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ABSTRACT

The age and properties of detrital zircon in a sediment reflect properties of
the rocks in which the zircon crystallized, and not necessarily the immedi-
ate precursor of the host sediment. Where clastic sediments are recycled,
these properties are preserved so that U-Pb ages and Lu-Hf data on zircon
grains will no longer give information on the routing of detritus. Because
the crustal evolution and sedimentary recycling history of Southern Africa
is well-established, Holocene sediments in the region provide a good test
example for detrital zircon geochronology applied to sands or sandstones
with a complex recycling history. Data from 16 samples of unconsolidated
sand, including dunes from the southern part of the Kalahari Basin, beach
sands at the Atlantic coast, and isolated inland dune occurrences, yield
ranges of early Mesozoic to late Archaean ages. Uranium-lead and
lutetium-hafnium isotope data provide no evidence of direct derivation of
zircon from protosources in crystalline bedrock. The complex distribution
patterns can be decomposed into seven ‘provenance components’ that have
previously been encountered in Palaeoproterozoic to Jurassic sedimentary
rocks in the region. These components occur in non-random combinations,
in proportions that suggest mixing of recycled material from different sedi-
mentary precursors. Taking pre-Cenozoic geology, Cretaceous to Pleistocene
drainage history of southern Africa and Holocene wind and current patterns
into account, it is possible to work out a consistent model for transport of
detritus from sedimentary precursors into the basin, followed by aeolian
remobilization within the basin itself. The detrital zircon distributions can
thus be interpreted from prior knowledge of the basin filling history,
regional geology, geomorphology, drainage evolution and wind pattern. This
amounts to a line of reasoning from ‘sink back to (intermediate) ‘source’,
which is the opposite of the ‘(proto)source-to-sink’ paradigm commonly
invoked in detrital zircon studies.
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INTRODUCTION

When a clastic sediment has been derived
directly from sources in crystalline bedrock, the
chemical and mineralogical composition and
isotopic characteristics of the sediment can, in
principle, be used to identify the sources of
detritus, and to map the sedimentary transport
paths. Tracing detritus ‘from source to sink’ is
an explicit goal in many sedimentary prove-
nance studies. It has, however, long been real-
ized that recycling of older sediments is an
important process, especially for sands and
sandstones (e.g. Potter & Pryor, 1961; Blatt,
1967; Pettijohn et al., 1973; Veizer & Jansen,
1979; Garzanti et al., 2022). Where sedimentary
recycling is important, the direct connection
between original source rock and final deposit is
obscured, which will influence geochemical, iso-
topic and mineralogical provenance indicators
(e.g. Cox et al, 1995; Reinhard et al., 2013;
Johnson et al., 2018; Haile et al., 2021).

Zircon has properties that has made it a popu-
lar tracer of sedimentary provenance (e.g. Fedo
et al., 2003; Gehrels, 2014). In its crystalline
state it is physically and chemically robust, it is
datable by the U-Pb method, and its Hf isotope
and trace element composition reflects the rock
in which it crystallized (the protosource). How-
ever, because of its robustness (e.g. Williams,
2001), zircon may survive repeated erosion—
transport-deposition cycles. This was realized
in some very early detrital zircon studies based
on analysis of multi-grain fractions (Ledent
et al., 1964; Tatsumoto & Patterson, 1964), and
has been confirmed by numerous studies based
on modern, microbeam U-Pb analyses of single
zircons (e.g. Rehr et al., 2008, 2010; Dickinson
et al., 2009; Andersen et al, 2011; Johnson
et al., 2018). The ability of zircon to survive suc-
cessive recycling is, in fact, the reason why age
and isotope data from detrital zircon in modern
river sediments can be used to study large-scale
processes of evolution of the continental crust
(e.g. Belousova et al., 2010; lizuka et al., 2010,
2013; Condie et al., 2011).

Where sedimentary recycling is an important
process, it is no longer possible to trace the
transport of detritus from the protosource infor-
mation given by detrital zircon data. The
‘source-to-sink’ paradigm, therefore cannot be
applied. On this background, three questions
appear to be well-justified: (i) what can we still
learn from detrital zircon data; (ii) how to avoid
the risk of making false geological inferences
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from such data; and (iii) what kind of variation
in age and Hf isotope distribution patterns can
be expected for detrital zircon in undisturbed
sediments deposited within a relatively short
time interval in a moderately sized area? In the
present study, these questions are approached
through a study of Quaternary sand from South
Africa.

Detrital zircon U-Pb and Lu-Hf data from
Palaeoproterozoic to recent sedimentary succes-
sions from southern Africa suggest that recycling
of older sedimentary deposits has been an
important process in the region at least since the
early Neoproterozoic (Andersen et al., 2016a,b,
2018a, 2019a, 2020a, 2020b; Zieger et al., 2019,
2021; Gartner et al., 2021; Garzanti et al., 2022).
The depositional history of the sediments, the
evolution of the regional drainage pattern and
the wind regime at the time of deposition of
Cenozoic sands are well-studied (e.g. Lancaster,
1981; Heine, 1982; Partridge & Maud, 1987;
Thomas & Shaw, 1991; Bootsman, 1998; Moore,
1999; Haddon, 2005; Partridge et al., 2006;
Miller, 2014; Thomas & Burrough, 2016). The
ages, and to some extent the Hf isotope charac-
teristics of potential sources in crystalline base-
ment, and sedimentary precursors in the region
are relatively well-constrained by published data
(Zieger et al., 2019, 2021 and reviews in Ander-
sen et al., 2016b, 2018a and Zimmermann,
2018). This makes the region a useful ‘natural
laboratory’ in which the recycling processes and
their consequences can be studied in some
detail. Recycling processes are, however, not
restricted to southern Africa, but are potentially
important for any deposit that may contain
material derived from older sediments, regard-
less of location, age or tectonic setting.

GEOLOGICAL BACKGROUND

After breakup of the Gondwana supercontinent
in the Jurassic—Cretaceous (Watkeys, 2006), the
southern margin of the African continent was
uplifted (Partridge et al., 2006), possibly in
response to mantle plume activity (Goudie,
2005). As a result, a huge depression on conti-
nental basement formed, stretching from near
the equator to ca 29°S in the Northern Cape
province of South Africa (Fig. 1), and possibly
even further south-east (Partridge et al., 2006;
Botha, 2021). The basin was gradually filled by
lacustrine, fluvial and aeolian sediments of the
Cenozoic Kalahari Group (Partridge et al., 2006).
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Fig. 1. Extent of the main Phanerozoic sedimentary
basins in southern Africa. Late Palaeozoic—-Mesozoic
basins from Catuneanu et al. (2005), Cenozoic Kalahari
Basin from Haddon (2005). MKB — Main Karoo Basin;
BB - Botswana Basin (following Johnson et al., 2006.
This basin has also been called the ‘Kalahari Basin’,
e.g. Catuneanu et al.,, 2005). Basement highs are
marked with red: CH - Cargonian Highlands (Visser,
1987); WH — Windhoek Highlands; GR — Ghanzi Ridge.

In southern Africa, the name ‘Kalahari Basin’
has been applied both to this Cenozoic basin
(e.g. Thomas & Shaw, 1991), and to a
Carboniferous—Cretaceous basin covering most of
southern Botswana, filled by sedimentary rocks
of the Karoo Supergroup (Fig. 1, e.g. Catuneanu
et al., 2005). To avoid confusion, this study fol-
lows Haddon (2005) and Johnson et al. (2006) in
referring to the older basin as the ‘Botswana
Basin’ (Fig. 1). Exposed parts of the latter basin
in the east and west are known as the Ellisras
Basin and Aranos Basin, respectively.

The depositional basement of the Kalahari
Group in South Africa, Botswana and Namibia
consists of Archaean to Palaeoproterozoic rocks
of the Kaapvaal Craton and its marginal accreted
Palaeoproterozoic-Mesoproterozoic terranes, the
Mesoproterozoic Namaqua—Natal Belt, and sedi-
mentary cover successions ranging in age from
Neoproterozoic to Mesozoic (Catuneanu et al.,
2005; Cornell et al., 2006; Gresse et al., 2006;
van Niekerk & Beukes, 2019). In much of

southern and central Botswana and adjoining
parts of Namibia, the Kalahari Group was depos-
ited on Carboniferous to Mesozoic sedimentary
rocks of the Karoo Supergroup of the Botswana
Basin (Figs 1 to 3), which in the western part of
the area rest upon Neoproterozoic to Cambrian
sedimentary rocks of the Nama Group (Gresse
et al., 2006; Vickers-Rich et al., 2016; Corner &
Durrheim, 2018). North of the Ganzi Ridge in
central Botswana, the Kalahari Group was
deposited on rocks of the Neoproterozoic
Damara Belt (Foster et al., 2015), including sedi-
mentary rocks of the Nama Group and underly-
ing Neoproterozoic Ghanzi and Witvlei Groups
(Figs 2 and 3). During deposition of the lower
part of the Karoo Supergroup (Dwyka Group),
the Botswana Basin was separated from the
Main Karoo Basin (MKB in Fig. 1) by a broad
ENE-WSW topographic high known as the Car-
gonian Highlands (CH in Fig. 1; Visser, 1987). In
this area, the Karoo Supergroup is missing, and
the Kalahari Group sediments were deposited
on Precambrian basement of the Kaapvaal Cra-
ton, Kheis Terrane and Namaqua-Natal Belt
(Fig. 2).

The Kalahari Group consists of a succession
of conglomerates, sandstones and mudrocks
deposited in fluvial and lacustrine environ-
ments, with calcrete, silcrete and ferricrete hori-
zons, overlain by unconsolidated, aeolian sand
which makes up the Gordonia Formation (infor-
mally known as the ‘Kalahari sand’; Partridge
et al., 2006). A stratigraphy with six named for-
mations, of which the Gordonia Formation is
the youngest and most widely distributed, has
been proposed (Fig. 3B; Partridge et al., 2006).
The succession below the Gordonia Formation
is very poorly exposed, and the stratigraphy
may not be applicable in all parts of the basin
(e.g. Thomas & Shaw, 1991; Partridge et al.,
2006). In some areas, for example along the
southern margin of the basin, only the Gordonia
Formation is present.

In the southern part of the basin in south-
eastern Namibia, south-western Botswana and
the Northern Cape province of South Africa, the
Gordonia Formation is made up by large dune
fields with stable, vegetated linear dunes (e.g.
Lancaster, 1981; Thomas & Shaw, 1991). Dunes
may have started forming already in the Plio-
cene, and have remained intermittently active in
the Pleistocene and Holocene (Miller, 2014;
Thomas & Burrough, 2016; Stone, 2021). In the
area sampled in this study, the dunes have a
general north-west/south-east orientation,
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Fig. 2. Geological map showing the main features at the south-western rim of the Kalahari Basin, with localities
sampled for this study. Distribution of domains in the basement from Cornell et al. (2006), Schliiter (2006) and
van Niekerk & Beukes (2019). Late Palaeozoic-Mesozoic basins in outcrop and subcrop from Catuneanu et al.
(2005), Kalahari Basin from Haddon (2005) and Nama Group from Vickers-Rich et al. (2016). The main courses of
major rivers in the region are included (O — Orange, V — Vaal, K — Kuruman, M — Molopo, N — Nossob, A — Aoub,
F — Fish River), for more details on the modern river network, see Fig. 8. Abbreviations used on the map: D —
Lower part of the Nama Group (Dabis Formation, Fig. 3D), Nama Group cropping out in South Africa also mainly
belongs to this Formation; KVC — Kaapvaal Craton; Gw — Griqualand West Basin (Transvaal Supergroup); Kh —
Kheis Terrane (van Niekerk and Beukes, 2019); A — Areachap Terrane; Ks — Kakamas Domain; B — Bushmanland
Domain; R — Richtersveld Domain; GGr — Outcrop of Neoproterozoic Ganzi Group (Hall et al., 2018); WGr — Areas
with outcrop of Neoproterozoic Witvlei Group, otherwise not visible on the scale of this map (Prave et al., 2011).

© 2022 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 69, 2436—2462

85UB017 SUOWIWIOD B8O 3(ceal|dde aup Aq peusenob afe sapie VO ‘SN 0 S3IN1 10} A%eiqI 8UIUO /8|1 UO (SUORIPUOD-PL-SWLBHLID A8 | IMARIq 1 BUIUO//STIIY) SUORIPUOD PUe SWS | 8U1 89S *[£202/20/20] U0 Ariq1Tauljuo AB|IM ‘080 4O ANSRAIUN Aq 9662T PSS/TTTT OT/I0p/W00" A3 M AReiq 1 oul|uo//SARY WOJ) paPeo|uMOQ ‘9 ‘ZZ0C ‘TE0ESIET



2440 T. Andersen et al.

3 (&}
5 S s Ke] =3
5] 83 3 S s
E 2= E 5 S =
=L o S < 2 ° Om
£2 S = cZ S o S o
A 55 g °E g °g
2= | 55, 2§ S5 5E
=6 | == | &9 | o 25
| | A t | B
0 wee GFR Kalahari Group \ i GF '
Fig.3C | | D Gordonia Fm.
I ) .
9 : Fig. 3B : IS %‘ Obobogorop Fm.
[Ty
200 © 15} Mokalanen Fm.
Karoo Supergroup >
S 5 Eden Fm
5| : 5| | E[ e
400 | s g I = ‘_(g Budin Fm.
Fig. 3D % S: : x Wessels Fm
ig. 3
= | |
600 RD = j |[j | c
S S j : : Drakensberg Gr. 180
© 2 [©) -
% % UE: ' g | Clarens Fm.
@ 800 = ® > IS o .
= IS @ | [ = 200
- & Si1_'% g ! G ]
g 5 S & re s | 2 Stormberg | Eliot Fm.
< sz igtlialgt | & o
. [ | g i = i‘:|| = § é : él 3 Molteno Fm. | 1 220
o
g — | (2 I (;B | e qE: o
+ —_— — [N S OSN3
S _— = | g I © | 2 & 3 s
a — 81 2 I8 > 5 Beaufort Gr. 240~
—= -_— | | | 5 S 3 <
— [ BS | IS L Ecca Gr. 260
: — u:- : ID | § = = D i
2000 - % | Vo
= |
2 & | | | L - Dwyka Gr. 1280
S by | &l
3 ® e | | — >l
2500 S 215 18 | S 4300
3 S = E mm = O
] Sis | : 5 £ b
g 2 2,z W28 3 Fish River
3000 518 1© £ m a3 S5 Subgroup
S | 218 ms G O o
o w | S S O 0 3 Schwartzrand
A I ) L 2 S5 5 Subgroup
I < =2 g g g ) .
3500 I } | [ al 5 £ 3 Zaris
I ; ; . ' & | S| Formation
| \ . Z | a3
g Dabis
Il 'oneousrocks [ ] Sediments / sedimentary rocks 2 | Formation

Fig. 3. (A) Simplified time-space diagram for important crustal domains in southern Africa. The timing of igneous
events is based on compilation of published data in Andersen et al. (2018a). Abbreviations: WCG — West Coast
Group (Knight, 2021); GF — Gordonia Formation; CSG — Cape Supergroup; BVC — Bushveld Complex (age from
Zeh et al., 2015). Sources of depositional age information for sedimentary successions: Karoo Supergroup (John-
son et al., 2006), Cape Supergroup (Thamm & Johnson, 2006), Nama Group and Port Nolloth Group (Andersen
et al., 2018a, and references therein), Langberg and Billstein formations (van Schijndel et al., 2011, 2014), Bush-
manland Group (Bailie et al., 2007), Korannaland Group (van Niekerk et al., 2022), Ghanzi Group (Hall et al.,
2018), Witvlei Group (Prave et al., 2011), Okwa Group (Ramokate et al., 2000; Andersen et al., 2020b; the deposi-
tional age of this succession is based only on detrital zircon data, and remains very uncertain), Keis Supergroup,
Koras Group (van Niekerk et al., 2022, and references therein), Magondi Supergroup (Master et al., 2010), Trans-
vaal Supergroup, Pretoria Group and Postmasburg Group (Eriksson et al., 2006; Zeh et al., 2016, 2020; Gumsley
et al., 2017, and references therein; Mapeo et al., 2006; Moore et al., 2012b), Waterberg Group (Andersen et al.,
2019b, and references therein), Soutpansberg Group (Andersen et al., 2020a, and references therein), Malonga For-
mation (Botha & Wit, 1996; Andersen et al., 2020a). (B) Stratigraphy of the Kalahari Group, after Partridge et al.
(2006). (C) Simplified stratigraphy of the Karoo Supergroup, after Johnson et al. (2006). (D) Simplified stratigraphy
of the Nama Group, after Hofmann et al. (2015).
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whereas in the south-westernmost part of the
dune field, dunes approach a WNW-ESE direc-
tion (Lancaster, 1981; Heine, 1982). Potential
sources of sand in the dunes are lower strati-
graphic units of the Kalahari Group, which may
contain material from distal sources (Vainer
et al., 2018), Neoproterozoic to Phanerozoic sed-
imentary rocks (Nama Group and Karoo Super-
group) exposed at the western margin of the
basin (Fig. 2), and Archaean to Mesoproterozoic
crystalline basement rocks and their Palaeopro-
terozoic to Mesoproterozoic cover successions.
From sediment petrography, heavy mineral
assemblages and detrital zircon data on a large
set of samples from different parts of the basin,
Garzanti et al. (2022) found that the Gordonia
Formation formed by extensive recycling of sedi-
ment within the basin, but with additional con-
tributions from bedrock sources at the basin
margins.

Dune and beach deposits along the Atlantic
coast of South Africa belong to the Witzand (De
Beer, 2010; Botha, 2021) or Swartlientjies
(Browning & Roberts, 2015) Formation of the
West Coast Group, or to overlying, unnamed
Holocene strata (Knight, 2021). Sand drift at the
west coast is generally from south to north by
wave-driven longshore drift and winds from the
south-west in the winter season, but with sub-
ordinate north-eastward movement (Heine,
1982; Franceschini et al., 2003; Chase &
Thomas, 2006; Kruger et al., 2010; Roberts
et al., 2013; Garzanti et al., 2015; Philander &
Rozendaal, 2015).

ANALYTICAL METHODS AND DATA
HANDLING

The sand samples analysed in this study
(Table 1, Figs 1 and 2) were taken 10 to
20 cm below surface from roadcuts through
dunes, in riverbeds and on natural dune sur-
faces. Heavy minerals were separated by man-
ual washing in a plastic gold pan, and zircon
separates were made by hand picking from
the bulk heavy mineral fractions. Zircon
grains were mounted in epoxy, ground to
expose the grains, and polished. The zircons
were imaged by cathodoluminescence (CL) in
scanning electron microscopes prior to laser
ablation analysis. Two instruments were used,
a Hitachi SU5000 FE-SEM with Delmic Sparc-
Advanced CL system (Hitachi, Tokyo, Japan)
at the Department of Geosciences, University
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of Oslo, and a Tescan VEGA3 instrument
(Tescan Orsay Holding a.s., Brno, Czech
Republic) at the Spectrum Analytical Facility,
University of Johannesburg.

Uranium-lead analyses were performed at the
Department of Geosciences, University of Oslo,
using a Bruker Aurora Elite quadrupole ICPMS
(Bruker, Billerica, MA, USA) with a 213 nm
CETAC LS213G2+ Nd:YAG laser microprobe
(Teledyne Cetac Technologies, Omaha, NE,
USA). Analytical protocols have been described
by Andersen et al. (2016b). For Hf isotope analy-
sis, multicollector, magnetic sector ICPMS instru-
ments at the Department of Geosciences,
University of Oslo (Nu Plasma HR with 213 nm
CETAC LS213G2+ Nd:YAG laser) and Depart-
ment of Geosciences, University of Johannesburg
(Nu Plasma II, ASI 193 nm Excimer laser) were
used. Spot sizes were 40 microns for U-Pb
analysis and 50 microns for Lu-Hf ablations.
Hafnium isotope analyses were made using
routines and interference correction algorithms
described by Elburg et al. (2013) and Jacobs
et al. (2017). The decay constant of '"°Lu:
1.867-10" ' a= ! of Soderlund et al. (2004) was
used, and the Lu-Hf parameters of chondritic
uniform reservoir (CHUR) and depleted mantle
(DM) models were: present-day'”°Hf/*”"Hf g =
0.282785, "SLu/Y"Hfcyur = 0.0336  (Bouvier
et al., 2008), present-day '"°Hf/"”"Hfpy = 0.28325,
178, u/*""Hfp = 0.0388 (Griffin et al., 2000, mod-
ified to the CHUR composition and decay con-
stant used in this study). The Lu-Hf model ages
relative to depleted mantle were calculated as
part of the pairwise comparison procedure
(below). Because model ages are used only for fin-
gerprinting and comparison purposes, their use
in this procedure is not influenced by the history
of the crustal protolith; in fact, any model would
work equally well, as long as it is applied
consistently.

Concentrations of U and Th were recorded
during U-Pb ablation, and raw data reduced
using GLITTER software (Griffin et al., 2008)
with NIST-SRM 610 as calibration standard and
98i as internal standard. Uranium and Th con-
centrations in samples 703, 704, 705 and 706
were determined in separate analytical sessions,
using the Bruker Aurora Elite instrument and
standardization as above.

The most precise of the *°’Pb/*°°Pb and
206ph /238 ages were used to construct age dis-
tribution curves. In general, this would be the
207pb/*°°Pb age for Archaean to late Mesoproter-
ozoic grains, and the *°°Pb/**®*U age for grains
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Table 1. Samples analysed in this study.

Decimal
degrees
Geomorphic Number of
Sample E S province* Description Deposited on grainst
Kalahari Group
621  23.303 27.507 Lower Vaal and Dune sand Transvaal Supergroup 95/76/29
Orange valleys
701  22.493 28.560 Lower Vaal and Dune sand Keis Supergroup 90/63/81
Orange valleys
702  22.493 28.566 Lower Vaal and Dune sand Keis Supergroup 88/66/73
Orange valleys
703  22.463 28.578 Lower Vaal and Dune sand Keis Supergroup 68/57/67
Orange valleys
704  22.463 28.578 Lower Vaal and Dune sand Keis Supergroup 93/75/93
Orange valleys
705  20.256 26.150 Southern Kalahari Dune sand Kalahari Group 47/37/30
706  20.405 26.022 Southern Kalahari Sand in dry Kalahari Group 87/67/76
river bed
707  20.613 26.478 Southern Kalahari Sand in dry Kalahari Group 80/68/74
river bed
708  20.630 26.738 Southern Kalahari Dune sand Kalahari Group 80/67/70
709  20.778 27.019 Lower Vaal and Dune sand Kalahari Group 98/86/80
Orange valleys
710  20.830 27.758 Lower Vaal and Dune sand Kalahari Group 99/89/30
Orange valleys
711 22.272 28.925 Lower Vaal and Dune sand Keis Supergroup 93/84/31
Orange valleys
712 24.609 28.778 Southern Highveld Dune sand Kaapvaal Craton 86/81/29
Atlantic Coast
212 16.868 29.254 Namib Beach sand Port Nolloth Group, Gariep 87/65/29
Supergroup
800 17.087 29.680 Namib Beach sand Port Nolloth Group, Gariep 96/61/32
Supergroup
Isolated dunes
602  30.948 22.434 Soutpansberg Dune sand Clarens Formation, Karoo 100/94/28
Supergroup
613  29.642 22.854 Soutpansberg Dune sand Wylliespoort Formation, 98/87/27

Soutpansberg Group

* Geomorphic provinces after Botha (2021).
T Given as Nrotal u-pb/ NUseful u-pb/Nht-

that are younger. The actual switch-over point
between the two depends on the respective rela-
tive precisions. Zircon grains were corrected for
common lead where necessary, using a conven-
tional *°*Pb correction with a composition of
common lead according to the Stacey & Kramers
(1975) model at the *°°Pb/***U age of the zircon.
Correction for common lead is a potential source
of U-Pb age bias (Andersen et al., 2019a). There-
fore, analyses of Neoproterozoic and older grains
that were corrected for more than 0.2% common
25ph were not used to construct distribution
curves (Andersen et al.,, 2019b; Andersen &
Elburg, 2022). However, because the *°°Pb/***U

age for Palaeozoic grains is relatively robust
against common lead contamination (Andersen,
2002; Andersen et al., 2019a), uncorrected
206ph /238 ages were used for these, regardless
of their *°°Pb/***Pb ratio.

Analyses of all unknowns are given in
Table S1, including data for grains that were
rejected because of elevated common lead con-
tent, and pre-correction values for analyses
that were corrected for common lead. Refer-
ence zircons of known age and composition
were analysed regularly during the laboratory
sessions, results for these are summarized in
Table 2.
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Pairwise comparison of U-Pb age and Lu-Hf
model age distributions were done by evaluating
the degree of overlap, denoted O (0 < O < 1) of
the 95% confidence bands associated with the
cumulative distributions (Andersen et al., 2016b,
2018b): 1-O is a robust measure of difference
between two cumulative distributions. Overlap
over the full probability domain of two distribu-
tions (1-O = 0) indicates that the two distribu-
tions are formally indistinguishable within error.

RESULTS

Shape and zoning of detrital zircon grains

The shape of zircon grains (Fig. 4) in the sands
varies from equidimensional and well-rounded
(Fig. 4C and D) through various degrees of sub-
rounded, short prisms to elongated prismatic
with sharp edges; the latter are most frequent in
grains of Palaeozoic age (Fig. 4] to L). Well-
preserved short wavelength — low amplitude
oscillatory zoning, characteristic of magmatic zir-
con, is present in both angular (Fig. 4I) and
rounded grains (Fig. 4A, F and I). Some oscilla-
tory zoned grains have been broken along frac-
tures whose surfaces were abraded before final
deposition (Fig. 4A, B and F). Oscillatory zoning
patterns are overprinted by CL bright patches
and embayments (Fig. 4B and K), and cut by
fractures associated with reduced CL brightness
(Fig. 4D). Some grains have irregular CL patterns
or are completely structureless (Fig. 4C). In gen-
eral, overprinting or disturbance of the CL struc-
ture is more frequent and more pronounced in
Archaean (Fig. 4B and C) than in younger grains,
but even Palaeozoic grains may show disturbed
CL patterns (Fig. 4K). Cathodoluminescence-
bright rims occur relatively frequently; such rims
may have formed before final abrasion of the
grain (Fig. 4I), or after (Fig. 4E, G and H), i.e. by
in situ alteration after final deposition (Andersen
& Elburg, 2022).

Uranium-lead age distributions

Detrital zircon ages in the samples range from
late Palaecozoic to Archaean (Table S1). Pairwise
comparison of the U-Pb age and Lu-Hf depleted
mantle model age distributions based on overlap
of the confidence bands of the cumulative distri-
bution curves suggests that the suite of samples
can be divided into five groups of internally
indistinguishable samples (Fig. 5).

Cumulative age distribution curves for detrital
zircon in the samples of this study are shown in
Fig. 6 and compared to published age distribu-
tions from older sedimentary rocks and uncon-
solidated, young sediments in the region (c.f.
Fig. 3).

Samples 621, 701, 702, 703 and 704 come
from an area with discontinuous dune cover on
a depositional basement of metasedimentary
rocks of the Palaeoproterozoic Transvaal Super-
group (621), and sandstones and quartzites of
the Keis Supergroup (701 to 704). These samples
have major age fractions in the range 2000 to
2150 Ma and between 900 and 1100 Ma, accom-
panied by a minor amount of zircon with ages
between 1100 and 1300 Ma (Fig. 6A). In addi-
tion, there is a range of zircon ages between
2400 and 2800 Ma, but without any sharply
defined frequency maxima in this range, and a
minor but well-defined late Neoproterozoic to
Cambrian (500 to 750 Ma) age fraction.

A combination of early Neoproterozoic and
late Neoproterozoic-Cambrian zircon age frac-
tions is characteristic for both the Zaris Forma-
tion and higher stratigraphic units of the
Neoproterozoic Nama Group, and the lower part
of the Karoo Supergroup (Blanco et al., 2011;
Hofmann et al., 2015; Andersen et al., 2016b,
2018a; Zieger et al., 2019). The older, Palaeopro-
terozoic to Archaean zircon fractions in these
samples strongly resemble the age distribution
reported from the Palaeoproterozoic Waterberg
Group in north-eastern South Africa (Andersen
et al., 2019a); similar age distributions have
been reported from sandstones of the Keis
Supergroup by da Silva (2011), Dreyer (2014)
and van Niekerk et al. (2022). Proterozoic sand-
stones with similar Palaeoproterozoic -
Archaean detrital zircon distribution patterns
may have a wider distribution in Botswana, but
mainly occur in subcrop covered by Phanerozoic
deposits (Mapeo et al., 2004; Andersen et al.,
2020b).

Samples 705, 706 and 707 are from a dune
(705) and from windblown sand in the dry Auob
riverbed upstream (706) and downstream (707)
from the confluence with the dry Nossob river
(Fig. 2). These samples are all from an area with
thick (>90 m) deposits of the Kalahari Group
(Fig. 2, isopach contour from Haddon, 2005).
The samples have indistinguishable age distribu-
tion patterns (Fig. 5), characterized by a major
fraction of zircon in the 900 to 1300 Ma age
range, and minor fractions at 1750 to 1975 Ma
and in the Neoproterozoic (<750 Ma) to

© 2022 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 4. Representative examples of morphology and internal structure of zircon grains in the sand samples. Grains
are identified by analysis numbers in the Supplementary Table, and the age of each grain is given. See further dis-

cussion of the features in the text.

Cambrian (Fig. 6B). Similar age distributions
were reported by Garzanti et al. (2022) from the
Gordonia Formation in the Nossob river valley
(their Nossob Basin, Fig. 6B). The combination
of 1775 to 1950 Ma and 1100 to 1300 Ma zircon
resembles age distributions reported from

sandstones of Early Neoproterozoic age in the
Ghanzi Group, Botswana (Hall et al., 2018),
Witvlei Group in central Namibia (Hofmann
et al., 2015), the Port Nolloth Group of the Gar-
iep Belt, and the Dabis Formation of the Nama
Group (Andersen et al., 2018a). Zircon younger

© 2022 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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SA18-621
SA19-701
SA19-702
SA19-703
SA19-704
SA19-705
SA19-706
SA19-707
SA19-708
SA19-709
SA10-710
SA19-711
SA19-712
SA18-602
SA18-613

SA18-621
SA19-701
SA19-702
SA19-703
SA19-704
SA19-705
SA19-706
SA19-707
SA19-708
SA19-709
SA10-710
SA19-711

U-Pb age distributions

SA19-712
SA18-602
SA18-613

SA14-212

0.00 0.00 0.00 0.00/0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.10 0.02 0.00
0.00 0.00 0.00 0.00{0.00 0.00 0.02 0.01 0.00 0.03 0.00 0.33 0.13 0.04 0.02

0.00 0.00

0.00 0.00{0.00 0.00 0.06 0.21 0.02 0.21 0.00 0.38 0.40 0.12 0.05

0.00 0.00 0.00 0.00{0.05 0.06 0.08 0.26 0.24 0.26 0.24 0.40 0.39 0.16 0.22

0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00

0.07 0.07 0.08 0.23 0.22 0.26 0.24 0.39 0.38 0.16 0.22
0.00 0.00{0.00 0.00 0.00 0.00 0.15 0.13 0.11 0.00

0.00 0.00 0.00 0.00 0.00{0.00 0.00{0.06 0.03 0.06 0.07 0.20 0.18 0.13 0.00

0.00 0.00 0.07 0.00 0.06(0.00 0.00

0.00 0.01 0.16 0.08 0.26 0.02 0.10 0.01 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00{0.00 0.00 0.00
0.00 0.00 0.07 0.02 0.13 0.00 0.09 0.00{0.00 0.00 0.00
0.00 0.00 0.00 0.01 0.00 0.00 0.10 0.00{0.00 0.00 0.00

0.10 0.01 0.00
0.12 0.09 0.00
0.13 0.06 0.02
0.06 0.01 0.00

0.00 0.08 0.17 0.22 0.29 0.13 0.14 0.14 0.00 0.00 0.00 0.00
0.00 0.00 0.06 0.13 0.20 0.00 0.11 0.01 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00

0.00 0.00
0.00 0.00
0.00 0.00

0.07 0.03 0.07 0.06 0.24 0.20 0.14 0.00

0.00
0.00
0.00
0.01
0.16
0.13
0.11

SA14-212  0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00
0.00 0.00 0.04 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.00{0.00

KLZ-800

Depleted mantle Lu-Hf model age distributions

Fig. 5. Pairwise comparison of U-Pb age distributions (upper right triangle) and Lu-Hf model age distributions
(lower left triangle) of Quaternary sand samples. The 1-O parameter of Andersen et al. (2016a) is used as a mea-
sure of difference. Sample pairs with 1-O of zero are formally indistinguishable within error.

than 1100 Ma is, however, scarce in those
deposits, but abundant both in stratigraphically
higher parts of the Nama Group and in the
Dwyka and Ecca groups of the Karoo Super-
group in the main Karoo Basin and the
Botswana Basin (Andersen et al., 2016b; Zieger
et al., 2019).

Samples 708, 709, 710 and 711 come from
roadcuts through dunes between 26.7°S and
28.9°S, which is an area with Gordonia Forma-
tion dunes deposited on sedimentary rocks of
the Karoo Supergroup (708 to 710) and Keis
Supergroup (711). Despite the relatively long
distance between the southernmost and north-
ernmost samples, and the variation in basement,
age distribution patterns are quite uniform, with
major age fractions in the ranges 500 to 750 Ma
and 900 to 1100 Ma, with only minor zircon in
the 1100 to 1300 Ma and 1775 to 1950 Ma range
(Fig. 6C). Similar distributions of Neoprotero-
zoic and late Mesoproterozoic zircon ages have
been reported from the upper part of the Nama
Group (i.e. Zaris Formation and higher units,
Blanco et al., 2011; Hofmann et al., 2015;
Andersen et al., 2018a), the lower part of the
Karoo Supergroup in the main Karoo Basin

(lower part of the Beaufort Group and below,
Andersen et al., 2016b) and the Dwyka and Ecca
groups in the Karoo succession of southern
Namibia, excluding younger zircon from tuff
layers in those deposits (Zieger et al., 2019).
Samples 712, 602 and 613 are from isolated,
vegetated dunes outside of the main dunefield:
in the south near Kimberley (712, Fig. 2), and in
the east in the Limpopo province of South
Africa (Fig. 1). Sample 712 comes from a dune
deposited on Archaean basement rocks of the
Kaapvaal Craton, 602 from a dune on sandstone
of the Clarens Formation of the Karoo Super-
group in the Thsipise Basin (Johnson et al.,
2006), and 613 on sandstone of the Palaeoproter-
ozoic Wylliespoort Formation of the Soutpans-
berg Group (Barker et al., 2006). The three
samples have distribution patterns dominated
by a late Neoproterozoic—-Cambrian age fraction,
with minor 900 to 1100 Ma zircon; samples 602
and 712 have very few grains older than this
(Fig. 6D). There is also a minor but very distinct
fraction of late Palaeozoic to early Mesozoic zir-
con in all three samples (300 to 230 Ma). This
distribution pattern is very similar to that of
stratigraphically higher parts of the Karoo

© 2022 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 69, 2436—2462
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Fig. 6. Cumulative age distribution curves for detrital zircon in the samples studied, grouped according to the
pairwise similarity comparison in Fig. 5. Background fields A to Z represent significant age fractions reported
from previous studies of Palaeoproterozoic to Mesozoic sandstones in South Africa, see sections Uranium-lead
age distributions and Age fractions and ‘provenance components’ in the text. (A) Samples 621 and 701 to 704.
Pooled age distributions of the lower part of the Karoo Supergroup in the Main Karoo Basin (Andersen et al.,
2016b), Waterberg Group (Andersen et al., 2019a), Zaris Formation and Schwartzrand Subgroup of the Nama
Group (Blanco et al., 2011; Andersen et al., 2018a) are shown for comparison. (B) Age distributions for samples
705 to 707 compared to samples from the Witvlei Group, Namibia (Hofmann et al., 2015), Ghanzi Group,
Botswana (Hall et al., 2018), Dabis Formation of the Nama Group and Port Nolloth Group of the Gariep Belt
(Andersen et al., 2018a). (C) Samples 708 to 711 compared to Dwyka Group in the Botswana Basin (Zieger et al.,
2019, 2021), lower Karoo Supergroup in the Main Karoo Basin (Andersen et al., 2016b) and Zaris Formation of
the Nama Group (Andersen ef al., 2018a). (D) Age distribution from samples 602, 613 and 712 compared to recent
river sediments in southern tributaries in the Vaal-Orange river network (data from Klama, 2008) and Karoo
Supergroup in the Main Karoo Basin (Andersen et al., 2016b). (E) Age distributions in sand samples from the
Atlantic coast compared to modern river sediment in the lower Orange and Fish rivers (Klama, 2008; lizuka et al.,
2013; Gartner et al., 2021), data from Port Nolloth Group quartzite (PtN) adjacent to the sampling site of 212
(Andersen et al., 2018a) and a composite of the Miocene — Holocene West Coast Group at 31°20°S (Philander &
Rozendaal, 2015).
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Supergroup in the Main Karoo Basin (upper
Beaufort Group to Clarens Formation), which
contain variable amounts of Palaeozoic zircon
(Andersen et al., 2016b). It is also similar to the
zircon distributions for recent river sediments in
southern tributaries to the Vaal-Orange river
system in the area west of Kimberley (Klama,
2008). Sample 613 has additional early Palaeo-
proterozoic and late Archaean zircon, similar to
age fractions found in the Palaeoproterozoic
sandstones and conglomerates of the Waterberg
and Soutpansberg groups (Andersen et al.,
2019a, 2020a).

The two samples of unconsolidated beach
sands from the Atlantic coast (212 and 800),
south of the Orange River mouth contain a con-
tinuous range of 900 to 1300 Ma zircon and
minor late Neoproterozoic to Cambrian zircon,
but very little Palaeoproterozoic zircon (Fig. 6E).
Each of the samples yielded a single, Early Cre-
taceous zircon. The distribution of late Mesopro-
terozoic and Neoproterozoic zircon is similar to
that of recent sediments in the lower parts of
the Orange and Fish rivers (Klama, 2008; lizuka
et al., 2013; Gartner et al., 2021). The scarcity of
zircon in the 1750 to 1975 Ma range makes it
clearly different from the local quartzites of the
Port Nolloth Group of the Gariep Belt. Sample
212 was taken within one metre from the spot
where sandstone sample SA14-213 of Andersen
et al. (2018a) was collected. The sandstone has a
prominent 1750 to 1975 Ma age fraction which
is absent from the sand samples (Fig. 6E).

Lutetium-hafnium isotope data

In samples 621 and 701 to 704 (Fig. 7A), late
Archaean and Palaeoproterozoic zircon grains
range in epsilon-Hf from near zero to —10 for
Archaean and to -15 for Palaeoproterozoic
grains, overlapping with the field for zircon in
the Waterberg Group (Andersen et al., 2019a).
More than half of the Mesoproterozoic to early
Neoproterozoic zircon grains that were analysed
for Hf isotopes give positive epsilon-Hf (zero to
+10), but with a tail towards negative values,
with —22 as the lowest value observed. The late
Neoproterozoic—Cambrian zircon fraction shows
similar minimum values, but most grains in this
age fraction range from +5 to —10. Mesoprotero-
zoic and Neoproterozoic zircon in these samples
show complete overlap with corresponding age
fractions in the lower part of the Karoo Super-
group in the Main Karoo Basin and the

Botswana Basin (Andersen et al., 2016b; Zieger
et al., 2019).

Regardless of age group, epsilon-Hf values in
zircon from samples 705, 706 and 707 (Fig. 7B)
cluster between +8 and —5, with a minor pro-
portion of grains in each age group spreading
towards negative epsilon-Hf, down to —25 in the
younger age fractions. Only three grains from
sample 706 show epsilon-Hf above +8. There is
very close overlap between this distribution and
epsilon-Hf data reported from the Port Nolloth
Group in the Gariep Belt and lower part of the
Nama Group (Andersen et al., 2018a), and the
Witvlei Group in central Namibia (Hofmann
et al., 2015), but less so with the Ghanzi Group
of central Botswana (Hall et al., 2018), in which
late Mesoproterozoic zircon tends to show more
positive epsilon-Hf values.

Similar to the Mesoproterozoic and Neoproter-
ozoic zircon in samples 701 to 704, zircon in
samples 708 to 711 shows ranges of epsilon-Hf
from +8 to —25, with a concentration of points
at low positive values (Fig. 7C). The total pat-
tern of variation in these samples resembles that
of zircon in the lower part of the Karoo Super-
group in both the Main Karoo Basin and the
western part of the Botswana Basin (Andersen
et al., 2016b; Zieger et al., 2019). A small group
of points at 1100 to 1300 Ma clusters around
zero; zircon with such characteristics has not
been reported from the Main Karoo Basin, but
constitutes a minor fraction in the Dwyka-Ecca
samples from the Botswana Basin in Namibia
reported by Zieger et al. (2019).

Despite of the considerable distance between
the samples, 602, 613 and 712 show similar
ranges of epsilon-Hf (Fig. 7D), with ranges from
+5 to —12 in the late Palaeozoic age fraction,
—16 to +5 in the Cambrian to late Neoprotero-
zoic fraction (but with an outlier at —33), and 0
to +8 in the late Mesoproterozoic. This is within
the range of zircon in the upper part of the
Karoo Supergroup. Even a handful of outliers
with respect to the main zircon groups in these
samples fall within ranges reported for the
upper part of the Karoo succession in the Main
Karoo Basin by Andersen et al. (2016b).

Samples 212 and 800 from the Atlantic coast
(Fig. 7E) have Cambrian-late Neoproterozoic
and late Mesoproterozoic age fractions with
epsilon-Hf from —15 to +8, with some outliers,
giving complete overlap in epsilon-Hf with the
distribution patterns reported from recent sedi-
ments in the lower reaches of the Orange River
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Fig. 7. Epsilon-Hf versus time diagrams of the sand samples, grouped according to the similarity criteria in
Table 1, and compared to background data from older sedimentary successions in the region. Background data:
Dwyka and Ecca groups in the Main Karoo Basin from Andersen et al. (2016b), in the Botswana Basin from Zieger
et al. (2019, 2021), omitting younger, volcanic zircons in ash layers. Waterberg Group: Andersen et al. (2019a).
Port Nolloth Group: Andersen et al. (2018a). Witvlei Group: Hofmann et al. (2015). Ghanzi Group: Hall et al.
(2018). Dabis and Zaris Formation of the Nama Group: Andersen et al. (2018a). Upper Nama Group: Andersen
et al. (2018a). Lower Orange River: Klama (2008), lizuka et al., (2013); Gartner et al. (2021).
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(Klama, 2008; Iizuka et al., 2013; Gértner et al.,
2021).

DISCUSSION

Age fractions and ‘provenance components’

The variation of detrital zircon age distributions
of the present samples illustrated in Figs 6 and 7
can be described by non-random combinations of
seven distinct ‘provenance components’ that
have previously been recorded from other sedi-
mentary deposits in southern Africa, as shown in
Table 3A and B. In the pre-Quaternary sedimen-
tary record in the region, the A (500 to 750 Ma)
and B (900 to 1100 Ma) components are charac-
teristic in the higher part of the Nama Group
(Zaris Formation and above) and the Karoo
Supergroup in the Main Karoo Basin. In the Karoo
Supergroup, variable amounts of the Z (230 to
300 Ma) component appear as clastic grains in
the upper Beaufort Group and above, and in vol-
canic ash layers at lower stratigraphic levels (for
references to occurrence of the ‘age components’
in Mesozoic and older deposits, see Table 3A).
The lower part of the Karoo Supergroup (Dwyka
and Ecca equivalents) in the Botswana Basin in
Namibia also have minor contributions of the C
(1100 to 1300 Ma) and D (1750 to 1975 Ma) com-
ponents, which are not present at corresponding
levels of the succession in the Main Karoo Basin.
The C and D components are typical for the Port
Nolloth Group in the Gariep Belt, and the Witvlei
and Ghanzi groups in central Namibia and
Botswana. In the Neoproterozoic deposits, the
A+ B and C+ D combinations appear to be
mutually exclusive (Andersen et al., 2018). A
combination of E (2000 to 2150 Ma) and F (2400
to 2800 Ma) components make up the detrital zir-
con populations of the Waterberg Group in the
Waterberg and Nylstroom basins of north-eastern
South Africa, but are also characteristic for sand-
stones of the Keis Supergroup in the Kheis Ter-
rane (da Silva, 2011; Dreyer, 2014; van Niekerk
et al., 2022). The F component is known from the
Postmasburg Group in the Griqualand West
Basin, and also in Transvaal Supergroup units
from the Transvaal Basin in eastern South Africa
(Schroder et al.,, 2016; Zeh et al., 2020). As
shown in Fig. 7, the initial epsilon-Hf values of
the zircon making up each of these ‘age compo-
nents’ in the samples of the present study are
within the ranges reported in the previous studies
(Andersen et al., 2016b, 2018a, 2019a).

Possible protosources of components A to F
have been discussed at some length by, for
example, Zeh et al. (2016, 2020), Zieger et al.
(2019) and Andersen et al. (2018, 2019a), with-
out clear conclusions being reached. Southern
Africa has been part of supercontinental assem-
blies (e.g. Meert, 2014) in the late Neoprotero-
zoic — Phanerozoic (Gondwana), in the late
Mesoproterozoic — early Neoproterozoic (Rodi-
nia), and possibly in the late Palaeoproterozoic
(Nuna). Zircons making up age components A to
F most likely formed in mobile belts related to
assembly of these supercontinents, from which
they have been eroded and repeatedly recycled
to their final sedimentary host (Andersen et al.,
2016b, 2018a, 2019a).

The Z component is found as detrital grains
in the higher part of the Karoo Supergroup in
the Main Karoo Basin (upper part of the Beau-
fort Group and above), with an up to 80 Ma
time-lag between crystallization and final depo-
sition. These zircon grains must have been
recycled into the basin from original volcanic
deposits in the Gondwanide orogen (Milani &
Wit, 2008) or at the basin margin (Andersen
et al., 2016b). However, this component is also
encountered as volcanic zircon in situ in ash-
layers in lower parts of the Karoo Supergroup,
both in the Botswana Basin (Zieger et al., 2019),
and in the lower part of the Beaufort Group in
the Main Karoo Basin (Rubidge et al., 2013).

The distribution of published U-Pb ages on
igneous rocks of the Namaqua Sector of the
Namaqua—Natal Belt are shown by ‘barcode’
diagrams in Fig. 3 (see also compiled data and
references in Andersen et al., 2018a). From
these data, the crystalline basement in north-
western South Africa would be expected to
yield first-generation detrital zircon in an almost
continuous age range from 900 to 1400 Ma, and
between 1600 Ma and 2000 Ma. Furthermore,
the Rehoboth province of Namibia would pro-
duce Mesoproterozoic detrital zircon with ages
between 1400 Ma and 1600 Ma. This kind of
Mesoproterozoic to Palaeoproterozoic age con-
tinuum is not seen in the detrital zircon data,
where zircon between ca 1300 Ma and ca
1750 Ma is scarce or absent (Fig. 6). On the
other hand, all of the age components required
by the sand samples analysed in this study
(Table 3B) are available in earlier sedimentary
cover successions underlying or surrounding the
Quaternary deposits studied here (Fig. 6), and
recycling of different combinations of these will
generate the observed age distributions.
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Table 3. Provenance components in the dune sands.
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(A) Definition of the components

Age range
(Ma) Also present in*

References

A 500 to 750 Karoo Supergroup (KSG)

Nama Group (Zaris Formation and higher)

B 900 to 1100 Karoo Supergroup (KSG)

Nama Group (Zaris Formation and higher)

C 1100 to 1300 Port Nolloth Group, Gariep Belt

Nama Group, Dabies Formation

Andersen et al. (2016b), Zieger et al. (2019)
Blanco et al. (2011), Andersen et al. (2018a)

Andersen et al. (2016b), Zieger et al. (2019)
Blanco et al. (2011), Andersen et al. (2018a)

Basei et al. (2005), Andersen et al. (2018a)
Hofmann et al. (2014)
Andersen et al. (2018a)

Dwyka and Ecca groups, Botswana Basin (minor  Zieger et al. (2019)

fraction)
D 1750 to 1975 Port Nolloth Group, Gariep Belt

Dabies Formation, Nama Group
Witvlei Group, central Namibia
Ghanzi Group, Botswana

Basei et al. (2005), Andersen et al. (2018a),
Hofmann et al. (2014)

Andersen et al. (2018a)

Hofmann et al. (2015)

Hall et al. (2018)

Dwyka and Ecca groups, Botswana Basin (minor  Zieger et al. (2019)

fraction)

E 2000 to 2150 Waterberg Group
Keis Supergroup

F 2400 to 2800 Griqualand West Basin

N

Basin
Tuff-layers in KSG, MKB

230 to 300 Detrital grains in upper part of KSG, MKB
Tuff-layers in Ecca and Dyka groups, Botswana

Andersen et al. (2019a)
Da Silva (2011), Dreyer (2014),
Van Niekerk et al. (2022)

Moore et al. (2012b)

Andersen et al. (2016b)
Bangert et al. (1999)

Rubidge et al. (2013)

(B) Combinations observed in the in the dune sands

Minor age fractions

Samples Major age fractions
621, 701 to 704 A+B+E+F
705 to 707 C+D

708 to 711 A+B

712 A+B+7Z

212, 800 A+B

C + D (702 only)
A+B
E (711), C + D (708, 710), D (709)

C+D

* As major age fractions, unless otherwise stated.

Late Cretaceous—Cenozoic sediment transport
in southern Africa: Rivers, wind and current

Quaternary recycling, transport and deposition
processes must be seen in the context of the geo-
morphological evolution of southern Africa dur-
ing the Cenozoic (e.g. Partridge & Maud, 1987).
The drainage pattern of southern Africa has
evolved in response to tectonic events, erosion
and variations in rainfall over the region. At pre-
sent, interior South Africa is drained to the
Atlantic coast by the perennial Vaal-Orange
river system with a large network of tributaries

(Fig. 8A). The lower Orange River is connected
to the southern part of the Kalahari Basin by the
dry courses of the Auob-Nossob—Molopo-Kuru-
man river system (Fig. 9).

Whereas the lower courses of the Orange River
appear to have been more or less constant since
the Late Cretaceous, the connection to the upper
part of the present-day Orange-Vaal river net-
work may have evolved with time (Fig. 8B). In
the Late Cretaceous (ca 100 Ma), interior South
Africa was drained to the Atlantic coast by two
major, west-flowing rivers: the Kalahari (or
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Fig. 8. (A) The complete, modern drainage network of the area shown in Fig. 2. Outline of Karoo Supergroup and
Nama Group as in Fig. 2, the 90 m isopach of the Kalahari Group is from Haddon (2005). The river network is
from shapefiles downloaded from the Department of Water Affairs, South Africa, 2016. Samples of the present
study are shown as in Fig. 2, with samples of modern river sediments analysed by Klama (2008). (B) Evolution of
drainage network in South Africa since the Cretaceous according to de Wit (1999), with position of the Great
Escarpment, major watersheds and deformation axes of major Cretaceous-Cenozoic uplift events in the region
(Partridge & Maud, 1987). Alluvial diamond fields from Lynn (1998). According to this model, the Cretaceous
Karoo river was captured by the Orange River in events indicated by arrows. The existence of a Karoo River is not
universally accepted, for an alternative scenario, in which the area is drained by the Orange or Kalahari River
throughout the period, see Moore & Moore (2004).
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Fig. 9. Detail from Fig. 8, showing the positions of samples 705 to 710 (cf. Fig. 2) with respect to the dune pat-
tern according to Lancaster (1981), dry river beds of the Auob (A), Nossob (N), Molopo (M) and Kuruman (K) riv-
ers, and resultant sand-drift vectors from Heine (1982). The grey field is the outcrop of the Nama Group in
southern Namibia (from Vickers-Rich et al., 2016). Sedimentary rocks of the Karoo Supergroup crop out east and
north of the Nama Group; the southern limit of Karoo Supergroup in subcrop is shown by a broken line (from

Catuneanu et al., 2005). The fields of outcrop, sparse dune
Lancaster (1981), Heine (1982), Thomas & Shaw (1991) and

cover and dense dune cover are derived from maps of
Google Earth© images. The field of >90 m thickness of

Kalahari Group (green) is based on the isopach map of the Kalahari Group in Haddon (2005).

palaeo-Orange) River in the north, and a south-
ern Karoo River (de Wit, 1999; Kounev et al.,
2008), or by a single river system similar to the
present-day Vaal—Orange network (Moore &
Moore, 2004). If a Late Cretaceous Karoo River
existed, its upper courses must have been cap-
tured by the lower Orange River in a series of
events in Miocene to Pliocene time (de Wit,
1999), as indicated by arrows in Fig. 8B. In
either of these scenarios, northward and west-
ward river transport of material eroded off the
uplifted Main Karoo Basin in the south has been
more or less continuously possible from the Late
Cretaceous to the present. Independent evidence
of northward recycling of material from the
Main Karoo Basin is given by the occurrence of
alluvial diamond deposits in interior South
Africa (Fig. 8B). Diamonds in these deposits
were partly derived from post-Cretaceous kim-
berlites within the Kaapvaal Craton, and partly
remobilized by erosion of sedimentary rocks of
the Karoo Supergroup, mainly glaciogenic

sediments of the Dwyka Group containing dia-
monds from older kimberlites. Diamondiferous
material was moved across the former Cargonian
Highlands and eventually into the lower reaches
of the Orange River in Cretaceous and Cenozoic
time (Lynn, 1998; Moore & Moore, 2004).

From the Late Palaeogene (ca 30 Ma), the
Kalahari Basin was connected to a northern river
system comprising the Okavango, Upper Zam-
bezi, Kafue, Cuando and palaeo-Chambeshi riv-
ers, with headwaters in southern Central Africa
north of 10°S, allowing detritus from distal
sources to be fed into the basin (Vainer et al.,
2018). This drainage system may have been con-
nected to the Kalahari/palaeo-Orange river by
the Molopo (Bootsman, 1998) or the hypotheti-
cal Trans-Tswana river (McCarthy, 1983). This
connection was severed by uplift across the
southern Kalahari, and successive river capture
events in the Zambezi and Congo systems in the
Pliocene and early Pleistocene eventually
diverted the northern rivers from the Kalahari
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Basin (Key et al., 2015), so that the only major
river feeding the basin from the north at the pre-
sent time is the Okavango. Cut off from its major
water supply, the Kalahari Basin gradually dried
out during Pleistocene — Holocene time, but
with reactivation of rivers in periods of high
rainfall (Moore et al., 2012a).

In the south-western Kalahari, the Auob-
Nossob river system has been active in humid
periods, in Pleistocene and Holocene time, with
a major period of activity starting around
1.0 Ma, (which is also a period of rapid sedi-
mentation in other watercourses in the southern
Kalahari, Matmon et al., 2015), and lasting until
235 to 500 ka (Miller, 2014). At present, the riv-
ers carry water only infrequently, during periods
with high rainfall in the source areas (Thomas &
Shaw, 1991). The headwaters of the Pleistocene—
Holocene drainage basins of the Auob and Nos-
sob rivers are in the Windhoek Highlands in
central Namibia (Strobach, 2008), at the front of
the Neoproterozoic Damara orogenic belt (Corner
& Durrheim, 2018). The Auob and Nossob river
valleys coincide with areas of thick Kalahari
Group valley-fill (Figs 7 to 9). The Auob-Nossob
drainage basin was connected to the Kalahari or
palaeo-Orange river already in the Cretaceous
(Bootsman, 1998; de Wit, 1999), indicating that
southward transport of material from as far
north as the Damara front into the lower Orange
River has been possible both in Cretaceous time
and during later, humid, periods.

Aeolian sediment transport has been domi-
nant in the Kalahari Basin in arid periods from
the Pliocene to the present. Stable, linear dunes
develop parallel to the dominant wind direction,
or to the resultant of divergent wind directions
(e.g. Pye & Tsoar, 2009). Directions of dune axes
in the Kalahari have been interpreted in terms
of an atmospheric circulation pattern over
southern Africa compatible with arid conditions
(Lancaster, 1981). In the southern part of the
Kalahari sand field, dune axes, and thereby
resultant sand drift directions, vary from south-
east in the north to east/south-east and east in
the south (Fig. 9). Linear dune formation may
have started as early as ca 4 Ma, and was cer-
tainly well-advanced when dunes were cut by
the Auob River at ca 1.0 Ma (Miller, 2014). Sub-
sequent periods of dune development in late
Pleistocene and Holocene time are recorded by
cosmogenic nuclide and luminescence dating
(Matmon et al., 2015; Thomas & Burrough, 2016;
Stone, 2021). At present, dunes are mainly dor-
mant or partially active, with limited

remobilization of sand along dune crests (Telfer
& Thomas, 2007).

Material transported by the Orange River may
be a major component in the West Coast Group
and overlying beach and dune sand south of the
river mouth, but wind and wave-driven long-
shore drift may have added material from
unconsolidated deposits further south along the
coast (Garzanti et al., 2012). Coast-parallel drift
from the south is enhanced by prevailing winds
in the summer season, whereas winds from the
south-west, mainly in the winter season, can
move sand towards the interior (Fig. 10).

Detrital zircon, provenance components and
sedimentary recycling

The common denominator: recycling of Karoo
Supergroup and Nama Group

The combination of the A+ B+ Z (ie.
<1100 Ma) provenance components is character-
istic for the Karoo Supergroup in both the Main
Karoo Basin and the Botswana Basin (see refer-
ences in Table 3A). The simultaneous presence
of A, B and Z components in younger deposits,
including the Cretaceous Boane sandstone of
southern Mozambique, Cretaceous to Palaeogene
sediments in the Lundi (Zimbabwe) and Oli-
phants (Mozambique) river valleys (Andersen
et al., 2020a), Miocene to recent sands in
KwaZulu-Natal (Andersen et al.,, 2016a) and
Miocene to Holocene sands of the West Coast
Group (Philander & Rozendaal, 2015) indicates
that recycling of the Karoo Supergroup has been
an important process in the region since
breakup of the Gondwana Supercontinent.

Major amounts of the A and B components are
present in sample 602 deposited on rocks of the
Karoo Supergroup, but also in samples 613, 621,
701 to 704, 711 and 712 from areas with no
in situ Karoo Supergroup cover (Figs 1 and 2).
Recycled material from the lower part of the
Karoo Supergroup (Dwyka and Ecca groups) of
the Main Karoo Basin may have been trans-
ported into this area after Gondwana breakup
and crustal uplift to the south, as envisaged by
Moore & Moore (2004). Furthermore, the wide,
southern tributary networks of the modern
Orange and Vaal rivers overlap with outcrop of
Dwyka and Ecca groups of the Main Karoo Basin
(Fig. 8A). Modern river sediments in the middle
part of the Orange River show a distinct A + B
character (Klama, 2008, see Fig. 4D), suggesting
that more recent input of such material into the
former Cargonian Highlands has also been
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Fig. 10. Possible wind and wave-driven sedimentary recycling along the Atlantic coast. Wind directions are from
Kruger et al. (2010), the Cretaceous Karoo River system from de Wit (1999) and sand drift directions from Heine
(1982), Chase & Thomas (2006), Roberts et al. (2013) and Philander & Rozendaal (2015). The three southernmost sand
drift arrows represent inland wind-driven transport in the False Bay — Saldanha Bay area, from Roberts et al. (2013).

possible. The presence of A + B components in
these dunes thus indicates that detritus trans-
ported by rivers from the south has been fol-
lowed by local aeolian remobilization.

The presence of A + B components in samples
708 to 710 from north of the Orange River is less
likely to be due to transport from the south.
However, Dwyka and Ecca Group deposits occur
in subcrop in the area (Figs 2 and 7). Immedi-
ately west of the dunefield are areas with sparse
dune cover and exposures of lower Karoo Super-
group of the Botswana Basin and of the upper
part of the Nama Group, both of which carry an
A + B signature (Fig. 8). Sand drift directions in
the area are towards south-east and east, sug-
gesting that material with the required detrital
zircon signature from the basin margin by wind
is a feasible mechanism.

The minor amount of components A + B in
the samples from the Atlantic coast (212 and
800) match the distribution of these components

in recent sediments from the lower reaches of
the Orange River (Klama, 2008; lizuka et al.,
2013; Gartner et al., 2021; see Fig. 6E). The
Orange River itself may have transported already
remobilized lower Karoo detritus from distal
sources in the south or east, or it may have been
fed by recycled upper Nama Group material
from the catchment of the Fish River (Figs 8A
and 9). However, the Cenozoic West Coast
Group at 31°20'S contains, in addition to zircon
from local, Cretaceous intrusions, A and B com-
ponents (Philander & Rozendaal, 2015), the
source of which is undoubtedly in the Main
Karoo Basin (Fig. 6E). After Gondwana breakup,
the Karoo River and/or other westward flowing
rivers transported massive amounts of detritus
from the Karoo Supergroup towards the western
seaboard (Fig. 10). Subsequent transport by
wind-driven and wave-driven longshore drift in
the summer season will move such material
northward, which may have contributed to the
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A + B content in samples 212 and 800. Aeolian
transport of material from the West Coast Group
towards the inland by winds from the south-
west in winter is suggested by dune morphology
at several localities along the west coast and
inland in north-western South Africa and south-
ern Namibia (Fig. 10).

Landward transport of aeolian sand from
coastal deposits has been documented from
False Bay to Saldanha Bay in south-westernmost
South Africa (Fig. 10), where it is driven by
dominant winds in the summer season (Roberts
et al., 2013), and in the coastal sandfields of
Namibia, where it extends several tens of kilo-
metres inland (Lancaster, 1982; Lancaster &
Ollier, 1983; Garzanti et al., 2015). Furthermore,
Fig. 11 shows an example of linear dunes with
deflection structures around a group of insel-
bergs ca 150 km inland from the coast in north-
western South Africa (at the location marked in
Fig. 10), indicating that north-eastward aeolian
sand drift extends well into the interior, eventu-
ally to reach the lower Orange River valley.
When combined with river transport back
towards the sea, this amounts to a possible

recycling cell in which detritus containing
A+ B zircon is exchanged between coastal
deposits and the lower Orange River.

Recycling of pre-Karoo sedimentary rocks
Samples 621 and 701 to 704 come from dunes
deposited on Palaeoproterozoic—-Mesoproterozoic
basement. The characteristic £ and F compo-
nents (i.e. ages >2 Ga) in these samples must be
of a local origin, related to remobilization of sed-
imentary successions in the Kheis Terrane and
possibly (for the F-component in 621), the
Transvaal Supergroup in the Griqualand West
Basin.

Samples 705, 706 and 707 have major amounts
of the C and D components (1.10 to 1.30 and 1.75
to 1.98 Ga), otherwise only found in Lower Neo-
proterozoic deposits in the region. Transport
from the Gariep Belt in north-western South
Africa and south-western Namibia would be
against both prevalent wind directions and river
gradients, and can therefore be ruled out as a
major process. Lower Neoproterozoic sedimen-
tary rocks of the Witvlei and Ghanzi groups crop
out along the Damara front in Namibia and

Fig. 11. Google Earth© image showing linear dunes in the north-western part of the Koa Valley Dune field (Botha,
2021), deflected around topographic obstacles formed by a group of inselbergs at 29°10'S, 18°26’E, ca 150 km
inland from the Atlantic coast and 25 km south of the Orange River, at the point indicated in Fig. 9. The linear
dune directions at 25° to 55°, shown by arrows, indicate sand drift from SSW and south-west. Horseshoe-shaped
deflection structures have formed around the inselbergs, with well-developed echo or windward dunes (Mabbutt,
1977; Pye & Tsoar, 2009) upwind and less well-developed shadow or lee dunes downwind, marked by W and S,

respectively.
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Botswana (Fig. 2; Modie, 2000; Prave et al.,
2011). These have detrital zircon age distribu-
tions dominated by the C and D components
(Fig. 6B); rocks of the Witvlei Group are more
likely precursors than the Ghanzi Group, because
of the consistently higher epsilon-Hf values of
detrital zircon in the latter (Fig, 7B; Hall et al.,
2018; Hofmann et al., 2015). Southward fluvial
transport from the northern part of the Auob and
Nossob drainages would have been possible dur-
ing periods when these rivers were active, fol-
lowed by local aeolian remobilization of Kalahari
Group sediments within the river basin.

There is a significant change in detrital zircon
age patterns over the ca 30 km distance between
samples 707 and 708, with diminishing contents
of the C+ D components southward (Figs 6B,
6C and 9). This is correlated with a change in
dune orientation, from 130° in the north to 110°,
corresponding to changes in wind-borne sand
flow (Fig. 9). The increase of A and B compo-
nents southward to sample 708 suggests a rap-
idly increasing effect in this area of wind-
transported material from Karoo Supergroup and
Nama Group exposures west of the basin. Down-
stream transport of the C and D components into
the lower Orange River from sources in the
north was, however, possible during periods of
active flow in the Auob and Nossob rivers.

IMPLICATIONS

The sands analysed in the present study were
deposited over a short (in geological terms) time
interval in the late Pleistocene — Holocene, and
over a limited part of a much larger basin. Nev-
ertheless, the entire spectrum of detrital zircon
age fractions observed in Palaeoproterozoic to
Phanerozoic sedimentary precursors in the
region occur in the sands, in combinations and
proportions that vary over the area. This rather
complex detrital zircon signature is an effect of
mixing and deposition of recycled material
derived from pre-existing cover successions with
different ages and provenance characteristics,
followed by remobilization of detritus by water
and wind within the basin itself.

Because: (i) the detrital zircon distributions of
pre-Cenozoic cover successions in the region are
known from earlier studies; (ii) the transport pro-
cesses and basin filling history are well-
constrained; and (iii) the sediments are unaf-
fected by post-depositional tectonism, deforma-
tion and metamorphism, it is possible to work

Detrital zircon and sedimentary recycling 2457

out a reasonable model for sources and routing of
sediment. This is a situation one should not
expect to meet when studying older, less well-
exposed sedimentary units that may also have
been deformed, metamorphosed and fragmented
by tectonic displacement. If the sediments ana-
lysed here had been encountered in drillcores
through an unexposed succession, or as frag-
ments in a foldbelt, they could invite very mis-
leading provenance and cross-basin correlation
models. The results presented here can serve as a
further illustration that protosource information
from detrital zircon needs to be supported by
independent information relating to the existence
and characteristics of older sedimentary cover
sequences and the past and present transport
regime to give a meaningful contribution to basin
evolution studies. Detrital zircon ages and Hf iso-
tope compositions should only be invoked as
provenance indicators when there is independent
evidence that the sediments studied are derived
directly from crystalline protosource rocks.

The possible existence of an active recycling
system in the coastal region and the lower
ranges of the Orange River illustrate a further
complication: River transport from upstream and
wind transport from the coast will bring material
that is indistinguishable in terms of detrital zir-
con signature into the western part of the Orange
River catchment. Detrital zircon data cannot be
used to distinguish between such scenarios.

CONCLUSIONS

The control on the detrital zircon signature of
Quaternary dune sands in the Northern Cape
Province of South Africa is an interplay of the
local basement geology at the site of the dune,
the distribution of older cover rocks around the
basin, the evolution of the river network within
and around the basin, and the filling history of
the basin from the Cretaceous to the Pleistocene.
The Karoo Supergroup is the youngest of the
widely distributed pre-existing cover succes-
sions in southern Africa, it is the most widely
exposed, and also the least consolidated of the
sedimentary precursors. Where Karoo strata
have been available, they have provided a fertile
source of recyclable detritus, either through river
transport, or by aeolian remobilization of rego-
liths or already remobilized material. Because
nearly all of the limiting factors (basement geol-
ogy and sedimentary precursors, drainage evolu-
tion and aeolian transport, detrital =zircon

© 2022 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 69, 2436—2462

85U8017 SUOLIIOD BA1E8ID (ealdde ayy Aq peusenob ae Sspiie YO ‘SN JO'Sa|NnI 10} A%q i 8UljUO A8]IAA UO (SUOIPLOD-PUR-SLLIB)LI0D" AB | IM"Ae.q U1 UO//SANY) SUONIPUOD PUe SWs | 841 88S *[£202/20/20] Uo Ariqi]auliuo A(IM ‘0RO 1O AseAIUN A 9662T PES/TTTT OT/I0p/W00 A8 | Afelq1jeuluo//Sdiy Wwolj pepeojumoq ‘9 ‘ZZ0Z ‘T60ES9ET



2458 T. Andersen et al.

distributions of sedimentary precursors) are
well-constrained, detrital zircon data on the sed-
iments can contribute to a reasonable basin fill-
ing history, despite the lack of direct
protosource-to-final-sink transport, which is the
positive finding of this study.

On the negative side, this study shows that
sedimentary strata deposited in a minor part of
a larger basin, during a relatively short period of
time can show very considerable variation in
terms of detrital zircon distribution patterns. If
sedimentary rocks with a similar variation in
detrital zircon distribution patterns were
encountered out of their proper stratigraphic
context, or without the supporting information
invoked here, unsupported detrital zircon data
may invite problematic interpretations.

The bottom line of this study is that the detrital
zircon distribution pattern of a suite of sediments
is likely to reflect sedimentological controls,
basin dynamics and recycling history as much as
provenance. The results should serve as a warn-
ing against the uncritical use of protosource
information contained in detrital zircon as an
indicator of ‘source-to-sink’ transport of detritus.
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