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Abstract

The Namibian Mesozoic successions may be remnant of a high dynamic sedimentary system that is characterized by mul-
tiple stages of sediment accumulation and erosion with contemporaneous homogenization starting with the deposition of
the Permo-Carboniferous Dwyka Group strata and continues at least until the Lower Cretaceous. The Lower Cretaceous
sedimentary system is interpreted to have involved at least an area covering the whole SW Gondwana, documenting the
sedimentary history during the evolution from an ice house environment to an arid desert. To test the sediment homogeniza-
tion hypothesis, we applied a combination of isotopic and morphometric data on detrital zircon grains, as well as whole-rock
geochemical data of selected Mesozoic sandstones from Namibia. As a base for the interpretation of the detrital zircon age
data we compiled a zircon age dataset with c. 44,000 analyses for the southern African region. All samples reveal a major
detrital pan-African zircon age peak of c. 0.5-0.7 Ga sourced from the pan-African magmatic events occurring around the
Kalahari Craton margin. The lowermost Triassic is characterized by the occurrence of additional Mesoproterozoic and
Paleoproterozoic age peaks of c. 1.0-1.2 Ga and 1.8-2.0 Ga with a majority of zircon grains showing angular shapes. The
protosource of these grains is interpreted to possibly be the Namaqua Metamorphic Complex and other Paleoproterozoic
structural units deformed in course of the Namaqua orogeny. In contrast, other samples show a prominent Permo-Triassic age
peak and completely rounded zircon grains, putatively derived from within the Gondwanides volcanic arc. The disparity in
the zircon age pattern may point towards a change in provenance and also a change in the whole system of zircon recycling
during the Mesozoic southern Gondwana. The Lower Triassic Neu Loore fm. are constrained to more local bedrock sources
and short zircon transport distance. In contrast, zircon grains of the Middle Triassic Omingonde, the Jurassic Etjo und the
Cretaceous Twyfelfontein formations are an expression for a major recycling and sediment homogenization system. The
system was facilitated by an interplay between fluvial and eolian sedimentary transport systems.
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Introduction
Electronic supplementary material The online version of this oductio

article (https://doi.org/10.1007/s00531-020-01864-2) contains

supplementary material, which is available to authorized users. The Karoo sedimentary strata of southern Africa are rem-
nants of basin fills confined to the supercontinent of Gond-
wana existing during the late Paleozoic to the early Mesozoic

(e.g. Catuneanu et al. 2005). The period, called ‘Karoo-age’,
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is characterised by the presence of late Paleozoic to early
Mesozoic basins across southern and southwestern Gond-
wana (Fig. 1a). Although the subduction direction along
the southern Gondwanan margin is not clear (Winter 1984),
most workers agree that the tectonic regime during the late
Paleozoic was characterized by a north-dipping subduction,
accretion and shortening along the southwestern Gondwanan
margin (e.g. Lindeque et al. 2012; Stollhofen et al. 2000;
Viglietti et al. 2017), producing the Gondwanides orogen
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Fig. 1 Generalized maps of southern Gondwana during the Permo-
Triassic transition. a Distribution of Karoo-aged strata in southern
Gondwana (map based on Isbell et al. 2008; Visser 1983). b Conti-

(Ramos and Aleman 2000), with a Carboniferous-to-Per-
mian volcanic arc in Northern Patagonia (Fig. 1b). The inter-
action of different scenarios on Gondwanan convergent and
divergent margins led to the formation of distinct basin types
across today’s Africa and South America resting on Paleo-
and Mesoproterozoic crust belonging to the Kaapvaal Craton
as well as on Neoproterozoic fold belts (Fig. 1b). With the
end of the Paleozoic the amalgamation of Pangea was com-
plete (Ramos 2008). As subjected to continuous subduction,
the supercontinent became unstable (Lovecchio et al. 2020;
and references therein). In the Mesozoic negative inversion
affected compressed structures, due to an extensional stress
regime (Williams et al. 1989). The tectonic situation lasted
at least until early Cretaceous times and was terminated by
the beginning Gondwana break-up or are still present today
(Viola et al. 2012). In the Mesozoic fluvio-eolian accumula-
tions of sub-humid to semiarid environments developed in
the Middle-Late Triassic, reaching a maximum aridity in
the Lower Cretaceous period (Scherer and Goldberg 2007;
Scherer and Lavina 2005; Stanistreet and Stollhofen 1999).

The U-Pb and Hf isotopic composition of detrital
zircon grains of clastic sediments allows the identifica-
tion and characterization of possible sedimentary source
areas and provides information concerning paleogeogra-
phy, sediment-dispersal patterns and sediment rework-
ing (e.g. Dickinson et al. 1983; Gehrels et al. 2000; Ross
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nent configuration at c. 250 Ma and structural units of South Amer-
ica and southern Africa (map based on Isbell et al. 2008; Pagani and
Taboada 2010; Pankhurst et al. 2006)

et al. 1992). Up to date, little progress has been made,
regarding detrital zircon studies dealing with Namibian
Karoo-aged successions in the studied area (Jansson 2010;
Zieger et al. 2019). The lack of provenance studies on
other southern African Paleozoic to Mesozoic strata is also
apparent (Andersen et al. 2016b; Bowden 2013; Veevers
and Saeed 2007; Viglietti et al. 2018), which in contrast to
the importance of the Karoo-aged sediments, as they may
play a central role in the integrated recycling model for
the southern African region proposed by Andersen et al.
(2019b), questioning classic source-to-sink dynamics.
The primary aim of this study was to test the hypothesis
of long term storage of recycled material within conti-
nental basins and how to identify the process. To reveal
sedimentary transport processes and potential provenance
areas of Gondwana in Mesozoic times, seven siliciclas-
tic fluviatile and eolian sediment samples were collected
from the Neu Loore, Omingonde, Etjo and Twyfelfontein
formation successions of the Aranos, Waterberg and Huab
basins, Namibia, as they cover a variety of fluvial to eolian
facies. The samples were investigated with respect to their
zircon age distribution pattern as well as to their mor-
phological features. Based on detrital zircon features we
proposed a tool set for distinguishing recycling intensities
which the respective strata underwent, using LA-ICP-MS
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U-Pb and La—Hf dating techniques, whole-rock geochem-
istry and detrital zircon morphology.

As of the absence of datable ash layers, the ages of the
uppermost Karoo-aged successions are poorly constrained.
Not being able to time Mesozoic sediment accumulation
events is in contrast to the importance of the sediments as
records for their source area locations, erosional processes
and sediment transport during the final phase of Gondwana
existence. Therefore, our second aim was to constrain the
maximum deposition ages to time potential changes in the
sediment recycling pattern.

Geological background

Evolution of the southwestern Gondwanan
Mesozoic successions

During the Carboniferous/Permian transition NW- to NE-
striking graben to half-graben structures developed in south-
ern Gondwana (Ring 1995; Stollhofen et al. 2000), inter-
preted as an early intracontinental rift. At the same time,
the Dwyka glaciation took place at the southern Gondwana
region located at high latitudes (e.g. Bullard et al. 1965),
which was accompanied by the sedimentation of Karoo-aged
basin successions all over southwestern Gondwana (e.g. Vis-
ser 1989; Fig. 1a). Deglaciation and ice sheet collapse was
induced by a continuous northward drift of southwestern
Gondwana out of the polar and sub-polar regions towards
lower latitudes (Visser 1995), causing intense sedimentary
recycling of older strata (Zieger et al. 2019). Cold, wet con-
ditions prevailed at least during the early Permian, enabling
the occurrence of peat deposits, which developed at the flu-
viodeltaic basin margins (Miller 2008). The basin evolution
was facilitated by several alternating regression and trans-
gression cycles of an inland sea (Visser 1992) and prevailing
sedimentary recycling conditions (Andersen et al. 2016b).
These cycles are different within the Karoo-aged basin
strata: For example, the successions of the Namibian Ara-
nos Basin are thought to show three transgression-regres-
sion cycles whereas such cycles are not recorded within the
sedimentary rocks of the more northward located Namibian
Waterberg Basin (Bangert 2000; Grill 1997; Heath 1972;
Smith and Swart 2002).

The continuous northward drift brought the southern
Gondwanan region to lower latitudes with distinctive sea-
sonal climates during the mid-Permian accompanied by the
occurrence of red bed successions (Scheffler et al. 2006;
Turner 1999). The drift into subtropical regions and con-
temporaneous subduction of the Nazca plate underneath the
South American plate resulted in the uplift of the Andean
mountain belt, which led to a reduction in water supply
and finally let the inland sea shrink to small isolated lakes

(Fig. 2a; Visser 1995). Permian to Triassic uplift, gen-
tle tilting and erosional processes denudated the Permian
aged sediments under warm humid conditions leading to
a low angular angle unconformity (Visser 1995). During
these transitional phases, Gondwana showed signs of crus-
tal extension as the southern margin of the supercontinent
underwent shortening due to the subduction of the paleo-
Pacific plate (Stanistreet and Stollhofen 1999). Conse-
quent subsidence caused the deposition of Triassic strata in

Fig.2 a-d Paleogeographic reconstructions for the time period from
251 to 137 Ma (modified from Scotese 2014a; Scotese 2014b, ¢). The
yellow star marks the study area
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southern Africa (e.g. Neu Loore fm., Namibia; Mosolotsane
fm., Botswana; Molteno and Elliot formations, South Africa)
(Miller 2008). The sedimentation of these continental suc-
cessions was recorded by meandering rivers and numerous
water bodies (Visser 1995). Along with the evolution, Per-
mian sediments became eroded and mixed with considerable

amounts of Permo-Triassic ash-fall tuffs (Viglietti et al.
2018).

During the Upper Triassic warm, semi-arid conditions
characterized southwestern Gondwana (Visser 1995).
Small basins (e.g. Omingonde fm., Waterberg Basin,
Figs. 1b, 3b, 4) developed due to deepening halfgraben
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Namibian basement complexes McCourt et al. (2013). AS Angola
Shield, KI Kamanjab Inlier, KB Kaoko Belt, DB Damara Belt, CKB
Choma-Kaloma Block, RP Rehoboth Province, NS Namaqua Sector,
GB Gariep Belt
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Fig.4 Simplified lithostratigraphy of selected Mesozoic Karoo-aged
successions of southern Gondwana (based on Barrett et al. 2020;
Cahen 1983; Cahen and Lepersonne 1978; Catuneanu et al. 1998;

structures. The chronostratigraphic framework of the
Upper Triassic to Lower Cretaceous basin development
is poorly understood, as of a lack in datable marine fos-
sils (Lovecchio et al. 2020). Following Frizon de Lam-
otte et al. (2015) and Lovecchio et al. (2020) a two-step
scenario is possible: The first group of basins (Karoo
I) comprises all NE-trending Carboniferous to Triassic
depocenters (Aranos and Waterberg) may be related to
subduction dynamics of the paleo-Pacific plate beneath
SW Gondwana; and the second group (Karoo II) com-
prises the Jurassic to Lower Cretaceous depocenters may
be related to the Karoo plume (Bouvet Hotspot). The tec-
tonic evolution was accompanied by red bed sedimenta-
tion under extremely seasonal conditions (Fig. 2b, ¢), cul-
minating under extremely arid conditions (Fig. 5; Miller
2008; Scheffler et al. 2006). Waterberg Basin sedimenta-
tion was capped by the occurrence of the c. 180 Ma aged
Lesotho hotspot volcanism (Moulin et al. 2011). After a
c. 50 Ma hiatus a vast paleoerg developed in the lower
Cretaceous (e.g. Renne et al. 1996). Remnants of these
Cretaceous eolian successions are reported from the Par-
ana (Brazil, Botucatu fm.) and Huab (Namibia, Twyfel-
fontein fm.) basins (Milner et al. 1994; Pinto et al. 2015),
which themselves were overlain by flood basalts dated
at ¢. 132 Ma indicating an ongoing break-up of south-
ern Gondwana (Lower Cretaceous; Fig. 2d; Renne et al.
1996). Sedimentary recycling continued during the Lower
Cretaceous and a reworking of Lower Permian strata with
Permo-Triassic ash-fall tuffs is suggested by sediments
of the Brazilian Lower Cretaceous Botucatu fm. (Canile
et al. 2016; Pinto et al. 2015).

Keyser 1973; Milani et al. 2007; Miller 2008; SACS 1980; Stanistreet
and Stollhofen 1999). Formation names with an asterisk were sam-
pled for this study

Namibian Mesozoic successions

The scarce occurrences of Namibian Mesozoic successions
are mostly confined to the northern region of the country
and can be found in the Huab, Waterberg and the northern
Aranos basins (Figs. 1, 3).

The first occurrence of Mesozoic strata in Namibia is the
so-called Neu Loore fm., which has been recognized within
the uppermost part of the Aranos Basin, cropping out around
the area of the town Leonardville (Fig. 3a). The formation is
poorly known and consists of micaceous brownish-orange
sandstones and red shales with a thickness ranging from c.
18 to c. 189 m, which uncomfortably overlie the Rietmond
shales of the Ecca Group (Miller 2008). The formation is
characterized by abundant sudden facies changes (Miller
2008). A correlation with other Namibian successions is
not possible but it might be associated with the Mosolot-
sane fm. of Botswana and the Molteno fm. of South Africa
(Williamson 1996).

During the uppermost Triassic to Jurassic period, the NE-
trending halfgraben of southern Africa emerged, leading to
the deposition of the c. 700 m thick Waterberg Basin strata
(Miller 2008), cropping out nowadays SE of the town Otji-
warongo (Fig. 3b). The successions can be subdivided into
two formations: The lower Omingonde fm. and the upper
Etjo fm. (Fig. 4). The Omingonde fm. is comprised of red-
dish sandstones and shales cumulating a maximum thickness
of 550 m (Fig. 5). Smith and Swart (2002) divide the forma-
tion into five sedimentary cycles: (1) paludal floodplains,
(2) gravel-bed braided rivers, (3) loessic plains with saline
lakes, (4) gravel-bed meandering rivers and (5) semi-arid
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Fig.5 Schematic lithostrati-
graphic sections of the Aranos,
Waterberg and Huab basins with
selected outcrop photographs
showing characteristic sedi-
mentary features of Mesozoic
successions of the respective
basin. Columns are based on
Horsthemke (1992), Stollhofen
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floodplains, which were deposited between c. 241 and c.
236 Ma (Keyser 1973). It is important to notice that the
successions show an increasing degree of aridity and high
seasonality (Smith and Swart 2002). The overlying Etjo fm.
consists of medium-grained pinkish to red eolian sandstones
(Fig. 5), which have a maximum thickness of c. 150 m and
can be divided into three units (Holzforster et al. 1999).
The first unit is deposited under periodic sheet flood events
during arid conditions (Holzforster et al. 1999). Deposition
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of the overlying second unit may represent a playa setting
with eolian-sourced fluvial sediments, whereas the topmost
unit consists of eolian fine to medium-grained cross-bedded
sandstone deposits with flat-lying lenses hinting to heavy
rainfall events (Miller 2008). The dip direction of the barch-
anoid cross-bedded successions is dominated by NE with
minor occurrences of S (Bigarella 1973). As of the eolian
character the Etjo fm. may be correlated with the Clarens
fm. of the Main Karoo Basin (South Africa; Bowden 2013).
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The uppermost Mesozoic Namibian strata is represented
by the c. 100 m thick Lower Cretaceous eolian Twyfelfon-
tein fm. sandstones of the Huab Basin (Fig. 3), situated in
the north-western part of the country (Fig. 3c). Because of
its age the Twyfelfontein fm. is not considered part of the
Karoo Supergroup but was assigned to the overlying Etend-
eka Group (Milner et al. 1994). The base of the formation
consists of fluvial interbeds, whereas the top is composed of
light brown to reddish eolian sandstones (Fig. 5). The domi-
nant dip direction of dune forests is NE to ENE with minor
sets occurring from N to SE (Horsthemke 1992). The imbri-
cation of the basal fluvial beds suggests a deposition with
westerly flowing currents (Miller 2008). At the top of the
formation, the sandstones partly interfinger with or are cov-
ered by Lower Cretaceous flood basalts (Renne et al. 1996).
The Twyfelfontein fm. can be correlated with the Botucatu
fm. of the Parana Basin (Brazil), where W- to SW-directed
wind patterns prevailed (Scherer and Goldberg 2007).

Methods

Samples were mainly collected in the northern part of
Namibia along the roads C39, D2315, D3214, D2414 except
sample Nam 415, which was collected east of Windhoek
along road C20 (Fig. 3). All samples were representative for
each facies found in the respective studied unit.

Zircon concentrates were separated from 1 to 3 kg whole
rock material at the Senckenberg Naturhistorische Sammlun-
gen Dresden (Museum fiir Mineralogie und Geologie). After
crushing up the fresh sample in a jaw crusher, material was
sieved for the fraction from 36 to 400 pm. Heavy mineral
separation was achieved from the latter fraction using LST
(lithium heteropolytungstate in water) prior to magnetic sep-
aration in a Frantz isomagnetic separator. Final selection of
the zircon grains for U-Pb dating was carried out by hand-
picking under a binocular microscope. When possible, at
least 150 zircon grains of all grain sizes and morphological
types were selected. After selection, the morphologic types
according to Pupin (1980), length and width, roundness and
surface structure were determined with a scanning electron
microscope (e.g. Gértner et al. 2018; and references therein).
These characteristics of morphology are aimed to supple-
ment the isotopic data and may help to improve the precision
of provenance studies. Zircon size was determined using
the software DIPS 2.9 (point electronic). Zircon grains were
mounted in resin blocks and polished to half their thickness
to expose their internal structure (e.g. oscillatory growth
and older cores). Cathodoluminescence (CL)-imaging was
performed using a SEM coupled to a HONOLD CL detector
operating with a spot size of 550 nm at 20 kV.

The zircon grains were analysed for U, Th, and Pb
isotopes by LA-SF ICP-MS techniques at the Museum

fiir Mineralogie und Geologie (GeoPlasma Lab, Senck-
enberg Naturhistorische Sammlungen Dresden), using
a Thermo-Scientific Element 2 XR sector field ICP-MS
(single-collector) coupled to an asi RESOlution 193 nm
excimer laser. Each analysis consisted of 15 s background
acquisition followed by 30 s data acquisition, using a laser
spot-size of 25 pm and were bracketed by zircon reference
material measurements. A common-Pb correction based
on the interference- and background-corrected 2**Pb signal
and a model Pb composition (Stacey and Kramers 1975)
was carried out if necessary. The necessity of the cor-
rection is judged on whether the corrected 207Pb/206Pb
lies outside of the internal errors of the measured ratios
(Frei and Gerdes 2009). Discordant analyses were gener-
ally interpreted with care. Raw data were corrected for
background signal, common Pb, laser-induced elemen-
tal fractionation, instrumental mass discrimination, and
time-dependant elemental fractionation of Pb/Th and Pb/U
using an Excel® spreadsheet program developed by Axel
Gerdes (Institute of Geosciences, Johann Wolfgang Goe-
the-University Frankfurt, Frankfurt am Main, Germany).
Reported uncertainties were propagated by quadratic addi-
tion of the external reproducibility obtained from the refer-
ence zircon GJ-1 (~0.6% and 0.5-1% for the **’Pb/*"°Pb
and 2%Pb/>38U, respectively) during individual analytical
sessions and within-run precision of each analysis. To test
the accuracy of the measurements and data reduction, we
included the PleSovice zircon as a secondary reference
in our analyses and which gave reproducibly ages of c.
337 Ma, fitting with the results of Slama et al. (2008). Non-
metric Multi-dimensional scaling (MDS) plots based on
the Kolmogorov—Smirnov statistical analysis (Vermeesch
2013) were produced using the provenance package for the
statistic program R 3.6.1 (Vermeesch et al. 2016). MDS
produces a point configuration in which similar samples
plot close together and dissimilar samples plot far apart To
compare the sample zircon age data with zircon age data
from published studies from southern African structural
units (along time) and from other Mesozoic Karoo-aged
successions (geographically). Kernel density estimation
plots were produced using the detzrcr package for the sta-
tistic program R 3.6.1 by Andersen et al. (2018b). The
207pp/2%Pb age was taken for interpretation for all zircon
grains > 1.5 Ga, and the 2°°Pb/?*8U ages for younger grains
as recommended by Puetz (2018). For further details on
analytical protocol and data processing see Gerdes and Zeh
(2006). A U-PDb analysis is concordant when it overlaps
within uncertainty with the concordia. So, it seems to be
appropriate to exclude results with a low level of concord-
ance (>*°Pb/>38U age/*"’Pb/?%°Pb age x 100), but very large
errors that overlap with the concordia from interpretation.
Thus, an interpretation with respect to the obtained ages
was done for all grains within the concordance interval
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of 90-110% (*°°Pb/**8U age/**’Pb/?°Pb age x 100) which
is often used (Spencer et al. 2016). To exclude lead loss
effects, analyses with >2.5% corrected common lead were
rejected by default and were not considered for further
interpretation (Andersen et al. 2019a). U and Pb content
and Th/U ratio were calculated relative to the GJ-1 zircon
reference and are accurate to approximately 10%. Analyti-
cal results of U-Th-Pb isotopes and calculated U-Pb ages
are given in the supplementary data. The stratigraphic time
scale of Gradstein et al. (2012) was used.

Hafnium isotope measurements were carried out using
a Thermo-Finnigan NEPTUNE multi-collector ICP-MS at
the Institute of Geosciences, Johann Wolfgang Goethe-
University Frankfurt, Frankfurt am Main, Germany cou-
pled to RESOlution M50 193 nm ArF Excimer (Resonet-
ics) laser system following the method described in Gerdes
and Zeh (2006, 2009). Spots of 40 um in diameter were
drilled with a repetition rate of 4.5-5.5 Hz and an energy
density of 6 J/cm? during 50 s of data acquisition. The
instrumental mass bias for Hf isotopes was corrected using
an exponential law and a "’Hf/!7"Hf value of 0.7325.
In the 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 7SHf/""Hf ratio =0.282160 and quoted uncertain-
ties are quadratic additions of the within-run precision
of each analysis and the reproducibility of the JMC475
(2SD=0.0028%, n=28). Accuracy and external reproduc-
ibility of the method was verified by repeated analyses
of reference zircon GJ-1 and PleSovice, which yielded
a "TH{/'"Hf of 0.282007 +0.000026 (2SD, n=42) and
0.0282469 + 0.000023 (n =20), respectively. This is in
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 (0.282010 +0.000025;
n>800) and PleSovice (0.282483 +0.000025, n > 300) ref-
erence zircon at the Frankfurt lab.

The initial '"°Hf/'7"Hf values are expressed as ¢Hf,,,,
which is calculated using a decay constant value of
1.867x 10-11 year-1, CHUR after Bouvier et al. (2008;
71/ THE cpyur» today =0.282785 and '7Lu/'""Hf cyyyrs
today =0.0336) and the apparent U-Pb ages obtained for
the respective domains are shown in the supplementary data
A. For the calculation of Hf two-stage model ages (TDM)
in billion years, the measured '"®Lu/'7"Lu of each spot (first
stage =age of zircon), a value of 0.0113 for the average con-
tinental crust, and a juvenile crust 176 uw/"""LuNC =0.0384
and ""°Hf/"""Hf NC =0.283165 (average MORB; Chauvel
et al. 2007) were used.

The geochemical analyses of the rock samples were car-
ried out by FUS-ICP and FUS-MS by Actlabs in Ancaster
(Ontario, Canada).
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Results

For this study, we analysed zircon grains from seven
Mesozoic sandstone samples. In total 1046 zircon grains
were investigated with respect to their morphological
features (Fig. 6), including width, length and roundness
after Girtner et al. (2013) and morphotypes after Pupin
(1980) (Fig. 7). On these zircon grains 1079 U-Th-Pb
and 187 La—Hf LA-ICP-MS analyses on selected regions
were performed (Figs. 8, 9a). Of all U-Th-Pb analyses,
690 yielded a near concordance between 90 and 110%.
In general, all investigated samples of Namibian Meso-
zoic sandstones yield a major Pan-African c. 0.5-0.7 Ga
(Neoproterozoic to early Cambrian) age peak, and a minor
peak at 1.8-2.1 Ga (late Rhyacian to Orosirian). Archean
ages are scarce but could be observed in each investigated
sample. Besides sample Nam 415, all samples show com-
parable age spectra featuring Lower Triassic to Permian
zircon ages.

Geochemical data obtained for all samples but Nam 336
and 342 is useful to determine recycling, weathering, and
average composition of source areas. Chondritic normal-
ised REE diagrams of samples Nam 415 and Nam 382
show a negative Eu-anomaly typical for reduced condi-
tions (Fig. 10a). The discriminant function diagram after
Roser and Korsch (1986) of the sediments provide insights
about their source rock composition. Four samples fall
into the field of quartzose sedimentary provenance and
sample Nam 415 plot into the field of intermediate igne-
ous provenance (Fig. 10b). On the La/Th vs Hf diagram a
mix between upper continental crust and lower continental
crust provenance composition for the investigated samples
of this study is given by La/Th ratios between 3.33 and
4.80 showing no sedimentary recycling trend (Fig. 10c),
also confirmed by the Th/U vs Th plot indicating only a
weak weathering trend (Fig. 10d).

An overview of the most important results of this study
may be found in Table 1. All obtained U-Th-Pb and
La—-Hf LA-ICP-MS measurements including morpho-
logical features of each grain can be found in the sup-
plementary data.

In the following, we give a more detailed sample
description, sorted after the respective basin and after that
from bottom to the top of the successions.

Nam 335 and Nam 336, $S20° 26’ 50.3", E14° 32’ 34.0",
sandstone, Lower Cretaceous, Etendeka Group,
Twyfelfontein Formation

The brownish (Nam 335) and whitish (Nam 336) sand-
stones were collected along road C39 about 45 km W of
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the city of Khorixas. The sampled section lies directly
below a Jurassic dolerite intrusion and consists of two
distinct layers, interpreted as single dune sets. Both layers
feature foreset pinstriping with massive, interbedded ava-
lanche layers of variable thickness and grading. The grains
of the sandstones are usually well rounded and well sorted
and range from fine to coarse. Of 157 U-Th—Pb isotopic

\ 4

(Na+K)/Al

analyses of Nam 335, 113 yield ages between 240 + 6 and
2778 +22 Ma and of 146 analyses of sample Nam 336,
104 near concordant analyses yield ages between 252 +4
and 2561 + 11 Ma, resulting in one main age group for
both samples ranging from 450 to 700 Ma (58% of all
near concordant analyses), with peaks at 500 and 550 Ma
(Fig. 8). Minor age groups cluster in the range from 240
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to 300 Ma and from 1750 to 2000 Ma (12 and 7%, respec-
tively; Fig. 8). ¢Hf,, values range from — 38.9 to 16.9
resulting in Tp), ages between 1.07 and 2.64 Ga (Fig. 9a).

Nam 342, S20° 35’ 33.3", E14° 22’ 25.6", eolian
sandstone, Lower Cretaceous, Etendeka Group,
Twyfelfontein Formation

The brown eolian sandstone was collected at the type local-
ity Twyfelfontein along road D3214 (Fig. 3). Similar to
samples Nam 335 and Nam 336, the fine to coarse-grained
sandstones show pinstriping and can be divided into indi-
vidual cross-bedded units of several metres thickness, which
are interpreted as single dune sets. The 153 U-Th-Pb zircon
analyses gave 83 concordant ages, ranging from 242 +5 to
2601 + 24 Ma. One main age group appears from 450 to
700 Ma and further peaks are at 500 and 575 Ma (47% of all
near concordant analyses; Fig. 8). Minor age groups appear
from 240 to 300 Ma and from 1900 to 2050 Ma (12% of all
near concordant analyses each; Fig. 8).
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Nam 343, S20° 35’ 33.0", E14° 222 4.8", eolian
sandstone, Lower Cretaceous, Etendeka Group,
Twyfelfontein Formation

The brown well-bedded eolian sandstone contained several
cm-sized subrounded quartz pebbles and was collected at
the type locality Twyfelfontein along road D3214 (Fig. 3)
in the lower part of the section of sample Nam 342, rep-
resenting the base of the Twyfelfontein fm. In contrast, to
sample Nam 342, the sandstones are reddish, well-bedded,
immature, and show no pinstriping. The 160 U-Th-Pb
analyses gave 97 concordant ages, ranging from 265 +4
to 2743 + 15 Ma. One prominent main age group ranging
from 470 to 700 Ma (56% of all near concordant analyses)
could be observed (Fig. 8). One minor age group appears
from 1700 to 2000 Ma (22% of all concordant analyses;
Fig. 8).
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Fig.9 cHf, versus age diagrams of zircon grains of southern Gond-
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analyses. a ¢Hf(,, versus age data obtained for this study and kernel
density estimations for the investigated samples. b Published ¢HF,

Nam 349, 521° 04’ 05.7", E16° 24’ 04.4", eolian
sandstone, Lower Jurassic, Etjo Formation

Sample Nam 349 is a bedded, yellowish to brownish fine-
to medium-grained eolian sandstone, and was collected
at a section ¢ 115 km NNW of the town Okahandja, near
the road D2414 at farm Etjo Nord 93 (Fig. 3). The sec-
tion consisted of ¢. 95% cross-bedded sandstone facies,
intercalated with minor laminated mudstone facies, which
is interpreted as interdune flooding, and a coarse-grained
sand and pebble lag facies. The well-sorted sandstones
of the unit are mica free and texturally mature. Locally
slumping does occur. The 153 performed U-Th—Pb analy-
ses 94 gave near concordant ages, ranging from 242 +7
to 2736 +30 Ma. One main age group ranges from 500
to 700 Ma, featuring 44% of all near concordant analy-
ses, whereas considerable minor age groups ranging from
240 to 300 Ma (14%), from 1000 to 1200 Ma (20%), and
from 1750 to 2000 Ma (11%; Fig. 8). Of 50 La-Hf isotopic
analyses ¢Hf,) values ranging from — 19.5 to 8.4 resulting
in Ty, ages from 0.94 to 3.23 Ga (Fig. 9).
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versus age data of the Main Karoo Basins (Andersen et al. 2016b).
¢ Published ¢HF,, versus age data of the Parand Basin (Griffis et al.
2018). d Published ¢Hf{,, versus age data of the Congo Basin (Owusu
Agyemang et al. 2016)

Nam 382, 520° 28’ 26.5", E17° 18’ 25.1", fluvial
sandstone, mid-Triassic, Omingonde Formation

A brownish sandstone was collected c. 86 km east of the
town Otjiwarongo, near road D2512 below the Waterberg
plateau (Fig. 3). The section consisted of cross-bedded
in-channel accumulations of sandstones with scattered
pebbles of mudstones. The sandstones were intercalated
with aqueous siltstones, including thin, elongate lenses of
reworked pedogenic carbonate nodules. The 152 U-Th—Pb
analyses gave 88 near concordant ages between 240 +4
and 3372 + 13 Ma. One major age group ranges from 450
to 660 Ma (44%), with peaks at 510 and 600 Ma (Fig. 7).
Minor age group occur from 240 to 300 Ma (6%), from
950 to 1150 Ma (22%), and from 1750 to 2000 Ma (11%;
Fig. 8). Obtained ¢Hf ;) values of 49 La-Hf isotopic analy-
ses range from — 25.5 to 7.4 resulting in T, ages between
0.87 and 3.36 Ga (Fig. 9a).
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Fig. 10 Plots of geochemical data of investigated Mesozoic sedimen-
tary samples from the Huab and Waterberg basins and from the Neu
Loore outcrops. a Chondrite-normalized REE patterns of measured
values (after Nakamura 1974). b Discriminant function diagram after
Roser and Korsch (1986) for the provenance of all investigated sam-
ples in this study. Fields for dominantly mafic, intermediate and felsic
igneous provenances are shown as well as the field for a quartzose

Nam 415,523°13'31.0", E18° 42’ 03.1", fluvial
sandstone, mid to late Triassic, Neu Loore Formation

The stratified mica-rich brownish sandstone was sampled
along road C20, about 30 km north of the town Leonardville.
The sampled section was made up coarse to medium-grained
sandstones, interbedded with very fine-grained, highly mica-
ceous sandstone or siltstone, featuring trough cross-bedding,
pointings towards several rapid facies changes. Of all 158
U-Th-Pb analyses, 111 gave concordant ages, ranging from
511+10 to 2646 + 10 Ma. Three major age group occur
between 500 and 700 Ma peaking at 540 Ma (21% of all near
concordant analyses), from 1000 to 1250 Ma peaking at 1080
and 1140 Ma (41%), and from 1700 to 2000 Ma peaking at
1880 Ma (21%; Fig. 8). Obtained ¢Hf(,, values of 49 La-Hf
isotopic analyses range from — 11.8 to 16.0 resulting in Tpy,
ages between 0.83 and 2.61 Ga (Fig. 9a).
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sedimentary provenance. ¢ La/Th vs. Hf diagram after Floyd and
Leveridge (1987) and Gu et al. (2002) to determine average source
composition for the investigated sediments. LCC lower continen-
tal crust, UCC upper continental crust. d Th/U vs Th diagram after
McLennan et al. (1993). All diagrams are based on data given in sup-
plementary material

Discussion
Protosources of the sediments

All investigated samples show Upper Neoproterozoic, Meso-
proterozoic and Paleoproterozoic detrital zircon age peaks
and minor amounts of Archean as well as Upper Tonian
(c. 0.75-0.85 Ga) ages (Fig. 8). The oldest prominent age
peak is confined to the Mid-Paleoproterozoic (Orosirian;
Fig. 8). Zircon ages of 1.9 Ga can be assigned to the Rich-
tersveld Magmatic Arc, which is part of the Namaqua Sector
(Hofmann et al. 2014; Macey et al. 2017). In addition, the
Orange River Group (also part of the Namaqua Sector) can
also provide zircon grains of that age, as these strata feature
zircon ages ranging from 1.8 to 2.1 Ga (Minnaar 2011; Pet-
tersson et al. 2007; Van Niekerk 2006). Late Neoproterozoic
to Mesoproterozoic (late Tonian to Stenian) ages are present
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Table 1 Summary of the most important results of the detrital zircon analysis
Coordinates ~ Formation Lithology Number of = Minimum, Minimum, Mean Youngest Oldest
grains (total, maximum maximum roundness detrital grain detrital grain
U-Th-Pb and mean and mean (classes 1-10  (90-110% (90-110%
analyses, length (pm)  width (pm)  according to  conc.) (Ma)  conc.) (Ma)
90-110% Grtner et al.
conc 2013)
Nam 335 S20° 26’ Twyfelfon-  Sandstone 142 61 41 7.89 240+6 2778 £22
50.3",E14°  tein 157 209 99
32'34.0" 113 120.19 64.72
Nam 336 S20° 26’ Twyfelfon- Sandstone 142 76 53 7.83 252+4 2561 +11
50.3",E14°  tein 146 281 143
32'34.0" 104 159.06 83.13
Nam 342 S20° 35’ Twyfelfon- Sandstone 147 56 33 7.21 24245 2601 +24
33.3",El14°  tein 153 182 84
2225.6" 83 107.69 55.18
Nam 343 S20° 35’ Twyfelfon- Sandstone 160 57 28 6.43 265+4 2743+ 15
33.0",E14°  tein 160 308 203
22'24.8" 97 124.94 65.23
Nam 349 S21° 04 Etjo Sandstone 153 70 29 8.10 242+7 2736 £30
05.7", E16° 153 231 132
24' 04.4" 94 124.27 68.87
Nam 382 S20° 28’ Omingonde  Sandstone 151 61 30 8.50 240+4 3372+ 13
26.5", E17° 152 258 127
18'25.1" 88 129.54 71.66
Nam 415 S23° 13’ Neu Loore Sandstone 151 63 25 5.28 511+10 2646+ 10
31.0", E18° 158 203 113
42'03.1" 111 108.93 53.45

in all investigated samples but seem to thin out going upward
in stratigraphy (Fig. 8). Possible basement sources are the
Mesoproterozoic Namaqua-Natal Sector (e.g. Clifford et al.
2004; Macey et al. 2018; Raith et al. 2003) as well as the
Irumide Belt (e.g. De Waele et al. 2009). The third and most
prominent zircon age peak featured by all analysed sam-
ples is of Neoproterozoic to Cambrian age. These ages can
be derived from denudated pan-African mountain ranges
of today’s Damara, Kaoko, Saldania and Copperbelt (e.g.
Foster et al. 2015; Frimmel et al. 2013; Gray et al. 2008;
Konopasek et al. 2017; Konopasek et al. 2008; Sanz 2005).
Detrital pan-African zircon ages are also prominent within
other investigated Karoo-aged successions throughout SW
Gondwana (e.g. Canile et al. 2016; Griffis et al. 2018; Linol
et al. 2016; Viglietti et al. 2018). As remnants of the pan-
African orogeny are found all over the Gondwana supercon-
tinent (Kennedy 1964), it is not surprising to find evidence
of this major orogenic event in younger strata. In contrast,
Meso- to Neoarchean ages (c. 2.65-2.80 Ga) found in the
investigated samples are scarce and occur only in the SE
of the studied area. They are interpreted to represent recy-
cled parts of the Kheis Subprovince or of the Magondi Belt
(Glynn 2017; Van Niekerk 2006; Fig. 1b), since both are the
only Late Archean structural units in the vicinity of the study
area. No older ages have been found, indicating a complete
cover of the Kalahari Craton interior (Kaapvaal Shield) by

younger sediments during the Mesozoic. Tonian zircon ages
are scarce along the Kalahari Craton margins but may be
associated with the Richtersveld Igneous Complex (Frim-
mel et al. 2001).

Nevertheless, all presented samples show a clear trend in
their zircon age pattern from sample Nam 415 (Neu Loore
fm.) towards all samples of the Waterberg and Huab Basins
(Fig. 8). Sample Nam 415 features three distinct age peaks
whereas the Paleoproterozoic and Mesoproterozoic age
peaks thin out in all other samples. In addition, a prominent
Permian age peak is present within the zircon age pattern
of all samples besides Nam 415 (Fig. 8), indicating a prov-
enance change during the Upper Triassic. Permo-Triassic
zircon ages within Karoo-aged strata of the Main Karoo
Basin, Congo Basin and Paran4 Basin have been reported
by several authors (Canile et al. 2016; Linol et al. 2016;
Viglietti et al. 2018). The source of the Permian age popula-
tion is somewhat enigmatic as there is no known magmatic
activity of that particular age within the study area, although
the Karoo-aged strata feature numerous ash beds of Upper
Permian age (Fildani et al. 2009; McKay et al. 2015; Milani
and De Wit 2008). McKay et al. (2015) and Rubidge et al.
(2013) suggested the southern Gondwanan volcanic arc as
a possible source area (Fig. 1b).

An unspecific source of six of the seven investigated
Mesozoic sedimentary samples becomes apparent when
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Fig. 11 Non-metric MDS
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comparing the statistical dissimilarity with Mesopro-
terozoic and younger southern African structural units
(Fig. 11a). The results show that the statistical dissimi-
larities are large between the samples dividing them into
two groups: The first group is represented by sample Nam
415 (Neu Loore fm.) with the largest dissimilarity to the
Neoproterozoic Saldania Belt and Copperbelt as well as
to the Mesoproterozoic Choma-Kalomo Block (Fig. 11).
The dissimilarity is smaller to the Mesoproterozoic Natal
and Nama sectors and Barue Complex as well as to the
Neoproterozoic Irumide and Gariep belts and to detrital
successions of the Ghanzi Ridge and the Cape Fold Belt
(Fig. 11a). A lowest statistical dissimilarity exists between
sample Nam 415 and the Nama Basin strata (Fig. 11a).
In summary, sample Nam 415 shows low dissimilarities
with the majority of southern African Neoproterozoic
structural units and detrital successions, implying either
a derivation of the sediments of the Neu Loore from a not
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specified unit or it represents a mixture of several units
as it plots between the Mesoproterozoic and pan-African
realms (Fig. 11a). The second group comprises all inves-
tigated samples but Nam 415 and has the highest statisti-
cal dissimilarity with the Choma-Kalomo Block and the
Copperbelt (Fig. 11a). A lower statistical dissimilarity is
present with all of the Neoproterozoic belts, besides the
Copperbelt and Saldania Belt, which is the closest sta-
tistical neighbour (Fig. 11a). Thus, the second group of
samples may not be correlated with any of the older south-
ern African units and therefore, indicates a more exotic
provenance not able to be located within southern Africa.
The MDS analysis of the U-Pb isotope data allows no
clear assignment of either of the apparent sample groups
into a respective realm. Thus, it is only possible to pro-
vide insights concerning the bedrock/proto sources of the
sediments but no source-to-sink model may be applied,
requiring a new approach (see further discussion).
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Recycling dynamics of the Mesozoic sediments

Recent studies conducted by Andersen et al. (2016b),
Andersen et al. (2018a) and Orejana et al. (2015) concluded
biased results of conventional zircon studies assuming
a direct pathway of sediment source to sediment sink not
taking into account repeated sedimentary recycling events
obscuring such ‘source-to-sink’ dynamics. A similar effect
has also been suggested by Vorster (2014) and Zieger et al.
(2019) for the lower Karoo-aged strata (Dwyka Group) of
the Main Karoo and Aranos basins.

To reveal differences in recycling history, the zircon mor-
phology can offer valuable information concerning the dura-
tion and intensity of zircon grain transport (Gértner et al.
2013). As with the U-Pb detrital zircon data the morphology
of the investigated zircon grains also reveals a clear distinc-
tion between the crystals of the Neu Loore fm. and the rest of
the sample set (Fig. 6). The zircon grains of sample Nam 415
are smaller (Fig. 6a, b) and feature more diverse roundness
values than the grains of the other samples (Fig. 6¢). The
variety of zircon roundness values may be due to two differ-
ent reasons: (1) The transport of the material was not long
and/or intense or (2) the sediments of the Neu Loore fm.
were the result of a mixing of a local bedrock source with
already recycled material. Both possibilities are not mutu-
ally exclusive and the obtained zircon morphologies may
be the result of a combination of both processes. An appar-
ent disparity in zircon grain roundness was also observed
by Zieger et al. (2019) for the Dwyka Group sediments of
the Aranos Basin. In contrast, all remaining samples show
fairly rounded grains clearly indicating intensive grain/sedi-
ment movement either by transport over long distances or by
permanent local sediment regrouping and movement. Nev-
ertheless, high degrees of zircon roundness points to (re-)
recycling and shows no evidence of input of fresh basement
material (Zoleikhaei et al. 2016). Furthermore, the degree of
roundness for zircon grains of this study are different from
zircon roundness values obtained by Zieger et al. (2019) for
the Dwyka Group sediments of the Aranos Basin. Simple
visual inspection the ¢Hf ;) values of the Namibian and South
African (Main Karoo Basin) of the detrital zircon age vs the
Hf isotope patterns reveal an extensive similarity between
both Karoo strata distribution areas (Fig. 9a, b). Due to the
lack of data a similarity of the Congo and Parana Basin suc-
cessions with the Namibian and South African successions is
not apparent but may not be excluded (Fig. 9). Nevertheless,
a mix of all sorts of components is suggested when compar-
ing ¢Hf ) values of Mesozoic SW Gondwanan Karoo-aged
successions (Fig. 9), showing a range of c. 25 epsilon units
for all the Karoo-aged basin successions, which cannot be
sourced from one basement unit alone, as distinct basement
units show a narrow spread of <5 epsilon units (e.g. Cor-
nell et al. 2015; Hofmann et al. 2014). The widespread of

¢Hf,) values indicates a mixing of several sources, which is
supported by the abundant zircon morphotypes., pointing
towards different magma compositions and temperatures
(Fig. 7) in the source igneous or metamorphic rocks.

The Upper Triassic Neu Loore fm. is interpreted to rep-
resent the last remains of a recycling regime characterized
by mixing of freshly eroded with older recycled material,
resulting in a dipolar zircon population visible by the degree
of roundness of the detrital zircon grains. All other samples
of the present study are interpreted to record the subsequent
intensive reworking of the ‘Neu Loore type’ material, lead-
ing to sediment homogenization.

The sudden change in zircon provenance, which is present
in all samples investigated for this study younger than the
Neu Loore fm., begins in the uppermost Triassic with the
sedimentation of the Omingonde fm. and is characterized by
the occurrence of Permian-aged zircon grains (Fig. 8) and
the differences in the geochemical data (Fig. 10). Karoo-
aged successions with similar age patterns have also been
found in the Main Karoo Basin and in the Paran4 Basin (e.g.
Andersen et al. 2016b; Bowden 2013; Canile et al. 2016).
Viglietti et al. (2018) and Zieger et al. (2019) showed that
the Permo-Triassic ash bed material underwent no signifi-
cant recycling as the Permian-aged zircon grains of these
samples show an euhedral nature. In contrast, all Permian-
aged zircon grains investigated within the present study are
not euhedral but show a high to very high grade of roundness
(Fig. 6¢) indicating intensive transport and reworking of the
sediments.

On the base of the latter, it is possible to make some
assumptions about sediment fluxes during the Mesozoic in
the SW of Gondwana. As the provenance of the Neu Loore
fm. (sample Nam 415) is similar to the zircon age patterns
of local sources, such as the Damara Orogen and the Nama
Basin (Fig. 11a) the zircon grains may not be transported
very far, which is in line with their angular shape. The
transport was probably induced by a river system originat-
ing from a paleohigh (Cargonian Highlands?) in the E or
SE (Fig. 12a; Bordy et al. 2010). As already mentioned, the
strata of the Neu Loore fm. is special as their zircon age pat-
tern is unique in comparison to other Triassic-aged southern
Gondwanan successions (Fig. 11b). Statistical dissimilarities
are largest with the samples of this study, both Main Karoo
Basin realms, and with the Paran Basin realm, implying
a different sedimentary history. There is a relatively low
statistical dissimilarity between the Neu Loore fm. and the
Kwango fm. of the Congo Basin realm (Fig. 11b). Linol
et al. (2016) proposed a more local source area for the suc-
cessions of the Kwango fm., which may also apply for the
Neu Loore fm.

The drastic provenance change is coeval with the initial
subsidence related to the opening of the Waterberg rift basin
leading to the sedimentation of the Omingonde fm (Zerfass

@ Springer



1698

International Journal of Earth Sciences (2020) 109:1683-1704

A

Upper Triassic
Neu Loore Formation

Eorsg

(Cargonia Palaeohigh

N Highlands)

C

Lower Cretaceous
Twyfelfontein Formation

c. 180 Ma flood basalt

Fig. 12 Possible facies changes during the Mesozoic period (pale-
ocurrents based on Bordy et al. 2010; Rademan 2018; and own obser-
vations). The black arrow indicates the direction of the main sediment
flux. a Playa deposits and meandering rivers sourced from an east-
ern Paleohigh east (maybe Cargonian Highlands) during the deposi-

et al. 2005). contemporaneous to a climate and facies change
(Smith and Swart 2002; Fig. 12b). Due to general desertifi-
cation of SW Gondwana during uppermost Triassic to lower
Jurassic, the rivers originating from the eastern paleohigh
did not reach far enough (Rademan 2018). Therefore, the
east directed rivers may not contribute to the provenance
of the Omingonde fm. strata. The rounded nature of zircon
grains of the Omingonde and Etjo fms. (Fig. 6¢) most likely
inherit multiple times recycled ash fall deposits sourced
from the Gondwanides volcanic arc in the SE, as they are
the nearest source where Upper Permian volcanism occur
(e.g. Pankhurst et al. 2006; Fig. 1). Similarly to the Water-
berg Basin sediments, high amounts of late Permian aged
zircon grains have been found within the Upper Triassic and
Jurassic successions of the Paranid and Main Karoo basins
(Andersen et al. 2016b; Canile et al. 2016; Viglietti et al.
2018), which are also most likely sourced from ash fall tuffs
produced by the Gondwanides volcanic arc (Castillo et al.
2016; Linol et al. 2016; Rocha-Campos et al. 2011). The
material later forming the Triassic to Jurassic Waterberg and
Parana Basin sediments was transported towards the N/NE
(Fig. 12; Philipp et al. 2018), and became mixed with older
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Older Karoo-aged strata (Dwyka & Ecca Groups)
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tion of the Neu Loore fm. in the Upper Triassic. b Transition from
uppermost Triassic (Omingonde fm.) to Early Jurassic (Etjo fm.) is
characterized by retreating river systems and a developing desert with
sediments coming from the west. ¢ Eolian dominated facies during
the Lower Cretaceous

pan-African components (Figs. 8, 9, 10; Canile et al. 2016;
Scherer and Goldberg 2007) covering major parts of SW
Gondwana (Andersen et al. 2016a; Peri et al. 2016). The
SW source of the sediments is also inferred by NE dip direc-
tions of the barchanoids of the Etjo fm. (Bigarella 1973).
A possible genetic link between the Upper Triassic and
Lower Jurassic SW Gondwanan sediments and therefore, a
shared recycling history, becomes apparent when compar-
ing statistical dissimilarities of detrital zircon age data of
the investigated samples and data from other Mesozoic SW
Gondwana successions: The investigated sediments show
low statistic dissimilarity to the Triassic Rio do Rasto and
Santa Maria fms. of the Parana Basin realm, to the Elliot
and Normandien fms. of the Main Karoo Basin realm A and
to the Tashinga fm. of the Mid-Zambezi Basin (Fig. 11b).
The low statistical dissimilarity observed among successions
from the mid-Triassic to lower Jurassic may hint towards a
sediment homogenization system from the Parani Basin to
the Mid-Zambezi Basin expanding over c. 1700 km. The
Congo Basin realm and Main Karoo Basin realm B do not
overlap and therefore show a large statistical dissimilarity
(Fig. 11b), suggesting different recycling histories.
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To define the timing of the sediment mixing process it
is possible to determine the maximum age of deposition of
the Omingonde fm., given by the youngest zircon grain with
an age of 240 +4 Ma (Ladinian, Middle Triassic; Table 1)
fitting well with the biostratigraphic age range proposed by
Keyser (1973) between c. 241 and c. 236 Ma.

The Lower Cretaceous Twyfelfontein fm. sediments of
the Huab Basin (samples Nam 335, 336, 342, 343) show
somewhat similar zircon age patterns with a prominent
pan-African and Permian age component (Figs. 7, 12b).
The similar zircon age patterns may be explained by an
erg depositional system prevailing during early Cretaceous
situated in SW Gondwana (Jerram et al. 2000; Scherer and
Goldberg 2007), including the areas of today’s Namibia and
Brazil, representing a continuation and intensification of the
conditions existing during the Lower Jurassic with a prevail-
ing NE directed paleowind pattern (Fig. 12b, c), suggested
by NE to ENE dipping dune foresets (e.g. Bigarella 1973;
Horsthemke 1992). Sedimentary recycling and homogeni-
zation continued together with mixing and polishing of the
detrital zircon grains (Fig. 6), as the transport of the material
was mostly eolian (Miller 2008). The statistical dissimilar-
ity is very low between the Botucatu fm. and the samples of
the Twyfelfontein fm. (Fig. 11b). As the detrital zircon age
patterns of the Twyfelfontain and Botucatu fms. are similar,
the mid-Triassic to lower Jurassic sediment homogenization
system (see discussion above) covering SE Gondwana may
exist at least until the lower Cretaceous.

Comparing the detrital zircon record of all southern
Gondwanan Mesozoic sediments shows that not all of them
share a similar recycling history (Fig. 11b). A low statistical
dissimilarity of the sediments of the Parana Basin and the
Main Karoo Basin realm A with all investigated samples
besides sample Nam 415 may imply a similar sedimentary
homogenization. In contrast, the successions of the Congo
Basin realm and Main Karoo Basin realm B show large dis-
similarities. The difference in the detrital zircon age pat-
terns may be caused by diverse input of more local bedrock
sources as it is normal in continental environments.

Conclusions

Six of the seven investigated sandstones from four Mesozoic
fms. of northern Namibian cover sequences of the Karoo
Supergroup and of the Etendeka Group show similar detrital
zircon age components and Hf isotope distribution patterns,
with major late Neoproterozoic to early Phanerozoic and
Mesoproterozoic age clusters. These patterns are similar to
the detrital zircon record of Neoproterozoic basement rocks
in the region, but lacking the specific Hf isotope character-
istics of bedrock sources and feature high portions of very

well rounded detrital zircon grains. Therefore, the latter
zircon fractions are much more likely to have been derived
from Meso- to Neoproterozoic cover sequences resting on
Archean to Mesoproterozoic basement as directly from first-
generation sources. Thus, the investigated sediments carry
no interpretable provenance information, hosting a more or
less homogenized mixture of detritus of Neoproterozoic to
Mesoproterozoic orogens denudated long before the depo-
sition of the Karoo Supergroup successions. Additionally,
late Permian detrital zircon ages have been observed in the
higher parts of the succession. The Permian detrital zircon
ages suggest a dominating southerly source with material
transport over long distances from the southern Gondwanan
margin. In most cases, these zircons are older than their host
sediments, not giving any information concerning sedimen-
tation ages.

In contrast, deduced from the detrital zircon age record,
the lowermost Triassic Neu Loore fm. is characterized by
recycling of local crystalline basement material, which
was not transported over long distances and mixing with
older sediments. The input of local basement material is
also proposed by the angular morphology of the investi-
gated zircon grains.

The U-Pb zircon age patterns and zircon grain mor-
phology allow us a reconstruction of the paleosediment
flux directions. The Neu Loore fm. featured only zircon
grains older 500 Ma, making a southern source unlikely as
the Gondwanides in the south of the study area produced
rocks containing vast amounts of Permo-Triassic aged zir-
con grains. In the course of the Mesozoic evolution, these
grains may got dispersed and transported towards the N/
NE by rivers and/or air. The results challenge the classi-
cal interpretations based on detrital zircon age data. At
least for the Karoo-aged sediments of Namibia, the clas-
sic ‘source-to-sink’ model cannot be used as the zircon
age pattern of the original source regions are probably
obscured by intermediate storage and repeated recycling.

To reveal such dynamics it is important to combine as
many analytical methods as possible. The robustness of
zircon U-Pb age combined with their zircon grain mor-
phology, zircon grain ¢Hf model ages and whole-rock
geochemistry proved to be powerful tools for analysing
sedimentary recycling histories.
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