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Abstract

This thesis presents a study of the composition of sand from desert dunes and adjacent
rivers across the African continent to illustrate the effects of the interplay between fluvial
and aeolian processes on sediment transport in desertic environments. Deciphering the
role of wind and river transport in arid climates is an essential step not only for improving
our knowledge on deserts formation and their development, but also for the study of
sediment mixing from different sources and/or long-term recycling. The role of the
desertic environment in the storage and supply of sediment is still poorly acknowledged
in the study of present and past sedimentary systems. This work focuses on the Sahara
and Kalahari deserts and Zambezi River and aims to: deductively reconstruct from a
handful of detrital grains the sources of sediments by their distinctive mineralogical,
geochemical or isotopic “fingerprints”; estimate the chemical and physical factors that
can modify the provenance signal (source rock mineral fertility, weathering, grainsize,
hydraulic sorting, dissolution in temporary storage environments). All this was made
possible combining a wide array of provenance techniques and enquiring statistical
analysis. The Sahara, Kalahari and Zambezi samples were analyzed by bulk-petrography,
heavy-mineral, and detrital-zircon U-Pb geochronology. For the Zambezi case study,
elemental geochemistry, Nd isotopes and clay minerals were also analyzed.

Saharan dune fields are, with a few local exceptions, composed of pure quartzose sand
with very poor heavy-mineral suites dominated by durable zircon, tourmaline, and rutile.
Some feldspar, amphibole, epidote, garnet, or staurolite occur closer to basement
exposures, and carbonate grains, clinopyroxene and olivine near a basaltic field in Libya.
Relatively varied compositions also characterize sand along the Nile Valley and the
southern front of the Anti-Atlas fold belt in Morocco

Detrital zircon ages are dominated by Neoproterozoic Pan-African ages underlining that
durability of zircon grains and their likelihood to be recycled from older sedimentary
rocks argues against the assumption, that their age distribution reflects transport pathways
existing at the time of deposition rather than inheritance from multiple and remote
landscapes of the past.

Kalahari dune sand mostly consists of monocrystalline quartz associated with durable
heavy minerals and thus drastically differ from coastal dune fields of Namibia and
Angola, which are notably richer in feldspar, lithic grains, and chemically labile

clinopyroxenes. Distinct is the dune field of south-eastern Namibia, where quartz-rich



feldspatho-quartzose dune sand indicates partly first-cycle provenance from the Damara
Belt and Mesoproterozoic terranes. Composition varies only at the western and eastern
edges of the desert, reflecting partly first-cycle fluvial supply from crystalline basements
of Cambrian to Archean age in central Namibia and western Zimbabwe. Basaltic detritus
from Jurassic Karoo lavas is dominant in dunes near Victoria Falls. Bulk-sediment
petrography and geochemistry of northern and central Kalahari sands concur with heavy-
mineral and clay-mineral assemblages to indicate extensive recycling in arid climate of
sediment strongly weathered during previous humid climatic stages in subequatorial
Africa. Distilled homogenized dune sand composition thus reverberates the echo of paleo-
weathering passed on to the present landscape through multiple episodes of fluvial and
eolian recycling.

The segmented morphology of Zambezi River is reflected by its mineralogy and
geochemisty. Pure quartzose sand recycled from Kalahari Desert dunes in the uppermost
tract is next progressively enriched in basaltic rock fragments and clinopyroxene.
Sediment load is renewed first downstream of Lake Kariba and next downstream of Lake
Cahora Bassa, documenting a stepwise decrease in quartz and durable heavy minerals.
Composition becomes quartzo-feldspathic in the lower tract, where most sediment is
supplied by high-grade basements rejuvenated by the southward propagation of the East
African rift. Feldspar abundance in Lower Zambezi sand has no equivalent among big
rivers on Earth and far exceeds that in sediments of the northern delta, shelf, and slope,
revealing that provenance signals from the upper reaches have ceased to be transmitted
across the routing system after closure of the big dams. Irumide ages predominate over
Pan-African, Eburnean, and Neoarchean ages. Smectite, dominant in mud generated from
Karoo basalts or in the equatorial/winter-dry climate of the Mozambican lowlands,
prevails over illite and kaolinite. Elemental geochemistry reflects quartz addition by
recycling (Uppermost Zambezi), supply from Karoo basalts (Upper Zambezi), and first-
cycle provenance from Precambrian basements (Lower Zambezi). Mildly negative for
sediments derived from mafic granulites, gabbros, and basalts, eNd values are most
negative for sand derived from cratonic gneisses. Detrital Zircon, elemental geochemistry
and Nd isotopes reveal that the Mazowe-Luenha river system contributes most of the
sediment reaching the Zambezi delta today, with minor supply from the Shire River. On
the plateau, mineralogical and geochemical indices testify to extensive breakdown of

feldspars and garnet unjustified by the present dry climate. Detrital kaolinite is recycled



by incision of Cretaceous—Cenozoic paleosols even in the wetter lower catchment, where
inefficient hydrolysis is testified to by abundant fresh feldspars and undepleted Ca and
Na. Mud geochemistry and surficial corrosion of ferromagnesian minerals indicate that, at
present, weathering increases only slightly downstream the Zambezi River.

Sahara and Kalahari case studies allow studying in situ sand generation by wind erosion
versus external fluvial supply in arid environment. In the Sahara, most sand appears to be
recycled from rocks with high sand-generation potential, such as sandstones, and is
primarily composed of quartz and feldspars with generally very poor heavy-mineral suites
largely consisting of ZTR minerals. The main transport mechanism is the wind saltation
and dune movement, but, due to high homogeneity in composition, large scale pathways
cannot be estimated in this case. In Kalahari, sediments are fed by rivers by first cycle
erosion of exposed orogens at the flanks of the desert and therein homogenized. The
contrasting effect of strong recycling by wind and fresh supply from rivers are identified
in the literature as the key factors that define the peculiar composition of most. Their
identification in terms of mineralogy and provenance proved to be precious for present
and past climatic debate.

In addition, evaluating the results from the Kalahari and Zambezi studies allows to
critically reconsider several dogmas, such as the supposed increase of mineralogical
“maturity” during long-distance fluvial transport. This is strongly affected by provenance
factors: quartz-rich recycled Kalahari dune sand is progressively diluted along the
Zambezi River by sediment supplied by different crustal domains up to amphibole-
dominated quartzo-feldspathic composition in the lower trunk. Inheritance of the
“Kalahari paleo-weathering signal” by Zambezi River is highlighted also by geochemical
indexes and mud composition, which, if recycling is not properly taken into account,
would indicate more intense weathering in the arid Uppermost Zambezi catchment than in
the wetter Middle and Lower Zambezi. This proves that deserts can be long-term deposits
of polycyclic sand and archives of past climatic conditions that may be tapped by rivers

transporting the inherited signal to distant sedimentary basins.
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Chapter 1: Introduction

1.1 Purpose of the thesis

The word defining “desert” is one of the oldest written terms, subsequently transcribed
trough Egyptian hieroglyphs Tésert to Latin world desertum (place of abandoned
wilderness), describing presumably the hot and vast dune field that the margin of the Nile
valley (El-Baz, 1983). In modern times, the ancient definition has been progressively
modified to imply aridity and lack of vegetation, which are a direct measure of the scarce
amount of precipitation.

At the African tropics, we can find two of the most extended deserts of the world: Sahara
and Kalahari that are actually the topics of this thesis (Chapter 3 to 4). The global
mechanism to establish prolonged periods of suppressed precipitation is the downward
branch of the Hadley cells, which promotes high pressure conditions at the tropics.

The environmental definition that, as geologists, we ascribe to a desert is of “a vast area of
dune fields and arid land where wind blows dust in the air and moves sand grains across
dune profiles”. Due to wind action, sediments can be either transported and stored in dunes
or eroded from them in a continuous and prolonged cycle. The process of sediment
recycling is contrasted by the supply of freshly eroded sediment that can be sourced from
local outcrops or from rivers draining both close and distant terranes. Deciphering the
relative interplay of wind and river transport in arid environments is an essential step not
only for improving our knowledge on desert formation and their development but also for
the study of sediment mixing from different sources or long-term recycling. The desert
environment is for this reason a peculiar sedimentary object, which can store huge amount
of loose sediment and eventually provide it to reworked river-network systems. Some of
the questions that this thesis aims to answer are: can the mineralogy of desert dunes reveal
information of sediment circulation within and between ergs? How is sediment transported
for long distance? Which is the interaction with big river systems? These questions require
information from different kind of climatic, geological and morphological sources, that
have to be weighted to decipher their relative interplay in the desert provenance system. To
tackle this complexity Sahara and Kalahari are chosen for their peculiarities. These two
deserts have experienced similar condition of extreme aridity and have no rivalry in
extension, but, while Sahara Desert is at present day extremely arid and with only two main
rivers at its edges (Nile and Niger), Kalahari is experiencing semi-arid condition, with vast

areas of vegetated dunes and has a much more developed river network (Zambezi,
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Okavango, Orange, Nossob, Molopo, Rietfontein, Gwai). To investigate the desert-river
interactions, a of this thesis (Chapter 7) focuses on the sediment provenance of Zambezi
River, which carves across the Kalahari dunes in its uppermost section and its interaction
with dunes is second only to the Nile in the African continent. From the comparison of two
major deserts and a crosscutting river this thesis aims to describe sediment transport
concerning fluvio-aeolian interaction by the means of provenance studies. In conclusion
the African laboratory is chosen for the availability of two large deserts that interact with
large rivers and that have experienced different climatic condition in the recent past. The
discussion will benefit both from similarity and dissimilarity from the two cases, ruling out

and emphasizing different possible forcing factors.

1.2 Provenance studies in deserts

Provenance studies try to include in a sedimentological perspective both the sources and
the transport mechanism (provenir, “to come from”). This kind of study aims to deductively
reconstruct from a handful of detrital grains the sources of sediments by the distinctive
mineralogical, geochemical or isotopic “fingerprints” that they can produce via erosion.
Since the first linkage of mineralogy to tectonic setting proposed by Kyrnine (1948),
assuming that the continental crust can be envisaged as consisting of sedimentary layers
nonconformably overlying deformed metamorphic rocks intruded at depth by plutonic
rocks, further importance and emphasis have been paid towards additional sources of
complexities such as geological inheritance, volcanism, and diversity of geodynamic
settings. A clear example is the introduction of chemical weathering by Folk who thus
distinguished “climatic arkose,” generated from basement rocks in dry climate even during
stages of tectonic quiescence, from Krynine’s “tectonic arkose”. Following this evolution,
modern provenance studies focus more on the chemical and physical modification that
occurs before, during and after the transport to correctly reconstruct the dynamic path of
sediment in the routing system. These controlling factors can be summarized as (i) source
rock mineral fertility, (ii) weathering, (iii) grainsize, (iv) hydraulic sorting, (v) dissolution
in temporary storage environments (Caracciolo et al. 2020). Balancing sediment signal by
each of these factors is the only way of deducing correct information from the sedimentary
cycle.

To describe regional wind circulation and sand transport early study on desert sediment
transport developed on the observation of dune shape and pattern. The physical response

of grain to the aeolian environment constitutes the basic knowledge of sediment dynamics
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in deserts and it focuses on grain-size, grain shape and sorting effect over the dunes. The
purpose of the majority of these studies is to progressively enlarge the scale of the subject,
from grain motion to dune morphology, to dune dynamics, to sand sea patterns, with the
aim of building generalised models of sediment dynamics.

The vast amount of knowledge concerning dune morphology and aeolian grain dynamics
is mirrored by the lack of studies concerning the mineralogy of the dunes. Since the early
study on dune colour and mineral content (Mckee, 1979), further studies have been made
on desert sand provenance (El-Baz, 1998; Muhs, 2004, Pell et al., 1999; Muhs et al., 2013;
Stevens et al., 2013, Garzanti et al., 2013; East et al., 2015; Rittner et al., 2016; Liang et
al., 2019; Garzanti et al., 2022). Desert environment can be considered “ideal” for
provenance studies because some of the aforementioned provenance biases are strongly
reduced: extreme aridity prevents from chemical weathering of selected mineral species
and hydraulic sorting is ruled by aeolian dune dynamics and can be clearly decoupled from
the provenance signal. These beneficial factors are counterbalanced by the recycling of
desert sand, which disrupts the direct link with the source rocks, introducing multiple events
of erosion and transport from intermediate sedimentary rocks. In order to solve this
provenance dilemma, this thesis proposes a ‘“comparative provenance analysis” of
sediments from the Sahara, Kalahari and Zambezi River. The same desertic environment,
but with different geological framework, different geomorphological features and present
day climatic conditions, will allow us to correctly balance the provenance bias and to

estimate recycle vs fresh supply of the sediments in these settings.

1.3 Outline of the thesis

In this paragraph the author briefly summarizes the outline of the thesis to better convey
the aim of understanding fluvio-aeolian interaction is large African deserts:

Chapter 2 gives a summarized description of the methodology applied in the thesis.
Emphasis is placed on laboratory techniques to extract mineralogical, geochemical, and
isotopic data, paired with the statistical and mathematical methods utilized for the
interpretation of data. The applied laboratory parameters are exhaustively listed and
commented on.

Chapter 3 presents the Sahara Desert case study within its geological, geomorphological,
and climatic context. Here the dataset on Petrography, Heavy Minerals and Detrital Zircon
dating of the Sahara Desert dunes are presented. A section is dedicated to the comparison
with dataset from literature, which highlight the strong role of recycling in the provenance
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of the Sahara.

Chapter 4 describes Kalahari Desert case study, with a geological, geomorphological, and
climatic summary of southern Africa. Here the focus is on the comparison between dune
and river sand samples to describe in detail the interplay of aeolian sediments with the
fluvial network. Petrography, Heavy Minerals, Detrital Zircon dating, and geochemical
analysis strongly suggest that recycling and supply of new sediment distinctively happens
in different parts of the desert depending on the climatic condition. Geochemical data add
important information in the preservation of inherited weathering signal by the dunes.

In chapter 5, the fluvio-aeolian interaction in the deserts is examined with joint conclusion
from the two major African deserts coupled with the data from other provenance studies
data on deserts around the world. Two classes of desert are clearly defined: wind-fed
quartz-rich, and river-fed lithic-bearing deserts. Distinct behaviour of sediment transport is
ruled by the fluvial-aeolian connectivity.

The joint conclusion of the previous chapters left some outstanding issues on the interaction
of deserts with major rivers, and these are tackled in Chapter 6. For this reason, this chapter
illustrates provenance analysis on the Zambezi River. Petrography, Heavy Minerals,
Detrital Zircon dating, are coupled with geochemical, isotopic and clay mineralogy analysis
to describe the Zambezi River course and its major tributaries. Strong differences in all the
data suggest a present day (and possibly past) segmentation of the river. The multiple
datasets presented enables suggestive intra- and inter- dataset comparison useful for
sedimentological models and sediment budget of the catchment.

Chapter 7 focuses on the Zambezi River interaction with the Kalahari Desert with
conclusive remarks on the recycling and weathering effect of sediments in rivers and
deserts. The dataset comparison of these two cases describes in detail the preservation and

mixing of the provenance signal of Kalahari dunes collected by Zambezi.



Chapter 2: Methods

2.1 Sampling strategy

Comparison between large number of samples relies on similar sampling strategies at first.
Sediment composition can strongly be influenced by hydraulic sorting (Slingerland, 1984,
Garzanti et al., 2008, Malusa et al., 2016), thus preventing robust statistical analysis of
intra-samples variability. Samples presented in this thesis have been collected during
different expeditions in various settings: dune fields, river bars, cores from the continental
shelf. For this reason, strict rules could not be settled. Nevertheless, the majority of dune
samples were collected at the crest of each dune, considering that finer sediment to be
concentrated in the down-wind side where coarser grains concentrate in the inter-dunes
(Lancaster, 1986, Hartmann & Christiansen, 1988). Sampling lots and lots of dune and river
sands across such a vast area has not been straightforward, owing to the remoteness of
many places. Various expeditions from many collaborations with different institutes
allowed to gather all the required samples and for this reason, the work began when we
estimated there was sufficient samples for each case study. For the Sahara, we aimed to
have sufficient samples to represent the dune composition of major erg, with the addition
of samples near the major reliefs and important geological structures (e.g Anti-Altas, Air
Mountains, Haruj al Aswad Massif). The Kalahari case study focused more on the
availability of samples from river bars close to dune field sample to describe the interaction
of the two systems. Similarly to the previous case, additional samples were collected to
describe composition of dunes with large geographical extension. The Zambezi case aimed,
at first, to describe the sediment routing system, collecting samples from tributaries and the
main trunk before and after the confluence. Samples GPS location is provided in the

Appendix.

2.2 Analytical strategy

Likewise to the sampling strategy, the analytical strategy closely followed the development
of the thesis, with adjustments and decisions that followed case study results. The essential
analytical tools for provenance studies are considered by the author to be framework
petrography and heavy mineral, which have been performed on the totality of the samples.
These two techniques alone can give a clear provenance picture, describing source rocks
composition, transport controlled textural characteristics, and identifying peculiar mineral
phases diagnostic for some specific geological domains. As it will be inferred in the Sahara
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case (Chapter 3), these two techniques cannot characterize strongly recycled sediment
being composed mostly of quartz and ultrastable heavy minerals. In this case Uranium-
Lead (U-Pb) Detrital Zircon geochronology is a quick and reliable technique that
univocally identifies the “protosource” of sediments. The choice of selected samples for U-
Pb analysis (see Table 2.1) aimed to cover most of the analyzed deserts.

On the other hand, clay mineralogy and sediment geochemistry are largely controlled by
factors other than provenance. If weathering is intense, then they reflect the lithology of
source rocks only poorly, which explains why they have long been used to evaluate
weathering rather than provenance (Nesbitt and Young 1982; Velde and Meunier 2008).
As it was already questioned in Garzanti et al., 2014c, weathering indexes provided by clay
mineralogy and geochemistry in Kalahari dunes and Zambezi and Okavango river bars,
appear to be at odd with the current climatic condition and demanded further analysis and
explanation. For this reason, Chapter 4 and 6 benefited from the addition of these two
datasets.

The nature of riverine samples of Zambezi case proved to be the most complex scenario,
both because samples presented a wider range of grainsize (clay to sand) and because of
the source terranes geological complexity, ranging from very old cratons to juvenile basalts.
Individual samples have been selected for clay mineralogy, geochemistry, and Nd isotope
geochemistry for the following reason. Geochemistry can be applied to bulk sediment
samples of any size fraction from clay to granule. This allows us to investigate almost the
entirety of the sediment flux, including clay and silt, which constitute the large majority of
the detrital mass transported in river systems as suspended load (Johnsson 1993, Hay 1998;
Milliman and Farnsworth 2011). This proved to be beneficial for the characterization of
intra-sample and inter-sample variability for all spectrum of grainsizes. Isotope
geochemistry do offer complementary information useful to augment the completeness and
robustness of provenance analysis (McLennan et al., 1993), because it is best suited to
tackle again a wider grainsize in respect to the millesimal fraction of zircon geochronology.
Selected samples of tributaries and section of the main trunk foster the comparison with the

sources.
PT HM Dz Clay CHlsand CHImuda CHIng
Sahara 44 44 32
Kalahari 84 84 42 24
Zambezi 39 39 18 17 31 18 28

10



Chapter 2: Methods

Table 2.1 Number of analyses for each case study. PT: framework petrography, HM: heavy minerals,
DZ: detrital zircon geochronology, CHIsand: geochemistry of the sand fraction, CHImyg: geochemistry

of the mud fraction, CHIng: geochemisty of the Neodymium isotope.

2.3 Petrography

Bulk sand samples were impregnated with araldite epoxy, cut into standard thin sections,
stained with alizarine red to distinguish dolomite and calcite, and analysed by counting
400-500 points under the petrographic microscope (Gazzi-Dickinson method; Ingersoll et
al., 1984). Sand classification was based on the relative abundance of the three main
framework components quartz (Q), feldspars (F), and lithic fragments (L), considered if
exceeding 10%QFL. According to standard use, the less abundant component goes first,
the more abundant last (e.g., a sand is named litho-quartzose if Q > L > 10%QFL > F).
Feldspar-rich feldspatho-quartzose (1 < Q/F < 2), feldspatho-quartzose (2 < Q/F < 4),
quartz-rich feldspatho-quartzose (4 < Q/F <9), quartzose (90% < Q/QFL < 95%), and pure
quartzose compositions (Q/QFL > 95%) are distinguished (classification scheme after
Garzanti, 2019). These distinctions are essential to discriminate among quartz-rich suites
generated in anorogenic settings (Garzanti et al., 2001, 2018a). Metamorphic rock
fragments were subdivided into very low to low-rank metasedimentary or metavolcanic,
and medium to high-rank felsic or mafic categories (Garzanti and Vezzoli, 2003). The
intrabasinal versus extrabasinal origin of carbonate and non-carbonate grains was
established based on criteria illustrated in Zuffa (1985) and Garzanti (1991). Petrographic
parameters used in this thesis include the plagioclase/total feldspar (P/F) ratio; feldspar
identified by cross-hatch twinning is called microcline* through the text. Median grain size
was determined in thin section by ranking and visual comparison with in-house standards
composed of mounts of sieved ®/4 classes. Key petrographic parameters are provided in

Appendix.

2.4 Heavy Minerals

From the bulk sample or from a wide size-range obtained by wet sieving, heavy minerals
were separated by centrifuging in Na-polytungstate (2.90 g/cm?®) and recovered after partial
freezing of the test tube with liquid nitrogen (method described in detail in Ando, 2020).
The dense fraction thus obtained was weighed, split with a micro-riffle box, and mounted
on a glass slide with Canada balsam for counting. About 200 to 250 transparent heavy
minerals were either counted by the area method or point-counted at suitable regular

spacing to obtain real volume percentages (Galehouse, 1971). Aeolian dune sediments
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presented as well sorted samples, for this reason were analysed in bulk. For moderately to
poorly sorted samples (usually river bars), where the co-existence of detrital minerals with
widely different sizes makes mounting and identification difficult (Mange and Maurer,
1992), this work analyzed size windows ranging from at least 3.5 ¢ (32-355 um) to 5 ¢
(15-500 pum) or more (e.g. >15 um or > 32 um). Mineralogical analyses were carried out
by routinely coupling observations under the microscope and the Raman spectroscope.
Transparent-heavy-mineral concentration (tHMC; Garzanti and Ando, 2007b; 2019) ranges
from extremely poor (tHMC <0.1), very poor (0.1 < tHMC <0.5), poor (0.5 <tHMC <1)
and moderately poor (1 <tHMC <2), to moderately rich (2 < tHMC <5), rich (5 < tHMC
<10), very rich (10 < tHMC <20), and extremely rich (20 < tHMC <50). The sum of the
percentages of zircon, tourmaline, and rutile (collectively called ZTR minerals throughout
the text) expresses the mineralogical durability of the suite (ZTR index of Hubert, 1962;
Garzanti, 2017). The “Amphibole Color Index” ACI varies from 0 in detritus from upper-
greenschist/lower-amphibolite-facies metamorphic rocks yielding exclusively blue/green
amphibole to 100 in detritus from granulite-facies or volcanic rocks yielding exclusively
brown amphibole or oxyhornblende (Ando et al., 2014). Transparent-heavy-mineral
assemblages are called “tHM suites” throughout the text and significant minerals are listed
systematically in order of abundance (high to low). The complete heavy-mineral dataset

including information on analyzed size classes is provided in Appendix.

2.5 Semi-automated Raman analysis

Raman spectroscopy is routinely applied in mineral identification because it measures
the inelastic interaction of the vibrational or rotational mode of a molecule with an
incident radiation (laser), returning an unique spectrum for each mineral phase. During
this thesis, it has been developed a Semi-automated Raman analysis for identification
of zircon grains. Photomosaics of grain mounts were referenced in Qgis
(http://www.qgis.org) to match the Raman coordinate system. Grain outlines were
obtained by using standard thresholding techniques and visually checked to avoid over-
segmentation. For each grain, particle features such as perimeter, area, and long and
short axes were extracted in Qgis. Grain size was determined as the equivalent
diameter.

Coordinates of grain centroids determined by image analysis were passed over to a
confocal Renishaw Qontor Raman spectrometer equipped with a Leica microscope,
532 nm solid state laser (~ 100 mW power), motorized stage, and autofocus. Raman
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spectra were obtained using 50x LWD magnification applying 10% laser power for 0.5
s (repeated for 15 cycles) on each grain. Baseline correction and spectra normalization
were performed using Renishaw Wire software. Grains were identified using a Matlab
routine that matches the obtained spectra with an in-house-built reference database of
known mineral spectra (Ando and Garzanti, 2014). Goodness of fit was assessed by the
correlation coefficient r (0 = no match; 1 = perfect match), accepting only values >0.7.
This procedure has become the standard procedure for zircon identification used in this
work, also avoiding any operator-induced bias by hand picking. Zircon grains are in
fact usually well recognizable for their optical features: high relief transparent
bipyramidal elongated crystal. However, metamictization effects degrade the
crystalline lattice down to a brownish and musky appearance and long transport and
recycling can round even the most durable grains. This methodology allows to consider
all zircon populations and to directly extract grainsize distribution of zircon for each

sample.

2.6 Detrital Zircon Geochronology

Detrital zircons were concentrated from the heavy mineral suite with standard magnetic
separation techniques with no additional dense liquids. The resulted amount of
minerals was mounted in epoxy resin, grinded to maximize the exposed surface of the
grains and polished. Zircon grains were later identified by Semi-automated Raman
analysis with a Renishaw QONTOR Raman microscope without any operator selection
by hand picking. U-Pb zircon ages were determined at the London Geochronology
Centre with an Agilent 7900x LA-ICPMS (laser ablation inductively coupled plasma
mass spectrometry) system, employing a NewWave NWR193 Excimer Laser operated at 10
Hz with a 25 pm spot size and ~2.2 J/cm? fluence. No cathodoluminescence imaging
was done, and the laser spot was always placed “blindly” in the center of zircon
grains in order to treat all samples equally and avoid bias in intersample comparison
(“blind-dating approach”, Garzanti et al. 2018). The mass spectrometer data were
converted to isotopic ratios with the GLITTER 4.4.2 software (Griffin et al., 2008),
employing PleSovice zircon (Slama et al., 2008) as a primary age standard and GJ-1
(Jackson et al., 2004) as a secondary age standard. An NIST SRM612 glass was used
as a compositional standard for the U and Th concentrations. GLITTER files were post-
processed in R with IsoplotR 2.5 (Vermeesch, 2018a). Concordia ages were calculated

as the maximum likelihood intersection between the concordia line and the error ellipse
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of 2°7Pb/Z°U and 2°°Pb/Z*8U (Ludwig, 1998). The discordance cutoff was set at -5/+15
of the concordia distance (Vermeesch, 2021). The complete geochronological data set is

provided in Appendix .

2.7 Clay and Silt Mineralogy

The mineralogy of six mud samples (Chapter 6) from the Middle and Lower Zambezi main
stem and tributaries (Kafue, Sangadze, Shire) was determined on both <32 um and <2 pum
fractions by X-ray powder diffraction (XRD) using PANalytical Aeris equipment with a
Cu tube, at 15 kV and 40 mA. The <32 um fraction was separated by wet sieving, and
diffractograms were performed on randomly oriented powder in the range 2°-60° (2v
angle). The <2 um fraction, separated by centrifuging according to Stokes’s law, was
analyzed on oriented aggregates after air drying (analyzed 2v: 2°-30°), solvation with
ethylene glycol, and heating at 550°C (analyzed 2v: 2°-15°). Mineral proportions were
evaluated semi-quantitatively using diagnostic XRD peak areas (Moore and Reynolds,
1997; Kahle et al., 2002). Analyses were carried out by Prof. Pedro Dinis at the University
of Coimbra, MARE (Marine and Environmental Sciences Centre), further technical

information is provided in Dinis et al. (2020b).

2.8 Mud and Sand Geochemistry

Chemical analyses were carried out at Bureau Veritas Mineral Laboratories (Vancouver,
Canada) of 51 samples from Zambezi case study (Chapter 6) and 25 samples from Kalahari
case study (Chapter 4). A quartered aliquots of the <32 um (for muds) and 63-2000 um
(for sands) fractions were obtained by wet sieving. Following a lithium
metaborate/tetraborate fusion and nitric acid digestion, major oxides and several minor
elements were determined by ICP emission spectrometry and trace elements by ICPMS
(http://acmelab.com for detailed information on adopted procedures, standards used, and
precision for elements of group 4A-4B and codes LF200 and LF300; apps. A and B are
available online). Classic multielement chemical indices used to estimate weathering and
calculated from molar proportions of mobile alkali and alkaline-earth metals include the
WIP (weathering index of Parker, 1970) and the CIA (chemical index of alteration; Nesbitt
and Young, 1982). The WIP, however, merely measures the amount of a set of mobile
elements that decreases rapidly wherever quartz is added to the sediment, making it an
index of quartz recycling more than an index of weathering. Because correcting the CIA

for CaO in carbonates introduces uncertainties (Garzanti and Resentini, 2016), in this study
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use the CIA* corrected only for CaO in apatite (CIA*= 100 x Al.03/[Al,03+(Ca0-33.3 X
P205)+Na.0 + K20]) . The weathering effect is best detangled from other controls on
geochemical composition if mobile elements (Mg, Ca, Na, K, Sr, and Ba) are considered
one by one. This can be done by using o*E values, defined as
((Al/E)sample/(Al/E)standard) (Garzanti et al. 2013a, 2013b), which compare the
concentration of any mobile element E with reference to nonmobile Al in the samples to an
appropriately selected standard composition (e.g., the UCC [upper continental crust]
standard of Taylor and McLennan, 1995; Rudnick and Gao, 2003). Alluminium, hosted in
a wide range of rock-forming minerals with diverse density, shape, and size, including
phyllosilicates (concentrated in mud) and feldspars (concentrated in sand), is used as a
reference for all elements rather than Ti, Nd, Sm, or Th (Gaillardet et al., 1999), which are
hosted preferentially in ultradense minerals and thus may reach strongly anomalous

concentrations as a result of hydrodynamic processes.

2.9 Nd Isotope Geochemistry

Sixteen samples from the Middle and Lower Zambezi catchments (Chapter 6) were
treated with a sequential leaching procedure for quantitative removal of carbonates, Fe
oxide phases, and organic matter (Bayon et al., 2002). Before geochemical analyses,
about 80 mg of powdered samples were digested by a HF-HCI-HNO3 mixture or alkaline
fusion (for the 63-2000 um fraction). Selected major and trace-element abundances
were determined at the Pdle Spectrométrie Océan (PSO) with a Thermo Scientific
Element XR sector field ICP-MS, using the Tm addition method (Barrat et al., 1996).
Both the accuracy and the precision of measured concentrations were assessed by
analyzing three certified reference materials (AN-G, AGV-1, BCR-1). Neodymium
isotopes were measured at PSO with a Thermo Scientific Neptune multicollector ICP-
MS, after Nd purification by conventional ion chromatography. Repeated analyses of a
JNdi-1 standard solution gave **3Nd/***Nd of 0.512114 £ 0.000005 (26 n=12), in full
agreement with the recommended value of 0.512115 (Tanaka et al.,, 2000) and
corresponding to an external reproducibility of 50.09¢ (25). Epsilon Nd values were
calculated with the present-day chondritic (chondrite uniform reservoir) value of
143N d/*Nd = 0.512630 (Bouvier et al., 2008). Neodymium depleted-mantle model ages
(Tna,om) were calculated following the approach described in De Paolo (1981), using
measured Sm and Nd concentrations (**’Sm/***Nd = (Sm/Nd) x 0.6049) and present-day
depleted-mantle values of *3Nd/***Nd = 0.51315 and *#’Sm/***Nd = 0.2145.
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2.10 Statistical tools

One of the challenges of this thesis was to manage and combine multiple and large datasets.
In order to fully understand a provenance model, one should gather as many pieces of
information (i.e.reliable analyses) as possible, but this can make it difficult to see the full
picture. Multivariate analysis can help to address this issue. It enables to visualize
differences within a single dataset and identify peculiar samples, and also allows for the
comparison and integration of information from different datasets in order to facilitate more
informed discussions. Multidimensional Scaling (MDS; Kruskal and Wish, 1978;
Vermeesch, 2013) is a multivariate ordination technique that takes a dissimilarity matrix as
input and produces a map of samples as output, in which similar samples plot close together
and dissimilar samples plot far apart. For detrital zircon U-Pb age spectra, a dissimilarity
matrix can be constructed using the Kolmogorov-Smirnov statistic (i.e., the maximum
vertical difference between two cumulative distribution functions; Feller, 1948).
Correspondence Analysis (CA) is an ordination technique that is specifically tailored for
count data such as petrographic and heavy-mineral point counts (Greenacre, 2017). This
method can be shown to be a special case of MDS in which the dissimilarity matrix is
populated with chi-square distances (Vermeesch, 2018b).

General Procrustes Analysis (GPA) and Individual Difference Scaling (INDSCAL) are
higher-order data-mining techniques that combine several MDS maps together in order to
simplify the interpretation of ‘big’ datasets (Vermeesch and Garzanti, 2015). In the case of
GPA, this is achieved by mapping the different MDS configurations onto a common
configuration by a number of affine transformations (reflection, rotation, scaling, and
translation; Gower, 1975). INDSCAL, on the other hand, acts directly on the dissimilarity
matrices. It is a higher order generalisation of the MDS method that aims to fit multiple
dissimilarity matrices to a shared ‘group configuration’ by attaching different weights to
the different datasets (Carroll and Chang, 1970). To illustrate heavy-mineral data the
compositional biplot (Gabriel, 1971; Greenacre, 2017) is used, a statistical/graphical
display that allows discrimination among multivariate observations (points) while shedding
light on the mutual relationships among multiple variables (rays). The length of each ray is
proportional to the variance of the corresponding variable in the dataset. If the angle
between two rays is close to 0°, 90° or 180°, then the corresponding variables are directly
correlated, uncorrelated, or inversely correlated, respectively.

In the Sahara case study (Chapter 3) dissimilarity matrices for multivariate ordination (for

the different provenance proxies) were also used to construct hierarchical clustering
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dendrograms with the normalised distance values obtained by chi-squared distance (for
CA) and Kolmogorov-Smirnov distance (for MDS). This classification was able to assign
the samples to different clusters, thereby augmenting further the visual interpretation (Fig.
3.8 A,B,C). The same method was applied to the GPA matrices of dissimilarities displayed
in Fig. 3.8 E,F.

In the Zambezi case study (Chapter 6), the relative contribution from each tributary or
geological domain to the sediment flux of the trunk river was quantified with forward-
mixing models. This method relies on the fact that the compositional signatures of
sediment in all potential sources are distinct and accurately determined (Weltje, 1997,
Garzanti et al.,, 2012b). The forward-mixing model calculates a row vector of
compositional data as a nonnegative linear combination between a matrix of fixed end-
member compositions and a row vector of coefficients representing the proportional
contribution of each end member to the observation. The accuracy of calculations
depends on how distinct and precisely assessed the end-member signatures of all potential

sources are. More accurate information is in the Appendix.

2.11 River Morphometry

The geomorphological properties of the Zambezi River and its major tributaries (Chapter
6) were quantified using TopoToolbox, a set of MATLAB functions for the analysis of
relief and flow pathways in digital elevation models (Schwanghart and Scherler, 2014). The
analysis of the longitudinal profile of bedrock channels was carried out on a 90-m-
resolution DEM provided by Shuttle Radar Topography Mission Global (SRTM GL3;
https://opentopography.org) to identify major knickpoints, defined as sites where the
channel gradient changes abruptly owing to sharp local changes in bedrock strength and/or
uplift rate. Channel concavity v and normalized channel steepness ksn (referenced to a fixed
concavity 0.45 to facilitate comparison among channel slopes with widely varying drainage
areas and concavities) are defined by the power-law relationship S= ksA2v between the
local channel slope S and the contributing drainage area A used as a proxy for discharge
(Flint 1974; Whipple 2004).
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This chapter has been published with modification as: “Provenance and recycling of Sahara Desert sand” by
by Pastore, G., Baird, T., Vermeesch, P., Bristow, C., Resentini, A., & Garzanti, E. on Earth Science Reviews,
216, 2021.

3.1 Introduction

The Sahara is by far the largest hot desert on Earth, hosting several large dune fields. The
provenance of these vast expanses of sand is gravely understudied. This chapter here
present the first thorough and comprehensive multidisciplinary study aimed at
understanding the nature of sand sources, how sand evolved during geological time, and
under the action of which prevailing wind regimes and along which trajectories was it
displaced and eventually accumulated in the sand sea.

The main purpose is to contribute to the ongoing debate in sedimentology and in
Quaternary paleoclimatology concerning the production of sand and silt in arid landscapes.
As far as quartzose sand is concerned (Dott, 2003; Muhs, 2004), one view is that sediment
delivered from surrounding source rocks “matures” by essentially mechanical processes
within the desert area (e.g., Dutta et al., 1993). Another is that the concentration of durable
minerals is inherited from recycling of older sandstones that underwent extensive
weathering in more aggressive climatic conditions, extensive intrastratal dissolution during
diagenesis, or in general multiphase chemical leaching during multiple cycles of
weathering and diagenesis (e.g., Garzanti, 2017).

Even more controversial are the generation mechanisms of “desert loess” (Smith et al.,
2002; Lancaster, 2020). Throughout the Plio-Quaternary, the Sahara has represented a
major source of fine particles, blown to as far as the other side of the Atlantic Ocean (Muhs
et al., 1990, 2019; Prospero, 1996) and is currently the largest source of mineral aerosols
globally (Tegen et al., 2013). Up to 85 megatons of dust are emitted into the atmosphere
from the Sahara annually, with the Bodélé Depression representing the largest single area
of dust production (Middleton and Goudie, 2001; Koren et al., 2006; Bakker et al., 2019).
However, the precise mechanism behind the origin of mineral aerosol is debated. Studies
have suggested the predominant genesis for dust emissions is the deflation of fine-grained
sediments from depressed areas (e.g., Bristow et al., 2009), the abrasion of saltating sand
grains within sand seas (e.g., Crouvi et al., 2012), or the accumulation of silt through
hydrological factors, resulting in high emissions from alluvial deposits, desiccated lake
beds, and palaeolakes (Bakker et al., 2019; Jewell et al., 2020). The need to identify major
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sediment sources and clarify the process of sand and silt generation through tracing the
main directions of aeolian transport within the Sahara are therefore much warranted.

This study investigates the origin, spatial variability, and transport pathways of aeolian sand
in the Sahara by combining bulk-petrography, heavy-mineral, and detrital-zircon U-Pb
geochronology analyses on 44 sediment samples. These samples have been collected in
northern Africa across more than 20° degrees of latitude from the Sahel to the
Mediterranean Sea and almost 50° degrees of longitude from the Nile River to the Atlantic
Ocean (Fig. 3.1).
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Figure 3.1. The Sahara Desert in northern Africa. Main dune fields, sedimentary basins, and
geological domains are indicated. Sampling sites are shown with circles coloured by region. CeJ =
Chott el Jerid (Tunisia); HaA = Haruj al Aswad (Libya).

Highly detailed provenance studies of desert sand have been carried out with the same
multi-technique approach in diverse sand seas of Africa, Arabia, and Asia (e.g., Garzanti
et al., 2012a, 2017, Stevens et al., 2013; Rittner et al., 2016) but not on the Sahara so far.
Saharan dune sands have been broadly described as composed of quartz (e.g., EI-Baz, 1998;
Muhs, 2004; Abdelhak et al., 2014; Meftah and Mahboub, 2020) but their provenance has
remained unknown. To identify the source regions, gain understanding of sand transport
pathways, and extract all possible provenance information from a composition

characterized by only a limited number of provenance-diagnostic minerals, this study
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required the scrutiny of multi-proxy datasets using a full set of advanced statistical
techniques. Multidimensional Scaling, Correspondence Analysis, Individual Difference
Scaling, and General Procrustes Analysis were applied to provide both a highly robust
statistical investigation and an unbiased visual representation of the relationships among

the samples.

3.2 Geomorphological framework

3.2.1 Climate and wind patterns
The Sahara (in Arabic sahra, desert) covers an area of 9 million km? and extends from

~12°N to ~34°N (Fig. 3.1). The desert thus straddles the Tropic of Cancer and is influenced
by the descending limb of the Hadley cell. The trajectory of air masses and rainfall are
regulated by the strength of the subtropical high-pressure system and by the latitudinal shift
of the Intertropical Convergence Zone (ITCZ). Average annual precipitation is <50 mm in
most areas, which may not see rain in many consecutive years, and increases to ~160 mm
in the semiarid Sahel to the south (from either the Arabic word sahil, shore, figurative for
desert’s edge, or sahl, plain).

During winter, the ITCZ shifts to the south and the Azores Anticyclone and the Sahara
High are established, with only occasional disturbances by cyclonic systems from the
Atlantic Ocean or by the polar front. Atmospheric circulation is dominated by westerly
winds and by winds associated with the Mediterranean depression, and the only maritime
air masses enter the Sahara from the Red Sea. In the spring, the khamseen wind (in Arabic
khamseen, fifty, because the wind blows over ~50 days) moves hot tropical air towards the
Mediterranean coast. In the summer, the northward displacement of the ITCZ allows air
masses blown by recurved south-easterly trade winds to penetrate the continent, and the
West African Monsoon brings moisture to the southern Sahara. In its northern position, the
ITCZ represents a barrier for air masses blown by the hot and dry north-easterly trade winds
(the harmattan; possibly derived indirectly from the Arabic word haram, evil), often
regulated daily by the thermic inversion of near-surface air (Warner, 2009). Libya reaches
one of the highest temperatures on Earth (58°C) with extreme diurnal variation (up to
50°C), whereas lower temperatures are recorded in the northwest influenced by the
incursion of cold air from the Atlantic Ocean.

A climatic zonation distinguishes the northern Sahara, affected by the winter Mediterranean
depression, and the southern Sahara, characterized by the West African Monsoon in

summer. This zonation is strengthened by the position of the main topographic highs
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(Hoggar, Tibesti, and Ennedi Mountains), hampering precipitations and southward sand
transport from north to south (Wilson, 1971; Mainguet, 1978). Relief concentrates
precipitation in summer and extreme events and flash floods occur when the monsoon
pushes humid air against the Tibesti and Hoggar massifs.

Saharan sand-flow patterns are poorly constrained. Historically, the role of the subtropical
high-pressure zone has been argued to split sand flows along a north-south divide (Wilson,
1971). In the northern zone, transport occurs mainly to the northeast, while the southern
zone sees sand flow towards the coast of Mauritania and offshore into the Atlantic Ocean

(Fig. 3.2). However, this theory relies on a short temporal sampling window and warrants

revisiting.
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Figure 3.2. Sand flow patterns obtained by interpolation of metereological and bedform data (grain-
size range 50-100 mm; modified after Wilson, 1971). The calculated divide (dashed red line) nearly
corresponds to the southern boundary of the subtropical high-pressure zone; peaks P1 (Tademait), P2
(Hoggar), and P3 (Libyan) correspond to high-pressure centres from which sand flow radiates, and
saddles S1 (Erg Chech), S2 (Tanezrouf), and S3 (Teneré) correspond to possible sand flow corridors.
Mountain areas in brown, with indicated highest elevation for each; sample locations coloured as in
Fig. 3.1.

3.2.2 Hydrology

Because of extreme aridity, river courses in the Sahara are transformed into desiccated dry
valleys (in Arabic wadi, plural widyan), representing the remnants of the hydrological
network inherited from wetter climatic stages in the past (Ghoneim et al., 2007;
Abdelkareem and El-Baz, 2015; Abdelsalam, 2018). One example in the eastern Sahara is
Wadi Howar (Fig. 3.1), sourced from the Ennedi and Darfur mountains and once draining

northeastwards from the Chad/Sudan border to the Nile for 640 km but now marked only
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by linear tree vegetation sustained by the groundwater table in the shallow subsurface
(Pachur and Kropelin, 1987). The major exception is the Nile River (basin area ~3 million
km?), which conveys across the desert the large volume of water received from East African
lakes, augmented by monsoonal rains falling on the Ethiopian plateau in the summer
(Sutcliffe and Parks, 1999).

The southeastern Sahara Desert receives water from the laterite-capped hilly plateau
representing the water divide from the Congo and the source of several headwater branches
of the Bahr El Ghazal, a western tributary of the Nile (in Arabic bahr, sea, figurative for
big river). To the west, the Chari River and its major western Logone branch drain the
Cameroon basaltic plateau to feed Lake Chad, a shallow body of water (depth mainly < 7
m) surrounded by seasonally inundated marshland (Fig. 3.1). Lake Chad is the only lake
remaining in the desert, with a vast (2.5 million km?) endorheic drainage basin that receives
monsoonal rain falling during summer in the south. Climate change and increased water
use for human activities make the lake vulnerable to drought events such as those of the
1970s and 1980s, which saw the lake surface area shrink by up to 90% (Birkett, 2000; Coe
and Foley, 2001; Gao et al., 2011).

Farther west, the Niger River (basin area 2.3 million km?), sourced in the Guinea plateau
only ~250 km from the Atlantic coast, draws a wide arc across the southern Sahara passing
through an inland delta in Mali and is eventually diverted southward towards the Gulf of
Guinea (Gischler, 1976; Goudie, 2005). The Atlas Mountains collect precipitation also in
the form of snow, recharging the large aquifers of the northwestern Sahara (Al-Gamal,
2011). In the eastern Sahara, subsurface water is stored in Nubian sandstone acquifers

across the political borders of Libya, Egypt, Sudan, and Chad (Gossel et al., 2004).

3.2.3 Sand dunes
Sand dunes cover only a fifth of the immense surface of the Sahara. In order to understand

the relationships with wind regimes, dune forms and distribution have long been studied
with field expeditions (e.g., Bagnold, 1942; Capot-Rey, 1945) and satellite images (Breed
et al., 1979; Lancaster, 1995; El-Baz, 2000; Pye and Tsoar, 2008; Baird et al., 2019).
Mainguet and Chemin (1983) suggested that the central part of the desert, which is
subjected to strong deflation, represents a major source of sand for dune fields along its
margins, where more humid climate, vegetation, and decreased wind strength induce
deposition especially close to the main topographic barriers.

In the western Sahara, linear dunes predominate from the coast inland, whereas crescentic
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dunes are common to the south, associated with north-easterly anticyclonic circulation from
the Sahara and Azores high-pressure cells. In Mali and Niger, most dunes are partially
vegetated under the influence of monsoonal moisture. Two sets of dunes occur along the
Niger River, one indicating northeastward drift induced by trade winds, and the other
oriented E/W with more spaced and eroded ridges. Crescentic dunes and large isolated star
dunes characterize the Erg de Bilma in Niger (Fig. 3.1; Mainguet and Callot, 1978).

In the Moroccan desert close to the Atlantic coast, barchan dunes form under the effect of
prevailing winds from the northwest and moderate to low sand supply (Elbelrhiti, 2012).
In the northern Sahara, large sand seas with star dunes occupy depressions bordered by
elevated areas. Star dunes are the product of a complex, multi-directional wind regime
(Lancaster, 1995; Zhang et al., 2012), resulting from the interaction of winter westerlies
with summer north-easterly and south-westerly winds generated from cyclonic
perturbations in Mediterrean and Atlantic depression systems. Star dunes occur in the
northern part of the Grand Erg Occidental, grading southward into crescentic dunes, and
are aligned in linear trends in the Grand Erg Oriental. A network of barchanoid dunes in
southern Tunisia is generated by high-energy winds, whereas crescentic or linear dunes
grown in response to unimodal or bimodal wind directions are more common south of 30°N
(Breed et al., 1979).

3.2.4 Quaternary evolution
Dry and wet climate alternated repeatedly in northern Africa during the Quaternary. Wind

strength fostering dune growth increased in the latest Pleistocene, followed by a humid
early Holocene and eventually by the return to arid conditions since the mid-Holocene. The
desert expanded during the Last Glacial Maximum, when the ITCZ was displaced towards
the equator (Nicholson and Flohn, 1980; Arbuszewski et al. 2013) and dunes mobilized by
stronger wind moved onto arid landscapes (Grove and Warren, 1968; Swezey, 2001,
Bristow and Armitage, 2016). Arid to humid transitions seemingly occurred at 15-14.5 ka
and 11.5-11 Kka, in association with the reduction of polar ice-sheets, strengthened
hydrological circulation (Gasse, 2000), and northward displacement of the ITCZ (Haug et
al., 2001).

At the onset of the early Holocene African Humid Period (~14.5 ka), natural corridors
opened to allow the displacement of humans and other animals (Kuper and Kropelin, 2006;
Drake et al., 2011). The current aridity initiated between ~5.5 ka (deMenocal et al., 2000)
and ~4.5 ka (Gasse, 2000), but the timing and rate of desiccation that affected the Sahara
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and Sahel at the end of the African Humid Period, including Mega-Lake Chad, remain
controversial (Sarnthein, 1978; Bristow and Armitage, 2016).

3.3 Geological framework

Four partially overlapping geological domains can be identified in the Sahara Desert (Fig.
3.3): 1) the West African Craton, representing the oldest core of the continent; 2) the Tuareg
Shield, including different sub-domains from east to west; 3) the Sahara Metacraton in the
east, where the Archean cratonic core was intensely remobilized during the Pan-African
orogeny; 4) Phanerozoic cover strata in the northern part of the desert, accumulated during
multistep episodes of basin subsidence, tectonic inversion, and volcanic activity.

3.3.1 West African Craton
The West African Craton comprises the Man Shield in the south and the Reguibat Shield

in the north. These terranes include an Archean core, built during the Leonian (3.0-2.9 Ga)
and Liberian (2.7-2.6 Ga) orogenic cycles (Feybesse and Milési, 1994), bordered by
Proterozoic to Phanerozoic mobile belts and sedimentary basins. The eastern Reguibat
Shield and the Man Shield were affected by the Eburnean orogeny (~2.0 Ga), when the
high-grade Birimian basement formed (Abouchami et al., 1990). The Anti-Atlas Mountains
in Morocco also contain Paleoproterozoic basement, including granites as well as
metasedimentary and metavolcanic rocks (Thomas et al., 2002).

During the Pan-African orogeny (0.85-0.55 Ga), one of the most extensive mountain-
building events of the Earth’s history that assembled the Arabian-Nubian Shield and deeply
affected the Sahara Metacraton, the 3000 km-long Trans-Sahara belt formed as a result of
collisions among the West African Craton, the Congo Craton, and the Sahara Metacraton.
High sediment influx caused the filling of the Taoudeni (in the south) and Tindouf (in the
north) intraplate basins (Fig. 3.3; Nance et al., 2008). Low-grade metamorphism and granite
intrusions took place along the margins of the West African Craton (Black et al., 1979),
whereas volcanic sequences and transpressional deformation are documented in the Anti-
Altas to the north (Ennih and Liégeois, 2001). In the east, the Pan-African event is
responsible for the formation of thrust belts along the western side of the West Africa
Craton (Villeneuve, 2008), which developed only minor tectonic structures in the foreland
of the Paleozoic Variscan orogeny (Ennih and Liégeois, 2008). The Cenozoic Alpine
orogeny affected only the northernmost part of the African continent forming the High
Atlas of Morocco (Mattauer et al., 1977).
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3.3.2 Tuareg Shield
The Tuareg Shield, located between the West African Craton in the west and the Sahara

Metacraton in the east, developed during the Neoproterozoic by eastward subduction and
closure of the Aoujej and Imira oceanic realms at 700 and 625 Ma, and consequent
accretion of different terranes (Caby et al. 1981, 1989; Fabre et al., 1982). High-
temperature N/S shear zones were interpreted to document post-collisional lateral escape
of rigid tectonic blocks (Liégeois, 2019).

During the Pan-African orogeny, granulitic gneisses of Archean and Paleoproterozoic age
in the central Hoggar (e.g., Unite Granulitique de Iforas) were remobilized with
development of amphibolite-facies mega-shear zones (Liégeois et al., 1994) and the Tuareg
Shield was heavily reworked (Bertrand and Caby, 1978). To the southwest, the Adrar des
Iforas Massif recorded several magmatic events, including emplacement of the Renatt
leucogranite (Liégeois et al., 1994), the Kidal continental-arc andesites (Chikhaoui et al.,
1978), alkaline plutons between 600 and 580 Ma (Fezaa et al., 2018), as well as late/post
orogenic plutons, dykes, and volcanic rocks between 570 and 520 Ma (Liégeois and Black,
1987).

The Air Mountains in the southwestern Tuareg Shield include three N/S elongated terranes
(Aouzegueur, Barghot, and Assodé) containing high-grade metasedimentary rocks and
serpentinites (Boullier et al., 1991; Moreau et al., 1994). Granites cross-cutting the main
deformation were intruded at 664+8 Ma in the Barghot domain and between 645 and 580
Ma in the Assodé domain (Liégeois et al., 1994). The Aouzegueur and Barghot terranes
were thrust eastward over the Saharan Metacraton in the late Neoproterozoic (Liégeois et
al., 2000). A ring complex including anorthosite was emplaced in the Air Mountains during
the early Devonian (Black, 1965), whereas Cenozoic magmatism was volumetrically
negligible.

The northeastern border of the Tuareg Shield was affected by a major intracontinental
tectono-magmatic event at 575-555 Ma, associated with the indentation of the cratonic

basement of the Murzug Basin (Fezaa et al., 2010).

3.3.3 Sahara Metacraton
The Saharan Metacraton (Fig. 3.3), separated by a mega-shear from the Tuareg Shield in

the west and from the Arabian-Nubian Shield in the east, consists of Archean and
Paleoproterozoic continental crust profoundly remobilized during the Pan-African
orogeny, when migmatitic gneisses and metasedimentary rocks were intruded by granitoids

between 750 and 550 Ma (Abdelsalam et al., 2002). Various geodynamic processes,
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including continental collision (Schandelmeier et al., 1988), delamination of subcontinental
mantle (Bird, 1979), lithospheric extension (Denkler et al., 1994), and assemblage of exotic
terranes (Rogers et al., 1978) have been invoked to explain the Neoproterozoic evolution
of the metacraton (Ghuma and Rogers, 1978; Pinna et al., 1994). In the east, an ophiolitic
suture contains low-grade volcaniclastic rocks possibly documenting the closure of a failed
rift (Stern et al., 1994; Kuster and Liegeois, 2001).

3.3.4 Phanerozoic sedimentary and volcanic rocks
The northern part of the Sahara is largely covered by Paleozoic to Cenozoic rocks deposited

in sedimentary basins formed in the wake of the Pan-African orogeny and subsequently by
extensional reactivation of inherited tectonic structures (Echikh, 1998; Bumby and Giraud,
2005).

Between the mid-Cambrian and the Late Ordovician (520-440 Ma), quartz-rich sandstones
where deposited all across northern Africa, possibly as a continuous blanket from Oman in
eastern Arabia to Mauritania with an average thickness of ~1 km and a volume of ~10
million km® (Burke, 1999). Their deposition followed the Pan-African orogeny and post-
Pan-African continental wrenching, and characterized the ensuing phase of cooling and
thermal subsidence that generated the accommodation space for the widespread
accumulation of sand sheets. At that time, quartz-rich sandstones were similarly deposited
in other parts of Gondwana and in North America as well (e.g., St. Peter Sandstone; Dott,
2003). Quartz-rich composition is highly unusual for orogenic detritus (Dickinson, 1985;
Garzanti et al., 2007), an anomaly that still needs understanding. If these sediments are
indeed first cycle, then ad hoc explanations are required. Cambro-Ordovician landscapes
still devoid of vegetation and supposedly characterized by low relief and low sedimentation
rates are envisaged to have suffered very extensive chemical weathering, fostered by warm
humid climate and by an unusually corrosive atmosphere following late Neoproterozoic
volcanism (Burke, 1999; Avigad et al., 2005). This scenario is apparently at odds with the
major glaciation that affected Gondwana in the Late Ordovician, which itself represents a
geological paradox, having occurred within a long greenhouse period with high
atmospheric COz levels (Brenchley et al., 1994; Ghienne et al., 2014).

In the Silurian, tectonic subsidence favoured the accumulation of marine to lacustrine
sediments, overlain by shallow-marine clastics in the Murzuq Basin of Libya, in western
Algeria, and in southern Morocco (Fekirine and Abdallah, 1998). Failed rifts were inverted

during the Carboniferous as a consequence of Variscan convergence, affecting mostly
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Morocco and less intensely Algeria and Libya (Haddoum et al., 2001). The High Atlas
graben system formed in the Triassic and Jurassic extending eastwards to northeastern
Algeria and Tunisia (Coward and Ries, 2003). During the Cretaceous, the Sirte Basin
developed as another horst-and-graben system filled by shale and evaporite (Thusu and
Mansouri, 1995). In the northern Murzuq Basin, these strata are overlain by basaltic lavas

of the Haruj al Aswad Massif, emplaced in multiple phases between 4 and 0.5 Ma and

triggered by reactivation of Tibesti-Sirte basement faults (Cvetkovi¢ et al., 2010; Elsahafi
and Gudmundsson, 2016).

El Djouf

e B
\ Taoudeni {g:: &

| Jurassic Neoproterozoic Neoarchean
B® Triassic  [5964] Mesoproterozoic Mesoarchean
%541 Paleozoic [6577] Paleoproterozoic [l Paleoarchean

Quaternary
Cenozoic
Cretaceous

Figure 3.3. Geology of the Sahara (modified after CGMW-BRGM, 2016). Major tectonic domains
are separated by dashed lines. Sample locations coloured as in Fig. 3.1. ANS = Arabian-Nubian Shield.

3.4 Sampling

This study analysed an archive of 45 sand samples of aeolian dunes, 36 collected between
2003 and 2019 by different operators across the Sahara Desert: 4 from Chad; 5 from Lake
Chad, northern Nigeria, and southern Niger; 8 from central Niger; 1 from Burkina Faso; 2
from Mali; 4 from Mauritania; 3 from Morocco; 3 from Algeria; 2 from Tunisia; 3 from
Libya; and 1 from western Egypt. Data are also provided for 9 additional aeolian dunes
from Egypt: 3 from the Western Desert and 6 from the Nile Valley to the west of the Nile
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River. Aeolian dunes to the east of the Nile River containing Nile-derived volcanic detritus
(Muhs et al., 2013; Garzanti et al., 2015a) were considered as separated from the rest of the
Sahara and thus not included in this study. GPS coordinates and further information on all

sampling sites are provided in the Appendix.

3.5 Results

This section summarizes first the general petrographic, heavy-mineral, and detrital-
geochronology signatures of Saharan dune sands. Next, highlights the characteristic
compositional features of each region (Fig. 3.4).

3.5.1 Overview of detrital signatures
Most analysed sand samples (33 out of 44) are pure quartzose (Fig. 3.5), including all of

those from the southeastern Sahara. In pure quartzose sands, orthoclase generally prevails
over plagioclase and microcline*. The sum of lithic grains, micas and heavy minerals is
<2% of total framework grains. The tHM suites of most samples (35 out of 44) are very
poor to extremely poor and characterized by durable minerals (ZTR 25-96, anticorrelating
with tHMC: r = 0.62, sign.lev. 0.1%) (Fig. 3.6). Zircon is most common, followed by
tourmaline, epidote, amphibole, rutile, clinopyroxene, garnet, and staurolite.

Detrital zircon in Saharan dunes invariably yielded dominant Pan-African (Ordovician-
Neoproterozoic) U-Pb ages, with a virtually continuous distribution between 0.48 and
1.1.Ga (77% of total ages), a prominent Cambrian-Ediacaran peak (0.5-0.6 Ga), a minor
peak around 1.0 Ga, and an intervening broader cluster in the Cryogenian (0.65-0.8 Ga)
(Fig. 3.7). Younger ages are Paleozoic (1.6%), Mesozoic (0.5%) and Cenozoic (0.2%).
Older ages cluster between 1.8 and 2.2 Ga (11.7%) and between 2.47 and 2.7 Ga (2.8%).
Zircon grains dated between 1.1 and 1.8 Ga and between 2.2 and 2.47 Ga represent 3.4%
and 1.2% of total ages, respectively, whereas those older than 2.7 Ga represent 1.6%, with

single ages as old as ~4 Ga.
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Figure 3.4. Compositional variability of Saharan dune sand (photos arranged in geographical order
from NW to SE). A) Common sedimentary/low-rank metasedimentary lithics (Ls, Lms) with minor
microlitic volcanic rock fragments (Lv) and perthitic K-feldspar (K) derived from nearby orogenic
sources. B) Gypsum clasts (g) reworked from the adjacent salt lake. C) Common limestone grains (e
= echinoid spine) with clinopyroxene (p) and olivine (o) derived from the Haruj al Aswad basaltic
field. D) Common polycrystalline quartz (Qp) associated with up to well-rounded or etched
monocrystalline quartz. E) Up to well-rounded or etched quartz associated with plagioclase (P) and
K-feldspar (K). F) Up to well-rounded quartz with abundant mudclasts (m) reworked from the dry bed
of once Mega-Lake Chad. G) Dominant, up to well-rounded monocrystalline quartz. H). Common K-
feldspar (M = cross-hatched microcline) and plagioclase (P); quartz with abraded overgrowths (arrow)
indicates recycled origin. 1) Dominant, up to well-rounded monocrystalline quartz. All photos with

crossed polars; blue bar for scale = 100 um.

3.5.2 The southern Sahara

All across the southern Sahara, from Chad to the Atlantic Ocean, dune sand displays rather
monotonous detrital signatures (Table 3.1). Both around the Bodélé Depression and in the
Lake Chad region sand is pure quartzose with high ZTR indices (Fig. 3.4F, 4.41). Minor K-
feldspar occurs (sample 5609) and minor staurolite characterizes the Lake Chad region.
Sample 5607 from Nigeria displays a sharp Ediacaran peak (44% of zircon grains).

In the ergs of central Niger, dune sand is pure quartzose with dominant durable minerals,
locally associated with minor garnet or pyroxene (sample 3235). Closer to the eastern side
of the Air Mountains, some grains of K-feldspar or plagioclase occur and tHM suites locally
include common amphibole, epidote, and staurolite. Orosirian zircon ages are slightly more

common in this region and Cambrian ages are also observed (3232) as well as one grain as
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young as 6 Ma (3233). On the western side of the Air Mountains, sand is feldspatho-
quartzose with significant polycrystalline quartz, orthoclase, microcline*, and sericitized
plagioclase (Fig. 3.4H). The tHM suite is dominated by amphibole (mostly blue-green
hornblende) associated with zircon and epidote. The zircon-age spectrum is also distinct,
characterized by a sharp Ediacaran peak (47% of total ages), by secondary Orosirian (24%)
and Silurian-Mississippian clusters (320-435 Ma; 19%), and by lack of ages older than the
Orosirian.

Pure quartzose sand contains different amounts of ZTR minerals in Burkina Faso south of
the Niger River (common epidote), Mali, and Mauritania (locally common epidote or
pyroxene with minor garnet, staurolite, and amphibole) (Fig. 3.4D,G). Amphibole increases
close to the Atlantic coast. Sand collected in Burkina Faso yielded a minor cluster of Early-
Middle Jurassic detrital-zircon ages (4% of total grains). Zircon grains in Mali and
Mauritania yielded a significant number of Orosirian (7-13% of total grains), Rhyacian (7-

12%) and Archean ages (3-10%), and only minor Tonian (2-5%) and Stenian ages (< 4%).

3.5.3 The Northern Sahara
In the northern Sahara, sand composition is more varied. Sand collected along the southern

and eastern front of the Anti-Atlas Mountains in Morocco ranges from pure quartzose to
litho-quartzose with granitoid, mafic volcanic, sedimentary, or very-low-rank to medium-
rank metasedimentary rock fragments (Fig. 3.4A). The tHM suite includes clinopyroxene
associated with epidote, pumpellyite, prehnite, amphibole, and durable ZTR minerals. The
obtained zircon ages are mostly Neoproterozoic and Orosirian, with one grain as young as
5 Ma (sample 3269).

Dune sand in the Grand Erg Occidental in Algeria is pure quartzose with dominant durable
minerals, whereas dune sand of the Grand Erg Oriental in Algeria and Tunisia is quartzose
(Fig. 3.4E), with K-feldspar including microcline* predominating over plagioclase, and
locally dominant garnet (5616) or common amphibole and epidote (Table 3.1). Zircon
grains yielded more Ediacaran ages in the Grand Erg Occidental and more Stenian ages in
the Gran Erg Oriental.

In the Ubari Erg of Libya, dune sand is pure quartzose with dominant durable minerals
associated with mainly actinolitic amphibole and epidote in the east. Dune sand collected
in the Murzuq Erg near the Haruj al Aswad volcanic field (5584), instead, is litho-quartzose
carbonaticlastic with a moderately poor tHM suite dominated by clinopyroxene and olivine

(Fig. 3.4C). Orosirian ages of detrital zircon decrease, and Archean ages increase, from
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west to east across the Libyan desert.

In pure quartzose sand of the Western Desert in Egypt, durable minerals are associated with
epidote, garnet, and minor hornblende, staurolite and clinopyroxene. The zircon-age
spectrum of sample 5601 in the northwest is similar to those of Libyan sands.

Detrital modes are varied in dune sand collected along the western side of the Nile Valley.
In the Aswan area, litho-quartzose carbonaticlastic to quartzose sand contains a moderately
poor tHM suite with epidote, amphibole, and clinopyroxene. Dune sand to the north ranges
from quartz-rich feldspatho-quartzose, with K-feldspar including microcline*
predominating over plagioclase, to litho-quartzose sedimentaclastic, quartzose, and pure
quartzose. The very poor to moderately poor tHM suites include durable ZTR minerals
associated with epidote, staurolite, hornblende, garnet, locally clinopyroxene, and minor
kyanite (Table 3.1).

3.6 Data Analysis

All compositional datasets (petrography, heavy minerals, detrital-zircon geochronology)
are remarkably homogeneous, indicating that most Sahara dune sands are either derived
from similar sources or have been homogenized through multiple sedimentary cycles.
Notable differences in compositional signals do occur, but only related to the local addition
of volcanic, orogenic, or different sedimentary detritus (Fig. 3.4). Otherwise, identifying
specific provenances, tracing sediment dispersal, and linking transport pathways with
prevailing patterns of atmospheric circulation and wind regimes represents an arduous task.
After this visual inspection of the data, we now turn to the multivariate ordination
techniques to further investigate the presented results, in the anticipation that these tools
may be able to detect hidden patterns and trends that the naked eye might have missed (Fig.
3.8).

3.6.1 Petrographic dataset
Correspondence Analysis of petrographic data (Fig. 3.8A) highlights the very limited

variability of quartz content, with dominance of pure quartzose sand across the Sahara
(Table 3.1). A significant variability is observed for K-felspar and plagioclase, which show
a correlated behaviour. Quartz-rich feldspatho-quartzose samples from the western Air
mountains, Grand Erg Oriental, and Nile Valley have low P/F ratio (24-29%) and low
tHMC index, suggesting recycling of locally exposed sandstones ultimately derived from
basement rocks rather than first-cycle supply from crystalline basement. Siltstone and

metamorphic lithic grains are more common along the front of the Anti-Atlas in Morocco,
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Table 3.1. Petrography and heavy minerals in Sahara dune sands. Q = quartz; F = feldspars (P =
plagioclase); L = lithic grains (Lv = volcanic; Lc = carbonate; Lsm = other sedimentary and
metasedimentary). Transparent heavy minerals (tHMC) include: ZTR = zircon + tourmaline + rutile;
Ap = apatite; Ttn = titanite; Ep = epidote; P&P = prehnite + pumpellyite; Grt = garnet; St = staurolite;
Ky = kyanite; Amp = amphibole; Px = pyroxene; Ol = olivine; &tHM = others (anatase, sillimanite,

andalusite, monazite, topaz, brookite).
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reflecting orogenic contributions. Nile Valley and Murzug Basin sands are enriched in

carbonate grains derived from Cenozoic cover strata of the Sahara Metacraton.
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Figure 3.5. Petrography of Sahara dune sand. Most samples are monotonously pure quartzose (pQ;

Quartzose /
sand

plotting in blue fields of QFL and QPK diagrams), with K-feldspar prevailing over plagioclase and
negligible lithics. A few samples are quartzose, quartz-rich feldspatho-quartzose (qFQ) or quartz-rich
litho-quartzose sedimentaclastic (qLQ; W of Nile Valley, S of Anti-Atlas in Morocco, and NE Murzuq
Erg in Libya). Q = quartz; F = feldspars (P = plagioclase; Or* = untwinned K-feldspar: Mic* = cross-
hatched microcline); L = lithic fragments (Lm = metamorphic; Lv = volcanic; Ls = sedimentary).

3.6.2 Heavy mineral dataset

Correspondence Analysis of heavy-mineral data (Fig. 3.8B) highlights the anti-correlation
between durable ZTR minerals and epidote + garnet + amphibole, the triad forming the
mineralogical suite typical of metamorphic basements (Garzanti and Ando, 2007a). The
variability of the ZTR index matches that of quartz, indicating a concordant behaviour of
all durable minerals typical of extensively recycled sediments. Epidote, amphibole and
garnet are correlated (Fig. 3.6) and abundant both west and east of the Air Mountains, in
the Western Desert of Egypt and along the Nile Valley, with maxima reached in coastal
Mauritania and in the Grand Erg Oriental in Algeria. Sample 5616 is the only garnet-
dominated sand. Clinopyroxene content varies widely, being most abundant in the NE
Murzug sample 5584, where it is associated with olivine (Fig. 3.4C), and in all three

Moroccan samples also containing prehnite and pumpellyite (Table 3.1).
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Figure 3.6. Heavy minerals in Saharan dune sand. The biplot highlights that tHM suites are mixtures of
three main mineral groups: 1) largely recyled durable ZTR; 2) the orogenic triad amphibole, epidote and
garnet; 3) volcanic-derived clinopyroxene and olivine. ZTR minerals are dominant in the southern Sahara,
with amphibole and locally staurolite increasing close to the Air Mountains in Niger (5610). In the
northern Sahara, clinopyroxene occurs more frequently and a clinopyroxene-olivine suite characterizes
dunes near the Haruj al Aswad volcanic field in Libya (NE Murzuq Erg, 5584).

3.6.3 Detrital Zircon age dataset

Besides KDE plots — which basically highlight the ubiquitous Pan-African peak with
lesser “Grenvillian” (~1 Ga) and “Eburnean” (~2 Ga) clusters (Fig. 3.7) thus underscoring
the homogeneity of geochronological signatures across the Sahara—, the MDS map allows
us to extract additional information from zircon-age distributions (Fig. 3.8C).
Geographically closer samples tend to plot closer to each other, as in Chad and Mauritania.
Hierarchical clustering analysis points to a systematic difference between southeastern
Sahara samples, characterized by a more prominent ~1.0 Ga peak, and northwestern Sahara
samples, yielding fewer Stenian zircons and characterized by a larger Paleoproterozoic
peak and some Paleozoic and Mesozoic ages. Sample 5610 from west of the Air Mountains
is singled out by the presence of a Paleozoic peak and the virtual lack of ~1.0 Ga grains.
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Figure 3.7. U-Pb age spectra of detrital zircons (age vs. frequencies plotted as Kernel Density
Estimates using the provenance package of Vermeesch et al., 2016). All samples display the
characteristic Neoproterozoic ‘“double-peak”, with minor Paleoproterozoic and Archean ages.
Paleozoic and Mesozoic clusters occur west of the Air Mountains and in Burkina Faso, respectively.
Cenozoic ages are found in Algeria and Mauritania and are locally as young as 5-6 Ma in Morocco

and Niger.

3.7 Inferences based on combined dataset

Statistical analysis of single datasets meets only limited success in the attempt to highlight
significant regional differences among the overall remarkably homogeneous provenance
signatures of Sahara Desert sand. Within each dataset, dissimilarities are mostly small and
clear only for the few samples documenting additional sediment contribution from local
sources. In such a case of homogeneous data, statistical analysis may easily emphasize
minor local anomalies and overstress their significance. Combining framework-
petrography, heavy-mineral, and geochronological datasets with multivariate analysis
produces visual plots (Fig. 3.8D, 4.8F) that helps us not only to increase discrimination
power but also to verify the consistency of potential artefacts, thus leading to more robust

results.
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The INDSCAL plot (Fig. 3.8D) shows that three quarters of the samples have the same
petrographic and heavy-mineral fingerprint, preventing any provenance discrimination
among them. These samples are widely distributed from Chad to Tunisia and from the
Western Desert of Egypt to Mauritania, thus failing to display a definite geographical
distribution across the Sahara. Some significant differences are however confirmed,
concerning samples collected along the Nile Valley in Egypt and the Anti-Atlas front in
Morocco, or in the NE Murzuq Erg (5584) and the Air Mountains in western Niger (5610).
Sample 5616 from Algeria is singled out by its garnet-dominated tHM suite.

In the GPA plot (Fig. 3.8F), clusters were based on the hierarchical clustering dendrogram
(Fig. 3.8E), but addition of detrital-zircon ages does not change the overall picture
substantially, maintaining the difference between NW Sahara and SE Sahara samples
documented by MDS analysis of the zircon-age dataset. The distinctive local provenance
of samples collected along the Anti-Atlas front in Morocco (3269), in the Grand Erg
Oriental (5616) in the NE Murzuq Erg (5584), and west of the Air Mountains (5610) is
confirmed. Other samples from Tunisia (5611), Mauritania (5600), have only minor
peculiar petrographic or heavy-mineral fingerprint and they are singled out mainly by
subtle differences in their zircon-age spectra This is thus considered either of local
significance or as one case of artefact produced by the statistical algorithm which, in such
homogeneous datasets, ends up emphasizing minor differences.

Even a thorough analysis conducted with sophisticated statistical techniques including
Multidimensional scaling (MDS), Correspondence analysis (CA), Individual Difference
Scaling (INDSCAL), and General Procrustes Analysis (GPA), therefore, could not break
the compositional homogeneity of Sahara dune sands. Rather, the power of these
techniques to reveal even the most subtle trend in a large dataset carries the risk of
producing spurious results caused by local factors such as hydrodynamic sorting or bias in

sampling or analytical procedures.

3.7.1 Local sediment sources
Petrographic, heavy-mineral, and geochronological signatures and their remarkable

homogeneity indicate that Saharan sands have an overwhelmingly multicyclic origin, as
discussed in detail below. Among the few differences highlighted by statistical analysis
(Fig. 3.8), the two samples consistently displaying a distinct compositional fingerprint are
those from the northeastern Murzug basin (5584) and western Niger (5610).

The NE Murzuq sample is the richest in limestone grains, transparent heavy minerals,
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clinopyroxene, and olivine of the entire sample set. The contrasting information provided
by petrographic and heavy-mineral analyses represents an apparently paradoxical case,
which is produced whenever recycled detritus generated by a heavy-mineral poor
sedimentary source mixes with minor quantities of first-cycle detritus supplied by a heavy-
mineral rich source (Garzanti and Ando, 2019). In this case, local sedimentary sources as
young as Quaternary (Geyh and Thiedig, 2008) also supply limestone grains, whereas the
Plio-Quaternary Haruj al Aswad basaltic field (Al-Hafdh and EI-Shaafi, 2015) contributes
clinopyroxene and olivine but very few basaltic grains.

The sample collected west of the Air mountains (5610) is most distinct in all respects. It is
the richest in feldspars and amphibole and yielded only two zircon grains in the entire 654-
1569 Ma age range. Rather than additional first-cycle contribution from basement rocks
such as the Assodé-Issalane amphibolite-facies metamorphic rocks or Renatt granite, the
low P/F ratio and very low heavy-mineral concentration point at recycling of (i.e.,
derivation from) Paleozoic to Mesozoic sandstones exposed nearby (e.g., Salze et al.,
2018).

Moroccan samples document additional contribution from local orogenic sources
represented by the High Atlas and adjacent Anti-Atlas Mountains, including clinopyroxene
from volcanic rocks and epidote, prehnite, and pumpellyite from very-low to low-grade
metavolcanic rocks. Prehnite and pumpellyite are peculiar of this region, and do not occur
in the similar tHM suite characterizing the northwestern EI Djouf Erg of central Mauritania,
which includes more ZTR minerals and less clinopyroxene.

The enrichment in garnet in dune sample 5616 collected in the middle of the Grand Erg
Oriental is puzzling (Table 3.1). This anomaly might be ascribed to local concentration of
garnet by selective removal of lower-density minerals, a process that may occur in this dune
field characterized by turbulent wind circulation. The widespread presence of star dunes in
the erg (Telbisz and Keszler, 2018) lends support to this hypothesis.

Distinct composition also characterizes dunes along the Nile Valley, which include a few
feldspars, carbonate rock fragments and a few other sedimentary, metasedimentary and
volcanic lithics, together with a tHM suite ranging up to moderately poor and including
epidote, amphibole, clinopyroxene, staurolite, and minor garnet and kyanite. This indicates
sediment mixing from various sources, including the Saharan Metacraton, its Mesozoic to

Cenozoic cover strata, and the Nile (Garzanti et al., 2015a).
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3.7.2  Local sediment reworking
The considerations made above concern only sand derived from lithified source rocks. In

desert environments, however, the incessant wind action causes repeated and extensive
reworking of unconsolidated sediment, not only from the stoss side to the lee side of active
dunes or from one active dune to the next, but also from locally exhumed fossil dune fields.
Major sources of wind-reworked sediment are dry lake beds, found in diverse areas both
within and at the periphery of the desert and representing the record of a recent wetter past
(Drake et al., 2011). Examples include the active dunes dominated by gypsum grains found
around Chott el Jerid at the northern edge of the Sahara in Tunisia (Fig. 3.4B) and the
abundant rounded mudclasts mixed with monocrystalline quartz in dunes surrounding the
Bodélé Depression in Chad (Fig. 3.4F). Sediment deflated from lake beds, however,
dominantly consists of fine silt carried thousands of kilometers away as far as South
America and the Caribbean (Swap et al., 1992; Prospero, 1996).
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Figure 3.8. Multivariate statistical analysis A) CA for petrographic (PT) dataset. B) CA for heavy-
mineral (HM) dataset. C) MDS for detrital-zircon (DZ) ages. D) INDSCAL for combined PT and HM
datasets. Group configuration is expressed by perpendicular arrows and depict the direction of
variability for each dataset. E) Hierarchical clustering dendrogram (height refers to normalised
distance units produced by GPA of PT, HM, and DZ datasets; Garzanti and Vermmesch, 2015). F)
Generalised Procrustes Analysis (GPA) of PT, HM and DZ datasets (symbol shapes refer to cluster
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analysis in E and colours to geographical location). For A, B, and C, sample locations are shown on
the sand flow map below; clusters refer to hierarchical clustering;axes units are normalised values

based on chi-square distance for A and B, and on Kolmogorov-Smirnov distance for C.

3.8 Polycyclic nature of Saharan sands

3.8.1 Sand derived from sandstone
Saharan dune sand is almost invariably pure quartzose with very poor tHM suites

dominated by zircon, tourmaline, and rutile (Fig. 3.4, 3.5). Because these are the most
mechanically and chemically durable common minerals, and hence those most likely to
survive more than a single sedimentary cycle, quartz abundance and depleted tHM suites
have long been used as indicators of the extent of recycling (e.g., Hubert, 1962; Blatt,
1967). The monotonous mineralogical signature of dune sand all across the Sahara thus
points at provenance dominantly from siliciclastic rocks widely exposed throughout the
region and ranging in age from Paleozoic (Avigad et al., 2005; Meinhold et al., 2011;
Morton et al., 2011) to Mesozoic (e.g., “Nubian sandstone”; Selley, 1997; Carr, 2003), and
Cenozoic (Swezey, 2009).

Detrital-zircon geochronology studies of these sandstones (Table 3.2) documented the
widespread abundance of Neoproterozoic-aged zircon grains, indicating supply from the
Pan-African orogen including the Trans-Sahara belt. A subordinate Paleoproterozoic
cluster was inferred to indicate provenance from the West African Craton or perhaps
Amazonia (Linnemann et al., 2011). A Tonian age cluster characterizes feldspar-bearing
Cambrian sandstones in Morocco (Avigad et al., 2012). The common occurrence of ~1 Ga
(“Grenvillian™) zircons in Paleozoic to Mesozoic sandstones of southern Libya, lacking
equivalents in igneous basements of northern Africa, has been emphasized (Meinhold et
al., 2011).

3.8.2 Comparing compiled datasets
Statistical tools are here applied to compare zircon-age data obtained on modern sands (Fig.

3.9) with compiled age spectra from potential Paleozoic to Mesozoic parent sandstones
exposed in northern Africa (Fig. 3.10). The stack of KDE plots highlights the recurrence of
the most prominent Ediacaran (~0.6 Ga) peak in all compiled datasets (Fig. 3.10B). Among
potential source rocks, most distinct is the spectrum from Paleozoic-Mesozoic sandstones
of southern Libya (Meinhold et al., 2011), which display more prominent “Grenvillian” (~1
Ga), “Eburnean” (~2 Ga) and “Liberian” (Neoarchean) peaks. More and slightly older

Eburnean-aged zircons characterize Cambrian sandstones from western Algeria (Wang et
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al., 2020). Most striking is the similarity of zircon-age spectra between modern Saharan
and Arabian dune sands. Besides the not many Mesozoic and Cenozoic zircons occurring
in dune fields close to Arabian Gulf shores and derived from the Anatolia Plateau and the
Zagros Mountains via the Euphrates-Tigris-Karun river system (Garzanti et al., 2016),
differences are limited to a few more ages around 0.8 Ga (a feature common to Nile sand;
Fig. 9) and a few more Neoarchean ages in Arabia.

The remarkable homogeneity of detrital-zircon age spectra all across Arabia and northern
Africa is confirmed by Multidimensional Scaling analysis. The central position of Saharan
sands in MDS maps (Fig. 3.10C,D) confirm that, as Arabian desert sands, they largely
resulted from the homogenization of detritus recycled from Paleozoic to Mesozoic parent
sandstones. The MDS maps highlight that this averaged zircon-age signal also characterizes
Cambrian sandstones of southeastern Algeria, Morocco, and central-western Libya
(Linnemann et al., 2011; Avigad et al., 2012; Altumi et al., 2013), whereas Paleozoic-
Mesozoic sandstones of southern Libya (Meinhold et al., 2011) and Cambrian sandstones

fromwestern Algeria (Wang et al., 2020) are distinct.

3.8.3 Paleozoic sandstones as a major sand supplier for modern dunes
Cambro-Ordovician and younger sandstones widely exposed across the Sahara represent a

huge reservoir of quartz grains to be recycled through time, finally ending up in modern
dune fields. In Saharan dune sand, zircon grains yielded mostly (77%) Neoproterozoic ages,
consistently with ultimate origin from the Pan-African orogen and the Trans-Sahara belt.
Virtually the same zircon-age spectra characterize dune sand across the Sahara, Nile River
sand from Ethiopia and Sudan to Egypt, and Arabian sand seas from the Great Nafud in the
north to the giant Rub’ al Khali in the south (Fig. 3.9). Such a vast areal distribution of
parent sandstones and daughter sands with the same mineralogical and geochronological
fingerprints reflects multiple recycling and homogenization at the wide spatial scale of the
whole northern Africa and Middle East throughout the Phanerozoic. After the major Pan-
African mountain-building event and the tectonic activity that followed (e.g., Stern, 1985),
the large volume of newly produced crustal material was extensively eroded and repeatedly
recycled until the present day.

Besides the dominant Neoproterozoic double peak, Meinhold et al. (2013) noted that
Grenvillian-aged zircons become more common from Morocco and Algeria to Libya, and
from Cambrian to Middle Ordovician strata in Libya. Such an eastward trend is reflected

in zircon-age spectra of dune sand, showing a southeastward increase in the relative
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Table 3.2. Compilation of ages of detrital zircons contained in Phanerozoic sedimentary rocks and

modern dunes from Arabia and northern Africa. Age range is in Ga and percentage of grain ages are

provided for each cluster.
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Figure 3.9. Statistical analysis based on compiled detrital-zircon ages presented in Table 3.2. A)
Sample locations and sand flow map. B) Cumulative KDE plot of all concordant ages from this study
(neon red) compared with KDE plots of compiled datasets (peak height normalized to maximum peak
of each dataset; bandwidth maintained constant for all datasets). C, D) MDS maps comparing the
cumulative age spectrum from this study (C), and age spectra for each sample group presented in Fig.
3.7 (D), with compiled datasets. Axes units are normalised values based on Kolmogorov-Smirnov
distance, with 90% confidence polygons represented by dashed red lines. Shepard’s plot shown in

lower left corner.
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abundance of Stenian-age zircons from Mali, Mauritania, western Niger and Morocco
(<5% of total ages) to central-eastern Niger, Chad, Libya, and Egypt (3-16% of total ages;
Fig. 3.7).
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Figure 3.10. Statistical analysis based on compiled detrital-zircon ages presented in Table 3.2. A)

Sample locations and sand flow map. B) Cumulative KDE plot of all concordant ages from this study

(neon red) compared with KDE plots of compiled datasets (peak height normalized to maximum peak

of each dataset; bandwidth maintained constant for all datasets). C, D) MDS maps comparing the

cumulative age spectrum from this study (C), and age spectra for each sample group presented in Fig.

3.7 (D), with compiled datasets. Axes units are normalised values based on Kolmogorov-Smirnov
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distance, with 90% confidence polygons represented by dashed red lines. Shepard’s plot shown in

lower left corner.

3.9 Conclusions

The Sahara is a vast desert. Its composite structure includes large dune fields hosted in
sedimentary basins separated by elevated areas exposing the roots of Precambrian orogens
or created by recent intraplate volcanism. Such an heterogeneity of landscapes and
geological formations is contrasted by a remarkably homogeneous composition of dune
sand, consisting almost everywhere of > 95% quartz and durable minerals such as zircon,
tourmaline, and rutile. Exceptions are recorded only locally in the vicinity of volcanic fields
(e.g., Haruj al Aswad in Libya), basement highs (e.g., Air Mountains in Niger), fold belts
(Anti-Atlas in Morocco), or along the Nile Valley. Everywhere else, from Lake Chad and
the Bodélé Depression to the great ergs of Algeria, and from the Western Desert of Egypt
to the Atlantic coast of Mauritania, dune sand has almost the same, monotonous, pure
quartzose composition. Besides U-Pb age spectra of detrital zircons, which reveal a
significant difference between the southeastern part of the desert characterized by a more
pronounced ~1 Ga peak versus the northwestern part where Paleoproterozoic ages are more
common and some Paleozoic and Mesozoic ages occur, presented data do not show any
compositional trend that could be compared with the main directions of present or past
atmospheric circulation and wind transport.

The composition and homogeneity of Saharan dune sand reflect similar generative
processes and source rocks, and extensive recycling repeated through geological time after
the end of the Neoproterozoic, which zircon-age spectra indicate as the last major event of
crustal growth in the region. Subsequently, the newly formed Arabian-Nubian Shield was
covered by quartz-rich siliciclastic sediments extending all across the area from Oman to
Mauritania and beyond. It is from this thick blanket of sandstone that large volumes of
quartzose sand were generated and enriched progressively in durable minerals during the
multiple cycles of erosion, sedimentation and diagenesis that took place in the long period
of relative tectonic quiescence that characterized the entire Phanerozoic in this region. The
geographic zircon-age distribution in daughter sands thus chiefly reflects the zircon-age
distribution in parent sandstones (i.e., different patterns between southeast and northwest),
and hence sediment dispersal systems existing at those times rather than present wind
patterns (i.e., separation of sand flow between north and south).

Because zircon is durable, the larger part of zircon grains contained in most sediment
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samples is likely to be recycled from sedimentary covers rather than derived first-cycle
from basement rocks. In provenance studies based on detrital-zircon ages, the assumption
that observed age patterns reflect transport pathways existing at the time of deposition
rather than inheritance from even multiple and remote landscapes of the past thus needs to

be carefully investigated and convincingly demonstrated rather than implicitly assumed.
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This chapter has been published with modification as: “Provenance of Kalahari Sand: Paleoweathering and
recycling in a linked fluvial-aolian system” by Garzanti, E.; Pastore, G., Stone, A., Vainer, S., Vermeesch,
P., & Resentini, A. on Earth Science Reviews, 224, 2022.

4.1 Introduction

The intracratonic Kalahari sag basin hosts several dunefields that, largely inactive at
present, represent the largest sand sea on Earth (Fig 4.1). The compositional signatures of
such a vast expanse of aeolian sand and their provenance have not been systematically
studied so far, and yet encrypted in them lies a bounty of information on the geological,
geomorphological, and environmental history of the region. Formed as a consequence of
the multistep break-up of Gondwana, the Kalahari Basin presently occupies the core of
southern Africa, which experienced dynamic uplift in the Cenozoic and is currently cut
across by the southwestward-propagating East African rift system (Haddon and McCarthy,
2005; De Wit, 2007). Complex landscape evolution during the Pleistocene and Holocene
was punctuated by a high-frequency alternation of arid and humid climatic stages and
consequent repeated changes in hydrology, drainage patterns, and interaction of fluvial and
aeolian processes (Burrough et al., 2009a; Hirkamp et al., 2011; Moore et al., 2012;
Matmon et al., 2015). Decrypting the Kalahari sedimentary archive is an essential step to
improve the understanding not only of the evolution of tropical southern Africa but also of
the interplay between tectonic and climatic forces that mould the Earth’s surface. Clarifying
the control exerted by key climate variables on arid landscapes can, in turn, help test the
robustness of numerical models simulating dune field dynamics and improve model
simulations that are used to predict the impact of future climate change on aeolian-dune
remobilisation (Thomas et al., 2005; Mayaud et al., 2017; Vainer et al., 2021a). This article
considers what is known about the Kalahari Basin and its hydrological systems and
dunefields (Fig 4.2), including an overview of their Quaternary history. The geology of the
region is first outlined in the wider context of southern Africa (Fig.4.3), before reviewing
what was currently known about the provenance of the dunefields and potential fluvial
feeder systems. To date, much of the information on provenance has been inferred from
likely palaeowind directions (e.g., Thomas, 1987) or by applying a limited number of
techniques (mostly sediment textures and heavy minerals) to some parts of this vast basin.
Several sedimentological issues have thus remained controversial, including the relative

role played by fluvial processes versus aeolian reworking and the origin of weathering.
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Quantitative petrographic data were obtained only on a few aeolian-dune sands in the north
and west, and detrital-zircon ages only on fluvial sands in the north (Gartner et al., 2014;
Garzanti et al., 2014a). For these reasons, this chapter present new results from bulk-
petrography, heavy-mineral, and detrital-zircon U-Pb geochronology analyses on 100
aeolian-dune and river-bar sands collected across 17 degrees of latitude from Zambia to
South Africa and over 13 degrees of longitude from Angola to Zimbabwe. A set of
statistical techniques was applied to this multi-proxy dataset to adequately illustrate the
compositional variability of aeolian sand across the Kalahari Basin, reveal meaningful
mineralogical patterns, identify the original sediment sources, and gain insight into sand
dispersal pathways. In particular, this chapter investigates inheritance from past climatic
conditions, buffering of environmental signals through linked fluvial and aeolian systems,
and progressive compositional homogenization and concentration of most durable minerals
acquired through multiple cycles of erosion, transport, deposition, and diagenesis. The new
provenance data are integrated and reviewed in terms of what is known about fluvial-
aeolian interactions, chemical weathering, and drainage evolution in the Kalahari.
Understanding the complexities of sediment transport systems, and particularly how
sediment-routing connectivity regulates the transmission of environmental signals from
source areas to depositional sinks over spatial and temporal scales, is essential for a realistic
interpretation of the stratigraphic record (Romans et al., 2016; Allen, 2017; Caracciolo,
2020).

4.2 Geology of Southern Africa

Southern Africa was amalgamated through multiple tectono-magmatic events dating back
to the Archean and culminated with the Neoproterozoic Pan-African orogeny (Fig 4.3;
Hanson, 2003). The Archean core consists of the Kaapvaal and Zimbabwe Cratons, welded
by the Limpopo Belt. The Kaapvaal Craton, progressively amalgamated between 3.7 and
2.7 Ga, was stabilized by 2.6 Ga, and eventually intruded by the Bushveld Complex at 2.06
Ga (Eglington and Armstrong, 2004). The Zimbabwe Craton, comprising 3.5-2.95 Ga
gneisses non-conformably overlain by volcanic and sedimentary rocks and 2.7 Ga
greenstone belts, was eventually sealed by the Great Dyke Swarm at ~2.6 Ga (Kusky, 1998;
Jelsma and Dirks, 2002). The ~200 km-wide Limpopo Belt includes high-grade
orthogneisses, retrograde amphibolite-facies metasedimentarary rocks, and granitoids with
ages clustering at 3.3-3.2, 2.7-2.6, and 2.1-2.0 Ga (Zeh et al., 2007). This composite
Archean core grew progressively during Proterozoic orogenic cycles that generated the
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discontinuously exposed mid- Paleoproterozoic Magondi-Okwa-Kheis Belt in the west and
the latest Mesoproterozoic Namaqua—Natal Belt in the south. In the northwest, the Angola
Block represents instead the southern part of the Congo Craton, cored by largely mid-
Paleoproterozoic (~2 Ga) mid-crustal granitoid gneisses (De Carvalho et al., 2000;
McCourt et al., 2013; Jelsma et al., 2018). Stabilization of the Proto-Kalahari Craton by
1.75 Ga was followed by intraplate magmatism at 1.4-1.35 Ga and again at 1.1 Ga (Hanson
et al., 2006). Amalgamation of the Kalahari Craton was completed by 1.0 Ga (Jacobs et al.,
2008), when the Namaqua—Natal Belt was generated by arc accretion and continental
collision. This orogen extends from SW Namibia to NE South Africa and includes
Paleoproterozoic basement and up to high-grade metasedimentary rocks intruded by
voluminous granitoids dated at 1.2-1.0 Ga (Eglington, 2006). The Mesoproterozoic
volcano-sedimentary Sinclair Group of southern Namibia underwent only low-grade
deformation and was intruded by numerous granitoids (Becker et al., 2006). Cratonic
southern Africa was finally welded to the Congo Craton in the north during the major
Neoproterozoic Pan-African orogeny, testified by the Damara—Lufilian—Zambezi Belt
stretching from coastal Namibia in the west and across Botswana and southern Zambia to
connect with the Mozambique Belt in the east (Frimmel et al., 2011; Goscombe et al.,
2020). The Damara Belt in Namibia includes 2.0-1.2 Ga basement gneisses overlain by
Neoproterozoic metasediments intruded by 570-460 Ma granitoids (Miller, 2008). A 3 km-
thick succession of Neoproterozoic to Cambrian sandstone, mudrock and limestone was
deposited in the foreland of the Damara Orogen in southern Namibia (Nama Group; Blanco
et al., 2011). The Lufilian Arc consists of metasedimentary and metaigneous rocks hosting
Cu-Co-U and Pb-Zn mineralizations (Kampunzu and Cailteux, 1999; Eglinger et al., 2016).
The Zambezi Belt contains a volcano-sedimentary succession deformed under amphibolite-
facies conditions at 0.9-0.8 Ga (Hanson, 2003), whereas eclogite-facies metamorphism
dated as 592 Ma constrains the timing of subduction and thrust emplacement as 550-530
Ma (Hargrove et al., 2003; John et al., 2004). Initial disruption of the Gondwana
supercontinent was recorded by the several km-thick Upper Carboniferous to Lower
Jurassic Karoo Supergroup, covering almost two-thirds of southern Africa. Basin
subsidence in the southern retroarc basin was induced by subduction of paleo-Pacific
lithosphere, while transtensional stress propagated southwards from the Neotethyan rift in
the north (Catuneanu et al., 2005). The Karoo succession begins with diamictite, turbidite,
and coal-bearing fluvio-deltaic strata, followed by braidplain sandstone, mudrock, and

aeolian sandstone (Johnson et al., 1996). Permian sandstones contain andesitic-dacitic
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volcanic detritus (Johnson, 1991) and interlayered tuffs yielding ages mainly between 270
and 260 Ma (Lanci et al., 2013; McKay et al., 2016). Karoo sedimentation was terminated
by flood-basalt eruptions recorded throughout southern Africa around 183 Ma (Svensen et
al., 2012; Greber et al., 2020). A vast network of dolerite dykes and sills suggests that
tholeiitic lavas originally covered an area of ~2.5 million km? The passive margins
surrounding Africa developed after rifting of the Indian and Atlantic Oceans in the Late
Jurassic and Early Cretaceous, respectively. Widespread intrusion of pipe-like bodies,
including diamond-bearing kimberlites, took place in the Cretaceous to Paleogene (Moore
et al., 2008). In the Kalahari Basin, stretching ~2200 km in the hinterland from the Congo
to South Africa, up to 450 m-thick sediments were deposited since the Late Cretaceous
(Haddon and McCarthy, 2005). The Plio- Pleistocene consists of gravel, clay, and aeolian
sand with calcrete and silcrete (Thomas and Shaw, 1990; Vainer et al., 2018a). In the
Quaternary, the East African rift propagated along a network of unconnected basins
extending from Lake Tanganyika to the Okavango Graben and central Namibia farther west
(Modisi et al., 2000; Kinabo et al., 2007; Vainer et al., 2021b).
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Figure 4.3. Geology of southern Africa (compiled after Schliiter, 2008 and other sources cited in text).
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4.3 The Kalahari Basin

The intracratonic Kalahari sag basin comprises the largest continuous sand sea on Earth,
which extends for over 2.5 x 10° km? (Fig 4.2). The interior of the Kalahari is an elevated
plateau with flat topography (average altitude 1200 m), delimited by relatively steep
escarpments down to the Atlantic Ocean in the west and to the Indian Ocean in the east.
Kalahari Group sediments — including basal gravel and conglomerate, sandstone with
calcrete, and unconsolidated sand —stretch north from the Orange River in South Africa
(~29°S) to the Democratic Republic of Congo (~6°S; Haddon and McCarthy, 2005). The
landscape across the Kalahari is varied, encompassing spatially discrete dunefields
dominated by linear dunes, the Okavango alluvial fan (delta) and wetlands in northern
Botswana, and aligned drainage and pans (Lancaster, 1981; Thomas and Shaw, 1991; Shaw
and Goudie, 2002; Goudie and Viles, 2015). The erg is traversed by rivers that were initially
mostly endorheic but were progressively captured from both sides by rivers eroding
headwards from the coast (e.g., Moore and Larkin, 2001). Development of endorheic
drainage and expansion of a landlocked sand sea in this arid tropical region was favored by
multiple phases of tectonic activity in bordering areas since the Mesozoic, promoted by
asthenosphere upwelling during the rifting stage and maintained during the passive-margin
stage by flexuring associated with sediment loading of the continental terrace, or
rejuvenated by isostatic processes or buoyancy forces in the mantle (Moucha and Forte,
2011; Blenkinsop and Moore, 2013).
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Figure 4.2. The vast Kalahari Basin in southern Africa. A) Main regions and river courses are
indicated. B) Sampling sites are shown.
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4.3.1 Climate
Climate in southern Africa results from the disturbance by a great land mass of quasi-

stationary anticyclones over the Atlantic and Indian Oceans, corresponding to the
descending limb of the Hadley Cell (Schulze, 1972). A major influence is exerted by the
Intertropical Convergence Zone and associated Tropical Rain Belt (Nikulin and Hewitson,
2019), by the Congo Air Boundary, and by temperate frontal systems within the southern
hemisphere westerlies in the west and south. The Indian Ocean is a major source of water
vapor for the sub-continent via easterly winds (Fig 4.3A), and climatic changes within
southern Africa have been linked to the variability of Indian Ocean surface temperature
(Partridge, 1993; Tyson and Preston-Whyte, 2000; Washington and Preston, 2006; Vigaud
et al., 2009). The South Indian Convergence Zone may extend its influence on the sub-
continent via synoptic systems known as Tropical Temperate Troughs, which connect the
mid-latitudes to the tropics (Cook, 2000; Todd et al., 2002). Oceanic currents also affect
climate in the continental interiors (Walker, 1990). The warm Agulhas current flows
southward along the coast of Mozambique (Fig 4.2C), allowing humid air masses to enter
the continent from the Indian Ocean, thus causing heavy rains onto orographic barriers (e.g.
Drakensberg Mountains of Lesotho) and a marked westward decrease in precipitation
across southern Africa (Reason, 2001) (Fig 4.3B, C). The Agulhas current is retro-deflected
at 16-20°E longitude when encountering the cold Benguela current (Lutjeharms and Van
Ballegooyen, 1988), which displaces Antarctic water along the Atlantic coast of South
Africa, Namibia and southern Angola, causing low sea-surface temperatures, low humidity
of southerly winds, and very little rain through the year (Rogers and Bremner, 1991).
Rainfall occurs mainly during winter in the southwestern corner of the sub-continent and
during summer in the rest of the region. The aridity center is situated in southern Botswana.
Annual rainfall increases from 150 mm in the southwest to 400 mm in Zimbabwe, and
climate becomes sub-humid and less seasonal northward (Fig 4.3B, C). The wind regime
in the Kalahari is more complex than expected in areas of linear dune development (Fig
4.3A), being influenced by the seasonal fluctuation of the high-pressure cells (Tyson and
Preston- Whyte, 2000). The dry winter season is characterized by southeasterly winds
associated with the South Atlantic anticyclone (Bultot and Griffiths, 1972). In the summer,
winds blow mainly from the north in the eastern Kalahari and from the west in the western
Kalahari (Nicholson, 1996). The southwestern Kalahari is dominated by southwesterly
winds (Wiggs et al., 1996).
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Figure 4.3. The Kalahari sand sea. A) Dune types, wind directions, and sandflow patterns (compiled
after Thomas and Shaw, 1991, Nicholson, 1996, and Haddon, 2005). B) Rainfall map, showing
increase in precipitation from south to north and from west to east across southern Africa. C)
Distribution of climatic zones (Kdppen—Geiger classification; Kottek et al., 2006): A = equatorial; B
= arid; C = warm temperate. Precipitation: W = desert; S = steppe; f = fully humid; s = summer dry;

w = winter dry. Temperature: h = hot arid; k = cold arid; a = hot summer; and b = warm summer.
4.3.2 Hydrology
Three major rivers flow from humid Angola and western Zambia across the northern
Kalahari: the Cunene, the Okavango, and the Zambezi (Fig 4.2). The Cunene, sourced in
Angolan highlands uplifted in the Plio-Quaternary (Klocking et al., 2020; Vainer et al.,
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2021b), runs along the westernmost edge of the sand sea drained by the Caculuvar and
Mucope tributaries (Fig 4.2A; Shaw and Goudie, 2002). Once endorheic and emptying into
what is today Etosha Pan (Miller et al., 2010), the Cunene was captured by a headward
eroding coastal stream and its youthful terminal tract now debouches into the Atlantic
Ocean (Goudie and Viles, 2015). The Okavango, the main endorheic river of the Kalahari,
is fed from humid Angola, where the southward migration of the Congo Air Boundary
brings heavy rains between December and March (annual rainfall <1400 mm). The flood-
wave takes until August to filter through the anastomosing channels and swamps of the
Okavango, the largest wetland in southern Africa and the largest inland delta on Earth
(McCarthy and Ellery, 1998). Suspended sediments supplied annually to the Okavango
Delta amount to only ~19% of total load (McCarthy et al., 2012), suggesting that
weathering intensity is presently quite low even in the northern Kalahari Basin.
Sedimentation of fine sand dominates the upper delta, whereas chemical sedimentation in
the form of calcrete and silcrete prevails in the lower delta (McCarthy and Metcalfe, 1990).
Finally reunited in the Boteti River, the drastically reduced flood waters traverse another
stretch of the Kalahari, ending endorheically in the Makgadikgadi Pan. The main source of
water for the pan is the ephemeral Nata River, sourced in Zimbabwe to the east. The
Zambezi and its major Cuando tributary (named Kwando, Linyanti, and next Chobe after
entering the Okavango Graben in the Caprivi strip) also flow across the northern Kalahari.
Downstream of Victoria Falls, the Zambezi plunges into deep gorges carved in Karoo
basalt, heading towards the Indian Ocean (Moore et al., 2007). The Gwai River drains the
eastern edge of the sand sea in Zimbabwe, along with its tributaries once directed
westwards toward the central Kalahari (Thomas and Shaw, 1988). In Namibia, three
ephemeral rivers draining into the Kalahari flow only in case of exceptionally heavy and
continuous precipitation. The Omatako in the north is an Okavango tributary, the
Rietfontein dries up in central Botswana as a former tributary of the fossil Okwa River (Fig
4.3A), and the Nossob in the south joins the Molopo River. The occasional floods in the
Nossob and Molopo are absorbed along the way and recharge groundwater aquifers with
water losses up to 90% and 80%, respectively (van Veelen et al., 2009). The flow of the
Nossob and Auob (its major western tributary) typically ceases between 24°S and 25°S,
respectively, and the Molopo seldom flows west of 23°40" E (Nash, 2015). The Molopo has
continuous river flow and reaches the Orange River — thus becoming exorheic — only
during extreme events, which have a return period of between 20 and 50 years (Nash and

Endfield, 2002). The Kuruman, the major Molopo tributary in South Africa, is also dry
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except for flash floods, but has permanent flow over its first 10 km owing to its famous
dolomite spring source (Die Oog, the ‘Eye of the Kalahari’), which has yielded a constant
~750 m3/h flux during the last two centuries at least (Shaw et al., 1992). The southern and
western Kalahari rivers are misfit streams within wider, flat-bottomed channels reaching
0.5 to 1.8 km in width (Bullard and Nash, 2000). They contain gorge-like sections with
varying steepness (typical incision depth ~ 25 m) and show evidence of groundwater
processes (sapping and deep weathering; Shaw and de Vries, 1988; Bullard and Nash, 1998;
Stone, 2021a). Pans (endorheic basins that temporarily host water and deposit mostly salt
and clay) are widespread in the Kalahari, found in depressed areas where an integrated
fluvial system is lacking and surface geology is suitable (soluble duricrusts or regions with
deflatable loose silt and sand). They occur in many interdune corridors of the linear
dunefields and in higher concentration along the western watershed of the southern
dunefield (Goudie and Thomas, 1985; Lancaster, 1978, 1986).

4.3.3 Dunefields
The five dunefields identified in the Kalahari Basin (NWK, northwestern; NEK,

northeastern; EK, eastern; WK, western; SK southern; Fig 4.3A) are all dominated by linear
dunes (Thomas and Shaw, 1991; Shaw and Goudie, 2002). Other morphologies include
topographically constrained dunes occurring at hill and mountain fronts (Tyson, 1999) and
lunette dunes fringing the widespread pans (Telfer and Thomas, 2006; Hurkamp et al.,
2011). There are also areas with sand sheets (e.g., southwestern Kalahari; Bateman et al.,
2003) and areas of degraded dune patterns resembling barchanoid ridges on the eastern
edge of the western Kalahari near the Botswana/Namibia border (McFarlane et al., 2005;
Stone, 2021a). Kalahari dunefields may have started to accumulate in the early Pleistocene
(Partridge, 1993; Miller, 2014; Vainer et al., 2021a). In the western Kalahari, dunes
superimposed over a megafan are inferred to be younger than the 4-Ma-old mainly
vertebrate fossils that lie below the sand (Miller, 2008; Miller et al., 2010), whereas dunes
in the east lie below Middle Stone Age artifacts, constraining the youngest possible age for
sand deposition as >200 ka (McFarlane and Segadika, 2001). In the southern Kalahari,
Vainer et al. (2018b) simulated a range of scenarios of sand exposure and burial based on
cosmogenic nuclides and luminescence constraints and suggested there may have been 22
overturning cycles since sand was available for aeolian distribution, at 1.5-2.2 Ma and/or
4.2-5.2 Ma (in agreement with Miller, 2014). Reworking of the initially produced sand

occurred throughout the Quaternary, and burial ages for the most recent of any dune

54



Chapter 4. Kalahari Desert

recycling and accumulation episodes are determined by luminescence dating (see
compilation spanning ~190 ka for the INQUA Dune Atlas by Thomas and Burrough, 2016).
Finite luminescence ages for basal sediments of linear dunes range from 1.1 + 0.1 ka to 104
+ 8 ka (including samples in saturation, i.e., at the upper limit of the dating technique that
can be extended if integrated with cosmogenic-nuclide dating; Vainer and Ben Dor, 2021).
Today, precipitation levels, vegetation cover, and insufficient wind energy hamper aeolian
activity even in the driest area of the erg, excepting some blowing sand on dune crests in
the western and southern Kalahari (Wiggs et al., 1995; Bhattachan et al., 2013). The cover
of grasses and savannah bush increases on a broad north-south gradient, with increasing
concentrations of woodland north of ~210S (Van Rensburg, 1971; Thomas and Shaw,
1991). Therefore, Kalahari dunes are currently largely inactive, sometimes pedogenically
modified and in places extensively degraded, with a higher proportion of silt and clay than
normally found in active dune fields (Thomas, 1984; Wiggs et al., 1995; McFarlane et al.,
2005). The extent of this alteration by slope and locally tectonic processes (McFarlane and
Eckardt, 2007) increases northwards and eastwards as the woodland vegetation cover
increases, and in western Zambia eroded dune crests largely stabilized by vegetation may
rise only ~5 m from the vegetated interdunes (O’Connor and Thomas, 1999). The trend of
linear dunes changes from ESE/WNW to E/W and then to ENE/WSW from west to east in
the northern Kalahari (NWK, NEK, and EK), it is NE/SW south of Makgadikgadi and
NW/SE to NNW/SSE in the southern Kalahari (WK and SK) (Fig 4.2A). These patterns
have been ascribed to wind circulation around, and shifts in the position of, the southern
African anticyclone (Lancaster, 1979, 1981; Thomas, 1984). However, the accompanying
idea that there were discrete periods of formation for each dunefield has been overturned
by the large number of compiled luminescence ages, indicating multiple accumulation
phases in each region over the last ~190 ka. Five different classes of linear dunes are
identified in the southern Kalahari (WK, SK; Bullard et al., 1995; Bullard and Nash, 1998):
1) simple and discontinuous; 2) simple and continuous; 3) compound with common Y -
junction branches; 4) compound with more-obtuse angles between branches; 5) no
preferred orientation and discontinuous. The tallest and most closely spaced dunes are
found in the southeast of this region, as shown by detailed morphometric analysis using
ASTER global digital-elevation-model data (White et al., 2015). This contradicts the often-
reported relationship of bigger dunes with wider spacing, suggesting that these dunes have
experienced a reduction in sediment supply through time and/or post-depositional
modification (Kiss et al., 2009; White et al., 2015).
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4.3.4 Duricrusts
Duricrusts that act as cement and stabilize sand’s potential movement are widespread

below, within, and above Kalahari sands, covering most of the surface in the southern part
of the basin (Botha, 2000). Studies based on their minerology, micromorphology, bulk
geochemistry, isotopic signature, chronology, and geomorphological context have
suggested several formation mechanisms dependent on hydrology and climate. Semi-arid
to arid conditions under alternating dry and humid stages are generally considered as
suitable for their precipitation (Kampunzu et al., 2007; Ringrose et al., 2009), but their
paleoenvironmental interpretation is not straightforward (Summerfield, 1983; Nash and
McLaren, 2003). Duricrusts are chemical precipitates that form under saturation of the host
sediment through a combination of lateral and vertical transfer mechanisms. Therefore,
they are not restricted to one phase within a chronological stratigraphy and occur in both
vadose and phreatic environments. Alternating conditions (e.g., moisture availability,
temperature, vegetation) promote changes in pH that commonly result in mixed
compositions of cements, which range from pure carbonate to pure silica and may include
Fe-oxy-hydroxides and clays (Shaw and Nash, 1998; Nash et al., 2004; Kampunzu et al.,
2007; Vainer et al., 2018b). Multi-phase accumulation through repeated dissolution and re-
precipitation occurs at varied subsurface and surficial settings, including paleolakes, pans,
and marginal pools (McCarthy and Ellery, 1995; Ringrose et al., 2002; Thomas et al.,
2003), valley-fills (Nash and McLaren, 2003), and pedogenic profiles (Watts, 1980), where
flora and fauna may be involved in their generation. Varied formation settings and
processes, with consequently diverse textures ranging from dispersed powder to nodular
and hardpan, has led to different classification criteria (Goudie, 2020). These include
geomorphological and hydrological conditions as well as macro- and micromorphological
characteristics (size, structure, mineralogy, porosity, biological components, secondary
filling and coating) and chronological relationships between the precipitating phases (Nash
and Shaw, 1998; Nash and McLaren, 2003). In the Kalahari, indurated layered carbonate
characterizes weathering profiles in NW Botswana and could be widespread throughout the
basin but covered by unconsolidated sand (McFarlane et al., 2010). Based on Sr isotopic
ratios, chemical precipitation is inferred to have occurred from solutions migrating laterally
from dolomitic rocks when aquifer levels dropped shortly after clastic deposition (Vainer
et al., 2018b). A source other than underlying bedrock for the cementing agents was
similarly inferred for duricrusts in southern and central Botswana based on geochemical

differences with the underlying bedrock (Nash et al., 2004). U-Pb dating of carbonates
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deposited in a mega-fan environment in the Etosha sub-basin reaches back to the early
Eocene (Houben et al., 2020), much earlier than the establishment of dunefields in the
Kalahari. Because of intrinsic difficulties in radiometric dating of calcrete (Geyh and Eitel,
1997), the age of duricrusts is mainly constrained by the association with fossils and
artefacts, indicating formation since the early Pleistocene and throughout the Quaternary
(Haddon, 2005). Over the last decades, luminescence dating has allowed to establish when
quartz grains within calcrete were last exposed to light, confirming duricrust formation
spanning at least from the middle and late Pleistocene (Ringrose et al., 2002) to the

Holocene (Burrough et al., 2009a).

4.3.5 Quaternary climate change
In the Kalahari dryland, Quaternary environmental and climatic changes are documented

by different proxies in a range of archives, including aeolian sand dunes, former lake
shorelines, pan deposits and fringing lunette dunes, fluvial sediments, tufa carbonates,
speleothems, groundwater and rock shelter deposits (animal and human middens and rock
art) (Stone, 2021b). The Quaternary dynamics of aeolian-fluvial interactions can be put into
context by combining these different archives. Given the size and current climatic
heterogeneity of the Kalahari Basin it is pragmatic to consider three broad sub-regions: i)
northern (including the NWK, NEK and EK dunefields); ii) southern (including the WK
and SK dunefields); iii) eastern, with no major dunefield. Over the past ~150 ka, at least
seven wetter intervals are identified in these sub-regions, which are not paced consistently
with precession and whose onset and end do not align with global marine oxygen isotope
stages. Some appear to be widespread, but others display opposing meridional trends. Data
compiled from the INQUA Dune Atlas by Thomas and Burrough (2016) indicate relatively
continuous aeolian-dune accumulation across most of the Kalahari over the past 190 ka,
with only a few gaps (174-107 ka, 96-87 ka, and 38-42 ka) possibly ascribed to a lack of
preservation. The implication of this dataset of ~400 ages is that the pattern of episodic
aeolian-dune formation and aridity proposed by Stokes et al. (1998) is an artefact driven by
low sampling density across space and to only shallow depths within a dynamic and
heterogeneous landscape (Stone and Thomas, 2008). A first wetter interval at ~140 to 120
ka is seen in the northern sub-region, when diverse isolated basins became interconnected
in mega-lake Makgadikgadi reflecting changed hydroclimatic conditions in humid Angola
(Burrough et al., 2009b). Speleothem growth reflects instead more localised climate

conditions (133 = 27 ka; Brook et al., 1998). In the southern sub-region, presence of
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palygorskite suggests semi-arid climate from 156 + 11 to 121 + 6 ka (Lukich et al., 2019,
2020). In the southern Kalahari, the only preserved evidence of linear-dune accumulation
between ~174 and 107 ka is a mottled sandstone unit dated by luminescence as between
160 and 108 ka (Bateman et al., 2003). A second wetter interval between ~112 and 90 ka
is recorded by mega-lake Makgadikgadi phases (105 + 4 ka and 92 + 2 ka; Burrough et al.,
2009b) and speleothem growth (112 =+ 5 to 108 + 7 ka and 93 £ 6 ka: Brook et al., 1998).
Evidence for aeolian-dune accumulation is lacking in the southern sub-region during this
period, when there was locally abundant re-surging groundwater (111 + 3 to 102 * 2 ka;
Wilkins et al., 2021) and increased moisture availability at Kathu Pan (Lukich et al., 2020).
A third wetter interval is recorded between ~80 and 70 ka at Etosha Pan (Hipondoka et al.,
2014) but not in the mega-lake Makgadikgadi system, whereas semi-arid conditions are
recorded at 74 + 5 ka in the south at Kathu Pan (Lukich et al., 2020). In contrast, a fourth
interval is documented between ~63 and 43 ka by a mega-lake Makgadikgadi phase at 64
+ 2 ka, and by speleothem growth (~61 ka; Brook et al., 1998; ~51-43, Holmgren et al.,
1995; 58-46 ka, Holzkamper et al., 2009; from 56.8 = 0.4 to 43 £ 7 ka, Pickering et al.,
2007). The southern sub-region recorded semi-arid conditions at 55 + 3 ka (Lukich et al.,
2020) and aeolian dunes continued to accumulate (Thomas and Burrough, 2016). A
following drier interval is documented in the eastern sub-region by a lack of speleothem
growth between ~43 and 27 ka (Holmgren et al., 1995) and groundwater record
(Kulongoski et al., 2004). However, wetter conditions are testified between ~43 and 30 cal
ka B.P. in the western part of the southern Kalahari (Schiiller et al., 2018). Aeolian dunes
accumulated consistently, suggesting sufficient windiness and perhaps inadequate moisture
availability to keep vegetation cover below a limiting threshold. A fifth wetter interval is
documented in the northern sub-region at 39 + 2 ka and 27 £ 1 ka by two mega-lake
Makgadikgadi phases (Burrough et al., 2009a, 2009b) and at 36—-32 and 27-22 ka (Thomas
et al., 2003). Evidence includes aquifer recharge at ~36-33 ka (Stute and Talma, 1998),
speleothem growth at ~33 ka (Brook et al., 2010), and pan-floor flooding at 32 + 5 ka
(Telfer et al., 2009). In contrast, dry conditions are documented in the southern sub-region
(~30-25 cal ka B. P.; Schuller et al., 2018), where aeolian dunes continued to accumulate
(Thomas and Burrough, 2016). Wetter conditions started later in the eastern sub-region, as
indicated by speleothem growth from 27 to 21 ka (Holmgren et al., 1995), 24.3-12.7 ka
(Holmgren et al., 2003), and 16.5 + 0.2 ka (Pickering et al., 2007). A sixth wetter interval
is documented between ~23 and 16 ka as a mega-lake Makgadikgadi phase (17 + 2 ka;
Burrough et al., 2009b) and as lake phases at Etosha Pan (23-21 and 18-16 ka; Hipondoka
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et al., 2014). In the southern sub-region, fluvial units were dated at 23 ka and 18 ka in the
lower Molopo basin (Hirkamp et al., 2011), pan flooding at ~20 ka (Telfer et al., 2009),
and speleothem growth at 3217 ka (Brook et al., 2010). In contrast, drier conditions are
indicated at 22 + 1 ka by a hardpan unit at Kathu Pan indicating a strongly negative moisture
balance (Lukich et al., 2020), but wet enough at the eastern fringes of the Kalahari for
speleothem growth through to 21 ka (Holmgren et al., 1995). A seventh wetter interval is
recorded in the northern sub-region at 16-12 ka (Thomas et al., 2003) and in the southern
sub-region at 15-13 cal ka B.P. (Schiiller et al., 2018). This episode is not documented in
the mega-lake Makgadikgadi system and aeolian dunes continued to accumulate in the
southern sub-region (Thomas and Burrough, 2016). At the start of the Holocene, wetter
conditions are indicated by a mega-lake Makgadikgadi phase at 8 + 5 ka (Burrough et al.,
2009b), by an Etosha Pan lake phase at ~10 ka (Hipondoka et al., 2014), and by speleothem
growth at ~8.2 ka (Brook et al., 1998), consistently with an absence of age evidence for
aeolian-dune activity since ~8 ka in the northeastern Kalahari (Thomas and Burrough,
2016). In contrast, only episodic flash-flood events are documented in the lower Molopo
from ~9.5 to 6.5 ka (Schller et al., 2018) and aeolian dunes were active in the southern-
sub-region during this time (Thomas and Burrough, 2016). Speleothem growth ceased
before the Holocene in the eastern sub-region (Holmgren et al., 1995) but continued from
~5 ka onwards in the north (Brook et al., 1998). A wet phase is recorded at ~5.5 cal ka B.P.
in the south (Schuller et al., 2018), whilst aeolian-dune activity continued in the southern
sub-region (Thomas and Burrough, 2016). Overall, the spacing of wetter intervals does not
demonstrate a regular periodicity, suggesting an interplay of factors more complex than

solely global glacial-interglacial cycles or precession-paced forcing of hydroclimate.

4.4  Overview of previous work on the provenance of Kalahari sands

The provenance of Kalahari sands has not been investigated thoroughly by a multi-
technique approach so far. Previous surveys recognized the highly quartzose composition
of aeolian sands, but their compositional variability has been only broadly evaluated, and
the origin of Kalahari dunefields was mostly ascribed to either reworking of older
sediments (e.g., Du Toit, 1954; Baillieul, 1975; Thomas, 1987) or dominant fluvial
processes (e.g., De Ploey et al., 1968; Verboom, 1974; Moore and Dingle, 1998).
Petrographic, mineralogical, geochemical, and geochronological results from aeolian and
river sediments collected in the Kalahari Basin and illustrated in Garzanti et al. (2014b,
2014c) complement the new dataset obtained in this study and will be summarized and
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discussed later on. The earliest heavy-mineral study of Kalahari sands was carried out by
Poldervaart (1957), who identified tourmaline as a ubiquitous component, associated with
zircon increasing eastwards at the expense of staurolite and kyanite. In his survey across
Botswana, Baillieul (1975) distinguished four different types of Kalahari sands according
to their texture, composition, and origin: 1) pure quartz sand reworked from older
longitudinal dunes in northwestern Botswana; 2) finer-grained feldspar-bearing sand
largely derived from recycling of the feldspatho-quartzose Neoproterozoic Ghanzi
Sandstone in central-western Botswana; 3) pure quartz sand inferred to be recycled from
Upper Triassic/Lower Jurassic sandstones of the Karoo Supergroup in central to
soutwestern Botswana (Boocock and Van Straten, 1962); 4) various sands of fluvial origin
in eastern Botswana, locally containing micas or basaltic rock fragments and largely
derived from diverse exposed bedrocks. Thomas (1987) emphasized the remarkable
homogeneity of textural and compositional features, held to testify an overriding
importance of aeolian activity across the Kalahari. In their textural and mineralogical study
of the Kalahari Erg in NW South Africa, central Botswana and NE Namibia, Schlegel et
al. (1989) distinguished between sand collected from the crest of modern aeolian dunes and
‘mixed sands’ collected in interdune areas or close to ephemeral rivers or pans. They found
that tourmaline and staurolite are most abundant in dune-crest samples, whereas garnet,
zircon, amphibole, pyroxene, rutile, sillimanite, andalusite, and opaque oxides (magnetite,
ilmenite, and hematite) are more abundant in the ‘mixed’ samples. In South Africa, aeolian
sand resulted to yield subrounded to very well-rounded tourmaline, staurolite, kyanite, and
opaque oxides. In Botswana and Namibia, more heterogeneous suites consist of mostly
well-rounded tourmaline with subordinate staurolite, epidote, and zircon. Heavy minerals
were observed to be denser, less spherical and less rounded in ‘mixed samples’, garnet
commonly occurring as broken angular fragments. Main source rocks were held to be Nama
and Karoo Group siliciclastics in South Africa and Botswana. In their textural and
mineralogical study of central Botswana cover sands, Moore and Dingle (1998) failed to
find a correspondence between the variability of sediment textures and wind patterns, and
thus inferred a dominance by fluvial processes. Ephemeral streams and sheetwash were
inferred to produce heavy-mineral enrichment in coarser proximal sands passing to finer
sediments with fewer heavy minerals in distal settings. Tourmaline (mainly in the
southwest), staurolite (mainly in the north), and kyanite were confirmed as the most
common heavy minerals. More recently, Haddon and McCarthy (2005) recognized the

major role played by both fluvial and aeolian processes and identified local reworking from
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older deposits as a major source of Kalahari sand. In a most recent study, Vainer et al.
(2018a) used detrital mineralogy, elemental geochemistry, and Sr, Nd and Pb isotopic ratios
to detect provenance changes through a complete Quaternary section of Kalahari Group
sediments in South Africa. Provenance from distant Angolan highlands via a trans-Kalahari
palaeo-drainage system was inferred for the basal part of the section, overlain by strata
containing detritus derived locally from volcano-sedimentary rocks of the Archean
Kaapvaal Craton exposed in the east and south. The more recent aeolian sands indicated
instead sediment supply from Paleoproterozoic source rocks in the west and northwest.
Chemical proxies suggested that weathering intensity was typical of humid areas for the
basal part of the section at a time of relatively dense hominin occupation of the area, but
limited to groundwater alteration and precipitation of duricrusts in the overlying strata.
Based on geochemical data, sediments of the Okavango Basin were considered to represent
a mixture of detritus derived from Proterozoic basement rocks exposed in Angola, Namibia,
and NW Botswana with locally recycled aeolian sand and calcareous soils (Huntsman-
Mapila et al., 2005). Using elemental geochemistry complemented by Nd, Sr, and Pb
isotopes, Vainer et al. (2021b) outlined a more complex provenance pattern, with detritus
derived from multiple sources including the Angola Shield in the northwest, the Archean
Kasai Craton in the north, Mesoproterozoic granitoids of the Choma-Koloma Block in the
east, and the Ghanzi-Chobe and Damara Belts in the west, with possible contribution also
from the Lufilian Belt and Karoo basalts. Gartner et al. (2014) used U-Pb detrital-zircon
geochronology and groundwater alteration and precipitation of duricrusts in the overlying
strata. Based on geochemical data, sediments of the Okavango Basin were considered to
represent a mixture of detritus derived from Proterozoic basement rocks exposed in Angola,
Namibia, and NW Botswana with locally recycled aeolian sand and calcareous soils
(Huntsman-Mapila et al., 2005). Using elemental geochemistry complemented by Nd, Sr,
and Pb isotopes, Vainer et al. (2021b) outlined a more complex provenance pattern, with
detritus derived from multiple sources including the Angola Shield in the northwest, the
Archean Kasai Craton in the north, Mesoproterozoic granitoids of the Choma-Koloma
Block in the east, and the Ghanzi-Chobe and Damara Belts in the west, with possible
contribution also from the Lufilian Belt and Karoo basalts. Gartner et al. (2014) used U-Pb
detrital-zircon geochronology and zircon morphology from sand carried by the Cunene,
Okavango, Cuando, and uppermost Zambezi Rivers to pinpoint the protosources of
sediment recycled from and fed into the northern Kalahari Basin. They suggested that most

sediment originated from the Lufilian and Kibaran Belts with westward increasing input
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from the Damara Belt. Zircons derived from the Angola Block were detected only in the

Cunene and westernmost part of the Okavango drainage basins.

45 Sampling

In this provenance study, 57 samples of aeolian dunes have been analysed, collected across
the vast Kalahari sand sea in the frame of diverse research projects (Stone and Thomas,
2008; Matmon et al., 2018; Burrough et al., 2019; Stone et al., 2019; Wittmann et al., 2020;
Vainer et al., 2021a). Another 43 sand samples collected from exposed sandbars or dry
riverbeds in Angola, Botswana, Zambia, Zimbabwe, Namibia and South Africa, and
previously studied with similar and complementary methodological approaches (Garzanti
et al., 2014b, 2018a), were considered to monitor changes in sediment composition
associated with fluvial-aeolian interactions. Aeolian-dune samples are mostly fine to lower
medium sand (average 2.3 = 0.5 ¢), whereas river sands range more widely from fine to
coarse (average 1.8 + 0.8 ¢). Full information on sampling sites is provided in Appendix.

4.6 Mineralogy of river sand

The main rivers that drain into the Kalahari Basin are sourced in the humid regions of
Angola and Zambia in the north. The Caculuvar and Mucope tributaries of the Cunene
River, draining the western edge of the Kalahari Erg in Angola (Fig 4.1A), carry pure
quartzose sand with a few K-feldspar grains. The extremely poor, zircon-rich tHM suite
includes epidote, tourmaline, and minor andalusite, staurolite and rutile (Table 4.1). The
Okavango and Cuando Rivers, which are also sourced in Angola and drain the northern
Kalahari Basin towards the Caprivi Strip and Botswana, carry pure quartzose sand (Fig
4.41) with extremely poor, tourmaline-zircon-epidote-staurolite-kyanite-rutile tHM suites.
Sand carried by the upper Zambezi River in Zambia is also pure quartzose (Fig 4.4K) with
a poor tHM suite dominated by ZTR minerals with common kyanite, staurolite, and minor
epidote. Clinopyroxene appears downstream of Ngonye Falls, increases towards Victoria
Falls, and becomes rapidly predominant along the gorges downstream. Zambezi tributaries
in Zimbabwe include the Matetsi, which carries quartzo-lithic basalticlastic sand (Fig
4.4M) with extremely rich tHM suites containing clinopyroxene exclusively, and the Gwai,
which carries feldspatho-quartzose sand (Fig 4.40) with a poor tHM suite containing
amphibole, subordinate epidote and garnet, and minor clinopyroxene, Kkyanite, and
sillimanite. The Shangani, a Gwai tributary (Fig 4.1A), carries quartzose sand with basaltic

rock fragments, a few plagioclase grains, and a moderately rich tHM suite dominated by

62



Chapter 4. Kalahari Desert

clinopyroxene. In northern and central Namibia, the Omatako carries feldspatho-quartzose
sand with K-feldspar > plagioclase and a very poor tourmaline-amphibole-garnet tHM
suite. The Okakongo (a northern tributary of the Swakop River draining towards the
Atlantic Ocean) carries feldspar-rich feldspatho-quartzose sand (Fig 4.4A) with moderately
rich hornblende-dominated tHM suite. The Rietfontein carries pure quartzose sand (Fig
4.4C) with a very poor staurolite-tourmaline tHM suite. The White Nossob and Black
Nossob (western and eastern branches of the Nossob River) carry feldspatho-quartzose
sand containing granitoid and high-rank metamorphic rock fragments (Fig 4.4E) with a
moderately poor amphibole-garnet-staurolite-epidote tHM suite, and quartz-rich
feldspatho-quartzose sand containing low-rank metasedimentary rock fragments with a
moderately poor staurolite-epidote-garnet-zircon tHM suite, respectively. The Molopo
River, which drains the southern Kalahari, carries quartz-rich feldspatho-quartzose sand
with common monocrystalline quartz displaying abraded overgrowths, plagioclase > K-
feldspar, and a few shale/slate or quartzose sedimentary and metasedimentary rock
fragments (Fig 4.4G). The moderately poor tHM suite includes epidote, amphibole, ZTR

minerals, garnet, clinopyroxene, and minor staurolite and kyanite.

4.7 Mineralogy of aeolian-dune sands

Dune sand is quartz-rich over most the vast Kalahari Basin: out of the 57 studied samples,
31 are pure quartzose, 12 quartzose, and 10 quartz-rich feldspatho-quartzose (Fig 4.5).
Throughout the northern Kalahari, in Angola, northeastern Namibia, Caprivi Strip, northern
Botswana and western Zambia, sand consists virtually exclusively of monocrystalline
quartz commonly showing rounded to subrounded outline and abraded overgrowths (Fig
4.4L). Aeolian sand in the Caprivi Strip contains abundant red iron-oxide particles. Pure
quartzose sand also characterizes the eastern edge of the Kalahari in Zimbabwe as well as
the central part of the sand sea from eastern Namibia to southeastern Botswana. In all these
regions, K-feldspar prevails among the few feldspar grains, lithics are rare or lacking, and
tHM assemblages are very poor to extremely poor and dominated by ZTR minerals.
Staurolite is widespread, most common in the Ghanzi area (Fig 4.4D) and generally
associated with kyanite and minor andalusite. Kyanite increases progressively southwards
in westernmost Zambia and is most abundant to the west of the Cuando/Zambezi
confluence, where it is associated with minor garnet. Epidote is common south of the
Okavango inland delta, where a few amphibole grains occur. Garnet is rare or lacking

altogether (Table 4.1). Basaltic detritus including rock fragments, plagioclase and
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Figure 4.4. Comparison between the petrographic composition of fluvial and associated eolian-dune
sands in the Kalahari Basin (photos arranged in geographical order: A to H from NW to SE in the
west; | to P from W to E in the east). A, B: feldspar-rich feldspatho-quartzose sands (S4364 and
E4875). C, D: pure quartzose sands (S4309 and E4889). Feldspatho-quartzose (E: S4313) and quartz-
rich feldspatho-quartzose sands (F: NAM®6/4/2). Quartz-rich feldspatho-quartzose (G: S5145) and
pure quartzose sands (H: E5540). Pure quartzose sands (I: S4299, note weathered quartz to the right;
J: NKALB, note ooids). K, L: pure quartzose sands (S4297 and E5481). Quartzo-lithic volcaniclastic
(M: S4287) and litho-quartzo-feldspathic volcaniclastic sands (N: E4881, note rounded
clinopyroxene). O, P: feldspatho-quartzose sands (S4284 and E4882). All photos with crossed polars;
blue bar for scale = 100 um.
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Figure 4.4 continued

clinopyroxene is significant in dune sand NW of Victoria Falls, and dominant in litho-
quartzo-feldspathic dune sand close to the Zambezi gorges downstream (Fig 4.4N). In
western Zimbabwe, dunes are markedly enriched in feldspars. In the NW near Masuma,
aeolian sand is feldspatho-quartzose (Fig 4.4P) with plagioclase > K-feldspar, quartz-rich
siltstone/sandstone and medium-rank metamorphic rock fragments, biotite, and a
moderately rich garnet-epidote tHM suite. In the SE near Bulawayo, aeolian sand is
quartzo-feldspathic with K-feldspar > plagioclase and a poor amphibole-epidote suite. In

eastern Botswana around the Makgadikgadi Pan, aeolian sand is quartzose, with K-feldspar
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> plagioclase and a very poor tHM suite with common epidote, ZTR minerals, amphibole
and/or clinopyroxene, and minor kyanite, garnet and staurolite. Polycrystalline quartz, a
few felsic volcanic, and quartz-rich siltstone/sandstone rock fragments are locally
significant. Calcareous grains including common ooids occur in mounds on the surface of
the Ntwetwe (western Makgadikgadi) Pan (Fig 4.4J; McFarlane and Long, 2015).
Straddling the Botswana/South Africa border, aeolian dunes consist of quartzose to pure
quartzose sand (Fig 4.4H) with K-feldspar > plagioclase, and very poor tHM suites
dominated by ZTR minerals with locally common epidote or staurolite. The
Koppieskraalpan dune is quartz-rich feldspatho-quartzose with a few basaltic rock
fragments, plagioclase > K-feldspar, and a moderately rich tHM suite including dominant
clinopyroxene and subordinate garnet. In the western Kalahari, SW of the Nossob River,
aeolian-dune sand is relatively homogeneously quartzose to quartz-rich feldspatho-
quartzose with K-feldspar > plagioclase (Fig 4.4F). The mostly poor and epidote-
dominated tHM suite includes ZTR minerals and staurolite. Amphibole with minor
clinopyroxene are significant in the northern Hardap region, staurolite with subordinate
kyanite most common in SW Namibia, and garnet common in South Africa. In northern
Namibia, mineralogy is more varied. The Okahandja dune is feldspar-rich feldspatho-
quartzose (Fig 4.4B) with plagioclase > K-feldspar, up to high-rank metasedimentary rock
fragments, common biotite, and a moderately rich tHM suite dominated by hornblende with
clinopyroxene, ZTR minerals, apatite, and epidote. In the central region, aeolian sand is
quartzose to pure quartzose, with K-feldspar > plagioclase and poor tHM suites including
mainly ZTR minerals, epidote, kyanite associated with either staurolite or garnet, and
locally clinopyroxene. Quartzose sandstone and shale rock fragments may occur. In
northwesternmost Botswana, the Qangwa dune is quartz-rich feldspatho-quartzose with
plagioclase > K-feldspar and a moderately poor, epidote-dominated tHM suite including

ZTR minerals.
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Table 4.1. Petrography and heavy minerals in river and dune sands of the Kalahari. Q = quartz; F =
feldspars (P = plagioclase); L = lithic grains (Lvm = volcanic to very low-rank metavolcanic; Lsm =
sedimentary and metasedimentary); tHMC = transparent heavy minerals; ZTR = zircon + tourmaline
+ rutile; Ap = apatite; Ep = epidote; Grt = garnet; St = staurolite; Ky = kyanite; Amp = amphibole; Px
= pyroxene; &tHM = other transparent heavy minerals (mostly andalusite, titanite, anatase, sillimanite,

and locally olivine or monazite).
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Figure 4.5. Petrography and heavy minerals in river (circles, above) and dune sands (squares, below).

Q = quartz; F = feldspars; L= lithic fragments; ZTR = zircon + tourmaline + rutile; SKA = staurolite
+ kyanite + andalusite + sillimanite; AGE = amphibole + garnet+ epidote. Besides sands largely
derived from Karoo basalts in western Zimbabwe, samples plot along the Q/F leg of the triangle, with
compositions ranging from quartzo-feldspathic (QF) and feldspatho-quartzose (FQ), to quartzose (Q)
and pure quartzose (pQ) (compositional fields after Garzanti, 2019b). The Q/F ratio and ZTR index
are indicators of selective chemical breakdown of less durable feldspars (preferentially plagioclase)
and heavy minerals (preferentially garnet, amphibole, and epidote) integrated through repeated

sedimentary cycles. Symbols for upstream samples in the same river system are smaller.

4.8 Age of detrital zircons

Five age ranges recur among the analyzed samples (Fig 4.6), corresponding to main
orogenic episodes in southern Africa (Hanson, 2003; Dirks et al., 2009; Andersen et al.,
2016, 2018): I) Limpopo (2.5-2.8 Ga, Neoarchean; peak at 2720 Ma); Il) Eburnean (1.8—
2.05 Ga, Orosirian; peak at 1893 Ma); 111) Sinclair-Kibaran (1.2-1.4 Ga, Ectasian; peak at
1312 Ma); 1VV) Namaqua-Irumide (1.0-1.1 Ga, Stenian; peak at 1056 Ma); V) Damara-
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Lufilian (0.45-0.65 Ga, Ordovician-Cryogenian; peak at 581 Ma). Younger ages include a
minor ‘Karoo’ cluster (220-320 Ma, Triassic-Pennsylvanian; peak at 266 Ma) and some
Early Cretaceous ages (120-135 Ma) associated with magmatism related to South Atlantic
rifting (e.g., Trumbull et al., 2004). Even younger grains (59-70 Ma, Paleocene-latest
Cretaceous) associated with post-rift alkaline magmatism (Moore et al., 2008) sporadically
occur in Botswana. In provenance interpretation, it must be kept in mind that the ages of
zircon grains in sediments reflect their crystallization age, which may not — and in general
does not — necessarily correspond to the age of the source rock, because zircon is a durable
mineral that can be recycled even multiple times. The U-Pb age spectra of detrital zircons,
therefore, only allow us to discriminate among the different ages of the original crystalline
source rocks (i.e., proto-sources sensu Andersen et al., 2016), whereas the proportion of
first cycle versus even multiply recycled zircon grains can be evaluated qualitatively for
each sample based on petrographic composition and heavy-mineral concentration
(Garzanti, 2016). An additional approach would be to consider other geochronometers
(e.g., Fission tracks on Apatite and Zircon or U-Pb on Rutile and Titanite) that rely on lower
closure temperatures of the isotopic system, in order to discriminate by comparison with
the Zircon U-Pb (crystallization) age. This approach is certainly more precise but
introduces time consuming analyses and may exacerbate the issue of different mineral
fertility in extremely depleted heavy mineral suites. The author aims to apply this
methodology for smaller case study (e.g. small river catchment scale or small dune field).
For the Kalahari case it will be proved that petrography and heavy mineral analysis are an
expeditive and accurate method to infer the “recycling grade” of sand. Data obtained in this
study are compared with previously obtained radiometric ages on diverse crustal domains
across southern Africa compiled from numerous literature sources (Fig 4.7). The age
compilation is summarized in Table 4.2. Further extensive information on bedrock ages in

the region are contained in Gartner et al. (2014) and Goscombe et al. (2020).

4.8.1 River sands
The zircon-age spectrum in sand of the Mucope River, draining entirely within the

northwestern Kalahari dunefield in Angola, displays a unimodal Orosirian peak at ~1.96
Ga, identifying the Eburnean Angola Block as the main protosource (Fig 4.6). Detrital-
zircon U-Pb age patterns in Okavango and Cuando sands are characterized by Ediacaran-
Cryogenian and Stenian peaks, with a major Orosirian cluster and a minor Neoarchean

cluster. Upper Zambezi sand is similar but with notably less Neoarchean ages, and both
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Orosirian and Neoarchean ages become rarer in its Zambian tributaries (Fig 4.6). These
rather homogeneous zircon-age signatures across the northern part of the Kalahari Basin
reflect extensive recycling of sediment originally derived from mainly Eburnean, Irumide,
and Damara protosources. In contrast, Gwai River sand in Zimbabwe yielded a polymodal
zircon-age spectrum indicating major Neoarchean and Eburnean, and minor Irumide and

Pan-African protosources.

4.8.2 Aeolian-dune Sands
Pure quartzose dune sands in the Okavango region, from the inland delta to the

Makgadikgadi Pan, yielded multimodal zircon-age spectra characterized by Ediacaran,
Stenian, and Orosirian peaks. Similar spectra, with more Cryogenian to Stenian ages and
less Paleoproterozoic to Neoarchean ages, are displayed by pure quartzose aeolian-dune
sand along the upper Zambezi valley, reflecting more Damaran and Irumide, and somewhat
less Eburnean protosources (Fig 4.7). In Zimbabwe, pure quartzose aeolian sand at the
eastern edge of the Kalahari Basin is characterized by similar age spectra with major
Ediacaran and Stenian peaks, subordinate Orosirian, and minor Neoproterozoic clusters. In
western Zimbabwe, instead, the feldspatho-quartzose Masuma dune yielded a few Stenian,
Orosirian-Rhyacian, and Archean zircon ages, whereas Archean-aged zircons occur in
quartzo-feldspathic dune sand near Bulawayo (Fig 4.6). In Botswana south of
Makgadikgadi Pan, Paleozoic ages increase slightly, and Orosirian ages decrease. Farther
south, the quartzose Mokgomane dune near Gaborone is singled out by the common
Neoarchean to Mesoarchean zircons pointing at cratonic protosources (Fig 4.7A, B),
whereas Stenian and subordinate Cryogenian zircons increase progressively westwards in
pure quartzose to quartz-rich feldspatho-quartzose dune sand along the Molopo River
course in the southern Kalakari (Fig 4.6). In Namibia, Ordovician to Ediacaran ages
predominate in feldspar-rich feldspatho-quartzose to quartzose dune sand, reflecting
prominent Damara protosources (Fig 4.6). Along a SW/NE traverse in northern Namibia,
pure quartzose aeolian sand yielded multimodal, Permo- Triassic, Cambrian to Ediacaran,
Stenian, Orosirian and minor Neoarchean clusters. The quartz-rich feldspatho-quartzose
Qangwa dune located near the Aha Hills in NW Botswana is singled out by its nearly
unimodal spectrum with early Tonian age peak at 956 Ma (Fig 4.6). Along a W/E traverse
between Windhoek in central Namibia and the Ghanzi Ridge in Botswana, pure quartzose
aeolian sand yielded mainly Orosirian, Statherian, and Stenian zircon ages in the west,

mainly Stenian to Ectasian ages in the center, and mainly Cambrian to Ediacaran ages in
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the east (Okahandja dune). Quartzose to quartz-rich feldspatho-quartzose aeolian sand in

the western Kalahari (WK in Fig 4.6) yielded mostly Mesoproterozoic (Ectasian and

subordinately Stenian) zircon ages and no ages younger than 500 Ma, indicating mainly

Sinclair and Namaqua protosources.
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Figure 4.6. Mineralogy of Kalahari dune sands discriminated with the compositional biplot (drawn
with CoDaPack software by Comas-Cufi and Thié-Henestrosa, 2011). Pure quartzose sand strongly
depleted in all other detrital components besides durable ZTR minerals, staurolite, kyanite, and
andalusite dominates through the northern Kalahari and across the central erg in Botswana. Detritus
from Precambrian rocks, significant in SE Namibia, is locally dominant at opposite edges of the erg
in central Namibia and SW Zimbabwe. Detritus from Karoo basalts, abundant near Victoria Falls, is
only locally significant elsewhwere. Lvm = volcanic and metavolcanic lithics; Lsm = sedimentary and
metasedimentary lithics; tHMC =transparent heavy-mineral concentration; ZTR = zircron +

tourmaline + rutile.
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Figure 4.7. Multidimensional scaling maps based on U-Pb age spectra of detrital zircons highlight the
different degree of sand homogenization across various parts of the Kalahari Basin (axes units are
normalised values based on Kolmogorov-Smirnov distance). A) Comparison among age spectra of
aeolian-dune (squares) and river (circles) sands presented in Fig. 6. Distinct provenance signatures are
documented locally (69% of ages > 2 Ga in western Zimbabwe dunes; 54% Orosirian-Rhyacian ages
in Mucope sand; 55% Tonian ages in Qangwa dune; 67% of Cambrian-Ediacaran ages in Okahandja
dune; 61% of Stenian-Ectasian ages in western and western southern Kalahari). B) Comparison among
age spectra of aeolian-dune and major river sands from this study and literature data (stars) compiled
in Table 4.2. C) Comparison among the cumulative age spectrum of aeolian-dune and major river
sands analysed in this study and all potential sources and protosources (stars; data compiled in Table
4.2). Closest and second closest neighbours are linked by solid and dashed lines, respectively. The
goodness of fit is evaluated using the “stress” value of the configuration (0.2 = poor; 0.1 = fair; 0.05

= good; Table 1 in Vermeesch, 2013).
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Population1 Frequency  Population2 Frequency  Population3  Frequency ~Population4  Frequency  Population5  Frequency
MODERN SANDS

Cunene River 1394 +5 28.6% 1746 £ 4 31.9% 1948 + 4 36.7% 2456 + 10 2.8%

Okavango River 9% +1 21% 545+ 2 23.8% 1040 £ 4 13.3% 1971+2 49.6% 2607 £5 112%
Cuando River 29+2 0.8% 590 + 2 23.7% 1024 +3 30.9% 1902+ 3 38.8% 2648+ 6 5.8%
Zambezi River 646 £5 19.2% 1023+ 6 27.4% 11935 45.2% 2570+ 8 8.2%

ANCIENT SANDSTONES

Nama Group 616+ 1 20.8% 1010+ 1 26.0% 1181 +1 38.3% 1891 +2 14.9%

Ghanzi Group 1118+ 1 50.3% 1259+ 1 32.4% 18811 17.3%

Rehoboth Group (Langberg and Billstein Fms.) 12212 22.5% 1858 + 2 61.0% 2023+3 16.5%

CRUSTAL DOMAINS

Damara Belt (+ Cretaceous granite) 131+1 32% 523+1 33.6% 7941 16.6% 1464 £ 1 35.8% 2096 * 2 10.8%
Lufilian Arc 555+ 1 41.6% 8261 43.1% 1125+6 15.3%

Zambesi Belt 485+ 2 16.8% 827+5 26.1% 1104 +1 34.1% 1794 + 16 15.4% 2860+ 4 8.0%
Irumide Belt (+ Pan-African rejuvenation) 597+1 20.4% 1065+ 1 28.7% 1140+ 1 5.6% 1958+ 1 27.7% 2354 +2 17.5%
Namaqua Belt 1119+ 1 47.8% 1662+ 1 30.3% 20037 11.9% 2360+1 9.9%

Magondi Belt (+ Pan-African rejuvenation) 569 + 7 71% 2080 +93 92.9%

Angola Block 1935+ 1 100.0%

Limpopo Belt (+ PPz tectono-thermal event) 1953+ 1 54.0% 2594 £ 1 29.1% 3284 +2 16.9%

Zimbabwe Craton (+ PPz tectono-thermal event) 1881+ 1 11.7% 2411+1 44.8% 2580+ 1 43.6%

Kaapvaal Craton (+ Vredefort magmatic rocks) 977+4 8.8% 2845+ 1 7.3% 3467 £ 2 83.9%

Table 4.2. Compilation of detrital zircon ages in modern sands and crustal domains of southern

Africa.Age peaks and relative frequencies calculated with Density Plotter (Vermeesch, 2012).

4.9 Provenance of Kalahari aeolian-dune sand

In most of the Kalahari Basin, including the NWK and NEK dunefields in Angola, Namibia
and Zambia, much of Botswana, and part of the EK dunefield in Zimbabwe, dune sand is
dominated by monocrystalline quartz associated with very poor tHM suites including
durable ZTR minerals, staurolite, and kyanite (Figs. 4.8, 4.9, and 4.10). Such a
homogenized mineralogical signature reveals multiple recycling of older quartzose
sandstones through geological time. A local exception is the quartz-rich feldspatho-
quartzose sand of the Qangwa dune collected near the Aha Hills, which contains a
moderately poor, epidote-dominated tHM suite with zircon grains yielding mostly Tonian-
Stenian ages (Fig 4.6). This suggests recycling of Neoproterozoic siliciclastic rocks
exposed nearby (e.g., Ghanzi Group; Baillieul, 1975; Hall et al., 2018), whereas the few
Statherian-Orosirian ages point at minor protosources in the Angola Block to the north
(McCourt et al., 2013). At the other extreme, aeolian dunes situated at the opposite margins
of the Kalahari, near exposures of crystalline basement in central Namibia or of Karoo
basalts in Zimbabwe, reveal mainly first-cycle provenance and limited mixing with
recycled aeolian sand of the erg (Fig 4.10). Litho-quartzo-feldspathic composition with
dominant plagioclase, clinopyroxene, and mafic volcanic rock fragments derived from
Karoo lavas characterizes aeolian-dune sand near the basaltic gorges carved by the Zambezi
River downstream of Victoria Falls, where less than a fourth of the bulk sediment is

represented by aeolian monocrystalline quartz (i.e., less than in local right-bank Zambezi
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tributaries draining into the Karoo volcanic rocks; cf. Fig 4.4M and N). The aeolian dune
located on the Zimbabwe Craton near Bulawayo (Fig 4.3) is singled out by its quartzo-
feldspathic composition with high-rank metamorphic rock fragments, amphibole-epidote
tHM suite, and Archean-aged zircon grains, reflecting provenance from local cratonic
basement. The feldspatho-quartzose Masuma dune yielded a moderately rich garnet-
dominated tHM suite with subordinate epidote and most zircon grains dated between 2.0
and 3.4 Ga (Fig 4.6), indicating largely local provenance from the metamorphic basement
of the Dete/Kamativi Inlier belonging to the Paleoproterozoic Magondi Belt (Fig 4.7B;
Glynn et al., 2020). On the western side of the Kalahari, the Okahandja dune has feldspar-
rich feldspatho-quartzose composition with moderately rich amphibole-dominated tHM
suite (Figs. 4.8 and 4.9) and mainly Cambrian- Ediacaran zircon grains, indicating
provenance dominantly from amphibolite-facies metamorphic rocks exposed in the inland
branch of the Damara orogen (Jung et al., 2007). Consistently quartz-rich feldspatho-
quartzose to quartzose composition and poor tHM suite including common epidote
associated with ZTR minerals and staurolite characterize sand in the western Kalahari
dunefield, where detrital-zircon ages are mostly Mesoproterozoic (Ectasian to Stenian with
peak around 1.3 Ga, and subordinately late Paleoproterozoic with peak around 1.8 Ga).
Aeolian sand is inferred to have been fed from Damara, Nama, and Karoo sedimentary and
metasedimentary rocks, together with arc-related low-grade metasedimentary and
magmatic rocks of the Rehoboth terrane in the northwest (Fig 4.3; Becker et al., 2006).
Clinopyroxene occurs in the northern Hardap region, reflecting minor contribution from
locally exposed Karoo basalts (Fig 4.3). Petrographic composition is similar in the adjacent
western southern Kalahari (wWSK) dunefield, where garnet notably increases (Fig 4.10) and
detrital-zircon ages are mainly Stenian (peak around 1.07 Ga), indicating extensive
recycling of the Nama Group (Blanco et al., 2011; Andersen et al., 2018). The moderately
rich, clinopyroxene tHM suite of the Koppieskraalpan dune in the wSK dunefield (Fig
4.2A) reveals minor local supply from Karoo lavas. Transitional quartzose sand containing
mostly K-feldspar with locally dominant microcline* and mostly very poor tHM suites —
including ZTR minerals as well as epidote, kyanite, staurolite, and locally common
clinopyroxene or some amphibole — characterizes aeolian dunes in parts of Zambia (upper
Zambezi valley), Botswana (e. g., Makgadikgadi and Gaborone areas), northern South
Africa, and central-northern Namibia (Fig 4.10). Clinopyroxene dominates the tHM suite
of the aeolian dune in the Zambezi valley shortly upstream of Victoria Falls, testifying to

minor local first-cycle supply from Karoo basalts. Garnet is relatively common in central-
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northern Namibia, where half of zircon grains yielded Ordovician-Ediacaran ages
indicating contribution from the northern Damara Belt nearby (Fig 4.7B; Lehmann et al.,

2016).
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Figure 4.8. Mineralogy of Kalahari dune sands discriminated with the compositional biplot (drawn
with CoDaPack software by Comas-Cufi and Thio-Henestrosa, 2011). Pure quartzose sand strongly
depleted in all other detrital components besides durable ZTR minerals, staurolite, kyanite, and
andalusite dominates through the northern Kalahari and across the central erg in Botswana. Detritus
from Precambrian rocks, significant in SE Namibia, is locally dominant at opposite edges of the erg
in central Namibia and SW Zimbabwe. Detritus from Karoo basalts, abundant near Victoria Falls, is
only locally significant elsewhwere. Lvm = volcanic and metavolcanic lithics; Lsm = sedimentary and
metasedimentary lithics; tHMC =transparent heavy-mineral concentration; ZTR = zircron +

tourmaline + rutile.

4.10 Multistep recycling in Kalahari

The Mega-Kalahari — which extends over more than twenty degrees of latitude, is
characterized by a pronounced increase in precipitation from the tropical south to the
subequatorial north, and has seen repeated changes in climatic conditions through the recent
and less recent past — provides both end-member examples, as well as a series of
intermediate situations. Sand mineralogy is rather homogeneously pure quartzose in the
more humid north, from Angola to western Zambia and parts of Zimbabwe (NWK, NEK,
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and EK dunefields), but presents peculiar feldspar-rich or even lithic-rich composition at
both eastern and western margins of the erg, where detrital modes with more abundant and
varied tHM suites indicate largely first-cycle supply from local rivers or creeks (Fig 4.9).
Intermediate is the case of the WK dunefield in southeastern Namibia, where sand is quartz-
rich but with a significant amount of mostly K-feldspar, a few lithic fragments, and an up
to moderately poor tHM suite including not only epidote and staurolite but also amphibole
and pyroxene locally, thus reflecting supply from deflation of fluvial sediments (cf. Figs.
4.4E and 4.4F).

In the NWK and NEK dunefields, as in Botswana, the coexistence of pure quartzose sand
in both rivers (Mucope, Okavango, Cuando, Upper Zambezi, Rietfontein) and adjacent
dunes (cf. Figs. 4.4C, 4.41, and 4.4K with 4.4D, 4.4], and 4.4L) makes it hard to discern
how much river sand has ended up in the dunes and, vice versa, how much of the river sand
has been supplied by erosion and reworking of the dunes. Anyway, the bulk of the sand in
all the above-mentioned rivers must have been ultimately derived from reworking of
Kalahari Group sediments, as most reliably assessed for Angolan rivers that drain entirely
within the erg (e.g., Mucope and Cuando). It is noteworthy that both river and dune sands
along the final Chobe tract of the Cuando River get notably enriched in kyanite. This reveals
mixing with sand originally fed by the Upper Zambezi and reworked by the Cuando from
the toe of the alluvial fan previously built by the Zambezi across the Okavango rift, between
Lake Liambezi in the west and the Chobe depression in the east (Lake Caprivi of Shaw and
Thomas, 1988).

In the opposite case, feldspar-rich or lithic-rich dune sand with similar mineralogy as river
sediments nearby points to chiefly first-cycle origin and fluvial supply, followed by eolian
deflation and accumulation at the margins of the erg with limited mixing with eolian quartz
(cf. Figs. 4.4A, 4.4M, and 4.40 with 4.4B, 4.4N, and 4.4P, respectively). The proportion
of eolian Kalahari sand reworked in river sediments is readily identified by commonly
rounded to subrounded monocrystalline quartz and thus readily calculated. Overwhelming
in the Caculuvar, Mucope, Okavango, Cuando, and Rietfontein Rivers (Figs. 4.4C and
4.41), reworked eolian quartz represents more than 90% of bulk sand in the Upper Zambezi
(Fig 4.4K) and still ~85% upstream of Lake Kariba despite progressively increasing
volcaniclastic supply across the basaltic gorges downstream of Victoria Falls. In Zambezi
tributaries of western Zimbabwe, eolian quartz is estimated to range from a minimum of

35-50% in Masuie and Matetsi sand up to 80-85% in Upper Gwai and Shangani sand
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(Garzanti et al., 2014b). Recycled eolian monocrystalline quartz with rounded outlines or
abraded overgrowths accounts for a large majority of the sand in the Molopo River (Fig
4.4G).
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Figure 4.9. Comparison between the mineralogy of river (circles) and dune (squares) sands. The
correspondence between the mineralogical signatures of river and dune sand in the same region
indicates that pure quartzose polycyclic Kalahari sand mixes locally with first-cycle detritus from
Archean to Cambrian basements, as in western Zimbabwe and central Namibia. Because of arid
conditions and high-frequency climatic fluctuations, exchange of sediment from river channels to
dunefields and back has taken place repeatedly across the erg during the Quaternary. Parameters as in
Figs. 4.5 and 4.6.

4.11 Paleoweathering in the Kalahari

The extent to which a sediment has been subjected to chemical weathering, integrated over
a series of sedimentary cycles, can be evaluated by combining evidence from petrographic,
heavy-mineral, clay-mineral, and geochemical data. Distilled multicyclic sand of northern
Kalahari aeolian dunes and of the Okavango, Cuando, and upper Zambezi Rivers is
composed dominantly of quartz with strongly depleted tHM suites including zircon,
tourmaline, rutile, staurolite, and kyanite but virtually no garnet or apatite (both invariably
<1%tHM; Table 1). The scarcity of garnet relative to staurolite, kyanite, andalusite, and
sillimanite [G/(G + SKA) < 5% in both aeolian and fluvial sands; Fig. 4.10] is anomalous,
because these minerals are associated in amphibolite-facies metapelites and unweathered

detritus derived from them, where garnet is typically dominant [G/(G + SKA) = 70 £ 20%;
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Garzanti et al., 2006, 2010a]. The Okavango and Zambezi Rivers carry mud containing
~40% kaolinite (i.e., more than most other rivers in tropical southern Africa; Garzanti et
al., 2014c). Northern Kalahari aeolian dunes are strongly depleted in virtually all chemical
elements but Si. Even Zr and Hf are low in both aeolian and fluvial sands (83 £ 55 and 2 +
1 ppm versus 190 and ~ 6 ppm in the Upper Continental Crust standard; Taylor and
McLennan, 1995), suggesting that all minerals including zircon are depleted relative to
most durable quartz. Among chemical indices of weathering, 0*'Na is >3 in Okavango,
Cuando, and upper Zambezi fluvial sands, reaches >5 in aeolian-dune sand, and is ~20 in
mud Garzanti et al., 2014b, 2014c). The traditional WIP and CIA indices (Parker, 1970;
Nesbitt and Young, 1982) reach down to 0 and up to >80 in aeolian sand (down to 1 and
up to >90 in fluvial sand), with consequently extreme CIA/WIP ratio reflecting extensive
recycling (Garzanti et al., 2019b).
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Figure 4.10. Provenance maps of the Mega-Kalahari. Across most of the erg, dune sand has
homogenized pure quartzose composition with depleted tHM suites lacking garnet. Mixing in various
degrees with locally supplied detritus including significant amounts of feldspars, rock fragments and
heavy minerals including garnet occurs in seven areas: 1) inland branch of the Damara Belt; 2) SE
Namibia; 3) near Aha Hills; 4) near Karoo basalts; 5) near Magondi Belt; 6) Zimbabwe Craton; 7)
near Kaapvaal Craton. Lack of garnet from north to south across the erg indicates inherited weathering

from previous more humid climatic stages.

Pure quartzose sand lacking garnet in presence of common staurolite and kyanite,
abundance of kaolinite in mud, and chemical indices pointing at high weathering intensity
cannot be the product of a single sedimentary cycle in the current climatic setting. They

require widespread recycling of sediments affected by extensive weathering in chemically
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much more aggressive hot-humid climates of the past. All these pieces of evidence
combined cannot be explained with breakdown of all but the most durable minerals by
grain-to-grain aeolian impacts, which prove to be effective enough to round sand-sized
silicate grains but far from efficient enough to systematically destroy them mechanically
(Garzanti et al., 2015b; Rittner et al., 2016; Resentini et al., 2018). Detrital components of
northern Kalahari aeolian sand must have undergone very extensive weathering in humid
subequatorial climate before being recycled during repeated episodes of alternating fluvial
and wind erosion, leading to their accumulation in the erg. In other words, they represent
the echo of paleo-weathering stages passed on to the present landscape through multiple

recycling episodes.

4.12 Conclusions

Aeolian dunes of the Kalahari are homogeneously pure quartzose in Angola, Zambia, and
over much of Botswana and parts of Zimbabwe and Namibia, where they also contain a
few K-feldspar grains and strongly depleted heavy-mineral assemblages dominated by ZTR
minerals and including common staurolite in Botswana and kyanite in Zambia, but virtually
no garnet. Composition varies markedly only at the western and eastern edges of the erg,
ranging from feldspar-rich feldspatho-quartzose and hornblende-rich in the Damara Belt of
central Namibia to quartzo-feldspathic and hornblende-rich in the Zimbabwe Craton or
litho-quartzo-feldspathic and clinopyroxene-rich beside the Zambezi basaltic gorges near
Victoria Falls. Compositionally distinct is the partially active western Kalahari dunefield
of SE Namibia, where sand is quartzose to quartz-rich feldspatho-quartzose with common
epidote, indicating partly first-cycle but largely polycyclic provenance from
Mesoproterozoic crustal domains, Damara Belt, and Nama and Karoo Groups. U-Pb age
spectra of detrital zircons allow discrimination among protosources of different ages in
various parts of the erg. Damara ages (0.45-0.65 Ga) are widespread and most abundant in
aeolian dunes of central Namibia but quite rare in the western Kalahari dunefield to the
south. Namaqua-lrumide Stenian ages (1.0-1.1 Ga), also widespread, are particularly
common in aeolian dunes along the Botswana/South Africa border, increasing southward
towards the Namaqua Belt. Sinclair Ectasian ages (1.2-1.4 Ga) are most abundant in the
western Kalahari dunefield of SE Namibia. Eburnean Orosirian ages (1.8-2.05 Ga) are
most frequent in Angola and northernmost Botswana. Neoarchean ages characterize
aeolian dunes at the edge of the Zimbabwe and Kaapvaal Cratons in SW Zimbabwe and
SE Botswana. The compositional fingerprints of aeolian-dune sand and their processes
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across the sand sea. In northern Kalahari dunefields adjacent to humid subequatorial
regions, widespread monocrystalline quartz commonly showing abraded overgrowths
combined with strongly depleted ZTR-rich heavy-mineral assemblages lacking garnet but
containing staurolite and kyanite, common kaolinite in river muds, and geochemical indices
reveal that the sediments have undergone very extensive weathering in humid subequatorial
climate before being stored into the erg. The composition of aeolian-dune sand thus
reverberates the echo of paleo-weathering passed on to the present landscape through
multiple recycling episodes. Intracratonic sag basins such as the Kalahari, straddling the
arid tropical belt, contain vast amounts of quartz-rich polycyclic sand. Whenever tectonic
or climatic conditions favor the development of an integrated drainage system connecting
the continental interiors with the coast, tapping into such a huge sediment reservoir may
induce a sudden pulse of quartz-rich sand to the oceans and thus a significant mineralogical
change in continental-embankment successions. Such an event, recorded in post-Tortonian
sediments of the Zambezi Delta, may occur again in the future if development of the
Okavango rift will lead to the incorporation of the entire Okavango River to the Zambezi
drainage system.
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The origin of sand in large dune fields still represents a controversial issue. In many Earth’s
deserts, aeolian sand is enriched in most durable quartz and ZTR minerals (Muhs, 2004),
but such a simple monotonous compositional signature hardly facilitates interpretation,
because it is the resultant of the combined effects of diverse processes accumulated through
geological time (Dott, 2003). Prominence of physical factors or of chemical processes?
Selective break-down of less durable grains by mechanical abrasion, pre-depositional
weathering, or inherited intrastratal dissolution? This is the crux of the “quartzarenite
problem” (Basu, 2020).

Sahara and Kalahari case studies proved to be of crucial importance for this thesis to discuss
in situ sand generation by wind erosion versus external fluvial supply. In the Sahara, most
sand results from disaggregation of rocks with high sand-generation potential, such as
sandstones or locally granites, and will thus be primarily composed of quartz and feldspars
with generally very poor heavy-mineral suites largely consisting of ZTR minerals. In
Kalahari, sediments are fed by rivers into the desert by first cycle erosion of exposed
orogens at the flanks of the basins and therein homogenised. Here are presented also desert
sand composition from literature where mineralogy is variable, with larger percentages of
first-cycle detritus derived from a wide range of source rocks, including lithic fragments as

well as amphibole, epidote, garnet, or pyroxene, fed by major river systems.

5.1 Wind-fed quartz-rich sand seas

Sand seas consisting of pure quartzose sands are well documented in the Paleozoic (e.g.,
Dott et al., 1986), Mesozoic (e.g., Bertolini et al., 2020), and Cenozoic (e.g., Vainer et al.,
2018a). Although the Sahara has several predecessors in geological history, characterized
by the same monotonous compositional signature dominated by the most durable minerals,
the Sahara cannot be considered the rule in this respect, but rather an end-member case
(Fig. 5.1). The debate on the existence of first-cycle quartzarenites went on for long
(Krynine, 1941; Suttner et al., 1981; Johnsson, 1993), until the modern-sand lesson
indicated unambiguously that sand consisting virtually entirely of quartz and ZTR minerals
cannot be the result of mechanical or weathering processes even in the most aggressive
climatic conditions met in modern Earth, but that the final cleansing of less stable minerals
requires extensive intrastratal dissolution, i.e., inheritance from previous sedimentary

cycles of weathering and diagenesis (Garzanti et al., 2019a). Pure quartzose composition
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thus implies that sand is originated from homogenization of detritus chiefly produced by

physical disaggregation of quartz-rich parent sandstones, possibly derived in turn from

older “grand-parent” sandstones, along a line of ancestry rooted in the deep past.
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Figure 5.1 Sand composition in deserts of Asia, Africa and South America compared with their fluvial
feeder systems (modified after Garzanti et al., 2019b). Note general consistency of detrital modes in
eolian (circles) and river sands (rombs of corresponding colour. Data sources: Taklamakan and
Junggar (Rittner et al. 2016); Tengger, Ordos (Pan et al. 2016; Pang et al. 2018); Thal (Liang et al.
2019); Arabia (Garzanti et al. 2003, 2013, 2017), Pampas (Garzanti et al., 2022); Sahara (Chapter 3);
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The Sahara is an example of a vast desert hosting sand purified during multiple steps
through Phanerozoic time. No clear trace is left of sediments supplied by rivers draining
towards the desert, with the exception of Moroccan dunes at the foot of the Anti-Atlas
Mountains and of pyroxene-enriched Egyptian dunes near Aswan and east of the Nile
(Garzanti et al., 2015a). Conversely, aeolian sand is overwhelming. Rather than the river
supplying sand to the desert, it is the dune field that commonly invades and chokes the dry
river valleys, as seen in northeastern Egypt and Sinai (Garzanti et al., 2015a). In hyperarid
climate, river action may be weakened to the point that fluvial contribution to the dune field
becomes insignificant, as documented in northern Arabia, where sand is dominantly
supplied by disaggregation of Cambro-Ordovician quartzarenites and no river influences
the mineralogy of dune sand, if not minimally (< 5%), and only locally where it empties
into the desert (Garzanti et al., 2013a).

5.2 River-fed lithic-bearing sand seas

The opposite end-member is represented by sand seas fed by a major rivers, as indicated
by sand mineralogy maintaining the same characteristic fingerprints of the fluvial system
through distances up to a thousand kilometers (Fig. 5.1). These deserts can be considered
as wind-reworked inland or coastal deltas. An emblematic case is represented by the coastal
ergs of southwestern Africa, which are mostly fed via northward littoral drift from the
Orange River mouth. Dune sand of the coastal Namib Erg (southern Nambia) is estimated
to be 99% derived from the Orange River even at its farthest northern edge, the main
mineralogical and textural differences being a slightly enrichment in quartz at the expense
of most easily destroyed sedimentary and metasedimentary lithics, a dearth of mica, and a
markedly higher degree of grain roundness (Garzanti et al., 2012a, 2015b). Because of
hyperarid climate, additional fluvial supply is limited along the coast. Consequently,
coastal ergs in northern Nambia to southern Angola are still dominantly derived (~80% and
~60%, respectively) from the Orange River mouth after a multistep longshore transport up
to 1800 km (Garzanti et al., 2014a, 2018c). All along, composition of dune sand remains
constantly feldspatho-quartzose with common basaltic rock fragments and rich tHM suites
containing high, although progressively diluted, percentages of clinopyroxene.
Fluvial-dominated dune fields tend to be the rule in orogenic settings, with several
examples documented in arid inland areas across Asia, where river sediments are trapped
in subsiding troughs adjacent to the front of active orogens such as the Kopeh-Dagh, Kun
Lun, Altyn Tagh, Tian Shan, or western Himalaya (East et al., 2015). The Karakum Desert
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in Turkmenistan contains feldspatho-litho-quartzose dune sand with varied lithic
population and moderately rich epidote-amphibole-garnet tHM suite, which closely
matches sand of the Amu Darja River draining the western Pamir mountains of Tajikistan
(Garzanti et al., 2019b). Dune sand of the Thal Desert in central Pakistan contains subequal
amounts of quartz, feldspars, and mostly metamorphic and sedimentary lithic fragments, as
well as a very rich amphibole-epidote-garnet-pyroxene tHM suite (Liang et al., 2019). This
low-quartz signature indicates supply from the upper Indus River at latest Pleistocene/ealy
Holocene times, when erosion was focused on the high mountains of northern Pakistan
(Garzanti et al., 2020).

The large Taklamakan Desert of northwestern China contains feldspatho-litho-quartzose
sand with mainly sedimentary and metamorphic lithics and moderately rich amphibole-
epidote-pyroxene tHM suite, a composition virtually indistinguishable from sand of the
Yarkhand River draining the northern Karakorum and Kun Lun Mountains (Rittner et al.,
2016). In South America Pampean the high fluvial discharge of the past is testified by high
volcanic detritus composition in dunes (Garzanti et al., 2022). First cycle supply is
transported from the Adean volcanic province by paleo-rivers and stored into distant dunes,
preserving unstable minerals from chemical weathering. Present day arid condition and
river desiccation could not allow such long transport, testifying that the Pampean Desert

was river fed in the past.

5.3 Fluvial/aeolian connectivity in arid environments

The interaction between fluvial supply and wind reworking is documented at the periphery
of all sand seas. Excellent examples are represented by the eastward landward side of
Namibian deserts, where the conflict between persistent wind action and episodic river
floods produces spectacular sedimentary features (Stanistreet and Stollhofen, 2002;
Svendsen et al., 2003; Feder et al., 2018). In the Kalahari Desert dune sand is also largely
pure quartzose but composition is not equally homogeneous, and distinct mineralogy in
different areas reflects a greater role of fluvial supply (Garzanti et al., 2014b). Kalahari
dune fields are best developed west of river channels, suggesting deflation of fluvial
sediments by easterly winds during drier periods (Shaw and Goudie 2002). Conversely,
rivers have inundated interdune areas and incised their course across dune ridges during
wetter periods (Thomas et al. 2000). Quartz grains are commonly well rounded in both
dune and river sands, documenting aeolian abrasion at one or more stages of their multistep

transport history. Climate-controlled cycling of quartzose sand from the fluvial to the
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aeolian environment and back has taken place repeatedly in the Kalahari (Thomas and
Shaw 2002).

In Saudi Arabia, dune sand remains homogeneously quartz-rich feldspatho-quartzose to
quartzose across the Rub’Al Khali, the largest continuous sand sea on Earth, but
compositional variations are observed along the desert’s rims. Dune sand becomes lithic
carbonaticlastic close to the Hadhramaut carbonate tableland in Yemen to the south and
quartzo-lithic carbonaticlastic along the Gulf shores of the Emirate of Abu Dhabi to the
northeast (Garzanti et al., 2001, 2003). Fluvial interactions are documented at the
southwestern edge of the sand sea, where dune sand is less quartz-rich than in Cambro-
Ordovician parent sandstones, has distinctly higher heavy-mineral concentration, higher
amphibole, and lower ZTR indices, indicating that wadi-derived first-cycle detritus from
the crystalline basement accounts for ~20% of aeolian sand (Garzanti et al., 2017).
Fluvial-aeolian connectivity is well documented in the Thar Desert of southern Pakistan,
where sand was exchanged over spatial scales of hundreds of kilometers between the Indus
River and the desert. Summer monsoon winds recycle sediment from the lower Indus River
and delta downwind and upstream. Large volumes of sediment were thus stored inland
since the mid-Holocene, when the desert expanded as the summer monsoon rainfall
decreased, buffering the sediment flux to the ocean (East et al. 2015).

Another renowned example of fluvial-aeolian interaction is provided by the sand seas and
loess plateau of northern China, where the accumulated sand and dust have been largely
transported originally by the Yellow River from the northern Tibetan Plateau (Stevens et
al., 2013; Nie et al., 2015). Contrariwise, aeolian sediment is widely supplied to the Yellow
River in Inner Mongolia, where the river course is largely incised within loess deposits and
flanked by a wide desert area from where aeolian sand is blown periodically toward the
fluvial channel by the winter monsoon (Pang et al., 2018). Such a multistep, back-and-forth
sediment mixing contributes to extensive homogenization of compositional fingerprints of

fluvial sand, dune sand, and loess deposits.

5.4 Aeolian processes able to modify sand composition and texture

Distinguishing end-member types of deserts may appear as a largely conceptual exercise,
because landscapes evolve through time under the complex effects of climate change,
which controls wind strength, fluvial runoff, water-table level, and vegetation cover.
Despite Nature’s complexities, however, a basic distinction holds between river-fed sand

seas with varied mineralogy including first-cycle detritus (most typical of orogenic
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settings) versus sand seas fed in situ by recycling of older sandstones and characterized by
distilled composition dominated by quartz and ZTR minerals (most typical of anorogenic
settings).

Because arid climate hampers the effectiveness of chemical reactions, processes that can
alter sediment composition within a desert are essentially physical, including abrasion and
wind sorting. Recycling per se can only replicate the mineralogy of parent clastic units in
the daughter sand, but by this fundamentally physical mechanism the effects of selective
chemical and mechanical breakdown of labile grains can be accumulated through multiple
sedimentary cycles, and inherited in the next (Garzanti, 2017). As a most evident effect of
mechanical abrasion and comminution, softer detrital grains effectively increase their
roundness in aeolian dunes as a consequence of repeated impacts with harder grains in air
(Resentini et al., 2018). Clear examples are seen in the Rub’al Khali, where carbonate
grains are most readily rounded with transport distance, progressively reduced in size, and
finally removed. Other minerals, cleaved or softer than quartz or garnet like feldspars, rock
fragments or ferromagnesian silicates, may also be selectively comminated and
concentrated in finer size fractions (Garzanti et al., 2017). Selective entrainment and
winnowing are other physical processes that can affect sand mineralogy even markedly.
Deflation by strong winds selectively removes slow-settling detrital components, leaving
behind coarser layers (e.g., granule ripples) or laminae enriched in ultradense minerals such
as garnet and magnetite. Contrary to mechanical abrasion and comminution, these

modifications are largely temporary and reversible.

5.5 Fluvio-Aeolian transport in deserts

The conclusion of “desert chapters” of the thesis indicates that Sahara and Kalahari are
substantially dominated by different sediment transport processes of fluvial-aeolian
interaction. In the case of the Sahara, the Nile is the only river that, before the building of
the Aswan High Dam in 1964, possessed sufficient discharge and competence to carry as
far as the sea Saharan sand and silt (estimated as ~10% of total sediment load, which used
to vary between <50 and > 300 million tons/year; Inman and Jenkins, 1984; Garzanti et al.,
2015a). This is between one and two orders of magnitude less than the volume of dust
blown off the Sahara towards and beyond the Atlantic Ocean and the Mediterranean Sea,
estimated to range between 130 and 460 and 1400 million tons/year overall (Goudie and
Middleton, 2006; Stuut et al., 2009). Aeolian process dominates the movement of dunes
sediment and given that minor particulate dust can travel long distances (Bagnold, 1974),
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first cycle detritus transport is detected only in dunes at limited range from the source (e.g.
Air Mountains, Murzuq province, Anti-Atlas Belt). Past condition of higher fluvial
discharge (e.g perennial river during African Humid Period, Blanchet et al., 2021) may also
have not influenced substantially the dune composition because of ubiquitous presence of
highly quartzose Paleozoic sandstone.

In comparison, the amount of dust emissions from the Kalahari is much lower (Crouvi et
al., 2010; Bhattachan et al., 2013) and sediment exported to the ocean notably less even
though diverse major rivers draining the dryland reach the coast. To the west, Kalahari sand
supply to the Atlantic Ocean cannot be estimated with forward-mixing calculations for the
Congo River because it carries sediment overwhelmingly recycled from multiple quartzose
sandstone units. Kalahari supply may represent up to 30% of Cuanza River sand (annual
sediment load 0.6 + 0.1 million tons, 43% mostly fine sand; Holisticos, 2012), but it is very
minor for the Cunene River (although recycled aeolian sand accounts for ~15% of Cunene
sand at the western edge of the Kalahari) and negligible for the Orange River (based on
petrographic and heavy-mineral data in Garzanti et al., 2014b, 2018a). To the east, Kalahari
sand is conveyed towards the Indian Ocean almost exclusively by the Zambezi River
(annual sediment flux between 20 and 100 million tons; Hay, 1998). Kalahari aeolian quartz
grains representing ~85% of upper Zambezi sand are all trapped in Lake Kariba at present,
but Kalahari sand accounted for no more than 10% of total Zambezi bedload even before
dam construction (Chapter 6). The total volume of Kalahari sand exported towards the
oceans is thus of the same order of magnitude as the endorheic Okavango sediment flux
(between 0.2 and 2 million tons of mostly bedload sand recycled from Kalahari aeolian
dunes; Shaw and Thomas, 1992). Hence, less than half of the sand eroded from Kalahari
dunes is exported towards the ocean today. This budget, however, may have changed
drastically and repeatedly in the past, and may change again in the future depending on
climatic conditions as well as on the balance between rejuvenated subsidence in the
Okavango Graben versus rejuvenated uplift of the African superswell (Kinabo et al., 2007;
Al-Hajri et al., 2009). River piracy plays a fundamental role too, as emblematically
documented on both flanks of the Kalahari Plateau by the recent capture of formerly
endorheic Cunene and Zambezi drainage by headward eroding coastal rivers. Capture of
the Upper Zambezi by the middle Zambezi is generally held to have occurred around early
Pleistocene time (Moore et al., 2007) but the upper Zambezi returned to be at least partly
endorheic in the mid- Pleistocene, as inferred from diverse mega-lake Makgadikgadi

phases through the late Pleistocene (Burrough et al., 2009b; Moore et al., 2012). During
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this period of partly endorheic Zambezi floods (Burrough and Thomas, 2008), repeated
drainage changes were induced by the evolution of the Okavango Graben (Vainer et al.,
2021b). This tectonic depression finally diverted the Cuando River towards the Zambezi
and is presently favoring the capture of the Okavango as well, conveyed eastward along
the Selinda spillway (Gumbricht et al., 2001). In a deeper past, a marked increase in
monocrystalline quartz grains with rounded to subrounded outline and abraded
overgrowths is documented in post-Tortonian strata of the Zambezi Delta subsurface
(Chanvry et al., 2018), pointing to a sudden flux of recycled quartz-rich Kalahari sand from

the continental interiors.

88



Chapter 6: The Zambezi River

This chapter has been published with modification as: “The Segmented Zambezi Sedimentary System from
Source to Sink: 1. Sand Petrology and Heavy Minerals” by Garzanti, E.; Pastore, G., Resentini, A., Vezzoli,
G., Vermeesch, P., Ncume, N., Van Niekerk, H. J., Jouet, G. & Dall’Asta, M., on The Journal of Geology,
129, vol. 4, 2021. And as: “The Segmented Zambezi Sedimentary System from Source to Sink: 2.
Geochemistry, Clay Minerals, and Detrital Geochronology” by Garzanti, E.; Bayon, G., Dinis, P., Vermeesch,
P., Pastore, G., Resentini, Barbarano, M., Ncume, N. & Van Niekerk, H. J., on The Journal of Geology, 130,
vol. 3, 2022.

6.1 Introduction

The Zambezi is one of the most fascinating river systems on Earth, flowing across wild
landscapes from Barotseland to Victoria Falls and next plunging into deep gorges carved
in basalt and along ancient rift valleys to finally reach the Indian Ocean (Fig 6.1; Main
1990; Moore et al. 2007). The relatively recent, complex, and controversial natural
evolution of its drainage basin ended in the Anthropocene with its drastic subdivision into
separate segments by man’s construction of two big dams and associated reservoirs. This
is the first of a series of articles aiming at characterizing, by a multitechnique approach, the
composition of sediment generated in the diverse tracts of the vast Zambezi catchment and
the present and inherited factors that influence compositional variability from the

headwaters to the Mozambican coast and beyond.
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Figure 6.1. Zambezi drainage basin (base map from Google Earth). White circles indicate

sampling locations (more information in file Zambezi.kmz). VF = Victoria Falls.
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This study, based on framework petrography and heavy-mineral data, focuses specifically
on: (1) the relative effects of source-rock lithology and chemical weathering on sand
mineralogy in a subequatorial climate, (2) the transmission of compositional signals along
the sediment-routing system from source to sink, and (3) the use and misuse of current
petrological models to infer sediment provenance and of mineralogical parameters to infer
climatic conditions. A complementary dataset is composed of data from sand and mud
geochemistry, clay mineralogy, and detrital zircon geochronology on the same sample set.
The ultimate purpose is to build up a solid knowledge of the modern sedimentary system
that can be applied to trace fluvial transport from the land to the deep sea and, eventually,
to investigate provenance changes recorded in stratigraphic successions accumulated in
marine depocenters through time and thus unravel the complex evolution of the Zambezi
River since the late Mesozoic.

6.2 Geology

6.2.1 The Precambrian
The Archean core of southern Africa includes the Zimbabwe Craton, welded by the

Limpopo Belt to the Kaapvaal Craton in the south and bounded by the mid-
Paleoproterozoic Magondi Belt in the west (Fig. 6.2). The Zimbabwe Craton comprises a
central terrane flanked by greenstone belts. Gneisses of the central terrane are
nonconformably overlain by volcanic rocks and conglomerates. The craton was stabilized
in the mid-Neoarchean and finally sealed by the Great Dike Swarm at ~2575 Ma (Kusky
1998; Jelsma and Dirks 2002; Soderlund et al. 2010). The composite Archean core grew
progressively during the Paleoproterozoic and Mesoproterozoic. The Proto-Kalahari
Craton was established by the late Paleoproterozoic and affected by widespread intraplate
magmatism at 1.1 Ga (Hanson et al. 2006), not long before the Kalahari Craton was formed
during the orogenic event when Rodinia was assembled (Jacobs et al. 2008). Orogens
developed in the Paleoproterozoic and reworked in the Neoproterozoic at the southern
margin of the Tanzania Craton include the northwest southeast-trending Ubendian
metamorphic belt, bounding the Bangweulu Block to the north (Boniface and Appel 2018)
and the southwest-northeast striking Usagaran Belt to the east (Collins et al. 2004). In
northern Zimbabwe, the Orosirian Magondi Belt contains arc-related volcano-sedimentary
and plutonic rocks metamorphosed at amphibolite facies along the northwestern margin of
the Zimbabwe Craton (Majaule et al. 2001; Master et al. 2010). The Angola Block, far to
the west, represents instead the southern part of the Congo Craton. It comprises a central
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zone in the east, a central Eburnean zone, and the Lubango zone extending southward into
Namibia, which recorded several distinct magmatic events between 2.0 and 1.77 Ga (De
Carvalho et al. 2000; McCourt et al. 2013; Jelsma et al. 2018). Orogens generated in the
Mesoproterozoic include the Kibaran Belt in the north (Kokonyangi et al. 2006; Debruyne
et al. 2015) and the Irumide Belt, which stretches from central Zambia in the southwest to
northern Malawi in the northeast, is delimited by the largely undeformed basement of the
Bangweulu Block in the north and was largely affected by the Neoproterozoic orogeny in
the west (Fig. 6.2). The lrumide Belt includes a Paleoproterozoic gneissic basement
overlain by siliciclastic and minor carbonate strata deposited during the late Orosirian
(Muva Supergroup), as well as granitoid suites emplaced in the earliest, middle, and latest
Mesoproterozoic. Granitoid suites were emplaced at 1.65-1.52, 1.36-1.33, and 1.05-0.95
and during the orogeny, metamorphic grade increased from greenschist facies in the
northwest to upper amphibolite and granulite facies in the southeast (De Waele et al. 2006,
2009).
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The high-grade internal zone is exposed to the north of the lower Zambezi Valley between
the Luangwa and Shire Rivers (southern Irumide Province; Alessio et al. 2019) and
includes the The Choma-Kalomo Block, in southwestern Zambia, consists of crystalline
basement covered by amphibolite facies paragneiss and schist yielding zircon grains of
Paleoproterozoic age, intruded by two generations of Mesoproterozoic granitoid plutons
(1.37 and 1.18 Ga; Bulambo et al. 2006) and documenting a thermal event between 1.02
and 0.98 Ma (Glynn et al. 2017). The Kalahari Craton of southern Africa was eventually
welded to the Congo Craton during the major Neoproterozoic Pan-African orogeny,
testified by the Damara-Lufilian-Zambezi Belt stretching from coastal Namibia in the west
and across Botswana and southern Zambia to finally connect with the Mozambique Belt in
the east (Frimmel et al. 2011; Fritz et al. 2013; Goscombe et al. 2020). The Lufilian Arc,
located between the Congo and Kalahari Cratons, consists of Neoproterozoic low-to-
highgrade metasedimentary and metaigneous rocks hosting Cu-Co-U and Pb-Zn
mineralizations (Kampunzu and Cailteux 1999; John et al. 2004; Eglinger et al. 2016). The
Zambezi Belt contains a volcano-sedimentary succession deformed under amphibolite
facies conditions at 0.9-0.8 Ga (Hanson 2003), whereas eclogite facies metamorphism
dated at 592 Ma constrains the timing of subduction and basin closure (John et al. 2003),
with thrust emplacement dated as 550-530 Ma (Hargrove et al. 2003).

6.2.2 Gondwana break-up
A major tectono-magmatic event straddling the Paleozoic/Mesozoic boundary is widely

documented across southern Africa (Jourdan et al. 2005; Manninen et al. 2008), when the
several kilometer-thick Upper Carboniferous to Lower Jurassic Karoo Supergroup was
deposited, including glacial sediments, shale, and volcaniclastic sandstone followed by
fluvial sediments (Johnson et al. 1996). Karoo basins include the elongated Gwembe and
Luangwa troughs that control the drainage of the Middle Zambezi and Luangwa Rivers,
respectively (Nugent 1990). Sedimentation was influenced by changing climate, from
initially cold to warmer since the mid-Permian and finally hot with fluctuating precipitation
in the Triassic, when braid plain sandstone and floodplain mudstone were capped by eolian
sandstone (Catuneanu et al. 2005). Karoo-type basins formed in intra-land intercratonic
settings by rift-related extension. In the Tuli and mid-Zambezi basins of Zimbabwe, glacial
deposits are overlain by Permian sandstones and coal-bearing mud rocks, followed by
~0.5-km-thick Triassic red beds and pebbly sandstones (Bicca et al. 2017). Karoo

sedimentation was terminated by flood-basalt eruptions recorded throughout southern

92



Chapter 6: The Zambezi River

Africa in the Early Jurassic around 183 Ma (Svensen et al. 2012, Greber et al. 2020).
Finally, rifting and breakup of Gondwana in the mid-Jurassic was followed by opening of
the Indian Ocean in the Early Cretaceous, an event associated with formation of
sedimentary basins (Salman and Abdula 1995; Walford et al. 2005), strike-slip deformation
(Klimke et al. 2016), and extensive volcanism in the Mozambique Channel (Vallier 1974;
Konig and Jokat 2010). In the Cenozoic, fluvial and lacustrine sediments were deposited
inland in the Mega-Kalahari rim basin (in Tswana language Kgalagadi, “waterless place”),
which comprises the largest sand sea on Earth, extending across the southern Africa plateau
for more than 2.5 x 10® km? (Haddon and McCarthy 2005, Burrough et al. 2019). Repeated
phases of eolian deposition took place during Quaternary dry stages, separated by
depositional hiatuses corresponding to more humid stages (Stokes et al. 1998; Thomas and
Shaw 2002). The East African rift developed throughout the Neogene (Ebinger and Scholz
2012; Roberts et al. 2012; Maselli et al. 2019), until along-axis propagation reached the
Kalahari region in the Quaternary, through a network of unconnected basins extending
southwest of Lake Tanganyika (Kinabo et al. 2007), where fault related subsidence in the
Okavango Rift is exerting a major control on drainage patterns (McCarthy et al. 2002;
Vainer et al. 2021). Since the late Pleistocene, faulting and subsidence in the incipient

Okavango Rift Zone has exerted a major control on drainage reorganization.

6.3 The Zambezi River

6.3.1 Climate
Southern Africa, with its largely rural population dependent on rain-fed subsistence

agriculture, is particularly vulnerable to climate variability and extreme events. These
include severe droughts affecting much of Zambia, Malawi, Zimbabwe, or northern South
Africa, alternating with devastating floods such as those periodically striking Mozambique.
Cyclones occur in the wet season, and in 2019 two cyclones caused floods and destruction
in the same year for the first time (Siwedza et al. 2021). Climate variability has a multitude
of forcing factors that interact with each other and wax and wane in their importance
through time (Reason et al. 2006; Howard and Washington 2019). Overall, rainfall
increases from west to east at subtropical latitudes and from south to north at subequatorial
latitudes, the principal sources of humidity being the Indian Ocean in the east and the
Atlantic Ocean in the northwest (Fig. 4.3B).

The African continent divides the tropical high-pressure zone into the Indian Ocean and

South Atlantic anticyclones, particularly during the austral summer, when heating of the
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landmass reaches its maximum. Moisture derived primarily from air masses moving inland
from the warm Indian Ocean is reduced by orographic effects along the eastern escarpment
and declines progressively westward, resulting in increasing aridity. Descending, divergent
air masses occur throughout the year along the west coast, where the temperature inversion
is reinforced by the northward-flowing Benguela current and upwelling of cold Antarctic
waters offshore. Dominant southwesterly winds are dry and thus contribute to the marked
westward decrease in rainfall across the subcontinent. A sharp contrast thus exists between
humid coastal Mozambique (maximum annual rainfall of 1.5 m) and the Kalahari Plateau
inland, where quasistationary anticyclonic conditions prevail (Fig 4.3C). Mozambique is
characterized by a tropical climate, with a wet season from October to March and a dry
season from April to September (average annual rainfall of ~0.65 m at Tete).

In subequatorial southern Africa, atmospheric circulation is complex. Moist South Atlantic
air moved inland by westerly winds converges with Indian Ocean air along the Congo Air
Boundary, frequently associated with development of pressure lows and widespread rains
across the Kalahari Plateau. Annual rainfall, chiefly associated with the southward shift of
the Intertropical Convergence Zone, reaches 1.4 m in Angola during summer (Jury 2010).
In winter, when the Intertropical Convergence Zone and the Congo Air Boundary migrate
northward, interior southern Africa remains generally dry under the influence of the Indian

Ocean anticyclone.

6.3.2 Zambezi River morphology
The Zambezi (from either the Bantu term mbeze, “fish,” or the M’biza people of central—

eastern Zambia), 2575 km in length and with a catchment area of ~1.4 x 10% k km?, is the
largest river of southern Africa, extending from 11° to 20°S and from 19°E to 36.30°E (Fig.
6.1). Annual water discharge is ~100 km?, and suspended load amounts to 50-100 million
tons (Hay 1998). Annual rainfall in the basin increases from <600 mm in the south to >1200
mm in the north. The largest contribution to runoff, therefore, comes from the headwater
branches in Zambia and Angola. Mean monthly flows at Victoria Falls remain more than
1000 m®/s from February to June, with maxima of 3000 m®/s in April and minima of 300
m®/s in October to November; 9000 m®/s were reached during the 1958 flood, while the
Kariba Dam was under construction (Moore et al. 2007). The natural course of the Zambezi
River has been modified profoundly by the great dams that have created since 1959 Lake
Kariba, marking the border between Zimbabwe and Zambia, and since 1974 Lake Cahora

Bassa in northern Mozambique (the former site of the frightful impassable rapids named
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kebrabassa, “end of work,” by slaves who could proceed no farther upstream). Because the
sediment-routing system is strictly partitioned by these two major reservoirs, it is here
convenient to distinguish four reaches: (1) an Uppermost Zambezi headwater tract as far as
the Kwando confluence, (2) an Upper Zambezi that includes Victoria Falls and the Batoka
Gorge as far as Lake Kariba, (3) a Middle Zambezi between the two reservoirs, and (4) a
Lower Zambezi downstream of Lake Cahora Bassa (Fig. 6.3).

Sourced among low ridges of the Kasai Shield in the Mwinilunga District of northernmost
Zambia and undecided at first whether to head toward the Atlantic or Indian Ocean, the
Uppermost Zambezi cuts across Precambrian basement in easternmost Angola. Back to
Zambia, the river traverses unconsolidated Kalahari sands and widens in a ~180-km-long
floodplain reaching 30 km in width during peak flood (O’Connor and Thomas 1999). Tree
growth is inhibited by the persistently high-water table, and river waters slowly filter
through the wetland, where clay accumulates in soils enriched in humus. The major
Uppermost Zambezi tributary is the Kwando River. Sourced in humid Angola, which
receives an annual precipitation up to 1400 mm concentrated between December and
March, when the southward migration of the Congo Air Boundary brings heavy rains, the
river chiefly drains the vegetated Mega-Kalahari dune field (Shaw and Goudie 2002). After
entering the Okavango Rift (Modisi et al. 2000; Kinabo et al. 2007), the Kwando (here
named Linyanti, and next Chobe) deviates sharply eastward along the Linyanti and Chobe
Faults, forming a tectonic depression that favored the recent capture of the Kwando by the
Zambezi and is currently favoring the capture of Okavango waters as well, conveyed
eastward along the Selinda spillway (Gumbricht et al. 2001). The depression, hosting large
swamps and once large paleolakes (Shaw and Thomas 1988), continues into Zambia, where
it includes the low-gradient Kasaya and Ngwezi Rivers. These west-bank tributaries of the
Zambezi, as the Kabombo (Kabompo) to the north, are sourced in the Lufilian Arc and the
Choma-Kalomo Block. Downstream of the Kwando confluence, the Upper Zambezi and
its local tributaries (e.g., Sinde from Zambia) incise into Karoo basaltic lavas, where the
gradient steepens, forming local rapids. Suddenly, the river plunges some 100 m along the
1.7-km length of the Victoria Falls (in Lozi language Mosy-wa-Tunya, “the-Smoke-that-
Thunders”), and the turbulent waters downstream carve an amazing zigzag into the deep
Batoka Gorge of black Karoo basalt, the result of progressive retreat of the waterfalls during
the Quaternary (Derricourt 1976). After receiving tributaries draining Karoo lavas overlain
by a veneer of Kalahari dune sand (Masuie and Matetsi from Zimbabwe), the river reaches

Lake Kariba shortly downstream of the confluence with the Gwai River. Sourced in the
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Zimbabwe Craton, the low-gradient senile upper course of the Gwai River is incised, as are
its east-bank tributaries Umguza and Shangan, in Karoo basalt and sedimentary rocks
surrounded by Kalahari dune sand (Thomas and Shaw 1988; Moore et al. 2009a). In the
youthful lower tract, the Gwai cuts steeply across the Dete-Kamativi Inlier of the
Paleoproterozoic Magondi Belt (Glynn et al. 2020) and receives the eastern Tinde tributary,
mainly draining Pan-African molasse (Goscombe et al. 2020).

In the lower 1400 km, the Zambezi skirts around the Zimbabwe Craton, flowing through a
rift zone formed on top of the Pan-African (Kuunga) suture zone (Goscombe et al. 2020)
and hosting a thick infill of basalt-capped Permian—Triassic sedimentary rocks overlying
Ordovician—Devonian siliciclastic strata (Nyambe and Utting 1997). The major north-bank
Zambian tributaries of the Middle Zambezi are the Kafue and the Luangwa Rivers. The
Kafue drains southward into the Lufilian Arc and next turns sharply eastward, cutting
across the Zambezi Belt to eventually reach the Zambezi main stem (Fig 6.3). The Kafue,
the longest Zambezi tributary (length: 1576 km, basin area: 154.200 km?), is sourced in the
Lufilian arc, flows across a 240-km-long, swampy, flat floodplain, and next drops 550 m
into a 60-kmlong gorge carved in gneiss and metasedimentary rocks of the West Zambezi
Belt to join the Zambezi~75 km downstream of Lake Kariba. The Luangwa (length: 770
km, basin area: 151.400 km?), sourced in the Ubendian Belt of northernmost Zambia, flows
for most of its course along a Karoo rift basin filled with an 8-km-thick Permo-Triassic
sedimentary succession (Banks et al. 1995), separating the external nappes of the Irumide
Belt in the north from the high-grade southern Irumide Province in the south and finally
traverses the Zambezi Belt before joining the Zambezi just upstream of Lake Cahora Bassa.
The Lower Zambezi in Mozambique receives tributaries from the west (Sangara, Mufa)
and north (Luia, Morrunguze) that largely drain high-grade southern Irumide rocks. The
largest tributary is the Shire (from chiri = steep banks), the outlet of Lake Malawi, which
drains largely garnet-free mafic granulites of the Blantyre domain (southern Malawi-
Unango Complex), where middle-lower crust at the southern margin of the Congo Craton
underwent high-grade metamorphism at ~920 Ma (Goscombe et al. 2020). From the west,
the Mazowe and Luenha Rivers drain well into the Archean Zimbabwe Craton in the
headwaters. Downstream, the two rivers cut across the polymetamorphic Mudzi migmatitic
gneisses remobilized during the Pan-African orogeny and next across the Neoproterozoic
Marginal Gneiss. Lowermost-course tributaries include the Sangadze and Zangue Rivers,
sourced in the Pan-African Umkondo Belt, comprising greenschist facies to lower

amphibolite facies schists thrust onto the margin of the Zimbabwe Craton and upper
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amphibolite facies to granulite facies gneisses in the core (Stenian Barue Complex). The
northern Minjova tributary largely drains the Moatize-Minjova Basin filled by coalbearing
Permian—Triassic Karoo clastic rocks (Fernandes et al. 2015).

Finally, the Lower Zambezi traverses the Cretaceous and Cenozoic sedimentary covers of
the Mozambique lowlands (Fig. 6.2). Here the river forms a large floodplain with multiple
meandering channels, oxbow lakes, and swamps before emptying into the Indian Ocean,
where it feeds a wide shelf extending beyond Beira in the south and Quelimane in the north
(e.g., Praia da Madal). The flatness of the shelf, reaching 150 km in width offshore Beira,
contributes to the highest tidal range around Africa (up to 6.4 m). The finest sediment
fractions of the river suspended load settle far off the shelf, forming a wide mud apron on
the slope between 300and 2000-m water depth. A considerable fraction of Zambezi
sediment, however, is not deposited today offshore of the mouth, but transported toward
the northeast, a direction opposite to the mean flow within the Mozambique Strait (Schulz
et al. 2011; van der Lubbe et al. 2014). Longshore currents are confined to the inner shelf,
whereas the outer shelf is largely covered by palimpsest sand with heavy-mineral lags
formed by winnowing by strong oceanic, tidal, and wave-induced currents (Beiersdorf et
al. 1980; Miramontes et al. 2020). The multisourced Zambezi deep-sea fan, one of the
Earth’s largest turbidite systems active since the Oligocene (Droz and Mougenot 1987), is
mainly fed via the ~1200-km-long, curvilinear, and exceptionally wide Zambezi Valley
starting at the shelf break offshore Quelimane ~200 km northeast of the Zambezi mouth
(Fig. 6.1). In the more than 1000-km-long fan, up to very coarse-grained sand occurs from
the upper canyon to the distal lobes (Kolla et al. 1980; Fierens et al. 2019, 2020).

6.3.3 Drainage evolution
The history of the Zambezi River reflects the multistep changes of African landscape

caused by the progressive breakup of Gondwana (Partridge and Maud 1987; Key et al.
2015; Knight and Grab 2018). The Zimbabwe craton it is demonstrated to be already a
topographic high during the Neoproterozoic (Doucuré and de Wit, 2003) and to have
come under progressive denudation ever since (Mackintosh et al., 2017), acting as a
constant source of detritus. Extensional phases in eastern southern Africa started in the
Permian (Macgregor 2018). The entire Middle Zambezi and its major tributary the
Luangwa River flow along Permo-Triassic rift zones (Fig. 6.2). The eastward slope,
instead, originated in the Early Cretaceous by domal uplift related to incipient rifting of

the South Atlantic and emplacement of the Parana-Etendeka large igneous province in the
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west (Cox 1989; Moore and Blenkinsop 2002). Superposed onto Precambian mobile belts

and Permo-Triassic rifts, or intersecting them, the southward propagation of the East

African Rift during the Neogene has created further tectonic depressions, including those

occupied by Lake Malawi in the east and by the Okavango inland delta in the west

(Ebinger and Scholz 2012).
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Figure 6.3. River morphometry (same vertical scale for all profiles; same horizontal scale for
tributaries). Besides the concave equilibrium profile of the Kwando, longitudinal channels are highly
irregular, as highlighted by extreme variations in both steepness and concavity indices ks, and 6. As
with most rivers in southern Africa, the Zambezi and several tributaries (e.g., Gwai, Kafue, Shire)
display youthful, staircase profiles with long flat segments separated by very steep tracts, reflecting

the presence of stepped planation surfaces separated by escarpments, a characteristic feature of

southern African landscape (Knight and Grab 2018).
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The modern Zambezi drainage is thus the result of inheritance from multiple Permo-
Mesozoic extensional events on both sides of Africa combined with rifting inside Africa
that is still ongoing. Successive events of river capture and drainage reversal, indicated by
sharp changes in direction of its major Kwando, Kafue, and Luangwa tributaries, and the
genetic similarities of fish populations between the Kafue and Upper Zambezi and between
the Middle Zambezi and the Limpopo, have long suggested that the Zambezi, Okavango,
and Limpopo originally formed a single transcontinental river following uplift associated
with Early Cretaceous rifting of the South Atlantic (Thomas and Shaw 1988; Moore et al.
2007). In the Paleogene, uplift of the Ovamboland-Kalahari-Zimbabwe axis resulted in
endorheic drainage of the Okavango and Upper Zambezi (Moore and Larkin 2001). The
then-isolated Lower Zambezi initiated headward erosion, leading to the sequential capture
of its middleand upper-course tributaries. Both Kafue and Luangwa Rivers once drained
southwestward, the former joining the Upper Zambezi in the Machili Flats and the latter
flowing across the Gwembe trough currently occupied by Lake Kariba (Thomas and Shaw
1991). Linking with the upper course in the Plio-Pleistocene was followed by the capture
of the Kwando River, and by the currently occurring capture of the Okavango as well
(Wellington 1955; Moore et al. 2007). In northwest Zimbabwe, drainage is largely
controlled by an old pre-Karoo surface, tilted westward during domaluplift in the Early
Jurassic (Moore et al. 2009b). The present east-bank tributaries of the Gwai River all
drained westward toward Botswana, until they were captured by headward erosion of the
Gwai River after establishment of the modern Zambezi River course (Thomas and Shaw
1988).

6.3.4 The Zambezi in the Anthropocene
The course of the Zambezi has been profoundly modified by man since the second half of

the twentieth century. The Kariba and Cahora Bassa Dams built on the main stem, as well
as others built on major tributaries, have substantially altered the hydrological regime of
the Zambezi River and its delta and have disrupted the natural sediment-routing system,
efficiently trapping detritus generated upstream (Davies et al. 2000; Beilfuss and dos Santos
2001; Calamita et al. 2019). Lake Kariba (length: 223 km, storage capacity: 185 km?®) is the
world’s largest artificial reservoir, whereas Lake Cahora Bassa (length: 292 km, storage
capacity: 73 km®) is Africa’s fourth largest (Vordsmarty and Moore 1991). Since Zambia’s
independence, two big dams have been built also on the Kafue River, at Itezhi-Tezhi

(“slippery rock”) and in the Kafue Gorge. The Itezhi-Tezhi Dam (storage capacity: 6 km?,
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completed in 1977) closes the gap through a ridge of ~100-m-high hills where the paleo-
Kafue (once flowing southward toward Lake Makgadikgadi and the Limpopo River) was
captured and started to flow eastward as part of the Zambezi drainage (Thomas and Shaw
1991; Moore and Larkin 2001). Downstream, the river flows sluggishly in the maze of
swampy channels and lagoons of the Kafue Flats and next plunges into the Kafue Gorge,
where other dams have been constructed (Upper Kafue Gorge; storage capacity: 0.8 km?,
operational since 1973) or are under construction (Lower Kafue Gorge). Other dams were
built (e.g., Nkhula, Tedzani, Kapichira), or are planned, on the Shire River in southern
Malawi. Besides human intervention, the Zambezi sediment-routing system is segmented
by natural processes as well, much sediment being retained in large wetlands such as the
Barotse floodplain and Chobe swamps on the Uppermost Zambezi, the Kafue Flats, or the
Elephant Marsh on the Shire River (Bolton 1984; Moore et al. 2007).

6.3.5 Sediment Fluxes
Regional long-term sediment fluxes and denudation rates, estimated by fission track

analysis, testify to a Cretaceous and Early Cenozoic increase in sediment flux with up to
3km of basement exhumation (Gallager and Brown, 1999, Walford, 2005) with subsequent
regional uplift in the Oligocene and Early Miocene (Wildman et al.,2020). Information on
sediment loads transported both before and after the construction of the big dams is largely
missing throughout the Zambezi drainage basin. In the lack of accurately gauged sediment
fluxes, estimates on annual solid transport range widely between 20 million and 100 million
tons (Hay 1998), with a median value around 50 million tons (Milliman and Meade 1983;
ERM 2011; Milliman and Farnsworth 2011). These figures correspond to an average annual
sediment yield and erosion rate between 15 and 70 tons/km? and between 0.005 and 0.03
mm, respectively (median values: ~35 tons/lkm? and ~0.01 mm). On the basis of
cosmogenic nuclide data, the annual Uppermost Zambezi sediment flux was estimated as
5.5 £ 0.6 million tons (Wittmann et al. 2020), corresponding to a sediment yield and erosion
rate of 16 + 2 tons/km? and 0.006 + 0.001 mm. An annual sediment volume of only 100,000
m?3, ascribed to a low topographic gradient and the presence of vast wetlands on the Kalahari
Plateau, was estimated at Victoria Falls, whereas nearly half of the sediment flux (22
million out of 51 million m®) was considered as generated in the Lower Zambezi catchment
(FFEM 2005; van der Lubbe et al. 2016). After closure of the Kariba and Cahora Bassa
Dams, annual sediment supply to the Zambezi Delta may have been reduced to as low as
0.8 million m?, between 1% and 7% of which is bedload (Ronco et al. 2010; ERM 2011).
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Uncertain by an order of magnitude are also the estimates of sediment accumulation in
Lake Kariba (between 7 million and 70 million tons, according to Bolton 1984, but only
~4 million tons, according to Kunz et al. 2011) and Lake Cahora Bassa (between 20 million
and 200 million tons, according to Bolton 1984, and 28.6 million m3, according to Ronco
et al. 2010). From sparse data on sediment concentration, annual sediment yields of 40 and
200 tons/km? were estimated for the Gwai and Luangwa catchments, respectively,
corresponding to average erosion rates of 0.015 and 0.075 mm (Bolton 1984). Similar
values were evaluated for minor tributaries in Zambia and Mozambique (200 tons/km?) and
for the Luangwa and the rest of the Middle Zambezi (170- 250 tons/km?, from sediment
volumes of 14.0 million and 14.6 million m®, respectively; Ronco et al. 2010). Very high
annual rates of soil loss (up to 2900 tons/km?) are reported from the Shire catchment in
southern Malawi (Mzuza et al. 2019).

6.4 Sampling

Between 2011 and 2019, 71 sediment samples were collected from active sand bars (57),
levees (2), and freshly deposited muds (12) of the Zambezi River and its major tributaries,
from the source in northwesternmost Zambia to the delta in Mozambique. To cover the
entire Zambezi system from source to sink, this work also studied four fine sands from the
Bons Sinais Estuary and adjacent beaches in the Quelimane area of the northern Zambezi
delta, and five sandy silts collected offshore of Quelimane (core MOZ4-CS14, 181 m below
sea level [b.s.l.]) and of the Zambezi delta (core MOZ4-CS17; 550 m b.s.l.) during the
PAMELA-MOZ04 IFREMER-Total survey (Jouet and Deville 2015). Offshore sediments,
collected by Calypso piston corer within 25 m below the sea floor, were deposited during
the last glacial lowstand (MOZ4-CS17-2402-2407cm, 24.1 ka), the postglacial warming
and sea-level rise (MOZ4-CS14-16021607cm, 15.9 ka; MOZ4-CS17-702-707cm, 14.6 ka),
and the Holocene highstand (MOZ4-CS14-21-26¢cm, 4.3 ka; MOZ4-CS17-52-57cm, 4.0
ka). These sediments were dated using accelerator mass spectrometer standard radiocarbon
methods on marine mollusk shells and bulk assemblages of planktonic foraminifera by
applying a local marine reservoir correction of mean AR = 158 + 42 y. Analyses, calibrated
dates, and interpolated age models are illustrated in detail in Zindorf et al. (2021). The
oceanographic PAMELA-MOZ04 cruise was part of the PAMELA (Passive Margin
Exploration Laboratories) scientific project led by IFREMER and TOTAL in collaboration
with the Université de Bretagne Occidentale, Université Rennes 1, Université Pierre and

Marie Curie, Centre national de la recherche scientifique (CNRS), and Institut Francais du
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Pétrole et des Energies Nouvelles (IFPEN). Estuary and beach samples from the Quelimane
area were kindly provided by C. de Carvalho Matsinhe (Tongji Univeristy, Shanghai).
Between 2011 and 2019, 71 sediment samples were collected from active sand bars (57),
levees (2), and freshly deposited muds (12) of the Zambezi River and its major tributaries,
from the source in northwesternmost Zambia to the delta in Mozambique. The XRD data
previously obtained on the <32 pm fraction of mud samples collected from the Upper
Zambezi catchment and main tributaries, including the Kwando and the Gwai (Garzanti et
al. 2014a; Setti et al. 2014), were also considered. For mud and sand geochemistry was
considered a quartered aliquots of the <32 um (18 river muds) and 63—-2000 pum (31 river
sands) fractions obtained by wet sieving. Two levee silty sands were analyzed in bulk.
Geochemical data are summarized in table 2. For Nd isotopes was 80mg of powdered
samples was taken from seven <32 um fractions, nine 32—63 pum classes, 14 63-2000 pm
fractions and two bulk samples. Isotope data, including results previously obtained on muds
from the upper part of the Zambezi catchment (Garzanti et al. 2014a), are summarized in
table 3. Petrographic, geochemical, isotope and geochronological data, including full
information of samples location is provided in the Appendix.

6.5 Data

In the partitioned Zambezi sediment-routing system, sand compositional signatures are
radically different upstream and downstream of both Lake Kariba and Lake Cahora Bassa
(Table 6.1), indicating that no sand can pass across each reservoir. In the Uppermost
Zambezi main stem, as in some of its major tributaries including the Kwando and the Kafue,
another factor hampering the continuity of downstream sediment transport is the occurrence
of densely vegetated flat lowland occupied by numerous pans commonly aligned with

shallow grassy valleys (dambos) acting as natural sediment traps (Moore et al. 2007).

6.5.1 The Uppermost Zambezi
Near the source, close to the political boundaries of Zambia, Congo, and Angola, sand is

pure quartzose with K-feldspar >> plagioclase and a very poor tHM suite dominated by
zircon with tourmaline, minor rutile, and staurolite (Fig. 6.4A). Kyanite increases
downstream and clinopyroxene is significant upstream of the Kwando confluence. The
Kwando River from Angola contributes pure quartzose sand with a very poor tHM suite
including zircon, tourmaline, kyanite, and staurolite (Fig 6.5A). Sand of west-bank
tributaries from Zambia ranges from quartz-rich feldspatho-quartzose with K-feldspar >

plagioclase (Kabombo, Ngwezi) to pure quartzose with K-feldspar >> plagioclase
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heavy-mineral concentration; ZTR = zircon + tourmaline + rutile; Ap = apatite; Ttn = titanite; Ep =
epidote; Grt = garnet; St = staurolite; K = Lake Kariba; Ky = kyanite; Sil = sillimanite; Amp =
amphibole; Cpx = clinopyroxene; Hyp = hypersthene; &HM = other transparent heavy minerals
(mainly anatase and andalusite with monazite, olivine, or enstatite locally); ACI = amphibole color
index; n.d. = not determined; Ust. Z. = Uppermost Zambezi; U.Z. = Upper Zambezi; VF = Victoria

Falls. Boldface indicates Zambezi main stream.

(Kasaya). Muscovite occurs. The tHM suites vary from poor with tourmaline, rutile,
epidote, and kyanite (Kabombo) to very poor and including epidote, zircon, tourmaline,
staurolite, and green augite (Kasaya), or epidote dominated with amphibole and minor
garnet (Ngwezi). Smectite prevails over kaolinite and mica/illite in mud of the Zambezi
main stem and is dominant in Ngwezi and Kwando muds (Fig 6.6). In Zambezi and
Kwando sands, SiO; is overwhelming (98%; Fig 6.8A) and other elements very low,
including Zr (62—114 ppm) and REEs (Fig 6.5). The CIA* is >77, the WIP is <1, a'Ca >
3, and a'Na ~ 4. Ngwezi sand is less SiO rich, with higher Al, Ca, Na, K, Rb, Sr, and Ba
but very low Mg (Fig 6.4B). Kasaya sand has an intermediate composition. Chemical
indices are CIA* = 83, olCa = 4, «™'Na = 21 for Zambezi mud and CIA* = 77 + 1, o”'Ca
=29 + 0.5, and o”'Na = 11 + 4 for Kasaya and Ngwezi muds. Kwando mud has
anomalously low o*'Ca, a*'Mg, o'Sr, and o"'Ba (Table 6.2). The general observed order
of element mobility is Na » Sr > Ca > Mg~K for mud and Na~Ca > Sr for sand. In mud
samples, REE patterns normalized to CI carbonaceous chondrites (Barrat et al. 2012)
display classical shapes with higher light-REE (LREE) than heavy-REE (HREE)
fractionation and moderately negative Eu anomaly. Pure quartzose sands display slightly
stronger LREE enrichment, negative Ce anomalies, more strongly negative Eu anomalies,
and low HREE fractionation. The eng values vary between -14 and -17 (-15.5 for
Uppermost Zambezi mud; Table 6.4). Ages of zircon grains in Uppermost Zambezi,
Kwando, and Kasaya sands display polymodal spectra, with mostly Cambrian to Stenian
ages, including a main Irumide and subordinate Pan-African populations (Fig 6.10).
Orosirian ages are common in Uppermost Zambezi and Kwando sands and minor in Kasaya
sand. Kwando sand is distinguished by a Neoarchean age cluster, whereas Kasaya sand

yielded several zircon grains with Devonian to Triassic ages.
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Figure 6.4. Petrographic changes along Zambezi sediment-routing system from source to sink. A,
Pure quartzose sand recycled from the Mega-Kalahari Desert. B, Marked enrichment in lathwork to
microlitic volcanic rock fragments and clinopyroxene in quartzose sand downstream of Victoria Falls.
C, Reconstituted feldspatho-quartzose metamorphiclastic bedload downstream of Lake Kariba. D,
Sharp increase in feldspars in reconstituted bedload downstream of Lake Cahora Bassa. E, Feldspatho-
quartzose beach sand in the Quelimane area. F, Very fine-grained feldspar-rich feldspatho-quartzose
sand containing benthic foraminifera (stained by alizarine red) and deposited during the last glacial
lowstand on the upper slope offshore of the Zambezi mouth. All photos with crossed polars; blue bar

for scale = 100 um.
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Figure 6.5. Sand composition in major Zambezi tributaries. A, Up to well-rounded monocrystalline
quartz grains recycled from Mega-Kalahari dunes. B, High-rank metamorphic rock fragments and
microcline derived first-cycle from the Magondi Belt. C, Biotite-rich metamorphic detritus from the
Lufilian Arc and Zambezi Belt mixed with rounded recycled quartz. D, Deeply corroded quartz and
feldspar grains derived from the Irumide Belt and recycled from Karoo strata. E, Abundant microcline
with high-rank metamorphic rock fragments from the Archean Zimbabwe Craton and Proterozoic
gneisses. F, Microcline, gabbroic rock fragments, pyroxene, and amphibole from the southern lrumide
Belt and Tete gabbro-anorthosite complex. G, Dominant feldspar derived from orthogneisses and
granulites of the Blantyre domain. H, Skeletal quartz and weathered K-feldspar grains in Mozambican

lowlands. All photos with crossed polars; blue bar for scale = 100 um.
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6.5.2 The Upper Zambezi
Basaltic detritus from Karoo lavas mixes with quartz as the river approaches Victoria Falls,

and in steadily increasing proportions across the gorges downstream of the falls. Upstream
of Lake Kariba, bedload sand and levee silty sand include mafic volcanic rock fragments
with lathwork and microlitic textures (Fig 6.4B) and are, respectively, quartzose with
plagioclase ~ K-feldspar and litho-feldspatho-quartzose with plagioclase > K-feldspar. The
moderately rich tHM suite consists almost entirely of green augite with a few olivine grains.
Upstream of Victoria Falls, the Sinde tributary from Zambia carries quartzose sand with
mafic volcanic grains and a poor tHM suite dominated by brown and green augite. Basaltic
detritus increases in tributary sand downstream of the falls. Masuie and Matetsi sands are,
respectively, lithic-rich lithoquartzose and quartzo-lithic basalticlastic, with rich and very
rich tHM suites consisting almost exclusively of augite and augite-bearing rock fragments.
River bars and levees of the Gwai River from Zimbabwe consist of feldspatho-quartzose
sand with plagioclase > K-feldspar (Fig 6.5B). Mostly biotitic mica is concentrated in levee
silty sand. The moderately rich tHM suite consists of amphibole with subordinate epidote,
garnet, and clinopyroxene. The Deka River carries quartz-rich litho-quartzose basalticlastic
sand with a very rich tHM suite dominated by clinopyroxene with some epidote.

Smectite predominates over mica/illite and kaolinite in Zambezi mud and is overwhelming
in muds of the Sinde and Matetsi tributaries, which contain kaolinite (Fig 6.6). Silica
decreases progressively along the Upper Zambezi, with corresponding increases in most
other elements, including Fe, Mg, Ca, Na, Sr (Fig 6.8G, H), and REEs (Fig 6.9C) but not
Zr, Hf, and Nb. Chemical indices upstream of Lake Kariba are CIA* =59 + 6, 0”'Ca = 0.9
+ 0.3, and o”'Na = 3.9 + 0.9 for mud; CIA* = 45, o”'Ca = 0.5, and o"'Na = 1.5 for silty
sand; and CIA* =49, ¢™'Ca=0.9, and «*'Na = 1.2 for sand (Table 6.2). Tributaries draining
progressively larger portions of Karoo basalts display an even sharper trend from west to
east. Masuie and Matetsi sands have much lower SiO. than Sinde sand and higher
concentrations of all other elements (Fig 6.4A). In these rivers, both mud and sand are
markedly enriched in Mg, Ca, Sc, Ti, V, Cr, Fe, Mn, Co, Ni, and Cu (Fig 6.9B) and display
regular chondritenormalized REE patterns lacking an Eu anomaly (Fig 6.9A,D, and G).
The eng value is around -12 in Zambezi mud between Victoria Falls and Lake Kariba and
is much less negative for Matetsi (-4) and Sinde (-5) muds (Table 6.4). Sinde sand yielded
a zircon age spectrum with a dominant Irumide peak, common Neoproterozoic ages, and
minor Permian-Triassic, Eburnean, and Neoarchean ages. Upper Zambezi sand upstream

of Lake Kariba yielded a polymodal spectrum with main Pan-African and Irumide peaks
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and minor Orosirian and Neoarchean clusters (Fig 6.10). Lower Gwai sand is
feldspathoquartzose, with biotite and amphibole. Smectite predominates in upper Gwai and
Umguza muds, whereas mica/illite prevails over kaolinite and smectite in mud of the lower-
course Tinde tributary (Fig 6.6). Chemical indices are CIA* = 73, a*'Ca = 1.9, and a”*'Na
= 10 for upper Gwai mud and CIA* = 54, 0"'Ca = 2.9, and «*'Na = 1.4 for lower Gwai
sand. Umguza mud is similar to upper Gwai mud, whereas Umguza sand is much richer in
Fe, Mg, Ca, Ti, Mn, Sr, V, Co, Ni, and Cu than lower Gwai sand (Fig 6.8C, D). Tinde mud
is richer in Si, Na, K, Rb, Ba, Y, REEs, Th, U, Zr, Hf, Nb, and Ta and poorer in Fe, Mg,
Ca, P, Mn, Sc, V, Cr, Co, Ni, and Cu (table 2). The eng value ranges between -12 and -15
in upper Gwai, Umguza, and Tinde muds, but it is strongly negative in Gwai sand upstream
of lake Kariba (-25), which yielded a polymodal zircon age spectrum with major
Neoarchean and Eburnean peaks and minor Irumide and Pan-African peaks (Fig 6.10).

illite + chlorite

B Sinde X Up.most Zambezi
- Matgtsu * Upper Zambezi
Gwai ~°\c’ * ; ‘
O Umguza Q Middle Zambezi
[ Sangadze * Lower Zambezi

v 'I_—v_I“Kwando
. %]

Ngwezi

smectite >0 kaolinite

weathering intensity

>

Figure 6.6 Clay mineralogy. Multiple controls explain erratic trends (dotted arrow) downstream the
Zambezi River (stars). Recycled kaolinite occurs in both Uppermost (Up.most) Zambezi and Lower
Zambezi catchments (e.g., Shire mud). Smectite is derived from Karoo basalt around Victoria Falls
(VF) but is also produced on the Kalahari Plateau and Mozambican lowlands (e.g., Sangadze mud).
Ilite is derived from metasedimentary and siliciclastic rocks of the Irumide and Pan-African belts
(e.g., Kafue and Tinde muds).
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6.5.3 The Middle Zambezi

Downstream of Lake Kariba, Zambezi sand has the same feldspar-rich feldspatho-

quartzose composition as Kafue River sand, with K-feldspar >> plagioclase, some

metamorphic rock fragments, and micas (biotite > muscovite; figs. 4C and 5C). The rich

tHM suite includes amphibole (blue-green to green-brown hornblende and actinolite) and

subordinate epidote, kyanite, and clinopyroxene. Amphibole decreases and zircon increases

slightly downstream on the mainstream. The Luangwa River carries feldspatho-quartzose

sand with K-feldspar >> plagioclase and granitoid to gneissic rock fragments, with a

moderately rich tHM suite including mainly amphibole (greenbrown to blue-green

hornblende), kyanite, zircon, and prismatic or fibrolitic sillimanite (Fig 6.5D).

-25
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B U"Zambezi| | A Kafue La330ppm
O Kasaya A M. Zambezi Sm/Nd 0.156
[l Ngwezi A Luangwa A
20 [0 Kwando /A Sangadze
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Figure 6.7 Relationship between eNd(0) and depleted-mantle model ages (TNd,DM) for the Zambezi

main stem and tributaries. The eNd and TNd,DM values are least negative and youngest for detritus

from Karoo basalt, Tete gabbro, and Blantyre mafic granulite (emplacement ages after Svensen et

al. 2012, Westerhof et al. 2008, and Goscombe et al. 2020, respectively) and most negative and oldest

for detritus from Neoarchean cratonic gneiss. Most samples have higher Sm/Nd ratios than the upper

continental crust and thus plot to the right of the red Iline (based
on (Sm/Nd)UCC=0.1735(Sm/Nd)UCC=0.1735). The 32-63-um size class of sand samples,

representing the fine tail of the size distribution, where ultradense monazite is concentrated, has high

LREEs (light rare earth elements) and a steeper LREE pattern (lower Sm/Nd) than the 63—2000-pum

fraction. Instead, the 32—63-um size class of the Lower Zambezi silt collected at Tete (yellow outline)

has low LREEs and a high Sm/Nd because it represents the coarse tail of the size distribution depleted

in ultradense minerals. Ust = uppermost; U. = upper; M. = middle; L. = lower.
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Smectite predominates over mica/illite and kaolinite in mud of the Zambezi main stem,
whereas mica/illite predominates over smectite and kaolinite in Kafue mud (Fig 6.6)
Chemical indices are CIA* = 67 + 3, ®'Ca = 2.1 + 0.6, and a*'Na = 5.2 + 0.2 for mud and
CIA*=51+3,0NCa=2.1+1.3, and o"'Na = 1.6 = 0.2 for sand (Table 6.2). The observed
order of element mobility is Na > Sr > Ca > K > Ba for mud and Ca > Na > Sr for sand.
Luangwa sand is higher in SiO2, K, and Ba and lower in most other elements (especially
Mg, Ti, and Sc; Fig 6.8C). The finer-grained of the two Kafue sand samples is notably
enriched in Zr, Hf, REEs, Th, U, Nb, and Ta (Table 6.2). Kafue and Middle Zambezi muds
have virtually identical chemical compositions (Fig 6.8D, H). All eng values range between
-14 and -18, reaching -20 only in the 32—63-um size class of Luangwa sand (Fig 6.7).

The zircon age spectrum of Kafue sand displays a dominant Irumide peak with a minor
Pan-African cluster and a few Triassic and Paleoproterozoic to Neoarchean ages. Luangwa
sand is characterized by a trimodal spectrum with major Irumide, subordinate Pan-African,

and minor Eburnean peaks and a few Permian ages (Fig 6.10).

6.5.4 The Lower Zambezi
In Mozambique, Zambezi sand ranges from quartzo-feldspathic to feldsparrich feldspatho-

quartzose with K-feldspar > plagioclase (Fig 6.4D). Mica (mostly biotite) is common in
very fine sand. The rich tHM suite includes mostly amphibole (blue-green to green-brown
hornblende and actinolite), subordinate epidote, locally strongly enriched garnet, and minor
titanite, zircon, clinopyroxene, and hypersthene. Most tributaries contribute quartzo-
feldspathic sand with K-feldspar > plagioclase and a rich tHM suite (figs. SE-5G). An
exception is represented by the Minjova and Zangue tributaries, which carry feldspatho-
quartzose and quartz-rich feldspathoquartzose sand with a poor tHM suite (Fig 6.5H).
Feldspars (mostly plagioclase) are twice as abundant as quartz in Shire sand from Malawi.
Metabasite grains are significant in Morrunguze sand (Fig 6.5F). Chacangara sand includes
gabbroic, quartzose sandstone/metasandstone, and shale/slate rock fragments. The tHM
suites are diverse. Amphibole (mainly green-brown and blue-green hornblende) is
dominant in Mufa, Mazowe, Luenha, and Shire sand (ACI 31-50), and common in most
other tributaries (ACI 13-27 in Sangara, Chacangara, and Zangue sand but up to 80-91 in
Sangadze and Minjova sand). Clinopyroxene and hypersthene are most abundant in
Chacangara sand and also characterize Sangara, Morrunguze, Minjova, and, to a lesser
extent, Mufa sand (Table 6.1). Epidote is invariably present in moderate amounts. Garnet

is dominant in Sangadze sand and common in Zangue and Minjova sand. Staurolite is
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Major elements %wt
Si0, AlLO; Fe,0; MgO CaO NaO K,0 TiO, P,0s MnO LOI
Sand (63-2000 pm)

Uppermost Zambesi 985 04 0.2 0.0 0.0 0.0 0.1 01 002 <001 08
Kasaya 99.2 09 0.1 0.0 0.1 0.1 0.4 01 <001 <001 09
Ngwezi 934 32 0.4 0.0 0.5 0.4 17 0.0 <001 003 05
Kwando 99.3 02 <004 <0.01 <001 <0.01 <001 00 001 <001 05
Chobe 980 03 0.9 0.0 0.0 <0.02 0.0 01 <0.00 <001 07
Upper Zambezi 989 03 0.1 0.0 0.0 0.0 0.1 01 <0.00 <0.01 09
Sinde 948 13 16 0.3 0.5 0.2 0.2 04 002 002 09
Zambezi above Victoria Falls 98.0 0.6 0.4 0.1 0.1 0.1 0.1 02 003 <001 06
Zambezi rapid #19 9.2 08 0.3 0.1 0.1 0.1 0.2 02 <001 <0.01 08
Zambezi rapid #10 9.4 03 0.3 0.1 0.1 0.1 0.1 01 <001 <001 10
Masuie 618 83 129 31 4.9 15 0.9 28 019 015 24
Upper Zambezi 9.7 04 0.4 0.1 0.2 0.1 0.1 0.1 <001 <001 08
Matetsi 631 84 117 31 5.0 17 0.8 28 023 014 29
Zambezi above Kariba 89.7 39 20 0.6 11 0.8 0.9 05 005 002 05
Umguza 854 54 2.0 0.4 3.2 11 16 02 003 007 32
Lower Gwai 883 7.1 0.9 0.2 0.6 13 2.6 0.1 0.0 0.0 0.9
Kafue (FS) 811 65 4.4 1.0 15 12 16 13 013 005 1.0
Kafue (VFS) 830 6.2 35 1.0 12 1.0 17 09 010 004 11
Middle Zambezi 80.6 80 33 11 13 15 2.3 08 011 004 09
Luangwa 89.9 47 12 0.1 0.3 0.6 24 02 005 002 03
Mufa 71.3 118 39 18 37 2.4 2.9 08 018 006 09
Lower Zambezi and Tete 682 140 21 0.9 3.2 3.2 2.8 05 016 004 48
Morrunguze 524 125 151 39 5.5 2.4 15 55 008 017 07
Mazowe 787 102 22 0.6 17 2.2 33 0.4 0.1 0.0 0.5
Luenha 745 107 51 0.8 2.2 24 2.8 14 008 008 -03
Sangadze 821 85 15 0.2 0.9 13 4.2 05 007 004 06
Shire 683 147 38 13 3.9 3.7 21 08 020 006 09
Lower Zambezi (VFS) 802 93 21 0.6 18 20 2.6 05 010 003 07
Lower Zambezi (FS) 781 104 23 0.7 21 2.3 2.6 06 011 004 07
Mud (<32 pm):
Uppermost Zambesi 554 150 7.0 0.7 11 0.2 1.0 0.9 0.1 0.1 18.1
Kasaya 535 161 58 0.8 18 0.3 17 1.0 0.4 0.0 n.d.
Ngwezi 511 186 85 15 1.6 0.6 21 11 0.1 0.1 14.5
Kwando 433 59 3.1 33 106 0.1 0.5 0.4 0.1 0.2 300
Sinde 455 146 142 20 3.0 1.0 0.9 35 0.2 0.2 14.7
Zambezi above Victoria Falls 540 106 7.3 14 2.7 0.6 0.8 18 0.1 01 201
Matetsi 444 142 122 37 6.2 17 0.9 2.0 0.4 0.2 13.9
Zambezi above Kariba 51.0 116 102 24 34 0.8 0.9 2.0 0.2 0.2 17.1
Umguza 51.0 150 88 2.0 3.0 0.6 1.2 14 0.2 0.1 16.4
Upper Gwai 486 163 89 17 23 0.4 15 12 0.2 0.2 18.3
Tinde 675 133 40 0.8 0.7 0.7 25 0.9 0.1 0.1 9.2
Kafue( VFS) 468 165 95 32 2.7 0.8 29 13 0.2 0.1 15.3
Middle Zambezi 495 164 95 3.2 18 0.8 2.9 13 0.2 0.1 13.6
Lower Zambezi and Tete 464 177 104 20 2.2 1.0 21 12 0.3 0.2 16.2
Sangadze 471 168 6.9 3.0 31 0.4 19 0.8 0.2 0.1 19.2
Shire 422 193 121 26 2.2 0.9 19 13 0.4 0.2 16.5
Lower Zambezi (VFS) 483 163 116 29 24 1.0 24 15 0.2 0.2 12.5

Table 6.2. Sand and Mud Geochemistry in the Zambezi Catchment. FS = fine sand; VFS = very
fine sand; LOI = loss on ignition; ND = not determined. CIA*CIA* (chemical index of alteration)
values are corrected only for CaO in apatite. The a values are defined as (Al/E)sample/ (Al/E)ucc, where

UCC = upper continental crust.
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Rb Sr Ba Sc Y Th Zr
Sand (63-2000 pum)

I
=
<
P4
53
Z

Uppermost Zambesi 2 3 29 <1 2 1 81 2 14 1 1
Kasaya 11 18 124 <1 4 2 128 3 <8 2 1
Ngwezi 47 50 419 <1 5 1 38 1 11 2 3
Kwando 1 2 21 <1 1 0 62 2 <8 2 0
Chobe 2 4 29 <1 2 1 114 3 15 2 1
Upper Zambezi 2 4 31 <1 2 07 232 6 <8 2 1
Sinde 3 51 58 2 4 1 68 2 57 2 8
Zambezi above Victoria Falls 3 11 52 <1 2 0.7 73 2 21 3 1
Zambezi rapid #19 5 18 81 <1 2 0.7 62 2 14 3 1
Zambezi rapid #10 2 7 157 <1 1 1 31 1 11 2 2
Masuie 18 268 295 22 23 2 168 4 414 10 45
Upper Zambezi 1 13 25 <1 2 0.4 37 1 16 1 2
Matetsi 16 365 296 20 22 2 182 5 356 13 40
Zambezi above Kariba 24 85 235 7 65 2 57 2 6
Umguza 52 186 476 3 12 2 57 2 51 3 16
Lower Gwai 69.3 875 4835 20 107 38 725 21 150 22 4.5
Kafue (FS) 52 92 316 8 28 16 596 16 84 24 8
Kafue (VFS) 58 80 325 7 18 10 334 9 61 16 9
Middle Zambezi 74 122 415 7 18 8 294 8 58 15 9
Luangwa 59 107 620 1 7 3 83 2 18 5

Mufa 76 315 626 10 18 9 459 12 78 11 10
Lower Zambezi and Tete 70 313 695 6 15 4 125 3 39 5 14
Morrunguze 27 285 424 26 15 2 181 4 471 7 27
Mazowe 76.3 1431 5600 45 100 36 1303 35 385 89 7.1
Luenha 74 168 552 8 21 32 348 9 89 25 6
Sangadze 103 237 1093 3 10 6 212 5 24 10 2
Shire 35 585 995 10 14 2 268 7 78 11 10
Lower Zambezi (VFS) 67 199 621 5 10 4 165 5 40 8 6
Lower Zambezi (FS) 69 200 616 6 15 6 153 4 41 9 7

Mud (<32 pm):

Uppermost Zambesi 53 54 301 17 34 11 246 8 134 15 19
Kasaya 147 84 459 16 37 22 372 9 122 19 25
Ngwezi 163 101 555 24 41 18 232 6 157 17 42
Kwando 44 339 707 6 14 6 170 5 82 8 18
Sinde 26 194 362 32 40 4 321 10 348 17 55
Zambezi above Victoria Falls 37 125 251 18 32 10 623 19 171 19 29
Matetsi 22 291 332 31 33 3 201 6 259 11 52
Zambezi above Kariba 45 135 318 22 36 10 450 13 235 18 34
Umguza 55 147 303 22 25 6 175 4 196 10 59
Upper Gwai 75 125 410 22 30 10 200 6 174 13 56
Tinde 119 83 607 10 39 18 466 14 73 19 16
Kafue ( VFS) 188 125 497 22 54 30 389 11 139 27 94
Middle Zambezi 184 113 512 22 57 31 489 13 144 28 87
Lower Zambezi and Tete 118 170 614 24 59 13 210 6 142 16 53
Sangadze 86 166 523 17 30 11 144 4 98 15 51
Shire 84 231 807 30 44 1 194 5 187 15 98
Lower Zambezi (VFS) 157 148 536 23 51 28 665 18 164 26 106

Table 6.2 continued

112



Chapter 6: The Zambezi River

CIA* ¢"'Mg o« Ca «"Na 'K o'Rb o"sr o*'Ba
Sand (63-2000 um)

Uppermost Zambesi 77 1.8 3.0 4.1 1.2 1.0 31 0.5
Kasaya 55 4.5 2.5 2.1 0.4 0.5 11 0.3
Ngwezi 49 123 18 1.9 0.4 0.4 14 0.3
Kwando >89 >23 >44 >41 >36 14 2.1 0.3
Chobe 78 2.1 34 >69 14 0.9 1.6 0.4
Upper Zambezi 75 25 4.2 3.9 11 11 19 0.4
Sinde 47 0.7 0.6 15 1.6 2.5 0.5 0.8
Zambezi above Victoria Falls 63 17 14 2.1 1.0 1.2 11 0.4
Zambezi rapid #19 58 1.9 1.6 2.0 0.8 1.0 11 0.4
Zambezi rapid #10 50 0.7 0.7 15 1.3 1.2 1.0 0.1
Masuie 41 0.4 0.4 13 1.9 2.9 0.7 11
Upper Zambezi 47 0.6 0.6 14 15 1.8 0.6 0.6
Matetsi 41 0.4 0.4 12 2.0 34 0.5 11
Zambezi above Kariba 49 11 0.9 12 0.9 1.0 1.0 0.6
Umguza 37 1.9 0.4 12 0.7 0.7 0.6 0.4
Lower Gwai 54.4 6.2 2.9 14 0.6 0.7 18 0.5
Kafue (FS) 52 1.0 1.2 14 0.9 0.9 1.6 0.7
Kafue (VFS) 53 0.9 15 15 0.8 0.7 18 0.7
Middle Zambezi 53 11 17 14 0.8 0.7 15 0.7
Luangwa 54 5.7 3.9 1.9 0.4 0.5 1.0 0.3
Mufa 47 0.9 0.9 13 0.9 1.0 0.9 0.7
Lower Zambezi and Tete 50 2.2 1.2 11 11 14 1.0 0.7
Morrunguze 45 0.5 0.6 14 18 3.2 1.0 11
Mazowe 50.3 2.7 17 12 0.7 0.9 1.6 0.7
Luenha 50 1.9 13 11 0.9 1.0 15 0.7
Sangadze 51 8.2 2.7 17 0.4 0.6 0.8 0.3
Shire 50 1.6 1.0 1.0 15 2.9 0.6 0.5
Lower Zambezi (VFS) 51 23 14 12 0.8 0.9 11 0.5
Lower Zambezi (FS) 51 2.1 14 1.2 0.9 1.0 1.2 0.6
Mud (<32 pm):
Uppermost Zambesi 82.9 2.9 37 214 3.3 1.9 6.4 1.8
Kasaya 779 30 25 142 21 0.7 4.4 1.3
Ngwezi 758 18 3.3 8.2 1.9 0.8 4.2 1.2
Kwando 231 03 02 217 29 0.9 0.4 0.3
Sinde 659 11 14 3.7 3.4 3.8 17 15
Zambezi above Victoria Falls 62.3 11 11 4.6 3.1 19 2.0 15
Matetsi 50.3 06 0.6 2.2 33 4.4 11 15
Zambezi above Kariba 589 0.7 0.9 3.9 3.0 1.8 2.0 1.3
Umguza 673 1.1 1.4 6.4 2.8 1.9 2.4 1.8
Upper Gwai 731 14 19 105 24 15 3.0 14
Tinde 73.4 24 5.2 5.2 1.2 0.8 3.7 0.8
Kafue ( VFS) 647 0.7 17 5.3 13 0.6 3.0 1.2
Middle Zambezi 69.3 07 2.6 5.0 13 0.6 3.4 1.2
Lower Zambezi and Tete 71.0 13 2.3 4.4 1.8 1.0 2.4 1.0
Sangadze 68.3 0.8 15 9.8 2.0 13 2.3 1.2
Shire 747 11 25 5.6 2.2 1.6 19 0.9
Lower Zambezi (VFS) 672 0.8 1.9 4.3 15 0.7 25 11

Table 6.2 continued
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Table 6.3. Silt and Clay Mineralogy in the Zambezi Catchment Determined by X-Ray Powder
Diffraction Qz = quartz; KF = K-feldspar; Pl = plagioclase; Carb = carbonate; Amp = amphibole; Hem
= hematite; Phyll = phyllosilicate; Sme = smectite; Ill = mica/illite; Chl = chlorite (including

vermiculite); Kao = kaolinite.
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Uppermost Zambezi
Kasaya

Ngwezi

Kwado

Sinde

Zambeziat Victoria Falls
Matemsi

Upper Zambezi
Upper Zambezi
Umguza

Upper Gwai

Tinde

Gwai

Kafue (FS)

Kafue (VFS)

Middle Zambezi
Luangwa

Mufa

Lower Zambezi at Tete
Morrunguze

Mazowe

Luenha

Sangadze

Shire

Lower Zambezi (FS)
Lower Zambezi (VFS)
Quelimane (estuary)
Quelimane (beach)

Table 6.4.

ENd Tom (Ma)
<32um 32-63um  63-2000 um <32um 32-63um  63-2000 um

-15.5 - - 2162 - -
-14.0 - - 2006 - -
-15.6 - - 2128 - -
-17.3 - - 2320 - -
-5.3 - - 1608 - -
-12.5 - - 2056 - -
-4.1 - - 1454 - -
-12.0 - - 2010 - -
-12.5 - - 2092 - -
-14.7 - - 2177 - -
-11.6 - - 1872 - -
-14.4 - - 1953 - -

- - -24.6 - - 2690

- -16.4 -15.0 - 1976 1762

-14.8 -16.5 -17.7 1935 2029 2107

-13.8 -16.2 -14.5 1925 2084 2106

- -20.1 -16.5 - 2244 2155

- - -8.8 - - 2195

-7.8 -1.7 -10.0 1552 1864 1735

- - -1.9 - - 1162

- - -18.2 - - 2781

- - -19.4 - - 2504

-15.3 -21.1 -19.5 1887 2028 2094

-7.3 -8.0 -1.7 1279 1333 1455

-16.0 -19.3 -14.8 1995 2221 2188

-14.3 -17.4 -14.5 1990 2242 2242

- - -18.3 - - 2319

- - -12.7 - - 1968

Neodymium Isotope Values and Sm-Nd Model Ages for Cohesive-Mud (<32-um),

Very Coarse Silt (32—63-um), and Sand (63—2000-pum) Fractions of Zambezi Sediments. Except as

noted, data are from sand samples. FS = fine sand; VFS = very fine sand; ND = not determined.
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Figure 6.8 Sand and mud geochemistry (in UCC [upper continental crust]-normalized diagrams,

chemical elements are arranged following the periodic table group by group). A, B, In Zambezi

headwaters, extensive quartz addition by recycling explains relative depletion of most elements other

than Si in sand. Supply from Karoo basalt leads to marked increase in ferromagnesian metals and lack

of an Eu anomaly. High Ca, Sr, Mg, and Ba in Kwando mud reflect reworking of calcrete soils. C, D,

Kafue samples are slightly enriched in elements hosted in ultradense minerals. Umguza and Upper

Gwai sediments include minor detritus from Karoo basalt. Luangwa sand is partly recycled from

Karoo siliciclastic strata. E, F, Most Lower Zambezi tributaries carry sediment that is undepleted

relative to the UCC. In Morrunguze sand, high ferromagnesian metals and lack of an Eu anomaly

reflect supply from the Tete gabbro-anorthosite. High light rare earth elements (LREE) and Th in

Luenha sand suggest presence of monazite. G, H, Recycled quartz decreases downstream the Zambezi

main stem. Lower Zambezi sand is only moderately depleted relative to the UCC, and mud is

undepleted.

associated with kyanite and prismatic or fibrolitic sillimanite in Zangue sand. Kyanite and

sillimanite also occur in Luenha sand. Zircon and other durable minerals, as well as titanite

and apatite, are minor (ZTR up to eight in Sangara sand). Rare olivine was detected in
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Sangara, Chacangara, and Mufa sands. Kaolinite, mica/illite, and smectite occur in

subequal amounts in Zambezi mud collected at Tete, whereas smectite predominates over
mica/illite and kaolinite is subordinate upstream of the delta (Fig 6.6). Sangadze mud

consists almost exclusively of smectite, whereas Shire mud contains mica/illite and

kaolinite in subequal proportions (Table 6.3).
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Figure 6.9 Rare earth elements (REEs). A-C, Chondrite-normalized REE patterns for sand. HREE
(heavy-REE) trends are ill defined in pure quartzose sand because of very low concentration of
elements with odd atomic numbers (Tb, Ho, Tm, Lu). D-F, Chondrite-normalized REE patterns for
mud. G-I, Lan/Ybn versus Eu anomaly. J-L, LREE (light-REE) versus HREE fractionation. Mafic
detritus, conspicuous in Matetsi, Masuie, and Morrunguze sediments and present in Sinde, Umguza,
and Upper Zambezi sediments, has higher REE concentration, lower LREE fractionation, no Eu
anomaly, and higher HREE fractionation. Absence of an Eu anomaly in most Lower Zambezi sands

reflects abundance of Ca-bearing feldspar. The steepest REE patterns with a strongly negative Eu
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anomaly in Luenha sand indicate the presence of monazite, whereas the strongly positive Eu anomaly

in Sangadze sand reflects abundant feldspar with lesser quantities of heavy minerals.

Chemical indices are remarkably constant in sediments of the Zambezi main stem and most
of its main tributaries (CIA* = 70 + 3, a”'Ca = 2.0 = 0.4, and o"'Na = 6.0 + 2.6 for mud;
CIA*=50.4+0.4,0"'Ca=1.6+0.5, and a®'Na = 1.2 + 0.2 for sand; Table 6.2). Plagioclase
abundance explains why an Eu anomaly is not shown (Fig 6.9H, 5I). The observed order
of element mobility is Na > Sr > Ca > K > Rb for mud and Ca > Na > Sr for sand. In all
grain-size fractions of Lower Zambezi sediments, eng Values become much more negative
from Tete to upstream of the delta, where the very-fine-sand sample yielded a less negative
value than the fine-sand sample (Table 6.4). Sand of the Morrunguze River, draining
gabbroic rocks of the Tete Complex, is low in SiO2 (52%), K, and Rb and notably rich in
Fe, Mg, Ca, Ti, Mn, Sc, V, Cr, Co, Ni, and Cu (Fig 6.8E) and yielded the least negative end
value (Fig 6.7). Mufa sand, enriched in the same elements but to a much lesser extent,
yielded high Zr and Hf concentrations (Table 6.2) and a more negative eng Value. Luenha
sand is relatively rich in Zr, Hf, U, Nb, Ta, and REEs, is the richest in Th (Fig 6.8E),
displays the steepest REE patterns with the largest negative Eu anomaly (Fig 6.9H, K), and
is the only sample with negative loss on ignition (LOI; 20.3). Mazowe and Luenha sands
have eng Values of -18 and -19, respectively. Shire sand is highest in Al, Na, Sr, and P and
shows a much less negative eng value (Fig 6.7). Sangadze sand is the richest in K, Rb, and
Ba and displays a strongly positive Eu anomaly (Fig 6.9H), reflecting abundant feldspar
fewer heavy minerals, and a strongly negative eng value. Shire mud is low in SiO2 (42%)
and highest in Al, Fe, Sr, Ba, P, Sc, V, and Cu (Fig 6.4F). Zambezi mud upstream of the
delta is high in Zr, Hf, REEs, Th, U, Nb, Ta, Cr, Mo, W, Co, and Ni (Fig 6.4H) and displays
a negative Eu anomaly (Fig 6.91). The U-Pb age spectrum of zircon grains supplied by the
Zambezi River to the delta displays a dominant Irumide peak, with common
Neoproterozoic, some Orosirian, and a few Neoarchean and late Paleozoic ages (Fig 6.10).
Sangara and Morrunguze zircons show a unimodal Irumide peak, which is associated with
minor Neoproterozoic ages in Mufa sand. Luenha and Mazowe sands yielded nearly
identical bimodal zircon age spectra with Neoproterozoic and Neoarchean peaks (Table
6.5). The spectrum of Shire sand is also bimodal but with Irumide and Pan-African peaks.

Pan-African ages are more common than Irumide ages in Zangue sand (Fig 6.10).
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Figure 6.10 U-Pb age spectra of detrital zircons. Archean ages are common in Gwai, Mazowe, and
Luenha sands sourced in the Zimbabwe Craton. Orosirian ages are common in Kwando and
Uppermost (Upp.st) Zambezi sands recycling Kalahari dunes and in Gwai sand largely derived from
the Paleoproterozoic (Paleoprot.) Magondi Belt. Irumide ages are widespread, overwhelming in
Sangara and Morrunguze sands and dominant in Lower Zambezi sand. Pan-African zircons are also
widespread, but only locally prevalent (Shire and Zangue sands). Geological domains are after Hanson
(2003) and Thiéblemont et al. (2016). CK = Choma-Kalomo Block; 1B = Irumide Belt; KB = Kibaran
Belt; LRZ = Luangwa Rift Zone; MB = Magondi Belt; MRZ = Malawi Rift Zone; SIP = southern
Irumide Province; UB = Umkondo Belt; Ub-Usg = Ubendian-Usagaran Belts; L. Jurassic = Lower

Jurassic.

6.5.5 The Northern Coast, the Shelf, and the Slope
Sand in the Bons Sinais Estuary near Quelimane and adjacent beaches, located between

100 and 130 km north of the Zambezi mouth, is feldspathoquartzose with plagioclase > K-
feldspar and a rich tHM suite including mainly blue-green amphibole, subordinate epidote,
clinopyroxene, and minor titanite, garnet, hypersthene, and mostly prismatic sillimanite
(Fig 6.4E). Very fine-grained sand to coarse silt, cored on the upper continental slope ~85
km offshore of the Zambezi delta and close to the shelf break ~80 km to the east-northeast
of the Bons Sinais mouth, is feldspar-rich feldspatho-quartzose with K-feldspar =~
plagioclase and a moderately rich tHM suite including blue-green amphibole, epidote,

clinopyroxene, and minor prismatic sillimanite, titanite, tourmaline, apatite, hypersthene,
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and garnet. Benthic foraminifera are abundant (Fig 6.4F). No major mineralogical
difference is observed either between samples cored offshore of the Zambezi mouth and
Quelimane area or among sediments deposited during the last glacial lowstand, the
postglacial sea-level transition, and the Holocene highstand in both areas. The eng Value of
bulk sand ranges between -13 and -18. The U-Pb zircon age spectrum displays a dominant
Irumide peak with common Neoproterozoic, some Orosirian, and a few Neoarchean and

Permian ages, similar to Lower Zambezi sand (Fig 6.10).

6.6 Provenance Insights from Petrography and Heavy Minerals

6.6.1 The Uppermost Zambezi: Polycyclic Sand from the Kalahari
Sand generated in southeastern Angola and westernmost Zambia and carried by the

Uppermost Zambezi and its Kwando tributary consists almost entirely of monocrystalline
quartz with very poor, ZTR-dominated tHM suite including staurolite and kyanite, a
mineralogical signature that reflects extensive recycling of Kalahari Desert sand (Fig 6.11
and 6.12). The sedimentary succession of this vast rim basin, formed on the low-relief
southern Africa plateau confined between the rejuvenated shoulders of the Indian and
Atlantic rifted margins, is largely of fluvial origin with secondary eolian imprint (Moore
and Dingle 1998). Kalahari dunes are generally best developed west of river channels,
suggesting deflation of fluvial sediments by easterly winds during drier periods (Shaw and
Goudie 2002). Conversely, rivers have inundated interdune areas and incised their course
across dune ridges during wetter periods (Thomas et al. 2000). Between a fourth and a half
of quartz grains are well rounded in both dune and river sediments, indicating that climate-
controlled cycling of quartz-rich sand has taken place repeatedly from the fluvial to the

eolian environment and back (Thomas and Shaw 2002).

6.6.2 The Upper Zambezi: Mixing with Detritus from Karoo Basalts
The Zambezi first meets Karoo basalt at Ngonye Falls in southwest Zambia and from there

on the river flows along Karoo rift basins as far as the Mozambican lowlands. Pure
quartzose sand recycled from the Kalahari mixes downstream with detritus derived locally
from Lower Jurassic Karoo basalt in increasing proportions, determined accurately with
forward-mixing models based on integrated petrographic and heavy-mineral data (Garzanti
et al. 2012b; Resentini et al. 2017). Although the sand generation potential of basalt is
notably less than that of sandstone or granite (Garzanti et al. 2019c, 2021b, 2021c; Le Pera
and Morrone 2020; Morrone et al. 2020), mafic lava contains and sheds much more

clinopyroxene than the few heavy minerals that quartzose sandstone contains and can thus
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supply. Therefore, wherever basaltic detritus mixes with recycled quartz, as in the Upper
Zambezi, quartz still dominates among main framework grains but the tHM suite rapidly
becomes clinopyroxene dominated (figs. 6.11 and 6.12). From upstream of Victoria Falls
to the Batoka Gorge, basaltic detritus accounts for <3% of total sediment only and Upper
Zambezi sand remains pure quartzose, although clinopyroxene steadily increases from 14%
to 86% of the very poor to poor tHM suite. Basaltic detritus increases to ~12% upstream
of Lake Kariba, with composition changed to quartzose with 9% basaltic rock fragments in

bedload sand and to litho-feldspatho-quartzose in levee silty sand.

Uppermost
1 Zambezi
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trib. draining Lufilian Arc
Mi ~ © Kwando River
¢ Upper Zambezi
@ trib.draining Karoo basalt
O Gwai catchment
50 ¢ Middle Zambezi
V Kafue River
Lower g A Luangwa River
Zambezi * Lower Zambezi
<« Shire River
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Figure 6.11 Downstream quartz decrease along segmented Zambezi sediment-routing system.
Composition changes stepwise from pure quartzose (Uppermost Zambezi) to quartzose volcaniclastic
(Upper Zambezi), feldspar-rich feldspatho-quartzose (Middle Zambezi), and finally quartzo-
feldspathic metamorphiclastic (Lower Zambezi). Symbol size is roughly proportional to tributary
(trib.) size and increases downstream along the main stem. Smaller symbols with thicker outline are
Upper Zambezi and Gwai River levee samples representing deep suspended load. Q p quartz;
F=feldspars (P=plagioclase; K=K-feldspar); L= lithics (Lm=metamorphic; Lv=volcanic;
Ls=sedimentary). Fields in the QFL diagram after Garzanti (2019b); in the nested blue version of the
same QFL plot, data are centered to allow better visualization of quartz-rich samples (von Eynatten et
al. 2002).

Clinopyroxene represents 95% and 90% of the moderately rich and rich tHM suite,
respectively. Among Upper Zambezi tributaries, basaltic detritus represents ~10% of Sinde
sand in Zambia, and ~15% of Shangani sand, 50% of Masuie sand, and up to 70% of
Matetsi sand in Zimbabwe, the rest being mostly represented by quartz recycled from
Kalahari dunes. Clinopyroxene invariably represents 190% of the tHM suite in these rivers.
Such estimates are corroborated by clay-mineral and geochemical data, displaying an

increase in smectite and in the concentration of Fe, Mg, Ca, Na, Sr, Ti, Eu, V, Cr, Mn, Co,
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Ni, Cu, and P along the Upper Zambezi, whereas the 8Sr/®Sr and weathering indices
decrease, end(o) becomes only moderately negative, and Tom model ages younger (Garzanti
et al. 2014a). Forward-mixing calculations based on the integrated geochemical data set
indicate that volcanic detritus increases from ~1% for sand and ~14% for cohesive (<32
um) mud upstream of Victoria Falls up to 17%—18% for sand, 19%—-20% for sandy silt, and
~41% for cohesive mud upstream of Lake Kariba. These estimates imply that up to ~27%
of the sand and ~45% of the mud that the Upper Zambezi carries toward Lake Kariba is
generated downstream of Victoria Falls, from basaltic rocks of the Batoka Gorge and

supplied by tributaries draining Karoo lavas and overlying Kalahari dunes.

6.6.3 The Middle Zambezi: First-Cycle and Recycled Detritus from Zambia
The Middle Zambezi flows along Karoo extensional troughs (Fig 6.1). These formed on

top of the Kuunga suture zone, marking the boundary between the Zimbabwe-Kalahari and
Congo cratonic blocks and sealed during the final stages of the Neoproterozoic Pan-African
orogeny (Goscombe et al. 2020). The first major tributary joining the Zambezi ~70 km
downstream of Lake Kariba is the Kafue River, which largely drains mid-Neoproterozoic
volcano-sedimentary rocks and upper Tonian granites of the Lufilian Arc in the upper
course. In the lowermost course, the Kafue cuts across the West Zambezi Belt, including
polymetamorphic basement of the Congo Craton deformed at upper amphibolite-facies

conditions around 675 Ma (Goscombe et al. 2020). Because sand cannot pass Lake Kariba,

ZTR+SKA staurolite 50 kyanite ZTR
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Figure 6.12. Changes in transparent heavy-mineral suites downstream on the segmented Zambezi
sediment-routing system. Note (1) dominance of durable ZTR (zircon, tourmaline, and rutile) and
SKA (staurolite, kyanite, sillimanite, and andalusite) minerals in the Uppermost Zambezi; (2)
progressive increase in clinopyroxene along the Upper Zambezi; and (3) sharp increase in basement-

derived garnet (Grt), amphibole (Amp), and epidote (Ep) in the Middle and Lower Zambezi. Scarcity
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of garnet in Uppermost and Upper Zambezi sand is ascribed to high weatherability inherited from past
hot-humid subequatorial climate. Symbol size is roughly proportional to tributary (trib.) size and
increases downstream along the main stem. Smaller symbols with thicker outline are Upper Zambezi

and Gwai River levee samples representing deep suspended load.

Middle Zambezi sand downstream of the Kafue confluence acquires the same feldspar-rich
feldspatho-quartzose metamorphiclastic signature of Kafue sand, with a little more
siltstone/sandstone rock fragments and clinopyroxene derived locally from the Karoo
Supergroup, which is maintained as far as the confluence with the Luangwa River near the
entry point into Lake Cahora Bassa (Fig 6.13). The Luangwa River, sourced in
Paleoproterozoic gneisses of the Ubendian Belt, follows for most of its course another arm
of the Karoo rift network. The Luangwa rift is bordered to the north by the external nappes
of the Irumide Belt, including Paleoproterozoic granitoid gneiss overlain by quartzite and
schist of the Muva Supergroup deformed at greenschist to amphibolite facies at 1.05-1.02
Ga (De Waele et al. 2009). Exposed to the south is the high-grade internal zone of the
southern Irumide Province (Goscombe et al. 2020). Luangwa sand is thus a mixture of
detritus derived from up to high-grade metamorphic rocks and recycled from Carboniferous
to Jurassic siliciclastic strata, as indicated by relatively high quartz and ZTR minerals

coexisting with blue-green to brown hornblende and mainly prismatic sillimanite.

6.6.4 The Lower Zambezi: Feldspar-Rich Sand from Precambrian Basements
As Upper Zambezi sand is dumped into Lake Kariba, Middle Zambezi sand is stored in

Lake Cahora Bassa. Composition changes therefore again in the Lower Zambezi, where
sand supplied by tributaries largely draining felsic to mafic igneous and up to high-grade
metamorphic rocks acquires a quartzo-feldspathic signature unique among the Earth’s big
rivers (Potter 1978; Garzanti 2019a). Most Lower Zambezi tributaries carry sand with Q/F
ratio < 1 (Fig 6.11), reflecting mostly first-cycle provenance from midcrustal crystalline
basements. Detritus recycled from the sedimentary fill of Karoo, Cretaceous, or
Cenozoicextensional basins is widespread, although subordinate. This is revealed by
sandstone and shale rock fragments in Chacangara sand and by a higher Q/F ratio and poor
tHM suite in sand of the Zangue River draining the northern edge of the Urema Graben and
of the Minjova River draining the Karoo Moatize-Minjova Basin (Fernandes et al. 2015).
The Sangara, Chacangara, and Mufa west-bank tributaries and the Morrunguze and
Minjova eastbank tributaries drain high-grade rocks of the internal zone of the southern

Irumide Province, including the Tete gabbro-anorthosite complex (Goscombe et al. 2020).
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This is reflected by the occurrence of gabbroic or metabasite rock fragments and by up to
very rich tHM suites including hypersthene and clinopyroxene, brown hornblende, and rare
olivine. The Luenha-Mazowe river system drains well into the Archean Zimbabwe Craton
in the upper course and cuts downstream across the polymetamorphic Mudzi migmatitic
gneisses remobilized during the Pan-African orogeny, and next across the Neoproterozoic
Marginal Gneiss. The mostly firstcycle origin of their quartzo-feldspathic sand is reflected
by the rich amphibole-dominated tHM suite, as in Mufa sand to the north (Fig 6.12). The
lowest Q/F ratio is recorded in Shire sand, also including a very rich, amphibole-dominated
tHM suite derived from granitic orthogneisses of the Blantyre domain (southern Malawi-
Unango Complex), where Stenian-age crust underwent granulitefacies metamorphism

during the Pan-African orogeny (Goscombe et al. 2020).
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Figure 6.13. Stepwise changes in compositional signatures along segmented Zambezi sediment-
routing system. Pure quartzose sand in the Uppermost Zambezi and Kwando Rivers is progressively
enriched in clinopyroxene and basaltic rock fragments downstream in the Upper Zambezi. Middle
Zambezi sand chiefly reflects contribution from the Kafue River. Lower Zambezi sand is markedly
enriched in feldspars, amphibole, and garnet largely derived from Irumide Belts strongly affected by
the Pan-African orogeny. The biplot (Gabriel 1971) displays multivariate observations (points) and
variables (rays). Ap = apatite; Hyp = hypersthene; Ky = kyanite; Rt = rutile; Sil = sillimanite; St =

staurolite; Ttn = titanite; Tur = tourmaline; Zrn = zircon. Other symbols as in figures 6.6 and 6.7.
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The Sangadze and Zangue lowermost-course tributaries are sourced in the Pan-African
Umkondo Belt, including greenschist facies to lower-amphibolitefacies schists thrust onto
the margin of the Zimbabwe Craton and upper-amphibolite-facies migmatitic gneisses in
the core, whereas the lower course cuts across the Cretaceous to Cenozoic sediment fill of
the Lower Zambezi graben. Recycling is manifested in Zangue sand by the highest Q/F
ratio of all Lower Zambezi tributaries. Poor to moderately poor, garnet-dominated
(Sangadze) or garnetstaurolite (Zangue) tHM suites reflect both firstcycle provenance from
lower-amphibolite-facies metasediments of the Umkondo Belt and recycling of Cretaceous
sandstones derived from them (e.g., Sena Formation; Salman and Abdula 1995). The
occurrence of brown amphibole and prismatic sillimanite, instead, reveals minor but
significant contribution from upper-amphibolite-facies to granulite-facies gneisses of the
orogen’s core (e.g., Stenian Barue Complex; Goscombe et al. 2020). Forward-mixing
models based on integrated petrographic and heavy-mineral data suggest that most Lower
Zambezi sand (60%-80%) is generated in subequal proportions in the Luenha-Mazowe
river system sourced in the Zimbabwe Craton and in the trunk-river catchment upstream of
the Luenha confluence, including the Zambezi Belt and the southern Irumide Province.
Additional contributions from the Umkondo Belt and recycled from the Karoo, Cretaceous,
or Cenozoic extensional basins drained by the Minjova, Sangadze, and Zangue tributaries
are significant (~20%), whereas supply from the Tete gabbro-anorthosite complex and
Blantyre domain, drained respectively by the Morrunguze and Shire tributaries, appears to
be subordinate (~10%).

6.6.5 The Zambezi Passive Margin
Detrital modes of Lower Zambezi sand match neither those of estuary and beach sands in

the northern delta near Quelimane nor sediments cored offshore of both the Zambezi mouth
and Quelimane area and deposited during either the Holocene highstand or the previous
postglacial and glacial relative lowstands (Table 6.1). The Q/F ratio is 1.0 £ 0.1 in Lower
Zambezi sand but 2.5 = 0.5 in sand of the Quelimane area and 1.6 £ 0.3 in offshore samples.
The homogeneous composition of offshore sediments generated before the mid-Holocene
(older than 4 ka) suggests that this could represent the original, preAnthropocene signature
of Zambezi sediment. Subsequent closure of the Kariba and Cahora Bassa dams, with
consequent drastic reduction of the catchment area effectively contributing sediment to the
Zambezi Delta, explains the peculiar mineralogical signatures characterizing Lower

Zambezi sand today. Besides the abundance of feldspars, these include the high tHMC and
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AClI indices, reflecting provenance dominantly from middle-crustal igneous and high-grade
metamorphic rocks. The abundance of mica in offshore sediments, instead, is the effect of
preferential winnowing of slow-settling platy phyllosilicates by waves, a phenomenon
observed along continental shelves worldwide (Doyle et al. 1968; Garzanti et al. 2015b,
2019a). The mineralogy of estuary and beach sand in the Quelimane area is not the same
as either Lower Zambezi or offshore sediment (Table 6.1). This is more difficult to explain,
because predominantly northward littoral drift would be expected to entrain sand from the
Zambezi delta, leading to homogeneous composition along the coast. Reasons for such
discrepancy may include local reworking of floodplain sediments, whereas littoral drift
from the north is unsupported by prevailing longshore-current patterns (Schulz et al. 2011,
van der Lubbe et al. 2014).
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Figure 6.14. Zambezi River sands compared with coastal and offshore sediments. A—C, Uppermost

and Upper Zambezi detritus is clearly distinct from any downstream sample. Sediment fed into the
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Indian Ocean was thus mostly derived from the middle—lower catchment even before closure of the
Kariba and Cahora Bassa dams. D, Passive-margin sediments, however, do not closely match either
Middle or Lower Zambezi sand, suggesting significant additional contribution from both the upper
catchment and Mozambican lowlands in pre-Anthropocene times. Biplots C and D (Gabriel 1971)
were drawn with CoDaPack software by Comas-Cufi and Thié-Henestrosa (2011). Q = quartz; P =
plagioclase; K = K-feldspar; ZTR = zircon + tourmaline + rutile; Cpx = clinopyroxene; Ep = epidote;

Sil = sillimanite.

6.7 Provenance Insights from Clay Mineralogy, Sediment Geochemistry
and Detrital Zircon Geochronology

The aim of this section is to complement previous considerations based only on sand with

inferences derived independently from the mineralogy and geochemistry of mud.

6.7.1 Clay Minerals
The clay mineralogy of unconsolidated mud depends on weathering processes in soils but

reflects provenance as well, especially in dry climates where illite and chlorite are largely
derived from phyllosilicate-rich metamorphic bedrock, whereas smectite is shed by mafic
lava (Chamley 1989). Among the studied samples, smectite is the dominant clay mineral
(>87%) in mud transported by the Sinde and Matetsi tributaries of the Upper Zambezi and
by the Umguza tributary of the Gwai River, all partly draining Karoo basalt between
southern Zambia and western Zimbabwe. Smectite, however, is also produced in
abundance in regions lacking significant exposures of mafic rocks (e.g., the Kwando
catchment) and represents the virtually exclusive clay mineral in mud of the Sangadze
River flowing across Mozambican lowlands, indicating incomplete flushing of mobile ions
in poorly drained low-relief regions (Wilson 1999). Illite is the most abundant clay mineral
in mud of the Kafue and Shire Rivers, chiefly draining Proterozoic metamorphic basement,

and in mud of the Tinde River, draining Neoproterozoic molasse (Fig 6.6).

6.7.2 Mud Geochemistry
The piece of provenance information most readily obtained from geochemical data is the

supply from mafic rocks, revealed by high concentrations of ferromagnesian metals,
including Mg, Sc, Ti, V, Cr, Mn, Fe, Co, and Ni (Fig 6.8; McLennan et al. 1993; von
Eynatten et al. 2003). Among the analyzed samples, these elements reach the highest values
in Masuie and Matetsi sands, draining Karoo basalts, and in Morrunguze sand, draining the
Tete gabbro-anorthosite (Fig 6.8). Intermediate values for these elements are obtained for
the Sinde and Umguza Rivers and for the Middle Zambezi upstream of Lake Kariba, all

draining Karoo basalts more marginally (Table 6.2). Other samples in the Upper Zambezi
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catchment have SiO, > 90%, revealing extensive recycling of pure quartzose Kalahari sand.
The virtually identical chemical composition of Kafue and Middle Zambezi muds confirms
that the Kafue is by far the most important source of sediment to the Middle Zambezi
between Lake Kariba and the Luangwa confluence. Slightly above 80% in Kafue and
Middle Zambezi sand, SiO: rises to nearly 90% in Luangwa sand, which contains a greater
proportion of detritus recycled from Karoo siliciclastic strata. In sand of Lower Zambezi
tributaries, SiO> mostly ranges between 70% and 80%. Composition is closest to the UCC
for sand carried by the Lower Zambezi to the Indian Ocean, confirming its dominantly first-
cycle provenance from midcrustal basement rocks. Chemical indices provide further clues.
Because the addition of quartz grains profoundly affects the WIP, but not the CIA*, the
CIA*=WIP ratio can be used to detangle the effects of weathering and recycling. This ratio
reaches >100 in Uppermost Zambezi and Kwando sands consisting almost entirely of
recycled Kalahari dune sand and decreases first to 30 £ 9 in Upper Zambezi sand above
and below Victoria Falls and then drastically to 3.1 + 0.7 in Upper Zambezi sand and silty
sand upstream of Lake Kariba. The CIA*=WIP ratio decreases further to 1.7 £ 0.3 in sands
of Middle Zambezi tributaries and main stem and is lowest (0.9£0.1) in sands of Lower

Zambezi tributaries and main stem, further confirming their mostly first-cycle provenance.

6.7.3 Sand Geochemistry
The geochemical composition of mud samples is more homogeneous. SiO> varies between

42% and 54%, being notably higher (68%) only for Tinde mud, reflecting recycling of
siliciclastic Pan-African molasse. Kwando mud is markedly enriched in Ca, Sr, Mg, and
Ba (Fig 6.8B), revealing contributions from calcrete and dolocrete soils (Shaw 2009;
McFarlane et al. 2010). Fe, Ti, Sc, V, Co, and Cu are highest in Sinde mud and Mg in
Matetsi mud (Fig 6.8A, B), largely derived from Karoo basalt. Lower Zambezi mud
upstream of the delta is richest in Cr and Ni (Fig 6.8H), suggesting significant supply from

mafic Proterozoic rocks, including the Tete gabbro-anorthosite.

6.7.4 Nd Isotope Geochemistry
Although the *3Nd/ ***Nd composition of sediments is controlled by multiple factors, the

provenance signal emerges clearly from data obtained from all analyzed size fractions,
cohesive mud (<32 pum), very coarse silt (32—63 pum), and sand (63—2000 pm), allowing a
sharp distinction between sediments derived from mafic igneous rocks and old granitoid
basements (Fig 6.16).

The least negative eng values characterize Morrunguze sand, largely derived from the upper
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Stenian Tete gabbro-anorthosite, and Sinde and Matetsi muds, partly derived from Lower
Jurassic Karoo basalt (Fig 6.7). Mildly negative values were also obtained from Mufa sand,
partly derived from Tete mafic rocks; from Shire sediments largely derived from mafic
granulites of the Blantyre domain; and from Lower Zambezi silt collected at Tete and
mostly derived from the southern Irumide Province (Table 6.4). At the other extreme, most
negative eng values identify Gwai, Mazowe, and Luenha sands sourced from Archean
gneiss of the Zimbabwe Craton. Markedly negative values also characterize mud in the
upper catchments of the Zambezi and Gwai Rivers. The eng Values becomes less negative
as the Upper Zambezi rushes through the basaltic gorges downstream of Victoria Falls but
much more negative as the lower Gwai cuts steeply across gneisses of the Dete-Kamativi
Inlier. Strongly negative values also characterize Kafue and Luangwa sediments in the
middle catchment, Sangadze sediment in the lowermost catchment, and Lower Zambezi

sediment upstream of the delta.

6.7.5 Intrasample Variability
The grain size—controlled intrasample variability of eng values is limited (average standard

deviation: 1.6 + 0.9). The sand fraction (63-2000 um) typically yields a more negative end
than the cohesive-mud fraction (<32 pum). The most negative eng values are obtained from
the 32—63 um size class of sand samples, representing the fine tail of the size distribution,
where ultradense minerals, including LREE-rich monazite, concentrate because of the
settling equivalence effect (Rubey, 1933). This is documented by La, Th, and Zr
concentrations, respectively 7 £ 5,9 £ 7, and 6 £ 3 times higher in the 32—63 pm size class
than in the 63-2000 um fraction of sand samples, with enrichment factors increasing
sharply with sample grain size (correlation coefficient is 0.91). The opposite holds for the
Lower Zambezi silt collected at Tete (Fig 6.7), where the 32—63 um size class is part of the
coarse tail of the size distribution, which is depleted in denser minerals and yields a less

negative eng than both the <32 um and 63-2000 um fractions (Table 6.4).

6.7.6 Intersample Variability

Samples collected in nearby localities along the Kafue and Lower Zambezi Rivers confirm
a tendency toward more negative eng values with increasing grain size. Strong grain-size
control on eng has been recently documented in Congo Fan sediments, where it was ascribed
to the more negative eng carried by multiply recycled quartz grains originally derived from
older terrains on average (figs. 6.7 and 6.15). In recycled Congo Fan sediments, however,

quartz and monazite account for similar amounts of Nd, quartz being 10° times more
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abundant in weight but monazite containing 10° times more Nd. In first-cycle Lower
Zambezi sediments, instead, heavy minerals (including monazite) are an order of
magnitude more abundant than in Congo sediments and are thus expected to dominate the
REE budget (Totten et al. 2000). Among minerals frequently found in sediments, only
monazite and allanite display very high LREE content, monazite being about three times
richer in LREEs. In the sample set, monazite is about five times more abundant than
allanite, which implies an order of magnitude greater contribution to the LREE sedimentary
budget by monazite than by allanite. The tendency of eng Values to become more negative
in sand, and more markedly in the 32—-63 um size class of Middle and Lower Zambezi sand
samples, thus suggests that ultradense monazite, strongly concentrated in the fine tail of the
size distribution because of the settling-equivalence effect, carries an older (more negative)
end signal than other less dense and less durable minerals (e.g., allanite, titanite, apatite,

epidote, and amphibole).
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Figure 6.15. The biplots highlight the relationships among chemical elements in Zambezi sand and
cohesive mud. Provenance control is most evident for sand. Ferromagnesian metals are enriched in
basaltic or gabbroic detritus. Al, Na, Ca, K, Rb, Ba, and Eu hosted in feldspars are enriched in first-
cycle detritus from midcrustal basements. Si, Zr, and Hf are enriched in sediment recycled from

Kalahari dunes dominated by quartz and durable heavy minerals.
6.7.7 Model Ages
The Tng,pom model ages for the Zambezi main stream and tributaries mainly range between
2.0 and 2.3 Ga (Fig 6.7). Mud partly derived from Karoo basalt yielded notably younger
values (1.6 Ga for Sinde and 1.45 Ga for Matetsi), like all size fractions of Shire sediment
largely derived from mafic granulites of the Blantyre domain (1.25— 1.45 Ga). Morrunguze
sand, largely derived from gabbroic rocks of the Tete domain, yielded the youngest value
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(1.16 Ga), whereas the oldest values (2.5-2.8 Ga) characterize the three rivers sourced in
the Archean Zimbabwe Craton (Gwai, Mazowe, and Luenha; Fig 6.10). Sm-Nd model ages
depend on REE fractionation, being lower in samples containing LREE-rich minerals such
as monazite or allanite and higher in samples containing middle-REE-rich minerals such as
xenotime, titanite, or apatite (Fig 6.16). Because of the settling-equivalence effect, ultra-
dense monazite grains occur only in the fine tail of the size distribution, which explains
why the 32—63 um size class of the cohesive Zambezi silt collected at Tete has a higher
Sm/Nd ratio and thus yielded a notably higher Sm-Nd model age than the <32 pm fraction,
despite its slightly lower eng (Fig 6.7). In the two Zambezi samples upstream of the delta,
the 63-2000 pm fraction has lower LREE fractionation (higher Sm/Nd) than both the 32—
63 um and <32-mm fractions and thus yielded older Sm-Nd model ages than the <32 um
fraction, despite similar eng values, and almost the same Sm-Nd model ages as the 32-63

um size class, despite the latter yielding notably more negative eng (Fig 6.7).
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Figure 2.16. Multiple controls on Nd isotope values. Most prominent are the effects of lithology
(mafic detritus being least negative) and average age of source rocks (as highlighted by generally good

correlation with U-Pb age of detrital zircon). Grain size—controlled intrasample variability is limited.
6.7.8 Detrital Zircon Geochronology
Age spectra of detrital zircons enrich provenance information by providing insight into
events of crustal growth in diverse source-rock domains (Fig 6.18). In the general case,
however, these can be considered only “protosources” (Andersen et al. 2016, 2018). They
represent the true sediment source only in the specific case of first-cycle detritus supplied
directly from igneous or metamorphic basement (Dickinson et al. 2009). This introduces a

further major uncertainty in zircon-based provenance analysis, because most sedimentary
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basins are fed with a mixture of recycled and first-cycle sediments in a proportion that can
be evaluated only roughly from independent compositional data. Petrographic,
mineralogical, and geochemical data collectively concur to reveal that Uppermost Zambezi
sand is dominantly recycled from Kalahari dune fields (Garzanti et al. 2014b). The Kwando
River, in particular, drains entirely within the Kalahari Basin, whereas some first-cycle
detritus is supplied by Zambian tributaries sourced in the Lufilian arc or the Choma-Kalomo
Block. In sharp contrast, Lower Zambezi sand is mostly first cycle and derived from
igneous and metamorphic Precambrian basements rejuvenated during Neogene southward
propagation of the East African Rift. Geochronological analysis indicates the Irumide and
Pan-African crustal domains as the main protosources of zircon grains in rivers draining
the northern Kalahari Plateau (Fig 6.10). Neoarchean ages ultimately derived from the
Kasai Shield are common only for Kwando sand in the west. Paleoproterozoic grains
ultimately derived from the Angola Block are more common in Kwando and Uppermost
Zambezi sand than in eastern Zambian tributaries. Among these, Paleoproterozoic zircons
are more common in Sinde sand sourced in the Choma-Kalomo Block, whereas
Neoproterozoic zircons are much more abundant in Kasaya sand largely derived from the
Lufilian Arc. The Irumide peak is invariably prominent. Zircon grains yielding Permian to
Triassic Karoo ages constitute a minor population in Sinde sand but are lacking in Upper
Zambezi sand downstream of the basaltic gorges, indicating that zircon occurs in tuffs
interlayered within Karoo siliciclastic strata but not in the overlying Lower Jurassic basalt.
Despite extensive remobilization during the PanAfrican orogeny (Goscombe et al. 2020),
the analyzed center of zircon grains in sand of northern (Kafue, Luangwa, Morrunguze)
and western (Sangara, Mufa) tributaries to the Middle and upper Lower Zambezi yielded
mostly or even exclusively Irumide ages (Table 6.5). The dominant Irumide zircon age
peak displayed by Kafue sand suggests that zircons sourced from the Neoproterozoic
Lufilian Arc are retained in the Itezhi-Tezhi Reservoir and/ or in the Kafue Flats and do not
reach the lower gorge, where Irumide-aged zircons are derived largely from the Mpande
Gneiss (~1.1. Ga; Hanson et al. 1994; Goscombe et al. 2020). Late Neoproterozoic ages
are lacking in sand of the Morrunguze River, draining entirely within the southern Irumide
Province, but are more abundant than Irumide ages in sand of the Shire and Zangue
tributaries joining the Zambezi upstream of the delta (Fig 6.10). Archean zircons are
common (24% + 2%) in the Gwai, Mazowe, and Luenha Rivers, sourced in the Zimbabwe
Craton. Gwai sand also carries ~30% of Paleoproterozoic zircons, largely derived from the

Dete-Kamativi Inlier cut across in the lower course. The multimodal age spectrum of
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Zambezi zircons eventually supplied to the delta and dragged by littoral currents to the
northern Quelimane region indicates predominance of zircon grains derived directly or
indirectly from the lrumide Belt, with subordinate late Neoproterozoic zircons mainly
supplied by geological domains most severely remobilized during the Pan-African orogeny
(Fig 6.10). Orosirian zircons are frequent, Neoarchean grains minor, and Permian—Triassic
zircons rare (Table 6.5). A few Permian—Triassic zircons derived from Karoo volcanic or
volcaniclastic layers are identified in Kasaya, Sinde, Gwai, Kafue, and Luangwa sands, but
none were recorded from any Lower Zambezi tributary. Yet a few Permian—Triassic zircons
occur in Lower Zambezi sand upstream of the delta, suggesting recycling of Karoo strata
exposed in the Moatize-Minjova basin. Jurassic or Cretaceous ages are sporadically
recorded. Among these, most significant are a couple of grains dated as ~120 Ma in the
terminal tract of the Lower Zambezi, indicating provenance from igneous rocks emplaced
during the incipient opening of the Mozambique Channel (Kdnig and Jokat 2010; Chanvry
et al. 2018).
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Figure 6.17 Multidimensional scaling map based on U-Pb zircon age spectra (green field defined by
two Lower Zambezi samples upstream of the delta and Praia da Madal beach). Irumide ages are
dominant in Sangara and Morrunguze sands. Pan-African ages prevail in Shire and Zangue sands.

Neoarchean ages prevail in Gwai sand and are common in Luenha and Mazowe sands. Eburnean ages
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are common in Upper Zambezi, Kwando, and Gwai sands but never prevalent. A few Karoo ages
occur in Kasaya and Sinde sands. Closest and second-closest neighbors are linked by solid and dashed

lines, respectively. PC = principal component.

Karoo freq Pan-African| freq Pan-African Il freq Irumide freq Mesozil;ote roz freq Paleos:’:te roz freq  NeoArchean freq
Kwando 575+11 27% 990 + 17 36% 1891 + 36 25% 257178 12%
Uppermost Zambez 235+ 14 2% 561 + 10 27% 1009 + 15 39% 1989 + 31 32%
Kasaya 281+12 8% 558 + 10 34% 1100 + 16 45% 2064 + 58 13%
Sinde 255+9 7% 570 + 16 15% 816 + 30 15% 1079 £ 21 42% 1968 + 46 21%
Gwai 243+11 4% 589 + 12 19% 1064 + 23 17% 2028 + 40 29% 2606 + 52 31%
Upper Zambezi 593 £11 33% 987 +20 34% 1905 * 46 24% 2578 +103 9%
Kafue 230+13 3% 616 + 22 11% 1035 + 12 79% 1866 + 87 5% 2579 + 205 2%
Luangwa 550 + 15 20% 717 £39 8% 1066 + 17 54% 1530 + 76 8% 1998 + 82 10%
Sangara 1061 +8 100%
Mufa 559 + 19 13% 754 +50 12% 1002 + 14 75%
Mazowe 555+ 14 14% 844 10 57% 2518 + 41 29%
Luenha 529 +18 12% 831+12 58% 2529 + 49 30%
Morrunguze 1030+18  100%
Shire 564 £8 46% 1022 + 13 54%
Lower Zambezi 597 + 15 17% 1013 £ 11 72% 1851 + 82 6% 2522 +91 5%
Lower Zambezi 587 £11 21% 1039 + 12 49% 1878 £ 35 22% 2545 + 42 8%
Zangue 560 + 18 55% 1036 + 42 33% 1926 + 197 6% 2676 + 274 6%
Praia da Madal 272+14 4% 686 + 27 21% 1044 + 15 56% 1998 + 53 17% 2558 72 2%

Table 6.5. U-Pb Age Peaks (Peak) of Detrital Zircons and Relative Frequencies (Freq.)
in Modern Sands of the Zambezi Catchment. Ages and frequencies are calculated with
Density Plotter (Vermeesch 2012). To treat all samples equally and avoid bias in
intersample comparison, the laser spot was always placed blindly in the center of zircon

grains.

6.7.9 Zircon Fertility
The joint consideration of petrographic, mineralogical, and geochemical data sets offers

not only a panorama of compositional signatures but also useful information to evaluate
the zircon fertility of sediment sources (e.g., diverse tributary catchments in the Zambezi
drainage system), which is required for a correct use of zircon age data in the calculation
of provenance budgets. Ultradense zircon is invariably segregated in the fine tail of the size
distribution of each sample deposited by a tractive current and can be strongly concentrated
locally by selective entrainment processes (Garzanti et al. 2008, 2009). These issues may
hamper the accuracy of fertility determinations based on mineralogical or geochemical data
(Malusa et al. 2016). In the presented sample set, sands from the upper part of the Zambezi
catchment have a notably lower concentration of zirconium (Zr is 232 ppm in one trunk-
river sample but otherwise invariably below the UCC standard and mostly in the 30—80-
ppm range) than in the Middle and Lower Zambezi catchments (between 330 and 600 ppm
in Kafue and Mufa samples, and also above the UCC standard for the Middle Zambezi,
Luenha, and Shire samples). Zircon concentration, calculated by combining petrographic
and heavy-mineral point-counting data, is markedly lower in the Uppermost to Upper

134


https://www.journals.uchicago.edu/doi/full/10.1086/719166#rf162

Chapter 6: The Zambezi River

Zambezi catchment (median of bulk sand in volume is 0.02%, with a maximum of 0.2%)
than in the Middle to Lower Zambezi catchment (median is 0.16% and maximum 0.6% for
Shire sand). A most useful parameter to detect hydraulically controlled concentration of
denser minerals is the weighted average density of terrigenous grains (in g/cm?3; the SRD
[source-rock density] index of Garzanti and Ando 2007b), which for each sample should
be equal to the weighted average density of source rocks in the ideal absence of
environmental bias. The SRD index of most sands in rivers on the Kalahari Plateau ranges
between 2.65 and 2.68 (just a little higher than quartz density), increasing to 2.79 and to
2.90 for Masuie and Matetsi sands containing, respectively, 50% and 70% detritus from
dense basaltic rocks. In the Middle to Lower Zambezi catchment, SRD mostly ranges
between 2.7 and 2.8, which matches the expected density range for upper to middle crustal
basement rocks (Garzanti et al. 2006). The finer-grained Kafue (SRD: 2.79) and Luenha
(SRD: 2.78) sands are richest in elements preferentially hosted in ultradense minerals (Fig
6.8). Luenha sand has high LREE and Th contents and negative LOI but only moderately
high Zr, indicating concentration of ultradense monazite and magnetite but only moderately
high zircon content (0.16% of bulk sand in volume). The higher SRD values observed for
Shire (2.82) and Morrunguze (2.87) sands reflect contribution from high-grade and largely
mafic basement rocks of the Blantyre and Tete domains (Goscombe et al. 2020). Ultradense
garnet, zircon, monazite, and opaque Fe-Ti-Cr oxides have been markedly concentrated by
selective entrainment processes only in Lower Zambezi sample S5778 (SRD 3.34), a fluvial
garnet placer not analyzed for either geochemistry or zircon geochronology. Petrographic,
heavy-mineral, and geochemical data converge to indicate that the zircon concentration in
the samples provides a broadly reliable indication of zircon fertility in the corresponding
catchments. Zircon fertilities are estimated to range from 0.02% for Kalahari dune sands to

0.2% for midcrustal basement rocks exposed in the Lower Zambezi catchment.

6.8 Provenance Budgets and Erosion Patterns

6.8.1 Provenance Budgets
In this section, independent calculations based on elemental geochemistry and Nd isotope

and geochronological data are used to better constrain the rough provenance budget based
on detrital modes. Integrated compositional data indicate that Upper Zambezi sand and silty
sand delivered to Lake Kariba consist of >80% recycled quartz-rich Kalahari dunes and
16% =+ 4% largely basaltic volcanic detritus, the remaining <5% being derived from

Precambrian basements exposed in Zambia and Zimbabwe. The age spectrum of zircon
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grains supplied by the Upper Zambezi to Lake Kariba is intermediate between those of
Uppermost Zambezi and Kwando sands. These two river branches are thus revealed as the
most prominent zircon sources, in a relative proportion that cannot be accurately
determined because of the low and similar zircon concentration in their sands indicated by
mineralogical and geochemical data (Table 6.2). Because sand generated in the Upper and
Middle Zambezi catchments is trapped in Lakes Kariba and Cahora Bassa, all sand
ultimately delivered to the delta (zircon grains included) is generated within the Lower
Zambezi catchment. Petrographic and heavy-mineral data indicate contributions in similar
proportions (ca. 30%—-40% each) from the southern Irumide Province, drained upstream of
the Luenha confluence, and the Mazowe-Luenha river system, sourced in the Zimbabwe
Craton. The Umkondo Belt and the Karoo, Cretaceous, and Cenozoic extensional basins,
drained by the Minjova, Sangadze, and Zangue tributaries, contribute much of the rest
(~20%), whereas supply from the Tete and Blantyre domains, drained respectively by the
Morrunguze and Shire tributaries, is subordinate (<10% each). New complementary
information obtained from elemental geochemistry suggests that as much as 70% of Lower
Zambezi sand may be supplied by the Mazowe-Luenha river system, with subordinate
contribution from the main stem upstream of the Zambezi-Luenha confluence (20%—25%)
and minor supply from the Morrunguze and Shire Rivers (<5% each) and other lowermost-
course tributaries (~5%). Calculations based on eng values of sand (63—2000-pm fraction)
confirm that most Lower Zambezi sand is generated in the Mazowe-Luenha catchment
(55%-65%), with subordinate contributions from the main stem upstream of the Luenha
confluence and other sources. The eng values of cohesive mud (<32 um fraction) in the
Lower Zambezi upstream of the delta are similar to or more negative than those for sand
(Table 6.4). This indicates that the contribution from the Mazowe-Luenha river system is
certainly not lower, and is probably higher, for mud than for sand. Forward-mixing
calculations based on zircon age data suggest that at least half of the zircon grains are
derived from the Irumide domain, that a quarter, at most, are generated in the Mazowe-
Luenha catchment, and that a fifth, at most, are generated in the final part of the Zambezi
drainage basin, with a minor contribution from the Shire River. Because mineralogical and
geochemical data indicate a relatively high zircon fertility for the Shire catchment, all
compositional information converges to indicate that the Shire River supplies only a very
small part (<5%) of the sediment to the Zambezi Delta. This holds true also for mud,
because the smectite/kaolinite ratio increases sharply downstream of the Lower Zambezi,

whereas Shire mud contains abundant kaolinite and minor smectite (Table 6.3). Minor
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sediment supply from the Shire River is explained by sequestration in Lake Malawi of all
sediment generated in the upper catchment and by further sediment trapping in wetlands
and artificial reservoirs downstream (Mzuza et al. 2019). This inference contrasts with the
findings of Just et al. (2014), who reckoned that the Shire River contributes ~28% of total

Zambezi sediment load at present (~21% before construction of the Cahora Bassa Dam).

6.8.2 Weighing Up Informations
Provenance budgets based on independent data sets and on diverse size fractions are not

entirely consistent. Age spectra of detrital zircons point at predominant zircon supply from
the Irumide domain exposed in the upper part of the Lower Zambezi catchment, with minor
zircon contribution from the Zimbabwe Craton, drained by the Mazowe and Luenha Rivers.
Instead, elemental geochemistry and Nd isotope data suggest that most Lower Zambezi
sediment is generated in the Mazowe-Luenha catchment. Although the robustness of
diverse sets of calculations is not easily evaluated, it notably increases if end-member
signatures are well distinct, precisely determined, and have little variability dependent on
grain size, weathering, or hydraulic sorting. Conversely, estimates obtained on a narrow
grainsize window or, worse, on a rare mineral within a narrow grain-size window, are least
likely to be representative and accurately extrapolated to the entire sediment flux (Vezzoli
et al. 2016). In the case of Lower Zambezi tributaries draining medium-/high-grade
crystalline basements, sand petrography, heavy-mineral, and elemental geochemistry
signatures show significant overlap and hydrodynamically controlled variability. Least
robust are calculations based on zircon age spectra, because of the uncertainties involved
in zircon fertility determinations. Nd isotope geochemistry suffers from a limited number
of analyzed samples, but the end members are well distinct and precisely defined, all grain
sizes have been considered, and grain size—dependent variability is limited (Fig 6.16). The
change toward much more negative eng documented in all size fractions of Lower Zambezi
sediments downstream of the Luenha confluence cannot be ascribed to Shire sediments,
which yielded even less negative eng Values for all size fractions (Fig 6.7), but clearly
indicates major sediment supply from the Mazowe-Luenha River system. Weighing up all
obtained information, we conclude that up to two-thirds of the sediment reaching the
Zambezi Delta at present is generated in the Mazowe-Luenha catchment, between a quarter
and a third between Lake Cahora Bassa and the Zambezi-Luenha confluence, and the rest

downstream, with a very limited supply (<5%) from the Shire River.
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6.8.3 Erosion Patterns

Because of a general lack of gauged sediment loads, Zambezi sediment fluxes are evaluated
with large uncertainties of a full order of magnitude. Erosion patterns across the catchment
can thus be only grossly determined. On the basis of available sediment concentration data
and sediment transport models, two end-member domains can be distinguished by their
contrasting geomorphological conditions and sediment-generation modality: the low-relief
Kalahari Plateau largely covered by eolian sand in headwater regions and the rugged
igneous and metamorphic terranes extensively exposed between Victoria Falls and the
Mozambican lowlands. On the plateau, rivers with low channel steepness sluggishly flow
for large tracts through wetlands, where sediment is sequestered rather than produced, as
in the Barotse floodplain and Chobe marshes on the main stem or the Machili and Kafue
Flats traversed by the Kasaya, Ngwezi, and Kafue tributaries. Because data on Kwando
sediment load are, to the best of our knowledge, unavailable, information from the
Okavango River, similarly draining entirely within the Kalahari Basin in Angola (Shaw
and Thomas 1992; McCarthy et al. 2012), allows us to broadly constrain the annual
sediment yield and erosion rate in the Kalahari Basin as 2 + 2 tons/km? and 0.001 + 0.001
mm, respectively. This is notably lower than estimates based on cosmogenic nuclides for
the Uppermost Zambezi catchment, including Precambrian terranes in the north (16 + 2
tons/km? and 0.006 + 0.001 mm; Wittmann et al. 2020). Sediment yield increases by an
order of magnitude where channel steepness reaches very high values, as in basaltic gorges
downstream of Victoria Falls (40-90 tons/km?; Fig 6.3). A similar sediment-generation
pattern characterizes other rivers flowing on the Kalahari Plateau in the headwaters and
plunging into bedrock gorges downstream. For the Gwai River, a provenance budget based
on petrographic, heavy-mineral, and geochemical data on both fluvial bar and levee silty
sands indicates that sediment yield and erosion rate are between 20 and 50 times higher in
the lower course cutting steeply across the Dete-Kamativi Inlier of the Magondi Belt than
in the upper course sourced in the Zimbabwe Craton and draining the Kalahari Basin. The
same may hold true for the Kafue River, where much of the sediment is, however, trapped
in the Kafue Flats and behind the Itezhi-Tezhi and Kafue Gorge Dams. Annual yields of
150 + 50 tons/km?, corresponding to erosion rates of 0.06 + 0.02 mm, were estimated for
Middle and Lower Zambezi tributaries flowing steeply across basement rocks exposed in
the Archean Zimbabwe Craton or the Proterozoic Irumide, Umkondo, and Zambezi Belts
of southern Zambia, northeastern Zimbabwe, and western Mozambique, respectively

(Bolton 1984; Ronco et al. 2010). Considering that the Lower Zambezi upstream of the
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Luenha confluence and the Mazowe-Luenha river system have similar catchment areas, the
provenance budget implies sediment yields and erosion rates between 1.5 and 2.5 times
higher in the latter. Extensive sediment trapping in Lake Malawi upstream and across
wetlands or behind dams downstream (Mzuza et al. 2019) prevents us from making
considerations concerning erosion rates in the Shire catchment. Comparing these results
with the long history of sediment fluxes needs to consider the exhumation rates of southern
Africa and the evolution of the Zambezi catchment. Walford et al. (2005) identified three
periods of high sediment flux in the Zambezi catchment area. The first occurred in the Late
Cretaceous and coincided with a period of denudation in southwestern Africa, as indicated
by apatite fission track data (Gallagher and Brown, 1999). The second increase in sediment
flux occurred during the Oligocene, following a period of sediment starvation in the
Paleocene and Eocene. The third increase took place during the Late Miocene to the
present, due to the expansion of the catchment area. Sediment yield is calculated
considering a broad increment of the Zambezi catchment (Cretaceous = 0.31 x 10% km?;
Paleocene—Pliocene= 0.70 x 10° km?; Pleistocene =1.40 x 10° km?) showing an increase in
the Late Cretaceous of ~30 tons/km? (with a large uncertainty error), the Oligocene had a
yield of ~15 tons/km?, and the Late Miocene to the present had a yield of ~10 tons/km?
(Walford et al., 2005). Apatite fission track data also indicate that during the Early
Cretaceous, regional uplift led to increased erosion rates of around 0.095 mm, which later
slowed to a rate of about 0.014 mm (Brown et al., 2002), similar to the present-day erosion
rate in the Middle and Lower Zambezi region. Combining this information with the
mineralogical segmented nature of the Zambezi route could grant us the possibility to
observe which portion of the catchment was affected by each denudation pulse. The
comprehensive characterization of the Zambezi routing system discloses peculiar
“provenance fingerprints” that can be traced in space and time. A future extensive study on
the sediment signal transferred and stored in the Zambezi Delta and Zambezi Fan may test
if changes in erosion rates over longer time scales have affected different tectonic domains,

or have been influenced by regional exhumation and climatic factors.

6.8.4 The Final Signature of Zambezi Sand
The Zambezi River carries to the Indian Ocean quartzo-feldspathic sand, a fingerprint that

has hardly an equivalent among the world’s big rivers (Potter 1978; Garzanti 2019a). Such
a composition compares with that of granitoid-derived sand generated in dry southern

California (Dickinson 1985) and represents a typical mark of dissected continental block
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subprovenance. Shire sand is the richest in feldspars and thus a good example of “ideal
arkose” (Dickinson 1985). Vast river catchments typically embrace a very wide range of
rocks produced in different geodynamic settings at different times. Their sediments are thus
mixtures of different provenances including a considerable fraction of recycled grains.
Lower Zambezi sand, characterized by feldspar = quartz, very few aphanite lithics, and a
rich hornblende dominated tHM suite largely shed first-cycle from plutonic and high-grade
metamorphic rocks, represents an anomaly in this respect. One main reason, discussed
further below, is that quartz dominated sand recycled in the upper reaches is not transferred
to the lower course. Detritus reaching the Indian Ocean is thus generated mostly in eastern
Zimbabwe, central Mozambique, and southern Malawi, where the roots of Archean cratons
and Proterozoic orogens have been uplifted and progressively eroded during the southward
propagation of the East African rift (Fernandes et al. 2015). Consequently, sand
composition is the same as detritus shed from midcrustal basement rocks exposed along
actively uplifted and deeply dissected rift shoulders, such as those flanking the Red Sea
(Garzanti et al. 2001, 2013a), rather than that expected for a mature passive margin.

6.8.5 Broken Transmission of Provenance Signals: The Anthropogenic Effect
One main reason why traditional petrological models apply so badly to the Zambezi is the

pronounced segmentation of the fluvial system, which reflects its multistep Neogene
evolution finally fixed by man’s construction of Kariba and Cahora Bassa dams.
Development of the Zambezi River is held to have started by headward erosion operated
by a coastal river that captured first the Luangwa River and next the Kafue River after
reincision of the Cahora Bassa and Gwembe troughs upstream. Only sometime around the
early Pleistocene was the gentle-gradient Upper Zambezi captured as well, finally linking
the Kalahari Plateau with the Indian Ocean via Victoria Falls (Moore et al. 2007). Rim
basins such as the Mega-Kalahari represent huge reservoirs of quartz-rich polycyclic sand
stored in continental interiors. Such reservoirs may be tapped by headward-eroding coastal
rivers that progressively enhance their discharge as larger segments of endorheic drainage
are captured, a process continuing today with incipient piracy of the Okavango (Moore and
Larkin 2001). The undissected continental block (craton interior) subprovenance signal
carried by the Upper Zambezi, however, fails to be transmitted beyond Lake Kariba. In the
same way, the transitional continental block subprovenance signal carried by the Middle
Zambezi fails to be transmitted downstream of Lake Cahora Bassa. The Lower Zambezi

thus carries a pure dissected continental block (basement uplift) subprovenance signal to
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the Indian Ocean, the same that the coastal proto-Zambezi would have had before starting
its inland expansion, punctuated by the progressive capture of interior drainage. River
segmentation was far less pronounced before man’s intervention, as indicated by the poor
compositional match between the present Lower Zambezi sand and upper Quaternary
offshore sediments, which have notably higher Q/F ratio and a little more clinopyroxene.
Such differences cannot be dismissed as a grain-size effect because the Q/F ratio typically
increases with increasing grain size and the river samples are very fine to fine sands,
whereas offshore samples are sandy silts. Rather than additional contribution by longshore-
drifting sediment from outside the Zambezi delta, the plausible explanation is that a larger
amount of detritus generated in the upper and middle catchment reached the ocean before
closure of Kariba and Cahora Bassa dams. Forward-mixing calculations allow us to
estimate that, before the Anthropocene, as much as 40% of detritus transferred to the coast
was generated by erosion of Phanerozoic covers (~35% recycled from pure quartzose sand
or sandstone and ~5% from basalt). Quartz-rich sand and sandstones and Karoo lavas are
widespread in the Zambezi catchment, from Ngonye Falls in the Uppermost Zambezi to
the lowermost course. The pre-Anthropocene contributions from the Upper or Middle
Zambezi are therefore hard to accurately quantify, although the sharp mineralogical
contrast between Upper Zambezi and offshore sediments indicates that most detritus was
derived from the middle—lower reaches even in pre-Anthropocene times (figs. 6.14A, C).

6.9 Conclusions

Any compositional parameter is invariably controlled by multiple physical and chemical
processes that must be carefully evaluated before provenance and environmental
information can be correctly detangled and understood. Diverse data sets obtained by a
range of independent methods were thus integrated to constrain the many unknowns, reduce
the number of potential alternative solutions, and increase the plausibility of the suggested
inferences. Following this rationale, this work of thesis applied a spectrum of
mineralogical, geochemical, and geochronological techniques to shed light on sedimentary
processes active in the complex Zambezi big-river system. In this study, such an approach
allowed us to (1) characterize the composition of mud and sand generated in, and
transported across, the Zambezi drainage basin; (2) monitor the evolution of compositional
signals across a routing system rigidly segmented by both natural (tectonic depressions,
lakes, wetlands) and anthropic (large reservoirs trapping all sediment generated upstream)

factors; (3) make inferences on sediment yields and erosion rates even with a lack of gauged
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sediment fluxes. To assess the intensity of weathering and the origin of weathering
signatures (i.e., present vs. recycled) in diverse parts of the vast catchment we need to
compare the results with the one of the Kalahari Desert and will be discussed in Chapter 7.
Sand in the Uppermost Zambezi is pure quartzose and almost entirely recycled from desert
dunes across the Kalahari Plateau, thus matching the theoretical sediment composition
produced in cratonic interiors (undissected continental block subprovenance). At the
opposite end of both the drainage basin and the petrologic spectrum of sediment shed from
continental blocks, sand of the Lower Zambezi and many of its major tributaries is quartzo-
feldspathic, even reaching an “ideal arkose” composition (dissected continental block
subprovenance). Sand of the Middle Zambezi and its major tributaries has an intermediate
feldspatho-quartzose composition (transitional continental block subprovenance).

The age spectra of detrital zircons reflect the major episodes of crustal growth in
Precambrian southern Africa. Irumide ages are dominant in the Lower Zambezi and in most
of its tributaries, excepting the Shire and the Zangue Rivers, where Pan-African ages
prevail. Neoarchean ages characterize the Gwai, Mazowe, and Luenha Rivers, sourced in
the Zimbabwe Craton. Eburnean ages are widely distributed but never prevail. Permian—
Triassic (Karoo) ages are minor and Cretaceous ages rare. Smectite is the most widespread
clay mineral, dominant in mud from Karoo basalts, as in the warm and poorly drained
Mozambican lowlands characterized by equatorial/winter-dry climate. Illite is prevalent
locally (e.g., Kafue mud), and kaolinite is ubiquitous, reaching maximum abundance in
both the uppermost and lower parts of the Zambezi catchment. Elemental geochemistry
reflects overwhelming quartz addition by recycling of Kalahari dune sand in the Uppermost
Zambezi, local supply from Lower Jurassic Karoo basalt in the Upper Zambezi, and chiefly
first-cycle provenance from Precambrian basements in the Lower Zambezi. The eng values
range from mildly negative for sediment derived from Stenian gabbro, Tonian mafic
granulite, and Jurassic basalt to strongly negative for sand derived from Neoarchean
cratonic gneiss. The preferential concentration of ultradense monazite in the fine tail of the
size distribution, owing to the settling-equivalence effect, controls the intrasample eng
variability among cohesive-mud (<32 pum), very coarse silt (32—63 um), and sand (63—2000
um) fractions as well as deviations from the theoretical relationships between eng and
Tna,om Model ages, suggesting that durable monazite carries a more negative eng signal than
other REE-bearing minerals (e.g., allanite, titanite, apatite, epidote, and amphibole).
Elemental and isotope geochemistry reveals that 55%—-65% of mud and sand reaching the

Zambezi Delta today, after the construction of the Kariba and Cahora Bassa Dams, is
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generated in the Mazowe-Luenha catchment. The contribution from Irumide terranes
exposed upstream of the Luenha confluence is subordinate, and supply from the Shire
River, the outlet of Lake Malawi, is minor. Although an accurate assessment of sediment
yields and erosion rates is hampered by the lack of gauged sediment fluxes, annual
estimates are lower by an order of magnitude on the Kalahari Plateau (10-20 tons/km? and
~0.005 mm) than in rugged terranes exposing Precambrian basements downstream (100—
200 tons/km? and ~0.05 mm). In conclusion the thorough investigation of each part of the
river catchment and the precise definition of the mineralogical correspondence between
parent rocks and daughter sediments is indispensable to forge a key able to unlock the
sedimentary archives represented by the thick stratigraphic successions accumulated
throughout the late Mesozoic and Cenozoic in onshore and offshore basins and thus
reconstruct with improved robustness the complex history of the Zambezi River.

The relative abundance of durable quartz and ZTR minerals thus decreases steadily along
the sediment-routing system, a trend that denies the naive but still popular idea that
sediment “matures” with transport distance. Although enhanced by the artificial
segmentation of the river course after the closure of the Kariba and Cahora Bassa dams that
prevented the continuity of sand transport across the reservoirs, such a downstream trend
toward less durable mineralogical assemblages is primarily a natural phenomenon
reflecting the dynamic uplift of the low-relief plateau of cratonic central southern Africa in
the upper reaches and polyphase, ongoing rift-related rejuvenation of Precambrian mobile

belts in the middle and lower reaches.
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The petrographic and mineralogical changes documented along the Zambezi sediment-
routing system allow some considerations of consequence concerning his interaction with
Kalahari Desert. In particular, it demonstrates that the interaction between a big river
system with one of the largest reservoirs of recycled sediments on Earth may lead to wrong
tectonic and climatic considerations based on sediment composition. The direct
observations of mineralogical and provenance signature is of major importance to unveil
the complexities of the present day routing system where recycled sediments from the

Kalahari remains visible far downstream with their peculiar signature of weathering.

7.1 Do Minerals “Mature” during Fluvial Transport?

A widely held belief in sedimentary petrology, persistent although long demonstrated
untrue (e.g., Russell 1937; Shukri 1950) , is that chemically and mechanically durable
minerals must increase at the expense of unstable and less resistant minerals during long-
distance fluvial transport. Uppermost Zambezi sand consists almost entirely of quartz
associated with the most durable heavy minerals zircon, tourmaline, and rutile, thus
representing a good example of “highly mature” sediment (Folk 1951; Hubert 1962).
Downstream in the Upper Zambezi, however, mafic volcanic rock fragments increase and
clinopyroxene becomes first a significant, then the main, and finally the nearly exclusive
transparent heavy mineral. The progressive downstream increase of detritus derived from
Karoo lavas, locally including unstable olivine, results in decreasing the degree of
“maturation” downstream. Decreasing “maturity” with transport distance is not unusual in
modern rivers wherever less durable detrital components are added downstream, as
observed for instance along the Kagera River in equatorial Africa (Garzanti et al. 2013b).
In the Middle Zambezi, sand is notably enriched in feldspars and diverse types of rock
fragments supplied by the Kafue and other tributaries draining both Precambrian orogenic
belts and Permo-Triassic rift-basin fills. Composition thus becomes progressively less
“mature.” In the Lower Zambezi, owing to prominent supply from local tributaries draining
midcrustal Precambrian basements, quartz content decreases further, becoming equally or
even less abundant than feldspar. The Zambezi is thus an exemplary case of a sediment-
routing system along which the ratio between stable and unstable minerals (too often

inappropriately portrayed as degree of “maturity”; Garzanti 2017) decreases steadily with
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distance. Although enhanced by the artificial segmentation of the river course after the
closure of the Kariba and Cahora Bassa dams, preventing the continuity of sand transport
across the reservoirs, such a trend toward less durable mineralogical assemblages
downstream is primarily a natural phenomenon reflecting the multistep evolution of the
river and location of erosional foci (fig. 9). The Zambezi progressively connected stepwise
the broad low-relief southern Africa plateau underlain by thick cratonic crust and sustained
by dynamic uplift since mid-Cenozoic times (Lithgow-Bertelloni and Silver 1998; Moore
et al. 2009a; Flugel et al. 2018) with the middle and lower reaches, entrenched in Karoo
rifts and cutting across Precambrian mobile belts rejuvenated by the southward propagation
of the East African rift in the late Neogene (Roberts et al. 2012; Hopper et al. 2020). If we
just look at the compositional signature of Lower Zambezi sand and uncritically apply
traditional ideas of “maturity,” disregarding the character and history of the catchment, then
we would falsely infer a scenario similar to Red Sea shoulders, involving short fluvial
transport from locally uplifted rift highlands. The largest river sourced in the heart of

cratonic southern Africa would be left unseen.

7.2 Weathering versus Recycling

7.2.1 Insights from Clay Minerals
Clay mineralogy is quite sensitive to weathering conditions. It has long been observed that

kaolinite is abundant in hot humid regions where feldspar hydrolysis is intense, whereas
smectite is common in warm regions with a dry season characterized by intense
evaporation, and illite and chlorite dominate where chemical weathering is minor (Chamley
1989; Velde 1995). In modern sediments, the ratio between kaolinite and illite + chlorite
(Kao/(1ll + Chl)) may thus be used as a proxy for weathering intensity (Liu et al. 2007; He
et al. 2020). Within the Zambezi sample set, kaolinite is significant in all catchments and
represents ~40% of the clay mineral assemblage in Uppermost Zambezi, Lower Zambezi
(Tete sample), and Shire muds (Fig 6.6). The Kao/(lll + Chl) ratio is >> in Uppermost
Zambezi, Kwando, Ngwezi, and upper Gwai muds generated on the Kalahari Plateau but 1

in Middle and Lower Zambezi tributaries downstream (Table 6.3).

7.2.2 Insights from Mud and Sand Geochemistry
Geochemical indices have long been used as proxies for weathering intensity (Nesbitt and

Young 1982; Price and Velbel 2003), although they may be even predominantly controlled
by grain size (von Eynatten et al. 2012, 2016), provenance (Garzanti and Resentini 2016;
Dinis et al. 2017), hydraulic sorting, or quartz addition by recycling (Fig 7.1). This is
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especially true for sand, and weathering conditions are thus better reflected in the
geochemistry of mud (Dinis et al. 2020a). A most reliable indicator of weathering intensity
is a*'Na, which chiefly measures the progressive leaching of Na from the plagioclase
lattice. The o”*'Na value decreases quite regularly from the Uppermost Zambezi and
Kwando Rivers (21-22 for mud, >4 for sand) to Victoria Falls (4.6 for mud, 2.1 + 0.1 for
sand) and the Middle and Lower Zambezi (4.6 + 0.4 for mud, 1.2 + 0.1 for sand). Other o'
values, and consequently the CIA* and its several derivative indices, are more significantly
affected by the mineralogy of sediment sources. Most evident is the anomaly of Kwando
mud, which is notably enriched in Ca, Sr, Mg, and Ba derived from erosion of calcrete soils
(Fig 7.1) and consequently, yields very low corresponding oAl indices (<0.4). Masuie,
Matetsi, and Morrunguze sediments largely derived from basaltic or gabbroic rocks have
high Mg and Ca contents and consequently low a*'Mg and o*'Ca (0.4-0.6) (Table 6.2).
Conversely, sediments derived from gneissic basements are enriched in K and Rb largely
hosted in K-feldspar and mica, which explains why o*'K and o”'Rb are <1 in several
tributaries (e.g., Kasaya, Ngwezi, Gwai, Kafue, Luangwa, Mazowe, Luenha, and
Sangadze). Sangadze sediments have the lowest plagioclase/K-feldspar ratio of all
analyzed sands from the Lower Zambezi catchment and consequently yielded the highest

o*Na in both mud and sand, and the lowest «*'K and o'Rb in sand.

7.2.3 Insights from Detrital Minerals
The differing chemical durability of heavy minerals is a reliably index of weathering

intensity (Bateman and Catt 2007), whereas other mineralogical indexes may strongly be
influenced by grainsize (Odom et al., 1976) or, as we have seen in the previous chapters,
by recycling in deserts or hyperhumid environments (Garzanti et al., 2019). Particularly
useful is the ratio between garnet (G) and other nesosilicates found in amphibole facies
metapelites (SKAS =staurolite + kyanite + andalusite + sillimanite), which in sand of the
Lower Zambezi catchment (G/(G+ SKAS) = 72% + 21%) is the same as in modern first-
cycle sand derived from metamorphic basements (G/(G+SKAS) = 70% + 20%; Garzanti et
al. 2010a). In contrast, the markedly anomalous low ratios (G/(G+SKAS) < 5%) that
characterize sand in the Uppermost Zambezi catchment testify to an almost complete
breakdown of garnet, a mineral that proves to be extremely vulnerable in equatorial soils
(Garzanti et al. 2013c) but very durable in a dry tropical climate (Garzanti et al. 2015b). In
recycled sand of the Kalahari Plateau, even zircon is selectively weathered out relative to

quartz, as indicated by a zircon concentration lower by an order of magnitude than that of
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first-cycle sand shed by Precambrian basement rocks in the Middle to Lower Zambezi
catchment. Zircon depletion is chiefly ascribed to breakdown of preferentially weathered,

strongly metamict old grains (Balan et al. 2001; Resentini et al. 2020).
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Figure 7.1 Discriminating the effects of weathering, recycling, and grain size from geochemical data.
Theoretical trends are calculated starting from the UCC (upper continental crust) standard: the quartz-
addition trend by progressively adding SiO», the weathering trend by progressively subtracting mobile
metals relative to Si and Al. The grain-size trend is based on data from Alpine and Himalayan
sediments (Garzanti et al. 2010a, 2011, 2012). In all four panels, sand follows the quartz-addition
trend, reflecting recycling of Kalahari sands (Uppermost and Upper Zambezi catchments) or Karoo
and older sandstones and metasandstones (Middle and Lower Zambezi catchments) to various degrees.
Mud samples broadly follow the weathering trend. A, Samples plotting far below the regression line
(Al03=—0.45Si02+45A1,03=—0.45S10,+45) include Fe-rich Masuie and Matetsi sands from Karoo
basalts and Kwando mud enriched in Ca, Sr, Mg, and Ba from calcrete soils. B, Uppermost (U*) and
Upper (U.) Zambezi muds plot below the weathering trend (low weathering index of
Parker 1970 [WIP]), suggesting weathering signature inherited by recycling. CIA*CIA* = chemical
index of alteration. Middle (M.) and Lower (L.) Zambezi muds follow the theoretical trend, hinting at
slightly increasing weathering intensity toward the coast. Calcrete erosion explains anomalously
low CIA*CIA* in Kwando mud. C, D, Cohesive muds collected upstream of Lake Kariba reflect

quartz addition from Kalahari dunes (Uppermost Zambezi) or Neoproterozoic sandstones (Tinde).

7.2.4 Corrosion Features
Direct evidence of chemical weathering is provided by surficial dissolution textures on

labile ferromagnesian minerals (Velbel, 2007). This approach, however, has drawbacks:

(1) surficial features tell us the state of what is preserved but nothing about how much was
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destroyed; (2) fresh and strongly weathered grains of the same detrital mineral commonly
occur jointly (Van Loon and Mange 2007); and (3) slight degrees of corrosion might not
be evaluated consistently by different operators. Only semiquantitative hints on the
intensity of weathering can thus be obtained. With this aim, the percentage of surficially
etched grains and the degree of corrosion were recorded for over 4000 identified transparent
heavy minerals, following the classification of Ando et al. (2012). In the Uppermost
Zambezi main stem and tributaries, pyroxene, amphibole, epidote, staurolite, kyanite, and
andalusite are all mainly unweathered, a minority of grains are corroded, and only a few
pyroxene grains are deeply etched. In the Upper Zambezi main stem and tributaries, most
grains are unweathered, but the percentage of corroded grains increases, and both pyroxene
and amphibole may be deeply etched. In the Middle Zambezi main stem and tributaries,
the percentage of corroded heavy minerals increases further, a larger percentage of
pyroxene and amphibole grains are deeply etched, and also epidote, garnet, or kyanite may
show deep etching. Similar features characterize the Lower Zambezi main stem and

tributary sands, where epidote and garnet are even more extesively corroded.

7.2.5 Recycled Weathering Signatures
In the Uppermost Zambezi and Kwando Rivers, sand consists of quartz and durable heavy

minerals, with very low G=(G + SKAS) ratios and CIA* > 75; mud contains abundant
kaolinite, CIA* is 180, and a*'Na is 120. Such compositional features, typical of sediment
produced in a hot, humid equatorial climate, are at odds with the semiarid conditions of the
Kalahari Plateau today. They testify to an intensity of chemical weathering that cannot
occur in the present climatic regime but must have been inherited through multiple
recycling from much wetter conditions of the past, most plausibly characterizing the
subequatorial belt to the north (Chapter 4). Diagenesis during sedimentary cycles
contributed too, but cannot account for all features (e.g. virtually complete selective
breakdown of garnet). Weathered detritus from lower latitudes (~107S), for instance, was
supplied to the Kalahari Basin by the onceconnected Chambeshi-Kafue river system,
reaching the Uppermost Zambezi via the Machili Flats, as supported by fish lineages
(Moore and Larkin 2001; Katongo et al. 2005).

Clay mineral assemblages in river muds across southern Africa are not kaolinite dominated,
reflecting the limited efficiency of soil-forming processes and incomplete feldspar leaching
under the present climatic conditions (Garzanti et al. 2014c). Kaolinite must thus be largely

recycled from widespread relic lateritic paleosols and duricrusts (Partridge and Maud 1987;
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Dill 2007; Moore et al. 2009b). Even in southern Malawi, where annual rainfall increases
eastward from ~0.8 to 1.6 m at the foot of Mount Mulanje and 2.8 m at high elevation
(3002 m above sea level), kaolinite is mostly recycled by fluvial incision of peneplains of
Cretaceous—Cenonzoic age triggered by base-level lowering of the Shire River (Dill et al.
2005). This is corroborated by the great abundance of fresh feldspar in Shire sand (Fig.
6.5G), where inefficient plagioclase hydrolysis is testified to by undepleted Na and Ca
(o*'Na = o”'Ca = 1.0). All mineralogical and geochemical parameters, including Kao/(lll +
Chl), CIA*, and a*'Na, would consistently indicate that the weathering intensity recorded
in modern river sediments decreases downstream the Zambezi River. Even when depurated
from the physical effect of recycling (i.e., quartz addition), mud generated in the Uppermost
Zambezi catchment appears to be more affected by weathering than Middle and Lower
Zambezi mud (Fig 7.1). Such evidence, however, by no means implies that weathering on
the dry Kalahari Plateau is at present more intense than that in the wetter Middle to Lower
Zambezi catchment. Rather, this trend reflects mixing of distilled polycyclic detritus
originally generated during some wetter stages of the past to the north of the Kalahari
dryland, with first-cycle detritus shed from Karoo basalts along the Upper Zambezi,
followed by abrupt replacement, downstream of Lake Kariba first and of Lake Cahora
Bassa next, by largely first-cycle detritus derived from Precambrian basements. Only in the
Middle and Lower Zambezi, where detrital minerals are directly derived from basement
rocks, do their surficial dissolution textures chiefly reflect present conditions of weathering.
Together with trends displayed by cohesive mud (Fig 7.1B), these are the only features that
document a slight increase in weathering intensity from the Middle to the Lower Zambezi
catchment.

This effect of “recycled weathering” is enhanced by the segmentation of the Zambezi River,
which allows to follow, along its course, the mixing of detritus, hereby proving that the
remarkable storage of polycyclic sediment in desert environments can preserve fruitful
climatic information. The erosion of dunes by major rivers enable later on the transport of
huge amounts of sediment that can be transported to different and distal sedimentary
systems, carrying along this inherited climatic data. The Kalahari-Zambezi interaction
raises a warning in the study of sedimentary basins to carefully consider that the provenance
signal of desert can induce wrong deduction of drainage source, but also climatic

conditions.
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The presented thesis illustrates the provenance analysis on Sahara Desert, Kalahari Desert
and Zambezi River with the aim of deciphering the relative interplay of wind and river
transport in arid environment, of improving our knowledge on deserts formation and their
climatic development and for the study of sediment mixing from different sources or long-
term recycle. The presented datasets of petrographic, heavy mineral, detrital zircon U-Pb
ages, geochemical and isotopic data represent a great complexity to be discussed, but also
allows to balance and exclude provenance bias and the possibility to weight the overall
framework of information.

The vast extension of Sahara Desert is contrasted by a remarkably homogeneous
composition of dune sand, consisting almost everywhere of > 95% quartz and durable
minerals such as zircon, tourmaline, and rutile. Zircon U-Pb dating does not allow to break
this homogeneity, reflecting extensive recycling repeated through geological time after the
end of the Neoproterozoic, indicated as the last major event of crustal growth in the region.
This case study allows to emphasise that in provenance studies based on detrital-zircon
ages alone, the assumption that observed age patterns reflect transport pathways existing at
the time of deposition rather than inheritance from even multiple and remote landscapes of
the past thus needs to be carefully investigated and convincingly demonstrated rather than
implicitly assumed.

The compositional fingerprints of aeolian dune and river sands of Kalahari Desert allow to
illustrate the key processes of fluvial-aeolian interactions across the sand seas. Composition
of river and dune sediments are remarkably similar and reflect two active sedimentary
processes. In Angola, Zambia, and over much of Botswana and parts of Zimbabwe and
Namibia the sediment composition is homogeneously quartz-rich and ZTR-rich-heavy-
mineral-poor; here the dominant process is dune erosion and transfer of the “desert signal”
to the river system, as testified to by the amount of rounded quartz grains in river sediments,
which allows the estimation of sediment contribution from dunes to bedload. In contrast,
composition varies markedly only at the western and eastern edges of the erg, in the Damara
Belt of central Namibia, in the Zimbabwe Craton or the Zambezi basaltic gorges near
Victoria Falls, ranging from feldspar-rich feldspatho-quartzose and hornblende-rich to
litho-quartzo-feldspathic and clinopyroxene-rich. This indicates partly first-cycle but
largely polycyclic provenance from Mesoproterozoic crustal domains, Damara Belt, Nama

and Karoo Groups close to the borders of Kalahari basin, with a more developed fluvial
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network. In addition, in northern Kalahari dunefields adjacent to humid subequatorial
regions, widespread monocrystalline quartz, commonly showing abraded overgrowths,
combined with strongly depleted ZTR-rich heavy-mineral assemblages (lacking garnet but
containing staurolite and kyanite), common kaolinite in river muds, and geochemical
indices reveal that the sediments have undergone very extensive weathering in humid
subequatorial climate before being stored into the erg. The composition of aeolian-dune
sands thus reverberates the echo of paleo-weathering passed on to the present landscape
through multiple recycling episodes.

The mineralogical composition of dunes and its variability across sand seas reflect the
relative importance of fluvial and aeolian processes and reveal the type and degree of their
interactions. Sand seas largely fed by fluvial sediments are typically characterized by partly
first-cycle detritus including various amounts of diverse types of rock fragments, feldspars,
and heavy minerals, generally allowing identification of a single dominant source. The
opposite end member is represented by dunefields where sand is dominantly generated in
situ from disaggregation of locally exposed rocks with high sand-generation potential (e.g.,
sandstones), and next reworked and homogenized by wind action during several
sedimentary cycles driven by climate change. In these cases, sand typically bears a distilled
homogenous composition consisting almost exclusively of mostly rounded monocrystalline
quartz associated with an extremely poor tHM suite dominated by ZTR minerals.

The geographic distribution of such contrasting desert types is mainly controlled by
precipitation in adjacent highlands fuelling fluvial discharge. In wind-dominated hyperarid
deserts of the tropical belt, such as the Sahara or the Great Nafud in Arabia, river action
may be weakened to the point that fluvial contribution to the dunes becomes insignificant.
Conversely, dry river valleys are invaded by pure quartzose sand, thus erasing all local
sources of mineralogical heterogeneity. Fluvial sources are instead readily identified in
dunefields at the foot of high mountain areas, as in central Asia or Argentina. It can be
inferred that the development and extension of river networks plays a crucial role in
determining the mineralogy and provenance of desert regions around the world. The main
factors that influence the presence of river routing systems in these areas are climate and
tectonics. The Sahara Desert, for example, has a stable tectonic environment and extreme
aridity, which promotes the recycling and stability of dune systems. On the other hand, the
Kalahari Desert is located in a craton interior, but is affected more by variable climatic
conditions. At the edges of the Kalahari, where recent geologic events have created

tectonically active structures and stable river network, fresh sediment is more likely to be
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transported to the dune system. This understanding of the roles of climate and tectonics in
shaping desert environments can be useful for studying both present and past deserts.

The provenance study of Zambezi River system aims to investigate the composition of big
rivers that flow across large dune fields to estimate the transport of sediment from large
ergs to a passive margin. In this study, such an approach allowed us to characterize the
composition of mud and sand generated in, and transported across, the Zambezi drainage
basin; monitor the evolution of compositional signals across a routing system rigidly
segmented by both natural (tectonic depressions, lakes, wetlands) and anthropic (large
reservoirs trapping all sediment generated upstream) factors; make inferences on sediment
yields and erosion rates even with a lack of gauged sediment fluxes; and to assess the
intensity of weathering and the origin of weathering signatures (i.e., present vs. recycled).
All mineralogical and geochemical parameters consistently point to an intensity of
chemical weathering on the Kalahari Plateau that cannot be related to modern dry-climate
conditions. Chemical breakdown of virtually all minerals relative to quartz, including
feldspars, garnet that is very labile in lateritic soils, and even zircon, if strongly metamict,
cannot occur in the Kalahari dryland, where kaolinite is recycled. Kaolinite is mostly
produced by fluvial incision of relic Cretaceous—Cenozoic paleosols even in the Shire
catchment closer to the wetter Mozambican coast, where inefficient plagioclase hydrolysis
is testified to by the dominance of fresh feldspars and undepleted Ca and Na. Indications
of only slightly increasing weathering conditions in the Middle to Lower Zambezi
catchment at present times are provided by mud geochemistry and surficial corrosion of
pyroxene, amphibole, epidote, kyanite, and garnet. The relative abundance of durable
quartz and ZTR minerals decreases steadily along the sediment-routing system, a trend that
denies the naive but still popular idea that sediment “matures” with transport distance.
Although enhanced by the artificial segmentation of the river course after the closure of the
Kariba and Cahora Bassa dams that prevented the continuity of sand transport across the
reservoirs, such a downstream trend toward less durable mineralogical assemblages is
primarily a natural phenomenon reflecting the dynamic uplift of the low-relief plateau of
cratonic central southern Africa in the upper reaches and polyphase, ongoing rift-related
rejuvenation of Precambrian mobile belts in the middle and lower reaches. Based on all
available information, it is believed that approximately 5-10 million tons (< 10%) of
sediment are generated in the upper catchment and trapped in the Kariba reservoir, 50-60
million tons (60-65%) are generated in the middle catchment and trapped in the Cahora

Bassa reservoir, and 20-25 million tons (25-30%) are generated in the lower catchment and
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carried to the Zambezi Delta annually. These estimates suggest that less than a third of the
original sediment flux is reaching the ocean today. This significant change can be further
investigated by comparing the compositional signatures of modern Lower Zambezi fluvial
sediments and pre-dam turbidites found in the deep sea, which will be the subject of future
work.

Intracratonic sag basins such as the Kalahari, straddling the arid tropical belt, contain vast
amounts of quartz-rich polycyclic sand. Whenever tectonic or climatic conditions favour
the development of an integrated drainage system connecting the continental interiors with
the coast, tapping into such a huge sediment reservoir may induce a sudden pulse of quartz-
rich sand to the oceans and thus a significant mineralogical change in continental-
embankment successions. Such an event, recorded in post-Tortonian sediments of the
Zambezi Delta, may occur again in the future if development of the Okavango rift will lead

to the incorporation of the entire Okavango River to the Zambezi drainage system.

8.1 Future work

This thesis demonstrates the importance of provenance studies in large deserts as a way to
further understand the sedimentary processes in continental basins, which can either recycle
and store sediment for extended periods of time, provide sediment to rejuvenated river
network, or act as collectors of freshly-eroded sediment from exposed outcrops. One of the
largest and least studied rivers in Africa, the Niger River, is of particular interest due to its
interaction with the desert. The Niger River has its source in the wet region of Mali and
flows through the Archean Core of the Man Shield before entering the Sahara near
Timbuktu. It then turns south towards the Nigeria Basement before emptying into the Gulf
of Guinea. Comparing the Niger River with the Zambezi dataset could provide insight into
the erosion of dunes by rivers versus the supply of river bar sediments to the erg. Long-
term sediment recycling sediments and zircon ages present a geological puzzle: how to deal
with recycled ages? An area of increasing interest quantifying the time spend by sediment
in a sedimentary basin. One possible approach could be to combine Zircon U-Pb ages with
other mineral geochronometers, other could be disclosing information from the annealing
stages of zircon lattice. As mentioned, future part of the work will also be focused on the
Zambezi Fan turbiditic system to compare present-day river provenance signal, with

Pleistocene sediments.
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Appendix

For this work of thesis, a large number of datasets have been produced, each containing a
large number of data. For this purpose, all the datasets are stored in a Google Drive folder,

together with all the file of the Figures in high resolution and the excel file of the Tables:

https://drive.google.com/drive/folders/1a0OyU9DB1ZBpWYN2w4E3d3iwb6jfD BRx?us
p=sharing

List of files in the folder:

Chapter 3: Location of the samples, framework petrography and heavy minerals data,
Detrital zircon measures.

Chapter 4: Location of the samples, framework petrography, heavy minerals data and
geochemistry data, Detrital zircon measures.

Chapter 6: Location of the samples, framework petrography, heavy minerals data,

geochemistry data, clay mineralogy and Nd isotopic data. Detrital zircon measures.

Forward Mixing Calculations

Terrigenous sediments are complex mixtures of single detrital minerals and rock fragments
supplied in various proportions by numerous different end-member sources (e.g., rivers or
source-rock domains). If the compositional signatures of detritus in each end-member
source are known accurately, then the relative contribution of each source (provenance
budget) can be quantified mathematically with forward mixing models (Draper and Smith
1981; Weltje, 1997). The forward mixing model calculates a row vector of compositional
data (with columns representing variables) as a non-negative linear combination between a
matrix of fixed end-member compositions (with rows representing observations and
columns representing variables) and a row vector of coefficients representing the
proportional contribution of each end member to the observation.

Several assumptions are made to derive a forward model from a series of compositions
(Weltje and Prins 2003): 1) the order of the compositional variables or categories is
irrelevant (permutation invariance); 2) the observed compositional variation reflects linear
mixing or an analogous process with a superposed measurement error; 3) end-member
compositions are fixed; 4) end-member compositions are as close as possible to observed

compositions. The accuracy of forward-modelling calculations based on integrated
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petrographic and heavy-mineral modes depends on how distinct and precisely assessed the
end-member signatures of each potential source are. For a detailed illustration of several
different practical applications the specifically interested reader is referred to Garzanti et
al. (2005, 2007, 2012) and Resentini et al. (2017).

Geological data are often presented in percentages that represent relative contributions of
the single variables to a whole (i.e., closed data; Chayes, 1971). This means that the
relevant information is contained only in the ratios between variables of the data (i.e.,
compositions; Pawlowsky-Glahn and Egozcue, 2006). Compositional data are by definition
vectors in which each variable (component) is positive, and all components sum to a
constant ¢, which is usually chosen as 1 or 100.

The sample space for compositional data with D variables is not the real space RP, but the

simplex

SP (Aitchison, 1986):

Karl Pearson (1897) first highlighted problems that arise with the analysis of such
compositional datasets. The obvious and natural properties of compositional data are in fact
in contradiction with most methods of standard multivariate statistics. Principal-component
analysis, for instance, may lead to questionable results if directly applied to compositional
data. In order to perform standard statistics, a family of logratio transformations from the
simplex to the standard Euclidean space were introduced (Aitchison, 1986; Egozcue et al.,
2003; Buccianti et al., 2006).

The forward mixing model (regression model) stipulates a linear relationship between a
dependent variable (also called a response variable) and a set of explanatory variables (also
called independent variables, or covariates). The relationship is stochastic, in the sense that
the model is not exact, but subject to random variation, as expressed in an error term (also
called disturbance term).

Let y be the row vector of compositional data with D columns representing variables, X a
matrix of end-member compositions with n rows representing observations and D columns

representing variables, and f a row vector of coefficients with g = n columns representing
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the proportional contribution of the end members to the observation. In matrix notation, a

forward mixing model can be expressed as

(2) y=pX+e.

The row vector y consists of a non-negative linear combination g of g end-member
compositions, and

e is the row vector of errors with D columns representing variables.

In order to solve the linear-regression problem, we must determine an estimation of the row
vector g describing a functional linear relation b between a matrix of end-member
compositions X and an output row vector y. The solution of equation (2) consists in the
calculation of the row vector of coefficients b such that

(3) y =bX,

where is a row vector of calculated compositional data with D columns representing
variables. This  equation represents a forward mixing model (or "perfect mixing"). The
model parameters are subject to the following non-negativity and constant-sum

constraintsDigitare I'equazione qui.

(4) T_1br =1, b0,

(5) Dixe; =1, xg20,

It follows from equations (4) and (5) that:
6 XY =c y20,

And thus:

(7) ?:1 e; =0,

The goodness of fit of the forward mixing model can be assessed by the

coefficient of multiple correlation R

RSS.
(8) R= [1-(7)
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Where RSS is the residual sum of squares

(9) RSS = XL(yi —y)?

And TSS is the total sum of squares

(10) TSS = Y(y"i — ym)?

The coefficient R departs from a decomposition of the total sum of squares into
the “explained” sum of squares (the sum of squares of predicted values, in
deviations from the mean) and the residual sum of squares. R is a measure of the
extent to which the total variation of the dependent variable is explained by the
forward model. The R statistic takes on a value between 0 and 1. A value of R
close to 1, suggesting that the model explains well the variation in the dependent
variable, is obviously important if one wishes to use the model for predictive or

forecasting purposes.
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