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Abstract

Sequence stratigraphic concepts are applied to the 2.7–2.1 Ga Transvaal Supergroup, which constitutes the
sedimentary floor to the Bushveld igneous complex. The Transvaal succeeds the foreland-fill of the Witwatersrand
Supergroup and, in its lowermost portions, is partly synchronous with the Ventersdorp Supergroup lavas that followed
upon the Witwatersrand sediments in the stratigraphic record. The unconformable contacts at the base and the top
of the Transvaal Supergroup mark significant changes in the overall tectonic setting, which qualifies them as first-
order sequence boundaries. Sedimentation within the Transvaal basin was controlled by cycles of extensional and/or
thermal subsidence resulting in the accumulation of sequences, separated by stages of base-level fall generating
sequence-bounding subaerial unconformities. The Transvaal first-order sequence is subdivided into five second-order
unconformity-bounded depositional sequences, i.e. the Protobasinal, Black Reef, Chuniespoort, Rooihoogte–Timeball
Hill and Boshoek–Houtenbek sequences. The span of time of these second-order sequences, averaging 130 Ma, is
much longer than the duration of the second-order Phanerozoic cycles, which is explained by the less evolved and
thus slower plate tectonic processes that dominated the Late Archaean–Early Proterozoic times.

Each Transvaal second-order sequence preserves a variable number of systems tracts, mainly as a function of the
strength of the erosional processes associated with the ravinement surfaces and subaerial unconformities. In a complete
succession, a sequence would include a basal lowstand systems tract (LST), followed by transgressive (TST),
highstand (HST ) and falling stage (FSST) systems tracts. The Protobasinal and Rooihoogte–Timeball Hill sequences
only preserve the LST and TST, due to the strong post-depositional erosion. The Black Reef sequence is composed
of LST, TST and HST. The Chuniespoort sequence preserves the TST, HST and FSST, but lacks the LST due to
ravinement erosion. The Boshoek–Houtenbek sequence develops the complete succession of systems tracts. Common
features may be emphasized between the same types of systems tract developed within different sequences. The LST
includes high-energy coarse prograding facies, such as alluvial fans and fan–delta systems, that fill the irregularities
of the pre-existing topography and lead to the peneplanation of the depositional areas. The TST may be recognized
from retrogradational stacking patterns that are associated with the transgression of marine environments. The HST
marks the normal regression of the previous marine environments, which assumes coeval aggradation of fluvial and
basinal facies within an overall progradational framework. The FSST would normally include only basinal facies age-
equivalent with the correlative subaerial unconformities. In our case study, the stages of base-level fall resulted
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invariably in fully nonmarine environments within the Transvaal area, generally leading to the development of
subaerial unconformities. In particular circumstances, the nonmarine environment may still accumulate and preserve
fluvial, alluvial fan or lacustrine sediments as a function of the relative position between topography and local
equilibrium profiles and base-levels.

The interpretations of base-level rise and fall resulting from the application of the sequence stratigraphic concept
to the 2.7–2.1 Ga Transvaal Supergroup enable estimation of sea level changes during deposition of this succession.
With an understanding of local tectonic conditions on the Kaapvaal craton and of coeval sedimentation elsewhere in
Africa, eustatic and relative sea level changes and variation in continental freeboard conditions may be suggested for
the Transvaal Supergroup. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Base-level changes; Sea-level changes; Sequence stratigraphic concept; Transvaal Supergroup.

1. Introduction Precambrian depositional systems may be limited
by poor preservation, post-depositional tectonics,
diagenetic transformations and metamorphism.Sequence stratigraphy is a subdiscipline of stra-

tigraphy dealing with the genetic interpretation of The constraint of Precambrian rocks’ ages, based
essentially on radiometric dating, is also less preciselateral and vertical facies changes of a basin-fill.

Sequence stratigraphic analysis assumes a subdivi- relative to younger sequences, with error margins
of at least 1 Ma. For this reason, no time controlsion of the sedimentary pile into sequences, which

are stratigraphic units related to cyclic changes in can be provided for the correlation of high fre-
quency Precambrian sequences, with durations lessthe sedimentation regime through time. They

include relatively conformable successions of than 100–101 Ma. It thus follows, that sequence
stratigraphic interpretations of early Precambriangenetically related strata displaying repetitive verti-

cal profiles and stacking patterns. Sequences are successions are not common in the literature [ for
an example see Beukes and Cairncross (1991)].subdivided into systems tracts, which refer to

linkages of correlative depositional systems com- The purpose of this paper is to illustrate the
application of sequence stratigraphic concepts tomonly associated with significant lateral changes

of facies. Sequences and systems tracts are the Precambrian, using an example represented by
the 2.7–2.1 Ga Transvaal Supergroup, the floorbounded by event-significant stratigraphic surfaces

that mark sharp changes in the sedimentation to the Bushveld igneous complex. Owing to the
relatively poor chronology available for thisregime or in the stratal stacking patterns.

In the simplest way, sequence stratigraphy is ~650 Ma succession, we only attempt a low reso-
lution preliminary interpretation of the high-orderthe study of facies changes within a time frame-

work. It follows that the two main prerequisites ( low frequency) Transvaal sequence stratigraphy.
We base our interpretation on an extensive datafor a sequence stratigraphic interpretation are to

obtain, firstly, facies control and, secondly, time base of the sedimentology, lithostratigraphy and
stratal stacking patterns, as well as on modelscontrol. Whereas the former may be achieved by

means of sedimentology and facies analysis, the proposed for the evolution and tectonic settings
affecting the Transvaal basin [see syntheses bylatter requires independent research methods, such

as biostratigraphy, radiometric dating or magne- Eriksson and coworkers (Eriksson and Reczko,
1995; Eriksson et al., 1995)]. Changes in sea level,tostratigraphy. The application of sequence strati-

graphic analysis to the rock record is increasingly one of the main thrusts of this special volume and
related to the continental freeboard conceptdifficult as older strata are investigated, as for

example studying the Precambrian relative to the (Eriksson, 1999), are implicit in the sequence
stratigraphic subdiscipline. The sequence strati-Phanerozoic, because both facies analysis and age

determinations encounter practical problems when graphic analysis of the Transvaal Supergroup
reveals major events of base-level rises and falls,applied to such successions. Facies analysis

and palaeoenvironmental reconstructions for which is relevant for the record of sea-level changes
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that occurred during the studied interval of the marine transgressions and regressions (Fig. 1):
eustatic oscillations; vertical tectonism (subsidence,Precambrian rock record.
uplift); and sedimentation. Sediment compaction
may also interfere in this process, but it has
essentially the same effect as tectonic subsidence.2. Concepts of sequence stratigraphy
The combined effect of eustasy and tectonics pro-
vides the relative sea-level changes, with a relativeSequences are defined as relatively conformable

successions of genetically related strata bounded increase dominated either by subsidence or eustatic
rise, and a relative fall controlled either by tectonicby unconformities or their correlative conformities

(Mitchum, 1977). Strata within sequences display uplift or eustatic fall. A relative sea-level rise is
accompanied by a corresponding base-level risepredictable changes in their stacking patterns

through time, which relates to the subdivision of and creation of accommodation space for sedi-
mentation. A relative sea-level fall generates ansequences into systems tracts. Three main types of

sequence have been defined, i.e. the depositional equal amount of base-level fall, with destruction
of accommodation space (Fig. 1). Independent ofsequence (Jervey, 1988; Posamentier et al., 1988;

Van Wagoner et al., 1990; Haq, 1991; Vail et al., the direction and magnitude of base-level change,
the space available for sediments to accumulate1991; Hunt and Tucker, 1992), the genetic strati-

graphic sequence (Galloway, 1989), and the trans- (i.e. accommodation space) may be partially or
totally consumed by sedimentation.gressive–regressive (T–R) sequence (Embry and

Johannessen, 1992; Embry, 1993, 1995). Each uses The interaction between base-level changes and
sedimentation controls the manifestation of trans-a unique combination of stratigraphic surfaces to

delineate the sequence boundary and each is gressions and regressions (Fig. 1). A rise in the
base-level that outpaces the sedimentation ratesdefined in relationship to the timing of its bounding

surfaces relative to the T–R or base-level curves. results in a marine transgression and retrograda-
tion of facies. On the other hand, progradation ofThe central elements in defining sequence strati-

graphic concepts (i.e. sequences, systems tracts facies takes place during a stage of base-level rise
when the sedimentation rate exceeds the rate ofand bounding surfaces) are the T–R and base-level

curves. A brief review of the factors controlling base-level rise. In this case, the newly created
accommodation space is totally consumed by sedi-transgressions, regressions and base-level changes

is therefore necessary before exploring the various mentation, aggradation is accompanied by sedi-
ment bypass, and a marine regression occurs. Asequence models.
fall in the base-level also results in shoreline regres-

2.1. Factors controlling transgressions, regressions,
and base-level changes

A transgression is defined as a landward migra-
tion of the marine shoreline, preserved in the
stratigraphic record as a retrogradational shift of
facies. In contrast, marine regression results in
progradational stacking patterns related to the
seaward shift of facies. Base-level is the downward
limit of subaerial erosion, usually approximated
with the sea-level (Schumm, 1993). The rise and
fall in the base-level are independent from sedi-
mentation, which does not allow the establishment
of a direct relationship between base-level changes Fig. 1. Diagrammatic illustration of the controlling factors on
and movements of the shoreline. transgressions, regressions and base-level (relative sea-level )

changes. Modified from Catuneanu et al. (1998).Three main factors control the manifestation of
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sion, but usually accompanied by subaerial erosion basal surface of forced regression (BSFR), the
conformable transgressive surface (CTS), the max-in the nonmarine portion of the basin.

In addition to the primary effects of eustasy, imum flooding surface (MFS) and the ravinement
surface (RS) (Fig. 2).tectonics and sedimentation, crustal loading

through sediment accumulation or unloading as a The SU is an erosional surface created during
times of base-level fall by subaerial processes suchresult of erosion, as well as the feedback effect of

facies shift on the sedimentation rates, may also as fluvial or wind degradation. It gradually extends
basinward during the forced regression of thecontrol to some extent changes in the base-level

or the migration trends of the marine shoreline shoreline and reaches its maximum extent at the
end of base-level fall. Criteria for recognition of(Fig. 1).
SU in the field have been reviewed by Shanmugam
(1988). The SU has a marine c.c. whose timing2.2. T–R and base-level curves
corresponds to the end of base-level fall in the
shoreline area (Fig. 2). The c.c. develops within aBoth the pattern of shoreline migration and the

variations in base-level undergo cyclic changes continuous regressive succession, which poses
practical problems in its field recognition (Embry,through time represented by the two sinusoidal

curves in Fig. 2, which are offset relative to each 1995). At a regional scale, the c.c. separates rapidly
prograding and offlapping forced regressive strataother. Taking the base-level curve (dashed line in

Fig. 2) as a reference, the point where regression from the overlying aggradational normal regres-
sive strata.changes to transgression will always be delayed

relative to the point where base-level fall is replaced The BSFR develops within the marine portion
of the basin, with a timing corresponding to theby subsequent rise, as the initial rates of base-level

rise are very low and therefore likely to be out- start of base-level fall in the shoreline area (onset
of forced regression; Fig. 2). It separates aggradingpaced by the sedimentation rates. Thus, the regres-

sion that accompanies a stage of base-level fall regressive strata from the overlying rapidly pro-
grading and offlapping forced regressive deposits.also continues in the early stages of base-level rise.

Similarly, the end of a transgressive stage will The BSFR is an unconformity cut by waves in the
shallower portion of the basin [the regressive sur-always occur before the end of base-level rise, as

the latest stage of base-level rise is characterized face of marine erosion of Plint (1988)], or gener-
ated as a scour surface associated with gravityby rates lower than the sedimentation rates. In

this way, the interaction between sedimentation flows in the deeper basinal areas and mapped at
the base of the submarine fans (Hunt andand an oscillating base-level will always generate

strongly asymmetric T–R curves, with the regres- Tucker, 1992).
The CTS forms within a marine succession atsive portions much longer than the transgressive

ones, assuming that the reference base-level the limit between underlying coarsening-upward
regressive strata and overlying fining-upwardchanges are represented by a symmetric sine curve

(Fig. 2). The regression taking place during base- transgressive strata (Embry, 1995). As the name
implies, it is a nonerosional surface and it islevel fall is defined as ‘forced regression’ (driven

by eustasy and/or tectonics), whereas the regres- generated during base-level rise when the rate of
rise begins to exceed the sedimentation rate. Thesion taking place during base-level rise is called

‘normal regression’ (driven by sedimentation) key to the identification of this surface is reliable
facies analysis that allows regressive and transgres-(Posamentier et al., 1992).
sive trends in strata to be recognized and a bound-
ary between the two to be drawn. The nonmarine2.3. Sequence-bounding surfaces
correlative of the CTS (‘CTS-c’ in Fig. 2) is a
conformable surface that may be indicated by anThe main types of bounding surface used in

sequence stratigraphy are the subaerial unconfor- abrupt decrease in fluvial energy, e.g. a change
from braided to overlying meandering stylesmity (SU ) and its correlative conformity (c.c.), the



219O. Catuneanu, P.G. Eriksson / Precambrian Research 97 (1999) 215–251

Fig. 2. Types of sequence, systems tract and bounding surface, defined in relationship to the base-level and T–R curves. Abbreviations:
DS=depositional sequence; GS=genetic stratigraphic sequence; T–R=transgressive–regressive sequence; LST=lowstand systems
tract; TST=transgressive systems tract; HST=highstand systems tract; FSST=falling stage systems tract; RST=regressive systems
tract; SU=subaerial unconformity; c.c.=correlative conformity; BSFR=basal surface of forced regression; CTS=conformable trans-
gressive surface; CTS-c=CTS-correlative (i.e. the nonmarine correlative of the marine CTS); MFS=maximum flooding surface; R=
ravinement surface; IV=incised valley; (A)=creation of accommodation space (base-level rise); NR=normal (sediment supply-
driven) regression; FR=forced (base-level fall-driven) regression. Modified from Catuneanu et al. (1998).

(Shanley et al., 1992), corresponding to the timing (marine onlap). A synonymous term for the CTS
is ‘maximum regressive surface’ (Catuneanu, 1996;of the seaward-most position of the shoreline. In

coastal settings, the CTS underlies the oldest estua- Helland-Hansen and Martinsen, 1996; Catuneanu
et al., 1998).rine facies. In offshore regions, the CTS may be

onlapped by the overlying transgressive strata The MFS (in Fig. 2) separates underlying trans-
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gressive strata (retrogradational stacking pattern) 2.4. Systems tracts
from the overlying regressive strata (prograda-

A systems tract forms a subdivision of ational stacking pattern). The MFS is generally
sequence; it refers to a linkage of correlative depo-conformable, excepting for the outer shelf and
sitional systems, usually associated with significantupper slope regions where the lack of sediment
lateral changes of facies. Systems tracts are inter-supply may leave the seafloor exposed to erosional
preted on the basis of stratal stacking patterns andprocesses (Galloway, 1989). Within a marine suc-
types of bounding surface. The following types ofcession that preserves transgressive strata, the MFS
systems tract are used in sequence stratigraphiccan be mapped at the limit between fining-upward
analysis (Fig. 2).and overlying coarsening-upward profiles. Owing

The lowstand systems tract (LST ) is boundedto sediment trapping within the shoreline systems
by the SU and its marine c.c., at the base, and byduring the landward shift of facies, the offshore
the CTS and its nonmarine correlative at the top.transgressive strata underlying the MFS may be
It forms during the early stage of base-level risereduced to a condensed section (Loutit et al.,
when the rate of rise is outpaced by the sedimenta-1988). Criteria for the recognition of MFS in the
tion rate (case of normal regression). The LSTnonmarine portion of the basin-fill have been
includes the coarsest sediment fraction of bothprovided by Shanley et al. (1992), mainly based
marine and nonmarine sections, i.e. the upper parton tidal influences in fluvial sandstones. The posi-
of an upward-coarsening profile in a marine succes-tion of the nonmarine MFS may also be indicated
sion, and the lower part of a fining-upward profileby an abrupt increase in fluvial energy, e.g. a
in nonmarine strata, including lag deposits andchange from meandering to overlying braided
reworked debris in the rejuvenated nonmarinestyles (Shanley et al., 1992), or by extensive coal
sedimentation area. Coastal aggradation decreasesseams (Hamilton and Tadros, 1994). The latter
the slope gradient in the downstream portion ofcriterion would obviously not be applicable to
the fluvial systems, which induces a lowering in

Precambrian successions. In coastal settings, the
fluvial energy, fluvial aggradation, and an overall

MFS overlies the youngest estuarine facies. The upwards-decrease in grain size. The increase in the
MFS is generated late in the base-level rise portion rate of base-level rise also contributes to the overall
of a cycle when the rates of sedimentation begin fining-upward fluvial profile, as it creates more
to exceed the rates of rise, i.e. at the turnaround accommodation space for floodplain deposition
point from transgression to subsequent regression. and increases the ratio between floodplain and
A synonymous term for the MFS is ‘maximum channel sedimentation. The nonmarine portion of
transgressive surface’ (Catuneanu, 1996; Helland- the LST is equivalent to the coarse-grained ‘Low
Hansen and Martinsen, 1996; Catuneanu et al., Accommodation Systems Tract’ of Dahle et al.
1998). In seismic stratigraphic terms, the marine (1997), with the coarse clastic input related to the
MFS is a ‘downlap surface’, being overlain by the rejuvenated sediment source areas. Typical exam-
downlap-type of foreset terminations. ples of LST deposits include incised valley fills and

The RS is an erosional (scour) surface that is amalgamated fluvial channels in nonmarine succes-
formed by the erosive action of waves and currents sions, as well as low-rate aggradational and pro-
in the upper shoreface area. This surface is gener- gradational (normal regressive) marine strata,
ated during the portion of base-level rise when the including sharp-based shoreface deposits overlying
shoreline moves landward (transgression). It is a the regressive surface of marine erosion.
highly diachronous surface, varying with the rate The transgressive systems tract (TST) is
of shoreline transgression. The RS qualifies as an bounded by the marine CTS and its nonmarine
‘onlap surface’ in seismic stratigraphic terms, as it correlative, at the base, and by the MFS at the
is onlapped during the retrogradational shift of top. The TST forms during the portion of base-
facies by marine transgressive strata (coastal level rise when the rates of rise outpace the sedi-

mentation rates. It can be recognized, firstly, fromonlap).
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retrogradational stacking patterns, and, secondly, processes. The marine portion of the HST displays
a coarsening-upward profile related to thefrom overall fining-upward profiles within both

marine and nonmarine strata in relationship to the basinward facies shift, and includes low-rate pro-
grading and aggrading normal regressive strata.landward facies shift and the gradual denudation

of the sediment source areas. The marine portion Within the overall regressive marine succession,
the HST occupies the lower part of the coarsening-of the TST mainly develops in shallow areas

adjacent to the shoreline, with correlative con- upward profile (Fig. 2).
The falling stage systems tract (FSST) developsdensed sections, unconformities or onlapping grav-

ity flow deposits offshore (Galloway, 1989). In during base-level fall. Diagnostic for this systems
tract is the marine forced regressive deposits withcoastal settings, the TST includes diagnostic estua-

rine facies. The nonmarine portion of the TST rapidly prograding and offlapping stacking pat-
terns [the ‘slope component’ of Hunt and Tuckerdisplays a lowering of fluvial energy with increasing

stratigraphic height, which may lead to a change (1992), comprising autochthonous wedges devel-
oped on the continental slope]. The forced regres-in fluvial style from braided to meandering, in

response to the landward shift of the shoreline and sive prograding lobes are age-equivalent with deep
submarine fans, as well as the stratigraphic hiatusesthe low-energy estuarine system (Shanley et al.,

1992). As braided fluvial styles predominate within corresponding to the SU and the regressive surface
of marine erosion that reshapes the continentalPrecambrian successions (e.g. Cotter, 1978;

Eriksson et al., 1998), this criterion will be difficult shelf during the forced regression. Although sub-
aerial processes such as fluvial and wind degrada-to apply in the pre-Phanerozoic rock record.

The highstand systems tract (HST) is bounded tion tend to be more active during stages of base-
level fall, the nonmarine portion of the basin mayby the MFS at the base, and by the SU and the

BSFR at the top (Fig. 2). It corresponds to the still accumulate and preserve fluvial, alluvial fan
or lacustrine sediments as a function of the relativelate stage of base-level rise during which the rates

of rise drop below the sedimentation rates, result- positions of topography and local equilibrium
profiles and base-levels. The marine portion of theing in the normal regression of the shoreline.

Concomitantly with differentiated fluvial aggrada- FSST is bounded by the BSFR, at the base, and
the c.c. at the top. Owing to the gradual seawardtion and decrease in topographic slope, the nonma-

rine portion of the HST records an upward migration of the SU during base-level fall, the
older marine forced regressive strata may belowering in fluvial energy that may result in a

change in fluvial style from braided to meandering capped by the basinward termination of the SU
(Fig. 2; Hunt and Tucker, 1992).(Shanley et al., 1992). This trend, superimposed

on continued denudation of the sediment source The regressive systems tract (RST) is the coun-
terpart of the TST, and includes all strata accumu-areas, tends to generate an upward-fining profile

that continues the overall upwards decrease in lated during shoreline regression, i.e. the succession
of HST–FSST–LST systems tracts. It is boundedgrain size recorded by the underlying LST and

TST. However, the late HST may be characterised by the MFS at the base, and by the CTS and its
nonmarine correlative at the top. The RST isby laterally interconnected, amalgamated channel

and meander belt systems with poorly preserved defined by progradational stacking patterns in
both marine and nonmarine strata. Within a non-floodplain deposits, due to the lack of floodplain

accommodation space once the rate of base-level marine succession, the RST includes the time gap
corresponding to the SU that separates coarserrise decreases, approaching the stillstand (Shanley

and McCabe, 1993). Overall, the nonmarine por- facies above (LST) from finer facies below (HST ).
Within marine strata, the RST displays a coarsen-tions of the TST and overlying HST are equivalent

to the fine-grained ‘High Accommodation Systems ing-upward (upward-shallowing) profile, which
also includes an unconformity corresponding toTract’ of Dahle et al. (1997). During the subse-

quent base-level fall, the top of the nonmarine the basal surface of forced regression.
Diagnostic stacking patterns for the four inde-HST may be affected by erosion or pedogenic
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Fig. 3. Diagnostic stacking patterns for the HST, FSST, LST and TST. The sinusoidal curves illustrate base-level changes in the
shoreline area, and the timing of each systems tract relative to the base-level curve. Modified from Catuneanu et al. (1998).
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Fig. 4. Cross-sectional view and Wheeler diagram illustrating the internal architecture and evolution of a genetic stratigraphic sequence.
Abbreviations: MFS=maximum flooding surface; CTS=conformable transgressive surface; SU=subaerial unconformity; HST=
highstand systems tract; FSST=falling stage systems tract; LST=lowstand systems tract; RST=regressive systems tract; TST=
transgressive systems tract; c.u.=coarsening-upward; f.u.=fining-upward. Modified from Catuneanu et al. (1998).

pendent systems tracts (HST, FSST, LST and base-level changes and not on the migration trends
of the shoreline depicted by the T–R curve. TheTST) are illustrated in Figs. 3 and 4.
depositional sequence is built by a LST–TST–
HST–FSST succession of systems tracts.2.5. Sequence types

The genetic stratigraphic sequence (Galloway,
1989) uses the MFS as bounding surface, and it isThree types of sequence (described below) are

currently used in sequence stratigraphic analysis divided by the CTS and its nonmarine correlative
into an RST followed by a TST. This sequence(Fig. 2).

The depositional sequence (Posamentier et al., type is defined relative to the T–R curve. As the
RST is composed of an HST–FSST–LST succes-1988) is bounded by the SU and its marine c.c.

Vertical profiles normally display a fining-upward sion of systems tracts, Figs. 3 and 4 suggest the
evolution and internal architecture of a genetictrend in nonmarine strata, and fining-upward fol-

lowed by coarsening-upward trends separated by stratigraphic sequence.
The T–R (Embry and Johannessen, 1992) isan MFS in a marine succession. The depositional

sequence is defined, relative to the base-level curve, half a wavelength out of phase relative to the
previous type, being composed of a TST followedas the timing of the SU and its c.c. depends on
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by an RST. Within a marine succession, the T–R strained between 2714 Ma for the basal
Ventersdorp lavas (Armstrong et al., 1991) andsequence boundary is represented by the CTS (top

of regressive facies). Within a nonmarine succes- 2050 Ma for the Bushveld complex (Harmer and
von Gruenewaldt, 1991). Within these limits, thesion, the T–R sequence boundary is not taken at

the top of the RST, owing to the difficulties in Transvaal chronology lacks a sufficient degree of
detail for high-resolution stratigraphic correlation.field recognition of the CTS-nonmarine correlative,

but is chosen to coincide with the depositional The Transvaal Supergroup is subdivided into four
main lithostratigraphic units, i.e. the Protobasinalsequence boundary (i.e. the SU ). As the SU and

the CTS are temporally offset (corresponding to rocks, Black Reef Formation, Chuniespoort Group
and Pretoria Group (Eriksson and Reczko, 1995;the end of base-level fall and the end of regression

respectively), a linking surface is necessary to make Fig. 5). Traditionally, the Rooiberg Group has
also been included within the Transvaalthe physical connection between the SU and the

CTS. The RS was selected to make the linkage, Supergroup. Recent zircon dating of the Rooiberg
lavas indicates a synchronous genesis of thebased on the assumption that the erosion associ-

ated with this scour surface would entirely remove Bushveld and Rooiberg magmas (Hatton and
Schweitzer, 1995), for which reason the Rooibergthe nonmarine LST in the area adjacent to the

shoreline, placing in this way the CTS in direct Group could be considered as part of the Bushveld
complex (Eriksson and Reczko, 1995; Fig. 6).continuation with the SU. Thus, despite the fact

that the SU is not a regressive–transgressive Accordingly, we do not include the Rooiberg
succession in our analysis.boundary, being overlain by LST strata which are

still regressive, the T–R sequence is taken by
definition as being ‘‘bounded by subaerial uncon- 3.1. Protobasinal rocks
formities and/or ravinement surfaces and their
correlative transgressive surfaces’’ (Embry, 1995). The Protobasinal rocks accumulated within an

overall tectonic escape-related extensional setting
that developed in response to the collision between
the Zimbabwe and Kaapvaal cratons during the3. Tectonic settings and lithostratigraphy of the

Transvaal Supergroup 2.71–2.64 Ga Limpopo (Ventersdorp age) orogeny
(Burke et al., 1985; Stanistreet and McCarthy,
1991; McCourt, 1995; Eriksson and Reczko, 1995).The Late Archaean–Palaeoproterozoic

Transvaal Supergroup overlies the Witwatersrand Sedimentation took place simultaneously in
discrete fault-related basins identified as eitherSupergroup in the stratigraphic record and consti-

tutes the sedimentary floor to the Bushveld igneous small and deep pull-apart basins associated with
strike-slip faults (e.g. Buffelsfontein, Tshwene-complex (Fig. 5). The lavas of the Ventersdorp

Supergroup overlie the Witwatersrand basin as Tshwene and Godwan depositories), or larger rift
basins associated with extensional tectonism (e.g.well as being relatively widespread on the

Kaapvaal craton. Available age data suggest that Wolkberg, Wachteenbeetje, Bloempoort and
Mogobane depositories; Figs. 6 and 7). Thesethe Ventersdorp volcanism, the main event of the

Limpopo collisional orogen, and the lowermost basins underwent active subsidence and creation
of accommodation space during VentersdorpTransvaal rocks are approximately coeval (e.g.

Eriksson and Reczko, 1995). The Transvaal times, illustrated as base-level rise in Fig. 5.
The basin-fill successions of the ProtobasinalSupergroup is preserved in three separate basins,

i.e. the Transvaal, Kanye and Griqualand West rocks are preserved in isolated areas, which
together with the stratal geometry would suggestbasins. We only deal in this paper with the sedi-

mentary fill of the Transvaal basin, situated on the separate depocentres for sediment accumulation
(Eriksson and Reczko, 1995). However, it is pos-Kaapvaal craton and extending from South Africa

into easternmost Botswana (Fig. 6). sible that these depositories were interconnected
during the syn-depositional time, as the individualThe age of the Transvaal succession is con-
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Fig. 5. Lithostratigraphy, chronology, tectonic settings, palaeoenvironments and inferred base-level changes for the Transvaal
Supergroup. (1) Armstrong et al. (1991); (2) and (6) Eriksson and Reczko (1995); (3)–(5) and (7) Walraven and Martini (1995);
(8) Harmer and von Gruenewaldt (1991). Wavy lines suggest unconformable contacts.
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basins tend to display common fill patterns and both pull-apart and rift basins. The volcanic rocks
may have formed a laterally continuous blanketsimilar successions of facies (Fig. 8). The oldest

lithofacies assemblage is generally represented by that covered the entire Transvaal basin, separating
the two distinct generations of fluvial strata iden-coarse nonmarine beds, ranging from boulder con-

glomerates to sandstones, which are composition- tified earlier as a first lithofacies assemblage
(Fig. 8).ally and texturally immature and associated with

gravity-flow deposits (Eriksson and Reczko, A third lithofacies assemblage, best exposed in
the Wolkberg and Godwan basins where it overlies1995). This lithofacies is interpreted to be the

product of proximal, fault-related alluvial fans and the volcanic rocks, is represented by basinal depos-
its. The basinal succession starts with basin marginbraided fluvial systems (Button, 1973; Tyler,

1979a,b; Myers, 1990; Bosch, 1992; Eriksson and facies, overlain by deeper water facies. The basin
margin facies assemblage is dominantly arenaceousReczko, 1995), most likely associated with the

early syn-rift opening of the extensional basins. with intercalations of stromatolitic carbonates, and
associated with shallow water sedimentary struc-Apart from this first pulse of nonmarine sedi-

mentation that took place before and/or coeval tures such as ripples, mudcracks and cross-
bedding. A shoreline-deltaic interpretation iswith the volcanic activity, fluvial systems also

succeeded the stage of emplacement of volcanic attributed to this basin margin assemblage
(Button, 1973; Key, 1986; Myers, 1990; Hartzer,rocks (e.g. within the Tshwene-Tshwene basin,

Fig. 8). 1994; Eriksson and Reczko, 1995). The overlying
deeper water facies include argillaceous lithologies,A second lithofacies assemblage is represented

by bimodal, basaltic and acid lavas, indicative of commonly calcareous or carbonaceous, with

Fig. 8. Generalized correlation of facies of the discrete Protobasinal basins. Not to scale. Total thickness represented ~5 km. For a
more detailed description of the Protobasinal lithostratigraphies, see synthesis by Eriksson and Reczko (1995). Abbreviations: 1=
Mogobane basin; 2=Tshwene-Tshwene basin; 3=Buffelsfontein basin; 4=Wachteenbeetje basin; 5=Bloempoort basin; 6=Wolkberg
basin; 7=Godwan basin; A=Mogobane Formation; B=Tshwene-Tshwene belt; C=Buffelsfontein Group; D=Wachteenbeetje
Formation; E=Bloempoort Formation; F=Wolkberg Group; G=Godwan Group.
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inferred turbidite cycles (Hartzer, 1994; Eriksson gins of the Transvaal basin towards the centre,
where thicknesses in excess of 200 m are recordedand Reczko, 1995), suggesting water depths of a

few hundreds of metres (Eriksson et al., 1994). in the Crocodile River and Dennilton areas. This
supports the hypothesis of the Transvaal basinThe basinal succession is attributed to closed basin

settings rather than to a fully marine basin, based being a unitary subsiding intracratonic sag basin
during Black Reef time, subject to differentialon the rapid fluctuations in both inferred sedi-

mentation energy levels and clastic/carbonate thermal subsidence with higher rates towards the
centre of the basin.depositional systems (Eriksson and Reczko, 1995).

The shallow water facies of the basinal succession The lithology of the Black Reef Formation is
dominated by clastic rocks, ranging from conglom-in the eastern part of the Transvaal basin (e.g.

Wolkberg and Godwan areas) directly overlie the erates to sandstones and mudstones. The forma-
tion may be subdivided into a lower fining-upwardvolcanic rocks, and may be partly age-equivalent

with the western fluvial facies identified in the succession (basal conglomerates grading into
mature quartz arenites and mudstones) followedTshwene-Tshwene belt (Fig. 8).

The deposition of the Protobasinal rocks was by an upper coarsening-upward sandy succession
(Button, 1973; Key, 1983; Henry et al., 1990;terminated by a stage of compression and tectonic

uplift (Myers, 1990; Hilliard, 1994; Els et al., 1995; Eriksson and Reczko, 1995; Fig. 9). The lower
succession displays irregular thicknesses and isEriksson and Reczko, 1995) that generated the

erosional contact (subaerial unconformity) with interpreted as an alluvial fan-braided fluvial facies
that fills up and levels the erosional topographythe overlying formation (truncation line in Fig. 8).

The base of the Protobasinal rocks may be inherited from the top of the underlying
Protobasinal rocks (Button, 1973; Henry et al.,approximated as 2714 Ma old, which is the age of

the basal Ventersdorp lavas (Armstrong et al., 1990; Els et al., 1995; Eriksson and Reczko, 1995).
Following the alluvial-fluvial peneplanation of the1991). The top contact of the Protobasinal rocks

is placed between 2658±1 Ma (age determined on initial depositional surface, the upper succession is
characterized by a sheet-like geometry, alterna-the upper lavas of the Buffelsfontein Group and

quoted in a report of the South African Committee tively interpreted to be the product of braided
fluvial, transgressive shallow marine or braid-deltaof Stratigraphy; Eriksson and Reczko, 1995) and

2642±2.3 Ma (Vryburg Formation, a likely equiv- (sensu Nemec and Steel, 1988) sedimentation
(Henry et al., 1990; Hartzer, 1994), or a combina-alent of the overlying Black Reef Formation in the

Griqualand West basin; Walraven and Martini, tion of these environments (Eriksson et al., 1993a;
Eriksson and Reczko, 1995). Palaeocurrent direc-1995; Fig. 5). However, until an age is obtained

on the Black Reef Formation itself, the often tions from the fluvial systems indicate a northward
assumed correlation with the Vryburg Formation
may be open to revision (e.g. Altermann, 1997).

3.2. Black Reef Formation

Following the pre-Black Reef compressive
deformation and uplift, particularly strong along
the southern margin of the Transvaal basin
(Myers, 1990; Eriksson and Reczko, 1995), the
deposition of the Black Reef sediments took place
within the tectonic setting of an intracratonic basin
characterized by thermal subsidence (stage of base-
level rise, Fig. 5). The isopach map of the Black Fig. 9. Generalized vertical profiles and environments of the
Reef Formation (Eriksson and Reczko, 1995) indi- Black Reef Formation [modified from Henry et al. (1990)].

Abbreviations: f.u.=fining-upward; c.u.=coarsening-upward.cates a steady increase in thickness from the mar-
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tilting of the syn-depositional surface (Clendenin and Reczko, 1995) to southwestwards
(Chuniespoort time: Clendenin, 1989; Altermannet al., 1991; Els et al., 1995; Eriksson and Reczko,

1995), which is in agreement with the compressive and Herbig, 1991; Hälbich et al., 1993). Most of
the Chuniespoort Group strata (the lower six outdeformation and uplift that affected the southern

margin of the Transvaal basin prior to the Black of a total number of seven formations) are the
product of continuous aggradation within a marineReef sedimentation (Myers, 1990; Hilliard, 1994).

The top of the Black Reef Formation is marked environment, which indicates a stage of base-level
rise probably related to the intracratonic thermalby an unconformity that separates the uppermost

Black Reef sandstones from the overlying trans- subsidence (Fig. 5). Within the overall setting of
a rapidly regressed shelf, the youngest formationgressive black shales of the Chuniespoort marine

succession (Clendenin, 1989; Figs. 5 and 9). The includes palaeosol levels and subaerial unconfor-
mities, indicating negative accommodation andarchitecture of the Black Reef facies preserved in

the eastern Transvaal is shown in Fig. 10. base-level fall (Fig. 5).
Overlying a thin basal layer of transgressive

black shales, the lithostratigraphy of the3.3. Chuniespoort Group
Chuniespoort Group comprises seven formations
with an overall sheet-like geometry (Figs. 5 andThe Chuniespoort Group accumulated within

the tectonic setting of an intracratonic sag basin 11–13). The Malmani Subgroup includes the older
five formations, i.e. Oaktree, Monte Cristo,dominated by thermal subsidence (Altermann and

Nelson, 1998; Fig. 5), which continues the struc- Lyttelton, Eccles and Frisco (Figs. 5 and 12),
which accumulated within the depositional settingtural style of the preceding Black Reef depository.

However, the Black Reef and Chuniespoort basins of a carbonate platform, now preserved as dolo-
mites. The five formations of dolomites areare separated by a stage of tectonic tilting which

changes the tilt of the depositional surface from differentiated on the basis of chert content and
types of stromatolite, as well as by interbeddednorthwards (Black Reef time: Myers, 1990;

Clendenin et al., 1991; Els et al., 1995; Eriksson subordinate carbonaceous mudstones and rare

Fig. 10. Fence diagram illustrating the geometry and facies of the Black Reef Formation in the eastern part of the Transvaal basin.
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Fig. 13. Generalized stratigraphic cross-section through the Chuniespoort Group, showing the main lithofacies and the effect of the
post-depositional erosional truncation. The approximate length of the section: 350 km.

quartzites (Button, 1973; Eriksson and Altermann, final southwestwards withdrawal of the sea from
the Kaapvaal craton (Clendenin, 1989). The1998). The interbedded clastic lithologies are inter-

preted to reflect proximity to the palaeo-shoreline Duitschland Formation comprises predominant
dolomitic mudstones with interbedded dolomitesand basin-margin unconformities (Clendenin,

1989; Fig. 5). The Malmani dolomites are grada- and quartzites, a thick erosionally based chert
breccia body, three palaeosol levels and two thintionally replaced by the overlying iron-rich facies

of the Penge Formation (Fig. 11) and its correla- lava beds. The contact with the underlying Penge
lithologies is gradational, suggesting an initial con-tive in Botswana, the Ramotswa Formation ( Key,

1983; Eriksson et al., 1995). The Penge Formation tinuation of the marine sedimentation. As the sea
regressed, the depositional environment changedconsists of micro- to macro-banded iron forma-

tions (BIFs) with shard structures and subordinate upwards into a continental setting, as supported
by the palaeosol and lava horizons (Clendenin,interbeds of carbonaceous mudstones and

intraclastic iron formation breccias (Beukes, 1978; 1989). A lacustrine facies is inferred for most of
the preserved Duitschland Formation, includingHälbich et al., 1992). Although the origin of BIFs

is still vigorously debated, some of the most recent the 20 to 300 m thick chert breccia body bounded
at the base by a subaerial unconformity that incisesinterpretations of the Penge Formation infer a

shallow marine to shelf (regressive) marine palaeo- locally into the Penge lithologies (Eriksson and
Reczko, 1995).environment, with the possibility of a fluvial input

of Fe from weathered Ventersdorp lavas (Beukes, The two lava beds of the Duitschland
Formation mark the end of an extended period of1980; Hälbich et al., 1992, 1993; Klemm, 1991;

Altermann, 1998). Alternatively, deep marine con- time of tectonic stability in which intracratonic sag
basins dominated by thermal subsidence-drivenditions and fumarolic sources of both iron and

silica may also apply to certain of the Transvaal base-level rise constituted the tectonic setting for
the accumulation of the Black Reef FormationBIF (e.g. Beukes and Klein, 1990). The Ramotswa

Formation includes ferruginous mudstones inter- and most of the Chuniespoort Group (Fig. 5).
The base-level fall that followed the deposition ofpreted as regressive, back-reef mudflat deposits

( Key, 1983). The uppermost Duitschland the Penge Formation may be primarily related to
tectonic uplift, possibly with some additional con-Formation of the Chuniespoort Group (Fig. 11)

represents the product of deposition during the tribution from a glacio-eustatic fall, considering
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the glacial influences recognized within the overly- dence-driven base-level rise, as well as accommoda-
tion space for sediment accumulation. Theing Pretoria Group (Fig. 5). However, a glacio-

eustatic fall alone cannot explain the pattern of differences between the rates of base-level rise for
the syn-rift and post-rift stages are suggested inpost-depositional erosion of the Chuniespoort

lithologies, stronger to the south, as the syn- Fig. 5. Separating periods of base-level rise, stages
of base-level fall were most likely related to pre-depositional dip was from northeast to southwest.

The Chuniespoort Group is followed by a sig- rift tectonic uplift (crustal doming). During such
doming stages, subaerial erosion occurred alongnificant hiatus (~80 Ma, Fig. 5) in the strati-

graphic record corresponding to a combination of with the destruction of accommodation space,
thereby generating sharp facies contacts at the topbase-level fall, tilting and differential uplift and

erosion, stronger to the south, leading to the of the base-level rise-related sedimentary succes-
sions, as for example the contact between thetruncation illustrated in Fig. 13. The age of the

Chuniespoort succession is relatively well con- Timeball Hill and Boshoek formations (Fig. 5).
Within this tectonic context, it is conceivable thatstrained, between 2550±3 Ma for the basal dolo-

mites, and 2432±31 Ma for the upper Penge the unconformity underlying the Pretoria Group
(80 Ma time gap; Fig. 5) was also related to aFormation ( Walraven and Martini, 1995). No

information is available on the age of the top of stage of pre-rift doming, as it preceded inferred
syn-rift tectonism and was associated with crustalthe Duitschland Formation, nor on the age of the

base of the overlying Pretoria Group, and implic- tilting.
The Pretoria Group includes 14 formationsitly also not on the precise position of the 80 Ma

stratigraphic hiatus (Fig. 5). dominated by clastic and volcanic lithologies
(Figs. 5, 14 and 15). The older nine formations,
known as the lower Pretoria Group, are well3.4. Pretoria Group
preserved throughout the Transvaal basin. The
younger five formations are only preserved in theThe tectonic setting of the Transvaal basin

during the accumulation of the Pretoria Group southeast of the Transvaal basin, being affected by
post-Pretoria time erosion, as well as by the subse-underwent cyclic changes involving active exten-

sion (syn-rift tectonics), post-rift stability and pre- quent intrusion of the Bushveld complex (Eriksson
and Reczko, 1995). The lithologies that define therift uplift (Fig. 5). This indicates an overall less

stable tectonic environment relative to the previous Pretoria formations, together with the palaeo-
environmental interpretations, are illustrated inChuniespoort and Black Reef times, marking the

transition towards the significant tectonic event Fig. 14. Only limited age data are available for the
Pretoria Group, the Hekpoort lavas beingleading to the emplacement of the Bushveld igne-

ous complex (Fig. 5). The succession of sedi- 2224±21 Ma ( Walraven and Martini, 1995;
Fig. 5).mentary facies of Pretoria age suggests that the

syn-rift, post-rift and pre-rift stages alternated in
a specific order, with cyclic repetition in time. We
recognize two such cycles during the deposition of 4. Sequence stratigraphy of the Transvaal

Supergroupthe Pretoria Group (Fig. 5). The syn-rift tectonic
regime encompassed strong extensional subsi-
dence, and generally allowed the accumulation of 4.1. Hierarchy of the Transvaal sequences
coarse-grained alluvial fan facies with a wedge-like
geometry. The subsequent post-rift stage was asso- Assuming that the lowermost Protobasinal

Transvaal rocks are approximately coeval with theciated with a more stable tectonic environment,
lower-rates of thermal subsidence, and finer- Ventersdorp Supergroup volcanism, the 2714 Ma

boundary between the Witwatersrand andgrained sedimentation within an intracratonic-type
basin, generating sheet-like geometries. The syn- Transvaal supergroups (Fig. 5) marks a significant

change in the structural style of the receivingrift and post-rift stages together generate subsi-



235O. Catuneanu, P.G. Eriksson / Precambrian Research 97 (1999) 215–251

Fig. 14. Lithostratigraphy of the Pretoria Group [modified from Eriksson and Reczko (1995)]. Wavy lines indicate unconformable
contacts. In relationship to the Pretoria tectonic settings (Fig. 5), the main unconformities underlie the syn-rift stage-related coarse
alluvial facies. For more detailed information regarding thicknesses and facies distribution within the preserved Transvaal basin see
synthesis by Eriksson and Reczko (1995).
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sedimentary basins. The Witwatersrand succession aerial unconformities (second-order sequence
boundaries represented as wavy lines within theaccumulated within the tectonic setting of a fore-

land basin developed in relationship to the Transvaal succession; Fig. 16). Each second-order
sequence is thus related to a particular settingsupracrustal loading associated with the Limpopo

orogeny (Stanistreet and McCarthy, 1991). In marking a distinct stage in the evolution of the
Transvaal basin.contrast, sedimentation within the Transvaal basin

was controlled by cycles of extensional and/or
thermal subsidence separated by stages of uplift
or glacio-eustatic base-level fall. According to the 4.2. Protobasinal sequence
sequence hierarchy system based on the magnitude
of base-level changes that resulted in the boundary The accumulation of the Protobasinal sequence

is related to a stage of subsidence-driven base-levelgeneration (Embry, 1995), the 2714 Ma boundary
qualifies as a first-order sequence boundary (sub- rise within Ventersdorp-age extensional basins

(Fig. 5). Field data suggest that sedimentation ofaerial unconformity), as it marks a major shift in
the tectonic setting. The upper boundary of the nonmarine facies (i.e. alluvial fan and high-energy

fluvial systems) in the east, coeval with volcanismTransvaal Supergroup, i.e. the contact with the
Bushveld complex, falls in the same category of in the west, marked the debut of Transvaal depos-

ition within the newly created extensional basinsmagnitude of change, so we also take it as a first-
order sequence boundary. Bounded by these two (Figs. 8 and 17). The volcanic facies gradually

became dominant and replaced the nonmarine2050 and 2714 Ma contacts (Fig. 5), the Transvaal
Supergroup may be interpreted as a first-order sedimentary facies to the east [diachronous facies

boundary in Fig. 17(A), younger to the east], thesequence related to the sediment accumulation
within the tectonic setting of the Transvaal and two lithofacies together filling up the pre-existing

topography associated with the underlying first-correlative basins.
The inferred base-level curve for the Transvaal order subaerial unconformity. We interpret this

assembly of sedimentary and volcanic facies as thebasin (Fig. 5) suggests the subdivision of the
Transvaal first-order sequence into five second- LST of the Protobasinal sequence.

Succeeding the accumulation of the volcanicorder sequences, i.e. the Protobasinal, Black Reef,
Chuniespoort, Rooihoogte–Timeball Hill and lithofacies, the younger fluvial and basinal deposits

display a typical retrogradational shift of facies,Boshoek–Houtenbek sequences. These sequences
correspond to distinct cycles of extensional and/or upwards deepening, which allows us to interpret

them as a second-order TST. The transgression ofthermal subsidence, and are separated by second-
order boundaries related to stages of base-level basinal facies took place from east to west, making

the lower basinal deposits in the east age-equiva-fall. Important to note is the cyclic repetition of
tectonic settings within the succession of second- lent with the western fluvial facies that overlie the

volcanic rocks [Fig. 17(A)]. Within the TST, theorder sequences, indicating no major shifts in
structural styles during the evolution of the limits between the fluvial and shallow water facies,

as well as between the shallow and deeper waterTransvaal basin. Our sequence stratigraphic inter-
pretation, discussed below, thus deals with the five facies, are diachronous, and are younger to the

west, reflecting the rate of shoreline transgression.second-order depositional sequences and their sub-
division into second-order systems tracts. The former limit of the fluvial facies is a ravinement

surface, whereas the latter limit between shallowFig. 16 provides a series of structural cartoons
illustrating the relationship of the Transvaal sedi- and deeper water facies is a conformable shift of

facies. The erosion associated with the ravinementmentary facies to the basins in which they occur.
The five major stages of sediment accumulation surface removed the entire transgressive fluvial

facies in the east, which is why the basinal depositscorrespond to periods of second-order base-level
rise, and are separated by significant falls in the directly overlie the volcanic facies there. In the

west, the thicker transgressive fluvial pile allowedbase-level associated with the development of sub-
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the preservation of fluvial facies in the Tshwene- Reef time, as the lower Black Reef environments
Tshwene basin (Figs. 8 and 17). were dominated by the northward progradation

The upper boundary of the Protobasinal deposi- of alluvial and fluvial facies into the basin
tional sequence is a subaerial unconformity that (Fig. 18). We therefore use the following evolu-
was probably associated with strong erosional tionary scenario for the interpretation of the Black
processes, as suggested by the truncation of Reef facies.
Protobasinal facies illustrated in Fig. 8. This inter- 1. The lower Black Reef Formation developed
pretation is also supported by the absence of HST from the northward progradation of alluvial
and FSST systems tracts from the Protobasinal fan and braided fluvial facies. The coarse allu-
sequence (Fig. 17). The preserved Protobasinal vial sediments (proximal facies) are replaced by
LST and TST are separated by a second-order finer-grained fluvial sediments both laterally
conformable transgressive surface that we place at (distal, to the north) and upwards as well, in
the contact between the volcanic rocks and the response to the gradual peneplanation of the
overlying fluvial facies. Prior to the transgression topographic profile and denudation of the
of the basinal facies, the conformable transgressive source areas. This explains the fining-upward
surface developed across the entire Transvaal basin profile that characterizes the lower Black Reef
[Fig. 17(A)], but it is currently preserved only in Formation (Fig. 9).
the west due to the subsequent erosion associated 2. The upper Black Reef Formation is probably
with the ravinement surface [Fig. 17(B)]. the result of a T–R, with an initial transgression

of beach-shoreline facies over fluvial facies
4.3. Black Reef sequence

(coarsening-upward succession) followed by
fluvial progradation and the development ofThe key element in the interpretation of the
regressive deltaic facies (also displaying a coars-Black Reef sequence is the degree of constraint
ening-upward profile). We therefore assume aon the palaeoenvironmental reconstructions.
change in time of the controls on the coarsen-Although the lower Black Reef Formation is well
ing-upward profiles observed within the upperunderstood as the product of alluvial fan and
Black Reef Formation (Figs. 9 and 18).braided fluvial sedimentation, the upper part of
The Black Reef depositional sequence isthe formation is either interpreted using a fluvial–

bounded by two second-order subaerial unconfor-transgressive shallow marine model (Hartzer,
mities (Figs. 9 and 18). The upper unconformable1994), or a fluvial–deltaic model (Henry et al.,
boundary suggests the complete retreat of the1990). In fact, the two models do not exclude each
upper Black Reef marine environment, followedother and could be used in conjunction to explain
by subaerial exposure and erosional degradationthe observed succession of facies (Fig. 9). The
of the surface profile across the entire Transvaalfluvial–deltaic model, which seems to explain at
basin. The base-level fall associated with theseleast the uppermost part of the formation
erosional processes may be eustatic in origin(Eriksson and Reczko, 1995), implies the existence
because (i) no compressional activity and tectonicof a regressive shoreline within the Transvaal
uplift are known to have manifested during thatbasin. In turn, this requires a preceding transgres-

sion of that shoreline, also during the upper Black time, and (ii) there is no change in the tectonic

Fig. 16. Relationship of the Transvaal sedimentary facies to the basins in which they occur. Each structural cartoon corresponds to
a second-order sequence, reflecting the structural style for that particular stage of basin development. Stage 1: the Protobasinal
sequence accumulated within an extensional setting dominated by pull-apart and rift basins. Stages 2 and 3: the Black Reef and
Chuniespoort sequences accumulated within intracratonic sag basins. Stages 4 and 5: the two Pretoria sequences display similar
features, starting with syn-rift deposits overlain by post-rift strata; both sequences are bounded by subaerial unconformities related
to stages of pre-rift uplift. The two first-order sequence boundaries are represented with thicker and higher magnitude wavy lines.
The four second-order sequence boundaries are suggested by relatively thinner and lower magnitude wavy lines. Not to scale.
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Fig. 17. Sequence stratigraphic interpretation of the Protobasinal succession, considering the individual pull-apart and rift basins as
being interconnected during the syn-depositional stage. Not to scale. Abbreviations: 1=Mogobane basin; 2=Tshwene-Tshwene basin;
3=Buffelsfontein basin; 4=Wachteenbeetje basin; 5=Bloempoort basin; 6=Wolkberg basin; 7=Godwan basin; LST=second-order
lowstand systems tract; TST=second-order transgressive systems tract.
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Fig. 18. Sequence stratigraphic interpretation of the Black Reef Formation. Not to scale. The LST corresponds to the lower Black
Reef Formation, and the TST and HST to the upper Black Reef Formation. Abbreviations: LST=second-order lowstand systems
tract; TST=second-order transgressive systems tract; HST=second-order highstand systems tract.

setting across the boundary (Fig. 5). Nevertheless, (Fig. 18). Although fining-upward profiles would
generally be the norm within both nonmarine andthe possibility of a tectonic control on this stage

of base-level fall should still be kept in mind, as marine portions of the TST, the succession of
fluvial facies overlain by coarser beach-shorelinethere is a distinct change in the tilt of the deposi-

tional surface between the Black Reef (tilting from facies within the marine to nonmarine transitional
setting may generate the observed coarsening-south to north: Myers, 1990; Clendenin et al.,

1991; Els et al., 1995; Eriksson and Reczko, 1995) upward profile.
The regressive phase of the upper Black Reefand Chuniespoort (tilting from NE to SW:

Clendenin, 1989; Altermann and Herbig, 1991; Formation assumes coeval deposition of fluvial
and deltaic facies [the fluvial–deltaic model ofHälbich et al., 1993) times.

The lower succession of the Black Reef Henry et al. (1990)], meaning that accommodation
space was available throughout the TransvaalFormation, with its alluvial-fluvial prograding

facies and irregular thicknesses, forms a typical basin. This is a case of normal regression (devel-
oped during base-level rise), so we interpret this‘incised valley fill’, which we interpret as the LST

of the Black Reef sequence (Fig. 18). This facies succession as an HST (Fig. 18). Based on the
assumption that the upper unconformable bound-is similar to the alluvial fan–braidplain succession

at the base of the Protobasinal sequence, also ary of the Black Reef sequence develops across
the entire basin, it is apparent that no FSSTinterpreted as LST deposits.

The transgressive phase of the upper Black Reef deposits are currently preserved.
Two systems tract boundaries may be identifiedFormation corresponds to the fluvial–transgressive

shallow marine model of Hartzer (1994), and is within the Black Reef sequence: a conformable
transgressive surface, separating the lower frominterpreted as the TST of the Black Reef sequence
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upper successions of the Black Reef Formation of normal regression). If the rate of base-level rise
would have exceeded the rate of vertical carbonate(LST–TST boundary), and a maximum flooding

surface at the limit between TST and HST growth (i.e. a case of transgression), this would
have led to a drowned carbonate platform with(Fig. 18).
the development of a drowning unconformity
onlapped by clastic facies (Schlager, 1989), which4.4. Chuniespoort sequence
has not been observed for the Malmani platform.
This places the maximum flooding surface of theThe Chuniespoort sequence starts directly with

transgressive marine shales (Fig. 13), indicating Chuniespoort sequence at the limit between the
transgressive black shale and the overlying dolo-that the younger strata that accumulated prior to

the shoreline transgression, i.e. the LST and the mites (Fig. 19). The Penge BIF and its correlative
ferruginous mudstones in Botswana, recognizednonmarine portion of the TST, were removed by

the erosional processes associated with the by many workers as a product of a regressive
environment ( Klemm, 1979, 1991; Key, 1983;ravinement surface (Fig. 19). In this case, the

ravinement surface is superimposed on the second- Hälbich et al., 1992, 1993; Altermann, 1998), seem
to continue the Malmani normal regression asorder lower boundary of the Chuniespoort

sequence, and the preserved TST is entirely repre- opposed to a falling stage forced regression, as
suggested by the low-energy environment and thesented by the transgressive black shale (Fig. 19).

This interpretation of the TST (i.e. with the maxi- low clastic sediment supply. We therefore interpret
the Malmani dolomites and the overlying Pengemum flooding surface placed at the top of the

shale) is also supported by the thick overlying BIF as forming together the HST of the
Chuniespoort sequence. These two lithostrati-carbonate facies, which displays a highstand-type

of regressive character as explained below. The graphic units are separated by an interval of grad-
ual transition, which further supports theirsmall thickness of this marine portion of the

original TST, in a range of metres, suggests a grouping within one systems tract. If an alternative
deeper water model is adopted for BIF sedimenta-distal setting relative to the maximum extent of

the marine environment, which in turn indicates tion (e.g. Beukes et al., 1990), then drowning of
the Malmani carbonate platform as a result ofthat the Chuniespoort marine transgression took

place far beyond the limits of the preserved base-level rise exceeding the carbonate sedimenta-
tion rate would presumably have occurred.Transvaal basin (Fig. 19). As a product of low-

rate offshore sedimentation, the black shale at the However, the proponents of this deeper water BIF
model interpret the BIF succession as beingbase of the Chuniespoort sequence corresponds to

a condensed section in the TST model of upward-shallowing [Beukes and Klein, 1990; see
also discussion by Altermann (1998)], which sup-Galloway (1989).

The change in environmental conditions, strati- ports the normal regressive model suggested above.
The uppermost Duitschland Formation is asso-graphically upwards, leading to the Malmani car-

bonate platform and subsequent deposition of the ciated with the final withdrawal of the
Chuniespoort sea from the Kaapvaal cratonbanded iron formation, requires continuous cre-

ation of accommodation space, little clastic input (Clendenin, 1989). As most of the Duitschland
facies are interpreted as continental, mainly lacus-to the marine basin, tectonic stability, peneplana-

tion in the depositional area and denudation of trine (Clendenin, 1989; Eriksson and Reczko,
1995), there is an indication that the shorelinethe extrabasinal source areas, which all point

towards a late stage of base-level rise characteristic regression was rapid, which is compatible with a
base-level fall-driven forced regression. The differ-of normal regressive ‘highstand’ conditions

(Fig. 2). The thick carbonate facies, locally in ence between the rates of normal and forced
regressions are suggested in Fig. 19. The fall in theexcess of 2 km, indicates base-level rise with a rate

matched, if not slightly outpaced, by the rate of base-level during the deposition of the Duitschland
Formation is also supported by the presence ofaggradation of the carbonate platform (i.e. a case
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Fig. 19. Sequence stratigraphic interpretation of the Chuniespoort Group. Not to scale. The post-depositional erosional truncation
of the Chuniespoort facies (illustrated in Fig. 13) is not represented here. Abbreviations: LST=second-order lowstand systems tract;
TST=second-order transgressive systems tract; HST=second-order highstand systems tract; FSST=second-order falling stage sys-
tems tract.

palaeosol levels and intraformational subaerial preserves marine strata, which is supported by the
gradual transition with the underlying Pengeunconformities. Within this scenario, it is conceiv-

able that the base of the Duitschland Formation Formation. As a product of deposition during
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base-level fall, we interpret the Duitschland the two systems tracts, which is age-equivalent
Formation as an FSST. The limit between the with the onset of transgression, is taken as a
HST and FSST is represented by the basal surface conformable transgressive surface developed at the
of forced regression (Fig. 19). top of the Rooihoogte Formation (Figs. 14 and

Within this overall second-order sequence strati- 20).
graphic framework (Fig. 19), the marginal uncon- Detailed facies analysis may provide the basis
formities of Clendenin (1989; Fig. 5) may provide for further subdivision of the second-order systems
a first indication towards the differentiation of tracts into higher frequency sequence stratigraphic
higher-frequency (third-order) sequences. Such elements. The widespread marine black shales at
sequences in the Transvaal carbonate–BIF plat- the base of the Timeball Hill Formation (Eriksson
form rocks are also discussed by Altermann and and Reczko, 1998) are inferred to have trans-
Nelson (1998) and by Altermann (1998). gressed approximately from east to west (Eriksson

and Reczko, 1998), as is supported by the appa-
4.5. Rooihoogte–Timeball Hill sequence rently retrograding geometries (Fig. 20). Above

the transgressive black shales at the base of the
The Rooihoogte–Timeball Hill sequence is the Timeball Hill Formation, a shallowing upward

product of deposition during the first Pretoria succession of pelagic, distal delta-fed turbidites
cycle of syn-rift and subsequent post-rift base-level [‘lower mudstones’ in Fig. 14, interpreted by
rise, and it is bounded by base-level fall-related Eriksson and Reczko (1998) as being deposited
subaerial unconformities (Figs. 5, 14 and 20). The under highstand conditions] and erosively based
sequence displays an overall fining-upward profile, tidally reworked braid-delta deposits [arenaceous
grading from coarse incised valley fills into shallow Klapperkop Member, Fig. 14, interpreted as low-
lacustrine and then deep marine facies (Fig. 14). stand facies by Eriksson and Reczko (1998)] devel-
The initial stage in the deposition of the oped, followed by a deepening upward succession
Rooihoogte–Timeball Hill sequence was of pen-

of suspension deposits and delta-fed turbidite fan
eplanation of the pre-existing karst topography via

systems [‘upper mudstones’ in Fig. 14, interpretedthe progradation of alluvial-fan and fan–delta
as transgressive facies by Eriksson and Reczkosystems into the basin, generally from the north,
(1998)]. Based on this succession of facies, thecoeval with periglacial lacustrine sedimentation in
Timeball Hill second-order TST may be subdividedthe western part of the basin. These deposits
into two third-order depositional sequences sepa-correspond to the overall fining-upward succession
rated by the erosional surface underlying theof the Rooihoogte Formation (Fig. 14), which
Klapperkop Member (third-order sequencemay be interpreted as a second-order ‘incised valley
boundary): a lower sequence, comprising a third-fill’. This initial stage of peneplanation was fol-
order TST (the basal transgressive black shales)lowed by subsequent transgressive shallow to deep
and a third-order HST (‘lower mudstones’), andmarine facies, dominated by aggradation and the
an upper sequence that includes a third-order LSTaccumulation of low-energy fine sediments
( Klapperkop Member) followed by a third-order(Timeball Hill Formation). Aggradation of correl-
TST (‘upper mudstones’).ative fluvial (braid-delta) facies took place at the

The uppermost deep marine facies of thesame time with the transgression of the marine
Rooihoogte–Timeball Hill sequence are sharplyenvironment, to the north of the coeval shoreline
overlain by the high-energy alluvial fan deposits(Eriksson and Reczko, 1995), which is in
of the Boshoek Formation (Figs. 14 and 20), indi-agreement with an overall southerly dipping topo-
cating an abrupt change in the sedimentationgraphic slope. We interpret the second-order
regime across the sequence boundary. This mayincised valley fill as the LST of the Rooihoogte–
be related to a stage of pre-rift uplift-driven base-Timeball Hill sequence, and the overlying trans-
level fall that was probably associated with ero-gressive marine facies with their fluvial correlatives

as the second-order TST. The boundary between sional processes, as suggested by the absence of a
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Fig. 20. Sequence stratigraphic interpretation of the Pretoria Group. Not to scale. Vertical axis suggests both time and thickness.
The arrows in the ‘sequence stratigraphy’ column indicate the directions of shoreline transgression. Abbreviations: LST=second-
order lowstand systems tract; TST=second-order transgressive systems tract; HST=second-order highstand systems tract; FSST=
second-order falling stage systems tract.

second-order HST as well as by the truncation of (Boshoek and Dwaalheuwel formations), tempo-
rarily interrupted by the volcanic event leading tothe preserved TST.
the emplacement of the Hekpoort basaltic andes-
ites (Figs. 14 and 20). With the gradual lowering4.6. Boshoek–Houtenbek sequence
in depositional energy as a result of progressive
topographic peneplanation and denudation of theThe Boshoek–Houtenbek sequence corresponds

to a second cycle of renewed syn- and post-rift source areas, the upper alluvial facies were replaced
distally by coeval low-energy lacustrine sedimenta-base-level rise followed by uplift-related base-level

fall (Figs. 5, 14 and 20). tion, reflected by the mudrocks of the Strubenkop
Formation, interpreted as a shallow lacustrineAs in the case of the previous sequence, sedi-

mentation started with the southwards prograda- facies distal to the Dwaalheuwel fans (Schreiber
and Eriksson, 1992; Eriksson et al., 1993a, 1995).tion of coarse alluvial fan and fan–delta facies
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The Boshoek–Dwaalheuwel/Strubenkop succes- affected by erosional truncation as well as by the
intrusion of the Bushveld complex.sion, corresponding to a stage of progradation of

high-energy coarse alluvial facies into a rejuve-
nated depositional area, may be interpreted as the 4.7. Duration of first- and second-order sequences

in the Transvaal Supergroupsecond-order LST of the Boshoek–Houtenbek
sequence (Fig. 20).

The LST progradational facies is followed by The whole question of the existence of Late
Archaean–Early Proterozoic supercontinents is aretrograding geometries associated with the west–

northwestwards transgression of the Silverton sea vexed one. Reconstructions of Neoproterozoic
supercontinents, namely Kanatia and Rodinia, are(Fig. 20). The marine transgression started during

the deposition of the Daspoort Formation, the widely accepted and are becoming ever more
sophisticated (e.g. Young, 1995; Li et al., 1996;nonmarine facies of this unit being coeval with

shallow marine deposits to the east (Eriksson et al., Pelechaty, 1996; Dalziel, 1997). For older
Precambrian supercontinents, the supporting data1993b; Eriksson and Reczko, 1995; Fig. 20). The

maximum extent of the Silverton sea is estimated are often equivocal. Rogers (1996) proposes Ur, a
supercontinent postulated to have stabilised atto correspond to the top of the Silverton

Formation (Eriksson and Reczko, 1995), which 3.0 Ga and centred on India, and different Late
Archaean supercontinent reconstructions are pro-we therefore take as the maximum flooding surface

of the Boshoek–Houtenbek sequence (Fig. 20). In posed by a number of researchers (e.g. Button,
1976; Piper, 1983; Gaal, 1992; Stanistreet, 1993;this interpretation, the Daspoort and Silverton

formations together build a second-order TST, Cheney, 1996). Most recently, Aspler and
Chiarenzelli (1998) provide supporting evidencewith the conformable transgressive surface at

the limit between the Daspoort Formation and for the existence of a ‘northern’ (present-day frame
of reference) Kenorland ( Williams et al., 1991)the underlying Dwaalheuwel and correlative

Strubenkop formations (Fig. 20). supercontinent, encompassing the established
Archaean crustal fragments of North America andThe retrograding facies of the TST are overlain

by the fluvial–deltaic–regressive shoreline deposits the Baltic and Siberian shields. This postulated
Late Archaean supercontinent is thought to haveof the Magaliesberg Formation (Eriksson et al.,

1995). These deposits, displaying progradational undergone a protracted attenuation from approxi-
mately 2.5 to 2.1 Ga, with dispersal occurring fromstacking patterns with coeval marine and nonma-

rine aggradation, accumulated during the final about 2.1–2.0 Ga (Aspler and Chiarenzelli, 1998).
Aspler and Chiarenzelli (1998) also debate astages of base-level rise as normal regressive strata.

They are interpreted as a second-order HST ‘southern’ supercontinental cycle, which may have
extended from about 2.65 Ga until approximately(Fig. 20).

The post-Magaliesberg formations accumulated 2.0 Ga, although evidence for this is less convincing
than for Kenorland. For the period of ca 2.0–during the stage of base-level fall (pre-rift tectonic

doming/uplift) that preceded the intrusion of the 1.8 Ga, a stronger case can be made for superconti-
nental assembly events, for example that ofBushveld complex, which allows their interpreta-

tion as the FSST of the Boshoek–Houtenbek Laurentia, including most of the fragments pos-
tulated for Kenorland (e.g. Hoffman, 1988), or asequence (Fig. 20). The FSST is separated from

the underlying HST by the basal surface of forced supercontinent encompassing Late Archaean–
Early Proterozoic crustal provinces from Africaregression, which may be placed at the top of the

Magaliesberg Formation. This surface is only pre- and South America (e.g. Eriksson et al., 1999).
The possibility of early Precambrian superconti-served in the area of occurrence of the post-

Magaliesberg formations (mainly in the southeast nents and the merits of different postulates really
rests intrinsically on a second debate, whetherof the Transvaal basin, with lesser occurrences

northeast of Pretoria and in eastern Botswana), as plate tectonics operated during the Archaean and,
if not, when such processes first became important.in the rest of the basin the top of the HST was
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This debate is addressed elsewhere in this special settings of the Ventersdorp Supergroup and partly
coeval Transvaal basin, whereas the upper first-issue (e.g. Arndt, 1999; Eriksson et al., 1999).

Nelson and coworkers (Nelson, 1998; Nelson et al., order boundary (~2050 Ma) represents the limit
with the overlying Bushveld igneous complex.1999) discuss the possibility of episodic global

magmatism as a primary influence on Early and Between these boundaries, sedimentation within
the Transvaal basin was cyclic, with periods ofMiddle Archaean continental crustal growth, and

suggest that a gradual transition, diachronous on time of sediment aggradation associated with
stages of base-level rise (sequences), separated bya global scale, to a plate tectonic regime occurred

near the Archaean–Proterozoic boundary. This stages of base-level fall mainly leading to the
development of subaerial unconformities (sequencesupports the existence of Late Archaean supercon-

tinents dominated by still-developing, and thus boundaries). The inferred base-level changes are
related to cycles of extensional and/or thermalslower, plate tectonic processes. In such a scenario,

the temporal duration of the earliest superconti- subsidence followed by compressional or pre-rift
tectonic uplift, with secondary overprinting fromnental assembly–disassembly events, or first-order

cycles, would not be comparable with much shorter glacio-eustatic changes. The creation of accommo-
dation space during stages of base-level risePhanerozoic cycles developed within a lithosphere

almost completely dominated by evolved plate allowed the accumulation of lowstand, transgres-
sive and highstand systems tracts. During base-tectonic processes. The apparent length of the

proposed first-order cycle for the Transvaal level fall, nonmarine facies may still accumulate in
restricted areas as a function of the relative posi-Supergroup, in excess of 650 Ma (±2714–

2050 Ma), when compared to well-studied tion between the topography and the local fluvial
equilibrium profiles or lacustrine base-levels,Phanerozoic examples, should be seen within the

light of the above discussion. Similarly, second- although their preservation potential is low due to
subsequent subaerial erosion. When preserved, theorder cycles of relative sea level change discussed

here for the Transvaal, with an average duration falling stage facies are grouped within the falling
stage systems tract.of 130 Ma, were also much longer than the younger

(Phanerozoic) equivalents. The difference in Four second-order subaerial unconformities are
recognized within the Transvaal succession, subdi-the temporal duration between same-order

Precambrian and Phanerozoic cycles indicates the viding the Transvaal first-order sequence into five
second-order unconformity-bounded depositionalboundary frequency as a less relevant criterion in

establishing a hierarchy system for stratigraphic sequences. The Protobasinal sequence, at the base
sequences and their bounding surfaces. Instead, of the Transvaal succession, is currently preserved
the hierarchy system based on the magnitude of within several extensional basins, which were very
base-level changes that resulted in boundary gener- likely interconnected during the syn-depositional
ation could be used for both Precambrian and time, as suggested by the regional correlation of
Phanerozoic successions regardless of the time facies. Only the LST and the overlying TST are
span of the various cycles. preserved to date, due to post-depositional ero-

sional truncation. The Black Reef sequence accu-
mulated during intracratonic subsidence-related
base-level rise, and preserves the LST, TST and5. Conclusions
HST. The overlying Chuniespoort sequence also
accumulated during intracratonic subsidence base-The 2.7–2.1 Ga Transvaal Supergroup is recog-
level rise. It does not preserve the LST, due tonized here as a first-order depositional sequence,
ravinement erosion, but has distinct TST, HSTas being bounded by unconformable contacts that
and FSST deposits. The upper two second-ordermark major shifts in the geodynamic trends of the
sequences of the Transvaal succession, i.e.Kaapvaal craton. The lower first-order sequence
Rooihoogte–Timeball Hill and overlying Boshoek–boundary (~2714 Ma) punctuates the change
Houtenbek, are related to distinct syn-rift/post-riftfrom the foreland setting of the Witwatersrand

basin to the alternating extensional/intracratonic cycles of subsidence-driven base-level rise, pre-
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ceded and succeeded by pre-rift uplift base-level these sedimentary rocks with periglacial deposits;
fall. The Rooihoogte–Timeball Hill sequence only sea level would logically have been lowered during
preserves the LST and part of the overlying TST, this apparently global glacigenic event (e.g.
whereas the Boshoek–Houtenbek sequence Eriksson et al., 1999). The relative sea level
includes all the four systems tracts characteristic rise interpreted for the Daspoort–Silverton–
of a depositional sequence. The five Transvaal Magaliesberg formations within the Boshoek–
second-order sequences record an average duration Houtenbek sequence (Fig. 5) appears to form part
of 130 Ma, much longer than the Phanerozoic of a wider development of epeiric marine sedi-
second-order sequences. This is explained by the mentation within Africa (Eriksson et al., 1999).
still-developing, and thus slower, plate tectonic The rise in sea level implicit in these widespread
processes that operated near the Archaean– epeiric marine deposits on many of the cratons of
Proterozoic boundary relative to the evolved pro- Africa may reflect enhanced mid-ocean ridge activ-
cesses that dominated the Phanerozoic. The differ- ity prior to supercontinent assembly during the
ence in time scales between similar tectonic approximately 2.0 Ga Eburnean orogeny of Africa
processes-driven Precambrian and Phanerozoic (Eriksson et al., 1999). The collisions during the
cycles favours the use of the hierarchy system Eburnean would have increased continental free-
based on the magnitude of base-level changes that board significantly after its lowering due to aggres-
resulted in boundary generation (Embry, 1995), sive early Precambrian weathering (Corcoran et al.,
rather than the hierarchy system based on bound- 1999) during the epeiric marine transgressions
ary frequency (Vail et al., 1977, 1991; Mitchum preceding the orogeny.
and Van Wagoner, 1991; etc.).

The base-level rise inferred for the Protobasinal
sequence most probably reflects the influence of
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