southern and eastern fr inge of the Kalahari Province re-
sulted in accumulations of continental and marine clastic successions, 
known as the Cape Supergroup, in elongate troughs in the southern 
Cape and Natal. . . . Up to 8 km of sediment accumulated in the 
Cape basin [Fig. 5D]. The lower 4 km of quartz arenites, mudstones, 
and conglomerates in the Table Mountain Group [Fig. 5A] record ter-
restrial and shallow-marine environments and intermittent northward 
transgression of the Cape sea during the Ordovician and Early Devo-
nian. Prolonged periods of tectonic and eustatic stability are reflected 
in quartz arenites up to 2,100 m thick, representing one of the greatest 
known accumulations of quartz sand (Visser, 1974). . . . The Natal 
embayment developed along a trend parallel to the Pan African 
Mozambique Province to the north. Proximal coarse alluvial sedi-
ments were deposited at the rugged northern end of the embayment, 
which opened southward into a tide-dominated marine reentrant 
where considerable thicknesses of marine quartz sand accumulated. 

Visser (1974) subdivided the Cape Supergroup of the 
Cape Province into two facies (Fig. 5A), A, fluvial-coastal 
plain-beach-neritic facies and latest Ordovician glacigenic fa-
cies) in the north and west, and B, beach-neritic facies in the 
south and east. From the base upward, facies A comprises 
1,000 m of alluvial fan to fluvial conglomerate and coarse-

grained sandstone (Piekenierskloof Formation) (thicknesses 
and formations from Tankard et al., 1982, p. 335); 440 m of 
paralic interbedded quartz arenite, siltstone, and mudstone, 
with trace fossils (Graafwater); 1,800 m of open-beach quartz 
arenite with quartz pebbles and trace fossils (Peninsula); 120 
m of glacigene sandstone, conglomerate, and diamictite (Pak-
huis), deposited during the Winterhoek glaciation (Tankard et 
al., 1982, p. 345-348); 140 m of neritic fine-grained sand-
stone, siltstone, and mudstone, with marine invertebrates, con-
odonts (Theron et al., 1990), and chitinozoans (Cramer et al., 
1974) of latest Ordovician or Hirnantian age (Cedarberg); and 
1,100 m of open-beach coarse-grained quartz arenite, with 
trace fossils (Nardouw). Lacking the basal conglomerate of A, 
facies B starts with 2,150 m of the open-beach Peninsula 
Formation and is succeeded by 50 m of the neritic Cedarberg 
Formation, 640 m of open-beach sandstone, and finally 150 m 
of the Baviaanskloof Formation: neritic shale, mudstone, and 
quartz arenite, with Pragian/Emsian marine invertebrates 
(Theron and Loock, 1989). 

The basal formation in the west, the Piekenierskloof For-
mation, is thickest where it overlies the Klipheuwel Formation 
(solid black in Fig. 5A), another alluvial fan to fluvial deposit, 
2,000 m thick, that wedges out to the north. The Klipheuwel 
Formation unconformably overlies Malmesbury metasedi-
ments and Cape granites. 

It becomes progressively less deformed upward, and in its uppermost 
parts it is probably a facies equivalent of the basal Cape Supergroup. 
. . . The Klipheuwel succession is envisaged as a series of coalesc-
ing and stacked alluvial-fan and interlobe deposits of southward-
flowing braided fluvial systems. The coarseness and poor rounding of 
the conglomerates, their low degree of sorting, and the high propor-
tion of clay matrix suggest limited distances of transportation and 
local debris f lows in a block-faulted terrain such as commonly marks 
the culminating phase of orogenesis (cf. the Triassic rift basins of the 
Appalachians) (Tankard et al., 1982, p. 333). [Cross-dip azimuths are 
widely dispersed about a southeastward mean.] The variety of interre-
lated facies types and the fan-shaped paleocurrent distribution of the 
upper Klipheuwel and Piekenierskloof Formations reflect down-
stream changes in alluvial processes associated with decreasing gra-
dients. High relief was probably maintained along the northern 
margin of the basin by progressive subsidence relative to adjoining 
fault-bounded highlands (Tankard et al., 1982, p. 337). 

The southeast-trending valley (Rust, 1973) is shown be-
tween the broken lines in Fig. 5A. The common southeast 
trend of the Klipheuwel and Piekenierskloof Formations and 
their overlap near Citrusdal (32.5°S, 19°E) near the axis of dep-
osition of the entire Table Mountain Group suggests to us that 
rift-valley grabens (Klipheuwel and Piekenierskloof rifts, see 
Fig. 3) were the site of early crustal extension ("the steer's 
head") that was followed by down-flexure of the rift shoulders 
(Atlantic Highland and Bushman Mountainland, Rust, 1973) 
to accumulate the more widely distributed Graafwater and 
younger formations ("the horns"). 



Southern Africa 231 

The preponderance of quartz arenite in the Table Moun-
tain Group reflects its source in the interior of Gondwanaland, 
as do the Ordovician turbidites of southeast Australia (Powell, 
1984, p. 293), both indicating deep denudation of the surface of 
interior Gondwanaland with its maximum apatite fission-track 
age of 500 Ma (A. Gleadow, personal communication, 1992). 

Natal Group. The Natal Group comprises a marked north-
south zonation of the facies (Fig. 5A). In Zululand, a boulder 
conglomerate was deposited in intermontane valleys in the 
Kaapvaal uplands and passed southward in Natal to red arkosic 
sandstone deposited in braided channels. Lacking age-diagnostic 
fossils, the Natal Group was identified as equivalent to the 
early Paleozoic Table Mountain Group on the basis of similar 
lithofacies and ichnofacies (Tankard et al., 1982, p. 348), con-
firmed by Thomas et al.'s (1992) interpretation of Ar-Ar iso-
topic dates of authigenic muscovite as indicating an age of 
about 490 Ma, and accordingly we show the Natal Group on 
the same map as the Table Mountain Group (Fig. 5A). 

At about 31°S in Pondoland (Transkei) and southernmost 
Natal, south of a basement high at 30°30'S (the Dweshula 
High mentioned by Thomas et al., 1992), clean quartz arenite 
deposited on a storm- and tide-dominated marine shelf 
(Visser, 1974; Hobday and Mathew, 1974; Hobday and Von 
Brunn, 1979; Tankard et al., 1982; Marshall, 1988) was 
thought to have been part of the Natal Group until Anderson 
and Anderson (1985, p. 21 and 91) described a megaplant fos-
sil in a quarry 5 km west of Port St Johns (Lock, 1973; Kent, 
1980, p. 530) as a new taxon of Late Devonian Lycophyta, but 
unlike any known species from the Cape sequence. We follow 
Thomas et al.'s (1992) view that the Pondoland arenite may be 
equivalent to the lower Witteberg Group (Fig. 5C), and we 
draw the zero isopach of the Witteberg Group west of Port St 
Johns (Fig. 5D). 

Bokkeveld and Witteberg Groups. In the southern part of 
the Cape Province, the predominantly arenitic Table Mountain 
Group is succeeded by the predominantly argillaceous Bok-
keveld and Witteberg Groups. The Bokkeveld Group (Fig. 5B) 
comprises a northern facies of five or six upward-coarsening 
fluvial-deltaic wedges (sand:shale ratio of 1.0) that pass south-
ward, across the 0.5 sand:shale line (dotted) into a southern 
shelf facies of homogeneous mudstone to subgraywacke (ratio 
0.1). During its time span of 20 m.y., the Bokkeveld Group ac-
cumulated at least 3.5 km of sediment at a mean rate of 175 
m/m.y. This was about five times the rate of the equally thick 
but lOO-m.y.-long Table Mountain Group and about twice the 
rate of the 1.5 km thick and equally long Witteberg Group. 
The southeast-trending depositional axis of what Theron and 
Loock (1989) called the Clanwilliam Bay, bounded on the 
west by the Atlantic Mountains, implied by Tankard et al. 
(1982, figs. 5.10-5.13) from the absence of marine rocks in 
adjacent South America, and on the north by the Bushman 
Mountainland (J. N. Theron, 1970, 1972, p. 135), merged east-
ward into the east-trending depression, both features inherited 

from the Table Mountain Group. Theron and Loock (1989, 
p. 733-735) note that 

The marked, almost instantaneous, change from a few thousand me-
tres of supermature sand to between 1500 to 4000 m of predomi-
nantly muddy sediments, evidently without marked variation of 
provenance, climate or environment, indicates that the accelerated 
downwarp of the Bokkeveld basin was matched by simultaneous in-
crease in the rate of sedimentation because the proximal and medial 
Bokkeveld sediments certainly do not display the characteristics of 
deep water deposits. The rapid rate of filling evidently prevented ap-
preciable sorting and halted the process whereby previously most of 
the fine grained sediments escaped from the basin. Bokkeveld deposi-
tion therefore represents a period of cyclic deposition in a marginal 
cratonic basin and the lateral continuity of the arenitic entities are as-
cribed to the coalescence of various drainage systems through current 
and wave action. . . . 

The shallowing of the Cape Basin as a whole during the Give-
tian, as revealed by the upper Bokkeveld units, continued during dep-
osition of the overlying Frasnian sediments of the Witteberg Group 
[Fig. 5C]. Extensively bioturbated mudstone, siltstone and sandstone 
with desiccation cracks and rill marks characterize the basal 
Witteberg units . . . and some thin intercalated shale horizons have 
yielded marine bivalves, brachiopods and trilobites (Boucot et al., 
1983). In the western part of the basin upward coarsening to an ex-
tensive sheet-like quartz arenite sequence . . . as well as similar ver-
tical cyclical stacking of litho units as in the Bokkeveld Group, 
exists. . . . Laterally these . . . units merge with 5 formations in the 
eastern part of the basin. . . . This medium to coarse grained, cross-
bedded, predominantly quartz arenite succession varies from less 
than 140 m in the west to 850 m eastward. . . . The main basin in 
broad outline consisted of two major depressions approximately simi-
larly disposed as during the Bokkeveld cycle. . . . The main prove-
nance was still to the north but the limited outcrops to the west and 
south at present prohibit clarity on the configuration or distribution of 
these borderlands. Consideration of the paleo ice-flow of the basal 
Dwyka tillite and its clast composition, however, indicate highland to 
the southwest undergoing erosion and an eastward directed paleo-
slope at the "onset of glaciation." . . . The Witteberg basin at its ter-
mination was reduced to only about one-third its original size and can 
best be described as an open ended marginal intracratonic basin in 
which shelf deposition took place. 

The three major transgressive/regressive events indicated 
by the appearance of marine fossils (Fig. 3) correspond with 
the glacio-eustatic transgression at the end-Ordovician (Hir-
nantian) after the melting of the African ice sheets (Tankard 
et al., 1982, p. 345-348) and at the Pragian/Emsian start and 
Givetian/Frasnian peak of the rise in sea level in Euramerica 
(Johnson et al., 1985, p. 584). 

Tectonic setting of the Cape Sequence. The northwest 
trend of the Clanwilliam Bay in the western part of the Cape 
Basin denotes an axis of faster sediment accumulation that 
persisted through the deposition of the Table Mountain Group, 
the Bokkeveld Group, and possibly the Witteberg Group (Fig. 
5A-C). According to Tankard et al. (1982, p. 348), the Natal 
Group accumulated in an elongate downwarp, the Natal em-
bayment (Fig. 5A), whose axis parallels the present coastline 
along the trend of the Proterozoic Mozambiquean Province to 
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the north (Fig. 5, inset). Subsidence and concomitant accumu-
lation of sediment along the northwest and northeast branches 
of the main west-trending Cape axis are believed to have 
started probably as long ago as the Ordovician and continued 
to the end of the Devonian, as indicated by the shape of the 
zero isopachs and reflected in the isopachs of the total Cape 
Sequence (Fig. 5D and inset). 

We interpret the Cape axis and its northwest and northeast 
branches as axes of extension concentrated along the deep struc-
tural boundaries (Fig. 5, inset) between the east-trending 1.0 Ga 
Namaqua-Natal Belt and the Southern Cape Conductive Belt and 
the Pan-African (1.0-0.5 Ga) Saldanian Province on the south 
and between the Namaqua-Natal Belt and the Gariep Province 
on the present southwestern margin and the Mozambiquean 
Province on the southeastern margin (Tankard et al., 1982). The 
provenance of the Cape Sequence was to the northeast (Bush-
man Mountainland) and west (Atlantic Mountains). 

The 600-500 Ma Cape Granites were emplaced during 
the final closing of a marginal sea, which was followed by the 
opening of a rifted ocean or a second marginal sea. The Cape 
Sequence was deposited across this passive margin (Johnson, 
1991) throughout the Ordovician to end-Devonian or Early 
Carboniferous. Only with the Early Permian development of 
the overlying structural Karoo Basin is evidence of a southern 
flank and provenance of deposition seen. 

GONDWANAN (KAROO) HISTORY 

Introduction 

Having sketched the pre-Gondwanan history of southern 
Africa, we now come to a synopsis of the Gondwanan (Per-
mian-Jurassic) geologic history of the craton and its develop-
ment by the growth of the Cape Fold Belt as part of the 
foreland basin behind the Panthalassan margin. This account is 
illustrated by geological maps (Figs. 1, 6, 9) and cross sections 
(Figs. 2 and 10), a time-space diagram (Fig. 7), stratigraphic 
columns (Fig. 8), and paleogeographic and paleotectonic maps 
(Figs. 11-14). 

Setting 

Following a lacuna that lasted all but the latest part of the 
Carboniferous, the succeeding Karoo Sequence, together with 
the other parts of the Gondwana Facies of the Gondwanaland 
Province of the newly formed Pangea (Veevers, 1988), started 
accumulating sediment in the initial sags and grabens of the 
Pangean cratonic platform during the latest Carboniferous 
(Gzelian, Eastern Australian palynological stage 2) (Veevers, 
1989). The realm of subsidence in southern Africa, hitherto 
confined to the southern tip, spread northward to the equator 
(Fig. 6). Subsidence was effected by two tectonic processes 
(Rust, 1975): (1) the Karoo tectono-sedimentary terrain was 

warped into basins (Karoo, Kalahari, Congo, Gabon) and in-
tervening swells, and (2) the Zambezian terrain was faulted 
into graben-type depositories. In the Early Permian, renewed 
sinking of the denser material in the northern part of the SCCB 
between the lighter material north and south of it, together 
with uplift by folding in the south, initiated the Karoo struc-
tural basin. Later in the Permian and Triassic, the SCCB 
marked the site (south of the Beattie Anomaly, Halbich et al., 
1983) (see Fig. 2) of intense thrusting and folding of the less 
competent crust (de Beer, 1983, Halbich, 1983). The site of the 
deformation of the Karoo Basin was therefore determined by 
the inherited structure. 

Karoo Sequence 

The correlation of the latest Carboniferous to Jurassic for-
mations of southern Africa is given in Figure 21 (Appendix 2), 
and shown in the time-space diagrams (Figs. 3, 7). In brief, 
deposition started in the latest Carboniferous (Gzelian or 290 
Ma) and continued through the Permian into the Early Tri-
assic; after a Middle Triassic lacuna, deposition resumed in 
the Late Triassic and Early Jurassic, and concluded with the 
widespread intrusion of dolerite and extrusion of basalt in the 
Early and Middle Jurassic. 

The major units in the Karoo Basin are now discussed in 
ascending order: Dwyka Formation, Ecca Group, Beaufort 
Group, Stormberg Group, and Drakensberg Group. 

Dwyka Formation. This account of the Dwyka Formation 
• 

Figure 6. Gondwana (Karoo) basins of Africa south of the Equator, 
with Malagasy and Falkland Islands in restored positions, showing 
distribution of Penman and Triassic (and younger) sediment and Ju-
rassic and Cretaceous lavas and intrusions. From de Wit et al. (1988), 
augmented by information on (1) position of Falkland Islands, as de-
tailed above; (2) distribution of Permian sediment (Frakes and Crow-
ell, 1970; Anderson, 1977, map 2; Kent, 1980; Truswell, 1980; 
Reimann, 1986), including coal measures (Ryan and Whitfield, 1979; 
Kreuser and Semkiwa, 1987); (3) distribution of Late Triassic sedi-
ment, including coal measures (Dingle et al., 1983; Visser, 1984); 
(4) the dolerite line in the Karoo Basin and Falkland Islands, f rom 
Figure 1; (5) Karoo magmatic events, lavas (circled numbers) and in-
trusions, according to Fitch and Miller (1984): 1—early events about 
204 ± 5 Ma, 2—major about 193 ± 5 Ma, 3—minor about 186 ± 3 
Ma, 4—major about 178 ± 5 Ma, 5—events about 165 + 5 Ma, 6 — 
about 150 ± 5 Ma, 7—about 137 + 5 Ma, post-Karoo Etendeka lavas 
about 120 ± 5 Ma; subsurface lavas (circled) in Mozambique f rom 
Dingle et al. (1983); and (6) Karoo and Zambezian tectono-sedimen-
tary terrains, f rom Rust (1975). Heterolithic breccias containing up to 
70% of basalt xenoliths occur at Kolonkwaren (KN), Prieska (PA), 
and Postmarburg (PG) (Eales et al., 1984, p. 3), and xenoliths sam-
pling the entire Karoo column above the Dwyka occur in the Kim-
berley (KY) pipe (Truswell, 1977). ZI marks the township of 
Zambesi in the Barotse Basin of western Zambia in the region of a 
subsurface occurrence of a 2-m-thick arkose and mudstone in which 
acritarchs of suspected early Paleozoic age were found (Reimann, 
1986). 
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is derived f rom the monumenta l work of J.N.J. V i s ser and co l -
leagues , as summarized in V i s ser (1979 , 1989, 1990) . 

The Cape Fo ld Be l t compri ses an easterly trending south-
ern branch and a northwesterly trending western branch that 
m e e t in the southwester ly trending syntaxis (Fig. 13A) . 
F o l l o w i n g mi ld uplift and eros ion during the Carboniferous la-
cuna, the Witteberg Group w a s d isconformably over la in by 

the D w y k a Formation a long the present southern crop o f the 
Karoo Basin. From east to wes t in the Southern Branch, the 
D w y k a Formation steps across the y o u n g e s t preserved Witte-
berg Group (Dirkskraal Formation) at W i l l o w m o r e (23°30 'E) 
d o w n 5 0 0 m o f stratigraphic relief to the top of the Waaipoort 
Formation at 2 3 ° 0 0 ' E and cont inues at this l eve l to T o u w s 
River; f rom here the l ine o f sect ion s w i n g s to north and south, 

; LATERAL 
© AXIAL 

FLUVIAL BRAIDED 

FLUVIAL MEANDERING 
FLOOD PLAIN 
± LACUSTRINE 

DEEP WATER FAN 
+ BASIN PLAIN 

SHALLOW BASIN * GLACIGENE MARINE 
INVERTEBRATES 

Figure 7. Distribution in time and space of latest Carboniferous, Permian, Triassic, and Jurassic lithostratigraphic units and environments, located 
on Figure 1 (line CE). Correlation from Fig. 21. Abbreviations: BP—Burgersdorp, BR—Balfour, CM—Collingham, CS—Clarens, D—Dwyka, 
DG—Drakensberg, EL—Elliot, ET—Estcourt, FB—Fort Brown, KG—Katberg, KP—Koonap, MN—Middleton, MO—Molteno, PA—Prince 
Albert, PG—Pietermaritzburg, R—Ripon, TG—Tierberg, VD—Vryheid, VT—Volksrust, WD—Waterford, WL—Whitehill. Stratigraphic 
columns of Figure 8, except IV and VI in the southwest part of the basin, located by fine broken line. Paleocurrents from the side (from data in 
Figs. 11-14) shown by arrow, southward in the Dwyka and Vryheid of the northern Karoo, northward elsewhere except along the axis (westward) 
in the upper Dwyka and the Estcourt (Botha and Linstrom, 1978); northwesterly wind in the Clarens Formation (Visser, 1984) shown by a circled 
dot. Upward-fining cycles 1 - 6 of Molteno Formation (Fig. 8, part IX) from Turner (1983, fig. 3). Folding, thrusting, and uplift of the Cape Fold 
Belt f rom Halbich et al. (1983, table 13.3). Localities projected into section are OU—Outeniqua Mountains, SG—Swartberg Mountains, 
SC—south crop, SC3—drillhole SC3/67, BW—Beaufor t West. 



Southern Africa 235 

and the Dwyka Formation steps down another 500 m of strati-
graphic relief to cross the Witpoort Formation (Loock and 
Visser 1985, p. 168). According to de Beer (1990, p. 585), 

Uppermost Witteberg units (Kweekvlei and Floriskraal Formations) 
occur below Dwyka tillite in two down-faulted grabens situated well 
into the Western Branch. . . . Erosion of upper Witteberg sediment 
apparently resulted from uplift of the basin rim to the north and south 
of the hinge-line of the early Karoo depository, or f rom a general 
lowering of sea level. The available field evidence is insufficient to 
prove uplift along a N-trending zone during post-Witteberg/pre-
glaciation times in the w e s t . . . . 

No evidence demonstrating independent folding of the Witte-
berg Group before erosion of its upper part, or before deposition of 
the Dwyka glacials, could be found in the Tankwa Karoo [west]. 
Dwyka tillite of the Swartruggens Mountain Range is folded about 
the same N W - S E axes displayed in the immediately underlying 
Witpoort Formation. This, together with the points made in the previ-
ous paragraph, removes the two cornerstones of the pre-Dwyka fold-
ing hypothesis. 

Farther south, at 19.5°E, 33.8°S, an outlier of the Dwyka 
and Ecca rests on the Witteberg (Fig. 1). To the north, the Dwy-
ka Formation steps across the Cape Sequence and the Namaqua-
Natal Belt to reach the Kaapvaal Province and beyond (Wopfner 
and Kreuser, 1986) in an expansion of deposition deep into the 
interior Karoo terrain to the present Equator (Fig. 6). 

The Dwyka Formation was deposited as a sheet of glacial 
sediment that thickened away from a ragged edge in the con-
temporary Cargonian Highlands, as indicated by the areas of 
basement overlapped by the Ecca Group (black on Fig. 11 and 
double line on Fig. 12), into the Karoo Basin on the south and 
southwest and into the Kalahari Basin on the north and west. 
The ice flowed westward into the Kalahari Basin and south-
westward (through or across the denuded Atlantic Mountains) 
into an inferred shallow sea. For the first time, sediment was 
shed to the northwest from an upland, probably from the rising 
folds of the Cape Fold Belt. In the Karoo Basin, the sediment 
merged with the drainage from the north in a westward axis. 
The Karoo Basin has a platform facies association in the south 
(70% massive diamictite, 22% bedded diamictite, and 8% 
mudrock), exemplified by Fig. 8A, part II, and a valley facies 
association in the north (21% massive diamictite, 37% bedded 
diamictite, and 42% mudrock, half of which contains ice-
rafted debris) (Fig. 8A, part I). A third facies association, gla-
cial debris reworked by water into breccia, conglomerate, and 
sandstone, represents deposition in upland areas by the re-
moval of fines. A sequence of nine sedimentation units in the 
southern part of the basin was deposited from ice lobes that 
flowed from the north, east, and south. Features of the ice 
lobes—grounded or afloat, level of sediment transport, and 
basal thermal condition—eventually controlled deposition. 

A vital control was sea level. Firm evidence of marine 
deposition (Table 1) is provided by the marine invertebrates 
(brachiopods, bivalves, cephalopods) of the Eurydesma zone 
in the basal Prince Albeit Formation (formerly called the up-

per Dwyka Shales) in the Kalahari Basin (localities a and b, 
Figs. 1 and 11). Marine microfossils (arenaceous foraminif-
erids, radiolarians, and sponge spicules) occur also in the 
Kalahari Basin, and in the Karoo Basin (topmost Dwyka For-
mation) at Douglas, locality c, correlated by McLachlan and 
Anderson (1973, p. 45) with the Kalahari Basin on the basis of 
Sakmarian fish (Namaichthys schroederi) and spores, in the 
Dwyka Formation of the Pietermaritzburg area (localities 
d l -3 ) , and with a shark at the boundary between the Dwyka 
Formation and Prince Albeit Formation at Zwartskraal (local-
ity f). The palaeoniscid fishes and coprolites (probably from 
sharks) associated with the invertebrates at Douglas are found 
alone in the topmost Dwyka Formation at Tankwa River (lo-
cality e), which is inferred to be marine. The familiar associa-
tion of glendonite concretions in the Eurydesma zone of 
Eastern Australia, as in the Woody Island Siltstone of Tas-
mania (Clarke and Forsyth, 1989, p. 298), is found also at 
Douglas (McLachlan and Anderson, 1973), although Eurydes-
ma has not been found. 

Possible marine indicators are the acritarch Mycrhystri-
dium at the base of the Dwyka Formation of the southwest 
Karoo (Anderson, 1977, p. 51-53). Geochemical research, 
however, indicates that "the geochemistry of the glacial and 
related rocks [organic carbon:total sulfur ratio, Fe:Mn ratio] 
does not give positive evidence for marine conditions in the 
Dwyka Basin . . . [except] the geochemistry of the mudrocks 
immediately overlying the glacial beds indicates marine condi-
tions which are confirmed by the palaeontology (Visser, 1989, 
p. 383). 

All this evidence suggests to us the following events: 
(1) During the Tastubian a single marine transgression or 

group of multiple transgressions (comparable to the 20 or so in 
the Quaternary) crossed the Karoo Basin from west to east 
during deposition of the topmost Dwyka Formation and the 
overlying basal Prince Albert and Pietermaritzburg Forma-
tions as a local manifestation of the glacioeustatic Eurydesma 
transgression (Dickins, 1984; Veevers and Powell, 1987); in our 
opinion, Visser's (1990) basal Prince Albert transgression is 
simply a component of the multiple Eurydesma transgression, 
which we regard as a single stepped rise of sea level in south-
ern Africa during the Tastubian. 

(2) Mudrock units traceable over distances of up to 400 
km and interpretable as interglacial deposits (Visser 1989, 
p. 381) were deposited in lakes, as depicted by Visser (1987, 
fig. 9), and not in the sea, as shown by the dotted lines in fig-
ure 6 of Visser (1989). 

(3) The rise of sea level corresponded to the disintegra-
tion of the ice sheets in the Gondwanaland province (Visser, 
1989, p. 387); the return of this melt-water to the ocean 
(glacio-eustatic) thus caused, at least in part, the sea-level rise. 
The transgression in the Karoo Basin was possibly augmented 
by concomitant subsidence of the shelf (Visser, 1991a), gener-
ated by the first extensional phase of Pangean history (Vee-
vers, 1990). 
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Figure 8 A - C (on the following three pages). Representative stratigraphic columns through the 
Karoo sequence showing lithology and depositional environment; symbols and abbreviations key 
beneath columns I and II. Thickness in meters. Columns located in the map (Fig. 1), cross section 
FG (see Fig. 10), and time-space diagram (Fig. 7). 

A: I. Northeast. Dwyka f rom Visser (1986) and Visser and Kingsley (1982), marine fossils 
f rom Table 1; Ecca Group: Pietermaritzburg (PG) and Vryheid, f rom Borehole 5 in Van Vuuren 
and Cole (1979). 

II. Southwest. Dwyka f rom Visser (1986, 1988); lower part of Ecca Group: Prince Albert 
(PA) and Whitehill (WL) f rom Visser and Loock (1978) and Cole and McLachlan (1991), who cor-
relate the Whitehill Formation with the upper Vryheid Formation. I and II represent deposition 
(Dwyka Formation) f rom a retreating ice sheet interrupted by at least one re-advance (Visser, 
1982), followed by suspension settling of argillite (Prince Albert/Pietermaritzburg) in the deglacial 
f looded basin (Visser, 1987), culminating in the deposition of carbonaceous shale (Whitehill) on an 
anoxic basin floor caused by the growth of cyanobacterial mats (Cole and McLachlan, 1991). In the 
northeast part of the basin, postglacial rebound of the source areas resulted in the progradation of a 
clastic wedge (Vryheid) (Van Vuuren and Cole, 1979). 

III. Northeast. Upper part of Ecca Group: Volksrust f rom Cadle and Hobday (1977), Visser 
and Loock (1978), and Van Vuuren and Cole (1979). Lower part of Beaufort Group: Estcourt f rom 
Botha and Linstrom (1978), Hobday (1978), and Tankard et al. (1982, p. 392). All f rom Borehole 
BE 1/66. Represents the second progradation (above the Vryheid/Pietermaritzburg couplet) in the 
northeast. 

B: IV. Southwest. Upper part of Ecca Group: Collingham (CM) f rom Viljoen (1993, unpub-
lished), Vischkuil and Laingsburg f rom Viljoen (1993, unpublished), Visser and Loock (1978) and 
Visser et al. (1980); Fort Brown f rom Visser and Loock (1978) and Visser et al. (1980); Waterford 
f rom Visser et al. (1980), Jordaan (1981), and Rubidge (1988), nonmarine bivalves f rom Cooper 
and Kensley (1984). This is a thick regressive sequence deposited in an initially deep trough or 
foredeep (Tankard et al., 1982, p. 379) that shoaled during the deposition of the Fort Brown and 
Waterford Formations. 

V. Southeast. Upper part of Ecca Group and base of Beaufort Group. Collingham and Ripon 
f rom Kingsley (1977, 1981) and Viljoen (in preparation); Fort Brown and Koonap f rom Kingsley 
(1977, 1981). A thicker f a d e s equivalent of IV. 

VI. Southwest. Beaufort Group. Abrahamskraal f rom Stear (1980, 1985), Jordaan (1981), 
Turner (1981), Rubidge (1988), and Cole and Wipplinger (1991); Teekloof f rom Stear (1980, 
1985), Turner (1981), and Cole and Wipplinger (in preparation). Initial progradation of fluvial de-
posits over a delta, followed by decreasing fluvial energy as a result of denudation of the source 
area (Turner, 1985). The fluvial channels range f rom low- to high-sinuosity (Stear, 1980, 1985) and 
the sandstones cluster into packages (Stear, 1980; Cole and Wipplinger, 1991). 

C: VII. Southeast. Middle part of Beaufort Group. Middleton f rom Visser and Dukas (1979) 
and Kingsley (1981); Balfour f rom Visser and Dukas (1979), Stavrakis (1980), Turner (1981), and 
Hiller and Stavrakis (1984). Similar to VI but the migration of the depositional system sourceward 
due to a decrease in fluvial energy has been interrupted by high-energy influxes at the base and 
near the top of the Balfour Formation (Visser and Dukas, 1979). 

VIII. Northeast. Upper part of Beaufort Group unconformably overlain by the Stormberg 
Group. Tarkastad f rom Botha and Linstrom (1978), Hiller and Stavrakis (1984), and Turner (1986); 
Molteno cycle 2 or Indwe Sandstone member f rom Eriksson (1984) and Turner (1983, 1986); Elliot 
f rom Eriksson (1985) and Turner (1986). Two northward influxes of fluvial sediments f rom episodes 
of tectonic uplift (Hiller and Stavrakis, 1984, p. 2). Each influx was followed by sourceward migra-
tion of the distal, fine-grained facies as the source area was progressively denuded. 

IX. Southeast. Upper part of Beaufort Group unconformably overlain by the Stormberg 
Group. Katberg f rom Visser and Dukas (1979), Stavrakis (1980), and Hiller and Stavrakis (1984); 
Burgersdorp from Stavrakis (1980) and Hiller and Stavrakis (1984); composite section of Molteno 
across southern outcrop, showing fining-upward sequences 1 -6 , f rom Turner (1975, 1977, 1983, 
fig. 3); Elliot f rom Visser and Botha (1980) and Tankard et al. (1982). Similar to VIII except the 
Molteno Formation contains coal at the top of coarse-grained facies that indicates at least three 
phases of provenance uplift (Turner, 1983). 

X. Northeast. Drakensberg Group and uppermost Stormberg Group. Clarens f rom Beukes 
(1970), Eriksson (1979), and Tankard et al. (1982, p. 397); Drakensberg f rom Lock et al. (1974), 
Tankard et al. (1982, p. 400), and Visser (1984). Deposition in a desert environment subject to 
ephemeral floods, followed by lava f lows that are interlayered with pyroclastics in the lower third 
of the Drakensberg. 
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Figure 11. Maximum glaciation (latest Carboniferous/earliest Permian, Gzelian and early 
Tastubian: 290-277 Ma) in the Kalahari Basin (north of 28°S) and the Karoo Basin (Dwyka 
Formation), and on the Falkland Islands (Lafonian Diamictite), f rom Visser (1987, fig. 9), and ad-
ditionally our interpretation of the Tastubian marine shoreline. Falkland Islands replotted f rom 
Mitchell et al. (1986). Shown are isopachs (m), the location (within the Cargonian Highlands) of 
uplands where younger rocks overlap the glacial deposits (solid), a westward axial ice f low (ar-
rows) during maximum glaciation when the ice sheet was still grounded around a marine embay-
ment (light dashed line) (Visser, 1989, fig. 6), and an early interglacial lake in the east (light dotted 
line). Coils indicate the location of Tastubian marine invertebrates at localities a and b in the Prince 
Albeit Formation (McLachlan and Anderson, 1973, 1975), at d of marine microfossils in the 
Dwyka Formation, at c and e of associated fossils, and at f of a shark with radiolarians and arena-
ceous foraminiferids, as shown also on Figure 1. Heavy dotted line indicates our interpretation of 
the maximum advance of the Tastubian shoreline, which, limited to the area of known marine fos-
sils, does not include the Falkland Islands. T l a , T i b , and T2 mark the location of tuff in the upper 
Dwyka Formation (277 Ma) (Table 2). The south crop is indicated by the heavy broken line. 

(4) The subsequent fall of sea level in the previously 
glaciated areas of Gondwanaland (Argentina, southern Africa, 
India, southern Australia) was due to isostatic rebound. 

Our conclusions, broadly in agreement with Visser's 
(1989, p. 387) history of the Karoo ice sheets, are as follows: 

(a) Grounded ice streams from the Cargonian Highlands 
in the north and from highlands in the south coalesced at the 
present latitude, 33°S, and flowed westward to a presumed 
shoreline along the present west coast (heavy broken barbed 
line in Fig. 11). 

(b) During at least two interglacials the basin axis was oc-
cupied by a lake (light dotted line in Fig. 11, after Visser, 
1987, fig. 9) or a marine embayment (dashed line in Fig. 11). 

(c) With the rise of sea level in the Tastubian, the ice 
sheet flowed through valleys on the southern flank of the 
Cargonian Highlands at a grounding line (heavy dotted line in 

Fig. 11) floating as an ice shelf over the basin axis, as sug-
gested also by Von Brunn and Gravenor (1983). 

(d) The rapid disintegration of the ice shelf and sheet was 
followed by an equally rapid isostatic rebound of the areas of 
formerly grounded ice and regression of the shoreline well 
past its original position somewhere in the west. 

(e) Deposition after the Dwyka Formation and basal Prince 
Albert and Pietermaritzburg Formations was mainly nonmarine. 
From time to time the water may have been brackish to form a 
layer beneath the surface freshwater (cf. the Caspian Sea, 
Yassini, 1987) as a holdover from the Dwyka/Prince Albert sea, 
as suggested by phosphatic nodules (Visser, 1991b) and glau-
conite in the Vryheid coal measures (Van Vuuren and Cole, 
1979, p. 109) and the geochemistry of mudrocks in the Ecca and 
Beaufort Groups (Marchant, 1978; Zawada, 1988; Visser, 
1989). But an effectively open connection with the world ocean 
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Figure 12 (on this and facing page). Early Permian (late Tastubian-Kalinovian: 275-255 Ma) Ecca 
Group. The double line denotes the northern feather edge of the Ecca Group that oversteps the 
Dwyka Formation to rest on basement. 

A. Lower Ecca (palynozones 2 and 3). Whitehill Formation (denoted by the solid line, 
McLachlan and Anderson, 1977; Cole and McLachlan, 1991) and Prince Albert Shale in west and 
south, and equivalent Vryheid Formation and Pietermaritzburg Shale in north and east. Heavy dot-
ted line denotes the southern limit of sand f rom the northeast and heavy broken lines the delta com-
plex lobes from the Witwatersrand Arch and the Eastern Highlands (Van Vuuren and Cole, 1979, 
p. 103, 110). Isopachs (m) f rom thicknesses of Whitehill Shale + Prince Albert Shale ("Upper 
Dwyka shales") and Pietermaritzburg ("Lower Ecca shales") + Vryheid Formation ("Middle Ecca") 
f rom Anderson (1977, chart 1), Winter and Venter (1970), and unpublished data f rom D. I. Cole, 
augmented by thicknesses of Whitehill and Prince Albert on south crop east of 26°E from Kingsley 
(1979, table 1), and of the presumed equivalent Black Rock member of the Falkland Islands 
(Frakes and Crowell, 1967, p. 41). Thickness of Whitehill Formation (80 m) at Worcester (W) out-
lier f rom Cole and McLachlan (1991). In the north only the first-order isopach trends are shown; 
details of the valley-fill geometry of the Vryheid Formation are given by Van Vuuren and Cole 
(1979, figs. 15 and 17). Paleoflow (stippled arrow) f rom paleocurrents (in north and east only) f rom 
Ryan and Whitfield (1979) shown by plain arrow, others by (a) Vryheid Formation (Taverner-
Smith, 1982), (b) Vryheid (Middle Ecca) deltaic deposits (Hobday, 1973), (c) Ecca Group 
(Whateley, 1980), (d) Vryheid Formation (Whateley, 1980), (e) Ecca Group (Hobday et al., 1975), 
(e') Vryheid, early f low W N W , later f low (e") eastward (Mason and Taverner-Smith, 1978). 

B. Upper Ecca (palynozone 4), comprising the interval between the Whitehill Formation and 
the Beaufort Group in the south (Waterford/Fort Brown/Ripon/Laingsburg/Vischkuil/Collingham), 
the Tierberg, Skorsteenberg, Kookfontein, and Koedoesberg Formations in the northwest, and the 
Volksrust Shale in the northeast. Isopachs (m) f rom thicknesses of palynozone 4 in Anderson 's 
(1977) chart 1, except for the south crop east of 26°E, f rom Kingsley (1979, table 1), and the 3,000-
m-thick sequence above the Lafonian Diamictite on the Falkland Islands, f rom Frakes and Crowell 
(1967). Paleocurrents f rom Ryan and Whitfield (1979) except (f) Ripon Formation and (g) Fort 
Brown Formation (Kingsley, 1979, 1981), and the six localities marked with a circle (Visser et al., 
1980), including two f rom subaqueous fans (heavy arrow), four f rom the lower delta plain (single-
tipped arrows), four f rom the upper delta plain (double-tipped arrow), and two f rom the undifferen-
tiated delta plain (triple-tipped arrow). The coil indicates the locality near Prince Albert of the 
nonmarine (NM) bivalves in the Waterford Formation (Cooper and Kensley, 1984). 
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ceased after the Tastubian, and southern Africa has remained 
above or beyond the sea to the present day, as shown by the lack 
of indubitably marine sediment. 

Three tectonic events took place during deposition of the 
Dwyka Formation: (1) Clast type and ice-flow direction indi-
cate that there was a change to the high ground ("proto fold 
belt") of the southern epiclastic provenance (Visser, 1993); 
this was a reversal of slope from that during Cape deposition. 
(2) The first juvenile volcanogenic material in the form of sili-
ceous tuff beds in outcropping mudrock appeared within di-
amictite of the upper Dwyka Formation of the south crop 
north of Klaarstrom, about 100 km south of Beaufort West 
(Table 2, la). This is the first sign in the Karoo Basin of the 
activity of the magmatic zone along the Panthalassan margin, 
presumably well south of the Cape Fold Belt, which itself 
lacks contemporaneous magmatic rocks. And (3) the first 
movements in the Cape Fold Belt were manifested in the 
Swartberg folding dated at 278 ± 2 Ma (Halbich et al„ 1983, 
table 13.3). These events (Figs. 3 and 7) foreshadow the sub-
sequent development of the orogen that delimits the southern 
edge of the Karoo structural basin. 

Ecca Group. This account of the Ecca Group is derived 
from data given mainly by Anderson (1977), Van Vuuren and 
Cole (1979), Anderson and McLachlan (1979), McLachlan 
(1973, 1977), Visser et al. (1980), Tankard et al. (1982), Cole 
and McLachlan (1991), and Cole et al. (1990). 

Following the collapse and melting of the Dwyka ice sheet 

and the concomitant marine transgression (probably due to a 
combination of shelf subsidence and glacio-eustatic rise in sea 
level), the formerly glaciated ground rebounded isostatically to 
form uplands. The Cargonian Highlands in the northeast (Fig. 
11) became the Witwatersrand Arch (Ryan and Whitfield, 
1979), and the Eastern Highlands persisted in the east (Fig. 
12A). The first folding of the Cape Orogeny, the Swartberg 
event, dated by the 278 ± 2 Ma recrystallization cleavage in the 
Cedarberg Formation (Halbich et al., 1983), probably took 
place during the deposition of the upper part of the Dwyka 
Formation (Fig. 7). The event was probably deep-seated be-
cause no major facies changes indicate uplift and shedding of 
sediment in the upper Dwyka and lower Ecca in the basin adja-
cent to the Cape Fold Belt. The basin stretched southward 
across the site of the Cape Fold Belt at least to the proto fold 
belt during Dwyka deposition, possibly as far as a magmatic 
belt along the Panthalassan margin (Visser, 1987, 1991b). It 
was not until the second, Outeniqua, folding event dated at 258 
± 2 Ma (Halbich et al., 1983) that the Cape Fold Belt became a 
major provenance for Karoo sediment, initially supplying the 
sand and mud of the upper Ecca Group. The lowermost part of 
the Ecca Group (Prince Albert, Whitehall, Pietermaritzburg, 
and Vryheid Formations) conformably succeeded the Dwyka 
Formation except in the northeast where the Vryheid Forma-
tion overstepped the valley-fill deposits of the Dwyka to rest 
directly on basement (double lines in Fig. 12A). 

The question of the marine or nonmarine character of the 
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Figure 13 (on this and facing page). A. Late Permian (Sosnovian and Tatarian) and Early Triassic 
(Scythian) (250-240 Ma) Beaufort Group. Isopachs (km) from drill-hole (circled dot) data (Winter 
and Venter, 1970, fig. 12, dolerite-free thickness) and inferred original thickness on southern outcrop 
(filled circle) from Rowsell and de Swardt (1976, p. 84). Tetrapod zones west of 26°E and south of 
31°S from Keyser and Smith (1979), rest f rom Kitching (1970), whose terminology is retained: 
TAP-Tapinocephalus, CIS-Cistecephalus, DAP-Daptocephalus, LYS-Lystrosaurus, CYN-Cyno-
gnathus. Paleocurrents, f rom Cole and Wipplinger (1991), are moving averages for each 1° x 1° 
square progressing in steps o f t h e vector means were calculated f rom 13,000 readings taken prin-
cipally from Theron (1975) and augmented f rom Botha and Linstrom (1978), Cole (1980), Hiller 
and Stavrakis (1980), Kingsley (1970, 1979), Kingsley and Theron (1964), Stavrakis (1980), Turner 
(1978, 1986), and Visser and Dukas (1979), together with unpublished data f rom D. I. Cole and vari-
ous theses and reports. Single arrows show range of paleocurrent directions in each of domains 1 - 3 
(areas of overlap shown by broken and dotted lines) and in enclaves a and b; broad arrows show the 
general direction of sediment transport. Deformation front of Cape Fold Belt (heavy line) during 
Beaufort deposition (and deformation) about the southwestern (SW) syntaxis f rom Sohnge (1983), to 
the east (with dates) f rom Halbich et al. (1983), and on the Falkland Islands f rom Adie (1952a). Dot-
and-dashed line marks foot of highlands. Rudites (circles) in the Katberg Sandstone on the coast near 
28°E and in the Belmont Sandstone near the Mooi River f rom Theron (1975, p. 65). The ash-flow 
tuff at T24 and T25 probably had a local volcanic source in the northern Karoo Basin. All others had 
a southern source. 

B. Total isopachs (km) of the Dwyka Formation and Ecca and Beaufort Groups, summed f rom 
Figs. 11, 12, and 13A. Also shown are the dolerite line (dotted, f rom Fig. 1), the boundary between 
the Cistecephalus (CIS) and Tapinocephalus (TAP) zones (from part A), approximating the bound-
ary between the Teekloof and Abrahamskraal Formations in the west and the Middleton and Koonap 
Formations in the east, and the Great Escarpment (barred line, f rom Dingle et al. 1983, fig. 169). 
BW—Beaufor t West (township). 

Ecca Group above its marine base is not resolved, and we pre-
sent the evidence now before continuing the description. From 
a review of the fossils in the Ecca Group, McLachlan (1973, 
p. 10) concluded that the water in which the Ecca was de-
posited "was normally fresh. Certain lines of evidence (the 
glauconite bands, spinose acritarchs and sponge spicules) sug-
gest that the water was at times saline, but the lack of recog-

nizable marine faunas indicates that a connection with the 
oceans was unlikely." The only indubitably marine inverte-
brate recorded from the Ecca Group, an ammonite said to have 
been from the Vryheid coal measures, was shown to be 
grossly displaced (McLachlan, 1977). As related above, the 
marine invertebrates in the upper Dywka Formation and basal 
Prince Albert Formation constitute the only convincing evi-
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dence of a Permian sea in southern Africa. The water in the 
later Ecca basin, after the withdrawal of the sea at the end of 
the Tastubian, may have been brackish to form a dense layer 
beneath the surface fresh water, and this would reconcile 
Marchant's (1978) conclusion that the concentration of Ni, Zn, 
and Cu in organic separations of the Ecca shale favors deposi-
tion in saline water. Zawada (1988) used the concentration of 
Rb, B, V, and Cu, and adsorbable Mg2+ and Ca2+ to show that 
the Ecca Group mudrocks were probably deposited in fresh or 
brackish water. According to Van Vuuren and Cole (1979, 
p. 109), the glauconite in the Ecca Group is confined to the 
transgressive top of two of the regressive cycles (B2 and C) of 
the Vryheid Formation in the 1-m thick poorly sorted sand-
stone on top of fluvial sandstone. They cite another occurrence 
of glauconite in South Africa in the soil and calcrete of mod-
ern salt pans, in a setting possibly comparable with the occur-
rence of casts of gypsum in the dolostone of the Whitehill 
Formation (McLachlan and Anderson, 1977, p. 93). The es-
sential paleogeographic distinction is between the marine and 
nonmarine realms. Saline water is not uniquely marine, as sig-
nified by the term salina for a class of lake, but freshwater is 
uniquely nonmarine. 

We believe that the water of the Ecca basin was brackish 
to fresh except in the northeast, where the fluvial parts of the 
Vryheid Formation were wholly fresh. Later, as a result of the 
shrinking of the basin due to uplift along the Cape Fold Belt 
and an influx of deltaic sediment, the environment became en-
tirely nonmarine. In the southwest, the nonmarine sediments 
form the uppermost units of the Ecca Group: the Koedoesberg 
and Waterford Formations (Fig. 9). The Waterford Formation 

contains endemic freshwater or nonmarine bivalves (Cooper, 
1979; Cooper and Kensley, 1984). Cooper (1979) and Cooper 
and Kensley (1984) pointed out the connection with the non-
marine fauna of the Estrada Nova Formation of the Parana 
Basin of South America, which was deposited in an isolated 
body of brackish water likened by Runnegar and Newell 
(1971) to the Caspian Sea, a vast lake filled with fresh to 
brackish water, and isolated from the ocean. In the northern 
Caspian Sea, fresh surface water from the Volga delta flows 
over the brackish lake water to form a permanent stratifica-
tion, and the deeper (>800 m) floor in the central and southern 
parts is anoxic (Yassini, 1987, fig. 5, table 1). 

The Ecca Group is divided into lower and upper sequences. 
The lower sequence comprises the Prince Albert, Whitehill, 
Pietermaritzburg, and Vryheid Formations; the upper comprises 
the Collingham, Vischkuil, Laingsburg, Ripon, Fort Brown, 
Tierberg, Volksrust, Skoorsteenberg, Kookfontein, Koedesberg, 
and Waterford Formations (Figs. 7 and 9; Kent, 1980, fig. 7.3.3). 

Lower Ecca. In the Sakmarian and Artinskian palyno-
zones 2 and 3 (see Fig. 21 in Appendix 2), the lower Ecca se-
quence of shale was deposited over the Dwyka Formation in 
an initially shallow marine and then a shallow brackish-water 
basin (Visser, 1991b). In the south the shale is called the 
Prince Albert Formation. It is overlain by the 50-m-thick 
white-weathering ("white band") pyritic and carbonaceous 
Whitehill Formation with occasional chert lenses (Fig. 8A, 
part II; Cole and McLachlan, 1991), with its age in the Meso-
saurus zone. The Whitehill Formation extends north-north-
westward through the Warmbad and Kalahari basins (Fig. 
12A) to South America where it is called the Irati Formation 
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Figure 14. A. Late Triassic-Early Jurassic (Carnian-Pliensbachian: 
230-193 Ma) Stormberg Group and equivalents, and overlying vol-
canics (outlined by parallel full and dotted lines), f rom Visser (1984, 
figs. 13 and 20). Sediment thickness (m) at encircled dots is greatest 
at 2500 m in the Gwenbe district of Zambia in front of the paleo-
scarp of the Choma-Kalomo granitic ridge (Taverner-Smith, 1962; 
Rust, 1975). Disconformably underlying rocks are Beaufort equiva-
lent (BT), Ecca (EC), Dwyka (DW), and Precambrian (++). Source 
areas are ruled. In the recess between the Cape Fold Belt and Eastern 
Uplands, fluvial facies belts thin downslope f rom upper alluvial fans 
(not preserved, f rom Turner, 1983, fig. 7) through lower braid fans 
(northern limit of prograding cycle 2 or Indwe Sandstone Member of 
the Molteno Formation) to meander plains (Elliot Formation), which 
retrograded 300 km southward during Molteno cycle 6. Isopachs (m) 
in the Lesotho region from Dingle et al. (1983), and major lines of 
fluvial sediment transport f rom Figure 14B. Solid dots in Molteno 
outcrop indicate clasts >30 cm long, including the 75-cm block of 
Witteberg quartzite (Table 5) near Molteno township (M). K—Kango 
inlier with a retrogressive metamorphic date of 215 ± 3 Ma. K Y — 
Kimberley. Other lobate fluvial systems from east and north, f rom 
Visser (1984). Broad broken arrows indicate pattern of the winds 
f rom which the Clarens Formation (Beukes, 1970) and equivalents 
(Visser, 1984, fig. 18) were deposited. 

B. Late Triassic (Carnian-early Norian) Molteno Formation ex-
posed within the Lesotho mesa. Isopachs (m) and mean maximum 
length of clasts >30 cm (dot) f rom Turner (1984) and vector mean 
cross-bedding azimuths for 89 sample sectors (5,800 measurements 
at 540 localities) and derived sediment transport pattern, f rom Turner 
(1977). MN—Mngazana , an isolated outcrop of Molteno Formation 
(Dingle et al., 1983, fig. 108). 

C. Late Triassic (late Norian) Elliot Formation exposed within 
the Lesotho mesa. Isopachs (m) f rom Dingle et al. (1983, fig. 16B). 
Paleocurrents in northeast (vector means of 63 measurements at 9 lo-
calities) f rom Eriksson (1985) and elsewhere (about 500 measure-
ments at 22 localities) f rom Botha (1967), indicating a pattern of 
sediment transport (broad arrows) f rom the south-southeast. 

(Anderson and McLachlan, 1979). In the northeast, the basal 
shale is called the Pietermaritzburg Formation, and it is over-
lain by a regressive-transgressive fluvio-deltaic wedge called 
the Vryheid Formation (Fig. 8A, part I). The productive coal 
measures of the Karoo coal province (Hobday, 1987) were de-
posited on the delta plain of this delta complex. In parts of the 
north, the Vryheid Formation itself steps across both Pieter-
maritzburg Shale and the Dwyka Formation to rest on base-
ment and drapes the original Dwyka glacial valleys (Van 
Vuuren and Cole, 1979, figs. 15 and 17). Van Vuuren and 
Cole (1979) recognize eight individual cycles of delta progra-
dation that shale out by the dotted line in Figure 12A. We in-
terpret the paleocurrents as showing two overlapping delta 
complexes. The one in the northwest was sourced from the 
Witwatersrand Arch and is no thicker than 250 m. The com-
plex in the east was sourced from the Eastern Highlands and is 
at least 1,000 m thick along an axis located on the present 
coastline in the position of the former Natal trough of the Cape 
Supergroup. "The abundance of coarse-grained clastics, the in-
crease in the total sand content of the Vryheid Formation and 

the increase in the number of recognisable cycles of sedimen-
tation toward the east indicate that the Eastern Highlands were 
a much more active source than the Witwatersrand Arch" 
(Van Vuuren and Cole, 1979, p. 110). 

Southwest of the line of shale-out (Fig. 12A), the Prince 
Albert and the Whitehill Formations together thin to <100 m 
toward the southeast and in a smaller area to the southwest, with 
the thickest sequence (333+ m) in the west-north-west. Var-
iations in thickness are due partly to the diachronous contact be-
tween the Dwyka and Prince Albert Formations. The mud at the 
base of the Prince Albert Formation was deposited from suspen-
sion as the distal part of the glacigenic sediment deposited from 
tidewater glaciers (Visser, 1982, 1989). The thin sequence in the 
southwest coincides with the Cape Fold Belt syntaxis, inter-
preted by de Beer (1990) as a basin swell that rose during the 
first (278 ± 2 Ma) folding event. A similar situation may have 
applied in the corresponding syntaxis centered on the restored 
Falkland Islands (Fig. 12A). The overlying Whitehill Formation 
thickens to 70 m in the west-north-west and to 80 m in the out-
lier near Worcester (Cole and McLachlan, 1991), and both 
trends presumably extended to the proposed South Atlantic em-
bayment that connected the Karoo and Paraná Basins (Oelofsen 
and Araujo, 1987). 

Upper Ecca. During palynozone 4 (Fig. 12B), the situa-
tion was reversed. Thick sandy sediment came wholly from 
the south and west, and the northeastern area of the former 
Vryheid delta complexes was covered by a shale (Volksrust 
Formation) that wedged out to the northeast. By the end of 
Ecca deposition, the brackish lake was almost filled with sedi-
ment to become the broad fluvial plain of the Beaufort Group 
(Smith, 1990). 

In the south and west, the Upper Ecca comprises regres-
sive deposits that grade upward through deepwater (<500 m) 
(Visser and Loock, 1978) subaqueous fans to a delta complex 
(Cole et al., 1990; Kingsley, 1981). In the southwest (Fig. 8B, 
part IV), the formations in ascending order are the Colling-
ham, 60 m of interlaminated tuffaceous siltstone and shale; the 
Vischkuil, 250 m of shale, siltstone, and sandstone of the basin 
plain and outer fan; the Laingsburg, 400 m of almost equal 
amounts of shale and sandstone of the middle fan; 500 m of 
the Fort Brown, deposited in a shallow basin and pro-delta 
plain; and the Waterford, 250 m of delta-front and pro-delta 
sandstone and shale that contains nonmarine endemic bi-
valves. In the southeast (Fig. 8B, part V), the Upper Ecca, al-
most twice as thick as it is in the west (Fig. 12B), comprises 
the basin-plain Collingham Formation, the outer-middle fan 
Ripon Formation, and the outer-deltaic Fort Brown Formation. 
A third regressive sequence is present in a smaller area in the 
western part of the basin. It comprises the basin-plain Col-
lingham and Tierberg Formations, which are overlain by 200 
m of sandstone and shale corresponding to the subaqueous fan 
Skoorsteenberg Formation, in turn succeeded by rhythmically 
bedded, pro-delta mudrock of the Kookfontein Formation, and 
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T A B L E 1. F O S S I L I N D I C A T O R S O F M A R I N E A N D N O N M A R I N E E N V I R O N M E N T S 
I N T H E K A R O O A N D N E I G H B O R I N G B A S I N S 

Indicator Reliability Formation/Group Locality* Reference1' 

MARINE ENVIRONMENTS 

Marine invertebrates High Prince Albert a W. Kalahari 1 
(formerly Dwyka Shales) b Warmbad 1 

Marine microfossils High Dwyka d1 Ashburton 2 
d2 Tugela Rand 2 
d3 Mkomazi 2 

Fish, coprolites Low Topmost Dwyka C Douglas 2 
e Tankwa R. 2 

Shark, marine microfossils High Ecca/Dwyka f Zwartskraal 3 

Acritarchs Low Basal Dwyka S Karoo 1 
Vaal R. 4 

Glauconite Low Ecca (Vryheid) northeast 4 

NON-MARINE ENVIRONMENTS 
Nonmarine bivalves High Waterford Prince Albert 5 

'Letters refer to designations used in Figure 11. 
"1 = McLachlan and Anderson, 1973; 2 = Von Brunn and Gravenor, 1983, p. 203; 3 = Oelofsen, 
1986; 4 = Anderson, 1977, p. 51; 5 = Cooper and Kensley, 1984. 

finally by delta-front and delta-plain sandstone of the Koe-
doesberg Formation (Fig. 9; Cole et al., 1990, p. 6). 

The Upper Ecca Group represents the first pulse of thick 
sediment shed into the foredeep from the rising proto-Cape 
Fold Belt, which underwent a second deformation, the Out-
eniqua folding, at 258 ± 2 Ma (Hablich et al., 1983, table 13.3) 
toward the end of Ecca deposition. Folding probably began ear-
lier than its climax (de Beer, 1991) during rapid subsidence of 
the shallow floor of the Whitehill basin. With continued sub-
sidence outstripping deposition, the foredeep reached a maxi-
mum depth of about 500 m during the deposition of the 
subaqueous fans (Visser and Loock, 1978). The isopachs now 
parallel the strike of the Cape Fold Belt, with the thickest 
known section near the coast and on the Falkland Islands, inter-
preted as lying at the immediate foot of the Cape Fold Belt. In 
the west, sediment was transported down an east-north-east-
ward paleoslope. A Tankwa sub-basin was separated from a 
southern Laingsburg sub-basin by a basin-floor swell located 
along the line of the Cape Fold Belt syntaxis (Cole et al., 1990, 
p. 6; de Beer, 1990). Sediment in the Tankwa sub-basin was 
probably derived by consequent drainage down the flank of the 
resurgent Atlantic Mountains that expanded eastward to the 
Western Branch of the Cape Fold Belt (de Beer, 1990). Across 
the syntaxis in the Laingsburg sub-basin and the rest of the 
foredeep, sediment was derived by consequent drainage from 
the Southern Branch of the Cape Fold Belt (Fig. 12B). The 
Atlantic Mountains temporarily interrupted or restricted the 

previous Tastubian upper Dwyka/basal Prince Albert marine 
and Artinskian Lower Ecca brackish-lacustrine connection be-
tween southern Africa and South America. A connection was 
restored during the growth of the early Kazanian Waterford-
Estrada Nova lake with its endemic bivalves. 

Beaufort Group. This account of the Beaufort Group is 
derived from data given mainly by Anderson (1977), Tankard 
et al. (1982), Dingle et al. (1983), Cole and Wipplinger 
(1991), and the works of B. R. Turner that are listed in the 
References Cited section. 

Following the filling of the Ecca basin by deltas that pro-
graded initially southwestward from the northeast and then 
northward from the south, a much greater volume of sediment 
from the faster rising Cape Fold Belt prograded diachronously 
northward in rivers that flowed across the floor of the former 
brackish to freshwater basin down a 500-km-long piedmont 
flank into a westward-sloping axis of sediment transport (Fig. 
13A). During 15 million years of deposition, the piedmont 
wedge reached an estimated thickness of 6 km at the south 
crop. The rapid northward thinning of the Beaufort Group is 
effected by a combination of younging of the Ecca/Beaufort 
boundary and deeper erosion of upper Beaufort strata before 
deposition of the Late Triassic Molteno Formation (Fig. 7). 
The mud and sand are commonly red, due to the well-drained, 
hence highly oxidized, fluvial slope on which they were de-
posited as well as to the onset of a warmer and seasonal global 
climate. The related poverty of palynomorphs—Anderson 
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TABLE 2. VOLCANIGENIC MATERIAL IN THE TASTUBIAN TO SCYTHIAN PART OF THE KAROO BASIN 
INDICATING COEVAL DISTAL VULCANICITY EXCEPT THE PROXIMAL 24 AND 25* 

Unit Locality Material Reference 

27. Burgersdorp Herschel Laumontite Fuller, 1970 
Burgersdorpt Bf 21 44% 
Katberg Bf 2 48% 
Balfour Bf 16,17, 20 84% 
Middleton Bf 7, 8 72% 
Koonap Bf 10 61 % 

26. Lower Beaufort SW Karoo i. Shards Ho-Tun, 1979 
(Teekloof, Abrahamskraal) ii. Sand-sized clasts of alkaline 

trachyte 
iii. Drop-like bodies of trachyte 
iv. Volcanic quartz 
v. Laumontite Turner, 1978 

25. Lower Beaufort Blydschap near Frankfort Ash-flow tuff with pumice lapilll Keyserand Zawada, 1988 
24. Lower Beaufort Oranje near Heilbron Ash-flow tuff Keyser and Zawada, 1988 
23. Lower Beaufort SW Karoo (a) Shards Le Roux, 1985 

Adelaide Edenburg (b) Shards Le Roux, 1985 
Subgroup 
Waterford E3 50% 
Ripon E2,5 56% 

22. Base of Beaufort Prince Albert Road Shards in silicified tuff Martini, 1974 
21. Fort Brown Geelhoutboom Crystal (plagioclase) tuff Lock and Johnson, 1974 
20. Fort Brown 13 km N of Wolwefontein Shards In felsitic groundmass (SA 10) Appendix 1; Figure 20D 
19. Base Collingham Remhoogte Shards plus volcanic quartz 

Shards (SA 15) 
Elliot and Watts, 1974 
Appendix 1, Figure 20B 

18. Base Collingham Ecca Pass Shards (SA 7a) Appendix 1, Figure 20C 
17. Base Collingham Remhoogte Tuff (SA 14c) Appendix 1; Figure 20E 

Matjiesfontein chert 
16. Base Volksrust SW1/67 Tuff (K-bentonite) Vlljoen, 1990 
15. Base Volksrust BE1/66 Tuff (K-bentonite) Vlljoen, 1990 
14. Base Tierberg Hopetown Altered tuff (illite-mont. claystone) McLachlan and Jonker, 1990 
13. "Volcanic interval" in South Crop Shards, metabentonite Lock and Wilson, 1975 

Collingham 
12. Whitehill Hopetown Altered tuff (illite-mont. claystone) McLachlan and Jonker, 1990 
11. Whltehill KL1, Hopetown Shards In crystal tuff McLachlan and Jonker, 1990 
10. Whitehill Remhoogte Shards (SA 16a) Appendix 1, Figure 20A 
9. Whitehill South Crop Shards In dolostones McLachlan and Anderson, 1977 
8. Base Beaufort to top of South Crop Ash beds plus laumontite Martini, 1974 

Prince Albert 
7. Tierberg to Prince Albert HG1 Tuff (K-bentonites) Viljoen, 1990 
6. Prince Albert ("Upper OL1/69 "Volcanoclastic material" Rowsell and de Swardt, 1976, 

Dwyka Shales") p. 121 
5. Prince Albert D731 Shards in ash beds McLachlan and Jonker, 1990 
4. Prince Albert EP1 Shards In claystone McLachlan and Jonker, 1990 
3. Pletermaritzburg Koppies Altered ash (mont. claystone) Schmidt, 1976 
2. Laingsburg-Prince Albert Lalngsburg Tuff beds (K-bentonite) Vlljoen, 1990 
1 b. Vlschkuil-upper Dwyka QU1/65 Tuff beds (K-bentonite) Viljoen, 1990 
1a. Upper Dwyka Klaarstrom Tuff beds (K-bentonite) Viljoen (1993, unpublished) 

'Arranged In stratigraphie order. Located in Figures 1, 7, and 21, and Illustrated in Figure 20. 
"•"Supplementary data (bold), from Johnson, 1991, Table 2, are selected from those southeastern Karoo Basin sandstones with >44% volcanic 
rock fragments (Fig. 15C). Whether these fragments are derived from juvenile (coeval) pyroclastlcs or from ancient (pre-Permian) volcanic 
rocks is unknown, and their inclusion here as pyroclastics Is tentative. 
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(1977) was unable to zone the Early Triassic upper part of the 
Beaufort Group because it yielded few palynomorphs—is com-
pensated for by the diversity and abundance of tetrapods, 
which are grouped into five zones (Fig. 13A). The Beaufort 
Group is exposed over the entire Karoo Basin except in 
Lesotho where it is covered by the Stormberg Group, and this 
large outcrop has provided the wealth of paleocurrent vectors 
shown in Figure 13 A. It extended also northwest at least as far 
as the Finsch mine, 140 km west-northwest of Kimberley, as 
indicated by xenoliths in a kimberlite pipe (Visser, 1972). The 
Beaufort Group is subdivided into two parts: the Adelaide 
Subgroup of greenish gray and grayish-red mudstone and 
sandstone overlain by the Tarkastad Subgroup with more 
sandstone and red mudstone (Kent, 1980, p. 538). 

Adelaide Subgroup. In the southwest (Fig. 8B, part VI), 
the Waterford delta is succeeded by the fluvial channel and 
flood basin deposits of the Abrahamskraal and Teekloof For-
mations. The channels, which contain uranium (Ryan and 
Whitfield, 1979), range from low- to high-sinuosity, and the 
fluvial energy decreases upward due to denudation of the 
source area (Turner, 1985). In the southeast (Fig. 8A, parts V 
and VII), the Fort Brown delta is continued upward by the 
Koonap Formation and then succeeded by the fluvial Mid-
dleton Formation and Balfour Formation, which is punctuated 
by the coarse influx of braided channels at the base. In the 
northeast (Fig. 8A, part III), the lacustrine Volksrust Shale is 
succeeded by the Estcourt Formation of deltaic sediment, in-
cluding thin coal measures (unique in the Beaufort), capped by 
fluvial-lacustrine sediment (Tankard et al„ 1982, p. 393-394). 

Tarkastad Subgroup. The Tarkastad Subgroup corre-
sponds to the Early Triassic Lystrosaurus and Cynognathus 
tetrapod zones. A strong pulse of fluvial braided channel sand-
stone is represented by the 500-1,000-m-thick proximal Kat-
berg Formation in the southeast (Fig. 8C, part IX) (Hiller and 
Stavrakis, 1980, 1984) and 100-m-thick distal Belmont For-
mation in the northeast (Figs. 7, 8C, part VIII), overlain by the 
fluvial meandering-channel Burgersdorp Formation and flood 
basin-lacustrine Otterburn Formation, the tops of which are 
exposed at the low-angle unconformity at the base of the Late 
Triassic Molteno Formation. The pulse is concomitant with 
folding and thrusting along the front of the Cape Fold Belt, in-
volving older Beaufort strata, and dated by Halbich et al. 
(1983) as 247 ± 3 Ma (latest Permian) (Fig. 7). 

Paleocurrent analysis. The paleocurrent vectors were 
measured from the exposed parts of the Beaufort Group that 
range through five tetrapod zones (Fig. 13A). The vectors 
have been grouped into three domains of uniform trend: (1) a 
large N to NNW domain covering the entire outcrop except 
the extreme west and north, centered on the Cynognathus zone 
and sampled from all five zones, with an enclave (a) with SW 
trend on the northwest; (2) a small NE domain in the west, 
sampled from the Tapinocephalus and Cistecephalus zones, 
with a small area (b) of SE-E trend on its northern edge, re-
stricted to the Tapinocephalus zone; and (3) a small WNW-W-

WSW domain in the far north, from the Daptocephalus and 
Lystrosaurus zones, with an enclave (c) of southerly trend in 
the extreme north (Keyser and Zawada, 1988). The paleocur-
rent patterns apply to specific units or groups of units within 
the Beaufort Group. The southeastern domain 1, encompass-
ing the entire Beaufort Group from the Koonap Formation to 
the Burgersdorp Formation (Fig. 7), has a consistent northerly 
paleocurrent. The paleoslope arrows radiate from a focus near 
the proposed southeastern syntaxis of the Cape Fold Belt as do 
those of domain 2 from the southwestern syntaxis (de Beer, 
1990). The syntaxes reflect the intersections of the pre-Cape 
(1.0-0.5 Ga) basement trends of the east-west Saldanian strike 
with the southwesterly Natal-Mozambiquean strike on the 
east, and with the southeasterly strike of the Gariep trend on 
the west (Fig. 5, inset). During deposition of the Beaufort 
Group, the Saldanian trend was paralleled by the growing 
Cape Fold Belt of the Outeniqua folds and the deformation 
front, which incorporated previously deposited Karoo sedi-
ment up to the Adelaide Subgroup. The Natal trend is pa-
ralleled by the Cape Meredith-Mapumulo trend, which is 
identified as a resurgent Eastern Highlands (Fig. 12A). The 
Mapumulo Group of the Natal Metamorphic Province, about 1 
Ga old, is specifically identified as a proximal source of the 
angular to subrounded clasts (<19 cm across) of garnetiferous 
gneiss, red granite, milky quartz, and large microclines in the 
Belmont Formation at Mooi River (circles) (Theron, 1975). To 
the south-south-east, the Falkland Islands are specifically 
identified as a proximal source of the Katberg Formation near 
East London (circles), which contains pebble clasts (<12 cm 
across) of lignite and silicified wood (from the Devonian or 
Permian or both) and a distal source of the gneiss pebbles 
(from the 1 Ga Cape Meredith gneiss). The Gariep trend is 
paralleled by the Western Branch of the Cape Fold Belt (de 
Beer, 1990), which is identified as the resurgent Atlantic 
Mountains (Fig. 12B). The source of paleocurrent domain 2 
was probably the Baviaanshoek and Hex River anticlinoria of 
the southwestern syntaxis, and that of enclave b the more dis-
tant northwest (de Beer, 1990). 

In the northernmost part of the basin, the west-trending 
arrows of domain 3 are interpreted as showing sediment fun-
neled through a gap or saddle in the Eastern Highlands along 
an axial paleoslope parallel to the Mapumulo piedmont and at 
a high angle to the flank slope of the Cape piedmont. This 
entry point of sediment from the east echoes the situation that 
pertained during deposition of the Lower Ecca Group (Fig. 
12A). Another echo, of the Lower Ecca drainage axial to the 
Witwatersrand Arch (Fig. 12B), is the southerly drainage in 
enclave c. The southwesterly drainage in enclave a spans the 
Daptocephalus zone and probably part of the Lystrosaurus 
zone in the central and southern Orange Free State (Kingsley 
and Theron, 1964). This drainage system was responsible for 
the deposition of coarse arkose derived from an intrabasinal 
upland of Precambrian granite and sedimentary inliers. Coarse 
arkose of the southwesterly drainage interfingered with fine-
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grained sandstone of the major N to NNW drainage (Kingsley 
andTheron, 1964). 

Summary of the lower Karoo Sequence. The lower part of 
the Karoo Sequence—the Dwyka, Ecca, and Beaufort—was 
deposited continuously during the Permian and Early Triassic. 
The cross-sectional wedge shape of the lower Karoo (Fig. 
13B) has two parts: (1) a steep inclined part, at most 250 km 
long, from the 10-km isopach at the front of the Cape Fold 
Belt at about 33°S to the 3-km isopach, and thence (2) a low 
inclined part, at least 500 km long, from the 3-km to the 1-km 
isopach. The steep part of the wedge is the foredeep of the 
foreland basin, seen in section in Fig. 2, south of QUI/65 in 
AB, and south of WEI/66 in CD. 

The upper part of the sequence—the Stormberg Group 
(Molteno, Elliot, and Clarens Formations) and the Drakens-
berg Group—is separated from the lower Karoo by a lacuna 
that occupies the entire Middle Triassic. The disconformity 
between the lower and upper Karoo is underlain by the Tar-
kastad Subgroup that ranges from the Cynognathus zone over 
most of the area (Burgersdorp Formation; Welman et al., 
1991) to the Lystrosaurus zone in the extreme north (Otter-
burn Formation); it is overlain by successively younger cycles 
of the Molteno Sandstone so that the Indwe Sandstone Mem-
ber, the second cycle in the south, oversteps the Cynognathus 
zone to rest on the Lystrosaurus zone in the north (Dingle 
et al., 1983, fig. 20) (Fig. 2, CD; Fig. 7). An epeirogenic uplift 
brought all southern Africa (including the axis of the Karoo 
Basin) above base level to produce the Middle Triassic lacuna 
by erosion down to the Lystrosaurus zone. At the end of the 
Middle Triassic (230 ± 3 Ma), the Cape Fold Belt was de-
formed for the last time by listric thrusting and folding 
(Halbich et al., 1983). At about this time, its piedmont was de-
pressed below base level at about 32°S to resume deposition in 
the form of the initial formation of the Stormberg Group, the 
Carnian (230-225 Ma) Molteno Formation. 

Stormberg Group. This account of the Stormberg Group 
is derived mainly from data given by Rust (1975), Dingle et al. 
(1983), Visser (1984), and Turner (1977,1983, 1984). 

The relaxation of the Middle Triassic plateau uplift by de-
pression of the region north of the terminally deformed Cape 
Fold Belt along an axis at the Tropic of Capricorn resulted in 
the deposition of the Stormberg Group in lobes of fluvial 
(Molteno and Elliot Formations) and eolian-lacustrine (Clar-
ens Formation) sediment (Fig. 7). 

Molteno and Elliot Formations. The Molteno Formation, 
dated as Carnian-early Norian from its megaflora (Anderson 
and Anderson, 1983), disconformably overlies the Beaufort 
Group above the Middle Triassic lacuna and is conformably 
overlain (and in the north overstepped) by the Elliot For-
mation. The following description is drawn from Turner 
(1983). Of the six fining-upward cycles of the Molteno For-
mation (Fig. 8C, part IX), the first prograded some 100 km 
northward of the southern edge of outcrop; the second, called 
the Indwe Sandstone Member, prograded at least to the north-

ern edge of outcrop (Fig. 8C, part VIII); the remaining cycles 
3-6 receded toward the southern edge (Fig. 7) and are fol-
lowed by the downslope facies equivalent, the Elliot 
Formation, which itself finally receded southward beyond the 
southern edge to replace the entire Molteno Formation. The 
Molteno and Elliot Formations thin northward individually 
(Fig. 14B and C) and collectively with the Clarens Formation 
as the Stormberg Group (Fig. 14A). The marked thinning of 
the Molteno Formation north of 30°S is due to the wedge-out 
of the northward extensive Indwe Sandstone Member. 

A typical fining-upward sequence of the Molteno Forma-
tion comprises, from the base upward: 

(1) A mainly matrix-supported conglomerate set in a peb-
bly very coarse feldspathic sandstone, 5-120 cm thick. Extra-
formational clasts are sparse (most are found in the Indwe 
Sandstone member) and are predominantly quartzite, includ-
ing the 75-cm-long clast of the Witteberg Group at Molteno 
(Fig. 14A, and see Table 5 in a following section); clast size 
decreases from the southeast to northwest (Fig. 14B) except at 
the northern edge where the high caliber of clasts is inter-
preted as due to a funneling of braid channels into a single 
main channel (Turner, 1984, fig. 5). 

(2) Coarse to very coarse multilateral and multistoried 
sandstone (feldspathic lithic arenite), which forms laterally ex-
tensive sheets from 30 to 120 m thick. Trough crossbedding 
predominates, in cosets up to 1.5 m thick and 6 m long; cross-
bedding indicates a north-northwest paleoslope except for se-
quence 1, to the north-northeast. 

(3) Finer-grained lenticular sandstone and siltstone, <12 
m thick; flat laminated with primary current lineation and 
minor ripple cross-lamination. 

(4) Lenticular and impersistent shale and coal, up to 6 m 
thick. The shale contains the Dicroidium flora (Anderson and 
Anderson, 1983), specimens of which are most abundant in 
cycle 2, least in cycles 1 and 6; tree trunks of Dadoxylon, 
some in living position, are fossilized in this and the underly-
ing facies. The coal is lenticular in stringers and seams, thick-
est in cycle 1, barely developed in cycles 5 and 6; it is up to 
4.3 m thick in the Indwe Seam, a composite of equal parts of 
coal and shale/fireclay (Turner, 1971; Dingle et al., 1983). We 
interpret tonsteins in the coal measures in the southeast 
(Heinemann and Buhmann, 1987) as the first sign of proximal 
Karoo vulcanicity (Table 3). 

Turner (1983) interprets the fining-upward sequences as 
deposits of a braided fluvial system. The basal conglomerate 
was deposited as a channel lag by a single high-energy short-
lived event, probably high seasonal rainfall and the failure of 
earth- or ice-dammed lakes in the source area. The overlying 
trough crossbedded sandstone is attributed to dune migration 
within channels, and the finer-grained sandstone and siltstone 
deposited from waning bedload and suspension-load currents 
as a consequence of channel shifting, abandonment, and over-
bank flooding. The shale was deposited by vertical accretion 
from overbank floods. "Standing bodies of water on the allu-
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TABLE 3. LATE TRIASSIC TO EARLY AND MIDDLE JURASSIC PROXIMAL KAROO VOLCANICITY 

Unit Locality Material Reference 

34. Lesotho lavas, Karoo dykes Karoo Basin 

33. Clarens Barkly East 

32. Clarens and Elliot 

31. Clarens and Elliot 

30. Elliot 

29. Elliot 

28. Molteno 

Dordrecht a 
Maclear b 

Herschel 

Golden Gate 

Jamestown 

Maluti 

Basalt, dolerite 

Pyroclastics and basalt 

Basalt and breccia 

Laumontite (altered volcanic glass) 

Glass shards 

Bentonite 

Tonsteins 

Eales et al., 1984 

Lock et al., 1974 

Eales et al., 1984, p. 6 

Fuller, 1970 

Bristow and Saggerson, 1983a, 
p. 1027 

Eales et al., 1984, p. 6 

Heinemann and Buhmann, 1987 

vial plain became the locus of plant growth giving rise to thin, 
in situ coals whose development and preservation was encour-
aged by the abundant though seasonal rainfall, and mainte-
nance of a high water table" (Turner, 1983, p. 82). 

Turner (1983) concluded that the Molteno Formation was 
deposited by perennial high-energy braided streams that 
drained an extensive alluvial plain on the lower slopes of an 
alluvial fan complex. In Figure 14A, we show the inferred dis-
tribution of the (since eroded) upper alluvial fans and the 
downslope lower braid fan of the Molteno Formation at its 
most extensive development in the Indwe Sandstone member. 
Still further downslope is the meander plain (Elliot Formation) 
that receded sourceward after the deposition of the Indwe 
Sandstone member and finally, in the basin axis but transverse 
to the inferred Eastern Uplands, a fluvial system flowing west-
ward along the present Tropic of Capricorn. 

The Dicroidium flora and Dadoxylon with growth rings 
suggest a cool temperate climate with marked seasonal rain-
fall. "The feldspars include both fresh and altered varieties. . . 
suggesting an uplifted or fault-blocked igneous terrain of high-
relief undergoing rapid erosion with mechanical weathering 
dominant over chemical weathering" (Turner, 1983, p. 83). 

The Elliot Formation, formerly the Red Beds Stage, was 
deposited in the lower tract of the transverse fluvial system. 
The section that overlies cycle 6 of the Molteno Formation in 
the south (Fig. 8C, part IX, from Visser and Botha, 1980) is 
460 m thick and comprises three parts: (1) a lower interval 
(0-200 m) of stacked multistoried crossbedded medium-
grained sandstone with alternating fine-grained sandstone and 
mudstone, interpreted as deposited in a meandering channel 
and flood plain; (2) a middle interval (200^100 m) of alternat-
ing very fine-grained sandstone and red mudstone with C0 3 

concretions, interpreted as deposits of a flood basin; and (3) an 
upper interval (400-460 m) of alternating crossbedded fine-
grained sandstone and red silty mudstone with C0 3 concre-
tions and conchostracans, deposited in flood fans reworked by 
the wind in eolian dunes. According to Turner (1972), the 
lower boundary of the Elliot Formation is denoted by a combi-

nation of abundant reptile remains, persistent red mudstone, 
no carbonaceous shale, and a low sandstone:shale ratio. In the 
Elliot Formation, the ubiquitous crossbeds in the underlying 
Molteno Formation give way to sporadic ones, which indicate 
a north-northwest paleoslope (Fig. 14C). 

In the north, the 40-m-thick Elliot Formation oversteps 
the outlapping Indwe Sandstone member of the Molteno 
Formation (Fig. 8C, VIII) to rest on the Otterburn Formation 
of the Beaufort Group (Botha, 1967; Turner, 1983, fig. 2), and 
comprises alternating floodbasin-lacustrine and anastomosing 
channel deposits (Eriksson, 1985). 

Bentonites and glass shards (Table 3) indicate a second 
early phase of proximal Karoo vulcanicity. 

Clarens Formation. The Clarens Formation (Fig. 8C, X), 
formerly the Cave Sandstone, passes upward from the Elliot 
Formation "at the point where red and purple mudstones and 
crossbedded sandstones become subordinate to lighter and 
'massive' sandstones and grey/green shales" (Dingle et al., 
1983, p. 48). The Clarens Formation is a sequence, from the 
base upward, of three units (Beukes, 1970; Eriksson, 1979; 
Tankard et al., 1982, p. 397-399): 

(I) Planar crossbedded braided-channel medium- to coarse-
grained sandstone, up to 50 m thick in the Natal Drakensberg, 
alternating elsewhere with lacustrine siltstone that contains fish, 
crustaceans, and dinosaurs. According to Eriksson (1979), the 
unit was deposited in converging wadi systems. 

(II) Fine-grained sandstone in crossbeds up to 10 m high 
deposited by straight-crested transverse eolian dunes and in 
crossbeds up to 3 m high deposited by barchan dunes. The unit 
is up to 60 m thick in the north and was deposited from west-
erly winds that redistributed sand from the Elliot Formation 
and older formations. 

(III) An alternation of (I) (but without the coarse-grained 
braided-channel sandstone) and (II), and toward the top lenses 
of basalt and pyroclastics (Table 3). 

Summary of Stormberg Group. According to Turner 
(1986), the Stormberg Group has a modem analogue in the cen-
tral Australian Lake Eyre basin, an arid aggrading internal 
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drainage basin flanked by eolian dunes, in which braided and 
anastomosing channel sand (Rust, 1981) gives way downslope 
to the lacustrine mud of Lake Eyre (Veevers and Rundle, 1979). 

However, Lake Eyre was warm and wet during deposition of the 
relict braided sand sheets and tectonism had little influence whereas 
cool wet tectonically active conditions prevailed during deposition of 
the equivalent coarse braided channel subfacies in the Karoo se-
quence. Furthermore, the Lake Eyre channels are essentially braided 
and ephemeral whereas in the Karoo sequence braided bedload chan-
nels passed downslope into low-sinuosity mixed-load channels, both 
of which were probably perennial. These in turn passed distally into 
ephemeral low-sinuosity channels and lacustrine flood flats (Turner, 
1986, p. 251-252). 

Another model is the Okavango Delta of northwest 
Botswana (Fig. 14A), which "has an important bearing on pat-
terns of fluvial sedimentation in arid regions since it shows 
many characteristics of temperate, well-vegetated anasto-
mosed fluvial systems despite its location in the Kalahari Des-
ert" (Turner, 1986, p. 231). 

The Stormberg Group is now limited to the Lesotho mesa 
and the nearby Mngazana area at the recess between the Cape 
Fold Belt and Eastern Uplands but probably extended wider in 
the Karoo Basin, as suggested by the possible occurrence in 
the Cretaceous (94-86 Ma) (Dawson, 1989, p. 331) Kimberley 
pipe of all units (Ecca through Drakensberg) above the out-
cropping Dwyka (Fig. 14A) (Truswell, 1977, p. 172). Within 
its preserved limits, the entire Stormberg Group thins north-
westward and northward from a maximum known thickness of 
1,100 m in the southern part of the recess to 200 m in the north 
(Fig. 14A). The Stormberg Group started to accumulate during 
the subsidence in the Karoo Basin that accompanied the fourth 
diastrophic event in the Cape Fold Belt (final deformation and 
listric thrusting and folding) (Fig. 7). Turner (1983, fig. 6) in-
terpreted the three pulses of upward-fining deposition in the 
Molteno and Elliot Formations complex as follows: cycle 1 
follows initial uplift/denudation and scarp retreat; cycle 2 
(Indwe Sandstone) of maximum progradation follows maxi-
mum uplift/denudation and scarp retreat; and cycles 3-6 fol-
low lowering of the basin margin by back-faulting so that the 
equivalent Elliot Formation retrogrades southward over the 
Molteno Formation. A regressive metamorphic age of 215 ± 3 
Ma in metabasic rocks of the basement Kango Group (K in 
Fig. 14A) is interpreted by Halbich et al. (1983, table 13.3) as 
registering uplift and horizontal tension in the Cape Fold Belt, 
and it correlates with the final phase of braidplain deposition 
at the base of the Clarens Formation (Fig. 7). Basin subsidence 
in the north, in front of the Northern Uplands, including the 
upfaulted Choma-Kalomo Ridge and downfaulted mid-Zam-
bezi valley, produced a similar set of contemporaneous strata 
on the northern flank of the wide basin, which had a west-
sloping axis along the present Tropic. The chief factor in the 
accumulation of the Stormberg Group and its equivalents in 
southern Africa was differential subsidence of the Middle 

Triassic plateau. Thrusting was important in elevating the 
source area of the Cape Fold Belt and depressing the coupled 
foredeep of the Karoo Basin, although the amount of subsid-
ence, measured in hundreds of meters, was much less than the 
kilometers during the Beaufort deposition. Subsidence over a 
wider area to the north locally produced a sediment thickness 
of 2,500 m and was unrelated to this mechanism. In the tec-
tonic synthesis, we suggest that wider subsidence was due to 
the release of Pangean heat during the Carnian (Veevers, 
1989), coincident with the first appearance of proximal Karoo 
vulcanicity in the Molteno Formation (Table 3). 

Drakensberg Group and Lebombo Group. The Lesotho 
mesa is capped by 1,400 m of Jurassic basaltic flood lavas 
called the Drakensberg Group that were fed by a complex of 
dykes and sills called the Karoo dolerite (Eales et al., 1984, 
p. 9) in the culmination of proximal Karoo vulcanicity. The 
Karoo dolerite extends over all but the southern edge of the 
Karoo basin, as delimited by the dolerite line on Fig. 1, imply-
ing an original extension of the Drakensberg Volcanics in the 
Karoo Basin out to the present edge of outcrop and beyond, as 
shown by abundant basalt xenoliths within younger diatremes 
at Postmasburg, 150 km WNW of Kimberley (Eales et al., 
1984, p. 3) before the plateau surface was worn back during the 
later Mesozoic and Cenozoic to the present remnant of 
Lesotho. Sedimentary basins north of the Karoo Basin are 
capped by lavas or intruded by dolerite of the same Jurassic 
age; Namibia additionally has lavas of Early Cretaceous age 
(Figs. 6 and 14A); to the east, the Transantarctic Mountains 
(see Chapter 4) and Tasmania (Hergt et al., 1989, p. 377) con-
tain a similar volcanic sequence of Ferrar-Tasmanian dolerite 
feeding the surface lavas of the Kirkpatrick Basalt-Ida Bay ba-
salt; to the west, the Amazon Basin contains equally volumi-
nous (340,000 km3) Late Triassic and Jurassic dolerite 
(Mosmann et al., 1986); the Paraná (Serra Geral) basalt is Early 
Cretaceous, all comprising a low-Ti province (Cox, 1988). The 
flood basalts reflect an enormous drain on the Pangean heat 
store, between the earlier phases of sagging and rifting and the 
final phase of seafloor spreading (Veevers, 1989). 

Sources of information on the Drakensberg Group drawn 
on here are Dingle et al. (1983), Bristow and Saggerson 
(1983a, 1983b), Visser (1984), Eales et al. (1984), and Fitch 
and Miller (1984). 

The Drakensberg Group comprises lava flows interlay-
ered in the basal third with pyroclastics and thin lacustrine 
sediment (Fig. 8C, part X). At the base, about 200 individual 
shield volcanoes and explosive vents are known from all but 
the northeastern part of the Lesotho mesa (Dingle et al., 1983, 
p. 56). At a well-mapped example in the Moshesh's Ford area 
near Barkly East, 200 m of basaltic vent fill and extra-vent ef-
fusive and ejected material overlie a surface with 100 m relief 
in the Clarens Formation (Lock et al., 1974). Interlayered with 
the volcanics are lenses of lacustrine sandstone, most no more 
than 10 m thick except an exceptional one 130 m thick and 25 
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km long (Eales et al., 1984, p. 6, 8). Other evidence for aque-
ous environments comes from the presence of pillow lava. 
Above the basal section is the Lesotho Formation, a monoto-
nous succession of amygdaloidal basalt lava flows, nearly all 
of which are of the pahoehoe type. Thicknesses of individual 
flows range from 0.5 to 50 m (Eales et al., 1984, p. 8), and the 
aggregate thickness to the exposed top is 1,400 m. The basalt 
is tholeiitic. Rare silicic lavas in the andesite-dacite range are 
encountered in the lower part of the Drakensberg Group. "Thus 
in the north-east Cape, a feature of the overall development of 
the Karoo igneous events is that the earliest eruptions were 
characterized by diversity in style and composition of the 
erupted products. This later evolved into widespread and regu-
lar effusion of compositionally monotonous lavas which built 
the bulk of the volcanic pile" (Eales et al , 1984, p. 8). 

The subvolcanic complex of dolerite dykes, sills, "bell-jar 
intrusions" and irregular bodies that intruded the Karoo sedi-
ments represents the feeder channels for the overlying lavas, 
as shown unequivocally by major and trace element composi-
tional data (Eales et al., 1984, table 1). Within the limits of the 
dolerite line that skirts basement and the southern edge of the 
Karoo Basin (Fig. 1), the greatest concentration of dolerite 
(dolerite:sediment ratio of >0.5) lies in an elliptical zone that 
trends northeast across northern Lesotho; the dolerite sheets 
"seem to terminate at a critical distance of a few thousand feet 
below the basalts" (Winter and Venter, 1970). Dingle et al. 
(1983, p. 64) explain this observation and the stratigraphic dis-
tribution of sills in the Beaufort and Molteno, dolerite plugs in 
the Molteno, tuff in the Elliot, agglomerate and lava in the 
Clarens, and pyroclastics and lava at the base of the Dra-
kensberg Group and lava above by the following sequence of 
events: (1) earliest upward movement of magma in the Late 
Triassic to produce explosive activity; we believe the Molteno 
tonsteins (28 in Table 3) are the first sign of proximal Karoo 
vulcanicity; (2) during Late Triassic-Early Jurassic Elliot and 
Clarens deposition, an increased scale of upward movement of 
magma in sills 1 to 2 km beneath the surface, degassing of the 
magma, and contact with ground water produced explosive ac-
tion and created diatremes (29-33); (3) main eruption of flood 
basalt by dyke injection in the Early Jurassic (193 ± 5 Ma), 
followed by a second major injection in the Middle Jurassic 
(178 ± 5 Ma), as dated by Fitch and Miller (1984). 

In the southern part of the basin (Fig. 13B), the CIS/TAP 
boundary coincides with the dolerite line, indicating that the 
dolerite sills intrude only the section above the base of the CIS 
zone. Given that the sills dilated only at a critically lower pres-
sure related to the thickness of the overburden in the Early 
Jurassic, we infer that sediment at least above the Tapino-
cephalus zone (upper half of Beaufort, Stormberg, and per-
haps some of the Drakensberg Group) had accumulated a 
thickness in the west equal to that in the east and use this as 
the basis for extending the isopachs westward from the values 
estimated from the better preserved section south of Lesotho. 

The coincidence of the dolerite line and the Great Escarpment 
west of Beaufort West (BW) suggests that backwearing of the 
plateau in this region has been impeded at the southern limit of 
the durable dolerite. 

Karoo magmatic events extended northward to 15°S. 
Fitch and Miller (1984, p. 263-264) found the following se-
quence of events in the Jurassic and Early Cretaceous (Fig. 6): 
(1) 204 ± 5 Ma: intrusion of isolated alkaline complexes west 
of the Lebombo line and in Zimbabwe; (2) 193 ± 5 Ma: very 
rapidly emplaced Lesotho eruptive centers covered by flood 
basalt that extended along the Lebombo to 25 °S, dyke swarms 
and major intrusions of dolerite in Namibia and Karoo Basin; 
(3) 186 + 3 Ma: minor alkaline complex intruded east of Tuli; 
(4) 178 ± 5 Ma: very rapidly emplaced dolerite intrusions in 
Namibia and Karoo Basin and bimodal lavas in Lebombo 
north of 25°S, also Marienthal lavas in Namibia; (5) 165 ± 5 
Ma: dolerite dykes and sills in Karoo Basin and Namibia; 
(6) 150 ± 5 Ma: dykes in Karoo Basin and Namibia, and an in-
trusive complex in Namibia; (7) 137 ± 5 Ma (Early Creta-
ceous): a dolerite sill in Lesotho and a syenite complex in 
Lebombo, and a major group of dolerite intrusions in Namibia. 

POST-GONDWANAN HISTORY 

Classified as post-Karoo are the 120 + 5 Ma (Early 
Cretaceous) Etendeka lavas of the Kaokofeld, the 145-115 Ma 
(Early Cretaceous) micaceous kimberlites, and the 95-80 Ma 
(Late Cretaceous) "normal" kimberlites (Dawson, 1989; All-
sopp et al., 1989). Deposition of sediment after the Stormberg 
switched to the continental margins that formed by seafloor 
spreading (the fourth stage of Pangean heat release) that 
started about 160 Ma (Middle Jurassic) in the western Indian 
Ocean and about 130 Ma (Early Cretaceous) in the South 
Atlantic Ocean with related right-lateral transform motion 
along the Agulhas Fracture Zone. Dingle et al. (1983) summa-
rize these developments thus: 

By mid-Jurassic times, large complex depocentres had begun to de-
velop along what were later to become the continental margins of 
southern Africa, and today, mid-Jurassic-Cretaceous sediments are 
known only f rom the coastal fringes and under the continental shelf 
and slope. This radical shift in depocentres f rom a previous mid-
continental location, was accomplished by horst and graben develop-
ment (taphrogenic tectonics) around the edges of the old cratonic 
blocks, and ultimately led to the breakup of this part of Gondwana-
land [p. 99]. . . . With the exception of the central Kalahari Basin 
(non-marine), and the wide Zululand-Mozambique coastal plain, all 
the extensive deposits of Tertiary strata occur on the continental shelf 
and slope, where cover is complete apart f rom nearshore areas in the 
south and west Cape. . . . The west coast Tertiary forms a vast, coast 
parallel lens along the whole margin from the Walvis Ridge to the 
Agulhas Fracture Zone. . . . This reflects the cessation of differential 
crustal subsidence, and the progressively subordinate role played by 
terrigenous sedimentation since Late Cretaceous times, with the con-
comitant increase in the importance of biogenic and authigenic sedi-
ment production. . . . Tertiary sediment distribution along the east 
coast was, by contrast, still dominated by major terrigenous input 
points: Zambezi, Limpopo, and Tugela Rivers [p. 234]. 



Southern Africa 255 

In a review of the work of F. Dixey and L. C. King on the 
development of the southern African landscape, Partridge and 
Maud (1987, p. 179) conclude that 

The Great Escarpment [Fig. 13B] was formed following continental 
rifting, and its survival up to the present as a major topographic fea-
ture is, in large measure, a function of the high elevations consequent 
upon the central position of southern Africa in Gondwanaland prior to 
this event. . . . The onshore evidence of erosion surfaces is correlated 
with recent data on offshore sedimentation, and reveals that a single 
cycle of erosion (interrupted by minor tectonic interludes) prevailed 
f rom the time of rifting to the early Miocene. By the end of this period 
a gentle pediplain (the African surface) extended across most of south-
ern Africa at elevations of 500-600 m. Most erosion and scarp reces-
sion occurred during the earlier part of this interval and produced thick 
late Jurassic and Cretaceous sedimentary sequences, but shelf sedimen-
tation declined during the Tertiary and had virtually ceased by the 
Oligocene, when interior planation had advanced to a stage where sed-
iment supply to most rivers was minimal. Modest renewed uplift of 
150-300 m in the Miocene tilted the continent slightly to the west and 
initiated a new (Post-African I) landscape cycle. This was accompa-
nied by renewed offshore sedimentation, although at lower rates than 
during the Cretaceous. The cycle was terminated near the end of the 
Pliocene, and its relatively short duration resulted in imperfect plana-
tion in most areas to levels of no more than 100-300 m below the 
African surface. A second uplift of major proportions at the end of the 
Pliocene raised the eastern interior of the sub-continent by as much as 
900 m, although much smaller movements characterized the western 
areas and interior axes of uplift. Major monoclinal warping resulted in 
the southeastern hinterland. The ensuing Post-African II cycle is mani-
fested chiefly in deep incision of the coastal hinterland and downcut-
ting along major rivers of the interior. Earlier surfaces were severely 
deformed and dissected, especially in the south-east of the country. 
Planation was limited to a few areas close to the coast. The resulting 
sedimentation is evident mainly in the offshore deltas of major rivers 
owing to the late development of vigorous coastal currents, but a 
major increase is reflected throughout the deeper ocean basins. 

In summary, most of the Karoo Basin was unroofed by 
scarp retreat in the Late Jurassic and Cretaceous. Renewed up-
lift in the Miocene (150-300 m) and end-Pliocene (900 m) led 
to unroofing of the rest of the basin except in the present out-
lier in Lesotho. 

PROVENANCE OF KAROO BASIN SEDIMENTS 

Introduction 

In the Karoo Basin, paleocurrents inferred from the al-
most wholly nonmarine or fluvial Karoo sequence indicate the 
paleoslope of the depositional surface on the flank of a source 
upland or in the axis between two uplands. The petrology of 
the coarse fraction of the sediment reflects the petrology of the 
source area. By these means, authors have distinguished 
source areas at each of the cardinal points of the compass: 
(1) the northern cratonic interior of Gondwanaland; (2) an 
eastern source, now occupied by the continental margin or be-
yond, possibly a Late Proterozoic fold belt; (3) a southern 
source, comprising the proximal Cape Fold Belt and an in-

ferred distal convergent Panthalassan magmatic arc; and (4) a 
western source, now occupied by the continental margin or be-
yond, possibly a Late Proterozoic foldbelt, as in the east. In 
studying the foreland basin, our interest centers on the south-
em distal magmatic source. Estimates of the type of prove-
nance in the south, e.g., magmatic arc, recycled orogen, or 
continental block (Dickinson and Suczek, 1979), and their age, 
whether coeval with or older than the sediments, can be made 
from the petrography of detrital arenites and rudites. Previous-
ly published work is supplemented by Cowan's petrographic 
study of the rock specimens collected by Veevers in 1984 
from localities along the southern outcrop of the Karoo Basin 
(Appendix 1). 

To the work mentioned above was added, at the last mo-
ment, Johnson's (1991) comprehensive account of sandstone 
petrography of the southeastern part of the Karoo Basin and 
preceding Cape Basin, summarized in Figures 15B and 15C. 
Johnson (1991) reports new finds of abundant volcanic rock 
fragments in the Ecca Group (Ripon and Waterford Forma-
tions) and Beaufort Group (Koonap, Middleton, and Balfour 
Formations of the Adelaide Subgroup, and the Katberg and 
Burgersdorp Formations of the Tarkastad Subgroup) (Table 
2). Johnson (1991, p. 137) found that "the Ecca Group and 
Adelaide Subgroup [were derived] from a magmatic arc 
provenance, and the upper part of the Karoo Sequence [Tar-
kastad Subgroup, Molteno, Elliot, and Clarens Formations] 
from a recycled orogenic source (Cape Fold Belt)." He found 
(p. 140) more rock fragments and feldspar than previous work-
ers (Fig. 16 in a following section) for these reasons: (1) "The 
amount of matrix present in grey wackes in particular has often 
been greatly overestimated in the past, and a great deal of 
what is called matrix is, in fact, made up of rock fragment 
grains and minerals larger than 20 microns"; and (2) "By clas-
sifying all clear, untwinned grains of the right birefringence as 
quartz, workers have in the past often ended up grossly under-
estimating the feldspar content of Karoo sandstones in partic-
ular." The age of the magmatic arc source rocks remains 
uncertain because Johnson (1991) assumed implicitly that the 
volcanolithic grains are penecontemporaneous with deposition 
and not derived epiclastically from ancient volcanics. We try 
to overcome this uncertainty by identifying the unequivocally 
syndepositional tuffs. 

Active volcanic (pyroclastic) provenances 

Southern distal Panthalassan margin provenance: Tas-
tubian to Scythian distal vulcanicity (Table 2, Fig. 1). The 
Karoo Basin, particularly the southern part, contains a minor 
amount of recognizable juvenile volcanogenic material, mainly 
in the form of devitrified shards, in the Dwyka Formation (la 
and lb of Table 2), Pietermaritzburg Shale (3), Prince Albert 
Formation (4-8), Whitehill Formation (9-12), Collingham 
Formation (13, 17-19), Vischkuil Formation (1), Laingsburg 
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Formation (2), Fort Brown Formation (20, 21), Tierberg 
Formation (14), Volksrust Formation (15, 16), Adelaide Sub-
group (Lower Beaufort or Abrahamskraal and Teekloof For-
mations, 23-26), and at the top of the Beaufort Group in the 
Burgersdorp Formation (27), all located in Fig. 1 and some il-
lustrated in Fig. 20 (Appendix 1). In addition to the almost 
ubiquitous shards, the material includes sand-sized fragments 
of tuff crystals (plagioclase and pyroxene) and drop-like bod-
ies, felsite, volcanic quartz, and alkali trachyte, and associated 
clay minerals regarded as metabentonite, all interpreted as si-
licic volcanic ash or tuff. In the Ecca and Lower Beaufort of 
the western part of the southern Karoo Basin, laumontite is the 
predominant calc-silicate mineral (Martini, 1974; Turner, 
1978), and here as well as in the Burgersdorp, Elliot, and 
Clarens Formations to the east (Fuller, 1970), it is interpreted 
as derived by load metamorphism of volcanic glass or, as in 
Antarctica (J. W. Collinson, personal communication, 1988), 
enhanced by the dolerite acting on volcanogenic precursors. In 
turn, "the volcanic fragments in the host sandstones and in-
terbedded tuffaceous material [in the uraniferous Lower 
Beaufort of the southern and central Karoo] suggest a volcanic 
source for the uranium" (Turner, 1978, p. 844), amended by 
Cole and Wipplinger (1991) to "some of the uranium." In the 
Lower Beaufort, the sand-sized fragments make up appreciable 
to minor amounts of the column and of these "rounded and 
drop-like bodies (average Si02 content 52%) of tuffaceous ma-
terial . . . ejected from exploding volcanoes whilst still in a 
plastic or semi-liquid state" may constitute up to 80% of the 
sand-sized volcanogenic fraction in some of the rocks (Ho-
Tun, 1979). A more silicic source magma is indicated by the 
1-15% of the detrital quartz fraction being volcanic quartz, in-
cluding the beta form. Also silicic is the possibly dacitic crystal 
tuff, 0.5 m thick, in the Fort Brown Formation at Geel-
houtboom (Lock and Johnson, 1974), with cm-thick bands of 
plagioclase crystals (>90%) and quartz (<10%), emplaced ulti-
mately by subaqueous flow as suggested by the mixing of the 
pyroclastics with the underlying mudstone. Another silicic rock 
is the felsite groundmass with shard "phenocrysts" in the Fort 
Brown Formation near Wolwefontein. Within the 50 m-thick 
"volcanic interval" of Lock and Wilson (1975) in and about the 
Collingham Formation, some 30^40% consists of yellow mud-
stone which Lock and Wilson (1975) interpret as a metaben-
tonite containing 30-40% quartz. In Appendix 1 Cowan (see 
Fig. 20E in Appendix 1) interprets the scattered angular plagio-
clase and quartz grains in a microcrystalline quartz groundmass 
or matrix of the Matjiesfontein Chert at Remhoogte (SA 14C in 
Table 7) as a tuff. Also at Remhoogte, at the base of the 
Collingham Formation, Elliot and Watts (1974) found clasts of 
quartz and feldspar that may be volcanogenic. Elsewhere in the 
Ecca and lower Beaufort Groups, the detrital plagioclase is in-
terpreted as derived from low-grade metamorphic rocks 
(Kingsley, 1981, p. 37). 

Viljoen (1987) suggested that the widespread occurrence 

of albite, quartz, illite, and montmorillonite in the tuffs of the 
Ecca Group could be the result of the following diagenetic and 
low-grade metamorphic reactions (Iijima, 1978): 

silicic glass + H 2 0 —> montmorillonite + opal —» 
alkali zeolites + opal-CT + montmorillonite + K+ —» 
analcime + quartz + illite/montmorillonite + K+ —» 
albite + illite + quartz. 

The tuffs (K- or meta-bentonites), some of which are multiple 
fallout units (Viljoen, 1987), occur throughout the Ecca Group 
and upper Dwyka Formation. When plotted on a Zr/Ti02 ver-
sus Nb/Y diagram, the tuffs are seen to have a rhyolitic to 
dacitic composition (Viljoen, 1987). Furthermore, chert beds 
from the Collingham and Abrahamskraal Formations also fall 
within the rhyolite to dacite fields (Fig. 15A). Using the same 
technique, McLachlan and Jonker (1990) found that Ecca 
Group tuffs from the Hopetown and Boshof areas had a wider 
compositional range from rhyolite to andesite. In the Lower 
Beaufort of the northern Karoo, two isolated deposits inter-
preted to be ash-fall tuffs plot within the rhyodacite field but 
because the tuffs have undergone hydrothermal alteration, 
Keyser and Zawada (1988) suggest that the original magma 
was trachyandesite based on the chemical analysis of a less al-
tered volcanic bomb embedded in the tuff. 

From all this evidence, it is apparent that the bulk of the 
volcanogenic material is rhyodacitic, and that it was emplaced 
by air fall from contemporaneous explosive vulcanicity, light-
ly modified by subaqueous flow. Redistribution by water was 
probably least in the Ecca Group, where the volcanogenic silt 
and sand is concentrated in bands within lacustrine mudstone 
deposited from suspension on an anaerobic lake floor (Mc-
Lachlan and Anderson, 1977), analogous to the concentration 
of tuff bands in coal seams and lacustrine sediments in the 
Late Permian Newcastle Coal Measures of eastern Australia 
(McDonnell 1983; Jones et al., 1987). All occurrences are in-
ferred to come from a southern source except the coarse-
grained tuffs in the lower Beaufort Group of the northern 
Karoo Basin (24 and 25 in Table 2, Fig. 13A), for which 
Keyser and Zawada (1988) suggest a minor local source in the 
north. Redistribution is greatest in the coarse fluvial sediments 
of the Lower Beaufort Group. Ho-Tun's (1979) observation 
that volcanic quartz grains constitute up to 15% of the detrital 
quartz fraction in part of the Beaufort Group suggests to us 
that, taking into account the expected much greater dilution of 
originally pyroclastic material in a fluvial section, the source 
of the pyroclastics compared to that of the Ecca Group was ei-
ther more proximal or more copious or both. According to 
Martini (1974, p. 115), "The generally small size of the vol-
canic clasts [of the ash beds] is in agreement with a source 
several hundreds of kilometres away." As to the direction, 
Martini (1974) pointed to a source south of the southern Karoo 
Basin and beyond the southern Cape Province and Agulhas 
Bank, narrowed to the Paleo-Pacific (Panthalassan) margin 
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from Patagonia to West Antarctica, which contains evidence 
of Permian magmatic activity. Elliot and Watts (1974) inde-
pendently pointed to the more general Gondwanide Orogen, 
and Coutinho et al. (1991) suggest a common rhyolitic vol-
canic source located in central Argentina for the Late Permian 
ash beds in both the Paraná and Karoo Basins. Johnson (1991, 
fig. 8) shows the Permian-Triassic magmatic arc some 400 km 
south of southern Africa. 

Viljoen (1987,1990) and Verwoerd et al. (1990) found that 
the total thickness of the tuff and the number of tuff beds in the 
Collingham Formation decreases gradually toward the north-
east. This zone of tuffs is still recognizable in stratigraphically 
equivalent horizons in the northern Karoo Basin at the base of 
the Volksrust Formation in boreholes BE1/66 (15 in Table 2) 
and SW1/67 (16) (Viljoen, 1990) and at the base of the Tierberg 
Formation near Hopetown (14) (McLachlan and Jonker, 1990). 
The distribution of the tuffs suggests volcanic eruption centers 
to the south and southwest along the Panthalassan convergent 
margin (Viljoen, 1990; Verwoerd et al., 1990). 

Bristow and Saggerson (1983a, p. 1028) note "the possi-
bility that much of the volcanoclastic material found in the 
Karoo sediment was derived locally [e.g., from volcanic 
maars, small vents, and diatremes that weather extremely rap-
idly], and that the structures from which the material origi-
nated were subsequently reworked by erosion." A similar view 
is expressed by McLachlan and Jonker (1990), who inferred 
that "volcanoes of Permian age were present within a few hun-
dred kilometres of the tuffs recorded in the northwestern part 
of the Karoo Basin." A local source is clear for the volcanic 
material found in the Late Triassic Stormberg Group and in 
the Beaufort Group of the northern Karoo Basin (24 and 25 in 
Table 2). But the uniformly fine grain and wide distribution of 
all the other volcanogenic material, with the possible excep-
tion of the crystal tuff in the Whitehill Formation near Hope-
town (11), suggest to us that the vents were distant. 

The proximal source, particularly that of the lower Beau-
fort ash-flow tuffs and the Whitehill Formation crystal tuff in 
the northern Karoo Basin, has a more basic composition than 
that of the tuffs found in the Dwyka Formation, Ecca Group, 
and in the lower Beaufort elsewhere. No Permian volcanic vents 
are known from southern Africa; the only direct evidence of in 
situ contemporaneous igneous activity is a dolerite dated at 260 
± 1 6 Ma that intrudes the Table Mountain Group in borehole 
OL1/69 (Fig. 1) (Rowsell and de Swardt, 1976, p. 121). 

We conclude that the provenance of the bulk of the 
Tastubian to Scythian pyroclastic component of the Karoo 
Basin was located an unknown distance, probably at least sev-
eral hundred kilometers, south and southwest of southern 
Africa, presumably on the adjacent sector of the magmatic arc 
along the convergent margin of Panthalassa/Gondwanaland. 
The composition of the source was rhyodacite. A minor proxi-
mal provenance (of the lapilli trachyandesite tuff of 25) was a 
volcanic center at or near the northern edge of the Karoo Basin. 
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Late Triassic to Early and Middle Jurassic proximal Ka-
roo vulcanicity (Table 3, Figs. 1, 6). Bristow and Saggerson 
(1983a), Visser (1984), and Eales et al. (1984) reviewed the 
Karoo vulcanicity that extended over a large part of southern 
Africa. The first occurrence of tuff, in the Molteno Formation 
(28 of Table 3), was followed by glass shards in the Elliot 
Formation, and basalt and pyroclastics in the Clarens Forma-
tion. Laumontite in both probably originated as volcanic glass 
(Table 3). The localized coal-tonsteins of the Molteno For-
mation are thought to represent volcanic ash beds that were 
rhyolitic in composition (Heinemann and Buhmann, 1987). By 
about 193 Ma sediment deposition ended with the outpouring 
of the 1,500-m-thick Drakensberg basaltic lavas and the intru-
sion of Karoo dolerite that continued intermittently in southern 
Africa to the Early Cretaceous. For the purpose of this ac-
count, it suffices to note that the Mesozoic Karoo vulcanicity, 
although some of its products such as shards and laumontite 
were the same as those of the Permian vulcanicity, was proxi-
mal and mafic (and in places bimodal: mafic/silicic) whereas 
the Permian vulcanicity discussed above was mostly distal and 
silicic with a minor proximal and trachyandesitic contribution. 

Provenances indicated by the petrography of the epiclastics 

Recycled orogen provenance. A second type of prove-
nance, that of a recycled orogen (Dickinson and Suczek, 1979), 

1.00 

^0 .10 
N 

0.01 

0 

N b / Y 

Figure 15A. Z r / T i 0 2 versus Nb/Y diagram (format f rom Winchester 
and Floyd, 1977) for the tuff (circles) and chert (triangles) in the 
Early Permian strata of the main Karoo Basin (personal communica-
tion from J.H.A. Viljoen, in preparation). 

.01 0.10 1.0 
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Qm Monocrystalline quartz 
F Feldspar 
Lt Rock fragments 

Provenance fields 
(after Dickinson 
et al., 1983) 

1 Ultraquartzose sandstone 
2 Quartzose sandstone 
3 Subfetdspathlc sandstone 
4 Sublfthic sandstone 
5 Feldspathic sandstone 
6 Uthofeldspathic sandstone 
7 Uthfc sandstone 
8 Ultrateldspathlc sandstone 
9 Ultralithofeldspathic sandstone 
10 Ultralithic sandstone 

T t 
• 2 
• 3 
• 4 
• 5 
T 6 
* 7 
• 1 
• 2 
• 3 
• <» 
• 5 
• 6 
• 7 
• 8 
• 9 
• to 

• 1 
• 2 
• 3 
• 4 
• 5 
• 6 

St ra t ig raph ie u n i t i 

Ciarens 
Elliot 
Molteno 
Surgersdorp 
Burgersdorp 
Katberg (base) 
Katberg (top) 
Katberg (middle) 
Katberg (base) 
Katberg (combined) 
Balfour Ifop) 
Balfour (top) 
Balfour 
Balfour 
Middteton (top) 
Middleton 
Middleton 
Hiddteton/Koonap 
Koonap 
Koonap 

Waterford (topi 
Waterford (excl. top] 
Waterford 
Ford Brown I tuf f) 
Ripon 
Ripon 
Ouyka 

Local i ty 

CI 
Ell 

S f 15 
Bf 21 
Bf 2 
Bf 19 
Bf 19 
Bf 19 
Bf 19 
Bf 3 
Bf 9 

Bf 12,13,14 
Bf 16,17,20 

Bf 18 
Bf 11 

Bf 7,8 
Bf 4 

Bf 5,6 
Bf 10 

E 1,3 
E 1 
E 3 
E 4 
E 2 
E 5 

E 5 

S t ra t i g raph ie u n i t i Local i tv n 

• l Dirkskraal W 1,5 3 
• 2 Dirkskraal (?) W 5(?) 1 
• 3 Dirkskraal W 7,10 2 
• 4 •irkskraal W 8 3 
• 5 Swartwaterspoort W 3,4,9 4 
• 6 Miller W 1,4,5 3 
n 7 Miller W 8 3 

O • 8 Waaipoort W 5 2 
D 9 Floriskraal W 5 6 

13 OC • 10 Floriskraal 
Skitterykloof 

W 9 3 
LU ta • 11 

Floriskraal 
Skitterykloof W 5 2 LU 1— • 12 Perdepoort ^ W 5 5 

t • 13 Rooirand ^ (upper) W 5 7 
• 14 Rooirand 2 (lower) W 5 4 
• 15 Rooirand ^ (base! W 5 3 
• 16 Rooirand ^ W 11,12 10 
• 17 Weltevrede W 5 17 
• 18 Weltevrede W 6 4 
• 19 Driekuilen ^ W 2 2 
• 20 Driekuilen 3 W 6 5 

S t r a t i g r a p h i e un i t 1 Loca l i t y n 

A 1 Sandpoort B 5 1 
A 2 Adolphspoort B 4 1 
A 3 Karies B 5 1 
A 4 Boplaas (upper) B 1,2 6 

o_ 
o A 5 Boplaas (lower) B 1 2 
o er A 6 Boplaas B 5 4 
ID A 7 Hex River B 2 2 
a 1 A 8 Hex River B 4 2 
> A 9 Gamka ("arenite fades") B 2 5 

A 10 Gamka ("wacke fades") B 2 4 
O A 11 Gamka ("arenite fades") B 3 2 

A 12 Gamka ("wacke fades") B 3 4 
A 13 Gamka ("wacke fades") B 4 3 
A 14 Gamka B 6 6 

% O 1 Kareedouw ^ T 2,5 5 

§ O 2 Baviaanskloof T 5 3 
£ 
< O 3 Skurweberg T 5 3 
f— O 4 Goudini T 4 2 

£ 0 5 Peninsula T 1 5 
IM O 6 Peninsula T 3 12 
5 O 7 Peninsula T 6 5 

1 All units are formations except where otherwise indicated 
2 Members of Wi tpoor t Formation 
3 Member of Welfevrede Formation 
4 Member of Baviaanskloof Formation 
5 Excluding Kareedouw Member 
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Figure 15B. Framework mineralogy, provenance fields (after Dick-
inson et al., 1983) and sandstone classification (after Johnson, 1976) 
of the southeastern Cape-Karoo Basin, all f rom Johnson (1991) and 
reproduced with the permission of the author and the editor of the 
South African Journal of Geology. 

11111 Arc orogen sources (Dickinson, 1985) 
= | Collision suture + fo ld - th rus t sources 
= (Dickinson, 1985) 

,'m] Subduction complex sources (Dickinson, 1985) 

(T) Oceanic arc provenance (Valloni, 1985) 
Continental margin arc provenance (Valloni, 

® P ^ e - j u n c t u r e orogenic provenance (Valloni, 

( l ) Fold- thrust belt orogenic provenance 
w (Valloni, 1985) 

Figure 15C. QpLvLs plot for Ecca Group and Adelaide Subgroup 
sandstones. Sample symbols and numbers as in Figure 15B. Q p — 
polycrystalline quartz, Lv—volcanic rock fragments, and Ls—sedi-
mentary and metasedimentary rock fragments. From Johnson (1991), 
with acknowledgments as above. 

is indicated by the framework modes of detrital or epiclastic 
sandstones in the Karoo Basin (Table 4, Fig. 16), by dated 
clasts (Table 5), and by the occurrence of garnet (Table 6). 

The framework modes of quartz, feldspar, and lithic frag-
ments show that sandstone samples of the Ecca and lower 
Beaufort Groups are feldspathic litharenite to lithic feldsaren-

ite, those of the Katberg Formation lithic feldsarenite, and 
those of the Molteno and Elliot Formations quartzose litharen-
ite (Fig. 16, A-C). As noted above, the different petrographic 
classification of grain types used by Johnson (1991) shifts his 
samples toward the feldspar and lithic end members into the 
magmatic arc field (Fig. 15B), whereas the mean modes of the 
samples plotted in Figure 16D plot in the recycled orogen 
provenance with the Ecca Group (1) and lower Beaufort 
Group (2) on the side near the magmatic arc province. 

Most of the lithic fragments in the fine-grained plagioclase 
litharenite near the base of the Ripon Formation (SA 9, Ap-
pendix 1, Tables 7 and 8) are felsite with quartz and ?feldspar 
phenocrysts, as also found in the Beaufort West sample (SA 
30, Appendix 1, Tables 7 and 8) and in the other Beaufort 
rocks reported by Turner (1978, p. 834, "volcanic fragments of 
predominantly acid character"). The mineral fraction in the 
Ripon Formation sample is mainly K-feldspar (plagioclase is 
minor) and mono- or poly-crystalline quartz. From the Ecca 
and lower Beaufort, Martini (1974, figs. 2-A) described lithic 
fragments with a felsitic texture with or without phenocrysts 
and also fragments with trachytic and pilotaxitic textures; and 
from the lower Beaufort of the northern Karoo, Keyser and 
Zawada (1988) described lapilli. The felsite grains are inter-
preted as having been derived originally as pumice from a si-
licic volcanic province. Unlike the felsite grains in the Sydney 
Basin, which can be shown to be epiclastic (Chapter 3, Ap-
pendix 2), the Karoo pumice grains are too small to indicate 
whether they were deposited in a porous or a consolidated state 
before burial. It remains possible therefore that they were de-
rived from the same provenance that provided the air-fall tuffs, 
but the framework modes suggest another possible source from 
an older recycled orogen provenance. A paleocurrent analysis 
of the Beaufort Group (Cole and Wipplinger, 1991) indicates 
that this provenance may have been located in the region of the 
Cape Fold Belt south of the Karoo Basin. 

Other lithic fragments seen in the collection (Appendix 1, 
Table 7), besides the recognizable volcanic ash fragments 
(shards), are granite, quartzite, and an altered plagioclase-rich 
mafic rock in the Dwyka Formation (SA 5b), and sedimentary 
chert (banded chalcedony) (see Fig. 20F in Appendix 1) in the 
Fort Brown Formation. Turner (1975) found that the rock 
fragments in the sandstones of the Molteno Formation com-
prise quartzite and polycrystalline quartz, probably derived 
from metamorphic rocks. The mineral fraction is mainly 
mono- and poly-crystalline quartz and feldspar, with K-feldspar 
far more abundant than plagioclase and probably derived from 
granite (Turner, 1975; see also Le Roux, 1985). 

As detailed in Table 6, garnet is a common heavy mineral 
(as is zircon) throughout the entire Karoo Basin sequence and 
is most abundant in the glacigene Dwyka Formation, where it 
is distinctly chattermarked, as it is in other Early Permian 
glacigene deposits in Gondwanaland (Gravenor, 1979). In the 
underlying Cape Supergroup, the only known occurrence of 
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T A B L E 4 . R E C Y C L E D O R O G E N P R O V E N A N C E , I N D I C A T E D B Y Q F L C O M P O S I T I O N O F E P I C L A S T I C S A N D S T O N E S 
IN T H E S O U T H E R N K A R O O B A S I N (FIG. 16D) 

Unit Locality Material Reference 

6. Elliot Eastern Cape and Witsieshoek Lithic feldspathic graywacke Le Roux, 1985 

5. Molteno Molteno outcrop Quartzose feldsarenite Turner, 1975 

4. Katberg Queenstown, Kidds Beach Lithic feldsarenite Johnson, 1966, in Dingle et 
al., 1983, p. 21 

3. Beaufort (Teekloof) Beaufort West Lithic feldsarenite (SA 30) Appendix 1, Table 8 

2. L. Beaufort, Ecca Eastern Cape Sandstones—90% of detrital feldspar 
is low-temperature sodic plagioclase 
from low-grade metamorphics 

Kingsley, 1981 

1. Rlpon Ecca Pass Feldspathic litharenite (SA 9) Appendix 1, Table 8 

L. Beaufort, Ecca Southern Karoo Graywackes, with volcanic fragments: Martini, 1974 
trachytic, pilotaxitic, and felsitlc texture 

garnet is in the glacigene Pakhuis Formation of the Table 
Mountain Group (de Villiers and Wardhaugh, 1962). In the 
modern river sands (mouth of the Orange River, the Crocodile 
River at Thabazimbi, and the Limpopo River at Messina) that 
drain the craton north of the Karoo Basin, de Villiers and 
Wardhaugh (1962) found garnet in greater than trace amounts 
(>2% of the heavy residue) in one sample only. They con-
cluded that "the resultant rocks would not resemble those por-
tions of the Karroo succession which are characterized by an 
abundance of garnet in the heavy residue" (de Villiers and 
Wardhaugh, 1962, p. 105). Within the Karoo Basin prove-
nance itself, de Villiers and Wardhaugh (1962, p. 105) found 
that "during the present cycle of erosion and deposition of the 
Karroo sediments, most of the garnet is apparently destroyed." 
Having eliminated the region north of the Karoo Basin as a 
provenance of the garnet, de Villiers and Wardhaugh (1962) 
pointed to a garnet provenance in a southerly extension of 
Africa of composition similar to that of garnetiferous East 
Antarctica. Subsequent studies, however, have shown that the 
northern region was a definite provenance of garnet in the 
Mooi River Formation {see the following discussion) and a 
probable provenance in the case of the garnet-bearing heavy 
mineral sands in the Vryheid Formation (Behr, 1986). 

Gravenor's (1979) analysis of the heavy mineral suites 
from Early Permian deposits of South Africa, Australia, and 
Antarctica, dominated by chattermarked garnet, shows that 
these garnets underwent a much longer distance of transport, 
probably as a result of continuous recycling, than the Pleis-
tocene glacial sediments of North America. "The dominance 
of garnets in the heavy mineral suites was caused by a combi-
nation of dissolution of chemically unstable minerals by in-
trastratal solutions, and mechanical abrasion of the softer 
minerals" (Gravenor, 1979, p. 1149, 1150). These arguments 
account for the garnet in the glacigene Pakhuis and Dwyka 

Formations, but not in the nonglacial part of the Karoo se-
quence, for which proximity to a voluminous source of garnet 
is required. The available evidence pinpoints a source for the 
garnet in one formation only. According to Theron (1975, 
p. 65; Table 6), cobbles of gneiss in the Mooi River Formation 
(= Belmont Formation) of Natal contain relatively large 
amounts of a red garnet, and this kind of rock is common up-
paleocurrent 100 km eastward in exposures of the Mapumulo 
Group in the 1.1 Ga Natal Metamorphic Belt (Fig. 13 A). Other 
formations, in particular the coeval Katberg Formation, shown 
by paleocurrents to be derived from the south-southeast (Fig. 
13A), and the Estcourt Formation, which originated from a 
source to the east and southeast (Botha and Linstrom, 1978), 
could have come from the southern extension of the Natal 
Belt, perhaps identifiable in the 1.0 Ga Cape Meredith gneiss 
of the Falkland Islands (Fig. 13A), in the garnetiferous gneiss 
of the Falkland Plateau (Tarney, 1976), and in the rocks in 
Dronning Maud Land (2°W to 30°E in Antarctica) that also 
register the 1.0 Ga tectonic-metamorphic event (Yoshida and 
Kizaki, 1983). 

The age and composition of the proximal sources are best 
indicated by the rudites. From the list of datable rudite clasts 
in the southern Karoo Basin in Table 5, we can infer (1) that 
the southern basal Dwyka Formation came from the south— 
the nearest known source of the archaeocyathid limestone 
clasts is Antarctica; (2) that the Katberg Formation came from 
a province containing granite >390 Ma, and lignite and silici-
fied wood, within the interval Devonian to Permian, both 
found up-paleocurrent within the Cape Fold Belt, and gneiss 
of minimum age 535 ± 66 Ma (probably about 1000 Ma) 
found in the Falkland Plateau (Beckinsdale et al., 1976); and 
(3) the Molteno Formation came from a proximal province 
yielding blocks of Witteberg quartzite, available a short dis-
tance south of Molteno in the Cape Fold Belt. 
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ECCA + 
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BEAUFORT 

Feldsarenile 

Quartz 
B. KATBERG SS 

Quartzarenite 

Sublitharenite 

Feldspar Lithic 

D. KAROO Q 

Figure 16. Framework modes of Karoo sandstones plotted on a QFL triangular diagram divided ac-
cording to Folk et al . 's (1970) scheme, except D, f rom Dickinson and Suczek (1979). A. Samples 
SA 9 (Ripon Formation of Ecca Group) and SA 30 (lower Beaufort Group) (Appendix 1) and the 
mean for the Ecca and lower Beaufort (asterisk) (Kingsley, 1981) and for the lower Beaufort (trian-
gle) (Le Roux, 1985). B. Katberg Formation (upper Beaufort), f rom Johnson (1966), as given by 
Dingle et al. (1983 p. 21). The mean is shown by the asterisk. C. Molteno Formation and mean (as-
terisk) (Turner, 1975), with mean Molteno (triangle) and Elliot Formation (X) f rom Le Roux 
(1985). D. Summary. Field of Karoo sandstones represented by 1 (SA9, Ripon Formation), 2 (mean 
Ecca and Beaufort), 3 (mean Katberg), 4 (SA 30, lower Beaufort), 5 (mean Molteno), 6 (mean 
Elliot). All lie within the recycled orogen provenance except 2, which lies between this provenance 
and the magmatic arc provenance. 

Other types of provenance, including the northern cra-
tonic provenance. Along the northern feather-edge of the 
Karoo Basin, paleocurrent directions in the Dwyka Formation, 
Ecca Group and parts of the Beaufort Group indicate derivation 
from the northern craton. The large caliber of the abundant gla-
cial stones in the Dwyka (Visser et al., 1986) facilitates the 
recognition of the proximal cratonic source in the valley fills of 
the northern Karoo Basin and farther afield, as at Elandsvlei 

(Table 6), whereas the sand grade of the northern Ecca Group 
provides a less distinctive clue to the nature of the provenance. 
The heavy mineral sands in the Vryheid Formation (Behr, 
1986) may have been derived from reworked Dwyka Forma-
tion to the northwest or from basement. In the Beaufort Group, 
except the Mooi River Formation, the Belmont/Katberg and 
Otterburn/Burgersdorp Formations are from the southern prov-
enance. As mentioned already, the rudite of the Mooi River 
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TABLE 5. DATED RUDITE AND ARENITE CLASTS IN THE SOUTHERN KAROO BASIN 

Unit Locality Material Reference 

Molteno Molteno 75-cm-wide clast of Devonian 
Wit teberg quartzite 

Rust, 1962; Turner, 1975 

Middle Beaufort (Katberg) East London Lignite, silicified wood: Permian or 
older to Devonian 

Stavrakis, 1980 

Katberg (245 Ma) Katberg Granite: K/Ar 390 to 210 Ma min. age* Elliot and Watts, 1974 

Abfthamskraal"1" Beaufort West Detrital zircons: U/Pb 1050 ± 20 Ma Burger and Coertze, 1977 

Dwyka Gamkapoor t to Wi l lowmore Archaeocyath id l imestone: Early 
Cambr ian 

Cooper and Oosthuizen, 1974; 
Oosthuizen, 1981; V i sse re t 
al., 1986. 

•Possibly an argon loss event (Martin et al., 1981, p. 300). 
f T h e sandstone bear ing these grains w a s deposi ted from paleocurrents from the southwest , wh ich does not contain this Namaqua-Nata l 
provenance (see Fig. 4). It is possible that the z i rcons are f rom reworked Dwyka whose provenance lay nor thward in the Namaqua-Nata l belt. 

Formation (= Belmont Formation in Natal) indicates a unique 
source in the Natal Metamorphic Belt. The Estcourt/Lower 
Beaufort is from an east-south-east provenance (Botha and 
Linstrom, 1978; Cole and Wipplinger, 1991) and a northern 
provenance in the Heilbron-Frankfort area (Fig. 13A) (Keyser 
and Zawada, 1988). 

Cole and Wipplinger (1991) show that five major paleo-
current directions dominate the Beaufort Group—NE, NNW, 
ESE, WNW, and SW. The first two suggest derivation of sedi-
ment from the Cape Fold Belt region (Recycled Orogen Prove-
nance—see previous discussion). The ESE direction indicates 
transport of sediment from a cratonic provenance centered on 
Namaqualand, and the WNW direction implies that the Natal 
Metamorphic Belt was a significant source of Beaufort Group 
sediment. The SW paleoflow direction was only recently 
recorded in the Colesberg-Edenburg region (Cole and Wip-
plinger, 1991). An intrabasinal granitic provenance east of 
Bloemfontein has been proposed by J. C. Theron (1970). 

SYNTHESIS 

The analytical data presented above are put together in 
the form of the series of paleo-tectonic/geographic maps pre-
sented in Fig. 17. 

Influence of basement structure 

Three basement trends (Fig. 17A) existed by the start of 
pre-Gondwanan (Ordovician-Devonian) deposition. The trends, 
defined by the 1.0-0.5 Ga foldbelts of weak crust that wrap 
around the 1 Ga Namaqua-Natal Belt and >2.5 Ga Kaapvaal 
Province, provide a tub-shaped template that was impressed on 
succeeding structures up to the Cretaceous breakup of Pangea 
along the present divergent margins. The pattern is reprinted 

during the Ordovician-Devonian deposition of the Cape 
Supergroup in grabens on the northwest and northeast linked 
by an east-west depositional axis (Fig. 17, B and C) and during 
the Permian and Triassic development of the Cape Fold Belt 
along the east-west trend linked with intermittent uplifts to the 
northwest (Atlantic upland) at a syntaxis around Cape Town 
and to the northeast (Eastern upland) at a syntaxis in the (re-
stored) Falkland Islands (Fig. 17, D-H). Finally the pattern was 
exploited to determine the present shape of southern Africa by 
the dispersal of the neighboring South America. The south-
eastern margin of South America was dispersed by sea-floor 
spreading perpendicular to the southwest margin of Africa, and 
the Falkland Plateau protuberance of South America was dis-
persed from the southeastern margin of Africa by transform 
motion along the Agulhas Fracture Zone, after preliminary ro-
tations of subplates including the Falkland Islands and parts of 
West Antarctica. 

Ordovician-Devonian Cape Sequence 

Figure 17B shows the initial rift valleys that formed over 
the Gariep and Mozambiquean trends. In the southwest, the al-
luvial-fan to braided-river complex of the Klipheuwel and 
Piekenierskloof Formations occupied the funnel between the 
proximal Atlantic and Bushman uplands; in the northeast, the 
Natal valley was filled with a similar complex of alluvial-fan 
through braided-river to shallow marine shelf that was de-
posited longitudinally from and within the proximal Kaapvaal 
uplands. Subsequent down-flexure of the rift shoulders al-
lowed sediment in a coastal plain-marine shelf complex to 
thicken southward from at least the northern preserved pinch-
out into a trough axis (marked by the 3.5 km isopachs) that 
crosses the present south coast. The only other known occur-
rence of possibly early Paleozoic sediment in southern Africa 
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TABLE 6. OTHER DATA ON PROVENANCE PETROLOGY, INCLUDING THE OCCURRENCE OF GARNET 

263 

Unit Locality Material Reference 

Elliot 

Elliot 
Molteno 

Molteno 

Burgersdorp 
Belmont 

Katberg 
Katberg 

Estcourt 
Beaufort 
L. Beaufort and Ecca 

Ecca 
Vryheid 

Vryheid 

Dwyka 

Dwyka 

Dwyka 

Dwyka 
Dwyka 

Weltevrede (Witteberg) 

Pakhuis 

Natal Drakensberg 

Clocolan 
Molteno outcrop 

Molteno outcrop 

Natal Drakensberg 
Mooi River 

East London* 
Eastern Cape 

EstcourWMooi R.+ 
Karoo Basin 
E. Cape 

Laingsburg, Harrismith 
Bothaville 

Delmas, Carolina, Muden 

N. Karoo, Elandsvlei 

S. outcrop 

Pluto's Vale 

Karoo Basin 
Karoo Basin 

Willowmore 

W. Cape 

Sandstones: sedimentary source, 
from primary igneous/metamorphic 
source 
Garnet and other heavy minerals (HM) 
Garnet (almandlne-spessartite) 
"from granites, pegmatites, and 
possibly contact altered siliceous rocksT 
Two sources: S—Cape Supergroup 
quartzites; SE—granitic fault-block 
terrain of high relief 
Garnet 

<18 cm clasts: gneiss with 
red garnet, vein quartz, microcline, 
red granite, quartzite—metamorphic 
terrane 
Pebbles, HM 
Quartz-feldspar porphyry and non-
porphyritic "lava." Also granite, gneiss, 
quartzite, sandstone, conglomerate, 
fossil wood 
Sand grains 
Garnet 
Modal analysis, feldspar studies, heavy 
mineral analysis: low-metamorphic to 
gneissic terrane 
Garnet 
Garnet, zircon from granitic terrane in 
NW 
Garnet 

Proximal valley source: red 
quartzite plus stromatolitic dolomite 
from "Ghaap Plateau" 800 km to NE 
Diorite, gray limestone with 
archaeocyathids, from S or SE 

Heavy mineral suite flooded with 
colorless and pink garnet 
Garnet 
Chattermarked garnet: recycled 
glacigenic sediment 
Rutile, zircon, ilmenite, magnetite, 
monazite, staurolite, sphene. Namaqua 
Natal metamorphic igneous source 100 
km to north 

Only known occurrence of garnet in 
Cape Supergroup 

Eriksson, 1985 

Le Roux, 1969, fide The ran, 1975 
Turner, 1975, p. 199 

Turner, 1980 

Botha and Linström, 1978 
Theron, 1975, p. 65 

Hiller and Stavrakis, 1980 
Johnson, 1976; Theron, 1975 

Botha and Linstrôm, 1978 
Theron, 1975 
Kingsley, 1979 

Nel, 1962 
Behr, 1986 

Ryan and Whitfield, 1979; Behr, 
1986 
Visser et al., 1986 

Cooper and Oosthuizen, 1974; 
Visser and Loock, 1982; Visser 
et al., 1986 
Rust, 1962 

de Villiers and Wardhaugh, 1962 
Gravenor, 1979 

Cole and Labuschagne, 1983 

de Villiers and Wardhaugh, 1962 

'"The pebbles...indicate that the sediments were derived from the weathering and erosion of a granitic or granite gneiss terrane which, in 
places, was associated with a sedimentary cover and intrusive igneous rocks.... The heavy mineral suite, in which pink garnet, magnetite, 
epidote, sphene and zircon are the most common species, would indicate derivation from a high-grade metamorphic or acid igneous source. 
The feldspars present In the sandstones, mostly microcline and plagioclase in the albite to andesine range, tend to confirm such a source." 
f'The plagioclase and microcline in the sandstones were probably derived from gneissic metamorphic rocks and this conclusion is confirmed 
by the high garnet content.... The quartz in the sandstones has a typical undulatory extinction, which also points to metamorphic source 
rocks. The bulk of the material was therefore derived from garnet-bearing basement rocks around the south-eastern and eastern periphery of 
the Karoo Basin." 
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T A B L E 7 . S O U T H A F R I C A N R O C K S P E C I M E N S , A R R A N G E D S T R A T I G R A P H I C A L L Y * 

Formation/ SA No. Description 
Locality 

Beaufort Group, 3 km N of 30 Fine-grained plagioclase litharenite (see Table 8 for point 
Beaufort West count). 
Top Fort Brown, Geel- 11b Argillite with very fine quartz fragments. 
houtboom 11c Very fine sandstone, with a llthic grain of sedimentary 

chert (banded chalcedony) (Fig. 20F). 
11d Argillite similar to 11 b and 11c. 

Fort Brown, 13 km N of 10 Tuff of shards in felsitic groundmass, part replaced by car-
Wolwefontein bonate (Fig. 20D). 
Basal Ripon Formation, 9 Fine-grained plagioclase litharenite (see Table 8 for point 
Ecca Pass, 2.4 km past count). 
Bain Monument 
Top Col l ingham, Ecca 8c, d Argillite with minor angular quartz grains. 
Pass 
Remhoogte 14-16 
Collingham, Matjiesfontein 14c Felsitic groundmass with scattered angular plagioclase 
Chert (MC) and quartz, interpreted as a tuff (Fig. 20E). 

14g Similar to 14c, some parts replaced by carbonate. 
14h Similar to 14c and 14g. Replacing mineral (high relief) 

picks up faint traces of Tvitric shard outlines. 
Collingham, 8 m above 15 Argillite, with curvilinear fragments interpreted as shards 
base with triple junctions (Fig. 20B). 
Whitehill 16a Yellow part of slide is argillite. Black part is vitric tuff with 

shards replaced by clay (Fig. 20A). 
Between MC and White- 26 Black argillite. 
hill, 16 km E. of Matjies-
fontein 

MC at locality 26 27 Laminated microcrystalline quartz with very fine quartz 
and plagioclase grains. 

Whitehill, 1.3 km N of 5 6 Very fine-grained red siltstone. Wavy lamination with trun-
cation surfaces present. 

Six m below Whitehill near 29 Argillite. 
Laingsburg R. crossing 

Basal 5-m Col l ingham, 7a Very fine-grained siltstone with devltrified glass shards. 
Ecca Pass Very few detrital grains present. White patches full of 

shards (Fig. 20C). 
7b As above but without shards, and replaced locally by car-

bonate. 
7c Argillite mostly replaced by carbonate. Black patches 

show shard-like grains, but too small for positive identifi-
cation. 

7d Argillite replaced by carbonate. 
Poorly sorted medium-grained immature sandstone; 
quartz, and plagioclase, minor microcline. Clasts of granite, 
quartzite, altered plagioclase-rich (lathwork) mafic rock. 

"Volcanogenic material located on Figure 1 and in Table 2. 
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T A B L E 8. M O D A L P O I N T - C O U N T P E R C E N T A G E C O M P O S I T I O N 
O F S A N D S T O N E S * 

Category SA9 SA30 
Ripon Beaufort 

Counts 700 720 

Grainsize 0.17 mm 0.14 mm 

Whole rock quartz 42.7 56.7 
Common 26.1 55.9 
Volcanic 1.1 0.0 
Polycrystalline 15.2 0.8 
Chert/metachert 0.3 0.0 

Interstitial 6.4 13.8 

Feldspar 16.7 17.3 
K-feldspar 11.6 5.1 
Piagloclase 5.1 12.2 

Mica 2.6 3.1 
Heavy mineral 0.1 0.3 

Lithic grains 31.5 8.8 
Volcanic, felsitic 18.4 2.2 
Argillite 10.0 6.3 
Schist 3.1 0.3 

Total 100.0 100.0 

Quartz (Q) 47.0 68.5 
Feldspar (F) 18.4 20.9 
Lithic grains (L) 34.6 10.6 

Total (Q + F + L ) 100.0 100.0 

'Categories from Cowan, 1985, after McDonnell, 1983. 

is at Zambezi (14.4°S, 22.5°E) (ZI in Fig. 6) (Reimann, 1986), 
1,200 km north of the edge of the map area of Fig. 17B. 

During the Early and Middle Devonian (Fig. 17C), accel-
erated subsidence was accompanied by the southward pro-
grading clastic wedge >3.5 km thick of the Bokkeveld Group, 
shed presumably from the relic Bushman and Atlantic up-
lands, in the form of "a major trough with marked eastward 
axial pitch (Agulhas Trough)" (Theron and Loock, 1989, 
p. 733). In the Late Devonian (Witteberg Group), a linear clas-
tic shoreline developed east of 20°E, and possibly branched 
northeastward into the Natal trough. 

In view of its setting alongside the Paleo-Pacific Ocean, 
the trough was on the cratonic side of a marginal or back-arc 
basin behind a magmatic arc, as suggested for the Devonian of 
the neighboring Antarctica (Bradshaw and Webers, 1988, 
p. 792) (Fig. 4 in Chap. 7), and of southern South America and 
the Antarctic Peninsula (Hiller, 1992, fig. 9). In deriving all its 
epiclastic sediment from the craton, the Cape Basin has the 
same kind of fill as a passive margin (Johnson, 1991) but the 
very different tectonic setting of a back-arc basin within a 
zone of plate convergence. 

Karoo (Gondwanan) Sequence 

Figure 17D shows the following superimposed events at 
the latest Carboniferous-earliest Permian (290-277 Ma) onset 
of Karoo deposition: (5) end-Tastubian regressive marine 
shoreline (heavy dotted line) and tuff; (4) Tastubian marine 
transgressive shoreline (light dotted line); (3) ice flow during 
final glaciation (arrows); (2) interglacial lake (heavy broken 
line); (1) uplands isolated by basin subsidence (stippled line: 
mapped edge of upland; dot-and-dashed line: inferred edge). 
T1 and T2 are localities of volcanigenic material, mainly tuff, 
that indicates coeval distal volcanicity. 

The commonest stone in the Dwyka diamictite is granite 
and gneiss but their occurrence in basement on all sides of the 
Karoo Basin rules out a specific source area. Distinctive 
stones in the basal diamictite relatable to source are stroma-
tolitic dolomite and reddish quartzite at Elandsvlei (EL in Fig. 
17D) from the Proterozoic of the Ghaap Plateau, and diorite, 
schist, slate, and archeocyathid limestone (Table 5, a), attrib-
uted by default (outcrops are not known in southern Africa) to 
the south and southeast (Visser et al., 1986). 

During the Early Permian (275-263 Ma) deposition of the 
lower Ecca Group (Fig. 17E), lobes of a delta complex with 
coal measures overlapped subsiding cratonic uplands in the 
north (Witwatersrand Arch) and in the east (Eastern uplands) 
and prograde and shale-out to the southwest into a shallow 
anoxic basin, which continued to the northwest into South 
America (Whitehill-Irati shale basin). A distal magmatic arc is 
indicated by widespread tuff (1-12 of Table 2). 

Figure 17F shows the deposition of the Early/Late Per-
mian (263-255 Ma) Upper Ecca Group of southern Africa and 
the 3-km-thick equivalent above the Lafonian Diamic-
tite-Black Rock Member on the Falkland Islands. The situa-
tion is now reversed from that of the Lower Ecca. Coarse and 
thick sediment came wholly from the south and west, and the 
northeastern area of the former delta complexes was covered 
by a shale (Volksrust Formation). By the end of Ecca deposi-
tion, the basin was almost filled with sediment to become the 
broad fluvial plain of the Beaufort Group. The Upper Ecca 
represents the first pulse of thick sediment shed into a fore-
deep from the rising Cape Foldbelt, which underwent a second 
deformation, the Outeniqua folding, towards the end of Ecca 
deposition. This foredeep developed by rapid subsidence of 
the shallow floor of the Whitehill lake to a probable maximum 
depth of 500 m during the deposition of subaqueous fans. The 
isopachs parallel the strike of the Cape Fold Belt, and the axis 
pitches eastward into the thickest known section, near the 
coast and on the Falkland Islands. In the west, sediment was 
transported down an east-northeastward paleoslope and was 
probably derived from two sources: (1) by consequent drain-
age down the flank of the resurgent Atlantic Mountains, and 
(2) by axial drainage from the Cape Fold Belt. The Atlantic 
Mountains temporarily interrupted or restricted the previous 
Tastubian upper Dwyka margin and Artinskian Lower Ecca 
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brackish connection between southern Africa and South 
America that resumed later during the early Kazanian Waterford-
Estrada Nova lake with its endemic bivalves. 

The framework modes of sandstone in the Ripon Sand-
stone fall within the recycled orogen field (Fig. 16); the mean 
of the Ecca and Beaufort Groups (point 2 of Fig. 16) falls be-
tween the provenances of the recycled orogen and the mag-
matic arc, which is represented by widespread tuff (13-21 of 
Table 2). 

Figure 17G shows the Late Permian-Early Triassic 
(255-240 Ma) deposition of the Beaufort Group. Following 
the filling of the Ecca basin by northward and eastward pro-
grading deltas, a greater volume of sediment from the faster 
growing Cape Fold Belt, now including deformed and uplifted 
early Beaufort strata, prograded diachronously northward in 
rivers that flowed across the former basin floor down a 500-
km-long piedmont flank to an east-trending axis of sediment 
transport in the northeastern Karoo Basin. During 15 million 
years of deposition, the piedmont wedge reached an estimated 
thickness of 6 km at the south crop. The main fan in the south-
east radiated from a source region (Theron, 1975) upslope 
from the syntaxis at the Falkland Islands, as the minor fan in 
the southwest radiated from a similar syntaxis in the Cape 
Town-Ceres region. Enclosure of the basin on the northwest is 
indicated by SE-trending paleocurrents northwest of T26. In 
the Early Triassic, piedmont conglomerate (circles) was de-
posited at the foot of uplands in the Falkland Islands and Pre-
cambrian Mapumulo Group in the northeast. Proximal sources 
are an inferred trachyandesite volcanic center near T24, 25, 
the garnetiferous gneiss of the Mapumulo Group east of the 

Mooi River (Table 6, g), the Devonian to Permian section of 

Figure 17. Paleo-tectonic/geographic maps, showing provenances. 
Volcanigenic material, mainly tuff that indicates coeval distal vul-
canicity during the Permian and Early Triassic, denoted by T 1 - T 2 3 
and T27 (from Table 2); proximal vulcanicity during the Triassic and 
Jurassic denoted by T24-T25 and T28-T33. 

A. Pre-Cape (>2.5-0.5 Ga) basement trends, f rom Figure 4. 
B. Ordovician-Silurian: Table Mountain and Natal Groups, f rom 

Figure 5A. 
C. Early-Middle Devonian Bokkeveld Group and equivalent in 

the Falkland Islands, f rom Figure 5B. 
D. Latest Carboniferous-earliest Permian (290-277 Ma) Dwyka 

Formation in Southern Africa and Lafonian Diamictite on the Falk-
land Islands, f rom Figure 11. Magmatic arc in D - G located an un-
known distance southward beyond the gap. 

E. Early Permian (275-263 Ma) Lower and Middle Ecca Group 
of southern Africa and Black Rock Member of Falkland Islands, f rom 
Figure 12A. 

F. Early/Late Permian (263-255 Ma) Upper Ecca Group of south-
ern Africa and the 3-km-thick equivalent above the Lafonian Dia-
mictite/Black Rock Member of the Falkland Islands, f rom Figure 12B. 

G. Late Permian-Early Triassic (255-240 Ma) Beaufort Group, 
f rom Figure 13A. 

H. Late Triassic (230-225 Ma) Molteno Formation, f rom Figure 
14A. 

I. Early Jurassic Karoo vulcanicity. 

the Cape Fold Belt upcurrent from the Katberg-East London 
area (Table 5, d), and an inferred granite >390-210 Ma (Table 
5, c). The bulk of the Beaufort Group sediment was recycled 
from the orogen of the Cape Fold Belt (Fig. 16), but sediment 
from the distal magmatic arc, including rhyodacitic tuff (22, 
23, 26, 27 of Table 2), was sufficient to shift the sandstone 
mode toward the magmatic arc provenance. In the northeast-
ern Karoo Basin, coarse (lapilli) tuff (24-25 of Table 2) indi-
cates a proximal source in a trachyandesitic volcanic center. 

Figure 17H shows the Late Triassic deposition of the 
Molteno Formation, as detailed in Figure 14A. Downslope 
from the inferred upper fans at the foot of the Cape Fold Belt 
and the Eastern uplands is a belt of a lower braid fan and then 
a meander plain. In the Molteno Formation, tonstein (28 of 
Table 3), derived from a rhyodacitic tuff in turn derived from 
a proximal source volcano, was followed in the Elliot and 
Clarens Formations (29-33) by basalt and mafic pyroclastics 
during the initial stage of in situ Karoo vulcanicity. 

Figure 171 shows the Early Jurassic Karoo vulcanicity, in-
cluding the eruption of flood basalt, now worn back to the 
Lesotho outlier, and the intrusion of dolerite limited by the 
dotted line. 

Setting within southern Africa 

The inception of the Karoo Sequence in the latest Carbon-
iferous-earliest Permian corresponded to the relaxation of the 
Pangean platform in sags and rifts. The regional map of Figure 
18 shows the great northward expansion of Gondwanan depo-
sition over the interior of the Gondwanaland province of 
Pangea beyond that of the confined pre-Gondwanan Cape 
Sequence. The latest Carboniferous-earliest Permian (290-277 
Ma) Dwyka Formation in southern Africa, Lafonian Diamictite 
on the Falkland Islands, and equivalents northward to 5°N oc-
cupied sags in the Karoo (western) terrain, including the Kala-
hari Basin between the Windhoek and Cargonian uplands and 
the Karoo Basin between the Cargonian uplands and the proto 
Cape Fold Belt. The Zambezian terrain (east of the heavy bro-
ken line) was affected by faulting of basins during or after dep-
osition or both. Faulting also affected the eastern part of the 
Kalahari Basin (Visser, 1987) and, in the western terrain, the 
entire Warmbad Basin (J.N.J. Visser, personal communication, 
1992) at the southern part of the Kalahari Basin (Fig. 12A). 
The equivalents of the Ecca and Beaufort Groups are known 
from place to place north of the Karoo Basin, but are not so 
widespread as those of the Dwyka. Only with the renewal of 
widespread deposition in the Late Triassic and the onset of vo-
luminous proximal Karoo vulcanism in the Jurassic (Fig. 19) 
were areas in the north newly covered by sediment and lava. 
Renewed and more extensive deposition in the Late Triassic 
corresponds to a singularity in Pangean history: terminal com-
pression of fold belts (Cape Fold Belt, Bowen-Sydney Basin) 
and widespread subsidence, mainly in rifts that prefigured the 
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Figure 18. Latest Carboniferous-earliest Permian (290-277 Ma) 
Dwyka Formation of southern Africa, Lafonian Diamictite of the 
Falkland Islands, and equivalents northward to 5°N. M a p base f rom 
Figure 6. 

divergent margins of the Atlantic and Indian Ocean regions 
(Veevers, 1989). The subsequent Karoo vulcanism reflects the 
increased activity of Pangean hotspots during rifting. 

Also shown in Figure 19 are the axes of drainage (marked 
b) and maximum thickness of the Permian-Triassic foredeep 
(marked a) for the following intervals: 

(I) Tastubian, at end of Dwyka deposition: As shown in 
section I, the Dwyka Formation was deposited over a basement 
that comprised the Kaapvaal Province, the Namaqua-Natal Belt 
(N-N), the Southern Cape Conductive Belt (SCCB), including 
the Beattie Anomaly (BA), and the Cape Supergroup. The 
basin subsided between cratonic uplifts and the growing 
Swartberg fold in the Cape Supergroup and older rocks (near Y 
in the section). The axis of iceflow drainage (lb) lay 80 km 
north of the maximum thickness of 1 km at la (wiggly line). 

(II) Kazanian, at the end of Ecca deposition: Sediment en-
croached northward on the remnant Witwatersrand (WITS) 
Arch. In the south, the foredeep (Ha for the upper Ecca Group) 
subsided in front of the growing Outeniqua folds of the Cape 
Fold Belt and filled with 3.5 km of sediment. The drainage 
axis (lib) lay 400 km north of the foredeep. 

(III) Early Triassic, at end of Beaufort deposition: The 

foredeep (Ilia) in front of the further folded and thrusted Cape 
Fold Belt filled with 6 km of coarse sediment. The drainage 
axis (Illb) lay 550 km to the north. 

(IV) Late Triassic-Early Jurassic, Stormberg deposition 
and early part of Karoo vulcanism: The Stormberg Group was 
deposited during the terminal listric thrusting and epeirogenic 
uplift of the Cape Fold Belt and Karoo Basin in the south and 
the onset of rift uplift marked by the Choma-Kalomo Ridge 
(C-KR) in the north. The drainage basin (IVb) lay 1,000 km 
from the foot of the foldbelt uplift (IVa), which accumulated 
at least 1 km of piedmont fans that were subsequently re-
moved during the epeirogenic uplift. The thickest preserved 
Stormberg equivalent in the north is 2.5 km thick, and was de-
posited at the foot of the rapidly rising Choma-Kalomo Ridge 
(C-KR). Karoo vulcanism includes the local volcanic centers 
in the Stormberg Group and the succeeding flood lava of the 
Drakensberg Group. To the north, the volcanics have been 
worn back to smaller outliers or, as in the Lebombo mono-
cline, covered by younger rock. Dolerite intrusions are con-
fined by the dolerite line in the Karoo Basin and (not mapped) 
within the Kalahari Basin. 

As gauged from the vertical datum line in the sections, 
the foredeep axis shifted 20 km northward from its initial posi-
tion (I) during Ecca deposition (II) and then a further 40 km 
northward during Beaufort (III) and Stormberg (IV) deposition 
by a modest northward encroachment of the deformation front. 
An initial separation of foredeep (la) and drainage (lb) axes of 
80 km increased to 400 km during Ecca deposition, 550 km 
during Beaufort deposition, and 1,000 km during Stormberg 
deposition. The increasing separation reflects the widening of 
the southern depositional flank of the Karoo Basin during the 
growth of the Cape Fold Belt at the expense of the starved 
northern cratonic side. Only during Stormberg deposition did 
the northern craton match the Cape Fold Belt as a source of 
voluminous sediment. Without this northern source, the drain-
age axis would have lain even farther than 1,000 km from the 
Cape Fold Belt. 
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17H, and 171), including dolerite (within the dotted line) and, in Mozambique east of the Lebombo 
monocline, subsurface lavas (doubly encircled V's) . Axis of drainage (marked b, open arrows [ex-
cept stippled II] on map, long arrows on section) and the axis of maximum thickness of the 
Permian-Triassic foredeep (marked a, solid lines on map, short arrows on the section) for the inter-
vals I - IV , f rom Figure 17. Restored sections (V:H = 10) along line XY, with sediment <1 km thick 
shown by solid black. I, end Dwyka; II, end Ecca; III, end Beaufort; IV, Stormberg. BA, Beattie 
Anomaly; C-K R, Choma-Kalomo Ridge; M-Z, Mid Zambezi, N-N, Namaqua-Natal Belt; SCCB, 
Southern Cape Conductive Belt; WITS, Witwatersrand Arch. 
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APPENDIX 1. THIN-SECTION STUDY OF SELECTED 
SANDSTONES AND SILTSTONES FROM 
THE KAROO BASIN 

E. J. Cowan 

Thin sections were cut f rom rock specimens collected by 
Veevers in 1984 f rom localities along the southern crop of the Karoo 
Basin (Fig. 1, Table 7), including the localities of Elliot and Watts 
(1974) and Lock and Johnson (1974). Shards were found in the 
Whitehill Formation (Fig. 20A) and Collingham Formation (Fig. 
20B) at Remhoogte, as in Elliot and Watts (1974), and also in the 
Collingham Formation (Fig. 20C) at Ecca Pass and in the Fort Brown 
Formation (Fig. 20D) southwest of Waterford. A sample f rom the 
Matjiesfontein Chert (Fig. 20E) has a "porphyritic" texture with a 
groundmass containing feldspar and quartz fragments, all interpreted 
as a tuff, although in the absence of shards this remains tentative. 

Sandstones in the Ripon Formation (SA 9) and Beaufort Group 
(SA 30) were coarse enough to be point-counted (Table 8) according to 
the scheme adopted by McDonnell (1983) for Sydney Basin samples. 

The sandstones characteristically have fairly abundant feldspar 
and rather rare nonvolcanic rock fragments, mainly sedimentary chert 
(Fig. 20F). Nearly all the rock fragments in the point-counted sam-
ples are volcanic, but whether they are the same age as or older than 
deposition cannot be told. As in some sub-labile sandstones of the 
Sydney Basin, the relatively small amount of volcanic quartz and the 
abundance instead of common quartz indicate that a volcanic source 
contributed a small part only of the sand fraction. The volcanogenic 
lithic fragments indicate that the source contained dacitic/rhyolitic 
volcanics, again similar to the Sydney Basin sandstones. The lath-
work volcanolithic grains found in the Dwyka sample (SA5b) and 
also in trace amounts in the Late Permian coal measures of the 
Sydney Basin indicate a minor mafic-intermediate volcanic source. 

APPENDIX 2. LATE CARBONIFEROUS-JURASSIC 
CORRELATION CHART FOR SOUTHERN AFRICA 

./. J. Veevers 

In Fig. 21 the columns are arranged f rom south to north through 
the western or Karoo tectono-sedimentary terrain of open basin and 
swell structure (Rust, 1975, fig. 38.1) on the left, and f rom southwest 
to northeast through the eastern or Zambezian terrain of fault-affected 
basins (Rust, 1975, fig. 38.1) on the right. The radiometric time scale 
f rom Appendix 1, Chapter 3, has the Permian/Triassic boundary cali-
brated at 250 Ma. 

I acknowledge the helpful comments of D. I Cole on a draft of 
the chart. 

Biostratigraphical schemes: Primary anchor points 

(1) The Tastubian Eurydesma fauna (Dickins, 1961, 1984) of 
the Kalahari Basin localities a and b (Figs. 1 and 11), correlated by 

fish and spores (McLachlan and Anderson, 1973, p. 45) with the cen-
tral Karoo Basin (locality c) (McLachlan and Anderson, 1973, 1975) 
(Table 1). (2) The early Tatarian (Khachian) and mid-Scythian am-
monoid faunas of northern Malagasy (Teichert, 1974, p. 377). 

Secondary anchor points 

(1) Palynozones 1^4- of the northern Karoo Basin (Anderson, 
1977, 1981), tentatively correlated by Truswell (1980, fig. 4) with the 
eastern Australian palynozones, and firmly correlated by Backhouse's 
(1991, p. 253-256) palynological study of the Permian Collie Basin, 
Western Australia, f rom which this précis is drawn: 

"[In] Anderson's (1977) study of the northern Karoo Basin . . . the taxa are 
comprehensively illustrated and adequate details are provided of their strati-
graphic distribution. The study is based on an apparently uninterrupted suc-
cession that ranges from Stage 2 to above the Didecitriletes ericianus zone 
[Eastern Australian lower Stage 5b], . . . Because Anderson's study is more 
comprehensive in scope than other studies on Gondwanan Permian basins 
more attention is given here to comparing it with the Collie Basin sequence 
and in the systematic section of this report the ranges and morphologies of all 
biostratigraphically significant taxa present in both basins are compared. . . . 

The two basins are most similar in the lower parts of the sequences. Up 
to the lower part of the M. trisina zone [Stage 3b] the only major differences 
in the distribution of index taxa are the absence, or non-recognition, of 
Pseudoreticulatispora confluens and the absence of Microbaculispora trisina 
below Microfloral Zone 3b in the Karoo Basin. The base of the P. pseudo-
reticulata zone [Stage 3a] corresponds here with the base of Microfloral Zone 
2a in the Karoo Basin. The S. fusus biohorizon [Collie Basin] [upper 3a], 
which is correlated here with the first appearance of Striatopodocarpites can-
cellous in the Karoo Basin, and P. sinuosus biohorizon [lower Stage 4] are 
also recognisable on Anderson's distribution chart. Supporting evidence for 
these correlations is provided by the ranges of Praecolpatites ovatus and 
Laevigatosporites colliensis in the Karoo and Collie Basins. The D. ericianus 
biohorizon [lower Stage 5b/c] is the only Collie Basin datum above the P. sin-
uosus biohorizon that can be recognised in the Karoo sequence. D. ericianus 
is first recorded by Anderson from the base of Microfloral Zone 4d." 

After R. Helby (personal communication, 1990), I place the 
confluens zone at the base of Stage 3a (Fig. 44 in Chap. 3); Back-
house (1991) places it between Stages 2 and 3a. With this exception, 
the correlation of the Karoo zones to those of Eastern Australia in 
Fig. 21 are taken directly f rom Backhouse (1991, fig. 10). The 
Granulatosporites confluens zone of Foster and Waterhouse (1988) is 
found at the top of the Dwyka Formation (Anderson's zone 1 ), so that 
the rest of the Dwyka Formation, equivalent to the Stockton Forma-
tion of the Collie Basin (Fig. 43 in Chap. 3), is Stage 2. 

The 12 palynological analyses of C. MacRae, cited by Visser 
(1990), generally confirm the correlations that Backhouse (1991) 
made with Anderson (1977). 

(2) The middle to ?lower Sakamena Group of southern Mala-
gasy, correlated to the L. pellucidus zone of eastern Australia (Foster, 
1979, p. 126; Wright and Askin, 1987). 

(3) lower Isalo I, correlated to the S. speciosus zone (Carnian 
and younger) of Dolby and Balme (1976) = late Ladinian and Car-
nian (Helby et al., 1987). 

(4) Molteno Formation correlated by mega- and micro-floras to 
Ipswich Coal Measures (Carnian-early Norian) of eastern Australia 
(Anderson and Anderson, 1983, p. 8). 

(5) Tetrapod zones, in descending order, f rom Anderson (1981) 
and Keyser and Smith (1979), given also in Dingle et al. (1983): 
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Figure 20. Photomicrographs. The bar scale is 0.1 mm long. A. Vitric tuff with shards replaced by 
clay, sample SA 16a, Whitehill Formation, Remhoogte. B. Argillite with curvilinear fragments in-
terpreted as shards with triple junctions, SA 15, basal Collingham Formation, Remhoogte. 
C. Siltstone with devitrified glass shards, SA 7a, basal Collingham Formation, Ecca Pass. D. Tuff 
of shards in felsitic groundmass partly replaced by carbonate, SA 10. Fort Brown Formation, 13 km 
north of Wolwefontein. E. Angular feldspar and quartz in a felsitic groundmass, crossed nicols, SA 
14c, Matjiesfontein Chert (Collingham Formation), Remhoogte. F. Fine-grained sandstone with a 
lithic grain of sedimentary chert (banded chalcedony), SA 11c, Fort Brown Formation, 
Geelhoutboom. 
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Anderson (1981) 

Cynognathus 
Lystrosaurus 
Daptocephalus 

Cistecephalus 

Tapinocephalus 

Mesosaurus 

Keyser and Smith (1979) 

Kannemeyeria 
Lystrosaurus 
Dicynodon lacerticeps 

Aulacephalodon baini 
Tropidostoma microtrema 

Pristerognathus/Diictodon 
Dinocephalian 

According to Dingle et al. (1983), the Cynognathus Zone is upper 
Griesbachian, the Lystrosaurus Zone all or partly lower Griesbachian, 
the Dicynodon lacerticeps (= Daptocephalus) Zone presumably 
Dorashamian as well as Djulfian (to which it was restricted by 
Anderson, 1981) because evidence of a lacuna is lacking. Anderson 
and Cruickshank (1978) date the Cynognathus Zone as late Spath-
ian—note the occurrence of Paratosaurus of the Cynognathus Zone 
of South Afr ica (Dingle et al., 1983) in the Gosford Formation and 
Hawkesbury Sandstone of eastern Australia (Spathian-Anisian, Fig. 
44 in Chap. 3). Since evidence of a lacuna between the Lystrosaurus 
and Cynognathus Zones is lacking, I extend each zone to the mid-
Scythian, so that the Lystrosaurus Zone is taken as Griesbachian and 
Dienerian, and the Cynognathus Zone as Smithian and Spathian. 

The ages of Anderson's (1981) Karoo zones 5 - 7 are calibrated 
by tetrapods. 
Basins 
North and northeastern Karoo (Anderson, 1981). 

Correlation by palynomorphs encompasses the Dwyka to Mol-
teno, except the Katberg and Burgersdorp, correlated by tetrapods. 

Dwyka Formation. According to Anderson (1977, p. 43; 1981), 
palynozone 1 is restricted to the Dwyka Formation. Truswell (1980) 
tentatively correlated palynozone 1 with East Australian Stage 2, and 
this was confirmed by Backhouse (1991). Foster and Waterhouse 
(1988) correlated the Dwyka Formation (?uppermost part) with the 
G. confluens zone, which I regard as early Tastubian or lower Stage 
3a. The fish at the top of the Dwyka at Douglas (locality c in Figs. 1 
and 11) also indicate Tastubian. The apparent range of the Dwyka (= 
South African palynozone 1) in the northern and northeastern Karoo 
and, according to Anderson (1981), in the southern Karoo (and of the 
glacials in the Congo and mid-Zambezi Basins), is East Australian 
Stage 2 and lower 3a (shown by the oblique broken line). The overly-
ing palynozone 2 is placed in the later Tastubian or upper Stage 3a. 
The biostratigraphical ages underpin Visser's (1990, fig. 6) modeled 
age of Stephanian to Sakmarian, calculated f rom sedimentation rates, 
eustatic events, and facies trends. 

Ecca Group. According to McLachlan (1977), the ammonoid 
recorded f rom the Ecca Series of Natal is not in situ. Glauconite is the 
only physical indicator of a possible marine depositional environment 
in the northern Karoo Basin, and it occurs in the Vryheid (or Middle 
Ecca) Formation, in palynozone 3 (Anderson, 1977, chart 2). 

Tetrapods. The Cynognathus Zone is restricted to the Bur-
gersdorp Formation, which is overlapped by the Stormberg Group 
northeast of the line between 27°E, 29°S and 29°E, 32°S (Kitching, 
1970; Dingle et al., 1983, p. 14, 18, 22). In northwest Natal, the 
Estcourt Formation is equivalent to the Daptocephalus Zone (Keyser 
and Smith, 1979, p. 12) and possibly also to the Lystrosaurus Zone 
(Dingle et al., 1983, p. 21). The Otterburn Formation also contains 
Lystrosaurus Zone fossils (Dingle et al.,1983, p. 23) and the Belmont 
Formation lies within the Lystrosaurus Zone (Dingle et al., 1983, 
p. 23). The Molteno Formation is dated by its macro- and micro-flo-
ras (Anderson and Anderson, 1983, p. 8). 

Southern and central Karoo (Anderson, 1981). 
Formations are correlated by the following: 
(a) Those palynomorphs not destroyed by the intense deforma-

tion and dolerite intrusion experienced in the southern Karoo provide 
correlation of the Dwyka, Prince Albert, Fort Brown, and Middleton 
Formations. The age of the Dwyka Formation in the south is poorly 
constrained (Anderson, 1977, p. 51, 52) but, as noted already, Ander-
son (1981) sees no reason to regard it as any older or younger than it 
is in the north. Visser (1990) developed a facies model in which dep-
osition of the Dwyka Formation becomes younger f rom shelf-ice de-
posits in the south to valley deposits in the north, but paleontological 
evidence of diachronous deposition is lacking. 

(b) Tetrapods: (i) in the Whitehill Formation, the vertebrate as-
semblage of the Mesosaurus zone is dated by its position at the 
boundary between palynozones 3 and 4 (Anderson, 1981), equivalent 
to the middle of Eastern Australian Stage 4 or Baigendian, as found 
independently by Anderson and Anderson (1985, p. 29). This age in 
turn dates the Irati Formation of the Paraná Basin of Brazil, corre-
lated with the Whitehill through its mesosaurid fauna (Oelofsen, 
1987). (ii) Waterford (Anderson and Anderson, 1985, p. 28): the non-
marine bivalve assemblage of the Waterford Formation (Cooper and 
Kensley, 1984) is dated as mid- to late Kazanian (Kalinovian) f rom 
its conformable position beneath the tetrapod-bearing (Sosnovian and 
younger) Beaufort Group; in turn this dates the Estrada Nova For-
mation of the Paraná Basin of South America, correlated with the 
Waterford through its nonmarine bivalve fauna, already described by 
Runnegar and Newell (1971). (iii) Beaufort (Koonap, Abrahamskraal, 
Teekloof, Middleton, Balfour, Katberg, Burgersdorp) zoned by tet-
rapods (Keyser and Smith, 1979) over an interval f rom the Sosnovian 
through the Scythian, as detailed above. 

(c) mega- and micro-flora : Molteno = Ipswich Coal Measures 
of Eastern Australia (Anderson and Anderson, 1983, p. 8) (C. rotun-
dus zone, Carnian-early Norian). We follow Dingle et al. (1983, 
p. 28, 29) in discounting Stapleton's (1978) view that the age of the 
Molteno is indistinguishable f rom that of the Burgersdorp. 

(e) superposition and interpolation: (1) Collingham and Ripon 
between the Whitehill and Waterford; (2) Elliot and Clarens above 
the Carnian-early Norian Molteno, and at and below the Toarcian 
(193 ± 5 Ma, Fitch and Miller, 1984) and younger Drakensberg lavas, 
consistent with the general age indicated by tetrapods (Dingle et al., 
1983, p. 17,43) . 
Kalahari. 

The upper, marine part of the Dwyka is dated as Tastubian 
(Eurydesma fauna of Dickins, 1961, 1984; McLachlan and Anderson, 
1973, 1975). Note the occurrence north of Etosha Pan of Anderson 's 
Zone 2 spores f rom what are called Dwyka Shales (Truswell, 1980, 
p. 101), probably the Prince Albert Formation. Overlying formations 
are named from Kent (1980) and dated by Anderson (1981); 
Omingonde = Burgersdorp according to Anderson and Anderson 
(1983, chart 13) and Dingle et al. (1983, p. 72), with additionally 
Plateau and "Main" Sandstones. 
Congo. 

From Truswell (1980) and Anderson (1981). 
Gabon. 

From Truswell (1980). 
Mid-Zambezi (Zimbabwe), Luangwa (Zambia), Ruhuhu (Tanzania). 

From Truswell (1980), Anderson (1981), Anderson and Ander-
son (1983), and Foster and Waterhouse (1988). Coil = position of 
Cox ' s (1936) marine bivalves in the Kidodi area of Tanzania (Furon, 
1963, p. 319) now nonmarine (Yemane and Kelts, 1990). 
Kenya. 

From Anderson and Anderson (1983), and Anderson (1981). 
Maji-ya-Chumvi with "une intercalation marine á Poissons et Esthe-
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ria" (Blant, 1973, p. 197), correlated with the mid-Scythian of north-
ern Malagasy. 
Malagasy (Boast and Nairn, 1982). 

Southern. Sakoa Group: Coal measures (CM) = Anderson's 
(1977) palynozone 3 (Anderson, 1981, supported by Truswell, 1980, 
p. 103). Glacials (barren) by superposition regarded (Anderson, 
1981) as equivalent to Zone 1 and part of 2. Vohitolia Limestone 
Member, with brachiopods = Kungurian (Anderson, 1981). 

Sakamena Group, lower part: The Glossopteris Shales of Furon 
(1963, p. 358) contain the same marine bivalves (Modiolopsis stock-
leyi Cox and Gervillia elianae Cox) as those in northern Tanzania 
(Furon, 1963, p. 319). Middle Reptile Bed dated by Anderson (1981) 
as lower Griesbachian (see Battail et al., 1987, for paleobiogeograph-
ical correlations with mainland Africa). The middle to ?lower parts 
are equivalent to the L. pellucidus zone of Eastern Australia (Foster, 
1979, p. 126; Wright and Askin, 1987). The upper part (Bed 6 of 
Anderson, 1981) is dated as Dienerian/Smithian. 

Isalo I: According to Dolby and Balme (1976, p. 127), there is 
"clear evidence for equating the S. speciosus zone to Goubin's Zone 
IIINA. It may also represent her Zone IIINB but this correlation is 
less obvious." Dolby and Balme (1976, fig. 10) show Isalo I ranging 
f rom top Carnian to base Rhaetian and overlapping Isalo II. Anderson 
(1981) and Anderson and Anderson (1983) show all the Isalo with 
marine invertebrates, contrary to all other sources who regard the 
Isalo as nonmarine except near the top (Isalo III), which, starting in 
the Toarcian, is dominantly marine. Dolby and Balme (1976, p. 127) 
f ind that Rhaetian-Liassic indices appear first in the upper part of 
Isalo II, f r om which I regard the top of Isalo II as end-Triassic. 

Northern. The sequence starts with the Productus sandstone and 
Cyclolobus shale, equivalent to the Khachian Chhidru Formation of 
the Salt Range (Teichert, 1974, p. 376). Above a disconformity are 
the Claraia shales, beds with ammonoids, and the Iraro Shale with 
ammonoids at the top, all mid-Scythian according to Teichert (1974, 
p. 377). According to Anderson (1981), the Isalo is the same age here 
as in the south. 
Age of distal volcanigenic material 

Distal volcanigenic material (shown in Fig. 21 by the filled cir-
cles) ranges from the earliest Sakmarian or Tastubian (277 Ma) upper 
Dwyka Formation (1 in Table 2) to the late Scythian (240 Ma) 
Burgersdorp Formation (27 in Table 2). 
Age of coal measures 

Coal measures (CM) are restricted to the Sakmarian and Artin-
skian (277-263 Ma) of the Early Permian, to the Early Triassic 
(250-247 Ma)*, and to the Carnian (230-225 Ma) of the Late Triassic. 

The Early Permian coal measures occur in the following units, 
f rom left to right on Fig. 21: Vryheid (Middle Ecca), Auob, unnamed 
coal measures in the Congo Basin, Wankie, Luwumbu, K2, and Sakoa. 
The oldest occurrence is in K2, in the Ruhuhu Basin, from the base of 
the Sakmarian or Tastubian (277 Ma), and the youngest is in the 
Vryheid and Sakoa, at the top of the Artinskian (263 Ma). Early 
Triassic* coal layers are restricted to the Estcourt Formation of the 
Beaufort Group (Fig. 8A, part III). The Late Triassic coal measures are 
restricted to the Carnian (230-225 Ma) part of the Molteno Formation. 
Pre-Permian sequences in southern Africa 

The Pre-Permian sequences beneath the Permo-Triassic basins 
are entirely Precambrian except the 9-km-thick mid-Paleozoic Cape 
Supergroup (Rust, 1973) beneath the southern Karoo Basin, the 1-
km-thick Natal Group beneath the northeastern Karoo Basin, and the 
thin (2 m) arkose and mudstone tentatively dated as Ordovician-Silu-
rian (Reimann, 1986) beneath the Barotse lobe of the Congo Basin. 

*This is in the Estcourt Formation, which, containing Glossopteris, is 
Late Permian (G. J. Retallack, personal communication, 1993). 
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