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Introduction
Voluminous late Paleoproterozoic red bed successions,
including the Waterberg, Soutpansberg, Palapye, and
Olifantshoek Groups, and the Shoshong and Blouberg
Formations (Jansen, 1976; 1982; Meinster, 1977; Key,
1983; Cheney et al., 1990; Callaghan et al., 1991; Carney
et al., 1994; Bumby et al., 2001) cover large parts of the
Archean Kaapvaal Craton and parts of the Limpopo
Metamorphic Complex in geographically and
tectonically separated outcrop areas in southern Africa
(Figure 1).  Although the successions have often been
correlated based on lithostratigraphic and sequence-
stratigraphic comparisons (Jansen, 1976; Cheney and
Twist, 1986; Cheney et al., 1990), the correlations have
not been rigorously tested by high-precision
geochronology. Of special interest are the stratigraphic
relations and depositional ages of the Waterberg and
Soutpansberg Groups. Early workers correlated these
successions primarily on the basis of post-Bushveld 
(~2058 Ma) unmetamorphosed red-bed lithologies
(Crockett and Jones, 1975; Jansen, 1976; Barker, 1983).
In contrast, Cheney et al. (1990) argued that the
Soutpansberg Group is older than the Waterberg Group,
whereas Bumby et al. (2001) suggested the opposite.
Much of this controversy arises from a dearth of precise
age constraints from the two successions.

Early attempts at geochronology among the
Waterberg and Soutpansberg Groups yielded imprecise
results. Whole-rock Rb-Sr ages of 1749 ± 104 Ma and

1769 ± 34 Ma for hydrothermally altered lava flows and
sills from the Sibasa Formation (Barton, 1979), and a Pb-
Pb whole-rock age that defines an imprecise secondary
isochron of 1809 + 263/-317 Ma for the same samples
(Cheney et al., 1990) are the only available
geochronological data for the Soutpansberg Group. 
A similar age of 1790 ± 90 Ma, calculated with obsolete
decay constants, was reported from a thin porphyritic
lava in the Rust de Winter Formation (Oosthuyzen and
Burger, 1964), considered an outlier of the basal
succession of the Waterberg Group (Cheney and Twist,
1986). However, more recent U-Pb determinations
showing greater precision and concordance illustrate
that these earlier Rb/Sr and Pb/Pb ages most probably
reflect later alteration events and cannot be used to
constrain formation ages. For example, Hanson et al.
(2004) obtained U-Pb age for baddeleyite of 1927.3 ± 0.7
Ma and 1878.8 ± 0.5 to 1873.7 ± 0,8 Ma from dolerite
intruding the lower and upper parts of the Waterberg
Group respectively, indicating deposition of at least part
of that succession prior to ~1.97 Ga.

We augment the high-precision geochronological
database here with concordant SHRIMP U-Pb zircon
ages of quartz porphyry lava in the Rust de Winter and
Lower Swaershoek Formations (Jansen, 1970; 1982) of
the Waterberg Group. In addition, we provide a new
precise single zircon age for the post-tectonic Entabeni
Granite in the Southern Marginal Zone of the Limpopo
Complex. This granite is unconformably overlain by 
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ABSTRACT

Erosional remnants of Paleoproterozoic red bed successions such as the Olifantshoek, Soutpansberg, Waterberg and Palapye

Groups cover an extensive area of the Kaapvaal Craton. Depositional ages of these successions have been ill-defined and their

lateral correlation a subject of controversial debate. We report precise zircon SHRIMP U-Pb ages of 2054 ± 4 and 2051 ± 8 Ma for

quartz porphyry lavas stratigraphically near the base of the Waterberg Group from the Lower Swaershoek and correlative Rust de

Winter Formations. The Entabeni Granite, erosively overlain by the Soutpansberg Group, yields a precise zircon SHRIMP age of

2021 ± 5 Ma. These ages indicate that at least part of the Waterberg Group is older than the Soutpansberg Group. In addition, the

lower part of the Waterberg Group was deposited immediately after intrusion of the Bushveld Complex and may be tectonically

related to the complex.



the Soutpansberg Group and the age thus provides a
lower limit for deposition of that succession. Previously,
the Entabeni Granite was dated at 1957 ± 3 Ma, but 
the zircon data have large discordance (Barton et al.,
1995).

Geological Setting
Structural Domains of Red Beds
The Paleoproterozoic red bed successions of northern
South Africa and eastern Botswana are preserved in four
distinct fault-bounded structural domains (Figure 1)
resulting in uncertainties of correlation from one domain
to the other. The Waterberg Group is preserved on the
Kaapvaal Craton to the south of the Zoetfontein-Melinda
Fault that represents re-activated structures along the

Palala Shear Zone forming the southern boundary of the
Central Zone of the Limpopo Metamorphic Complex.
The Soutpansberg Group is preferentially preserved
along the extension of the Palala Shear Zone and
unconformably overlies mylonites of the shear zone and
granulite-facies metamorphic rocks of the Southern
Marginal Zone of the Limpopo Complex (Figure 1). 
This succession is separated from the main outcrop area
of the Waterberg Group to the south by the southern
strand of the Melinda fault. To the north it is bounded
by the northern strand of the Melinda fault. Locally, in
the Blouberg area (Figure 1), the Waterberg Group is
unconformably overlain by the Soutpansberg Group
between the northern and southern strands of the
Melinda Fault (Bumby et al., 2001).

SOUTH AFRICAN JOURNAL OF GEOLOGY

PRECISE SHRIMP U-PB ZIRCON AGE CONSTRAINTS ON THE LOWER WATERBERG AND SOUTPANSBERG GROUPS140

Figure 1. Map showing the distribution of the Paleoproterozoic red bed successions in northern South Africa and eastern Botswana.

Location of samples dated are numbered: 1 = Quartz porphyry lava, Lower Swaershoek Formation, Nylstroom syncline, 2 = Quartz porphyry

lava of Rust de Winter Formation, 3 = Entabeni Granite. N and S refer to northern and southern strands of the Melinda Fault in the Blouberg

area. Jhb = Johannesburg.
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To the northwest of the Soutpansberg Group, the
Palapye Group (Mapeo et al., 2004) overlies high-grade
metamorphic rocks and post-tectonic Mahalapye granite
of the Central Zone of the Limpopo Complex (Figure 1).
The strata are preserved due to faulting along major
arcuate shear zones that tangentially merge with the
Palala Shear Zone (Figure 1).

In contrast to the Waterberg, Soutpansberg and
Palapye Groups, which are little deformed, the
Olifantshoek Group (Figure 1) in Northern Cape
Province is intensely folded. It is essentially in an
allochthonous position because it is preserved in the
hanging wall to the west of the Black Ridge Thrust.
Autochthonous strata of the Olifantshoek Group are
only preserved in small areas to the east in the footwall
of the thrust.

Waterberg Group
The Waterberg Group is a mildly deformed succession of
red beds preserved in two main structural domains on
the Kaapvaal Craton, namely a) an east-west elongated
domain bounded by the Zoetfontein-Melinda Faults in
the north and the Thabazimbi-Murchison Lineament 
in the south and b) a north-northwest elongated domain
situated between the eastern and western lobes of the
Bushveld Complex termed the Central Bushveld domain
(Figure 1). The domain between the Zoetfontein Fault
and Thabazimbi-Murchison Lineament comprises the
main outcrop area of the Waterberg Group, known as
the Waterberg Plateau area, and two smaller outcrop
areas to the west of Kanye in eastern Botswana 
(Figure 1). The Central Bushveld domain comprises the
Nylstroom syncline outcrop area of the Waterberg
Plateau and the Middelburg area (Figure 1). In addition
there are a number of small erosional outliers between
Middelburg and Nylstroom, the largest of which is at
Rust de Winter (Figure 1).

The type area for the Waterberg Group is in the
Waterberg Plateau and here it is represented by an 
~5 km thick red bed succession of conglomerate,
quartzite and shale with minor volcanics especially in its
lower part (Figure 2). The lithostratigraphic subdivision
of the Waterberg Group is complex with different
formation names used
(a) among the various structural domains,
(b) for the same stratigraphic unit across the border

between South Africa and Botswana, and
(c) within a specific rock unit to indicate lateral facies

changes (SACS, 1980; Jansen, 1982; Carney et al.,
1994).

This rather confusing situation has been largely clarified
by Cheney and Twist (1986) who recognized five major
unconformity-bounded sequences (WUBS I-V) in the
Waterberg Plateau area (Figure 3A) and extended these
sequences to other outcrop areas (Figure 3B). The
quartz porphyry lava samples dated in this study come
from the Rust de Winter and Lower Swaershoek
Formations which form part of the basal unconformity-

bounded sequence (WUBS I). According to Cheney and
Twist (1986), WUBS I also incorporates both the Glentig
Formation in the Waterberg Plateau area and the Loskop
Formation, which underlies the Wilgerivier Formation
with a marked angular unconformity in the Middelburg
area (Figures 3A and 3B).

In broad terms WUBS I is characterized by a mixed
red bed succession of conglomerate, quartzite and shale
with subordinate felsic volcanics including the quartz
porphyry lavas dated in this study (Figure 2). WUBS I
everywhere directly overlies felsic volcanic rocks of 
the Rooiberg Group (Figure 1), with an age of 2061 ± 2
Ma (Walraven, 1997). It paraconformably overlies the
felsites, which immediately preceded the intrusion of 
the mafic phase of the Bushveld Complex at ~2.06 Ga
(Walraven, 1997), and never contains pebbles of
Bushveld granite. Such pebbles are common from
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WUBS II upwards in the Waterberg Group (Cheney 
and Twist, 1986). Based on these stratigraphic
relationships, it has been suggested that the deposition
of WUBS I preceded intrusion of the Bushveld Complex
(Cheney and Twist, 1986). Regionally WUBS I is
restricted to the north-northwest-trending Central
Bushveld domain, erosively preserved below the
regional low-angle unconformity at base of WUBS II
(Figures 1 and 3).

Entabeni Granite and Soutpansberg Group
The Soutpansberg Group (Jansen, 1976; Barker, 1983;
Bumby, 2001) is exposed in two separate areas, namely
the extensive Soutpansberg Mountain Range and 
the much smaller Blouberg Mountain (Figure 1). In the

Soutpansberg Mountain Range the strata generally 
dip and young to the north, such that along the 
southern foothills of the range the Soutpansberg Group
is in depositional contact with granitoid and
metamorphic rocks of the Southern Marginal Zone of the
Limpopo Complex. It is here that the succession
unconformably overlies a small undeformed granite
pluton, known as the Entabeni Granite (Du Toit, 1979;
Cheney et al., 1990; Barton et al., 1995) (Figure 1). This
granite has been sampled in the present study to obtain
a precise lower age limit for deposition of the
Soutpansberg Group.

In broad terms the Soutpansberg Group comprises
two major unconformity bounded sequences (Cheney 
et al., 1990). The lower one (SUBS I) is composed of a
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thin (less than 10 m thick) basal conglomerate, quartzite
and shale unit known as the Tshifhefhe Formation. It is
conformably overlain by the Sibasa Basalt, which is up
to 3000 m thick, and the Fundudzi Formation, made up
of light grey to purple and red quartzite and
conglomerate with interbeds of shale and mafic
volcanics, and reaching a maximum thickness of
~1900m (Figure 4). The lower part of the upper
unconformity-bounded sequence (SUBS II) is formed by
white to purplish quartzite with minor conglomerate of
the up to 1500 m thick Wyllies Poort Formation, which
is in turn overlain by basaltic lava, shale and quartzite of
the Nzhelele Formation (SACS, 1980) with a preserved
thickness of ~1000 m (Figure 4).

For purpose of this paper, it is important to note that
strata of the Soutpansberg Group are separated from 
the type succession of the Waterberg Group in the
Waterberg Plateau area by the southern strand of 
the Melinda Fault (Figure 1). Different workers have
correlated strata in various ways across the fault. This
has led to the controversy of whether the Soutpansberg
Group is older (Meinster, 1977; Cheney et al., 1990) or
younger (Jansen, 1976; Bumby et al., 2001) than the
Waterberg Group.

Sampling Localities
Quartz Porphyry Lava of the Waterberg Group
Quartz porphyry lava from the Lower Swaershoek
Formation (WUBS I of Cheney and Twist, 1986) was
sampled on Rhenosterpoort 402 KR to the west of

Nylstroom at 24° 39’ 18.7” S and 28° 10’ 28.3” E 
(Figure 5A). In this area very coarse to granular and
pebbly, red quartzite of the Lower Swaershoek
Formation rests with sharp erosional, but para-
conformable, contact on rhyolite of the Schrikkloof
Formation of the Rooiberg Group (Figures 5A and 6).
The basal quartzite of the Lower Swaershoek Formation
fines upward into a brick-red shale. Lenticular flows of
quartz porphyry lava are developed immediately below
the shale in the transition zone to the basal quartzite.
The porphyry lava flows, of which the petrography and
geochemistry are described by Jansen (1970), are not
more than a few meters thick. The shale above the lava
flows is in turn overlain by quartzite with minor
conglomerate, followed by a very thick cobble to
boulder conglomerate bed. The latter conglomerate bed
has a sharp erosive base and is considered the base of
WUBS II in the area (Figure 6). 

A second quartz porphyry lava flow was sampled in
the Rust de Winter area (Figure 3) on Rust de Winter 180
at 25° 15’ 30.1” S and 28° 39’ 09.3” E (Figure 5B). At this
locality, quartzite and granulestone of the Rust de Winter
Formation (Walraven, 1981) overlies rhyolite of the
Selonsrivier Formation, the stratigraphic equivalent of
the Schrikkloof Formation (SACS, 1980) of the Rooiberg
Group. The basal part of the Rust de Winter Formation
is composed of approximately 80 m of conglomerate
and quartzite (Figure 6). A 3 m-thick, sheet-like flow of
quartz porphyry lava overlies this basal conglomerate
and quartzite unit. There are virtually no contact
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Figure 4. Stratigraphic subdivision and unconformity-bounded sequences of the Soutpansberg Group (modified after SACS, 1980). Grain-

size notation similar to that of Figure 2.
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metamorphic effects on the quartzite at the base of the
quartz porphyry lava. The lowermost 5-10 cm of the lava
are very fine-grained and may represent devitrified
volcanic glass (Glatthaar, 1956). Spherulites are
developed in the groundmass of the quartz porphyry,
confirming that it is extrusive rather than intrusive in
origin (De Bruyn and Andrew, 1972). Quartz porphyry
from the same area has previously yielded whole-rock
U-Pb ages of 1790 ± 90 Ma (Oosthuyzen and Burger,
1964, with obsolete decay constants) and discordant U-
Pb zircon ages of between ~2.06 and ~1.97 Ga
(Walraven, 1981).

Quartz porphyry lava flows, of similar composition
to those in the lower parts of the Rust de Winter and
Swaershoek Formations, are also present in the Glentig
Formation to the north of Nylstroom (Figure 3A) and
could be equivalent to felsic lavas of the Loskop
Formation near Middelburg (Coertze et al., 1977; Jansen,
1982). This is one of the arguments used by Cheney 
and Twist (1986) to suggest that these successions 
all correlate with the Lower Swaershoek Formation, 
i.e. WUBS I (Figure 3B).

It is of interest to note that trachytic lava flows are
present in the upper part of the Swaershoek Formation
(WUBS II) at several localities in the Nylstroom syncline
(Jansen, 1970) (Figure 6). Various attempts to separate
zircons from these lavas exposed on Driefontein 
378 were unsuccessful, despite the fact that some of
them contained more than 500 ppm Zr. It is possible that
the Zr is present as baddeleyite or zirconolite, and it is
suggested that future attempts should focus on
extracting these minerals from the trachytic lavas for
isotopic dating.

Figure 6. Stratigraphic setting of quartz porphyry lava samples

dated from near the base of the Waterberg Group at Rust de Winter

and in the Nylstroom syncline. Grain-size notation similar to that of

Figure 2.

Figure 5. Location maps for samples of the quartz porphyry lava

of the Lower Swaershoek Formation (A) and the Rust de Winter

Formation (B).
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Entabeni Granite
The Entabeni Granite is a small undeformed, peraluminous
two-mica, alkali granite which intrudes high-grade
metamorphic and granitoid rocks of the Southern Marginal
Zone of the Limpopo Complex (Figure 1). Because of its
apparently undeformed nature the granite is considered
anorogenic (Du Toit, 1979) or post-tectonic in origin.
Petrographic and geochemical descriptions of the granite
are provided by Cheney et al. (1990) and Barton et al.
(1995). It is reported to have a composite zircon U-Pb
age of 1957 ± 3 Ma (Barton et al., 1995), but the high
precision of the age belies a large (32% and 37%) degree
of isotopic discordance of the two composite zircon
samples. This age is within error of the 1974 ± 14 Ma age
obtained from Rb-Sr data on muscovite in the granite
(Cheney et al., 1990). For the present study, the Entabeni
Granite was sampled in a fresh road cut at 23° 02’ 22.9”
S and 30° 13’ 02.4” E near the Timbadola Saw Mill.

Geochronology
Methods
Samples were prepared using facilities at the Department
of Geology at the University of Johannesburg. Hand-
samples were first cut with a diamond saw to remove
weathered surfaces and then washed and dried before

they were disaggregated in a jaw crusher and powdered
in a Siebtechnik swing mill. Powdered samples were
split in order to obtain representative aliquots of
approximately 2 to 2.5 kg from which zircons were
separated using standard heavy-liquid and magnetic
mineral separation techniques. The zircons were then
mounted, polished and photographed, followed by
carbon coating and scanning electron microscope
cathodoluminescence studies to determine internal
texture and zonation of grains. Based on the
photomicrographs and cathodoluminescence images,
individual zircon grains were selected for analyses by
SHRIMP using the procedure described by Compston 
et al. (1984).

SHRIMP analyses of zircons of the Swaershoek
quartz porphyry were performed at Curtin University of
Technology in Perth, Australia, while zircons from the
Rust de Winter quartz porphyry and Entabeni Granite
were analyzed at the Australian National University
(ANU) in Canberra, Australia. At Curtin University, the
CZ3 zircon standard (564 Ma; 206Pb/238U=0.0914) with a
precision (1�) better than 1% was used for calibration
purposes. Initial Pb correction for the total Pb in each
analysis was done by removing initial 206Pb, 207Pb and
208Pb, using the observed 204Pb and assuming Pb of
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Figure 7. Examples of zircon grains dated by SHRIMP, from the Lower Swaershoek (A) and Rust de Winter (B) quartz porphyry lavas, and

from the Entabeni Granite (C).
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Broken Hill isotopic composition (Cumming and
Richards, 1975). Common Pb among the zircon grains is
low enough so that the results are not significantly
affected by the choice of common Pb models. Errors are
expressed at a 95% confidence level. At ANU, zircon
grains were mounted in epoxy discs with chips of SL13
zircon standard. The Pb/U ratios were normalized to a
value of 0.0928 for the 206Pb/238U ratio of the SL13
standard, equivalent to an age of 572 Ma. Analytical data
were reduced in a manner similar to that described by
Compston et al. (1992) and Williams and Claesson
(1987).

Results
Zircon grains extracted from the Lower Swaershoek
quartz porphyry are on average 150 �m in length,
euhedral, prismatic and oscillatory-zoned (Figure 7A);
with the typical appearance of zircons from acid igneous
rocks. None of the grains showed any signs of rounding
or reworking. The cores and rims of 42 grains were
analyzed (Table 1); thirty nine of these analyses are
nearly concordant (Figure 8A). In combination, they 
give a 204Pb-corrected 207Pb/206Pb age of 2054 ± 3.5 Ma 
(Figure 8A). This age is thought to represent the best
estimate for the extrusion of the porphyritic lava of the
Swaershoek Formation.

Zircons from the Rust de Winter quartz porphyry are
on average 200 �m in length, euhedral and prismatic in
form and oscillatory-zoned (Figure 7B). None of the
grains showed any signs of rounding or reworking. 
The cores and rims of 17 zircon grains from the Rust de
Winter porphyry were analyzed; 11 of these yielded
nearly concordant to concordant ages (Table 2, 
Figure 8B). The six most concordant grains (within 2%
discordancy) were used to determine a concordia age of
2051 ± 8 Ma, which we consider to represent the best
estimate for extrusion of the Rust de Winter porphyry.

Zircon grains of the Entabeni Granite are mostly
euhedral and display homogeneous as well as
oscillatory-zoned internal structures (Figure 7C).
Eighteen analyses were performed on 16 different grains
(Table 3). Core and rim ages for the two grains that were
analyzed at two spots are within error of one another
(Table 3). Most of the grains have a U content of 200 to
400 ppm (Table 3), unlike the grains that were analysed
by Barton et al. (1995) that were reported to contain
more than 800 ppm U. Of the 18 analyses, 16 yielded
nearly concordant ages (within 6% discordancy). 
In combination, they give a 207Pb/206Pb age of 2021 ±
5 Ma (Table 3, Figure 8C), which we regard as the best
estimate for the crystallization age of the Entabeni
Granite.

Discussion
Bushveld magmatism versus Waterberg
sedimentation
Isotopic ages for the Bushveld Complex suggest
emplacement of the mafic-ultramafic suite at ca.2058 Ma
(Walraven et al., 1990, Walraven, 1997; Buick et al.,

2001), and the granitic suite (Nebo Granite) at 2054 ± 2
Ma (zircon Pb/Pb evaporation, Walraven and Hattingh,
1993). Isotopic ages of 2054 ± 4 Ma and 2051 ± 8 Ma for
the respective Swaershoek and Rust de Winter quartz
porphyries are within error of the granitic phase of the
Bushveld Complex, and are slightly younger than the
mafic-ultramafic phase. These results now lead to the
conclusion that deposition of the lowermost
unconformity-bounded sequence of the Waterberg
Group (WUBS I) took place concurrently with or
immediately after the emplacement of the granitic phase
of the Bushveld Complex (Figure 9). The synchronism of
the ages of the porphyritic lavas in the Nylstroom and
Rust de Winter areas also supports their stratigraphic
correlation and the interpretation that they belong to the
same unconformity-bounded sequence (WUBS I)

Figure 8. Concordia plots for zircons from quartz porphyry lava of

the Lower Swaershoek (A) and Rust de Winter (B) Formations of

the Waterberg Group and of the Entabeni Granite (C).
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(Figure 3). If the correlation of the Loskop and Glentig
Formations with WUBS I is accepted (Figure 3), our
results also imply that these successions postdate rather
than predate, as previously thought (Cheney and Twist,
1986), the intrusion of the mafic-ultramafic phase of the
Bushveld Complex (Figure 9).

Regardless of whether the correlation with the
Loskop Formation is accepted or not, the paracon-
formable nature of the contact between the pre-
Bushveld Rooiberg felsites and the post-Bushveld Lower
Swaershoek Formation (WUBS I) indicates that the
felsite beds were not tilted or deformed during intrusion
of the Bushveld Complex. The limited area occupied by
WUBS I relative to the overall size of the Bushveld
Complex makes it impossible to ascertain how widely
this feature applies, but it is certainly valid for the
Central Bushveld domain around Nylstroom and Rust de
Winter between the western and eastern limbs of the
Bushveld Complex (Figure 1). This mild deformation in
the roof of the Bushveld is in contrast to the intensive
folding and deformation that e.g. Transvaal strata
experienced in the floor of the Bushveld Complex
immediately to the east and west of the central domain
in the Marble Hall and Crocodile River inliers (Hartzer,
2000). A simple explanation for these observations
would be that at shallow depth space for the intrusion
of the Bushveld Complex was made by mere uplift of
the roof rocks of the magma chamber, releasing stress
and causing little lateral deformation of roof rocks. 
At depth, in the floor of the complex, the opposite
applied, and the creation of space for the magma
intrusion must have involved considerable lateral
shortening of the wall rocks.

Because of the paraconformable nature of the
contact between the Rooiberg felsite and the Lower
Swaershoek Formation (WUBS I), it is concluded that
not much erosion of Rooiberg strata took place prior to
deposition of the basal Waterberg beds. The thickness of
the Rooiberg strata preserved below the Waterberg
Group should thus approximate the depth of intrusion
of the Bushveld Complex, especially the granitic phase.
The thickness of the Rooiberg strata is consistently in the
order of 3 to 4.5 km according to data provided in an
overview of the Rooiberg Group by Schweitzer et al.
(1995).

Tilting and faulting of strata in the roof of the
Bushveld Complex appear to have become more
pronounced only after deposition of WUBS I.
Contemporaneous faulting during deposition of WUBS I
is only locally pronounced in parts of the Loskop
Formation, which contains excellent examples of fault
scarp-derived deposits (Martini, 1998). Tilting of strata
after deposition of WUBS I is indicated by the fact 
that the overlying unconformity-bounded sequence
(WUBS II) unroofs granite of the Bushveld Complex and
overlies strata of the Loskop Formation with marked
angular unconformity near Middelburg (Jansen, 1982)
(Figure 3A). Near Nylstroom, faulting of WUBS I also
took place prior to deposition of WUBS II (Cheney and

Twist, 1986). These structural and stratigraphic relations
are perhaps best explained by thermal adjustments in the
crust during the waning stages of, and immediately
following the intrusion of the Bushveld Complex (Figure 9).

Paleomagnetic data from the Waterberg Group 
(de Kock et al., 2006) show a large shift in Kaapvaal
apparent pole positions between WUBS I and WUBS II
(Figure 9). A grand mean of paleomagnetic results from
the Main and Upper Zones of the Bushveld Complex
(Evans et al., 2002) occupies and intermediate position
between the two lower Waterberg poles, and the
Bushveld remanence was acquired prior to the gentle
synclinal folding of the eastern and western limbs of the
complex. Thus it appears that such folding occurred
between deposition of WUBS I and WUBS II.

After deposition of WUBS II (Upper Swaershoek and
Alma Formations), folding of strata took place to form
the main phase of deformation in the Nylstroom
syncline. The result is that WUBS III rests with a marked
angular unconformity on WUBS II in the Nylstroom area
(Figure 3A). This fold event relates to intermittent
reactivation of the Thabazimbi-Murchison Lineament
(Figure 1).

Age relations between the Waterberg and
Soutpansberg Groups
Our new concordant age of 2021 ± 5 Ma for the
Entabeni Granite provides a reliable lower limit for
deposition of the nonconformably overlying
Soutpansberg Group. However, there may be a
considerable hiatus between intrusion and subsequent
unroofing of the granite and the deposition of the
Soutpansberg Group (Figure 9). Hydrothermally altered
lava flows and sills from the Sibasa Formation in the
lower part of the Soutpansberg Group previously
yielded poorly constrained Rb-Sr ages of 1749 ± 104 Ma
and 1769 ± 34 Ma (Barton, 1979) and a Pb-Pb whole
rock age of 1809 + 263/-317 for the same lava samples
(Cheney et al., 1990). These imprecise ages are
interpreted to reflect hydrothermal alteration of the lavas
after deposition, and therefore only provide a lower age
limit for the extrusion of the volcanic rocks of the
Soutpansberg Group (Figure 9).

The Soutpansberg Group also nonconformably
overlies mylonites of the Palala Shear Zone (Figure 1).
Syntectonic biotite from this shear zone yielded a Rb-Sr
age of 1971 ± 26 Ma (Schaller et al., 1999) and probably
provides a closer estimate to onset of deposition of 
the Soutpansberg Group than our concordant age 
of 2021 ± 5 Ma on the Entabeni Granite. A Rb-Sr age of
1974 ± 14 Ma on muscovite (Cheney et al., 1990) and the
discordant U-Pb zircon age of 1957 ± 3 Ma on the same
sample set of the Entabeni Granite (Barton et al., 1995)
are within error of the Rb-Sr age of biotite from the
Palala Shear Zone, and probably reflect a subtle
overprint of this major event of shearing on the Entabeni
Granite.

From the above reasoning it follows that the Sibasa
lavas must have formed between ~1.76 Ga, the timing of
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hydrothermal alteration, and ~1.97 Ga, the final phase
of ductile deformation along the Palala Shear Zone.
However, there is indirect evidence from the Blouberg
area (Figure 1) that the Sibasa lavas extruded at ~1.87
Ga or somewhat later. This evidence comes from a
dolerite dyke swarm that intrudes the Mogalakwena
Formation (part of WUSB V) of the Waterberg Group
immediately south of the Melinda fault zone (Figure
3A), and correlative rocks to the north of the fault zone
(Bumby et al., 2001). These dykes, which are similar in
composition to the Sibasa lavas of SUBS I (Bumby et
al., 2001) do not cut the quartzites of the Wyllies Poort
Formation of the upper unconformity-bounded
sequence SUBS II (Figure 4). Bumby et al. (2001),
therefore, suggested that these dykes acted as feeders
for the Sibasa lavas. Unfortunately these dykes have
not been directly dated. On geological maps, they
appear to cross cut the dolerite sills that also intrude
the Mogalakwena Formation and for which Hanson et
al. (2004) reported U-Pb baddeleyite ages of ~1.88 to
~1.87 Ga. The dolerite dyke swarm may thus either
represent a late phase of the sills or they could be
younger. That implies that the Sibasa lavas flowed out
at ~ 1.88 Ga or somewhat later, between ~1.88 Ga and
~1.76 Ga (Figure 9).

The sills intruding the Mogalakwena Formation
provide a minimum age constraint of ~1,875 Ga
(Hanson et al., 2004) for nearly the entire Waterberg
Group, at least up to the lower part of WUBS V (Figure
9). Most of the Waterberg Group, therefore, pre-dates
deposition of the Soutpansberg Group. There is,
however, uncertainty about the age of the uppermost
Cleremont and Vaalwater Formations of the Waterberg
Group, because they are not intruded by the ~1.88 Ga
sills (Hanson et al., 2004).

Apart from the age of the Sibasa lava, there is also
the question of the age of the Nzhelele lavas in the
upper unconformity-bounded sequence (SUBS II) of 
the Soutpansberg Group. Paleomagnetic studies by
Hanson et al. (2004) on one site of Sibasa lava, one on
Nzhelele lava and five on dolerite sills that intrude
both the Sibasa and Wyllies Poort Formations, i.e.
SUBS I and II (Figure 4), in the Soutpansberg Mountain
Range, yielded a tight site mean direction which is
antipodal at 95% confidence level to a site mean
obtained from six sites of the ~1.88 Ga dolerite sills
that intrude WUBS II of the Waterberg Group (Figure
9). Based on this data, Hanson et al. (2004) suggested
that intrusion of the ~1.88 Ga dolerite sills in the
Waterberg Group coincided with extrusion of the
Sibasa lavas of the Soutpansberg Group. However, the
sills sampled by Hanson et al. (2004) in the
Soutpansberg Mountains intrude both the lower (SUBS
I) and upper (SUBS II) unconformity-bounded
sequences of the Soutpansberg Group and must,
therefore, post-date the pre-Wyllies Poort dolerite dyke
swarm described by Bumby et al. (2001) from the
Blouberg area. This implies that there is a younger,
post-Wyllies Poort, suite of dolerite sills intruded into
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Soutpansberg Group rocks for which we have as yet no
direct isotopic age (Figure 9). The paleomagnetic pole
obtained by Hanson et al. (2004) on these younger sills
must therefore post-date that obtained by the same
authors on the ~1.87 Ga sills intruded into the Waterberg
Group. The pole on the younger post-Wyllies Poort sills,
therefore, most probably represents a magnetic reversal
rather than an antipole to the ~1.87 Ga pole (Figure 9). 

It is possible that the Nzhelele lavas and post-SUBS
II sills represent a thermal event that caused the resetting
of Rb-Sr and Pb-Pb isotopic systems at ~1.76 Ga,
documented by Barton (1979) and Cheney et al. (1990),
in Sibasa lavas (Figure 9). This younger ~1.76 Ga
igneous event may have been very widespread 
because the Skerpioenpunt lavas in the Groblershoop
Group, overlying the Olifantshoek Group (Figure 1),
have a similar Ar/Ar age (Barton and Burger, 1983)
(Figure 9).

Waterberg Sedimentation and Limpopo Tectonism
The concordant zircon age of 2021 ± 5 Ma obtained on
the Entabeni Granite in the Southern Marginal Zone 
of the Limpopo Complex is virtually identical to the 2024
± 7 Ma U-Pb SHRIMP zircon age of the very prominent
post-tectonic Mahalapye Granite (Figure 1) in the
Central Zone of the Complex (Gutzmer and Beukes,
1998; McCourt and Armstrong, 1998). The ages of these
post-tectonic (McCourt and Armstrong, 1998) or
anorogenic (Barton et al., 1995) granites are also in
virtual exact correspondence to the timing of the thermal
peak of metamorphism in the Central Zone of the
Limpopo Complex, dated with zircon at 2027 ± 6 Ma
(Jaeckel et al., 1997, Barton et al., 2006). This would
imply that the widespread ~2.02 to ~2.03 Ga
metamorphic event in the Central Zone of the Limpopo
Complex (e.g. Holzer et al., 1998; 1999; Hisada and
Miyano, 1996) is of thermal rather than collisional origin
as previously considered (e.g. Barton et al., 1994; 2006;
Kröner et al., 1999). Metamorphic mineral ages recorded
in the Limpopo Complex that are younger than the post-
tectonic ~2.02 Ga Entabeni and Mahalapye granites, are
typically associated with late shear zones which record
a period of non-penetrative deformation in the complex.
These mineral ages fall in two age groups, namely
around ~2.01 Ga dating the D3 shear event in the
Limpopo Complex (McCourt and Armstrong, 1998) and
at ~1.97 Ga recording the latest deformation in, for
example, the Palala Shear Zone (Schaller et al., 1999).
The origin of the ~2.03 Ga thermal activity and later
non-penetrative shear deformation in the Central Zone
of the Limpopo Complex is uncertain, but it may be
related to orogenesis in the to ~2.03 to ~1.95 Ga (Mapeo
et al., 2001) Magondi belt along the western margin of
the Zimbabwe Craton.

The four lower unconformity-bounded sequences of
the Waterberg Group (WUBS I-IV) are confined to the
Kaapvaal Craton south of the Palala Shear Zone whereas
the upper sequence (WUBS V) discordantly transgresses
the shear zone (Figure 3A). Our new age of 2054 Ma for

the base of the Waterberg Group indicates that WUBS I-
IV were most likely deposited coeval with the 2.0 ± 0.05
Ga magmatic and tectonic events in the Limpopo
Complex, in contrast to WUBS V that postdates the latter
events. That there is almost certainly a relationship
between deposition of the Waterberg Group and
tectonic events in the Limpopo Complex is indicated by
the fact that virtually all of the siliciclastic sedimentary
rock units of the Waterberg Group coarsen in direction
of the Limpopo Complex (Cheney and Twist, 1986).

The exact relations between deposition of WUBS I-
IV and the 2.0 ± 0.05 Ga magmatic and tectonic events
in the Limpopo Complex remain uncertain. However,
there is sufficient age and geological data available to
support the following scenario. As discussed earlier,
indications are that deposition of WUBS I took place
during and immediately after intrusion of the granitic
phase of the Bushveld Complex (Figure 9). Basin
subsidence at that time may have been largely controlled
by late syn- to early post-Bushveld thermal uplift and
subsidence. However, by the time of deposition of
WUBS II, granites of the Bushveld Complex were
unroofed and cooled down such that uplift and
subsidence of the Waterberg basin were controlled by
external tectonic or thermal magmatic events
independent of Bushveld magmatism. The most likely
external candidates are the 2.0±0.05 Ga thermal and
tectonic events in the Limpopo Complex. Early phases of
these events, including intrusion of the Entabeni and
Mahalapye granites at 2025 Ma, may have affected
deposition of the Waterberg Group. The lower part of
WUBS II, represented by the Upper Swaershoek
Formation, is a very coarse sandy to boulder
conglomerate fluvial succession indicating active
tectonic uplift in source areas coupled with a sediment
supply rate which overwhelmed basin subsidence rate
so that bypassing of most fine sediment took place. It is
interesting to note that the ages of the Entabeni and
Mahalapye granites correspond almost exactly with the
2023 ± 4 Ma age of the Vredefort meteorite impact
structure (Kamo et al., 1996). Another important
observation is that the spatial ordering of paleomagnetic
poles from WUBS I (de Kock et al., 2006), to Bushveld
complex (reviewed by Evans et al., 2002), to the
Vredefort structure (reviewed by Evans et al., 2002), to
WUBS II (de Kock et al., 2006) suggests that the middle
to upper parts of WUBS II are younger than ca. 2020 Ma.
Thus, if onset of deposition of WUBS II indeed
coincided with intrusion of the granites at ~2023 Ma the
search for ejecta from the Vredefort impact should focus
along the base of WUBS II.

The Upper Swaershoek Formation in the lower part
of WUBS II is overlain by shale and fine graywackes of
the Alma Formation, which is up to 3000 m thick 
(Figure 2). This implies a period of very rapid
subsidence rate in the basin with creation of sufficient
accommodation space to trap fine siliciclastics. It is
conceivable that this stage of development of the
Waterberg basin relates to the ~2.01 to ~1.97 Ga interval
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of non-penetrative shearing and thrusting in the
Limpopo Complex (Figure 9). The Palala shear zone is
essentially strike-slip (McCourt and Armstrong, 1998;
Schaller et al., 1999), but some of the shears tangentially
merging with it to the north in the Central Zone of the
Limpopo Complex have a southwesterly merging thrust
component (Carney et al., 1994), so that subsidence of
the Waterberg basin at that time could have been the
result of both strike-slip deformation and thrust loading.
This would place deposition of WUBS II in the interval
~2.02 to ~1.97 Ga (Figure 9).

Deposition of WUBS II came to an end following
uplift and erosion related to a period of north-south
directed crustal shortening and folding specifically well
developed near the Thabazimbi-Murchison Lineament.
Along this lineament folding of WUBS I and II took
place prior to deposition of WUBS III (Figures 1 and
3A). The cause of this crustal shortening event, which
not only reactivated the Thabazimbi-Murchison
Lineament but also affected other strata on the Kaapvaal
Craton as far south as the Witwatersrand area (Van
Niekerk et al., 1999) is unknown. Either it is
manifestation of a north-directed, compressional orogen
that was situated to the south of the Kaapvaal Craton at
that time, and that has since rifted away, or it represents
far-field deformation related to the Limpopo Complex
towards the end of deposition of WUBS II.

Undeformed strata of WUBS III and IV extend
northwards to the southern margin of the Palala Shear
Zone but do not cross the margin. The first beds of the
Waterberg Group that overlie the Palala Shear Zone are
the virtually flat-lying and undeformed strata of the
Mogalakwena Formation in the lower part of WUBS V
(Figure 3A). This formation is intruded by ~1.88 Ga
dolerite sills (Hanson et al., 2004) which implies that it
is older than ~1.87 Ga but younger than ~1.97 Ga, the
time of ductile deformation in the Palala Shear Zone
(Figure 9). However, it is important to note that the
undeformed beds of the Mogalakwena Formation
overlie steeply dipping folded and thrusted coarse red
beds of the Blouberg Formation with a marked angular
unconformity near the Palala Shear Zone (Bumby et al.,
2001). These deformed red beds of the Blouberg
Formation non-conformably overlie ductile mylonites in
the Palala Shear Zone which means that they were
deposited after ~1.97 Ga but before shallow brittle
deformation came to end in the shear zone. The very
coarse and immature nature of the Blouberg red beds
make them unlikely correlatives of the aeolian quartzite
of the Makgabeng Formation of WUBS IV(Figure 3B).
However, there is no reason why the Blouberg beds
could not be lateral equivalents of the Setlaole
Formation (WUBS III) that were deposited in very
proximal environments in pull-apart basins associated
with late brittle deformation along the Palala Shear Zone
(Bumby et al., 2001). In Botswana near Kanye, strata of
the Mannyelanong Formation of the Waterberg Group
are intruded by 1927 ± 0.7 dolerite sills (Hanson et al.,
2004) (Figure 1). If the correlation of the Mannyelanong

Formation with the Skilpadkop and Setlaole Formations
is correct (Figure 3B), then it means that WUBS III was
deposited before ~1.93 Ga and after ~1.97 Ga (Figure 9).
Unfortunately we have no direct information available
up to which stratigraphic level in the Waterberg Group
the ~1.93 Ga dolerites may have intruded (Hanson et al.,
2004).

In the Blouberg area, it is clear that deposition of the
Blouberg Formation was followed by a distinct south-
verging compressional event which folded and thrusted
both the schistose mylonitic fabric of the Palala Shear
Zone and red beds of the Blouberg Formation (Bumby
et al., 2001). It is this interval of deformation that
preceded deposition of the very coarse red beds of
WUBS V. In contrast, sedimentary rocks of WUBS IV 
are fine grained and must have been derived from a 
distal source when the Palala Shear Zone was inactive
(Figure 9).

The ~1.93 Ga sills that intrude the Mannyelanong
Formation near Kanye, are similar in age to the Hartley
lavas (Cornell et al., 1998) of the Olifantshoek Group
along the western margin of the Kaapvaal Craton in
Griqualand West (Figure 1). These lavas are underlain
by the basal Neylan Conglomerate Formation and
overlain by the Volop Formation of the Olifantshoek
Group (Dorland, 2004). If the correlation of the
Mannyelanong Formation with WUBS III is accepted
(Figure 3B), it implies that the Neylan Formation could
be time-equivalent to at least WUBS I-III. If we further
assume that the ~1.93 Ga sills intruded prior to
deposition of WUBS IV, for which we unfortunately
have no concrete evidence as noted earlier, then it
would imply that the upper two unconformity-bounded
sequences of the Waterberg Group (WUBS IV and V)
could correlate in time with the Volop Formation 
(Figure 9). The Palapye Group, which erosively overlies
the ~2.02 Ga Mahalapye Granite in Botswana (Figure 1),
could in part be time-equivalent to the Waterberg and
Soutpansberg Groups (Mapeo et al., 2004; Dorland,
2004). However, the uppermost Lotsane Formation of
the Palapye Group, which contains 1604 ± 33 Ma old
zircons (Mapeo et al., 2004), most probably post-dates
even the upper Nzhelele Formation of the Soutpansberg
Group for which we suggest an age of ~1.78 Ga (Figure 9).

Conclusion
A precise SHRIMP U-Pb zircon age of 2054 ± 4 Ma
obtained on quartz porphyry lava near the base of the
Lower Swaershoek Formation of the Waterberg Group
indicates that deposition of this succession was
contemporaneous with, or followed shortly after,
intrusion of the granitic phase of the Bushveld Complex.
The porphyritic lavas form part of the basal
unconformity-bounded sequence of the Waterberg
Group (WUBS I), which is correlative with the Rust de
Winter, Glentig and Loskop Formations. These
successions were previously considered to be older than
the Bushveld Complex, but our age data now indicate
that they are younger.
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A precise SHRIMP U-Pb zircon age of 2021 ± 5 Ma
on the Entabeni Granite, provides a reliable maximum
age for the Soutpansberg Group, which overlies the
granite with an erosional contact. There is, however,
indirect evidence that the Sibasa lavas, near the base of
the Soutpansberg Group are ≤ 1875 Ma which implies a
hiatus of at least 150 Myr between intrusion of the
Entabeni Granite and deposition of the Soutpansberg
Group.

Dolerite sills that intrude the upper Formations of the
Waterberg Group were dated by Hanson et al. (2004) at
~1875 Ma. Most of the Waterberg Group, therefore, must
have been deposited in the period ~2054 to ~1875 Ma,
which makes it older than the Soutpansberg Group
(Bumby et al., 2001; Hanson et al., 2004) but places it
within the time frame of the 2000 ± 50 Ma thermal
metamorphic and non-penetrative shear deformation
events in the Limpopo Metamorphic Complex.
Deposition of the Waterberg Group 
and development of the basin could thus be coupled 
to tectono-metamorphic events in the Limpopo
Complex.
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