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Abstract
The 2714–2709 Ma Ventersdorp Supergroup overlies Mesoarchaean basement rocks and sedimentary
strata of the Neoarchaean Witwatersrand Supergroup. The latter basin was inverted by tectonic shortening
and suﬀered the loss of up to 1.5 km of stratigraphy prior to deposition of the Ventersdorp volcanics.
Thermal uplift and ﬂuvial incision prior to the basal Klipriviersberg Group ﬂood basalts appear to have
been limited, but this could also reﬂect a hot dry palaeoclimate acting on a peneplained plateau. Rapid
ascent of ponded magma beneath thinned sub-Witwatersrand lithosphere, transported laterally from a
mantle plume starting head possibly situated marginally to the Kaapvaal craton is inferred for this unit of
up to 2 km of predominantly tholeiitic basalts with subordinate, basal komatiites. Crustal extension related
to ascent of the ponded magma followed, leading to the formation of a set of graben and half-graben
basins, in which immature clastic sedimentary, and felsic to maﬁc lavas and pyroclastics of the Platberg
Group were laid down. The Platberg basins show no evidence for reactivation of pre-existing crustal
structures. The Fortescue Group of the Pilbara craton has an analogous lower ﬂood basaltic succession,
followed by graben-ﬁlls similar to those of the Platberg Group. Diﬀerences in the Fortescue include evidence for signiﬁcant thermal uplift prior to the onset of volcanism, subaqueous basalts in the south of the
Pilbara craton, evidence for two episodes of ﬂood basaltic volcanism, possibly related to two plumes at c.
2765 and 2715 Ma, and graben basins aligned along existing cratonic structures. Both Kaapvaal and Pilbara ﬂood basalts and graben-related sedimentary-volcanic deposits are thought to have been part of a c.
2.7 Ga global superplume event. The plume inferred for the Fortescue Group ﬂood basalts was probably
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related to rifting and the breakup of a plate larger than the preserved Pilbara craton. Uppermost Ventersdorp units (Bothaville Formation terrestrial clastic and Allanridge Formation tholeiitic rocks) suggest a
combination of thermal subsidence, allied to continued plume (minor komatiites) and graben basin inﬂuences. In the Kaapvaal craton, the Transvaal Supergroup lies unconformably above the Ventersdorp. Basal
‘‘protobasinal’’ successions reﬂect discrete fault-bounded basin-ﬁlls, analogous to those of the Platberg
Group; however, it is inferred that the former depositories were related to craton marginal plate tectonic
inﬂuences, speciﬁcally the c. 2.6 Ga Limpopo orogeny. Thin ﬂuvial sheet sandstones of the Black Reef
Formation unconformably succeed the protobasinal rocks and reﬂect the transition to an epeiric drowning
of much of the Kaapvaal craton. A shallow shelf carbonate-banded iron formation platform succession
(Chuniespoort-Ghaap Groups) developed in two sub-basins on the Kaapvaal craton. They are mirrored by
the approximately coeval Hamersley chemical epeiric sediments on the Pilbara craton, and both Kaapvaal
and Pilbara transgressive successions are related here to a possible second, c. 2.5 Ga superplume event,
which raised sea levels globally. Evidence for the younger superplume event is less clear than for the c. 2.7
Ga event. # 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction
Condie (1998, 2001a) proposes a number of mantle superplume events, including those inferred
to have occurred at c. 2.7 and 2.5 Ga, which will be discussed in this paper. Mantle plumes are
deﬁned here according to the usage of Condie (2001b), as being masses of material in the mantle
which rise due to their buoyancy. A mantle plume essentially comprises anomalously hot
ascending mantle material, most likely derived from the mantle–core boundary region of the
Earth (e.g., Olson et al., 1987; Davies, 1990). At the base of the lithosphere plumes spread laterally, and as suggested by the extent of ﬂood basalts derived by partial melting of plumes, may
be 500–3000 km in diameter (Hill et al., 1992). At the surface of the lithosphere, large hotspots
result, characterised by high heat ﬂow, active volcanism, and variable topographic uplifts which
reﬂect depth of the plume (Condie, 2001b). The term superplume, as used here, refers to plume
heads of 1500–3000 km diameter, associated with an eruptive volume in excess of 0.5106 km3
(Condie, 2001b). Condie (1998; see also Condie et al., 2001) deﬁnes a superplume event as one
where many large plumes ascend from the lower mantle to the base of the lithosphere within
<100 my, a usage similar to that of Larson (1991), and also adopted in this paper. Individual
plumes ascend relatively rapidly through the upper mantle and when they spread out beneath
continental lithosphere, the conduit tail may feed the plume head for several tens of millions of
years; the starting head spreads rapidly initially and then slowly and the tail produces thermal
tracks on moving plates (Sleep, 1996, 1997, pers. comm., 2001). Relief at the base of the lithosphere, including rifts, channels plume magma which may move over large distances and which
tends to pond beneath thinned lithosphere, such as that underlying pre-existing basins which then
become subject to inversion and uplift (Ebinger and Sleep, 1998). Pressure release melting occurs
beneath such thinned lithosphere and volcanism follows when rifting occurs (Sleep, 1996, 1997).
Tectonic extension will thus tend to capture ponded plume magma and steep gradients at the
boundary between lithosphere and asthenosphere help to focus lateral ﬂow (Ebinger and Sleep,
1998). Cenozoic magmatism within northern East Africa is inferred to have begun with a starting
head of 750 km radius and within 5 m.y., the plume magma had moved up to 800 km laterally,
with another similar distance being accomplished within the succeeding c. 30 m.y. (Ebinger and
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Sleep, 1998). The diameters used above to deﬁne a superplume (Condie, 2001b) thus commonly
reﬂect these phenomena rather than referring to the starting head diameter.
Superplume events have most likely been relatively common during geological time (White and
McKenzie, 1989), and together with plate tectonics provided the primary large scale controls on
Precambrian crustal evolution and basin development (e.g.,, Eriksson et al., 2001). Indeed,
superplumes may induce crustal rifting, and lateral spread of plume material makes use of tectonically thinned sublithospheric relief (Ebinger and Sleep, 1998). Plume ponds may also be
drained, normally as a result of active plate tectonic extension (N.H. Sleep, pers. comm., 2001);
the interaction between plumes and plate tectonics is thus bipartisan. Mantle plumes can produce
kilometre-scale uplifts and crustal extension across areas of millions of square kilometres (e.g.,,
Sleep, 1992; Hill, 1993; White and McKenzie, 1995), and are commonly associated with either
(super)continental breakup (e.g., Williams and Gostin, 2000) or assembly (Condie et al., 2001). An
association with ﬂood basalt provinces within cratonic realms is also very common (e.g., White, 1997).
Obviously, mantle plumes and superplumes will aﬀect both oceanic and continental plates, but
with oceans comprising approximately two thirds of the modern Earth’s surface and with reduced
volumes of continental crust with increasing age, their eﬀects would have been more widespread
in ocean basins than on cratonic blocks. Impingement of superplumes on the world oceans would
result in enhanced global weathering [i.e. higher Chemical Index of Alteration (Nesbitt and
Young, 1982)] correlated with the introduction of large quantities of CO2 into the atmosphereocean system (i.e. global warming and peaks in black shale deposition) (Condie et al., 2001). The
middle Cretaceous superplume event has been correlated with increased surface temperature,
black shale deposition, eustatic rise, higher d13C in sea water, and a decreased rate of magnetic
reversals (Larson, 1991; Kerr, 1998). Investigations of the eﬀects of plumes on the sedimentary
record have been few in number (e.g., Rainbird, 1993; Nadin et al., 1997; White and Lovell, 1997;
Dam et al., 1998; Williams and Gostin, 2000) and largely related to successions within marine
deposits essentially marginal to cratonic terrains. Within such stratigraphic records, the eﬀects of
mantle plumes are expressed by a combination of emergent facies, regional thinning, regional
unconformities, turbidites and gravity slide deposits, normal faults and incised canyons (Williams
and Gostin, 2000). The Cenozoic superplume (deﬁnition of Condie, 2001b) impinged upon a
tectonically active region in northern East Africa, comprising rifts, incipient opening oceans and
stable cratonic plates but no investigation was made of the relevant sedimentary record (Ebinger
and Sleep, 1998).
In this paper we examine the eﬀects of large mantle plumes within an essentially stable cratonic
regime, by investigating the relevant geology of the Neoarchaean Ventersdorp Supergroup on the
Kaapvaal craton. As the inferred Ventersdorp plume most probably formed part of the 2.7 Ga
superplume event (Condie, 2001a), we brieﬂy discuss also the Neoarchaean Fortescue Group of
the Pilbara craton. In addition, we examine the lower parts of the subsequent epeiric successions
of the Transvaal Supergroup (Kaapvaal) and Hamersley Group (Pilbara), which are seen by
many to be related to post-plume thermal subsidence; we will discuss their possible relationship to
a 2.5 Ga superplume event. Within the Kaapvaal craton, where the Limpopo mobile belt (collision of Zimbabwe and Kaapvaal cratons at c. 2.7–2.6 Ga) is one of the fundamental crustal
architectural elements, there is a possibility to compare supracrustal successions inﬂuenced
strongly by major plume and plate tectonic events; in contrast, the Pilbara craton provides an
example of a largely plume inﬂuence. This paper will seek to establish a provisional model for
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fully cratonic plume-related volcano-sedimentary successions and to place this within a spectrum
of plume-related geological scenarios.

2. Geological background
Two superplume events have been postulated for the Neoarchaean, at c. 2.7 Ga and 2.5 Ga
(Isley and Abbott, 1999), with concomitant juvenile crustal volumes suggesting that the later
event may have been subsidiary to the major 2.7 Ga event (Condie, 1998, 2001b). The latter
appears to be associated further with warm palaeoclimates, reﬂected in evidence for enhanced
weathering rates, a peak in black shale and BIF deposition within the oceanic realms, and the
possible formation of a supercontinent(s) (Isley and Abbott, 1999; Condie et al., 2001). Aspler
and Chiarenzelli (1998) discuss evidence for Neoarchaean supercontinent formation, based largely on northern hemisphere (present-day frame of reference) cratonic plates. Nelson (1998a) has
proposed that global-scale catastrophic convective overturn of Earth’s mantle operated in tandem with plate tectonics during Neoarchaean crustal growth. He provides evidence for such a
global magmatic event at 2715 Ma, with a preserved record thus far identiﬁed on the Superior,
Pilbara and Kaapvaal cratons. Despite a voluminous literature supporting a Neoarchaean
‘‘Vaalbara’’ supercontinent (Cheney, 1996, for a recent pertinent example), based to a large
degree on remarkable lithostratigraphic similarities between the Fortescue-Hamersley succession
in Australia and the Ventersdorp-Transvaal record in southern Africa, recently published high
quality (mostly U-Pb zircon) geochronological (Nelson et al., 1999) and palaeomagnetic
(Wingate, 1998) data do not support the concept. Nelson et al. (1999) point out that the ﬁrst- and
second-order lithostratigraphic cyclicity observed on both cratons is more likely to reﬂect global
eustasy. The latter may well have been related to the suggested 2.5 Ga superplume event, with
reduction in global ocean volume due to constructive magmatism on the ocean ﬂoors.
A far more plausible Neoarchaean supercontinent, albeit only comprising two fairly small
Neoarchaean cratons, is the Kalahari plate, encompassing the Kaapvaal and Zimbabwe cratons,
sutured along the Limpopo orogen. However, there are diverging viewpoints on the age of this
Himalayan style event. Peak metamorphism related to tectonic thickening after the Limpopo
collision, based on the emplacement of charnoenderbites during uplift between 2.67 and 2.57 Ga
supports a Neoarchaean age (McCourt, 1995). Kröner et al. (1999) report granite crystallisation
ages ranging between 3.3 and 2.5 Ga, with fabrics indicating subsequent polyphase deformation,
and conclude that Limpopo collision post-dated the Archaean. Holzer et al. (1998) dated metamorphic minerals and found evidence for three major high grade events, including one at c. 2.65–
2.52 Ga which they ascribed to voluminous granite plutonism. The Archaean mineral ages survived a high grade metamorphic and deformational event at c. 2.0 Ga, which is thought by Holzer et al. (1998) to represent the peak of the Limpopo orogeny. In this paper we will examine the
supracrustal rock record for the Kaapvaal craton from 2714 Ma until c. 2400 Ma and discuss the
possibility of a c. 2.6 Ga distal foreland basin related to the Neoarchaean phase of the complex
Limpopo collisional event. This was apparently preceded by the Ventersdorp plume-related volcanic and subordinate sedimentary succession. The Palaeoproterozoic history of the Limpopo
orogen and its inﬂuence on basin development on the Kaapvaal craton will not be discussed in
this paper.

P.G. Eriksson et al. / Journal of Geodynamics 34 (2002) 207–247

211

2.1. Geological evolution of the Kaapvaal craton: Dominion Group and Witwatersrand-Pongola
Supergroups
Volcano-sedimentary strata of the Dominion Group nonconformably overlie the gneissic and
granite-greenstone basement of the Kaapvaal craton. The basement is heterogeneous in age
(Robb et al., 1992) and certain portions may reﬂect Neoarchaean terrane amalgamation. The
Dominion Group was deposited on 3120 Ma old (Walraven et al., 1990; Robb et al., 1992) continental crust at 3074 Ma (Armstrong et al., 1991). The basement-Dominion contact was subsequently sheared during a ductile deformational event, which may be related to other preWitwatersrand deformation observed in Dominion strata. The pre-Witwatersrand crustal shortening involving Dominion strata may be regarded as positive inversion of the Dominion basin
(Van der Merwe, 1994). Use of the term inversion here refers to shortening, uplift and erosion of
volcanic and sedimentary material laid down within a basin; it is generally unclear within the
Archaean rocks discussed in this paper whether depocentres were eroded most.
Nel (1935) and many subsequent authors, notably Pretorius (1966), accepted the Dominion
Group as the initial phase of volcanic activity and sedimentation within the Witwatersrand Basin.
Tankard et al. (1982) regarded the Dominion Group as having inﬁlled a protobasin prior to the
deposition of the Witwatersrand Supergroup. The Dominion Group reaches a maximum thickness of 2250 m (SACS, 1980) and may be subdivided (Strydom, 1984), from bottom to top, into
the Rhenosterspruit Formation, the Rhenosterhoek Formation and the Syferfontein Formation.
The Rhenosterspruit is subdivided into Lower and Upper Quartzite and Conglomerate Members,
and the conformably overlying Rhenosterhoek Formation consists mainly of andesite and
basaltic andesite. The 3074 6 Ma (Armstrong et al., 1991) Syferfontein Formation comprises
mainly felsic volcanic rocks (quartz-feldspar porphyry, ignimbrite, agglomerate) with minor
interbedded maﬁc rocks.
Dominion strata have been interpreted as originating from Andean-type continental-margin arc
volcanism in an Archaean plate convergence zone (Burke et al., 1986), as rocks with calc-alkaline
characteristics but ‘‘formed adjacent to a continental margin in an incipient foreland basin’’
(Crow and Condie, 1987), or as a bimodal tholeiitic basalt–rhyolite association (Bowen et al.,
1986; Marsh et al., 1989) more characteristic of deposition in a failed continental rift-basin tectonic setting (Bickle and Eriksson, 1982; Clendenin et al., 1988; Stanistreet and McCarthy, 1991;
Coward et al., 1995). Models for the evolution of the Witwatersrand Supergroup are varied but
the majority of those proposed in the 1980s and 1990s emphasise the importance of thrust faults
in the evolution of the basin; Burke et al. (1986) and Winter (1987) proposed a foreland setting
while Coward et al. (1995) argued for a hinterland setting. Clendenin et al. (1988) and Coward et
al. (1995) proposed that the Dominion Group formed the syn-rift phase of the overlying thermal
subsidence sediments of the West Rand Group (Witwatersrand Supergroup).
Recent modeling of the Witwatersrand-age strata has focused on the geometry and facies relationships of the preserved sequences (Catuneanu, 2001). The Witwatersrand basin is identiﬁed
with the ﬂexural foredeep of a more extensive foreland system, which also included forebulge and
back-bulge ﬂexural provinces. The facies changes from the West Rand to the Central Rand
Groups correspond to a transition from underﬁlled (deep and shallow marine) to overﬁlled (ﬂuvial and alluvial fans) phases, typical of foredeep basins. Some rebound of the foredeep as the
thrust load became eroded may also have contributed to these observed facies changes (Speed
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and Sleep, 1982). Loading in the Witwatersrand thrust belt took place in relation to the oblique
convergence of two compressional stress ﬁelds, which restricted the lateral development of both
the foredeep and forebulge ﬂexural provinces. The forebulge migrated down dip, causing the
erosion and wedging out of the underlying Dominion Group. This erosional surface displays all
the diagnostic features of a basal (forebulge) unconformity, with an increasing stratigraphic gap
towards the foreland, and a correlative conformity in the more proximal parts of the basin. The
back-bulge region of the foreland system is superimposed on the divergent continental margin of
the Kaapvaal Craton, and hosts the Mozaan Group of the Pongola Supergroup. The Mozaan
and Witwatersrand successions are correlative and display in-phase stratigraphies, as being part
of the same foreland system: the gap between their areas of occurrence reﬂects uplift and erosion
in the forebulge region.
The Witwatersrand foreland system formed on a newly cratonized continental lithosphere, with
a relatively low ﬂexural rigidity, which gave the basin a small ﬂexural wavelength (i.e.  490 km
from the center of orogenic loading (cf. thrust zone) to the axis of the back-bulge) relative to most
Phanerozoic counterparts (Catuneanu, 2001). The lack of forebulge deposits suggests insuﬃcient
dynamic loading, which in turn may be related to a temporary cessation of plate tectonic activity;
this is compatible with the Kaapvaal craton being suspended above a mantle plume during the
Witwatersrand time. However, lack of signiﬁcant volcanic rocks, and especially ﬂood basalts in
the Witwatersrand stratigraphy, and the evidence for a compressional basin regime argue against
such a possibility. The insuﬃcient loading may also reﬂect the relationship between permanent
and transient loads after arc-continent collision occurred (cf. Speed and Sleep, 1982).
2.2. Geological evolution of the Pilbara craton: Neoarchaean erosive events and supracrustal rocks
The early development of granite-greenstone crust in the Pilbara craton parallels that within the
Kaapvaal craton, with recent dating indicating a duration from 3650 to 3100 Ma in both cases;
subsequently, craton-scale erosion from c. 3125 to 3000 Ma denuded both terrains (Nelson et al.,
1999). In Pilbara, widespread medium- to coarse-grained epiclastic deposits of the De Grey and
Whim Creek Groups are related to this cratonic exhumation event, and were laid down between
3030 and 2950 Ma; extensive volcanic, granitic and ultramaﬁc rocks within western Pilbara
formed at c. 2930–2925 Ma and the Cooglegong Monzogranite was emplaced at c. 2850 Ma
(Nelson et al., 1999). A second widespread erosive event preceded extrusion of the Fortescue
lavas, discussed below.

3. Ventersdorp Supergroup
The Ventersdorp Supergroup comprises a 5100 m thick succession of subaerial volcanic rocks,
including up to 2900 m of sedimentary units identiﬁed in borehole sections. This supergroup
occupies an area greater than 300 000 km2 within the central part of the Kaapvaal craton (Fig. 1)
(Pretorius, 1976; Winter, 1976). A minimum eruptive volume of 0.66106 km3 is indicated from
these dimensions, which falls within the deﬁnition of a superplume (Condie, 2001b) adopted in
this paper. However, preserved outcrops fall well short of a plume head diameter in excess of
1500 km assumed for the same deﬁnition. White (1997) and Ebinger and Sleep (1998) point out
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that plume-related melts often travel large lateral distances from the tail conduit which is the
main locus of mantle melting, which may confuse the relationship between preserved outcrops of
ﬂood basalts and original plume head diameter. It is unclear whether the Ventersdorp plume lay
beneath the present major ouctrop area in the central Kaapvaal craton, or whether it occupied a
craton marginal location (White, 1997). Based on presently available data, the Ventersdorp rocks
should perhaps be considered as representing the products of a plume rather than a superplume;
however, ponding of the plume magma beneath thinned crust (cf. Ebinger and Sleep, 1998)
underlying the Witwatersrand basin most likely limited ﬂood basalts, or at least the initial portion
thereof. The Ventersdorp Supergroup is divided into two groups, the basal Klipriviersberg
(27148 Ma) and medial Platberg (27094 Ma), and two uppermost formations, the Bothaville
and Allanridge Formations (both undated) (Winter, 1976; SACS, 1980; Armstrong et al., 1991)
(Fig. 2).

Fig. 2. Lithostratigraphy of the Ventersdorp Supergroup (modiﬁed after Winter, 1976).
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3.1. Klipriviersberg Group
3.1.1. Description
A regional and signiﬁcant angular unconformity of 4–15o separates the Witwatersrand and
Ventersdorp Supergroups (e.g.,, De Kock, 1940; Krapez, 1979; Antrobus et al., 1986; Engelbrecht
et al., 1986; Hall, 1996). Geochronology and sequence stratigraphic interpretation suggest a hiatus of c. 100 my duration (Maphalala and Kröner, 1993; Beukes and Nelson, 1995). The eroded
palaeotopographic surface beneath the Ventersdorp Supergroup has cut down through a thickness in excess of 1500 m of Witwatersrand stratigraphy, bearing in mind that the latter strata
were deformed during a positive inversion event after deposition (Hall, 1996).
The Venterspost Formation forms the basal unit of the Klipriviersberg Group (Fig. 2), and
consists of a largely sedimentary succession (conglomerate–(lava)–quartzite–shale–conglomerate)
up to c. 44 m thick (Hall, 1994). Lower and upper sedimentary units are separated by a komatiitic–basaltic komatiite type lava, and the complete succession ﬁlls a palaeorelief (up to c. 40 m)
incised into the regional truncation surface eroded into the Witwatersrand sedimentary package
(Hall, 1996). Preserved channel-ﬁll geometries and terraces developed on the Witwatersrand ﬂoor
to the Klipriviersberg Group have been interpreted as due to eustatic fall (Hall, 1996), but may
equally indicate thermally elevated continental freeboard due to the Ventersdorp plume. Interbedded ﬂuvial sediments and ultramaﬁc–maﬁc lavas in the Venterspost Formation, as well as
diapiric injection structures developed at the upper contact between Venterspost sediments and
overlying Klipriviersberg lavas support alluvial sedimentation being contemporaneous with early
Ventersdorp volcanism (Hall, 1996).
The bulk of the Klipriviersberg Group overlying the Venterspost Formation consists of 1500–
2000 m (Myers et al., 1990) of lavas, with basal high-magnesium and komatiitic rocks passing up
into tholeiitic basalts, representing the oldest known ﬂood basalt globally (White, 1997).
Although known occurrences are largely conﬁned to the preserved Witwatersrand basin (Fig. 3),
where they are estimated at >30,000 km2, there are similar lavas farther west (Myers et al., 1990;
van der Westhuizen et al., 1991). Klipriviersberg lavas are typical ﬂood basalts, in that rare sedimentary interbeds and a lack of palaeosols support rapid and continuous eruptive activity
(White, 1997). Flows are predominantly subaerial, amygdaloidal, commonly exhibit autobrecciation and include aa and pahoehoe types as well as ﬂow-top breccias and block ﬂows (van
der Westhuizen et al., 1991). The lithostratigraphic subdivision into six formations (Fig. 2)
(Winter, 1976) correlates reasonably well with a nine-fold geochemical subdivision (Myers et al.,
1990), with common lithological and chemical breaks (van der Westhuizen et al., 1991). Analysis
of 49 samples suggests that the upper three Klipriviersberg formations are alkali-rich tholeiites
(Wyatt, 1976); komatiites are identiﬁed within the lower, Westonaria Formation, with higher
TiO2 contents than typical komatiitic lavas (McIver et al., 1982). The Westonaria lavas are chemically distinct from the main Klipriviersberg trend, as exempliﬁed by high MgO and Zr contents
(Hatton, 1995a); K2O contents below detection limit support very low amounts of crustal contamination (Hatton, 1995b). The basaltic lavas above the basal komatiites exhibit a progressive
increase with increasing stratigraphic height in Mg number and Ni-content, and a concomitant
decrease in incompatible element contents (Crow and Condie, 1988). Based on preserved occurrences of the Klipriviersberg units, Westonaria Formation volcanism began in the east, and was
followed by a decrease in eﬀusive volumes, before volcanism increased again as the depocentre
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shifted westwards and as magma composition became increasingly magnesium-rich (van der
Westhuizen et al., 1991).
3.1.2. Interpretation
As deposition of the uppermost Central Rand Group of the preceding Witwatersrand Supergroup took place within a compressive foreland basin setting (e.g., Catuneanu, 2001), and was
followed by a major positive inversion event (Coward et al., 1995), the commonly held view that
crustal thinning of the central Kaapvaal craton preceded Klipriviersberg volcanism (e.g., Hatton,

Fig. 3. Map showing the outcrops of the Klipriviersberg and Platberg Groups (illustrated by the Makwassie Formation, as the other formations’ outcrops are too small for the scale of the map), within the Ventersdorp Supergroup.
Smaller Makwassie outcrops are widespread, and numbered localities refer to identiﬁed localities detailed in Meintjies
(1998). Also shown is the preserved Witwatersrand basin, above which the bulk of the Klipriviersberg Group occurs.
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1995a; White, 1997) must perhaps be questioned. Thrusting related to shortening of the Witwatersrand basin-ﬁll is pre-Klipriviersberg in age in the Klerksdorp (Fig. 1) region, and towards the
southeast, late-stage Witwatersrand inversion deformed lower Klipriviersberg lavas (Coward et
al., 1995). Although underplating generally signiﬁcantly reduces post-rift thermal subsidence
above a mantle upwelling (White and McKenzie, 1989), it would appear that a tectonically
shortened and therefore thickened crust was present before Ventersdorp eruption began. However, this was obviously reduced by the c. 1.5 km of Witwatersrand sediments removed by erosion. The pre-Ventersdorp erosion of the Witwatersrand sedimentary pile was likely related to the
inversion event, but may also reﬂect plume-related thermal updoming. The fact that most of the
Klipriviersberg lavas are restricted to a preserved outcrop area immediately overlying the Witwatersrand basin support plume magma ponding beneath thinned crust; it is thus inferred that
erosive removal of a signiﬁcant thickness of inverted Witwatersrand strata combined with isostatic adjustment did indeed lead to thinned lithosphere beneath this ancient basin. As discussed
later, it is distinctly possible that the alleged Ventersdorp plume did not lie beneath the central
Kaapvaal craton and that lateral ﬂow of plume head magma was signiﬁcant.
Olivine fractionation can be a major problem when inferring a primary mantle origin, but
modelling of Klipriviersberg magmas by Marsh et al. (1992) suggests that the eﬀects were minor.
Isotopic studies of the Klipriviersberg lavas indicate an aesthenospheric mantle magma source,
with some lithospheric mantle contamination (Marsh et al., 1992); according to White (1997),
there appears to be no support for signiﬁcant crustal contamination. In contrast, Condie and
Crow (1990) propose that geochemical and isotopic data are compatible with an origin of Klipriviersberg lavas by assimilation-fractional crystallization of Al-undepleted komatiite in the
middle to upper crust, where Archaean graniotids were the major contaminants. White (1997)
used rare-earth-element inversions of analyses from Ventersdorp basalts to model Klipriviersberg
melting, inferred to have begun at depths between 120 and 130 km, this being consistent with
mantle temperatures between 1500 and 1550  C. Despite the fact that the 2.7 Ga mantle would
have been hotter than today, its normal potential temperature probably did not exceed 1400  C
(White, 1997; his Fig. 2), and the higher temperatures estimated from the modelling therefore
support the presence of a mantle plume. Crow and Condie (1988) also infer higher temperature
melting, of a garnet lherzolite source, which contained a subduction zone component (common to
most continental, within-plate basalts); they interpret the observed secular geochemical trends in
Klipriviersberg lavas as reﬂecting progressive adiabatic melting of an ascending plume which was
rooted in the mantle wedge. Hatton (1995a) used major and trace element geochemistry to postulate mantle melting at shallow depths of 18 to 40 km, thus inferring a mantle plume which
ascended rapidly through cratonic lithosphere and crust before stopping against the rigid mid- to
upper-crust.
Mantle plumes are generally associated with regional crustal uplift on the kilometre-scale
(White and McKenzie, 1995; Ebinger and Sleep, 1998; Williams and Gostin, 2000), a ﬁgure which
contrasts strongly with the 444 m ﬂuvial incision at the base of the Venterspost Formation. This
suggests that Klipriviersberg volcanism was very rapid, as supported by Ventersdorp geochronology (see below). As alluvial clastic sediments in the middle of the basal Venterspost Formation
(thickness 444 m) are interbedded with komatiitic lavas, it would appear that rapidly ascending
Klipriviersberg lavas exceeded the sedimentary eﬀects of uplift at a very early stage. However it
should be noted here that aggressive Neoarchaean weathering (e.g., Corcoran et al., 1998) would
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have rapidly formed peneplained broad plateaux in the Kaapvaal craton and a relatively dry
craton-interior palaeoclimate would have led to slow alluvial incision. Alternatively, as the Ventersdorp plume appears to have been anomalously hot, Klipriviersberg magmas may have ﬂowed
laterally for large distances, either as hypabyssal mid-crustal magmas or as surface eﬀusive ﬂows
(White, 1997), or within channels and other conduits within the sublithospheric relief (Sleep,
1996, 1997) thereby limiting plume-related uplift at the site of preserved Klipriviersberg rocks.
The present-day observation that Klipriviersberg lavas are largely restricted to the Witwatersrand
basin (Fig. 3) may thus be merely a preservational artefact, probably reﬂecting ponding of plume
magma beneath the thinned sub-Witwatersrand basin lithosphere. Although accurate ion
microprobe zircon geochronology of the Klipriviersberg (2714 8 Ma) and Platberg (2709 4
Ma) Groups (Armstrong et al., 1991) gives ages within error of each other, there is a signiﬁcant
angular unconformity between the two units, characterised by well developed palaeosols (van der
Westhuizen et al., 1991; White, 1997). Post-Klipriviersberg rifting and uplift, to accommodate
succeeding graben-related sediments and lavas of the Platberg Group may have stripped oﬀ a
large proportion of these basal ﬂood basalts, leaving a small preservational remnant above the
weakened crust beneath the Witwatersrand basin. Initial rifting probably reﬂects thermal uplift
from ponded Klipriviersberg magma; this rifting, in turn would have promoted adiabatic
decompression melting, thereby promoting ﬂow of plume magmas and propagation of the rifts
(Ebinger and Sleep, 1998). Alternatively, subsidence of the ponded magma following Klipriviersberg eruption could explain the hiatus above the Klipriviersberg Group, followed by resurgent
magmatism as lateral ﬂow from the tail conduit continued, to produce the Platberg Group lavas.
3.2. Platberg group
3.2.1. Description
The Platberg Group is subdivided into four formations (Fig. 2): lowermost sedimentary-volcanic Kameeldoorns, the predominantly volcanic and intermediate Goedgenoeg Formation, the
succeeding mainly felsic eﬀusive rocks of the Makwassie Formation, and the uppermost maﬁc
volcanics and lesser sediments of the Rietgat Formation (Winter, 1976; Strydom, 1986; van der
Westhuizen et al., 1991). The Platberg Group is essentially absent from the northeastern part of
the Ventersdorp basin, with large thickness variations characteristic of the rest of the basin (van
der Westhuizen and de Bruiyn, 2000). As an example of thickness variability, the Makwassie
Formation (see Fig. 3 for its distribution) is in excess of 1000m thick in the northwest and only
200–300 m in the southwest (van der Westhuizen and de Bruiyn, 2000).
The Kameeldoorns Formation is a clastic wedge deposit (van der Westhuizen and de Bruiyn,
2000), characterised by immature sedimentary rocks and interbedded volcanic lithologies, generally displaying an elongated lenticular geometry (van der Westhuizen et al., 1991). Numerous
linear grabens accommodated and controlled Kameeldoorns sedimentation and volcanism, and
these deep intermontane basins were developed within a partly weathered Klipriviersberg lava
terrain (Buck, 1980; Grobler et al., 1989); proximal talus scree, debris-ﬂow deposits and alluvial
fans developed at graben margins, and passed into central ﬁne-clastic and chemical lacustrine
sediments (Buck, 1980), locally exhibiting ooids and stromatolites (van der Westhuizen et al.,
1991). In the T’Kuip area in the southwest of the Ventersdorp basin (Fig. 1), a half-graben geometry is preserved for Kameeldoorns clastic sediments, which encompass basal immature boulder
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beds with granitic megaclasts up to 140 cm diameter (Grobler et al., 1989). Upwards in the succession at T’Kuip, boulder dimensions decrease and tuﬀaceous beds associated with immature
clastic material (upward-ﬁning cycles) derived from granitic basement increase (van der Westhuizen and de Bruiyn, 2000). Sedimentary structures encountered in the tuﬀaceous beds,
which locally become dominant in the stratigraphy, include raindrop imprints, desiccation cracks,
cross-bedding and graded bedding (van der Westhuizen et al., 1989, 1991).
The interbedding of upper Kameeldoorns sedimentary with lower Goedgenoeg volcanic rocks
indicates a gradational contact. The Goedgenoeg Formation is best developed in the Klerksdorp
goldﬁeld area (Strydom, 1986) (Fig. 2) and is absent in the southwest of the basin, where the
Makwassie directly succeeds the Kameeldoorns (van der Westhuizen and de Bruiyn, 2000). The
Goedgenoeg comprises predominant intermediate feldspar porphyries with subordinate nonporphyritic maﬁc lavas that become more prominent towards the top of the succession. Subordinate tuﬀaceous rocks are infrequently interbedded with the porphyries and maﬁc lavas, while
epiclastic sedimentary rocks are rare (Meintjes, 1998). The Goedgenoeg Formation is generally
thicker than the Makwassie Formation and, in the Bothaville area, reaches a maximum thickness
of 1777 m in borehole KRF1. Minor sedimentary rock units are associated with the lower and
upper contacts of the Goedgenoeg Formation (Meintjes, 1998).
The Makwassie Formation (Figs. 2 and 3) consists mainly of quartz-feldspar porphyries which
conformably succeed Goedgenoeg lavas (van der Westhuizen et al., 1991; Meintjes, 1998; van der
Westhuizen and de Bruiyn, 2000). In the southwest, where the latter unit is absent, the Kameeldoorns-Makwassie contact also appears to be essentially conformable, as indicated by evidence
for high temperature ash ﬂows, the latter deposited on water-saturated sediments of the former
(van der Westhuizen and de Bruiyn, 2000). Makwassie lavas are rhyolitic-dacitic in composition
and have subordinate interbedded andesitic to maﬁc ﬂows, as well as thin sedimentary beds (van
der Westhuizen et al., 1991). The Makwassie Formation has been reliably dated (ion microprobe
zircon geochronology) at 2709 4 Ma (Armstrong et al., 1991). The extent and geometry of the
Makwassie lavas suggest an ignimbritic mode of formation while some preserved ﬂow features
support lava ﬂows (Meintjies, 1998). Flow units were recognised in the quartz-feldspar porphyries
and are interpreted as ash-ﬂow units (Meintjes, 1998).
The uppermost Rietgat Formation of the Platberg Group (Fig. 2) follows essentially conformably, although there are local disconformities (van der Westhuizen et al., 1991). This formation comprises predominant maﬁc lavas, lesser intermediate eruptives as well as tuﬀs and
interbedded sedimentary lithologies (van der Westhuizen and de Bruiyn, 2000). Lavas are often
porphyritic and amygdaloidal ﬂow-tops are commonly preserved (Winter, 1976; van der Westhuizen et al., 1991). Crozier (2001) subdivided the rocks of the Rietgat Formation into a lower
sedimentary horizon, which is overlain by ﬁve geochemically distinct lava units and an upper
sedimentary horizon. According to studies by Winter (1976) and Crozier (2001) the thickness of
the Rietgat Formation in the study area varies widely and it attained maximum thicknesses in
Platberg-age grabens ( >600 m). The formation is laterally widespread in the area of the Free
State goldﬁelds and may also be correlated to remote localities, such as the T’Kuip hills. The
sedimentary interbeds include tuﬀaceous siltstones, arkosic sandstones, gritstones and stromatolitic cherty limestones (Grobler et al., 1989; van der Westhuizen et al., 1991). Intercalated sedimentary layers at T’Kuip indicate continuous tectonic activity during volcanism. At T’Kuip
(Fig. 1), as well as in the northwest of the basin, shallow lakes developed by subsidence as a result
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of thermal relaxation after the major volcanic events. Karpeta (1989) described bedded
cherts overlying tholeiitic ﬂows in the northwest of the Ventersdorp basin which he ascribed to
magadiitic alkaline playa lacustrine origin.
3.2.2. Interpretation
Reliable geochronology suggests that the evolution of the Klipriviersberg and Platberg Groups
took place within a limited time period of several million years, an observation consistent with
ﬂood basalt provinces related to mantle plume events (White, 1997). Despite erosion of the Klipriviersberg Group (leaving a small remnant above the preserved Witwatersrand basin) and
development of palaeosols on this unconformity, the extension controlling Platberg Group graben sedimentation and volcanism must have been fairly rapid. The extension was probably not
related to thermal subsidence consequent upon Klipriviersberg magmatism. Although such
plume-related thermal subsidence may be greatly reduced by magmatic underplating (White,
1997; Ebinger and Sleep, 1998), bearing in mind the possibility of only very limited uplift at the
base of the Klipriviersberg lavas (c. 40 m of ﬂuvial incision, compared to the regional uplift of
kilometre-scale to be expected from a plume event; Williams and Gostin, 2000), it is possible that
very rapid ascent of the Klipriviersberg magmas exceeded the expected thermal uplift. Alternatively, thermal elevation related to plume ponding beneath the Witwatersrand basin may
already have begun during Venterspost ﬂuvial incision, thus limiting the apparently minor
downcutting inferred. The impact of these ascending magmas on the brittle upper crust after
Klipriviersberg volcanism can explain the basal contact relationships of the Platberg Group, and
the extension controlling the extensive series of grabens in which Platberg lithologies were
deposited. Despite large thickness diﬀerences and the large spectrum of variable sedimentary and
volcanic lithofacies found within the Platberg Group and discussed brieﬂy above, there is a broad
regional correlation of the major subdivisions of the group over a large area, including outliers
separated from the main Ventersdorp preservational basin, such as at T’Kuip (Fig. 1). This suggests that the control on Platberg grabens was regional and perhaps related to a plume, with
periods characterised by eruptive rocks, with interbedded sedimentary units, both thick and thin,
reﬂecting hiatuses in eﬀusive events of large lateral extent. Rift propagation may have been
enhanced by adiabatic decompression melting beneath initial Platberg rifts, and as the the sublithospheric expression of these rifts trapped more ponded melt, pulses of magmatism may have
resulted (Ebinger and Sleep, 1998). A purely tectonic control on Platberg grabens should have
produced rift basins with large local variability. The presence of subordinate komatiitic magmas
in the overlying Allanridge Formation (see below) attests to a continued primary plume control
on Ventersdorp basin evolution.
The plume-related extensional tectonics within the brittle upper crust produced gravity faulting,
resulting in graben and half-graben basins developing over a very large area (van der Westhuizen
et al., 1991). Many of these Platberg depositories exceed 200 km in width (Clendenin et al., 1998),
which is approximately 4–6 times larger than the commonly observed dimensions for rift basins
(e.g.,, Brun and Choukroune, 1983). This again indicates support for a plume-driven upper
crustal tectonic regime, rather than by plate tectonic forces marginal to the Kaapvaal craton.
Large rift systems would have had a signiﬁcant sublithospheric (inverted) topographic expression,
thus leading to continuous ponding of plume head magma beneath the Platberg basins (cf. Sleep,
1996, 1997).
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For the Kameeldoorns Formation at the base, ﬁeld relationships (Clendenin et al., 1988) and
the fact that alluvial fans prograded across graben basins upwards in the stratigraphy, suggest
that active horst-and-graben tectonism outpaced sedimentation rates (van der Westhuizen et al.,
1991). This is supported by predominant texturally and petrographically immature rudites within
this unit, which are inferred to be alluvial deposits in their proximal portions (van der Westhuizen
et al., 1991). Interbeds and lenses of tuﬀs, tuﬀaceous arkoses and tuﬀaceous gritstones which
exhibit cross-bedding, planar bedding, local ripple marks as well as raindrop imprints and desiccation cracks attest to more distal ﬂuvial reworking of clastic and pyroclastic debris within the
grabens (Grobler et al., 1989; van der Westhuizen and de Bruiyn, 2000). More centrally located
small lakes deposited cherts with stromatolites and ooids in them, and with alkaline ashes locally
leading to magadiitic playas (Karpeta, 1989). The regular, commonly lenticular interbedding of
reworked ﬁne pyroclastic debris and coarse clastic detritus supports a tectonically active basin
setting where alluvial systems and lacustrine depositories advanced and retreated under the
combined inﬂuences of graben scarp uplifts, palaeoclimatic changes also aﬀecting sediment supply, and variable volumes of eruptive material. The predominance of tuﬀs indicates marginal
pyroclastic sources, and their increase upwards in Kameeldoorns stratigraphy supports an
increase in magmatic activity towards the gradational contact with the overlying predominantly
volcanic Goedgenoeg and Makwassie Formations. Common tuﬀs, particularly felsic tuﬀs, are
unusual in ﬂood basalt provinces (Condie, 2001b).
The bimodal magmatic compositions of Kameeldoorns volcanics, mainly intermediate and
subordinate maﬁc lavas of the Goedgenoeg Formation and the largely felsic volcanics within the
Makwassie Formation most likely reﬂect a transition in Ventersdorp volcanism, from the Klipriviersberg Group with its predominantly mantle-derived compositions to essentially crustal
melts of the Makwassie. Voluminous silicic units like the Makwassie Formation are problematic
(e.g., Cas, 1978; Ekren et al., 1984; Henry et al., 1988; Green and Fitz, 1993), as illustrated by the
Ventersdorp example displaying a preserved extent and geometry reminiscent of pyroclastic
ﬂows, with local lava ﬂows (Meintjies, 1998; van der Westhuizen and de Bruiyn, 2000). The latter
authors propose an ignimbritic origin, based on detailed studies at T’Kuip (Fig. 1) where the
presence of lithic fragments and deﬁnite ﬂow features have been recorded. Minor thin arkose and
tuﬀ interbeds in the Makwassie indicate that volcanism was largely continuous, with few and
short hiatuses between eruptive events. The essentially rhyolitic composition of the Makwassie
lithologies may be ascribed to the crustal melting typical of the later stages of plume-related ﬂood
basalt provinces (White, 1997). The 183–179 Ma Karoo ﬂood basalts serve as an example of ﬂood
basaltic provinces with late stage felsic eruptives, and these late Karoo rocks are interpreted as
having been generated by remelting of earlier associated maﬁc intrusives, with a smaller possible
crustal input (Allsopp et al., 1984; Marsh et al., 1997).
The combination of maﬁc to intermediate lavas with interbedded tuﬀs and immature clastic and
subordinate chemical sedimentary rocks which characterises the Rietgat Formation is analogous
to the general character of the Kameeldoorns Formation at the base of the Platberg Group.
However, more quiescent volcanic conditions are indicated by regular alternation of volcanic and
sedimentary rocks in the Rietgat. Hiatuses in volcanism were longer and more regular during
Rietgat times, as compared to those during deposition of the Kameeldoorns Formation; in
addition, Rietgat arkosic clastic detritus was texturally more mature (van der Westhuizen and de
Bruiyn, 2000). The common tuﬀs in the Platberg Group, including felsic tuﬀs, suggests either that
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magmas were relatively wet, or that heat from the plume head resided in crustal plumbing systems long enough to enable partial melting of crust. Late stage crustal melting is typical of ﬂood
basalt provinces, such as the Karoo also (White, 1997).
3.3. Bothaville and Allanridge formations
3.3.1. Description
The sedimentary Bothaville Formation (c. 400 m thick) is conformably overlain by the volcanic
Allanridge Formation (c. 750 m thick) (Winter, 1976). The pronounced unconformity at the base
of the former unit (Pniel unconformity in Fig. 2) (van der Westhuizen et al., 1991) attests to a
signiﬁcant hiatus in Ventersdorp volcanism. The greywacke sandstones characteristic of the
Bothaville are more mature than arenites from the preceding Platberg Group, and have a more
sheetlike geometry (Cheney et al., 1990) compared to the largely lenticular Platberg sediments.
Mature quartzose sandstones (now recrystallised to quartzites) and tuﬀaceous argillites which
may be signiﬁcant locally (Strydom, 1986; Grobler et al., 1989; van der Westhuizen et al., 1991)
are also found in the Bothaville. The Allanridge Formation comprises predominantly ﬁne amygdaloidal and porphyritic tholeiites, which represent the ﬁnal ﬂood basaltic event in the Ventersdorp Supergroup (White, 1997). Locally, at the base of this formation, komatiitic lavas occur
(Grobler et al., 1986).
3.3.2. Interpretation
The combination of greywackes, quartzose sandstones and tuﬀaceous argillites indicates that
Bothaville continental (ﬂuvial and lacustrine) sedimentation was associated with volcanism peripheral to the depositional basin. The sheetlike geometry and regional sub-Bothaville unconformity (Cheney et al., 1990) suggests that post-graben thermal subsidence began during Bothaville
sedimentation (Clendenin et al., 1988). However, the fact that Bothaville sedimentary rocks pinch
out against palaeohighs (Winter, 1976) and the overlying Allanridge lavas are in direct contact
with the Rietgat Formation (de Bruiyn et al., 1984) points to a subordinate inﬂuence of graben
tectonics in Bothaville times. The Allanridge lavas are interpreted by White (1997) as reﬂecting
rapid sequential ﬂows within a generally quiescent eﬀusive environment; Clendenin et al. (1988)
analogously infer that the Allanridge rocks reﬂect the early stages of thermal subsidence following the preceding major Ventersdorp volcanism. In a contrasting view, Burke et al. (1985) suggest
that the Allanridge lavas erupted under conditions of renewed rifting. The localised komatiitic
lavas at the base of the Allanridge support the viewpoint, that extensional tectonics played a role
in allowing largely mantle melts to reach the surface (van der Westhuizen et al., 1991). The
inﬂuence of the Ventersdorp mantle plume thus appears to have been signiﬁcant through the
entire Ventersdorp succession. No age data exist for the Bothaville and Allanridge Formations
and the time gap represented by the basal Bothaville unconformity is thus unknown.

4. (Lower) Transvaal Supergroup
The c. 2.6–2.05 Ga Transvaal Supergroup occurs in three preservational basins within the
Kaapvaal craton, Kanye (NW Kaapvaal), Griqualand West (W Kaapvaal) and Transvaal
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(N Kaapvaal). In this paper only the Transvaal and Griqualand West basins will be considered;
the latter lies west of the former basin, separated from it by the Vryburg rise structure (Fig. 4).
These basin-ﬁlls unconformably overlie Archaean basement and Witwatersrand rocks. The
Transvaal Supergroup in the Transvaal basin comprises basal ‘‘protobasinal’’ (a purely descriptive term) successions, the thin sheet sandstones of the Black Reef Formation, a thick carbonateBIF platform succession (Chuniespoort Group), and the uppermost, clastic-volcanic Pretoria
Group (not discussed here). In the Griqualand West basin, the basal Schmidtsdrift Subgroup
(Ghaap Group) encompasses the lowermost Vryburg Formation, considered equivalent to the
Black Reef Formation. The succeeding Campbellrand Subgroup (Ghaap Group) carbonate-BIF
succession is coeval with that of the Transvaal basin.
4.1. Protobasinal rocks (Transvaal basin only)
4.1.1. Description
Only one reliable age has been determined for the protobasinal successions, on an upper lava
from the Buﬀelsfontein Group (see below), namely 2657–2659 Ma (unpublished report, South

Fig. 4. Distribution of the Transvaal Supergroup within three basins (Transvaal, Griqualand West and Kanye—see
inset map), as well as of the carbonate rocks of the Chuniespoort Group and Campbellrand Subgroup. Note Vryburg
rise palaeohigh between Transvaal and Griqualand West basins (inset), and two sub-basins of carbonate deposition
(Prieska and Ghaap ‘‘facies’’) in the latter basin. Modiﬁed after Eriksson and Altermann (1998).
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African Committee for Stratigraphy, quoted in Eriksson and Reczko, 1995). The reason for using
the word ‘‘protobasinal’’ for the lowermost Transvaal rocks is that they are preserved as discrete
basin-ﬁlls around the northern and eastern margins of the Transvaal basin (Fig. 5): TshweneTshwene belt, Buﬀelsfontein Group, Wolkberg Group and Godwan Group. In addition borehole
cores and small outcrops of pre-Black Reef lithologies are known from two of the ‘‘fragments’’ of
Transvaal rocks found within the c. 2053 Ma Bushveld Complex (which intruded into the central
part of the Transvaal basin; e.g., Eriksson and Reczko, 1995), where the Wachteenbeetje Formation in the Crocodile River fragment and the Bloempoort Group in the Dennilton fragment
are deﬁned (Fig. 5) (Hartzer, 1995).
The Tshwene-Tshwene, Buﬀelsfontein and Godwan basins are fault-bounded and comprise
predominantly basaltic, andesitic and felsic volcanics rocks and subordinate compositionally and
texturally immature clastic sedimentary lithologies (varying from boulder conglomerates to
sandstones and with preserved gravity-ﬂow deposits) (Tyler, 1979a and b; Myers, 1990; Eriksson
and Reczko, 1995). No overall stratigraphic correlation of the succession of these various lithologies is observed (Fig. 5). Although the lower part of the Wolkberg basin strongly resembles this
general protobasinal style and compares well with the Godwan basin-ﬁll (Myers, 1990; Bosch et
al., 1993), the upper part of the Wolkberg succession resembles a steer’s head (White and
McKenzie, 1988) basin-ﬁll (Fig. 5).
The lower volcanic and immature clastic sedimentary portion of the Wolkberg Group comprises a number of discrete sub-basin – ﬁlls, many of which overlie greenstone remnants within
the crystalline Archaean basement, and which are separated by basement palaeohighs (Button,
1973; Fig. 6). Overlying Wolkberg formations (deﬁned as ‘‘upper Wolkberg’’ in Figs. 5 and 6) are
more sheet-like in their geometry and overstep the underlying irregular ﬂoor palaeotopography to
form a single widespread basin-ﬁll. These upper Wolkberg rocks are also diﬀerent to the volcanicimmature clastic lithologies of the lower portion of this group: largely mature arenites, mudrocks
and lesser stromatolitic carbonates, with common shallow water sedimentary structures (Button,
1973; Bosch et al., 1993). Similar facies characterise the uppermost portion of the Godwan basinﬁll as well as the more centrally located Wachteenbeetje Formation and Bloempoort Group
within the Bushveld ‘‘fragments’’. In addition, these latter two units include large thicknesses of
calcareous and carbonaceous mudrocks and preserved turbidite cycles (Hartzer, 1995).
4.1.2. Interpretation
Despite the lithological similarity between protobasinal successions and portions of the Ventersdorp stratigraphy, the narrow age limits (c. 5 my) determined for the Klipriviersberg and
Platberg Groups (as is typical for ﬂood basalt provinces associated with plumes; White, 1997) are
signiﬁcantly older than the single available Buﬀelsfontein Group age. The presence of plumerelated komatiites in the uppermost Allanridge Formation suggests that this undated unit probably lies closer to the Platberg than the protobasinal-Transvaal rocks. The common inference that
protobasinal Transvaal rocks are time equivalents to the Ventersdorp or a part thereof (e.g.,
Catuneanu and Eriksson, 1999) must thus be viewed with some scepticism. However, superplumes (deﬁnition of Condie, 2001b) may remain active for over 100 my (Ebinger and Sleep,
1998).
Rift basins related to a plate tectonic origin typically have basin-ﬁlls that are unique to
each individual basin (e.g., Miall, 1999), as is found for the protobasinal Tshwene-Tshwene,
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Fig. 5. Transvaal protobasinal rocks: discrete basin-ﬁlls, their localities and their geometry (a). Inferred structural
setting (b). Modiﬁed after Catuneanu and Eriksson (1999).
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Buﬀelsfontein, Godwan and lower-Wolkberg successions (Fig. 5). The graben and half-graben
basin-ﬁlls of the Platberg Group exhibit a stratigraphic similarity that may be correlated across
the entire spectrum of preserved depositories, which we infer to be related to overall superplume
control comprising widespread eﬀusive volcanic events and regionally signiﬁcant hiatuses during
which sedimentation occurred. In addition, the Transvaal protobasinal successions are predominantly sedimentary rather than volcanic, in contrast to the Ventersdorp, although the Godwan and Tshwene-Tshwene basins provide local exceptions (Fig. 5). The steer’s head geometry
for the Wolkberg basin supports initial mechanical rifting and subsequent thermal subsidence
within a plate tectonic milieu (White and McKenzie, 1988; Miall, 1999).
The protobasinal successions are interpreted within a plate tectonic framework of rifting (e.g.,
Eriksson et al., 2001) rather then within a plume setting. This is also supported by the lower
Wolkberg sub-basins which commonly overlie older greenstone belt remnants (Fig. 6), thus most
likely reﬂecting reactivation of linear weak zones in the Archaean crystalline basement from plate
tectonic stresses marginal to the Kaapvaal craton. The sheer size and rapid evolution of a large
plume (e.g., White and McKenzie, 1995; Ebinger and Sleep, 1998; Williams and Gostin, 2000;
Condie et al., 2001) compared to the dimensions of a small Neoarchaean-Palaeoproterozoic craton such as the Kaapvaal make it unlikely that signiﬁcant brittle reactivation of older deep-seated
structures would be a signiﬁcant control on graben evolution. In support of this postulate, the
predominant NE-SW trend of Platberg grabens is unrelated to major lineaments in the Kaapvaal
craton (e.g., van der Westhuizen et al., 1991; Stanistreet and McCarthy, 1991). Although dykes
related to the Ventersdorp volcanic province are not well studied, due largely to poor outcrops
and the derivation of most data from boreholes in the Witwatersrand goldﬁelds, they are common. Radial dyke swarms related to mantle plumes are associated with the Deccan ﬂood basalts
(N.H. Sleep, pers. comm., 2001), and variable dyke orientations are recorded from the Klipriviersberg Group (Van der Westhuizen et al., 1991). Despite isostatic uplift resulting from ponded
plume material causing tension in the lithosphere, tectonic tension (active or inherited) often
results in aligned rifts (Ebinger and Sleep, 1998). It is thus possible that both Platberg and protobasinal alignment of rift basin axes may be due, at least partly, to plume processes. Although it

Fig. 6. Wolkberg basin: relationship with Archaean ﬂoor structural features (greenstone belts) (modiﬁed after Button,
1973). Note steer’s head (White and McKenzie, 1988) basin geometry, with restricted fault-bounded depositories
overlain by widespread more sheetlike units related to thermal subsidence.
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is possible that ﬁnal plume head collapse, or plume head draining of ponded material (N.H.
Sleep, pers. comm., 2001) of the Ventersdorp magmatic system may account for the protobasinal
depositories and their basin-ﬁlls, the scale of the expected plume-related thermal subsidence again
represents a problem. In addition, the steer’s head geometry of the Wolkberg basin indicates that
mechanical subsidence preceded thermal relaxation, at least for that basin, which better ﬁts a
plate tectonic model.
4.2. Black Reef Formation and equivalent units (Transvaal and Griqualand West basins)
4.2.1. Description
Deposition of the Black Reef Formation was preceded by compressive deformation in the
Johannesburg dome, just to the south of Pretoria (see Fig. 5) and in the southernmost protobasinal succession, the Godwan Group. The existence of a palaeodrainage divide identiﬁed by Els
et al. (1995) in the southwest of the Black Reef basin suggests that mild compression continued,
albeit locally during Black Reef sedimentation. The Black Reef Formation has a basal subaerial
unconformity and consists of a very thin, widspread sheet sandstone (30–60 m thick) and locally,
within three of the Bushveld ‘‘fragments’’ (Marble Hall, Dennilton and Crocodile River) attains
thicknesses up to 220 m (Fig. 7).
In the eastern part of the Black Reef basin, a lower upward-ﬁning conglomerate-quartz arenitemudrock succession ﬁlls basement palaeotopography, and is followed by an upper more sheetlike, upward-coarsening sandy succession (Fig. 7) (Button, 1973; Henry et al., 1990; Catuneanu
and Eriksson, 1999). Palaeocurrents in the east are consistently towards the WSW (Button, 1973;
Henry et al., 1990). In the western outcrops, an upward-ﬁning conglomerate-gritstone-sandstone
succession, with localised medial mudrocks and sometimes a second conglomerate bed, displays
ENE-orientated palaeocurrent directions (Fig. 7) (Key, 1983). Maximum thicknesses of Black
Reef sediments within the Bushveld ‘‘fragments’’ comprise mostly a thin basal conglomerate,
followed by upward-coarsening feldspathic sandstone-mudrock cycles, and uppermost mature
arenite-mudrock cycles (Hartzer, 1994).
In the Griqualand West basin, the Vryburg Formation forms the base of the Schmidtsdrift
Subgroup, followed by carbonates of the Boomplaas Formation and shales of the Lokammona
Formation (Fig. 8). The Vryburg Formation rests unconformably on deformed rocks of the
Ventersdorp Supergroup (Altermann and Hälbich, 1991) and starts with a basal conglomerate
comprising mainly Ventersdorp clasts of Makwassie porphyry and of amygdaloidal lava. Clasts
of quartzite and stromatolitic carbonate also occur where the conglomerate passes upward into
quartzite with intercalated shales and stromatolitic carbonates. An unpublished, but widely discussed zircon age of 2642 Ma from lavas locally topping the Vryburg Formation provides a
minimum possible age for these rocks (Altermann and Nelson, 1998). The thickness of the Vryburg Formation varies locally between a few tens of metres to over 250 m. Where the Vryburg
Formation is a shallow, marginal marine facies (e.g in the north-east and in the south) it shows a
ﬁning upward succession and a successive deepening of the basin. This change signals subsidence
forming a transgressive systems tract, followed by a regressive systems tract (together with the
overlying oolitic Boomplaas Formation). These system tracts are followed by transgressive and
high stand system tracts marked by the overlying shales of the Lokammona Formation
(Altermann and Nelson, 1998).

228

P.G. Eriksson et al. / Journal of Geodynamics 34 (2002) 207–247

Fig. 7. Black Reef basin: isopach map (a), representative sedimentary proﬁles from east (b) and west (c) of basin, and
one from the Bushveld ‘‘fragment’’ occurrences (d). Note inferred palaeodrainage divide in the southwest. Modiﬁed
after Catuneanu and Eriksson (1999).
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4.2.2. Interpretation
The mild compressive deformation in the southern Black Reef basin likely reﬂects a southerly
bounding palaeohigh, exempliﬁed by the palaeodrainage divide in the southwest. The structural
grain of the Black Reef basin, aligned along a WSW–ENE direction, is parallel to that inferred
for the protobasinal rift basins (compare Figs. 7 and 5). As postulated for the Transvaal protobasinal successions as a whole, a craton-marginal plate tectonic control would appear to be

Fig. 8. Lithostratigraphy of the carbonate-BIF successions on the Kaapvaal (Griqualand West and Transvaal preservational basins) and Pilbara (Hamersley basin) cratons. Note inferred transgression-regression (second-order)
cycles. Modiﬁed after Altermann and Nelson (1998) and Nelson et al. (1999). Symbols next to dates relate to age data
references to be found in the two noted sources.
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applicable to the Black Reef basin, rather than post-plume thermal subsidence. Catuneanu and
Eriksson (1999) interpret the Black Reef depository as a unitary subsiding intracratonic basin,
based on the isopach patterns, with a steady increase in thickness towards the basin centre
(Fig. 7). The lower upward-ﬁning successions are interpreted as distal fan and braided river
deposits (Button, 1973; Key, 1983; Henry et al., 1990; Els et al., 1995) which ﬁlled basin-ﬂoor
irregularities and produced a peneplaned palaeo-surface (Catuneanu and Eriksson, 1999). In
sequence stratigraphic terms, this lower succession may be interpreted as an incised valley ﬁll. It
formed part of a regressive systems tract, with the eastern, upward-coarsening upper succession
reﬂecting a transgressive systems tract, where prograding braid-delta systems entered a shallow
continental basin (Catuneanu and Eriksson, 1999; Eriksson et al., 2001).
The Black Reef basin may reﬂect the waning stages of the Limpopo orogeny, as an explanation
of the evidence for mild compression to the southwest, prior to and in concert with alluvial
deposition. The subsequent highstand systems tract of which the Chuniespoort Group forms part
was likely related to a eustatic rise rather than local tectonic conditions on the Kaapvaal craton
(Catuneanu and Eriksson, 1999; Eriksson et al., 1999). In the Schmidtsdrif Subgroup in Griqualand West, the rise in sea level inferred from the Lokammona Formation shales eventually lead to
the deposition of the overlying chemical sediments of the Campbellrand (carbonates) and
Asbestos Hills (BIF – banded iron formation) Subgroups (Fig. 8). As suggested for the Black
Reef Formation in the Transvaal basin, this was also related to enhanced oceanic magmatic
activity, perhaps forming in response to a 2.5 Ga superplume event.
4.3. Chuniespoort Group and Campbellrand Subgroup (Transvaal and Griqualand West basins)
4.3.1. Description
In Griqualand West, after the deposition of the Schmidtsdrif Subgroup sediments, two subbasins developed (denoted as Prieska and Ghaap facies in Fig. 4), in which mainly chemical
sediments were deposited between 2642 and c. 2430 Ma (Altermann and Nelson, 1998; Nelson et
al., 1999). The southern, Prieska sub-basin–ﬁll, the Nauga Formation, shows rapid lateral and
vertical facies changes. This unit rests conformably on the Schmidtsdrif Subgroup and appears to
interﬁnger with the Lokammona and Boomplaas Formations (Fig. 8). The c. 750 m thick Nauga
Formation can be subdivided into ﬁve members: (1) a basal mixed siliciclastic and carbonateclastic member; (2) a peritidal member, consisting of widespread tufted stratiform stromatolite
mats with abundant palisade structures and tidal channel carbonate sand bodies; (3) a chert
member of lagoonal platy dolmicrites, dolarenites and microbial laminites with three intercalated
laterally persistent chert marker horizons; (4) a proto-BIF member of carbonates deposited below
fair weather wave base and comprising three laterally persistent BIF-like horizons; and (5) an
uppermost 150 m thick Naute shale member, where ﬁnely laminated mudrocks are intercalated
with rare thin tuﬃtes and prominent chert beds, together representing deposition below storm
wave base.
The northern, Ghaap Plateau sub-basin-ﬁll comprises over 2500 m of mainly stromatolitic
carbonates subdivided into eight diﬀerent formations of which the lowermost (Monteville Formation) and the uppermost (Gamohaan Formation) are of deep lagoonal to shelf carbonate
aﬃnity. The remaining, medial part of the succession comprises shallow water platform carbonates (Beukes, 1987; Altermann and Siegfried, 1997). In both sub-basins, carbonate (and shale)
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deposition was replaced by sedimentation of the Kuruman Banded Iron Formation at about 2500
Ma (Altermann and Nelson, 1998) (Fig. 8).
No continuous outcrops exist between the basin-ﬁlls of the Transvaal and Griqualand West
preservational basins, although the two basins share the same Ventersdorp-Archaean basement
ﬂoor, with, additionally, Witwatersrand strata locally below the Transvaal. Tuﬀs in the upper
Oaktree Formation of the Chuniespoort Group, Transvaal basin, yield an age of 2550 3 Ma (UPb on zircons; Walraven and Martini, 1995). This formation forms the base of the Chuniespoort
Group in the Transvaal (Fig. 8) and rests unconformably on the Black Reef Formation. As in the
Ghaap Plateau sub-basin, Griqualand West, the Malmani Subgroup carbonates of the Chuniespoort Group consist of several stromatolitic formations, attributed by Clendenin (1989) to
transgression-regression cycles (Fig. 8). Deposition of the Penge Iron Formation (fourth
transgressive cycle) correlates with the Kuruman BIF in Griqualand West.
The onset of the Banded Iron Formation sedimentation in Griqualand West (Kuruman BIF)
and in Transvaal basin (Penge BIF) appears to have been simultaneous, between c. 2500 and 2480
Ma (Altermann and Nelson, 1998; Nelson et al., 1999). After c. 2500 Ma, for a period of probably more than 50 m.y., a unitary Transvaal Supergroup epeiric basin developed on the Kaapvaal
craton, and continuous pelagic chemical sedimentation prevailed, interrupted only by a distal
tuﬀ. In Griqualand West, this BIF depository shallowed to depths above the storm wave base at
about 2430 Ma (Griquatown BIF, conformably overlying the Kuruman BIF), denoting regressive
marginal marine, deltaic and perhaps lacustrine environments, in which the Koegas Subgroup
(Fig. 8) siliciclastic deposits were laid down. This period of time is not preserved in the rock
record of the Transvaal preservational basin due to a major denudational event, possibly up to
100 m.y., separating the Pretoria Group siliciclastics from the underlying Penge BIF (Eriksson et
al., 1995).
4.3.2. Interpretation
Four long-term transgression–regression cycles can be recognized in the Griqualand West
basin, and can be correlated partly with the Transvaal basin deposits. Within the Schmidtsdrif
Subgroup, the Vryburg Formation and the Boomplaas carbonate platform sediments represent,
respectively, the ﬁrst transgression and a succeeding long-duration shallowing-upward cycle in
Griqualand West (Fig. 8). The second transgressive step is marked by the Lokammona shales and
the overlying shallowing-upward (regressive) cycle is represented by the lower Nauga Formation.
These two lower cycles can not be recognised in the Transvaal basin because of lack of continuous outcrops and of precise ages. Although the upper Black Reef Formation encompasses a
transgressive shale cover, which grades into the overlying carbonates of the Oaktree Formation
(Clendenin, 1989), a possible correlation is hindered by missing age data. The upper Nauga
Formation (Chert Member) together with the Monteville and Oaktree Formations are all dated
at c. 2550 Ma and mark the third transgressive phase, followed by a long term shallowingupward, regressive cycle with the development of a stromatolitic carbonate platform that formed
the Campbellrand and Malmani Subgroups. This regressive pattern did not develop in the
Prieska sub-basin, where deeper, below-fair-weather-wave-base conditions prevailed. The fourth
transgressive step is the development of the Kuruman and Penge BIF–pelagic deposits in all three
Kaapvaal (sub-)basins. The Griquatown BIF and the overlying Koegas siliciclastic deposits mark
the fourth regression, not preserved in the Transvaal sub-basin (Eriksson et al., 1995). These four
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large-scale transgressive–regressive (shallowing-upward) cycles are in the order of tens of millions
of years’ duration, and must therefore be attributed to second-order sequences of crustal evolution (Vail et al., 1991).

5. Fortescue group
5.1. Description
The Fortescue Group consists of a 7 km thick subaerial sequence of basalts, subordinate
komatiitic basalts and felsic volcanic and clastic sedimentary rocks (Fig. 9) that unconformably
overlie the southern part of the Pilbara Craton of Western Australia (Fig. 10). The volcanic rocks
are essentially bimodal, with predominant tholeiitic basalts and andesites, and minor felsic compositions (Blake and Groves, 1987). A basal unconformity lies upon a locally rugged palaeotopography characterised by relief up to about 500 m (Blake, 1993). Scattered remnants of the
lower formation of the Fortescue Group, the Mount Roe Basalt, occur over a substantial proportion of the 180 000 km2 area of the basement granite-greenstone terrane, indicating that the
Fortescue Group was much more extensive than is inferred from its current distribution. As for
the Ventersdorp Supergroup of Kaapvaal, the eruptive volume calculated from these dimensions
exceeds that used to deﬁne a superplume, but not the inferred plume head diameter, which was c.
400–500 km, well below the minimum of 1500 km used in the superplume deﬁnition adopted in
this paper.

Fig. 9. Lithostratigraphy of the Fortescue Group, Pilbara craton. Sequence stratigraphic interpretation after Blake
(1993). See references therein for age data.
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The lithostratigraphy of the Fortescue Group was summarised by Hickman (1983) and subsequently revised by Thorne and Tyler (1997) and Thorne and Hickman (1998). Blake (1993, 2001)
has reinterpreted the lithostratigraphy of the Fortescue Group using a sequence stratigraphic
approach (Fig. 9). The lowermost widespread ﬂood basalts of the Mount Roe Formation are
unconformably succeeded by terrigenous clastic sedimentary rocks (conglomerates, sandstones,
mudrocks) and subordinate maﬁc to felsic volcanic lithologies of the Hardey Formation; major
growth faults with displacement of up to 1300 m characterise the extensional, fault-bounded
Hardey basins aligned along a predominant NNE-SSW trend, and palaeocurrent trends tend to
be parallel to these major lineaments (Blake, 1993). Above a signiﬁcant non-depositional unconformity and local disconformities, the basaltic lavas of the Kylena Formation erupted, under
mainly subaerial conditions in the north and under largely subaqueous conditions in the south of
the Pilbara craton (Fig. 9). The Tumbiana Formation follows, most likely after a hiatus, and
comprises submarine basaltic rocks in the south with associated chemical sediments and tuﬀs,
with a similar mix of lithologies in the north where subaerial clastic and littoral carbonate sediments suggest shallower to emergent conditions locally (Blake, 1993). The Maddina Formation

Fig. 10. Map showing main outcrops of the Fortescue and Hamersley Groups on the Pilbara craton. Modiﬁed after
Nelson et al. (1999).
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(Fig. 9) comprises thick subaerial basalts in the north and even thicker subaqueous equivalents to
the south, with minor felsic compositions, as well as thin clastic sedimentary interbeds in the
north of the craton (Blake, 1993). A non-depositional unconformity in the north separating the
Maddina from the overlying argillaceous and lesser tuﬀaceous and cherty sediments of the Jeerinah Formation contrasts with inferred thermal subsidence of the southern part of the craton
(Nelson et al., 1992; Blake, 1993). Published geochronological data, summarised by Nelson et al.
(1999), constrain the depositional age of the Fortescue Group to between c. 2765 and 2687 Ma,
indicating that the entire succession was deposited in c. 90 m.y.
5.2. Interpretation
Blake (2001) argues that most of the c. 90 my elapsed during deposition of the sequence was
represented by unconformities or maﬁc tuﬀ units. Volcanic units were considered to have been
emplaced as co-magmatic basal maﬁc tuﬀs and ﬂows during brief pulses, with the rapid deposition of thick piles of volcanic rocks followed by lengthy periods of quiescence. Published geochronological data are compatible with deposition of the lower parts of the Fortescue Group– the
Mount Roe Basalt, Hardey Sandstone and Kylena Basalt Formation– during an abrupt event at
c. 2765 Ma, which marked the onset of Fortescue Group deposition. Nelson et al. (1999) also
document a number of dates for subvolcanic and granitic rocks from localities across the Pilbara
Craton that are within error of c. 2765 Ma, therefore providing unequivocal evidence for an
abrupt c. 2765 Ma craton-wide magmatic episode that may be related to a mantle plume.
Arndt et al. (1991) obtained a U-Pb zircon date of 2715 6 Ma for a sample taken from the
Pillingini tuﬀ, a unit which has been correlated with the Tumbiana Formation of the Fortescue
Group. A U-Pb zircon date of 27172 Ma has been obtained for a dacite from the Maddina
Formation (Nelson, 1998b), which stratigraphically overlies the Tumbiana Formation. A similar
date of 2719 6 Ma has been obtained for a ﬁnely laminated, cross-bedded tuﬀaceous siltstone
sampled 20 m stratigraphically below the contact of the Tumbiana Formation with the overlying
Maddina Basalt (Nelson, 2001). These dates indicate that the volcanic rocks of the Fortescue
Group were emplaced during at least two episodes, possibly separated by a c. 40 Ma hiatus. Both
episodes were responsible for the rapid emplacement of substantial volumes of predominantly
basaltic lavas; both may have been related to mantle plume activity. The involvement of mantle
plumes is consistent with the ﬁndings of geochemical and Sm-Nd isotopic investigations of the
Fortescue Group volcanic rocks. Nelson et al. (1992) proposed that the volcanic rocks of the
Fortescue Group were derived from subcontinental lithospheric mantle sources which had been
modiﬁed by subduction processes, following interaction of asthenospheric mantle plumes with
the lithosphere. This model is analogous to that inferred for the Ventersdorp lavas and discussed
in Section 3.
Alluvial fan deposition with palaeocurrent trends essentially perpendicular to regional fault
systems in the thick sedimentary package of the Hardey Formation is inferred for the coarse
conglomeratic deposits. Equally compositionally and texturally immature arenitic beds are interpreted as braided ﬂuvial systems, with palaeoﬂow essentially parallel to extensional basin
bounding fault systems. Fine clastic deposits in the Hardey Formation are thought to reﬂect
lacustrine settings, and growth faults attest to a strong synsedimentary structural control (Blake,
1993, 2001, and references therein). Blake (2001) suggests a rift-related tectonic setting for the
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Fortescue Group; this may have been related to the breakup of a segment of continental crust
signiﬁcantly larger than the preserved Pilbara craton (Blake, 1993). A continental margin setting
is possible (Blake, 1993).

6. Hamerlsey Group
6.1. Description
The c. 2.4 km thick Hamersley Group conformably overlies the Fortescue Group (Fig. 10), and
comprises shales, banded iron formations, volcanic and carbonate rocks (Fig. 11), laid down over
an area estimated to have been about 105 km2. Tuﬀ beds have enabled precise dating of a number
of the units, indicating that sedimentation occurred between >2597 and 2449 Ma (Nelson et al.,
1999). There is a general similarity in the lithologies and lithostratigraphy of the Hamerlsey and
Chuniespoort-Ghaap Groups (Fig. 8) which has led many previous workers to correlate these
supracrustal successions from Pilbara and Kaapvaal with each other (for a recent exemple, see
Cheney, 1996). However, more recent precise zircon chronology from both cratons, summarised
in Nelson et al. (1999) indicates signiﬁcant diﬀerences in the evolution of the Kaapvaal and Pilbara epeiric marine palaeoenvironments. For example, the deposition of the basal Marra Mamba
BIF Formation in Hamersley was coeval with the carbonates and mudrocks of the Boomplaas,
Lokammona and lower Nauga Formations of Kaapvaal (Fig. 8). Deposition of carbonate rocks
occurred over a time interval from c. 2600 to 2530–2520 Ma in both the Pilbara (Wittenoom
Formation) and Kaapvaal cratons (Campbellrand and Malmani Subgroups; Fig. 8). Furthermore, the Mount McRae (Pilbara) and Naute (Kaapvaal) shale units are approximately coeval
and on both cratons widespread deposition of BIF began soon after 2.5 Ga (Fig. 8) (Altermann
and Nelson, 1998; Nelson et al., 1999).
6.2. Interpretation
The second-order transgression-regression cycles discussed for the Kaapvaal carbonate-BIF
platform succession above can possibly also be recognised in broad terms in the Hamersley
Group, Pilbara (Fig. 8) (Nelson et al., 1999 and references therein). Nelson et al. (1999) ascribe
the onset of BIF deposition at the base of the Marra Mamba Formation to a transgression, with
the subsequent transition to Wittenoom carbonates seen as reﬂecting a partial regression. However, the partly turbiditic, deep shelf (below fair weather wave base) model applied to the Wittenoom (e.g., Simonson et al., 1993) contrasts with the stromatolitic-platformal carbonate
interpretation of the Campbellrand-Malmani Subgroups (e.g., Altermann and Nelson, 1998) of
Kaapvaal. Drowning of Nauga platformal carbonates and a transition to Naute mudrocks at c.
2.5 Ga suggest a second transgressive cycle, mirrored in Pilbara by the transition from Wittenoom carbonates to Mount Sylvia BIF (Fig. 8) (Nelson et al., 1999). The third inferred transgression on Pilbara is placed at the onset of the Dales Gorge Member BIF, which occurred c. 20
m.y. later than the craton-wide onset of transgressive BIF sedimentation on Kaapvaal. A fourth
postulated transgression in Pilbara (Joﬀre member BIF) has no preserved equivalent on Kaapvaal (Nelson et al., 1999). Despite diﬀerences in lithostratigraphy, sedimentary facies, geochro-
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nology and basin evolution, the Hamersley and Chuniespoort-Ghaap carbonate-BIF sediments
reﬂect an approximately coeval sea level rise at c. 2.5 Ga, which was likely of global proportions
(e.g., Eriksson et al., 1999). This supports the concept of a second superplume event, as proposed
by Condie, 1998, 2001a).

7. Discussion
As can be seen from the preceding sections on the Ventersdorp Supergroup (Kaapvaal) and
Fortescue Group (Pilbara), and bearing in mind recent geochronological data given above and

Fig. 11. Lithostratigraphy of the Hamersley Group (modiﬁed after Simonson et al., 1993).
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discussed further below, there is a great deal of similarity in lithostratigraphy and inferred
geological evolution of the two Neoarchaean ﬂood basaltic provinces. Nelson et al. (1992) discuss
this comparison in detail, emphasising analogous geochemical and isotopic signatures, comparative metamorphic histories and the merits of a combined ‘‘Vaalbara’’ Ventersdorp-Transvaal–
Fortescue-Hamersley basin. The Mount Roe (Pilbara) and Klipriviersberg (Kaapvaal) ﬂood
basalts are mirrored in their similarities by the lithologies and inferred palaeoenvironments of the
Platberg (Kaapvaal) and Hardey (Pilbara) rift basin alluvial-ﬂuvial-lacustrine deposits. The suggestion that the Fortescue Group may be related to continental rifting and the formation of a new
ocean (cf. Blake, 1993, 2001), and as borne out by signiﬁcant subaqueous basalts in southern
Pilbara, contrasts with the central Kaapvaal cratonic location and subaerial ﬂood basalts of the
Ventersdorp plume event. However, as discussed below, it is possible that the Ventersdorp plume
may have impinged within a cratonic marginal location as well, and that magma ponded beneath
the thinned lithosphere underlying the Witwatersrand basin.
One of the major outstanding questions regarding the possible imprint of a superplume event
on the Kaapvaal craton at 2.7 Ga is the question of the timing of uplift versus plume magmatism.
Although the Ventersdorp lavas clearly point to a plume source as discussed above, there is little
evidence to support uplift of the craton prior to plume volcanism at 2715–2710 Ma. Two possibilities should be considered for this apparent discrepancy in timing. First, the mantle plume
starting head (cf. Sleep, 1996, 1997) that gave rise to Ventersdorp lavas may not have been
centred beneath the Kaapvaal craton, and in such a case, the plume magmas may have travelled
great lateral distances in rift-related fractures as giant dyke swarms, as for instance described for
the c. 200 Ma Karoo province (White, 1997; Elliot et al., 1999), or along sublithospheric paths, as
for example described for the Cenozoic volcanic province of northern East Africa (Ebinger and
Sleep, 1998). Thus, the maximum buoyancy eﬀect of the spreading plume starting head would not
be centered beneath the craton, and uplift would be minimal if any. A serious problem with this
model, however, is that the rise in sea level accompanying a 2.7-Ga superplume event should
ﬂood the craton, and Ventersdorp lavas should be largely submarine in character, which they are
not. Alternatively, the rise in sea level related to a 2.7-Ga superplume event (most plumes hitting
in oceanic areas) may have kept pace with the rise of the Kaapvaal craton, which was centered
over one of the plume heads. In this case, the change in continental freeboard (cf. Wise, 1972,
1974; see also Eriksson, 1999) on the Kaapvaal craton would have been minimal and evidence for
large down-cutting by rivers is unexpected. For the Fortescue Group, where palaeotopographic
relief beneath this unit is estimated to be c. 500 m, plume related uplift would appear to have
preceded eruption of the basalt ﬂood basalts (Mount Roe Formation); with the inferred location
of the Fortescue along an intracratonic rift zone where new oceanic crust was formed (signiﬁcant
subaqueous basalts) lateral ﬂow of plume magmas was probably unimportant, at least for the
preserved lithologies on the Pilbara craton.
Still another question relates to the timing of 2.7-Ga eruptions on both the Kaapvaal and
Pilbara cratons. While Ventersdorp magmatism occurred during a very short period of time at
2715–2710 Ma, much like Phanerozoic ﬂood basalt eruptions (Condie, 2001b), Fortescue volcanism may range over as much as 90 My (2765–2687 Ma) (Trendall, 1983). As described above,
however, recent zircon dating suggests that Fortescue eruptions record two periods of volcanism:
one at 2765 and one at 2715 Ma. This is not unlike plume-related oceanic plateau volcanism at
Ontong Java and Caribbean plateaus in the Cretaceous, where as many as three ‘‘pulses’’ of
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plume magmatism are recorded over 20–30 My in the same plateau (Birkhold et al., 1999;
Revillon et al., 2000).
Another diﬀerence in the Neoarchaean plume-related ﬂood basaltic provinces of Pilbara and
Kaapvaal is their relationship to the existing structural grain of the cratonic basements of the two
cratons. For the Pilbara, there is evidence to support fault control on the basal Mount Roe
basalts which are located preferentially over and approximately parallel to Mesoarchaean greenstone belts (Goodwin, 1991). For the Ventersdorp ﬂood basalts no such relationships have been
observed and the large graben basins of the medial Platberg Group have a consistent NE–SW
alignment which cuts across the general ENE–WSW grain of the Kaapvaal craton. However, for
the protobasinal depositories of the Transvaal Supergroup, there is a reactivation of greenstone
trends in the location of basin-bounding fault systems (Fig. 6). This raises the question of whether
these Transvaal basins reﬂect a large-scale control by craton-marginal plate tectonic forces related to the Limpopo orogeny, or whether they were associated with ﬁnal plume head collapse (or
possibly with draining of ponded magma due to rifting at an adjacent locality) and the formation
of fault-bounded basins in subsiding brittle upper crust. The only available age on the protobasinal successions (2657–2659 Ma on a stratigraphically young protobasinal lava, compared to
the 2714–2709 Ma age of the ﬂood basalts) argues for a plate tectonic inﬂuence, as does the steer’s
head geometry observed for several of the protobasinal depositories (Figs. 5 and 6). This geometry suggests that thermal subsidence only began once the rift basins ﬁlled and downwarping
became more regional in extent in the central-northern Kaapvaal craton (see Fig. 7 where Black
Reef Formation geometry indicates a broad shallow basin above several protobasinal successions). Although the Transvaal protobasinal successions and their structural control resemble the
Platberg graben-ﬁlls markedly, the regional correlation of widespread Platberg basin successions
contrasts with the distinct stratigraphy of each of the protobasinal ﬁlls.
Despite uncertainty about the age of the Limpopo Himalayan-style collision between the Zimbabwe and Kaapvaal cratons (cf. Holzer et al., 1998; Kröner et al., 1999), there is strong evidence
for a major orogenic event having occurred between c. 2.67 and 2.57 Ma (e.g., McCourt, 1995).
Indirect evidence for this older age is also provided by studies of post-Bushveld basin evolution
on the southern margin of the central zone, Limpopo mobile belt (Bumby et al., in press). We
thus postulate that the restricted, fault-bounded basin style with ﬁll of volcanic-immature sedimentary rocks observed for the protobasinal rocks at Tshwene-Tshwene, Buﬀelsfontein, Godwan
and lower-Wolkberg represent intracratonic depositories formed as a result of reactivation of
Archaean basement structures related to the early stages of the Limpopo collision. Within this
model, we further postulate that the upper-Wolkberg and Wachteenbeetje-Bloempoort sediments, with their sheet-like geometry, turbidite cycles and association of mature sandstones,
mudrocks and calcareous lithologies with shallow water structures may reﬂect preserved deposits
of a foreland basin resulting from the Limpopo orogeny. Such a postulated foreland basin would
most likely also have been partly controlled by existing crustal structure, resulting in a combination of local sediment sources and those derived from the Limpopo orogen itself. For the Wolkberg basin, where detailed studies have been made (Bosch, 1992), geochemical and petrographic
data indicate reworked sedimentary sources in addition to a predominant Archaean crustal provenance. As the Central Zone, Limpopo mobile belt comprises highly metamorphosed clastic and
chemical sediments overlying basement lithologies, these data are compatible with such a source
terrain, in addition to more locally derived Archaean crystalline basement detritus. Palaeocurrent
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directions in the widespread upper Wolkberg units indicate derivation of sediment from the
north, northeast and east, with the northerly component increasing upwards in the stratigraphy
(Bosch, 1992; Bosch et al., 1993), supporting such a proposed mixed provenance.
A problem with a mantle plume centered beneath the Kaapvaal craton at 2.7 Ga is the collision
of the Limpopo orogen with the craton at about this time. How can mantle upwelling and
downwelling occur at the same location? Perhaps this problem is solved by the recent high precision isotopic dating in the Limpopo, which now seems to indicate a collision time of about 2600
rather than 2700 Ma [peak metamorphism related to tectonic thickening at 2.67–2.57 Ga
(McCourt, 1995); metamorphic mineral dating indicates a high grade event at c. 2.65–2.52 Ga
(Holzer et al., 1998)]. This is some 100 m.y. younger than the Ventersdorp plume magmatism,
long enough for the plume head to cool and collapse, and for a subduction zone to develop along
the northern border of the craton. As there is no evidence for a c. 2.7 Ga mantle plume to the
north of the Limpopo belt, a wide ocean can be inferred prior to subduction. However, although
a plume cannot be derived from the core-mantle boundary at the same location as a subducting
slab, the latter descend through the mantle along a slope (N.H. Sleep, pers. comm., 2001). The c.
2.7 Ga ages for the Limpopo orogen and the Ventersdorp superplume are thus not necessarily
problematic.
A further important question is that of whether evidence from the Pilbara and Kaapvaal cratons supports one or two superplume events in the Late Archaean. A time series analysis of
plume proxies and the preservation peaks in juvenile continental crust clearly are consistent with
a major superplume event at 2.7 Ga, but results are less certain about such an event at 2.5 Ga
(Isley and Abbott, 1999; Condie, 1998, 2000). The eruption of large amounts of ﬂood basalt in
the Late Archaean on both cratons is clearly consistent with a plume head source at c. 2.7 Ga. At
2.5 Ga, however, both cratons were ﬂooded with shallow seas, which is also consistent with a
superplume event at this time, with most plumes arising in oceanic areas displacing sea water on
to the continents. It is likely that the 2.7 Ga plume-related uplift led to a great degree of postVentersdorp and post-Fortescue erosion and peneplanation of the two cratons; the low continental freeboard resulting from this combined with post-plume thermal relaxation would have
aided regional transgression at c. 2.5 Ga.
The advance of a large epeiric sea onto the Kaapvaal craton is evident in the upper Black Reef
Formation. The Chuniespoort-Ghaap Group chemical sediments are inferred to reﬂect thermal
subsidence following the Ventersdorp magmatism (e.g., Clendenin, 1989; Eriksson and Reczko,
1995). However, their single crystal zircon chronology (c. 2585–2430 Ma) is not compatible with
the duration of a typical superplume event (c. <100 my; Condie et al., 2000) nor with the 2714–
2709 Ma ages determined for the Klipriviersberg and Platberg Groups of the Ventersdorp. Many
workers interpret the epeiric transgressive setting of the Chuniespoort-Ghaap Groups as forming
part of a global eustatic event (e.g., Altermann and Nelson, 1998; Eriksson and Altermann, 1998
and references therein), which may be related to a 2.5 Ga superplume event (Eriksson et al., 1999;
Condie 1998; Condie et al., 2000). Although the formation of major carbonate-BIF platforms on
the Pilbara and Kaapvaal cratons are clearly diachronous, reﬂecting local diﬀerences in thermal
and isostatic elevations and freeboard conditions, cratonic drowning occurred in both regions
within a broad time interval between c. 2630 and 2430 Ma (Nelson et al., 1999). Thus, a preliminary answer to the number of superplume events question is yes: geologic features on both the
Kaapvaal and Pilbara cratons are consistent with two superplume events, but only if both cratons
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responded similarly to the two events. This requires a large mantle plume beneath each craton
during a 2.7-Ga event but not during a 2.5-Ga event.

8. Conclusions
A superplume event at c. 2.7 Ga included mantle plumes beneath both the Kaapvaal and Pilbara cratons, where large ﬂood basaltic provinces and associated rift-basin sedimentary units
were laid down. Subaqueous basalts in southern Pilbara support continental rifting and the formation of new oceanic crust for the Fortescue Group of Pilbara. For Kaapvaal, a central cratonic
location for the ﬂood basalts and subaerial eruptives and sediments point to an approximately
central rather than a marginally located starting plume head. However, there is little evidence in
the Ventersdorp for thermal uplift of the craton prior to large-scale volcanism, in contrast to the
Fortescue Group. It is thus possible that the Ventersdorp plume head may have been marginal to
the Kaapvaal craton, with the magmas having moved laterally through a system of rift-related
fractures or being channeled along sublithospheric topography and ponding beneath thin subWitwatersrand basin lithosphere. However, the inferred 2.7 Ga superplume event should have
been accompanied by raised sea levels globally, resulting in largely subaqueous lavas on the
Kaapvaal craton. A plume head, or more likely, sub-Witwatersrand ponded magma beneath the
craton may thus still be pertinent for the Ventersdorp Supergroup, with thermal uplift of the
Kaapvaal craton keeping pace with eustatic rise.
The Ventersdorp magmatism took place over only c. 5 m.y., consistent with a typical ﬂood
basalt province, whereas that of the Fortescue Group was much longer-lived, up to 90 m.y.
However, there appear to have been two short periods of Neoarchaean volcanism in the Pilbara
craton. This is analogous to plume volcanism recorded in Cretaceous oceanic plateaus. The
Ventersdorp graben sub-basins cut across existing deep seated structural features in the Kaapvaal
craton, whereas Fortescue grabens in the Pilbara craton clearly reactivated older structures. The
same reactivation applies to the protobasinal depositories of the lower Transvaal Supergroup in
Kaapvaal, which also strongly resemble the Platberg Group graben-ﬁlls of the Ventersdorp
Supergroup. However, the lack of regional correlation amongst protobasinal successions (in
contrast to the Platberg grabens and half-grabens) and the steer’s head geometry of some of them
suggest that plate tectonic rather than magmatic/thermal controls were paramount. It is possible
that the Transvaal protobasinal successions were related to a foreland basin developed as a result
of the Limpopo orogeny at c. 2.6 Ga, when the Kaapvaal and Zimbabwe cratons collided.
Plume-related uplift on both Pilbara and Kaapvaal cratons during the 2.7 Ga magmatic event
promoted erosion and lowered continental freeboard. These conditions enabled shallow epeiric
seas to cover large portions of both cratons at c. 2.5 Ga when a second superplume event occurred. Broad similarities in major transgressive-regressive cycles on both cratons support a shared
eustatic history which formed part of global eustatic changes at this time.
The model for mantle plumes impinging on the world oceans encompasses the introduction of
large quantities of CO2 into the ocean-atmospheric system (which leads to global warming, peaks
in black shale deposition and enhanced d13C in sea water), combined with eustatic rise and a
decreased rate of magnetic reversals (Larson, 1991; Kerr, 1998; Condie et al., 2001). Marine and
lesser continental sedimentary records preserved from craton-marginal locations indicate that a
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combination of regional thinning and unconformities, emergent facies, turbidites and gravity
slide deposits, normal faults and incised canyons result from mantle plumes (Williams and Gostin, 2000). For the fully cratonic setting of the Fortescue Group (Pilbara craton) and Ventersdorp
Supergroup (Kaapvaal craton), a less well constrained model may be postulated: the plume
starting head may be either marginal to or beneath the craton and, as a result, thermal uplift is
variable, and may keep pace with eustatic rise associated with a superplume event. The common
lateral movement of magma as the starting head ﬂattens out and expands, along sublithospheric
topography with ponding beneath thinned lithosphere such as that underlying pre-existing rifted
or thermal subsidence basins, can result in thermal uplift at central cratonic locations well
removed from the tail conduit (Ebinger and Sleep, 1998). Within the two volcanic provinces
examined in this paper, subaerial and locally subaqueous ﬂood basalts tend to be followed by
terrestrial fault-bounded basins in which felsic to maﬁc (and subordinate komatiitic) lavas and
volcaniclastic lithologies are interbedded with immature alluvial, ﬂuvial and lacustrine sedimentary deposits. In neither Pilbara nor Kaapvaal cases does post-plume thermal subsidence appear
to have been signiﬁcant, possibly due to magmatic underplating. The Transvaal-Hamersley epeiric marine carbonate-BIF successions can be related to a later plume event, at c. 2.5 Ga; however
evidence for this later magmatic event is less clear.
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