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Abstract This paper presents combined U/Pb, Th/U and

Hf isotope analyses on detrital and magmatic zircon grains

together with whole-rock geochemical analyses of two

basement and eight sedimentary rock samples from the

Namuskluft and the Dreigratberg in southern Namibia

(Gariep Belt). The sedimentary sections evolved during the

Cryogenian on the SW part of the Kalahari Craton and

where therefore deposited in an active rift setting during

the break-up of Rodinia. Due to insufficient palaeomag-

netic data, the position of the Kalahari Craton within Ro-

dinia is still under discussion. There are possibilities to

locate Kalahari along the western side of Australia/Maw-

sonland (Pisarevski et al. in Proterozoic East Gondwana:

supercontinent assembly and break-up, Geological Society,

London, 2003; Evans in Ancient Orogens and modern

analogues. Geological Society, London, 2009; and others)

or together with the Congo-Sao Francisco and Rio de la

Plata Cratons (Li et al. in Prec Res 45: 203–2014, 2008;

Frimmel et al. in Int J Earth Sci (Geol Rundsch) 100:

323–354, 2011; and others). It is sill unclear which craton

rifted away from the Kalahari Craton during the Cryoge-

nian. Although Middle to Upper Cryogenian magmatic

activity is known for the SE Kalahari Craton (our working

area) (Richtersveld Suite, Rosh Pinah Fm), all the pre-

sented samples show no U/Pb zircon ages younger than ca.

1.0 Ga and non-older than 2.06 Ga. The obtained U/Pb

ages fit very well to the exposed basement of the Kalahari

Craton (1.0–1.4 Ga Namaqua Province, 1.7–2.0 Ga Vio-

olsdrif Granite Suite and Orange River Group) and allow

no correlation with a foreign craton such as the Rio de la

Plata or Australia/Mawsonland. Lu–Hf isotopic signatures

of detrital zircon point to the recycling of mainly Palaeo-

proterozoic and to a smaller amount of Archean crust in the

source areas. eHf(t) signatures range between -24 and

?14.8, which relate to TDM model ages between 1.05 and

3.1 Ga. Only few detrital zircon grains derived from

magmas generated from Mesoproterozoic crustal material

show more juvenile eHf(t) signatures of ?14, ?8 to ?4

with TDM model ages of 1.05–1.6 Ga. During Neoprote-

rozoic deposition, only old cratonic crust with an inherited

continental arc signature was available in the source area

clearly demonstrated by Hf isotope composition of detrital

zircon and geochemical bulk analysis of sedimentary rocks.

The granodiorites of the Palaeoproterozoic basement

underlying Namuskluft section are ca. 1.9 Ga old and show

eHf(t) signatures of -3 to -5.5 with TDM model ages of

2.4–2.7 Ga. These basement rocks demonstrate the

extreme uplift and deep erosion of the underlying Kalahari
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Craton at its western margin before general subsidence

during Cryogenian and Ediacaran time. The sedimentary

sequence of the two examined sections (Namuskluft and

Dreigratberg) proposes the presence of a basin and an

increasing subsidence at the SW part of the Kalahari Cra-

ton during the Cryogenian. Therefore, we propose the

initial formation of an intra-cratonic sag basin during the

Lower Cryogenian that evolved later to a rift basin at the

cratonic margin due to increasing crustal tension and rifting

together with the opening of the Adamastor Ocean. As the

zircons of the sedimentary rocks filling this basin show

neither rift-related U/Pb ages nor an exotic craton as a

possible source area, the only plausible sedimentary

transport direction providing the found U/Pb ages would be

from the E or the SE, directly from the heart of the Kalahari

Craton. Due to subsidence and ongoing sedimentation from

E/SE directions, the rift-related magmatic rocks were

simply covered by the input of old intra-cratonic material

that explains the absence of Neoproterozoic zircon grains

in our samples. The geochemical analyses show the erosion

of a continental arc and related sedimentary rocks with an

overall felsic provenance. The source area was a deeply

eroded and incised magmatic arc that evolved on conti-

nental crust, without any evidence for a passive margin. All

of this can be explained by the erosion of rocks related to

the Namaqua Belt, which represents one of the two major

peaks of zircon U–Pb ages in all analysed samples.

Therefore, the Namaqua Belt was well exposed during the

Cryogenian, available to erosion and apart from the also

well-exposed Palaeoproterozoic basement of the Kalahari

Craton one potential source area for the sedimentary rocks

in the investigated areas.

Keywords Rodinia � Neoproterozoic � Kalahari

Craton � Namibia � Namuskluft � Dreigratberg

Introduction and geological setting

The Neoproterozoic is characterised by the break-up of the

supercontinent Rodinia and the assembly of Gondwana.

The exact composition of the single cratons and terranes

within the Rodinia supercontinent is still under discussion

throughout the literature (e.g. Evans 2009; Li et al. 2008;

Pisarevski et al. 2003; Torsvik et al. 2008; Tohver et al.

2006; Cordani et al. 2003; Fuck et al. 2008; Frimmel et al.

2011; Teixeira et al. 2007), resulting in different recon-

structions. Depending on the author and the preferred Ro-

dinia model, there exist at least two possible positions of

the Kalahari Craton for the Meso- and Neoproterozoic

time, which seem to be the most likely of all the varieties.

According the Evans (2009), there was a collision of

Mawsonland (which was attached to Australia) and

Kalahari at ca. 1,200 Ma, resulting in the Namaqua–Natal–

Orogen (continent–continent collision). In a Rodinia

reconstruction of Evans (2009) based on palaeomagnetic

data, correlation of ancient orogens and the intention of

creating a Rodinia model that includes all cratons at that

time, the Kalahari Craton is located at the equator along the

eastern side of Australia/Mawsonland shortly after the

Rodinia assembly at ca. 1,070 Ma. This relative position of

Kalahari Craton did not change for the next c. 300 million

years, as for the reconstruction of the break-up time of the

supercontinent (ca. 780 Ma), Kalahari was still located east

of Mawsonland, but at that time slightly north of the

equator (low latitudes). The Congo-Sao Francisco and

Amazonia Cratons were ‘‘separated’’ from the Kalahari

Craton by the northern part of Mawsonland.

A connection between Kalahari and Australia/Maw-

sonland along the same shore can also be seen in the Ro-

dinia reconstruction of Pisarevski et al. (2003). They

suggest that Kalahari stayed along the western (because it

is not as much rotated as in the Evans 2009 reconstruction)

Australia/Mawsonland margin until strong rifting events in

the Lower Neoproterozoic (800–750 Ma) caused Kalahari

to rotate anticlockwise away from Australia/Mawsonland.

Consistent with Evans (2009), Pisarevski et al. (2003)

propose a collision of Kalahari and Australia/Mawsonland

at ca. 1,100–1,000 Ma. Very indicative for this constella-

tion are the indistinguishable detrital zircon populations in

metasediments on both sides according to Fitzsimons

(2002).

In contrast to that, Dalziel (1997) and Li et al. (2008)

locate the Kalahari Craton next to the Congo-Sao Francisco

and the Rio de la Plata Cratons. This reconstruction is also

favoured by Frimmel et al. (2011) and Gaucher et al.

(2010). According to them, it is likely that the cratons of

today’s Africa and South America were juxtaposed first in

the supercontinent assembly of Rodinia and later again in

SW Gondwana.

Today’s Namibia contains parts of the Kalahari Craton

(south) and the Congo Craton (north). The first one com-

prises two units of Archean crust such as the Zimbabwe

Craton (N) and the Kaapvaal Craton (S) with the Archean

to Palaeoproterozoic Limpopo Belt between them (Fig. 1).

This belt represents an exotic crustal block that probably

got caught between the Zimbabwe and Kapvaal Cratons

during a 2.6–2.7 collision (Begg et al. 2009). These small

Archean to Palaeoproterozoic cores grew mainly along

their NW side during the Palaeoproterozoic. In the Meso-

proterozoic, this ‘‘Proto-Kalahari Craton’’ (marked by the

red dotted line in Fig. 1) was influenced by intense tectonic

activity along all margins forming the Kalahari Craton

(Jacobs et al. 2008). The southern and eastern margins of

this craton are mainly represented by the Namaqua–Natal

Belt. This major continuous belt of mainly high-grade
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rocks is a continental arc that evolved during a continent–

continent collision at ca. 1,200–1,000 Ma ago and is

associated with the global formation of supercontinent

Rodinia. According to Evans (2009), Jacobs et al. (2008)

and others, it represents the remnants of a collisional oro-

gen caused by the Kalahari–Australia/Mawsonland conti-

nent–continent collision. Simultaneously to this collision,

the Kalahari Craton was influenced by intra-plate mag-

matism, represented by the ca 1,110 Ma Umkondo-Borg

Large Igneous Province (Jacobs et al. 2008).

In general, the Kalahari Craton is surrounded by a series

of Neoproterozoic to Early Palaeozoic (‘‘Pan-African’’)

orogenic mobile belts, such as the Zambezi, Saldania,

Gariep and Damara Belt (Fig. 1). The variety of coastal

and intra-crustal belts evolved through different phases of

intra-continental rifting, continental break-up, spreading,

plate motion reversal, subduction and finally continental

collision (Frimmel et al. 2011; Jacobs et al. 2008). Parts of

the Kalahari Craton were involved in the assembly and

break-up of at least two supercontinental cycles: Rodinia

and Gondwana. According to Jacobs et al. (2008), parts of

the Kalahari Craton are also exposed in East- and West-

Antarctica, the Falkland Islands and possibly also in South

America, reflecting collision events with these cratons.

As a supercontinent formation is not a stable construct,

first rift-related structures started already in the Early

Cryogenian at 800–750 Ma (Gaucher et al. 2010), indi-

cating already the break-up of Rodinia. Gaucher et al.

(2010) called this the ‘‘Early Cryogenian rifting,’’ which

was followed by a second rifting event in the Early Edi-

acaran at 630–600 Ma. Such Rodinia break-up structures

are best preserved along the W, SW and NW margins of

the Kalahari Craton. In these areas, the starting Rodinia

break-up is accompanied by rift sediments and volcanic

rocks at 800–750 Ma. According to Jacobs et al. (2008),

Kalahari Craton rifted from Rodinia ca. 700 Ma ago.

Rift events that represent the Rodinia break-up also

occurred at the time and place of sedimentation of the

samples studied in this paper. These events reflect the first

drift-off of the Kalahari Craton away from Australia/

Fig. 1 Composition of the Kalahari Craton and surrounding areas in

southern Africa (simplified after Jacobs et al. 2008). The Archean to

Palaeoproterozoic core of the craton is completely surrounded by

Upper Neoproterozoic to Lower Palaeoproterozoic mobile belts, such

as the Damara, Gariep and Saldania Belt. Formation of the Namaqua–

Natal Belt occurred as part of the assembly of Rodinia supercontinent.

Younger mobile belts indicate the Gondwana formation. Given ages

are based on Jacobs et al. (2008) and Trompette (1994). The position

of the study area in the Gariep Belt is indicated
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Mawsonland (according to Evans 2009; Pisarevski et al.

2003; and others) or the rift-off of the Rio de la Plata

Craton away from the Kalahari Craton, as it is the favoured

model by Frimmel et al. (2011) and Gaucher et al. (2010).

The rifting events resulted in the opening of an ocean along

the western side of the Kalahari Craton: the Adamastor

Ocean. According to Gaucher et al. (2010), rift-related

magmatism along the Kalahari Craton started already at

about 830 Ma and continued until ca. 740 Ma. But inde-

pendently from the question of where Kalahari did rift-off

as Rodinia broke apart, the juxtaposed position of Kalahari

and Rio de la Plata within the Gondwana configuration

seems to be accepted in palaeomagnetic reconstructions

within the literature. The closure of the Adamastor Ocean

was due to the approaching Kalahari and Rio de la Plata

Cratons. Their collision during the Upper Neoproterozoic

was part of the Gondwana formation.

Following the model of Gaucher et al. (2010) and

Frimmel et al. (2011), the closure of the ocean between the

Kalahari and Rio de la Plata Craton happened in two steps.

In uppermost Cryogenian/lowermost Ediacaran, a terrane

called Arachania rifted off the Rio de la Plata Craton

towards the SE (present-day coordinates). With the SE drift

of this terrane, the Adamastor Ocean between Arachania

and the Kalahari Craton closed and a new ocean, the

Brazilides Ocean, evolved between the Arachania terrane

and the Rio de la Plata Craton in the uppermost Cryoge-

nian/lowermost Ediacaran (650–600 Ma). After the colli-

sion of Arachania with the Kalahari Craton at ca. 550 Ma

(Blanco et al. 2011), the Rio de la Plata (and Amazonia)

Craton changed its direction and started to move towards

the SE (present-day coordinates) to close the Brazilides

Ocean and collide with the Arachania ? Kalahari Craton

at ca. 530 Ma to end in the Gondwana configuration.

In this paper, we present two Palaeoproterozoic basement

and eight Neoproterozoic sedimentary samples, all belong-

ing to the Gariep Belt of the Kalahari Craton in southern

Namibia. The Gariep Belt or Gariep Supergroup represents a

‘‘Pan-African’’ (Upper Neoproterozoic to Lower Palaeozo-

ic) mobile belt that consists of two distinct tectonostrati-

graphic units: the Marmora Terrane, an allochthonous unit

without basement but with oceanic crust in the West, and the

rift-related Port Nolloth Zone, a par-autochthonous volcano-

sedimentary succession resting on the Namaqua Belt base-

ment in the East (Frimmel et al. 2011; Jacobs et al. 2008;

Fig. 2). Both units are separated by the Schakalsberge Thrust

(Fig. 2). The basement of the area contains rocks of the Vi-

oolsdrif Suite (1.7–1.9 Ga) and the Orange River Group

(2.0 Ga) (Frimmel et al. 2011). In addition to this, there are

high-grade gneisses and felsic intrusions of the Namaqua

Province (Fig. 2), containing high-grade metamorphosed,

e.g. arc-related ca. 1.15 Ga granitoids (Bushmanland Ter-

rane, South Africa) and supra-crustal units. Metamorphism

of these units and intrusion of granites occurred around

1.08–1.03 Ga (Frimmel et al. 2011).

Younger, rift-related ages are known for example from

the granitoids of the Richtersveld Suite, which document a

first evidence of crustal thinning ahead of Rodinia break-

up, and show three pulses of magmatism at 837 ± 2,

801 ± 8 and 771 ± 6 Ma (Frimmel et al. 2011). This

range of mainly felsic intrusions is arranged in a ‘‘line,’’

starting at Richtersveld in South Africa and going on

towards the north-east to southern Namibia. There they

intruded the low-grade metamorphosed granitoids of the

1.7–1.9 Ga old Vioolsdrif Granite Suite (Fig. 2) and

metavolcanic rocks of the 2.0 Ga old Orange River Group

(Frimmel 2008). As the youngest of the three magmatic

pulses of the Richtersveld Suite (771 ± 6 Ma) directly

underlies the oldest sedimentary rocks of the Gariep

Supergroup, this age marks a maximum age for the

beginning sedimentation within the Gariep Basin in the

Neoproterozoic. The ongoing break-up of Rodinia leads to

syn-rift magmatism that is represented by the predomi-

nantly felsic volcanic rocks of the Rosh Pinah Fm that is

present close to the area of investigation north of the city of

Rosh Pinah. Due to thrusting and isolation, the strati-

graphic position of this formation is not always clear. It

underlies the Lower diamictite horizon. With an U–Pb

single zircon age of 741 ± 6 Ma for the Rosh Pinah Fm

(Frimmel 2008), it gives an even more accurate maximum

sedimentation age for the starting sedimentation within the

Gariep Basin. All the rift-related igneous rocks show a

within-plate geochemistry with absent flood basalts, which

is typical for a non-volcanic margin (Jacobs et al. 2008 and

references therein). The syn-rift magmatism is followed by

a syn-drift magmatism, represented by mafic units within

the Marmora Terrane with an emplacement age around

600–650 Ma (Frimmel 2008), suggesting this timing for a

beginning Gondwana amalgamation (Pan-Africa).

The study area presented in this paper comprises the

Namuskluft and Dreigratberg, and is located at the very

south of Namibia close to the city of Rosh Pinah (Figs. 1,

2). In this region, two Neoproterozoic diamictite layers

(tillites) are known. There is some confusion in the liter-

ature concerning the correlation with a formation what

leads to confusion about the ages of the two diamictite

layers, too. For example, Frimmel et al. (2011) associate

the Lower diamictite with the ‘‘Kaigas Formation’’ and the

upper one with the ‘‘Numees Formation.’’ But to name the

lower one ‘‘Kaigas’’ may lead to misinterpretations about

the age of the diamictite: as it is covered by a black

limestone, a Sturtian age of glaciation (Hoffmann et al.

2006) would be more reasonable (‘‘Sturtian glaciation:’’

starting at ca. 716 Ma and lasting 5 Ma minimum

according to McDonald et al. 2010a; term originally

derived from glacial deposits of the Strut River Gorge in
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South Australia). In addition, the Upper ‘‘Numees’’ tillite is

either seen as Marinoan (‘‘Marinoan glaciation:’’ ca.

635–630 Ma; term after Mawson and Sprigg (1950) orig-

inally for glacial sediments in South Australia) in age (e.g.

Hoffmann et al. 2006; Frimmel et al. 2011; McDonald

et al. 2010b) or as Gaskiers (e.g. Jacobs et al. 2008).

McDonald et al. (2010b) proposed new names: they

correlated the Lower diamictite with the ‘‘Numees For-

mation,’’ whereas they introduced the new name ‘‘Na-

muskluft Formation’’ for the upper one, which is

interpreted as belonging to the Marinoan ‘‘Snowball Earth’’

tillite. The sections in Fig. 2 give the new stratigraphic

names according to McDonald et al. (2010b). But to avoid

confusion in this paper, we refer to the two diamictite

horizons in the study area only as the ‘‘Lower’’ and the

‘‘Upper diamictite.’’ The ‘‘Lower diamictite’’ is the older

one and correlated with the Sturtian glaciation, whereas the

‘‘Upper diamictite’’ represents the younger Marinoan one.

The Namuskluft section

The Meso- to Neoproterozoic section of the Namuskluft in

southern Namibia east of Rosh Pinah is a part of the

eponymous camp ground ‘‘Namuskluft.’’ The section starts

at ca. 694 ± 4 m and ends at 1,195 ± 3 m (data source:

GPS measurements during field work). The base of the

Fig. 2 Geological situation, location and sections of the two areas of

interest (Namuskluft and Dreigratberg) in southern Namibia. Geo-

logical map extracted from the ‘‘Simplified Geological Map of

Namibia’’ (Geol. Survey of Namibia 1980). Section of the Dreigrat-

berg in the western part based on McMillan (1968) and own field

observations. The stratigraphic names are according to McDonald

et al. (2010b). Due to different classifications of the diamictite

horizons by different authors, we refer in this study only to the

‘‘Lower’’ and ‘‘Upper diamictite’’ to avoid confusion (given in bold

letters)

Int J Earth Sci (Geol Rundsch)

123



section is built up by granites, granodiorites and gneisses of

the Vioolsdrif Granite Suite, which are directly overlain by

an at least 11-m-thick unit of the Lower diamictite (Fig. 2).

After a ca 16-metre-thick unit of dark grey limestone, the

section goes on with about 45 m of intercalations of dark

limestone and sandstone, followed first by a ca. 25-m-thick

unit of thinly laminated and slightly calcareous sandstone,

and than by a very thick unit of about 249 m of massive,

medium-grained sandstone with turbiditic character on top

(Fig. 2). The upper part of the Wallekraal Fm consists here

of an intercalation of black shale and sandstones. After a

small gap of about one metre in altitude, the Upper dia-

mictite follows. The top of the sequence is represented by a

white limestone with a minimum thickness of 21 metres.

At the very base of this limestone, close to the contact to

the underlying Upper diamictite, there is a greenish layer of

about 10 cm in thickness of siliciclastic material. The rest

of the limestone unit is homogenous.

The units of the Namuskluft show a general dip towards

NE with values of 38/24, 45/35, 35/25 and 42/23 (dip

direction/dip angle).

The Dreigratberg section

The Dreigratberg lies south of the city of Rosh Pinah along

the street C13 from Rosh Pinah to Sendelingsdrif in the

south (Fig. 2). The area is very close to the Oranje River

with an altitude of ca. 100–130 ± 4 m.

The Neoproterozoic outcrops east and west of this

syncline show a section from the Lower to the Upper

diamictite. The Lower diamictite builds up the complete

western part of the Dreigratberg. At the eastern part of the

syncline, it crops out east of the street and is followed

towards the west by a dark grey limestone unit of about

7–8 m in thickness (Fig. 2). Further towards the west, these

limestones are replaced by dark grey thin laminated sand-

stones, intercalated with siltstones and some coarser-

grained layers of sandstones towards the top (west). After

this, it follows a ca. 30-m-thick unit of dark grey clay and

siltstone intercalations that are in part slightly calcareous

and show brown weathering colours. They are bordered

towards the west by a ca. 5-m-thick unit of massive dark

carbonates, which is again followed by the intercalations of

dark coarse-grained and fine-grained sandstone (ca. 14 m).

The now following thin layer can maybe be interpreted as

the Upper diamictite, although in the field it is only rep-

resented by ca 1.5 to maximum 20-m-thick siltstone layer

with few, scattered clasts (dropstones?). In part, it resem-

bles a carbonate breccia. It is replaced towards the west

(top of syncline, top of sequence) by a layer of grey silt-

stone, before the white- to light grey-coloured limestone

follows. The centre of the syncline is built up of white

carbonates, silt and sandstones (Fig. 2). The described

section can only be seen at the eastern flank of the Drei-

gratberg, as on its western flank only the Lower diamictite

crops out. This is due to overthrusting during the formation

of the Gariep Belt and the Port Nolloth Zone. The eastern

most part of the Lower diamictite at the western flank of

the Dreigratberg (Fig. 2) is special because of its high iron

content (Jakkalsberg Mbr). This is a local effect caused by

post-sedimentary Fe-mobilisation within the sediment.

The eastern units of the Dreigratberg show a general dip

towards the W and SW, e.g. 254/85 for the black limestone

on top of the Lower diamictite or 272/65 for the unit of

black carbonate (Fig. 2). On the western flank, the Lower

diamictite dips towards the NE with values of 70/79 and

92/70 (dip direction/dip angle).

Samples and methods

Samples

With the intention of getting a maximum sedimentation age

for the rocks and a base for a correlation of both sections

(Namuskluft and Dreigratberg), we analysed ten samples in

total regarding their U–Pb zircon ages, Th/U ratios and

eHf(t) values, and nine for their whole-rock geochemistry.

Two of these (Nam 66 ? 67) are representing the base-

ment, lying directly below the sedimentary rocks of the

Namuskluft. The other samples represent diamictite hori-

zons (Nam 63, 70, 74 113, 231 and 232), sandstone (Nam

116) and material of a conspicuous greenish layer at the

base of the upper white limestone in the Namuskluft. The

sample horizons are marked in Fig. 2. Coordinates are

given in Tables ESM 1 and ESM 2 (electronic supple-

mentary material).

Methods

Zircon concentrates were separated from 1- to 2-kg sample

material at the Senckenberg Naturhistorische Sammlungen

Dresden. After crushing the rocks in a jaw crusher, the

material was sieved for the fraction between 400 and

43 lm. The heavy mineral separation was realised by using

heavy liquid LST (sodium heteropolytungstates in water)

and a Frantz magnetic separator. Final selection of the

zircon grains for U–Pb dating was achieved by hand-

picking under a binocular microscope. Zircon grains of all

grain sizes and morphological types were selected, moun-

ted in resin blocks and polished to half their thickness. The

zircon grains were examined regarding their Cathodolu-

minescence signal using an EVO 50 Zeiss Scanning

Electron Microscope (Senckenberg Naturhistorische Sam-

mlungen Dresden) prior to U/Pb analyses. This helps to

distinguish different growth and maybe metamorphic zones
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within the single grains. For U/Pb analyses, the laser spots

were placed in zones with monophase growth patterns that

show no metamorphic overprint. Zircons were analysed for

U, Th and Pb isotopes by LA-SF ICP-MS techniques at the

Senckenberg Naturhistorische Sammlungen Dresden

(Museum für Mineralogie und Geologie, GeoPlasma Lab),

using a Thermo-Scientific Element 2 XR sector field ICP-

MS coupled to a New Wave UP-193 Excimer Laser Sys-

tem. A teardrop-shaped, low-volume laser cell (modified

version of the NERC Isotope Geosciences Laboratory in

the UK, see Bleiner and Günther 2001; Gerdes and Zeh

2006, 2009) constructed by Ben Jähne (Dresden) and Axel

Gerdes (Frankfurt/M.) was used to enable sequential sam-

pling of heterogeneous grains (e.g. growth zones) during

time-resolved data acquisition. Each analysis consisted of

approximately 15 s background acquisition followed by

20 s data acquisition, using a laser spot size of 20–25 lm,

respectively. A common Pb correction based on the inter-

ference- and background-corrected 204Pb signal and a

model Pb composition (Stacey and Kramers 1975) was

carried out if necessary. The necessity of the correction is

judged on whether the corrected 207Pb/206Pb lies outside of

the internal errors of the measured ratios. Discordant

analyses were generally interpreted with care. Raw data

were corrected for background signal, common Pb, laser-

induced elemental fractionation, instrumental mass dis-

crimination, and time-dependant elemental fractionation of

Pb/Th and Pb/U using an Excel� spreadsheet program

developed by Axel Gerdes (Gerdes and Zeh 2006; Frei and

Gerdes 2009). Reported uncertainties were propagated by

quadratic addition of the external reproducibility obtained

from the standard zircon GJ-1 (*0.6 % and 0.5–1 % for

the 207Pb/206Pb and 206Pb/238U, respectively) during indi-

vidual analytical sessions and the within-run precision of

each analysis. Concordia diagrams (2r error ellipses) and

Concordia ages (95 % confidence level) were produced

using Isoplot/Ex 2.49 (Ludwig 2001; Fig. 3). For ages

above 1.0 Ga, the Pb/Pb ratio provides a more reliable age.

Therefore, this ratio was used instead of the U/Pb ratio for

the following diagrams: combined ages diagram (Fig. 4),

Th/U vs Age diagram (Fig. 5) and eHf(t) versus age dia-

gram (Fig. 6). For further details on analytical protocol and

data processing, see Gerdes and Zeh (2006, 2009) and Frei

and Gerdes (2009).

Hafnium isotope measurements were taken with a

Thermo-Finnigan NEPTUNE multi-collector ICP-MS at

Goethe University Frankfurt (Frankfurt/Main) coupled to

RESOlution M50 193 nm ArF Excimer (Resonetics) laser

system following the method described in Gerdes and Zeh

(2006, 2009). Spots of 26–40 lm in diameter were drilled

with a repetition rate of 4.5–5.5 Hz and an energy density

of 6 J/cm2 during 50 s of data acquisition. The instru-

mental mass bias for Hf isotopes was corrected using an

exponential law and a 179Hf/177Hf value of 0.7325. In case

of Yb isotopes, the mass bias was corrected using the Hf

mass bias of the individual integration step multiplied by a

daily bHf/bYb offset factor (Gerdes and Zeh 2009). All

data were adjusted relative to the JMC475 of 176Hf/177Hf

ratio = 0.282160 and quoted uncertainties are quadratic

additions of the within-run precision of each analysis and

the reproducibility of the JMC475 (2SD = 0.0028 %,

n = 8). Accuracy and external reproducibility of the

method was verified by repeated analyses of reference

zircon GJ-1 and Plesovice, which yielded a 176Hf/177Hf of

0.282007 ± 0.000026 (2 SD, n = 42) and 0.0282469 ±

0.000023 (n = 20), respectively. This is in perfect agree-

ment with previously published results (e.g. Gerdes and

Zeh 2006; Slama et al. 2008) and with the LA-MC-ICPMS

long-term average of GJ-1 (0.282010 ± 0.000025;

n [ 800) and Plesovice (0.282483 ± 0.000025, n [ 300)

reference zircon at GUF.

The initial 176Hf/177Hf values are expressed as eHf(t),

which is calculated using a decay constant value of

1.867 9 10 - 11 year-1, CHUR after Bouvier et al.

(2008; 176Hf/177HfCHUR, today = 0.282785 and 176Lu/177Hf

CHUR today = 0.0336) and the apparent Pb–Pb ages obtained

for the respective domains (tables ESM 3 ? 4, electronic

supplementary material). For the calculation of Hf two-

stage model ages (TDM) in billion years, the measured
176Lu/177Lu of each spot (first stage = age of zircon), a

value of 0.0113 for the average continental crust, and a

juvenile crust 176Lu/177LuNC = 0.0384 and 176Hf/177Hf

NC = 0.283165 (average MORB; Chauvel et al. 2008) were

used.

The geochemical analyses of the rock samples had been

done by FUS-ICP and FUS-MS and where carried out by

Actlabs in Ancaster (Ontario, Canada). Results used for

Fig. 7 are shown in Table ESM 5 (electronic supplemen-

tary material).

Results

Besides the whole-rock geochemistry (Fig. 7, Table ESM

5), from all samples, zircon grains were analysed to obtain

their U–Pb age (Figs. 3, 4; Tables ESM 1 ? 2), the Th/U

ratio (Fig. 5; Tables ESM 1 ?2) and the Hf isotope com-

position (Fig. 6; Tables ESM 3 ? 4).

Both basement samples (Nam 66 and Nam 67) from the

Namuskluft section show a Discordia with an upper

intercept age that is in line with the Concordia age that was

calculated by 12 concordant analyses for Nam 66

(1,900 ± 10 Ma) and 19 concordant analyses for Nam 67

(1,901 ± 7 Ma) (see Fig. 3).

To avoid misinterpretations, only analyses with a degree

of concordance between 98 and 102 % were regarded as
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concordant and considered for interpretation. The U–Pb

zircon ages of the different sedimentary samples fall in a

very similar range (see Figs. 3, 4). Zircon with the Palae-

oproterozoic age of the directly underlying basement can

be found in all other eight sedimentary samples as detrital

component. In addition, also younger Mesoproterozoic

ages are present. Contrary to expectations, it was not

possible to find any younger Neoproterozoic grains to

Fig. 3 Concordia plots showing U–Pb zircon ages of all samples

from the Namuskluft and Dreigratberg sections, comprising two

basement samples (Nam 66 and 67) and eight overlying sedimentary

samples. The error ellipses are plotted at a 2-sigma level. All samples

show a similar age pattern. Neoproterozoic ages are absent. Due to the

high amount of discordant analyses, only those within 98–102 %

degree of concordance were regarded as concordant for this study.

Concordant Mesoproterozoic ages are plotted in green, whereas

Palaeoproterozoic ones are red. White ellipses point to analyses that

are not concordant within 98 and 102 % of concordance. The

basement samples of the Namuskluft show a Discordia. The upper

intercept age is confirmed by the Concordia age of both samples. For

all sedimentary samples, small bar diagrams showing the relative

amount of Meso- and Palaeoproterozoic concordant measurements of

each sample are given. Note the significant change from high amounts

of Palaeoproterozoic ages in the lower parts of the sequences to a

majority of Mesoproterozoic concordant ages towards the top. The

correlation between the Lower and Upper diamictites is based on

these zircon analyses and field observations. See Tables ESM 1 and

ESM 2 for U/Pb values, ratios and ages
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better constrain the maximum sedimentation age of the

sediments. In general, all samples are characterised by high

amounts of variably discordant analyses.

Figure 3 shows the Concordia plots for all samples (Na-

muskluft and Dreigratberg). Figure 4 shows a combined age

diagram, dealing only with the concordant ages of all sam-

ples, to show that there are in fact only two big age clusters in

every sample: one between 1.0 and 1.4 Ga, and a second at

1.7–2.0 Ga. The youngest concordant zircon yielded a

Concordia age of 954 ± 71 Ma (analysis B37, sample Nam

231, 102 % conc.), which overlaps within uncertainty with

the Neoproterozoic–Mesoproterozoic boundary. The oldest

Concordia age obtained is 2,066 ± 25 Ma (analysis A55,

sample Nam 231, 99 % conc.). Therefore, it is possible to say

that the Neoproterozoic sediments of the Namuskluft and the

Dreigratberg yield only Meso- to Palaeoproterozoic ages

(Figs. 3, 4).

The Th/U ratios show for nearly all analysed zircon

grains values below 1.0, which is in line with the crystal-

lization from a granitic (felsic) melt. Only some analyses

plot in the ‘‘transition zone’’ with Th/U ratios between 1.0

and 1.5 and very few (less than one per cent) show a Th/U

more common for mafic magmas (Fig. 5).

The eHf(t) values (Fig. 6) of zircon from the two

basement samples from the Namuskluft section (Nam 66

and Nam 67) are similar with values of -3 to -5.5 with

TDM ages between 2.4 and 2.7 Ga. This is in line with

recycling of Lower Palaeoproterozoic to Upper Neoarch-

ean crust. Only one measurement (Nam 67, A 34) shows a

very low eHf(t) of -22.2, resulting in a Palaeoarchean TDM

Fig. 4 Combined frequency

plot of all analyses concordat

within 98–102 % of this study

(bin with = 100 Ma) showing

that there are in fact only two

age provinces present in all

samples through the

Cryogenian: 1.0–1.4 and

1.7–2.0 Ga, representing the

basement of the Kalahari Craton

(e.g. Namaqua Belt and

Umkondo LIP, Vioolsdrif

Granite Suite and Orange River

Group)

Fig. 5 Th/U versus Pb/Pb

zircon age diagram of all

analyses with a degree of

concordance within 98–102 %,

showing that the zircons

representing the two main age

groups found in all samples

were derived mainly from felsic

melts (Th/U values below 1.50

and below 1.00 strict). The

diagram is based on the Th/U

ratios given in data tables ESM

1 and ESM 2
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age of 3.1 Ga. The same results show the Palaeoprotero-

zoic detrital grains in the sedimentary samples. Mesopro-

terozoic zircon yielded more variable eHf(t) of ?14.8 to

-24.7 with TDM ages between about 1.05 and 3.1 Ga,

suggesting recycling of heterogeneous crust of Mesoarch-

ean to Upper Mesoproterozoic age and likely some mixing

of the lithologies during crustal melting. A few positive

eHf(t)-values, e.g. ?14.8 (Nam 111, B36), ?8.7 (Nam 111,

B5) or ?4.5 (Nam 113, B34), point to some juvenile input

from the depleted mantle during Mesoproterozoic granite

generation. TDM for these juvenile zircon grains range from

1.05 to 1.6 Ga (Fig. 6; Tables ESM 3 ? 4).

Figure 7 a–f shows the results of the geochemical anal-

yses. According to the La–Th–Sc and Th–Sc–Zr/10 dis-

crimination diagrams after Bhatia and Crook (1986, Fig. 7a,

b), all samples point to a continental arc signature. Only

sample Nam 111, the ‘‘green layer’’ from the white lime-

stone at the top of the Namuskluft, shows a trend towards a

passive margin signature. All sedimentary samples plotted

in the binary discrimination diagram after Floyd et al.

(1989, Fig. 7c) show a typical felsic provenance, as it is also

proposed by the zircon Th/U ratios (Fig. 5). The two

basement samples from the Namuskluft section (Nam 66

and 67) fall in the granodiorite field of the total alkalis

versus silica (TAS) diagram of Cox et al. (1979) for plutonic

rocks (Fig. 7d). A comparison of the REE pattern of the

sedimentary and the basement samples (Fig. 7e, chondrite

normalised after Nakamura 1974) shows a similar general

trend. The data represent a typical signature of an evolved

crust, which is in line with a felsic provenance (Fig. 7c),

and a continental arc signature (Fig. 7a, b). Only sample

Nam 63 shows an enrichment of the heavy REEs (Ho, Er,

Tm, Yb and Lu) compared to the other samples (Fig. 7e).

All sediments show a negative Eu anomaly typical for a

crustal source. The anomaly is stronger for the sedimentary

samples than for the basement rocks.

Figure 7f gives the percentage of major elements in all

analysed samples. It turned out that there is a significant

difference between the sediments of the Namuskluft and

the Dreigratberg. All sedimentary samples of the Na-

muskluft show high CaO values (ca. 20–25 %), whereas in

all other samples the CaO content varies only between 1

and 3 %, approximately (see Table ESM 5). Due to the

high CaO amount, the LOI is also increased for the Na-

muskluft sediments. This results in a decrease in the rela-

tive SiO2 content down to 35–45 %. The diagrams of

Bhatia and Crook (1986) and Floyd et al. (1989) are made

for siliciclastic rocks. As the REE are mainly bound to the

Fig. 6 eHf(t) versus Pb/Pb age

diagram of selected single

zircon grains representing

concordant U/Pb–Pb/Pb ages of

the two distinguished age

groups in the Meso- and the

Palaeoproterozoic. The two

basement samples Nam 66 and

67 of the Namuskluft section are

displayed separately and show

the reworking of a lowermost

Palaeoproterozoic to uppermost

Neoarchean crust (model ages

ranging from ca. 2.4 to 2.7 Ga).

This crust later was again

recycled during the

Mesoproterozoic magmatic

events and got mixed with a

juvenile input given by only few

Mesoproterozoic analyses with

positive eHf values. The data

tables of Lu/Hf analyses are part

of the electronic supplementary

material (tables ESM 3 ? 4)

Fig. 7 Plots of geochemical data for samples form the Namuskluft

and Dreigratberg sections. a, b La–Th–Sc and Th–Sc–Zr/10 discrim-

ination diagrams after Bhatia and Crook (1986) showing that all

analysed samples point to a continental arc signature. c TiO2 versus

Ni binary discrimination diagram after Floyd et al. (1989) pointing to

a felsic provenance for all samples. d TAS diagram for plutonic rocks

after Cox et al. (1979) demonstrating that both basement samples plot

in the field of Granodiorite. e Chondrite-normalised REE patterns

(after Nakamura 1974) of sedimentary rocks and basement rocks in

comparison. All show the erosion of a typical continental crust.

Increased values for Ho, Er, Tm, Yb and Lu for sample Nam 63 are

interpreted as nugget effect. f Bar diagram showing the percentages

of major elements for all analysed samples. In contrast to the

basement samples and the Dreigratberg section, all Namuskluft

sediments show very high CaO values. The data for these diagrams

are given in table ESM 5

c
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silt and clay fractions of the rock samples (McLennan

1989), the carbonate fraction of the Namuskluft sediments

has no significant influence in the REE content of the

samples. A study of Indian limestones by Armstrong-Altrin

and Verma (2003) also showed the low REE contents in

limestones with PAAS-normalised REE amounts well

below 1, and that the La, Sc and Th values and ratios in

limestones represent the siliciclastic component of the

samples only. Therefore, all samples from the Namuskluft

and Dreigratberg presented in this study are comparable

using the diagrams of Bhatia and Crook (1986) and Floyd

et al. (1989).

The lowermost part of Lower diamictite at the western

flank of Dreigratberg is represented by an iron-rich

variety (Jakkalsberg Member). The high amount of more

than 25 % Fe2O3 is clearly shown in Fig. 7f and in Table

ESM 5.

Discussion and interpretation

Samples and sediment source area

The sections at the Namuskluft and Dreigratberg (Fig. 2)

both contain the Lower diamictite, covered by a dark grey

to black limestone and an Upper diamictite covered with a

white to slightly greyish limestone. Both diamictite hori-

zons are interpreted to be glaciogenic (e.g. Martin 1965;

McMillan 1968). The lower one points to a Sturtian age,

whereas the Upper one is Marinoan (e.g. McDonald et al.

2010b and this study). The interglacial units between the

two diamictites vary in composition and thickness. A very

interesting greenish ‘‘band’’ of ca. 10 cm thickness, found

close to the base of the white cap limestone above the

Upper diamictite in the Namuskluft, showed the same

detrital zircon U–Pb ages as all the other underlying sedi-

ments (Nam 111, Fig. 3). Therefore, this green layer is

interpreted as an Aeolianite, consisting of the same

reworked material as the underlying units. A direct dating

using a maximum sedimentation age and a correlation of

both sections using the detrital U–Pb zircon ages, as was

the original intention of this work, turned out to be not that

easy. The lack of zircon ages younger than ca. 1.0 Ga

prevents a useful maximum sedimentation age of the pre-

sented Cryogenian deposits. A correlation and comparison

can only be based on the two different diamictite horizons.

The relative change from a majority of concordant Palae-

oproterozoic zircon ages and a minority of concordant

Mesoproterozoic ages in the lower part of both sections to a

majority of concordant Mesoproterozoic ages and a

minority of concordant Palaeoproterozoic ages towards the

upper parts of both sections now appears to be a very useful

base for a possible correlation (Fig. 3).

The U–Pb ages for the basement samples (Nam 66 and

67) of the Namuskluft section show Concordia ages of

1,900 ± 10 Ma (Nam 66) and 1,901 ± 7 Ma (Nam 67). In

both samples, this Concordia age is confirmed by the upper

intercept age of a Discordia that was possible to construct

using the concordant and all discordant analyses (see

Fig. 3; Table ESM 1). Therefore, we interpret the Con-

cordia ages of these two samples as the age of intrusion. As

their Concordia ages are very similar and due to the fact

that they overlap within error, we can assume that both

basement samples represent the same Upper Orosirian ca.

1.9 Ga magmatic event. The Discordia intercepts the

Concordia at around 0 Ma (Lower Intercept), allowing the

interpretation of recent lead loss that is most probably due

to the techniques of sample preparation. Figure 3 shows no

reconstruction of Discordias for the sedimentary samples,

but a look at the diagrams allows the assumption that most

of the discordant analyses show periodical lead loss and

will lie along a line (Discordia) that will point to the Meso-

or Palaeoproterozoic ages already constrained by concor-

dant analyses in each sample.

The U–Pb ages obtained from the detrital zircon grains

show no evidence of magmatic activity during the Neo-

proterozoic and throughout Cryogenian deposition of the

analysed sediments. We did not find any zircon younger

than circa 1.0 Ga. Therefore, we assume that there was

only reworking of old material from the base to the top of

the sections. We found the same zircon age patterns in all

our sedimentary samples (Figs. 3, 4). The only visible

‘‘trend’’ seems to be the apparent increase in Mesoprote-

rozoic ages towards the top of the sections and the asso-

ciated decrease in the amount of Palaeoproterozoic ages

(illustrated by the bar diagrams in Fig. 3). From this point

of view, it became apparent that samples Nam 113 and

Nam 70, both representing the Upper diamictite in the

Namuskluft and the Dreigratberg section, respectively,

show a strong similarity. Both show a strongly increased

relative amount of Mesoproterozoic concordant ages (73 %

for Nam 113, 89 % for Nam 70). This distinguishes these

two Upper diamictites very clearly from the samples rep-

resenting the Lower diamictites (Fig. 3), where the relative

amount of concordant Mesoproterozoic ages ranges from

10 % (Nam 63) to maximum 59 % (Nam 231), but never

more than 70 % as for the Upper diamictites.

As Neoproterozoic magmatic activity is well known for

this region (e.g. Richtersveld Suite, Rosh Pinah Fm.,

Marmora Terrane; Frimmel 2008; Frimmel et al. 2011), it

is remarkable that we found no zircons representing these

ages in our samples. The Mesoproterozoic ages (ca.

1.0–1.4 Ga) are interpreted to be derived from the Nam-

aqua Province/Namaqua Belt, which builds up big parts of

the basement in the western und southern part of the Kal-

ahari Craton (Fig. 1). The Palaeoproterozoic ages
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(1.7–2.0 Ga) fit perfectly with the ages known from the

Vioolsdrif Granite Suite and the Orange River Group

(Frimmel 2008; Frimmel et al. 2011), which also represents

a part of the basement of the Kalahari Craton. There is no

magmatic activity in the source area of the sediments

between 1.3 and 1.7 Ga.

The majority of the eHf(t)-values of the samples are

negative and (Fig. 6) point to mixing and reworking of

older, mainly Palaeoproterozoic crust. Only very few

analyses of the Mesoproterozoic zircons show a nearly

juvenile signature. The basement of the Namuskluft

(Vioolsdrif Granite Suite, samples Nam 66 and 67, Fig. 6)

reworked a Lower Palaeoproterozoic to Upper Neoarchean

crust and shows no juvenile input. Those Mesoproterozoic

zircon grains pointing to a reworked Upper to Middle

Palaeoproterozoic crust must be influenced by mixing, as

there is some juvenile input in the Mesoproterozoic

(Fig. 6). If the Mesoproterozoic magmatic event would

have only reworked and recycled the already existent

Palaeoproterozoic crust (U–Pb), then the model age based

on the Lu–Hf isotope data would point to Lower Palaeo-

proterozoic to Upper Neoarchean, as it is for the basement

Fig. 8 Palaeogeography of the

Kalahari Craton from the

Rodinia dispersal to the

Gondwana formation (size of

cratons is not to scale).

Cryogenian rift events were due

to Rodinia break-off. Which

craton rifted away from

Kalahari is still strongly

discussed throughout the

literature. For example,

Pisarevski et al. (2003) and

Evans (2009) assume a

juxtaposition of Kalahari and

Australia/Mawsonland. Other

authors (Li et al. 2008; Frimmel

et al. 2011 and others) prefer a

closer relation to the Rio de la

Plata Craton. The approximate

location of a sedimentary basin

on the SW part of the Kalahari

Craton is indicated (size is not

to scale!). The sketches on the

right side show the basin

development from an intra-

cratonic sag basin to a cratonic

rift basin during the Lower to

Middle Cryogenian. Due to the

results presented in this study, a

permanent sediment transport

direction from the E/SE during

the Cryogenian is proposed,

providing detrital material

directly from the Kalahari

Craton itself. According to

Blanco et al. (2011), this

sediment supply direction

changed to N/NW during the

Ediacaran to Cambrian

Int J Earth Sci (Geol Rundsch)

123



samples. But as this is not the case, there must be mixing

between old Palaeoproterozoic crust with Palaeoproter-

ozoic/Neoarchean Hf signatures and Upper Mesoprotero-

zoic juvenile magma formed during the Namaqua Natal

Orogeny (formation of the Namaqua Belt). This is in line

with the formation of the supercontinent Rodinia at that

time, what is accompanied with worldwide magmatic

events due to subduction and collision of crust fragments

(e.g. Pisarevski et al. 2003; Li et al. 2008; Evans 2009).

Some of these magmas derived from a depleted mantle

source and are characterised by positive (juvenile)

eHf(t) signatures, which have been stored in zircon crys-

tallised from them.

As shown in the La–Th–Sc and Th–Sc–Zr/10 discrimi-

nation diagrams (Fig. 7a, b), nearly all samples plot into or

very close to the field of continental arc-related sedimen-

tary rocks. We interpret this geochemical signature as

inherited from the source area of the sedimentary rocks and

not as a reflection of the local rift zone itself.

The local environment was characterised by a Cryoge-

nian rifting, which is not reflected in our data set (Figs. 3,

4), as we do not see any rift-related zircon grains of that

age in the presented samples. If the source area would have

been local, these rift-related zircons could have been found

most probably within the analysed sediments.

All of these analyses allow the assumption that the

sedimentary source area was not local.

We assume the Namaqua Belt and related rocks were

one of the main source areas, which would also explain the

inherited continental arc signature for all our analysed

rocks, because the Namaqua Belt evolved as a continental

during the Rodinia assembly. There had been different

stages of volcanic arc formations and continental collisions

ranging from 1.05 to 1.4 Ga, including the Kibaran

(1.37 Ga), Early Namaqua (1.19–1.17 Ga) and the Late

Namaqua (1.06–1.03 Ga) Orogenies (Frimmel and Miller

2010). The fact that the Namaqua Belt is providing a major

sedimentary input for the studied rocks can be seen in the

U–Pb ages of all analysed zircon grains (Figs. 3, 4)

showing all of these ages in an abundant peak in the Upper

Mesoproterozoic.

The continental arc signature is in line with the felsic

provenance of the sediments given by the TiO2–Ni ratios

(Fig. 7c) and the Th/U ratios of the zircon grains (Fig. 5).

The chondrite-normalised REE patterns (Nakamura

1974) in diagram 7e show the expected signature of an

eroded evolved crust with a distinct negative Eu anomaly

for the sediments. Because of the classification of samples

Nam 66 and 67 (basement Namuskluft) as granodiorite

according to Cox et al. (1979, Fig. 7d), the less strong

negative Eu anomaly is in line with the higher amount of

plagioclase in granodiorites compared with granites, which

results in a higher Eu content for the rock in general. The

increasing values for sample Nam 63 towards the heavy

REEs are interpreted as a nugget effect.

The percentage of major elements (Fig. 7f) shows a high

amount of CaO for all sedimentary rocks from the Na-

muskluft. This is a main difference compared to the Na-

muskluft basement and the samples from the Dreigratberg.

The Namaqua Belt, in this study represented by samples

Nam 66 and 67 taken at the base of the Namuskluft section,

can be excluded as CaO source (see Fig. 7f). Therefore, we

assume a carbonate source area proximal to the Namusk-

luft, providing detrital CaO for the Namuskluft section.

The geochemical results allow the following interpre-

tation: there was erosion of a continental arc and related

sedimentary rocks (Fig. 7a, b) with an overall felsic

provenance (Figs. 5, 7c). The source area was a deeply

eroded and incised magmatic arc that evolved on conti-

nental crust, without any evidence for a passive margin

(Fig. 7e). All of this can be explained by the erosion of

rocks related to the Namaqua Belt, which represents one of

the two major peaks of zircon U–Pb ages in all analysed

samples (Figs. 3, 4), which also confirms this interpreta-

tion. Therefore, the Namaqua Belt was well exposed during

the Cryogenian, available to erosion and one potential

source area for the sedimentary rocks in the investigated

areas.

Basin development

The youngest age for a basement rock underlying the

Neoproterozoic sediments in southern Namibia around

Rosh Pinah is a U–Pb age of 741 ± 6 Ma for a single

zircon grain from the Rosh Pinah Fm published by Frim-

mel (2008). This marks the maximum sedimentation age

for the overlying sedimentary successions. Basin develop-

ment associated with subsidence to give room to such thick

sedimentary successions as there are around Rosh Pinah

(Fig. 2) started therefore at ca. 740 Ma earliest. This is in

line with Gaucher et al. (2010) that propose the start of

rifting events at the SW Kalahri Craton at ca. 750 Ma. Seen

from a global point of view, this marks the time of Rodinia

break-up and the drift-off of Kalahari from (1) Australia/

Mawsonland according to Pisarevski et al. (2003), Evans

(2009) and others, or (2) from the Rio de la Plata Craton

according to Li et al. (2008), Frimmel et al. (2011) and

others. It is still under discussion what actually rifted away

but these events opened the Adamastor Ocean (Fig. 8).

The basin development at the SW Kalahari Craton

probably started as a pre-rift intra-cratonic sag basin

(Fig. 8). This basin widened due to the ongoing rifting

events during the Rodinia break-up and changed to a

continental rift basin during the Lower Cryogenian. These

rifting processes were probably associated with thinning of

the lithosphere. The associated rift-related magmatic units
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are the today’s Richtersveld Suite, whose genesis is

explained by crustal thinning prior to continental break-up

between 831 and 771 Ma (Frimmel and Miller 2010). The

subsidence starts with the sedimentation of the Lower

diamictite, that is, sedimentation age could not be dated

using U–Pb zircon ages (Fig. 3), but must be younger than

741 Ma (= youngest grain underlying Rosh Pinah Fm.).

Therefore, a Sturtian age for the Lower diamictite is more

reasonable than a Kaigas age according to Frimmel (2008)

and others. A Sturtian age is also favoured by McDonald

et al. (2010b). Before the Lower Cryogenian sedimentation

started, there must have been a deep erosion of the surface

down to the Palaeoproterozoic basement, as in the Na-

muskluft section the Lower diamictite (sample Nam 63)

lies directly on top of the Vioolsdrif granites and gneisses

(samples Nam 66 and 67). This erosion can be due to ice

rafting, regarding that the Lower diamictite is interpreted to

be glaciogenic (e.g. Martin 1965; McMillan 1968).

The interglacial period on top of the Lower diamictite in

the Namuskluft section is mainly characterised by thick

turbidite layers made of sandstone, or the more fine-grained

variation of turbiditic limestones and shale at the Drei-

gratberg outcrop. There must have been a big subsidence in

the Middle to Upper Cryogenian to realise the sedimenta-

tion of such badly sorted turbidites. This subsidence can

either be the result of tectonic activity, or due to a sea level

drop in view of the now approaching Marinoan glaciation,

or a combination of both, of course. The variation in grain

sizes of the turbiditic layers between the diamictites can be

seen as a difference in the distance from the source area.

Therefore, the Namuskluft section would represent a more

proximal facies than the Dreigratberg.

If the Dreigratberg section is seen as a distal equivalent

of the Namuskluft section, then the lack of CaO for the

Dreigratberg sediments (Fig. 7f) could be explained by

hydraulic (sedimentary) sorting.

Summary

The sedimentary sequence proposes the presence of a basin

and an increasing subsidence at the south-western part of

the Kalahari Craton during the Cryogenian. As this is the

time of the Rodinia break-up, rift events and the develop-

ment of basins are reasonable. Our data show that a foreign

craton as sedimentary source area is unlikely, because all

the presented ages can also be found at the Kalahari Craton

itself. This also means that the presented results do not help

to unravel the palaeo-reconstructions and possible rela-

tionships between Kalahari, Rio de la Plata and Australia/

Mawsonland. On the other hand, a completely local source

does not fit the data set, too, as we found not a single

Cryogenian rift-related zircon in our samples. Therefore,

the sedimentary source can only be the heart of the Kalahari

Craton itself. This would result in a sedimentary transport

direction from E or SE for the biggest part of the Cryoge-

nian sedimentary history. This is in line with the palaeo-

current direction of small channels within the underlying

Pickelhaube Fm (Fig. 2) from the SE as proposed by

Frimmel (2008). A main sediment direction from the E to

SE would also concur with the interpretation that the Dre-

igratberg section represents a more distal facies than the

Namuskluft section. Due to subsidence and ongoing sedi-

mentation from E/SE directions, the rift-related magmatic

rocks were ‘‘drown’’ or simply covered by the immense

input of old intra-cratonic material, which would explain

the absence of Neoproterozoic ages in our samples. During

the Cryogenian, there were high sedimentation rates due to

a strong subsidence. According to Blanco et al. (2011), the

sediment transport direction changed to N/NW during the

Ediacaran and Cambrian (Fig. 8).
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