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ABSTRACT

The transition from supercontinent Rodinia to Gondwana took place in the Neoproterozoic. The western
margin of the Kalahari Craton in southern Namibia underwent rifting at c. 750 Ma, caused by the break-up
of Rodinia, followed by drift-events and ongoing sedimentation throughout the Cryogenian (at least from
750 to 630 Ma) in Namibia. These sediments comprise at least three different deposits of glacio-marine
diamictites (Kaigas at c. 750-720 Ma, Sturtian at c¢. 716 Ma and Marinoan at c. 635 Ma). The Ediacaran is
characterised by collision during the assembly of Gondwana and includes a fourth glacial deposit (post-
Gaskiers Vingerbreek glaciation at c. 547 Ma). This study presents more than 1050 single zircon grain
U-Pb analyses of different diamictite horizons from southern Namibia and discusses their correlation.
For all samples from sediments related to the Kaigas, Sturtian and Marinoan glacial events, the youngest
obtained zircon ages were at c¢. 1.0 Ga, making differentiation by the maximum age of sedimentation
impossible. But a correlation was still possible by using the complete detrital zircon U-Pb age patterns,
with a significant change in the relative abundance of concordant Mesoproterozoic to Paleoproterozoic
zircons. This P/M ratio seems to be a good tool to distinguish the Cryogenian diamictites (Marinoan:
P/M<0.4, Sturtian: 0.4<P/M<10, Kaigas: P/M>10). Although all the observed ages from the detrital
zircons can be explained by derivation of local material, none of our samples correspond to the Cryogenian
rifting events in southern Namibia. Therefore the source area cannot be local and more probably is located
in the east of the studied areas. The constancy of the main U-Pb ages suggests a constant sediment supply
direction throughout the Cryogenian. The same age populations occurring in the Ediacaran Aar Member
indicate the same sediment transport direction from the east, but with an increased proportion of zircon
grains older than 2.2 Ga. This marks a transition to the unconformably overlying Vingerbreek (post-
Gaskiers) diamictite horizons, which show a significant change in the age spectra. Probably due to mixed
input from the east (Kalahari Craton) and from the west (Gariep Belt), the Vingerbreek diamictites show a
wider range of zircon ages with youngest ages at c. 590 Ma. This time is characterised by collision events
and the Gondwana formation. The Hf isotope record shows that the only input of juvenile material in our
samples occurred in the Mesoproterozoic during the Namaqua Natal Orogeny (formation of the Namaqua
Belt). In total, four Archaean to Proterozoic crustal growth events are recognised in the western part of the
Kalahari Craton: (1) Meso- to Paleoarchean (c. 3.42-2.8 Ga), (2) lower Paleoproterozoic to Neoarchaean (c.
2.8-2.27 Ga), (3) lower to upper Paleoproterozoic (c. 2.27-1.7 Ga) and (3) Mesoproterozoic (c. 1.6-1.0 Ga).
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1. Introduction

The middle to upper Neoproterozoic is characterised by the
break-up of the supercontinent Rodinia and the assembly of Gond-
wana. This period includes various assumed occurrences of global
or near-global glaciations. Of them, the Marinoan Snowball-Earth
glaciation at c. 635-630Ma is the most important and best con-
strained one (term after Mawson and Sprigg, 1950; originally
for glacial sediments in South Australia; exact age for Namibia
635.5+ 1.2 Ma according to Hoffmann et al., 2004). A second and
older glaciation between c. 720 and 660 Ma (Shields-Zhou et al.,
2012) is known as the Sturtian glacial event. An exact age was
defined in Canada at c. 716.5Ma according to McDonald et al.
(2010a) while the term was originally derived from glacial deposits
of the Sturt River Gorge in South Australia.

In addition to them, there is evidence for at least three more
glacial events with unknown but possibly global extent: (i) The
Kaigas glaciation at c. 750-720 Ma with an indirect age older than
74146 Ma from Namibia according to Frimmel et al. (1996), (ii)
the Gaskiers glaciation at c. 580-582 Ma (exact age of 5804+ 1Ma
has been reported by Bowring et al. (2003) from Newfoundland)
which is not known in southern Namibia, and (iii) the post-Gaskiers
Vingerbreek glaciation at c. 547 Ma (Germs and Gaucher, 2012).
Southern Namibia comprises at least four glacial deposits, although
correlations were difficult due to changing stratigraphic columns
and formation names.

Present day Namibia contains parts of the Kalahari Craton (S)
and the Congo Craton (N). The first one comprises two units of
Archaean crust: the Zimbabwe Craton (N) and the Kaapvaal Craton
(S) with the Archaean to Paleoproterozoic Limpopo Belt in between
(Fig. 1). This belt is interpreted as an exotic crustal block that
probably got caught between the Zimbabwe and Kaapvaal Cratons
during a 2.7-2.6 Ga collision (Begg et al., 2009). Both of the latter

mentioned Archaean to Paleoproterozoic cores grew mainly along
their NW margins (present day coordinates) in the Paleoprotero-
zoic. This Mesoproterozoic “Proto-Kalahari Craton” (marked by the
red dashed line in Fig. 1) was influenced by intense tectonic activ-
ity along all margins forming the Kalahari Craton as in its present
extent(Jacobsetal.,2008). The southern and eastern margins of this
craton are more or less equal to the Namaqua-Natal Belt. This major
continuous belt of mainly high-grade rocks is a continental arc
that evolved during accretion prior to continent-continent collision
at c. 1.2-1.0Ga and is associated with the formation of super-
continent Rodinia. According to Evans (2009), Jacobs et al. (2008)
and others the Namaqua-Natal Belt comprises the remnants of a
collision orogen evolved from the Kalahari-Australia/Mawsonland
continent-continent collision. Simultaneously to this collision the
Kalahari Craton was influenced by intra-plate magmatism, repre-
sented by the ca 1.11 Ga Umkondo-Borg Large Igneous Province
(Jacobs et al., 2008).

In general, the Kalahari Craton is surrounded by a series of Neo-
proterozoic to Early Paleozoic (650-450 Ma) orogenic mobile belts
(“Pan-African” in the broadest sense), such as Zambezi, Saldania,
Gariep and Damara Belts (Fig. 1), which 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 at least two supercontinental cycles that
resulted in the formation and dispersion of Rodinia and Gondwana.
According to Jacobs et al. (2008) parts of the Kalahari Craton are
also exposed in East- and West-Antarctica, in the Falkland Islands
and possibly in South America, with all of them reflecting collision
events with adjacent cratons.

As a supercontinent formation is not a stable construct, first rift-
related structures in the western Kalahari Craton occurred already
in the early Cryogenian at 800-750Ma (Gaucher et al.,, 2010),

Fig. 1. Constitution of the Kalahari Craton and surrounding areas in southern Africa (from Hofmann et al., 2013; simplified after Jacobs et al., 2008). The Archaean to
Paleoproterozoic core of the craton is completely surrounded by upper Neoproterozoic to lower Paleoproterozoic mobile belts, such as the Damara, Gariep and Saldania Belt.
The Namaqua Belt is a result of the assembly of Rodinia supercontinent. Younger mobile belts are related to the assembly of Gondwana. Ages based on Jacobs et al. (2008)

and Trompette (1994).
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Fig. 2. Paleogeography of the Kalahari craton in the Neoproterozoic from Rodinia
dispersal to Gondwana assembly (sketches slightly modified after Hofmann et al.
(2013)). The size of cratons is not to scale. Cryogenian rift events are due to Rodinia
break-up. Juxtaposition of Kalahari with Australia/Mawsonland, Rio de la Plata or
another craton is still under discussion in the literature and therefore differs from
author to author (e.g. Pisarevsky et al. (2003), Evans (2009), Li et al. (2008), Frimmel
et al. (2011)). Location of the study area in southern Namibia is given as white

indicating the initial break-up of Rodinia. Gaucher et al. (2010)
termed this the “early Cryogenian rifting”, which was followed
by a second rifting event in the early Ediacaran at 630-600 Ma.
Such Rodinia break-up structures are best preserved along the W,
SW and NW margins of the Kalahari Craton, where there are rift
sediments and volcanic rocks at 800-750 Ma (represented e.g. by
the Rosh Pinah Fm in southern Namibia). According to Jacobs et al.
(2008) the Kalahari Craton drifted away from Rodinia at c. 700 Ma.

Deposition of Cryogenian and Ediacaran tillites has been accom-
panied by rifting events that represent the initial Rodinia break-up.
These events are interpreted to indicate the first drift-off of the
Kalahari Craton from Australia/Mawsonland (according to Evans,
2009, Pisarevsky et al., 2003, and others) or the rifting between the
Rio de la Plata Craton and the Kalahari Craton, as it is the favoured
model by Frimmel etal.(2011)and Gaucheretal.(2010). For further
discussion of this issue see also Hofmann et al. (2013). Cryoge-
nian rifting events resulted in the opening of the Adamastor Ocean
along the western margin of the Kalahari Craton. With respect to
Gaucher et al. (2010) rift-related magmatism along the Kalahari
Craton started already at about 830 Ma and lasted until c. 740 Ma.
The closure of the Adamastor Ocean in Neoproterozoic times was
aresult of the approaching Kalahari and Rio de la Plata Cratons and
therefore was part of the Gondwana formation (Fig. 2).

The basement of the area close to the Gariep Belt in southern
Namibia (see Figs. 1 and 3) contains intrusive rocks of the Viools-
drif Suite dated at 1.9-1.7 Ga and the 2.0 Ga old Orange River Group
(Frimmel et al., 2011). The first one includes the Namuskluft sec-
tion’s basement located near the camp ground Namuskluft east
of Rosh Pinah in southern Namibia. These rocks are dated at c.
1.9 Gaaccording to Hofmann et al. (2013). In addition to this, south-
ern Namibia is characterised by high grade gneisses and felsic
intrusions of the Namaqua Province (Fig. 3), containing e.g. arc-
related c. 1.15 Ga granitoids (Bushmanland Terrane, South Africa)
and supra-crustal units. Metamorphism of these units and intru-
sion of granites occurred between 1.08 and 1.03 Ga (Frimmel et al.,
2011).

Younger, rift-related ages are known from the granitoids of
the Richtersveld Suite, that document a first evidence of crustal
thinning before the Rodinia break-up, and show three pulses of
magmatism at 837 +2Ma, 801+8Ma and 771+ 6Ma (Frimmel
et al, 2011). This range of mainly felsic intrusions is arranged
in a “line”, starting at Richtersveld in South Africa and continu-
ing towards NE direction to southern Namibia. They intruded the
low-grade metamorphosed granitoids of the 1.9-1.7 Ga old Viools-
drif Granite Suite and metavolcanic rocks of the 2.0 Ga old Orange
River Group (Frimmel, 2008). The youngest intrusions linked to
the three magmatic pulses of the Richtersveld Suite (771 £ 6 Ma)
directly underlie the oldest sedimentary rocks of the Gariep Super-
group. Therefore, they determine the maximum age for beginning
of Neoproterozoic sedimentation within the Gariep Basin. Ongoing
break-up of Rodinia led to syn-rift magmatism that is exemplarily
represented by the predominantly felsic volcanic rocks of the Rosh
Pinah Fm, cropping out north of the town of Rosh Pinah. Due to
thrusting and isolation, the stratigraphic position of this forma-
tion is not always clear, but it underlies the Sturtian diamictite
horizon. The U-Pb single zircon age of 741 + 6 Ma of a rhyolite of
the Rosh Pinah Fm (Frimmel, 2008) gives a more accurate maxi-
mum age for the commencing of the sedimentation in this area. All
rift-related igneous rocks show a within-plate geochemistry and

rectangle. Sediment transport is considered to have been from the E/SE during
the Cryogenian, providing detrital material directly from the Kalahari Craton. This
changed in the early Ediacaran to a mixing of sediments from the east with input
from the west (Hofmann et al. (2013) and results of this study). According to Blanco
et al. (2011) main sediment input during the Ediacaran to Cambrian was from the
N/NW.
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Fig. 3. Major geological units of southern Namibia (map extracted from “Simplified Geological Map of Namibia”, Geol. Survey of Namibia, 1980). Sampling points of all nine
samples presented in this study are given by red stars. Ages of the different units according to Frimmel (2008).

absence of flood basalts, which is typical for a non-volcanic margin
(Jacobs et al., 2008 and references therein). The syn-rift magma-
tism has been followed by a syn-drift magmatism, documented by
maficunits within the Marmora Terrane at c. 650-600 Ma (Frimmel,
2008). This corresponds to the beginning of Gondwana amalgam-
ation (Pan-Africa events).

2. The samples

In this article, we present the detrital zircon records of nine
diamictites of southern Namibia and their possible correlation. The
sample points are shown in Figs. 3 and 4, the stratigraphic correla-
tion is given in Fig. 5.

The samples from the Witputs Farm, Trekpoort Farm and from
along the Orange River are situated within the Gariep Belt. Two
Blaubeker diamictites represent the pre-Nama successions south of

Windhoek and south of the Damara Belt. Two Vingerbreek diamic-
tites belong to the Nama Group south of the Osis ridge (Fig. 3).

2.1. Blaubeker and Tahiti Farm (the Blaubeker diamictite)

We sampled two Blaubeker diamictites from different locations
(see Figs. 3 and 4E and F). One of them has been taken at the epony-
mous Blaubeker Farm at S 23°53/37.1”, E 16°28'42.8”, Alt. 1629 m,
+4 m (Nam 43). The other sample has been taken at the Tahiti Farm
at $22°57'21.7”, E 18°43'34.3”, Alt. 1330 m, £5 m (Nam 34).

The Blaubeker formation marks the base of the Witvlei Group
and overlies Kamtsas quartzites (Fig. 5). Fig. 4E and F shows the
appearance of the two Blaubeker diamictite samples. In both cases
we analysed the sandy matrix. The diamictites are sheared and con-
tain facetted pebbles and dropstones. In both cases we analysed the
sandy matrix.

http://dx.doi.org/10.1016/j.precamres.2014.07.021
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Fig. 4. Outcrop situations of all nine diamictite samples. A+B - Vingerbreek diamictite along the Orange River (road C 13, A) and from the Tierkloof Farm (B) overlying
the polished and striated surface of the Kliphoek quartzite (B1), C - Numees diamictite Nam 230 along the Orange River (road C 13), D - diamictite from the Witputs Farm
comprising dropstones and facetted pebbles (D1, arrow points to a facetted pebble), E + F — Blaubeker diamictite from the Tahiti Farm (E) and from the Blaubeker Farm (F), G
- Numees diamictite from the Trekpoort Farm with mainly basement clasts and dropstones (G1), H - Kaigas diamictites along the Orange River (road C 13) with big boulders
of quartzite (H1) and magmatic basement rocks (H2). See Fig. 3 for sample localities and Fig. 5 for stratigraphic correlation.

2.2. Trekpoort Farm

Sample Nam 79 was taken at the Trekpoort Farm at S
27°46'24.8", E 16°38'39.2”, Alt. 871 m, 4 m. The diamictite hori-
zon at this point is slightly dipping towards W/SW and overlies
the Wallekraal Formation that consists of the Wallekraal quartzite

followed by a black siltstone that ends directly below the diamic-
tite. It contains a large variety of pebbles and dropstones. Clasts
made of basement material dominate above sedimentary ones
(Fig. 4G). Fig. 4G1 shows a limestone-dropstone within the
Trekpoort diamictite. Of this sample we analysed the sandy
matrix.
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Fig. 5. Main stratigraphic units and their correlation for the study areas. The stratigraphic position of all samples is marked and correlated with four large and well-known
Neoproterozoic glaciations. Stratigraphic names are based on Germs (1983), Frimmel (2008) and McDonald et al. (2010b). There is a single zircon age of c. 741 Ma (Frimmel
et al., 1996; Frimmel, 2008) from the Rosh Pinah Formation giving a maximum age of sedimentation for the underlying Kaigas Formation. Sample Nam 125 (Aar Member,

uppermost Dabis Formation, Aar Farm) has been taken from Hall et al. (2013).

2.3. Witputs Farm

Diamictite sample Nam 220 has been taken at the Witputs Farm
at S 27°35'22.6", E 16°41'2.9”, Alt. 993 m, &3 m. This rock contains
facetted pebbles (Fig. 4D1, arrow) and dropstones of various sizes
(Fig. 4D), with most of them having a magmatic composition. The
diamictite is covered by the typical yellowish-whitish-pinkish cap-
carbonate of the Marinoan glaciation.

A diamictite sample from this location was also studied by
Zimmermann et al. (2011). They interpreted this diamictite as non-
glacial, although the presence of dropstones, facetted basement
clasts (Fig. 4D1) and a cap dolomite allows another interpretation.

2.4. Tierkloof Farm

Nam 181 was collected at the Tierkloof Farm and is one of two
samples of the Vingerbreek diamictite. The sample was taken at
S 27°8'45.4", E 18°12'5.4”, Alt. 1218 m, +3 m. At this locality the
Vingerbreek diamictite overlies unconformably the strongly pol-
ished and scratched surface of the Kliphoek quartzite (Fig. 4B1).
Outcrops of the diamictite occur as patches of variable thickness
between few cm up to max 1 m. They are covered by a sandstone
layer (Fig. 4B).

2.5. Section along the Orange river

Three diamictites were sampled along the road C13 following
the Orange River at its northern stream bank. The Kaigas diamictite
is represented by matrix samples Nam 225 and Nam 228 from two
different localities along the road. Sample Nam 225 was taken at
S 28°4'47.4", E 16°53/29.6”, Alt. 49 m, £3 m, whereas sample Nam
228 is from S 28°5'14.9”, E 16°53’8.1”, Alt. 51 m, £3 m. Fig. 4H1
and H2 shows big boulders of quartzite (Fig. 4H1) and magmatic
basement rocks (Fig. 4H2) within the Kaigas diamictite.

A thick, foliated diamictite (Fig. 4C) that lies stratigraphically
above the Kaigas formation at S 28°540.2”,E 16°52'54.4”, Alt.49 m,
+3 m has been sampled as Nam 230. It is intruded by a dolerite dyke
of unknown age,but most probably related to the Mesozoic opening
of the Atlantic Ocean.

The second sample of the Vingerbreek diamictite matrix (Nam
160) was collected at S 28°17’45”, E 17°23’1.5”, Alt. 129 m, +4 m.
There, the Vingerbreek Member is build up by sandstones and
diamictite (Fig. 4A) that unconformably overlie the Kliphoek
quartzite.

3. Methods

Zircon concentrates were separated from 1-2 kg sample mate-
rial 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 wm. The heavy mineral separation was
carried out 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
abinocular microscope. Zircon grains of all grain sizes and morpho-
logical types were selected, mounted in resin blocks and polished
to half their thickness. After this the zircon grains where examined
regarding their Cathodoluminescence signal using an EVO 50
Zeiss Scanning Electron Microscope (Senckenberg Naturhistorische
Sammlungen Dresden) prior to U-Pb analyses. This helps to distin-
guish different growth and maybe metamorphic domains within
the single grains. For U-Pb analyses the laser spots where placed
in domains with monophase growth patterns that show no meta-
morphic overprint (for some examples see Fig. 6). Zircons were
analysed for U, Th, and Pb isotopes by LA-SF ICP-MS techniques at
the Senckenberg Naturhistorische Sammlungen Dresden (Museum fiir
Mineralogie und Geologie, GeoPlasma Lab ), using a Thermo-Scientific
Element 2 XR sector field ICP-MS coupled to a New Wave UP-193
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Fig. 6. Selected Cathodoluminescence pictures of zircon grains representing the main age groups for all samples. Circles indicate position of laser beam for the U-Pb analyses
with a spot diameter between of 25 pm, mainly. Only zones with monophase growth patterns that show no metamorphic overprint were used for analyses. For every spot
the U-Pb age is given with the 2-sigma error in Ma. Note spots A39 + A40 from sample Nam 79 and A37 +A38 from sample Nam 220, showing core and rim analyses with

concordant results (see also Fig. 9).

Excimer Laser System. A teardrop-shaped, low volume laser cell
(modified version of the NERC Isotope Geosciences Laboratory in
UK, see Bleiner and Giinther, 2001; Gerdes and Zeh, 2006, 2009)
constructed by Ben Jdhne (Dresden) and Axel Gerdes (Frank-
furt/M.) was used to enable sequential sampling of heterogeneous
grains (e.g. growth zones) during time resolved data acquisition.
Each analysis consisted of approximately 15s background acqui-
sition followed by 20s data acquisition, using a laser spot-size of
20-25 wm, respectively. A common-Pb correction based on the
interference- 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 297 Pb—206pb lies outside of the internal errors of the mea-
sured ratios. Discordant analyses were generally interpreted with
care. Raw data were corrected for background signal, common Pb,
laser induced elemental fractionation, instrumental mass discrim-
ination, and time-dependant elemental fractionation of Pb-Th and

Pb-U using an Excel® spreadsheet programme developed by Axel
Gerdes (Gerdes and Zeh, 2006; Frei and Gerdes, 2009). Reported
uncertainties were propagated by quadratic addition of the exter-
nal reproducibility obtained from the standard zircon GJ-1 (~0.6%
and 0.5-1% for the 207 Pb—-296Pb and 206pb-238(J, respectively) dur-
ing individual analytical sessions and the within-run precision of
each analysis. Concordia diagrams (20 error ellipses) and concordia
ages (95% confidence level) were produced using Isoplot/Ex 2.49
(Ludwig, 2001) and frequency and relative probability plots using
AgeDisplay (Sircombe, 2004). As for ages above 1.0 Ga the Pb-Pb
ratio provides a more reliable age, this ratio was used instead of the
U-Pb ratio for the following diagrams: Th-U vs Age diagram (Fig. 7)
AgeDisplay diagrams (Fig. 8), and eHf (t) vs age diagram (Fig. 10).
For further details on analytical protocol and data processing see
Gerdes and Zeh (2006, 2009) and Frei and Gerdes (2009).
Hafnium isotope measurements were performed with a
Thermo-Finnigan NEPTUNE multi collector ICP-MS at Goethe
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University Frankfurt (Frankfurt/Main) coupled to RESOlution M50
193nm ArF Excimer (Resonetics) laser system following the
method described in Gerdes and Zeh (2006, 2009). Spots of
26-40 wm in diameter were drilled with a repetition rate of
4.5-55Hz and an energy density of 6]/cm? during 50s of data
acquisition. The instrumental mass bias for Hf isotopes was cor-
rected using an exponential law and a 17°Hf-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-BYDb offset factor (Gerdes and Zeh, 2009). All data were
adjusted relative to the JMC475 of 17SHf-177Hf ratio=0.282160
and quoted uncertainties are quadratic additions of the within run
precision of each analysis and the reproducibility of the JMC475
(25D =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 '76Hf-177Hf of 0.282007 + 0.000026
(2 SD,n=42) and 0.0282469 + 0.000023 (n =20), respectively. This
is in perfect agreement with previously published results (e.g.
Gerdes and Zeh, 2006; Slama et al., 2008) and with the LA-MC-
ICP-MS long-term average of GJ-1 (0.28201040.000025; n>800)
and Plesovice (0.282483 4+0.000025, n>300) reference zircon at
GUF.

The initial '76Hf-177Hf values are expressed as gHf(t), which is
calculated using a decay constant value of 1.867 x 10-11 year~!,
CHUR after Bouvier et al. (2008) (Y76Hf-177Hfcyyg today = 0.282785
and 175Lu-1"7Hfcyur,today = 0.0336) and the apparent Pb-Pb ages
obtained for the respective domains (table 1, electronic Supple-
mentary material). For the calculation of Hf two stage model
ages (Tpwm) in billion years the measured '76Lu-177Lu of each
spot (first stage =age of zircon), a value of 0.0113 for the aver-
age continental crust, and a juvenile crust 176Lu-177Luyc =0.0384
and 76Hf-177Hfyc = 0.283165 (average MORB; Chauvel et al., 2008)
were used.

4. Results

Fig. 8 summarises the results of all U-Pb analyses for the entire
sample set of this study. All analyses with a degree of concordance
between 90 and 102% were regarded as “concordant” and there-
fore were used for diagrams and interpretative purposes. In total,
1080 laser spot measurements were done on single zircon grains.
Of them 680 gave a concordant age as defined for this study. 120
zircon grains from each of the nine diamictite samples we ana-
lysed with respect to their U, Pb and Th isotope composition. The
amount of concordant grains was highly variable: 77 for Nam 34, 69
for Nam 43, 63 for Nam 79, 46 for Nam 160, 66 for Nam 181, 78 for
Nam 220, 98 for Nam 225, 81 for Nam 228 and 102 for Nam 230. All
results concerning the U-Th-Pb isotopic composition of the zircon
grains are shown in Table 1 (electronic Supplementary data) and in
Figs. 7, 8 and 9.

In addition, the Hf isotope composition was analysed for
selected cocordant grains of each sample (Fig. 10 and Table 2, elec-
tronic Supplementary data).

All samples yielded zircon grains with ages between c. 1.3 Ga to
1.0 Ga accompanied by a second group between c. 2.0Ga and 1.7
Ga.

Although this is similar for all samples, the variation in the
relative frequency of these ages is very important for later inter-
pretation and correlation. Obviously there is a shift in detrital ages
from older to younger sediments, starting with the two Kaigas
diamictites (Nam 225 and 228) over the Sturtian diamictites (Nam
34, 43, 79 and 230), up to the Marinoan sample Nam 220 and the
two post-Gaskiers Vingerbreek diamictites (Nam 160 and 181). As
demonstrated in Fig. 8, the relative amount of Paleoproterozoic
ages (population between 2.0 and 1.7 Ga) decreases, whereas the

relative amount of Mesoproterozoic ages (age group between 1.3
and 1.0 Ga) increases steadily.

Between these two age clusters there is a gap that is only filled
by some single zircon ages around 1.5 Ga occurring sporadically in
some samples (e.g.: Nam 220 B27: 1557 +36Ma, 95% conc. or Nam
34 B46: 1530+41 Ma, 102% conc., see Fig. 8).

Further, there are a few scattered zircon grains showing
ages older than 2.2 Ga. The oldest U-Pb age of all analyses at
2903 4 38 Ma (analysis A02, see Figs. 6 and 8 and Table 1, electronic
Supplementary data) was found in sample Nam 181 (Vingerbreek
diamictite, Tierkloof Farm).

With regard to all other samples, both of the Vingerbreek
diamictites (Nam 160 and Nam 181) show a strong difference
within their zircon age distribution pattern. On the one hand, they
contain much younger U-Pb zircon ages (youngest grain: C17 with
598 £9Ma in Nam 181) and on the other hand, they show the
biggest spread of ages.

As shown in the CL images of selected zircon grains in Fig. 6
the laser spots for U-Pb analyses were put into regions with
monophased growth patterns indicating magmatic origin. There-
fore the obtained ages are interpreted to represent magmatic
ages.

Obtained Th-U ratios are below 1.0 for a majority of 81.76% of
all analysed zircon grains with concordant U-Pb age, which points
to crystallisation from a felsic melt. A minority of 15 zircons (2.21%)
gave values below 0.1, indicating strong metamorphic overprint.
13.38% of all analysed zircon grains (n=91) have Th-U ratios
between 1.0 and 1.5, ending up in the “transition zone” with no
clear correlation to felsic or mafic melts. Only 2.65% of all analyses
(n=18) point to mafic melts as origin of the zircons (Fig. 7).

The eHf values (Fig. 10, Table 2, electronic Supplementary data)
for all analysed zircon grains result in model ages that span from
1.08 Ga(Nam 181, B22)to 3.42 Ga (Nam 228 A04). Most of the anal-
yses gave negative ¢Hf values with a minimum at —20.0 (sample
Nam 34, spot A04).

A strong mixing among the Mesoproterozoic and the Paleopro-
terozoic zircon ages is inferred from the wide range of possible
model ages for the original crust (Fig. 10).

Mesoproterozoic zircon yielded variable ¢Hf values between
+6.8 (Nam 160, A53) and —19.7 (Nam 34, A37) with Tpy ages
between about 2.77 Ga and 1.26 Ga. The majority of the Mesopro-
terozoic zircon grains gave negative ¢Hf values. Only few of them
showed positive results. The majority of these grains were found in
the Vingerbreek diamictites (samples Nam 160 and 181) and some
could be extracted from sample Nam 34. The highest noticed sHf
value of +11.1 was achieved for zircon grain A53 from sample Nam
220 (Tpm 1.23 Ga).

Almost all Paleoproterozoic zircons show negative ¢Hf values
that range from 0.0 (Nam 220, A46) to —19.5 (Nam 228, A04),
resulting in Tpy between 3.42 and 1.78 Ga.

The zircon grains with the oldest U-Pb age end up with ¢Hf
values between 0.0 (Nam 79, A39) and —6.6 (Nam 181, B32). Hav-
ing model ages of 2.85-2.78 Ga they overlap the model age range
obtained for the Paleoproterozoic zircons.

The youngest zircon grains of upper Neoproterozoic U-Pb age
show eHf values between +3.5 (Nam 181, B22) and —5.5 (Nam 181,
B06) resulting in Tpy ages from 1.65 to 1.08 Ga. Therefore, they plot
in the same Tpy range as the Mesoproterozoic zircons.

5. Interpretation and discussion

Hoffmann et al. (2006) already proposed the presence of at least
four temporally distinguishable glacial events in the Neoprotero-
zoic of southern Namibia.

http://dx.doi.org/10.1016/j.precamres.2014.07.021
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Fig. 7. Th-U versus zircon age diagram of all analyses with a degree of concordance within 90-102%, showing that the zircons in all samples were derived mainly from
felsic melts (Th-U values below 1.50 and below 1.00 strict). Only a minority of 18 grains point to a mafic melt (Th-U rations above 1.50), and evidence for significant
magmatic overprint (Th-U values below 0.1) is only represented by a minority of 15 single zircon grains. The diagram is based on the Th-U-ratios given in Table 1 (electronic
Supplementary data).

Fig. 8. Frequency vs relative probability plots using AgeDisplay (Sircombe, 2004) for all samples and their possible correlation. Note the significant shift in the absolute
and relative abundance of Paleoproterozoic and Mesoproterozoic zircon ages from the Kaigas to the Vingerbreek samples. All Cryogenian samples show the same age
spectra and can only be distinguished using the P/M ratio (= relative amount of Paleoproterozoic ages between 2.1 and 1.7 Ga of all concordant analyses/relative amount of
Mesoproterozoic ages between 1.4 and 1.0 Ga of all concordant analyses). Results are summarised in Fig. 11. The Ediacaran post-Gaskiers Vingerbreek samples show very
different zircon ages, with higher amounts of young (<1.0 Ga) and old (>2.2 Ga) ages, which allow a clear differentiation from all other samples. Diagrams are based on data
given in Table 1 (electronic Supplementary data).

Please cite this article in press as: Hofmann, M., et al., The four Neoproterozoic glaciations of southern Namibia and their detri-
tal zircon record: The fingerprints of four crustal growth events during two supercontinent cycles. Precambrian Res. (2014),
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Fig. 9. Concordia diagram (20 error ellipses) for two zircon grains showing an old
core with ayounger rim. These two grains reflect the thre crustal growth events from
the upper Mesoproterozoic, the upper Paleoproterozoic and the lower Paleoprotero-
zoic, which are well known from the U-Pb zircon analyses of all other samples of
this study. The position of the laser spots with the resulting concordant age and
2-sigma-error in Ma is given. Scale: laser spots for sample Nam 220 and spot A40 of
Nam 79: 20 wm g, laser spot A39 of Nam 79: 25 um o.

Fig. 10. ¢Hf (t) versus age diagram of selected single zircon grains. Four events of
crustal growth can be differentiated (numbers 1-4). Meso- to Paleoarchean crust
was reworked during the lowermost Paleoproterozoic and during the 2.0-1.7 Ga
event. The upper to lower Paleoproterozoic crust then was again recycled during
the Mesoproterozoic magmatic events (1.0-1.4 Ma) and got mixed with a juvenile
input given by few Mesoproterozoic analyses with positive eHf-values. The juvenile
Mesoproterozoic ages were recycled during the upper Ediacaran. The data table of
Lu-Hf analyses is part of the electronic Supplementary data (Table 2).

The U-Pb ages of nine analysed samples of this new study finally
allow the differentiation between them by using the U-Pb detrital
zircon record of the diamictites. It was possible to classify all the
analysed samples and match them with four of the well-known
Neoproterozoic glaciation events: Kaigas, Sturtian, Marinoan and
(post-Gaskiers) Vingerbreek (Fig. 8).

Because the youngest detrital zircon grains of diamictite sam-
ples Nam 225 and 228 (Kaigas), Nam 34, 43, 79 and 230 (Sturtian)
and Nam 220 (Marinoan) were all dated at c. 1.0 Ga (Fig. 8), the
sediments can not be distinguished by their maximum age of sedi-
mentation. Thus, a set up of a chronological order of the diamictites
by using the youngest U-Pb-ages is impossible. Only the two sam-
ples of the Vingerbreek diamictite (Nam 160 and 181) are definitely

younger, as they contain Ediacaran zircon grains, giving a maximum
age of sedimentation at c. 600 Ma (Fig. 8).

For all the other samples there is a need for another distinc-
tive feature. The most striking hint is given by the relative change
of Mesoproterozoic and Paleoproterozoic ages from the Kaigas
diamictites (Nam 225 and 228) over the Sturtian Numees diamic-
tites (Nam 230, 79, 43 and 34) up to the Marinoan diamictite (Nam
220). This trend is already known from Hofmann et al. (2013) who
analysed the complete Neoproterozoic section in the Namuskluft
comprising strata deposited during Sturtian and Marinoan glacial
events and compared these results with the diamictites from the
Dreigratberg.

A differentiation between the four glacial horizons of southern
Namibia can be made by the results given as summary in Fig. 11.
Accordingly, a post-Gaskiers diamictite contains detrital zircons
younger than 1.0Ga, as well as older than 2.2 Ga. This is a very
distinctive feature to separate this diamictite from the others. The
Cryogenian diamictites do not contain any zircon grains younger
than c. 1.0 Ga. Most samples also did not show grains older than
2.2 Ga (only two grains for Nam 34 and one grain for Nam 79).

We propose to distinguish the three Cryogenian diamictites by
using of the P/M (= relative amount of Paleoproterozoic ages of all
concordant analyses/relative amount of Mesoproterozoic ages of
all concordant analyses):

P Paleoproterozoicggpnc/Allconc
M ~ Mesoproterozoic one/Allconc

The results for each sample are shown in Fig. 8, while Fig. 11
shows a summary of all P/M values of the nine diamictite sam-
ples from this study. Additionally, the six samples published by
Hofmann et al. (2013) are also included into the latter one. As
shown, the P/M ratios are of no use for the Ediacaran samples. But,
for the Cryogenian samples, with their bimodal zircon age distri-
bution pattern at 1.4-1.0 Ga and 2.0-1.7 Ga, the P/M seems to be a
good tool for differentiation.

Based on that data we propose that Marinoan diamictites in
southern Namibia show P/M values well below 0.40. The P/M ratios
of Sturtian diamictites seem to be quite variable. We propose pos-
sible P/M ratios for these diamictites to be between 0.40 and 10.0.
All values above 10 can be correlated with the Kaigas diamictites
(see Figs. 8 and 11).

The interpretation of the Witputs diamictite (Nam 220) as being
the equivalent to the upper diamictite of the Namuskluft section
according to Hofmann et al. (2013) is confirmed by the overlying
white-yellowish-pinkish cap-carbonate on the area of the Witputs
Farm. This bright lime- or dolostone is unique for the Marinoan
glaciation and points to an age of c. 635 Ma (Hoffmann et al., 2004).
The samples that were interpreted as Sturtian in age (Nam 43,43,79
and 230) did not show a cap-carbonate on top of the diamictite that
allowed a reliable correlation with the Marinoan or Sturtian glacial
event. As already mentioned, in these cases, the detrital U-Pb zir-
con record with the P/M ratio helped to distinguish them from the
younger Marinoan and the older Kaigas events.

Neoproterozoic magmatic activity is well known for this region
(e.g.Richtersveld Suite, Rosh Pinah Fm., Marmora Terrane; Frimmel
et al., 1996; Frimmel, 2008; Frimmel et al., 2011). The c. 741 Ma
age published by Frimmel et al. (1996) derived from a rhyo-
lite was interpreted as a syn-rift extrusive age. Remarkably, we
found no zircons representing these ages in our samples except
for the Vingerbreek diamictites. Nevertheless, the rocks bearing
these Neoproterozoic zircons must have been at the surface and
available for erosion. Following Hofmann et al. (2013), we inter-
pret the Mesoproterozoic ages (c. 1.4-1.0 Ga) as being derived from
the Namaqua Province/Namaqua Belt, which form big parts of the
basement in the western and southern part of the Kalahari Craton
(Fig. 1). The Paleoproterozoic ages (2.0-1.7 Ga) fit perfectly with the
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Fig. 11. Summary of U-Pb results for all diamictites from southern Namibia including analyses by Hofmann et al. (2013) and this study. To separate the Kaigas, Sturtian and
Marinoan diamictites, the P/M ratios of all Cryogenian samples were calculated. Based on this data, a possible application of the P/M ratio with values below 0.4 for Marinoan
diamictites, between 0.4 and 10 for Sturtian samples and above 10 for Kaigas deposits is proposed.

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. Apart from very few
grains, there is no evidence for magmatic activity in the source area
of the sediments between 1.7 and 1.4 Ga, which is indicated by a
significant detrital zircon age gap (Fig. 8).

Both of the Vingerbreek diamictite samples (Nam 160 and
181) contain few zircons with U-Pb ages of ¢. 750-700 Ma and c.
650-590 Ma. These ages are absent in all other samples from this
study (see Fig. 8) and also lack in the samples from the Namuskluft
and Dreigratberg sections published by Hofmann et al. (2013).
Hence, we assume a change in the direction of sedimentary supply
during the upper Ediacaran (Fig. 2). According to Hofmann et al.
(2013) the sediment transport direction for most of the Cryogenian
(throughout the Sturtian as well as the Marinoan glacial events)
was from the east towards the west, transporting material directly
from Kalahari Craton towards its western margin (Fig. 2).

This transport direction seems to have changed during the
Ediacaran. Basin analysis (Germs, 1974, 1983) and analysis of sed-
iments (Blanco et al., 2011) indicate a sedimentary input mainly
from the east for the Kuibis and Schwarzrand Subgroups (Nama
Group). A “sudden” change to a transport direction from the north
started with the deposition of the uppermost Schwarzrand to low-
ermost Fish River Subgroup (Fig. 2). The Vingerbreek diamictite
belongs to the lower Schwarzrand Subgroup. For the latter, Germs
(1974,1983)and Blanco et al. (2011) distinguish between north and
south of the Osis ridge. North of the ridge the paleocurrents of the
lower Schwarzrand Subgroup mainly came from the (south)east
(Kalahari Craton) but also from the north and northwest, i.e. from
the uplifted Damara Belt. South of Osis the contemporary sediments
are inferred to have mainly been transported from the east.

We interpret the detrital material from the two Vingerbreek
diamictites as the result of a western input from the Gariep Belt (see
ages for Port Nolloth Zone and Marmora Terrane in Figs. 2 and 3).
Thus, there was a mixed sedimentary input from the eastern Kala-
hari Craton, transporting typical zircon age populations of this area
on the one hand (see Fig. 1), and further supply from the western
Gariep Belt, as a result of tectonic activities caused by the collision
of the Kalahari Craton with the Arachania terrane (e.g. Blanco et al.,
2011; Hofmann et al., 2013; and references therein, Fig. 2).

This change in transport direction must have occurred after the
sedimentation of the Aar Member (see stratigraphic classification in

Fig. 5), because as published by Hall et al. (2013), the detrital zircon
U-Pb record of the Aar Member (uppermost Dabis Formation) from
the Aar Farm close to Aus in southern Namibia, does not show any
zircon grains younger than c. 1.0 Ga (U-Pb zircon analyses done
by M. Hofmann and U. Linnemann, Senckenberg Naturhistorische
Sammlungen Dresden, Sektion Geochronologie, results included in
Fig. 8). In fact, the sample from the Aar Member shows the same
two characteristic age groups from ca 1.4 to 1.0 Ga and from 2.0
to 1.7 Ga, accompanied by some scattered older grains up to c.
2.9Ga (Hall et al., 2013). The increase of older ages could point to
ongoing unroofing events in the sediment source area. Accordingly,
the Dabis Formation represents a perfect link between the detrital
zircon U-Pb composition for the older sample Nam 220 (Witputz
Farm) and the younger Vingerbreek diamictites (Fig. 8).

All U-Pb ages of detrital zircon grains of this study can be
explained by the erosion of nearby basement units. This could result
in the interpretation, that all the diamictites might represent only
local debris and may not contain any information about the wider
hinterland. But, the local basement in southern Namibia is charac-
terised by a Cryogenian rifting, which is not reflected in the zircon
populations of Cryogenian deposits part of our data set (Fig. 8;
Hofmannetal.,2013). Alocal provenance would include rift-related
c. 700-750 Ma old zircon ages for the Cryogenian tillites. But up to
now they were only detected in the Vingerbreek Member of the late
Ediacaran Nama Group (Fig. 8). For the provenance of Cryogenian
sediments this points to following possibilities: (1) the sediment
source was not local; debris was derived from the Kalahari Craton
situated in the East, or (2) the rift related rocks were not exhumed
during the Cryogenian. Frimmel (2004 ) published rift related zircon
ages of effusive rhyolithes (c. 741 Ma) from the Port Nolloth Zone
(Rosh Pina Fm.). In the case of sediment transport from western
directions c. 700-750 Ma old zircons should occur in our investi-
gated sedimentary rock. Because of the lack of such zircon ages we
favour a sediment supply from the East (Kalahari Craton).

The Hf isotopic composition of the samples is similar to the ones
reported by Hofmann et al. (2013) for the Namuskluft and Dreigrat-
berg sections. Most of the zircons gave negative eHf values, pointing
to potential mixing and reworking of older crust (Fig. 10).

Ediacaran and Mesoproterozoic zircon ages suggest recycling of
heterogeneous crust of upper Mesoproterozoic to Neoarchaean age
and most likely some mixing of the lithologies during crustal melt-
ing. The Mesoproterozoic zircon grains define the only population
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thatyielded positive eHf values, pointing to a juvenile magma input
from the depleted mantle during that time.

The Paleoproterozoic zircons result from recycling of a lower
Paleoproterozoic to Paleoarchean crust.

The Hf isotopic composition and the eHf values (Fig. 10) allow
to distinguish between four time periods of crustal growth for the
western part of the Kalahari Craton: (1) The oldest event of crustal
development can be traced back to the Meso- and Paleoarchean
(c. 3.42-2.8Ga). (2) A second event followed probably from the
lower Paleoproterozoic to the Neoarchaean (c. 2.8-2.27 Ga), which
is confirmed by most of the Hf isotope analyses obtained from
the Paleoproterozoic zircon grains. (3) The majority of the Meso-
proterozoic zircon grains point to recycling of a lower to upper
Paleoproterozoic crust (c. 2.27-1.7 Ga). If this time range would
only have been confirmed by the Mesoproterozoic zircons with
negative ¢Hf values, this “event” could just be the effect of a mix-
ture between older crust and some Mesoproterozoic magmatic
input during that time. Nevertheless, this event is also confirmed
by a few c. 1.7-1.5 Ga zircon grains with positive ¢Hf values that
suggest the presence of almost juvenile melts. (4) The fourth
event occurred during the Mesoproterozoic, with zircon grains
yielding positive eHf values indicating emplacement of juvenile
magma.

6. Conclusion/Summary

1. Southern Namibia comprises at least four Neoproterozoic
diamictites that can be matched to the Kaigas, Sturtian, Marinoan
and Vingerbreek (post-Gaskiers) glacial events.

2. Youngest detrital U-Pb zircon ages for all analysed sediments
related to the Kaigas, Sturtian and Marinoan glacial events were
at c. 1.0 Ga, making a direct correlation by maximum age of sed-
imentation impossible.

3. Correlation and differentiation of these glacial deposits is pos-
sible by using the complete detrital zircon U-Pb age spectra
showing a significant change of the relative abundance of con-
cordant Mesoproterozoic to Paleoproterozoic zircon ages. This
P/M ratio establishes a useful tool to distinguish the Cryoge-
nian diamictites from each other: Marinoan samples: P/M <0.4,
Sturtian samples: 0.4 <P/M <10, Kaigas samples: P/M>10.

4. Although the detrital zircon ages of our samples correspond to
more ore less local basement, the Kaigas, Sturtian and Marinoan
diamictites lack the ages of Cryogenian rifting that is well known
in southern Namibia. Therefore, we assume that the sediment
source area can not be local., but mainly derived from the East
(Kalahari Craton).

5. The constant sedimentation lasted throughout the Cryogenian
up to the late Ediacaran (represented by the deposition of the
Aar Member (Dabis Formation, Kuibis Subgroup, Nama Group).

6. Sediment input from the west (Gariep Belt) occurred in the
late Ediacaran Vingerbreek Member (post-Gaskiers glaciation, c.
547 Ma), which could be due to the collision of the Arachania ter-
rane with the Kalahari Craton and the closure of the Adamastor
Ocean during the Gondwana assembly. The detrital zircon record
of the Vingerbreek samples show mixing of eastern and western
derived detritus.

7. The Mesoproterozoic Namaqua Natal Orogeny (formation of the
Namaqua Belt) is the only period showing input of juvenile
magmatic material (with positive ¢Hf zircon values), indicating
crustal growth not only by recycling of older crustal fragments.

8. In total, four Archaean to Proterozoic crustal growth events are
recognised in the western part of the Kalahari Craton: (1) Meso-
to Paleoarchean (c. 3.42-2.8 Ga), (2) lower Paleoproterozoic to
Neoarchaean (c. 2.8-2.27 Ga), (3) lower to upper Paleoprotero-
zoic (c. 2.27-1.7 Ga) and (4) Mesoproterozoic (c. 1.6-1.0 Ga).
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