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Abstract. This study provides the first comprehensive characterisation of the chemical and mineralogical com-
position of mineral dust from Southern Africa, a major global dust source with significant impacts on regional
climate and marine ecosystems. Laboratory-generated dust aerosol samples were produced using soils collected
from key natural and emerging anthropogenic dust sources in Southern Africa.

The chemical properties of mineral dust across Southern Africa were characterised using the elemental ratios
Si/Al, (Ca+Mg)/Al, and K/Al, together with clay content. These indicators distinguish dust aerosols originat-
ing from arid western coastal areas from those originating from more humid eastern inland regions. They also
provide information about the source-area environments and sediment weathering regimes, which are influenced
by current and past temperature and precipitation patterns.

The results of this study indicate that Southern African dust contains essential micronutrients such as iron
(Fe), phosphorus (P) and manganese (Mn), which can become soluble and bioaccessible during atmospheric
transport. In particular, emerging anthropogenic dust can be distinguished by its high content of certain nutri-
ents. This affects the biogeochemistry of nearby and remote marine ecosystems, including the Southern Ocean.
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Southern African dust also contains higher levels of carbonates than Northern African dust sources, which can
promote heterogeneous reactions and particle ageing, and contribute to cloud condensation nuclei in the exten-
sive stratocumulus deck over the northern Benguela Upwelling System. Our findings also suggest that Southern
African dust contains higher levels of K-feldspar than Northern African dust, and could therefore be an important
source of ice-nucleating particles for low mixed-phase clouds over the Southern Ocean.

1 Introduction

Southern Africa has a significant influence on the mineral
dust budget of the Southern Hemisphere. The southern-
most region of the African continent, comprising Botswana,
Lesotho, Namibia, and South Africa, encompasses a range
of arid and semi-arid landscapes, including vast deserts,
ephemeral riverbeds and lakes, and shrublands (Eckardt
et al., 2020; Ginoux et al., 2012; Vickery et al., 2013; Vos
et al., 2025). These environments are susceptible to wind ero-
sion, which lifts mineral dust particles from exposed soils
into the atmosphere. Model estimates suggest that Southern
Africa accounts for around 20 % of global emissions, though
there is significant uncertainty surrounding this figure (Kok
et al., 2021).

Currently, Southern Africa is experiencing progressive
temperature rises and worsening drought conditions. The se-
vere 2023/2024 droughts that prompted national emergencies
are evidence of this (United Nations South Africa, 2024). Re-
gional temperatures are projected to rise by 4–5 °C above
pre-industrial levels by the end of the century (Engelbrecht
et al., 2015; Trisos et al., 2022), and mineral dust emissions
are also expected to increase (Liu et al., 2024).

Drought, vegetation loss, and the decline of surface bio-
crusts are accelerating land degradation due to climate
change and land-use changes (Rodríguez-Caballero et al.,
2022). Moreover, despite its low average population den-
sity, Southern Africa is under strong anthropogenic pres-
sure due to rapid urbanisation and industrialisation (Gambe
et al., 2023; Matthaios et al., 2025). This creates new dust
hotspots, including in agricultural areas in the Free State in
central South Africa (Eckardt et al., 2020; Trisos et al., 2022;
Vickery et al., 2013) and in the semi-arid shrublands along
the west coast of South Africa (Vos et al., 2025). Extensive
savannah areas in Southern Africa are highly vulnerable to
climate and anthropogenic pressures and can produce pro-
longed post-fire dust outbreaks in areas that are normally
dust-free (Yu and Ginoux, 2022). Intensive mining activi-
ties across Southern Africa (Cole, 2024; Mhlongo, 2023) can
also contribute to the release of mineral dust from active and
abandoned sites.

The period of highest dust event frequency generally oc-
curs during the cold and dry seasons, with some exceptions,
such as the west coast of South Africa, where winter is also
a rainy season. Between April and September, widespread
dust sources along the Namibian coast, including the Cen-

tral Namib Gravel Plain and ephemeral riverbeds, are acti-
vated by the Berg winds blowing in from the east (Vick-
ery et al., 2013). A similar temporal pattern is observed
for dust sources on the west coast of South Africa, with
dust events also occurring in November and February (Vos
et al., 2025). Inland sources, including the Makgadikgadi
Pans in northeastern Botswana, the Etosha Pan in northeast-
ern Namibia, and smaller pans in the southwestern Kala-
hari across Namibia and South Africa, are active between
May and November, peaking around August (Vickery and
Eckardt, 2013). Dust events in the Free State occur from
June to January, peaking in August, September and Novem-
ber (Eckardt et al., 2020).

The presence of diverse landscape types, together with
the strong influence of climate change and human activity
on these environments, makes it difficult to estimate mineral
dust emissions from Southern Africa with any certainty, es-
pecially given the limited observational data on dust aerosols
and the resulting lack of constraints (Leung et al., 2025).
Consequently, Southern Africa remains a significant knowl-
edge gap in the mineral dust budget of the Southern Hemi-
sphere.

The potential impacts of Southern African (SAf) dust
could extend beyond its source areas. Mineral dust plays a
key role in biogeochemical processes, as the nutrients it con-
tains can fertilise marine ecosystems and affect carbon stor-
age (Jickells et al., 2014). SAf dust can be transported over
long distances across the subcontinent towards the nearby
South Atlantic and Indian Oceans and the remote Southern
Oceans (Ito and Miyakawa, 2023; Liu et al., 2022; Matsui
et al., 2018; Piketh and Walton, 2004), reaching even Antarc-
tica (Gili et al., 2022).

During long-range transport, nutrients in dust can be-
come soluble through interactions with gaseous pollutants
and mixing with atmospheric aerosols from marine, anthro-
pogenic, and biomass-burning sources, which makes them
bioaccessible to marine ecosystems. Aerosols mixed with
dust over the Namibian coast exhibit around 20 %-Fe solu-
bility, which is significantly higher than the typical< 1% in
dust from near global dust source areas due to marine bio-
genic processing (Desboeufs et al., 2024). Recent research
suggests that SAf dust is important for phytoplankton pro-
ductivity in the adjacent northern Benguela Upwelling Sys-
tem off the Namibian coast, which is one of the most pro-
ductive regions of the global oceans (Belelie et al., 2025). In
addition, the transport of SAf dust has been linked to excep-
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tionally strong phytoplankton blooms (Gittings et al., 2024)
and may be a key source of Fe in remote, nutrient-limited
areas of the Indian and Southern Oceans (Gili et al., 2022;
Gittings et al., 2024).

SAf dust can also contribute to the hemispheric radiative
budget by supplying particles that scatter, absorb, and trans-
mit solar and terrestrial radiation (Kok et al., 2017). Addi-
tionally, they can modify cloud properties and lifetimes, as
mineral dust facilitates the formation of cloud droplets and
ice crystals within clouds (Karydis et al., 2017; Storelvmo,
2017). Tesfaye et al. (2015) estimated that mineral dust
over the subcontinent could exert a strong shortwave radia-
tive effect. This would decrease surface solar radiation by
8.2 Wm−2 (regional annual mean) and warm the atmosphere
by 4.5 Wm−2, leading to increased cloud cover and changes
in the structure of the planetary boundary layer.

SAf dust can supply cloud condensation nuclei (CCN)
to the low-level stratocumulus cloud deck in the northern
Benguela Upwelling System. These clouds produce strong
negative radiative forcing by reflecting solar radiation. This
affects the energy balance and surface temperature of the
South Atlantic Ocean, as well as large-scale atmospheric cir-
culation and precipitation (Formenti et al., 2019 and refer-
ences therein).

SAf dust is an important source of ice-nucleating particles
(INPs) in low-level mixed-phase clouds over the Southern
Ocean and may influence the regional radiative budget. INP
concentrations in this region are very low due to the absence
of local Antarctic sources (Wex et al., 2025), with around
30 % of the dust mass and INP numbers attributable to SAf
dust (Kawai and Matsui, 2025). These findings are consis-
tent with those of Chen et al. (2025), who reported that min-
eral dust exhibits significantly higher INP activity than car-
bonaceous aerosols from biomass and fossil fuel combustion.
Consequently, although both aerosol types are transported
to the Southern Ocean, mineral dust is likely the dominant
source of INP.

Modelling estimates suggest that SAf dust could also ac-
count for up to 8 % of total dust deposition in Antarctica (Kok
et al., 2021). This would affect the regional climate of this
sensitive region, which is warming 3 times faster than the
global average (Clem et al., 2020), for example, by reducing
surface albedo and accelerating the melting of snow and ice
(Skiles et al., 2018).

It is essential to assess the chemical composition and min-
eralogy of mineral dust particles to model dust aerosol prop-
erties and evaluate their impacts. This includes their role in
(1) supplying key nutrients such as iron (Fe), phosphorus (P),
and manganese (Mn) (Hamilton et al., 2022; Lu et al., 2024),
(2) participating in heterogeneous chemical reactions, for ex-
ample, in the presence of TiO2 and carbonate particles, which
promote particle ageing through coating after gaseous pollu-
tants uptake (Chen et al., 2012; Krueger et al., 2004), (3) con-
tributing light-absorbing minerals such as Fe oxide, which
have main absorption bands in the solar spectrum (Caponi

et al., 2017; Derimian et al., 2008; Di Biagio et al., 2019;
Lafon et al., 2006), but also carbonates, gypsum, quartz, and
clays, which have main absorption bands in the thermal in-
frared (Di Biagio et al., 2017; Engelbrecht et al., 2016; Soko-
lik and Toon, 1999), and (4) providing ice-nucleating parti-
cles such as K-feldspars (Harrison et al., 2016; Zolles et al.,
2019). Compositional information, such as crustal element
ratios and clay mineral contents, is often used for source attri-
bution (Formenti et al., 2014; Scheuvens and Kandler, 2014;
Scheuvens et al., 2013). This improves our understanding of
the transport and deposition patterns of different source types
and consequently their relative impacts on the radiation bal-
ance.

However, observations of the chemical properties of SAf
dust are limited. Laboratory and field studies have reported
on the chemical composition of aerosols in various locations,
including the Central Namib Gravel Plain (Di Biagio et al.,
2017; Eltayeb et al., 1993; Qu, 2016), the western Kalahari
in central Namibia (Qu, 2016), the Etosha and Makgadik-
gadi Pans (Engelbrecht et al., 2016), and the Okavango Delta
in northeastern Botswana (Humphries et al., 2014). However,
the available data often relate to a limited number of samples
and elemental ratios. Observations of the mineralogy of SAf
dust are restricted to a few samples from the Central Namib
Gravel Plain (Di Biagio et al., 2017). A few studies have in-
vestigated mineral dust from ephemeral rivers, but they either
focus on soil fractions that might not be representative of the
emitted dust composition due to mineral fractionation dur-
ing emission or provide dust elemental composition limited
to Fe and P (Dansie et al., 2018, 2017a b). To the best of our
knowledge, there are no observations of the chemical compo-
sition or mineralogy of anthropogenic mineral dust sources
in Southern Africa.

This paper presents new observations on the chemical and
mineralogical composition of mineral dust aerosols in South-
ern Africa, and it includes the first assessments of a small
number of emerging anthropogenic dust sources. This study
is based on the analysis of laboratory-generated dust aerosols
from parent soils collected in key dust source areas. We anal-
ysed crustal elements and minerals and conducted a compre-
hensive review of observations from across Southern Africa.
These were then compared with some of the major global
dust sources. Our results provide new insights into the chem-
ical properties of Southern African dust aerosols and evaluate
their potential implications for regional climate and marine
ecosystems.

2 Methodology

Surface sediment samples were collected from the main and
emerging dust source areas in Southern Africa by sampling
only the top few centimetres, as this layer contributes to
aerosol production. These soil samples were used in lab-
oratory experiments to generate dust aerosols, which were
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then analysed to determine their chemical and mineralogical
compositions. Here, we describe the primary dust source ar-
eas in Southern Africa and the soil collection sites for this
study (Fig. 1). The experimental setup for generating dust
aerosols and their chemical characterisation is outlined. Ad-
ditionally, we review the literature on Southern African dust
sources and other major source regions, compiling an inte-
grated dataset of mineral dust composition and mineralogy.
Details of the laboratory-generated aerosol samples from this
study are provided in Table S1 in the Supplement, including
the locations and geographic coordinates of the correspond-
ing soils, the system used for the aerosol generation, and the
availability of chemical and mineralogical data.

2.1 Soil sampling sites and description of the study area

A total of 40 soils were selected for experiments (Fig. 1 and
Table S1) to represent major natural dust-source areas across
southern Africa, as reported in the literature (Ginoux et al.,
2012; Prospero et al., 2002; Vickery et al., 2013) and sub-
ject to sample availability. A particular focus is on the Namib
Desert, with its extensive ephemeral riverbed system, which
is a recognised dust source area (Ginoux et al., 2012; Vickery
et al., 2013; von Holdt et al., 2017). To characterise sources
across the Namib Desert, we used two soil samples from the
Central Namib Gravel Plain and the Kuiseb riverbed, col-
lected at the Gobabeb Namib Research Centre. In addition,
we collected soil samples from the terminal reaches of the
Huab, Kuiseb, and Omaruru riverbeds along 1 km transects
at 100 m intervals, resulting in 12, 8, and 13 points, respec-
tively. A sample from the Etosha Pan was included in our
study as another significant dust source (Buch and Rose,
1996; Vickery and Eckardt, 2021), though it is more vari-
able and intermittent than the Namib Desert (Bryant, 2003;
Bryant et al., 2007; Haustein et al., 2015). Dust sources in
the Kalahari Desert tend to emit less than those in the Namib
Desert. We included one sample from the southwestern Kala-
hari in Botswana, which is a significant emerging source
(Bhattachan et al., 2012, 2013; Vickery et al., 2013), as
well as two samples from areas of the Kalahari Desert north
and south of the Okavango Delta in northwestern Botswana,
which is an important but more local source (Bullard, 2004;
Vickery et al., 2013).

This study also provides the first characterisation of an-
thropogenic dust sources (four source-soil samples in total,
Fig. 1 and Table S1) that are emerging in southern Africa
as a result of anthropogenic pressure and climate change
(Eckardt et al., 2020; Ginoux et al., 2012; Vickery et al.,
2013; Vos et al., 2025). These include an agricultural soil
in the Free State, identified as a key area of agricultural dust
emissions (Eckardt et al., 2020; Trisos et al., 2022; Vickery
et al., 2013). In addition, two savannah soils were collected at
Skukuza in the Kruger National Park, South Africa, from an
area periodically subjected to prescribed fires, representing
bare soils that can generate dust emissions after vegetation

is removed by fire, a condition frequent in northeastern and
eastern South Africa (Strydom and Savage, 2016). Finally,
we used one sample from an abandoned copper mine, Hope
Mine in Namibia, to explore the composition of mineral dust
from mining activities, which are widespread across South-
ern Africa and have also been identified as emerging sources
of mineral dust (Vos et al., 2025)

Previous studies have documented the primary sources of
mineral dust in Southern Africa (Eckardt et al., 2020; Ginoux
et al., 2012; Vickery et al., 2013; Vos et al., 2025), which are
summarised herein. The Namib Desert extends more than
2000 km from Angola to South Africa, over a ∼ 150-km-
wide area along the Atlantic Ocean coast (Fig. 1). Inland,
this coastal desert slopes ∼ 0.5° from sea level to the west to
approximately 1000 ma.s.l. to the east, where it is bounded
by the Great Escarpment. This escarpment is a major topo-
graphic step of several 100s-m-high that separates the coastal
areas surrounding Southern Africa from a high plateau, the
South African Plateau, in the centre of the continent, with
an average elevation of ∼ 1700m. On the Atlantic side, the
aridity of the Namib Desert is due to a combination of the
southern subtropical high-pressure belt, where cold and dry
air masses of the Hadley and Ferrel atmospheric convection
cells subside to the ground, and the cold Benguela current,
which causes upwelling of cold water along the coast and
limits sea surface evaporation (Diester-Haass et al., 1988;
Mendelsohn et al., 2022; Stuut et al., 2004). Consequently,
the desert experiences irregular precipitation, receiving less
than 100 mm of rain per year, with the 100 mm isohyet run-
ning parallel to the Great Escarpment. Near the coast, fre-
quent fogs supply moisture, supporting terrestrial ecosys-
tems (Desmet, 2007; Desmet and Cowling, 1999; Olivier,
1995). Local geomorphology is shaped by aeolian, fluvial,
and marine erosion, sediment transport, and sedimentation,
with mechanical weathering prevailing over chemical weath-
ering (Scholz, 1972; Watson and Lemon, 1985).

On the Great Escarpment, a series of watersheds feed
ephemeral rivers that flow westward across the desert toward
the ocean. The Kuiseb River divides the southern Namib
Sand Sea from the Central Namib Desert Gravel Plain (here-
after referred to as Namib GP, Fig. 1). Silty deposits are
widespread in this gravel plain, which extends from the
Skeleton Coast erg, a dune belt running along the coastline,
up the edge of the Great Escarpment. These loess deposits are
supplied by ephemeral rivers and by wind-blown dust from
the western Kalahari, located on the South African Plateau
to the east of the Namib Desert (Eitel et al., 2001; Scholz,
1972; Watson and Lemon, 1985). They cover the Protero-
Paleozoic crystalline basement, which is composed of ig-
neous and metamorphic rocks of the Damara Supergroup,
forming inselberg-like topography characterised by isolated
rocky outcrops (Watson and Lemon, 1985). These loess de-
posits are a significant source of mineral dust, with numer-
ous point sources on the Namib GP, including riverbeds and
coastal pans (Ginoux et al., 2012; Vickery et al., 2013). In
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Figure 1. Sample location and pedological setting. The soil map is modified from Jones et al. (2013). OM is for Organic matter, GP for
Gravel Plain and BOT for Botswana.

particular, the Huab, Kuiseb, and Omaruru rivers were recog-
nised as the three dustiest river systems within the Namib
Desert (von Holdt et al., 2017).

In the centre of the continent, the South African Plateau
receives over 300 mm of rainfall per year and supplies trib-
utaries of the Orange River flowing southwards, as well as
ephemeral rivers that drain eastwards and northwards into
large endorheic depressions of the Kalahari Basin (Watson
and Lemon, 1985). In these depressions, the Makgadikgadi
Pan in northeastern Botswana and Etosha Pan in northeast-
ern Namibia are two of the largest paleolakes in Africa. Their
highly dynamic surfaces are characterised by a crust of evap-
orite minerals and clays, which serve as major sources of
dust globally (Buch and Rose, 1996; Vickery and Eckardt,
2021), although emissions are intermittent due to precipita-
tion and complex salt-basin dynamics (Bryant, 2003; Bryant
et al., 2007; Haustein et al., 2015). In addition, upstream of
the Makgadikgadi Pan, the fluvial Okavango Delta in north-
western Botswana is also considered an important local dust
source (Bullard, 2004; Vickery et al., 2013).

The Kalahari Basin is covered by the sediments of the
Kalahari Desert that, at the surface, primarily consist of
quartz-rich sands, forming an extensive, continuous sand sea,
the largest on Earth. The northern and central parts of the
Kalahari contain pure quartzose sand and clay minerals, indi-
cating a strong weathering regime under a humid past climate
(Garzanti et al., 2022). However, sediment compositions vary
notably at the western and eastern edges of the desert, where
rivers flow across different crystalline basement lithologies
in Southern Africa. In the western Kalahari, dune fields in
southeastern Namibia are distinguished by their enrichment
in feldspar, which is thought to be the result of the influence

of the Damara Supergroup rocks (Garzanti et al., 2022). The
Kalahari Desert is also characterised by duricrusts – chemi-
cal precipitates of carbonates or silica, which are commonly
found in pans and river valleys (Garzanti et al., 2022; Nash
and McLaren, 2003). In addition to the large endorheic wa-
tersheds in the north, the southern Kalahari is an important
dust source area due to numerous active pans in the south-
western Kalahari across Namibia and South Africa (Vickery
and Eckardt, 2013). Furthermore, interdunes in the southern
Kalahari, enriched with fine sediments, are emerging as a
dust source as savannah-covered dune fields are being remo-
bilised by overgrazing and drought (Bhattachan et al., 2012,
2013).

Several areas in South Africa have also been identified
as sources of dust. Mineral dust emissions are increasingly
affected by human activities, especially in the Free State
(Eckardt et al., 2020; Trisos et al., 2022; Vickery et al., 2013),
characterised by intensive agriculture, and along the west
coast, with vulnerable semi-arid shrubland environments and
extensive mining (Vos et al., 2025). Furthermore, frequent
fires in the grasslands and savannahs of northeastern and
eastern South Africa (Strydom and Savage, 2016) contribute
to vegetation loss, land degradation, and the emergence of
new mineral dust sources.

2.2 Experimental setup

The “Générateur d’Aérosol Minéral En Laboratoire”
(GAMEL, Lafon et al., 2014) was used to generate dust
aerosols from parent soil samples. The GAMEL apparatus
consists of three main components: a generation system, a
PM10 cyclone for size selection of particles with aerody-
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namic diameters less than 10 µm, and a collection system for
dust aerosols on filters connected to a pump via tubing.

For the soil samples collected at the terminal parts of the
Huab, Kuiseb, and Omaruru riverbeds, dust aerosols were
generated using the Multiphase Atmospheric Experimental
Simulation Chamber (CESAM, Wang et al., 2011). This fa-
cility has been widely used to characterise the chemical and
physical properties of natural mineral dust aerosols (Baldo
et al., 2023, 2020; Caponi et al., 2017; Di Biagio et al., 2014,
2019, 2017). An external dust-generation system is attached
to the 4.2 m3 multi-instrumented environmental stainless-
steel reactor. Stainless-steel tubes connect the chamber body
to custom-made samplers, which are linked to a pump that
extracts dust aerosol from the chamber onto filters.

2.2.1 Dust aerosol generation

The dust aerosol generator in GAMEL consists of a me-
chanical wrist-action shaker (Agitest®, 8 mm amplitude) that
simulates the wind-driven movement of soil grains, thereby
reproducing the effect of sandblasting. Around 1–3 g of
1000 µm-sieved soil was agitated in a Büchner flask for
3–12 min at shaking frequencies of 500–650 cyclesmin−1,
depending on the observed dust generation efficiency of
the soils. The system uses ambient air, filtered through an
HEPA filter connected to the generation flask. The airborne
dust aerosols released from the parent soils were drawn
through tubing into a size-selective cyclone device (URG-
2000-30EA, URG Corporation, Chapel Hill, NC, USA) con-
nected to a vacuum pump operating at a controlled total flow
rate of 30 Lmin−1 for PM10 sampling.

The dust aerosol generator coupled to CESAM comprised
a sieve shaker (Retsch AS200) that agitated a Büchner flask
containing about 10 g of soil (sieved to 1000 µm and dried
at 100 °C for about 1 h). The dust particles released by me-
chanical shaking were injected into the simulation chamber
via a nitrogen carrier gas (10 Lmin−1) for about 20 min. The
chamber was filled with synthetic air prior to each experi-
ment, while a fan at the bottom of the chamber ensured ho-
mogeneous mixing of the particles (Wang et al., 2011). The
particles remained suspended for approximately 3 h, during
which time they were characterised using several online and
offline instruments. After dust aerosol injection, Synthetic
air is also used to compensate for dilution caused by air-
sampling instruments.

Measuring the size distribution at both facilities allows
comparison between the datasets. The GAMEL system hosts
a GRIMM optical particle counter (OPC, Grimm Inc. model
G1.108, light source: 780 nm, optical-equivalent diameter
range: 0.3–20 µm, flow rate: 1.2 L min−1; time resolution:
6 s), connected to the manifold used for filter sample collec-
tion.

The size distribution of dust particles suspended in CE-
SAM was monitored using a combination of three instru-
ments, including a scanning mobility particle sizer (SMPS,

TSI, DMA model 3080 and CPC model 3772; mobil-
ity diameter range: 0.019-0.882 µm; sheath/aerosol flow
rate: 2.0/0.2 Lmin−1; time resolution: 135 s), a SkyGRIMM
OPC (Grimm Inc. model 1.129, light source: 655 nm,
optical-equivalent diameter range: 0.25–32 µm, flow rate:
1.2 Lmin−1; time resolution: 6 s) and a WELAS OPC
(PALAS, model 2000; white light source: 0.35–0.70 µm;
optical-equivalent diameter range: 0.58–40.7 µm; flow rate:
2 Lmin−1; time resolution: 60 s).

The generated dust aerosols follow a single-mode log-
normal distribution peaking between 3.2 and 9.8 µm. This is
consistent with the atmospheric measurements reported by
Formenti and Di Biagio (2024) near source regions (Fig. S1
in the Supplement). The only exception is the aerosol sample
generated in CESAM from Kuiseb River sediments, which
exhibits an additional peak at 1 µm, which is absent in dust
aerosols generated using GAMEL. The reason for this differ-
ence is unknown, but it is within the bounds of experimental
uncertainty. The processing of the size distribution data is
detailed in Sect. S1 in the Supplement.

The methods developed for the GAMEL and CESAM sys-
tems to generate PM10 dust aerosols are based on the same
apparatus and the same physical principle, which consists
of simulating wind-driven soil particle movement by shak-
ing soil within a glass flask, thereby causing the breakage
of soil grains and agglomerates to release fine dust particles
(see reference papers by Di Biagio et al., 2014, 2017; Lafon
et al., 2014). Furthermore, to exclude method-induced differ-
ences in the elemental and mineralogical composition of the
resulting dust aerosols, we compared the elemental compo-
sitions of dust aerosols generated by CESAM and GAMEL
from a similar soil type, using the Kuiseb riverbed samples.
Figure S2 in the Supplement compares the chemical com-
position of Kuiseb dust generated by CESAM, using differ-
ent samples collected from a riverbed transect in the terminal
reach, with that of Kuiseb dust generated by GAMEL, using
a riverbed sample collected at the Gobabeb Namib Research
Centre. The elemental concentrations were normalised to Al
to account for variations in the mass generated. The two sets
can be considered equivalent within the experimental stan-
dard deviation, represented by the 10 % uncertainty of XRF
measurements.

2.2.2 Filter sample collection

To investigate the chemical and mineralogical composition
of the PM10 aerosol, samples were collected on 37 mm di-
ameter, 0.4 µm-pore-size polycarbonate filters, using custom-
made filter holders operated in parallel (Caponi et al., 2017).

During the GAMEL experiments, three filter samples were
collected at a flow rate of 10 Lmin−1 each. For each soil sam-
ple, experiments were repeated until an optimal dust mass
had accumulated on the filters for chemical analysis by X-
ray fluorescence (XRF, around 500 µg) and for mineralogical
analysis by X-ray diffraction (XRD, around 800 µg).
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Two filter samples were collected during the CESAM ex-
periments. Filters for mineralogical analysis were sampled at
a flow rate of 9 Lmin−1 for about 1 h, while those for chem-
ical analysis were sampled at a flow rate of 3 Lmin−1 over
the same period. The target dust mass for XRD analysis was
achieved only for the Huab soil. For the Kuiseb and Omaruru
experiments, only chemical composition data are available.
Table S1 lists the aerosol filter samples.

Both the GAMEL and CESAM systems were manually
cleaned before experiments on different soils. To ensure a
particle-free environment, dust concentration was verified
before each experiment using online OPC and SMPS mea-
surements. In addition, blank filter samples were also col-
lected and analysed to check for any potential contamination.

2.2.3 Composition Analyses

The XRF analyses were performed on the PRAMMICS plat-
form at LISA. Dust aerosol samples from CESAM were anal-
ysed using a 2404 XRF spectrometer by Malvern Panalytical,
while samples from GAMEL were analysed with a Zetium
spectrometer also by Malvern Panalytical.

Excitation X-rays are produced by a Coolidge tube
(Imax = 125mA, Vmax = 60kV) with a Rh anode; the pri-
mary X-ray spectrum can be controlled by inserting filters
(Al, at different thicknesses) between the anode and the sam-
ple. Each element was analysed under specific conditions
(i.e. voltage, tube filter, collimator, analysing crystal, and de-
tector), with a duration of 8–12 s for sequential WD-XRF
analyses and 120 s for simultaneous ED-XRF analyses.

Data were collected using the SuperQ software for up to
28 elements (by WD-XRF: Na, Mg, Al, Si, P, S, Cl, K, Ca,
Ti, V, Cr, Mn, Te, Ba, Nd; by ED-XRF: Fe, Co, Ni, Cu, Zn,
As, Se, Sr, Cd, Pb). The elemental mass thickness, that is the
analysed elemental mass per unit surface (µgcm−2), was ob-
tained by comparing the filter yields with a sensitivity curve
measured in the same geometry on a set of certified XRF cali-
bration standards (Micromatter™), then correcting the signal
for light elements (Na to Ca) to account for self-attenuation
of the X-ray signal within the particle (Baldo et al., 2020;
Caponi et al., 2017; Formenti et al., 2010). These standards
are prepared by vacuum deposition, resulting in a highly uni-
form deposit on a polycarbonate membrane. In most cases,
the standards are free of interference and thin enough to ig-
nore thickness effects. The materials used are 99.9 % pure or
better, and each standard thickness is certified to ±5%.

The total aerosol mass on the filters was calculated as the
sum of the masses of the oxides of the major crustal elements
(SiO2, Al2O3, Fe2O3, CaO, MgO, K2O, Na2O, TiO2, P2O5,
MnO) as follows (Lide, 1992):

Aerosol mass= 2.14×[Si] + 1.89×[Al] + 1.43[Fe]

+ 1.40×[Ca] + 1.66×[Mg] + 1.21×[K]
+ 1.35×[Na] + 1.67[Ti] + 2.29[P] + 1.29[Mn]

(1)

This was used to estimate the weight percentages (wt%)
of the element fractions in the dust. The uncertainty in the
measured elemental concentrations is around 10 % (Caponi
et al., 2017), with quantification limits of 1–4 µg for Ca, Fe,
K, and Nd, and 0–0.5 µg for the other elements. Data below
detection limits were treated as zero in the statistical analysis
of the specific region.

Furthermore, enrichment factors (EFs) were used to anal-
yse differences in element enrichment relative to the Earth’s
crust. These were calculated by normalising the ratio of each
element to Aluminium (Al) in mineral dust against the corre-
sponding crustal ratio derived from Rudnick and Gao (2014).
EF= 1 indicates that the element proportion is consistent
with the average crustal proportion; EF> 1 indicates enrich-
ment, while EF< 1 indicates depletion.

The XRD measurements were performed at the X-Ray
ITODYS-LISA platform of Université Paris Cité, using a
Panalytical Empyrean powder diffractometer equipped with
a PIXcel detector and a Cu anode tube (Kα = 1.541874Å)
operating at 45 kV and 40 mA. The analysis approach fol-
lows Nowak et al. (2018) and comprises two steps to col-
lect and process diffractograms for phase identification and
quantification. This is the same approach used by Baldo et al.
(2020) for mineralogical analysis of Icelandic dust aerosols.
For the identification of mineral phases, diffractograms were
recorded in the 4°–80° 2θ range over 2 h. The samples were
deposited onto a flat monocrystalline silicon wafer and then
loaded into the reflection spinner sample holder with a 1 s
rotation time. Mineral identification was performed using
HighScore Plus 3.0 (Degen et al., 2014) and the ICSD-Pan
(Inorganic Crystal Structure Database) and COD (Crystal-
lography Open Database) databases.

For the quantitative analysis, diffractograms were
recorded in the 3°–70° 2θ range over 15 h. Each sample
was introduced into a 1 mm-diameter borosilicate capillary
to allow observation of all crystallographic orientations
via rotational movement and to obtain the correct relative
intensities in the diffractogram. The quantitative analysis
was conducted using MAUD (Material Analysis Using
Diffraction), an XRD program based on the Rietveld
refinement method, which uses least-squares procedures
to minimise differences between observed and calculated
diffractograms (Lutterotti et al., 1999). The diffractograms
of the mineral phases identified with HighScore Plus were
loaded as references in MAUD. The Rietveld model refines
n− 1 phases. As the total is fixed at 100, the last phase is
obtained by subtraction of the sum of the n refined phases.
The analytical uncertainty for the refined phases is estimated
by the software and represents the lower limit of the un-
certainty in the proportion of each identified mineral. The
quality of the fit is evaluated using the reduced chi-square
(χ2) calculated by the model, which should be close to one
for a good fit (although small χ2 values can occur when a
large percentage of the intensity comes from the baseline),
and by visually comparing the observed and calculated
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diffractograms to achieve a realistic chemical model (Toby,
2006). The overall uncertainty in the measured mineral
concentrations is around 10 %. The estimated mineral
contents are reported as wt%.

2.3 Integrated Dataset Compilation

We compiled an integrated dataset from this study and the
existing literature on the chemical and mineralogical com-
position of mineral dust aerosols in Southern Africa, Aus-
tralia, and Southern America. These three source regions
are important for the mineral dust budget of the Southern
Hemisphere. Additionally, we included Northern Africa, the
main contributor to global mineral dust emissions (Kok et
al., 2021). Table S2 in the Supplement provides key refer-
ences for each dust source region, including details of the
study area, aerosol collection method, particle size, available
data (i.e. elemental and/or mineralogical composition), and
the analytical technique used in each study.

To the best of our knowledge, literature on the mineralog-
ical composition of SAf dust and more broadly on mineral
dust in the Southern Hemisphere is limited. Consequently,
we could only integrate our data with laboratory observations
from Di Biagio et al. (2017). However, numerous studies re-
port on the mineralogical composition of dust from Northern
Africa (e.g. Di Biagio et al., 2017; Engelbrecht et al., 2016;
Formenti et al., 2014, 2008; Klaver et al., 2011).

Available data on the chemical composition of SAf dust
include studies on the Namib GP (Di Biagio et al., 2017;
Eltayeb et al., 1993; Qu, 2016), the western Kalahari in
central Namibia (hereafter referred to as Kalahari NAM,
Qu, 2016), the Etosha and Makgadikgadi Pans (Engelbrecht
et al., 2016), and the Okavango Delta (Humphries et al.,
2014). In Southern America, most dust observations come
from Patagonia (Demasy et al., 2024; Di Biagio et al., 2017;
Gaiero et al., 2007, 2003; Qu, 2016), although there is also
some data from the Atacama Desert in northern Chile (Di Bi-
agio et al., 2017; Engelbrecht et al., 2016; Rojas et al., 1990),
and from a few remote locations in Argentina, Bolivia, and
Brazil (Rojas et al., 1990). In Australia, most observations
originate from the arid interior of the continent, with main
dust source areas located within the Lake Eyre Basin (Box
et al., 2010; Di Biagio et al., 2017; Engelbrecht et al., 2016;
Karlson et al., 2014; Moreno et al., 2008; Radhi et al., 2010a,
b). These studies focus on ground-based observations of dust
aerosols or laboratory-generated aerosols derived from par-
ent soils (Table S2).

To represent Northern African dust, we selected studies on
laboratory-generated aerosols or aerosols collected in source
areas. These include laboratory measurements by Di Bia-
gio et al. (2017) and Engelbrecht et al. (2016), as well as
ground based and airborne observations from key aircraft
campaigns: the African Monsoon Multidisciplinary Analy-
sis (AMMA, Rajot et al., 2008; Reeves et al., 2010); the
Dust And Biomass–burning Experiment (DABEX, Haywood

et al., 2008); the Dust Outflow and Deposition to the Oceans
(DODO, McConnell et al., 2008); the FENNEC – Saharan
Climate System (Washington et al., 2012); and the Geosta-
tionary Earth Radiation Budget Intercomparisons of Long-
wave and Short-wave radiation (GERBLIS, Haywood et al.,
2011).

3 Results

3.1 Elemental Composition

Figure 2 shows the percentage of the major crustal ele-
ments found in different types of SAf dust grouped by source
region. Note that the Kalahari samples collected across
Botswana have been grouped into the Kalahari BOT dataset.
The most abundant element is Si, which varies significantly,
ranging from around 35 wt % in the Kalahari BOT samples to
18 wt % at Etosha Pan. Al content is highest in the riverbed
dust, reaching up to 13 wt %. The riverbed dust also has the
highest Fe content (up to 9 wt %) along with dust from savan-
nah soils at Skukuza, whereas the Etosha Pan dust contains
less than 1 wt % of Al and Fe. On the other hand, mineral
dust from the Etosha Pan has the highest concentrations of
Ca and Mg, each around 17 wt %, and about 4 wt % Na. In
the riverbed, Namib GP, and Hope Mine samples, the lev-
els of Ca, Mg, and Na are lower but still significant, ranging
from 4.5 wt %–17 wt % overall. Samples from the Free State,
Kalahari BOT, and Skukuza show the lowest total contents,
ranging from 0.6 wt % to 3.7 wt %.

The riverbed dust contains the highest K concentrations,
ranging from 2.4 wt %–3.6 wt %, while in the Kalahari BOT
samples, K varies from 0–3 wt %, with the highest level ob-
served in the sample from south of the Okavango Delta.

Hope Mine dust is notably rich in Cu, approximately
8 wt % (not shown), and also contains a high level of P at
0.3 wt %. P varies from 0.02 wt %–0.2 wt % in the other dust
samples, but was not detected in the Etosha Pan dust. The
riverbed dust is slightly richer in Ti (up to 0.9 wt %) com-
pared to the other dust samples, while Mn shows no signifi-
cant variability across the samples. Neither of these elements
was detected in the Etosha Pan dust.

3.2 Mineralogy

The main minerals in SAf dust aerosols are quartz and clays,
while carbonates and feldspars are only present in some sam-
ples. The limited aerosol mass results in low diffractogram
intensity relative to the baseline, which complicates the iden-
tification of minor mineral species. For instance, Fe oxide
minerals, gypsum (CaSO4 · 2H2O), and halite (NaCl) have
been identified in a few samples, mostly in small quantities.
The fact that these minor phases were not detected by XRD
can have two reasons: (1) the phases contain crystalline de-
fects or are even amorphous (like certain iron oxides), (2) the
very low number of crystals present reduces the likelihood
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Figure 2. Fractions of crustal elements (wt%) in SAf dust aerosols by source region. Standard deviations are calculated from multiple
samples; if not shown, this indicates that only a single sample was available. Samples collected across Botswana from the Kalahari are
grouped into the Kalahari BOT dataset. Namib GP refers to the Central Namib Gravel Plain.

of planes oriented in a way that allows their diffraction. The
detection limit for X-ray diffraction is generally estimated
to be a few per cent by mass. Therefore, the presence or
absence of these minerals cannot be definitively confirmed,
and further characterisation using alternative techniques is
recommended. The same consideration applies to apatite
(Ca5(PO4)3(F,Cl,OH)), which could be present given the

relatively good correlation between Ca and P (Figs. S3–S5
in the Supplement), although it was not detected by XRD.

Figure 3 reports key mineral components of SAf dust
aerosols. Dust aerosol samples generated from sandy soils
collected across the Kalahari BOT and in the Free State have
the highest quartz content, ranging from 26 wt %–37 wt %.
The remaining samples contain less than 15 wt % quartz,
while quartz was not detected in mineral dust from the Etosha
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Pan, where carbonates (as the total contribution of calcite,
CaCO3, and dolomite, CaMg(CO3)2) dominate at 78 wt %.
A carbonate content of up to 20 wt % was also observed in
mineral dust from arid coastal regions, including the Namib
GP and ephemeral riverbeds. The feldspar content, calcu-
lated as the sum of albite (Na(AlSi3O8)) and microcline
(K(AlSi3O8)), is highest in dust from savannah soils (over
30 wt %), followed by riverbed dust (10–30 wt %), the Kala-
hari BOT sample from the south of the Okavango Delta
(20 wt %), Namib GP dust (over 10 wt %), Free State dust
(2 wt %), and not detected in other samples.

Dust aerosols are mostly composed of clay miner-
als, ranging from 20 wt % (Etosha Pan) to 50-90 wt %
(other SAf dust). The clay minerals observed in-
clude illite (K0.6−0.85(Al,Mg)2(Si,Al)4O10(OH)2),
kaolinite (Al2(Si2O5)(OH)4), Mg-rich clays
(i.e. sepiolite, Mg4(Si6O15)(OH)2 · 6H2O,
and palygorskite, (Mg,Al)2Si4O10(OH) ·
4H2O), chlorite ((Mg,Fe)3(Si,Al)4O10(OH)2 ·

(Mg,Fe)3(OH)6(Fe,Mg)2Al4O2(SiO4)2(OH)4), chryso-
colla (Cu4,H4Si4O10(OH)8), and montmorillonite
((Al,Mg)8(Si4O10)4(OH)8 · 12H2O), all of which reveal
specific regional features.

The abundance of kaolinite indicates highly weathered
soils and tends to follow rainfall patterns (Fig. 4). Arid ar-
eas close to the Namibian coast and the Kalahari BOT sam-
ple from the southwestern Kalahari have the lowest kaolinite
content, while illite-like clays (represented by the sum of il-
lite and muscovite, KAl2(AlSi3O10)(OH)2) dominate due to
low chemical weathering. Kaolinite content increases from
south to north in the Kalahari BOT samples, reaching over
40 wt % of the total clay in the sample collected north of
the Okavango Delta, an area that receives the highest levels
of precipitation. Agricultural soils in the Free State, inland
South Africa, and savannah soils in eastern South Africa re-
ceive more precipitation than coastal Namibia, with kaolinite
accounting for 20 wt %–50 wt % of the total clay fraction in
dust. Lastly, kaolinite accounts for over 30 wt % of the clay
fraction in the mineral dust from the copper mine, which also
contains a significant amount of chrysocolla, a Cu-rich clay,
and around 8 % Fe oxide minerals.

Mg-rich clays such as sepiolite and palygorskite can form
in arid and semi-arid environments with alkaline soils, high
Mg activity, and evaporation, like in lacustrine and peri-
marine zones (Singer, 2002). They can also form through
meteoric or hydrothermal alteration of basic rocks, or as a
result of pedogenic processes in soils, such as the forma-
tion of calcareous crusts (Singer, 2002). The presence of
sepiolite and palygorskite is documented in sediments of
Etosha Pan (Buch and Rose, 1996) and in sediments of the
Central Namib Gravel Plain, including riverbeds (Heine and
Völkel, 2010). Here, we observed that dust from Etosha
Pan is characterised by a high Mg-rich clay content, ac-
counting for around 50 % of its total clay composition. Mg-
rich clays are also present in smaller amounts in dust from

riverbeds, Namib GP, and savannah soils (Fig. 3). Lastly,
samples from the Namib GP and the Kuiseb riverbed con-
tain around 10 wt % chlorite and 1 wt % montmorillonite (not
shown).

These results align with potential mineral associations
indicated by the correlation between crustal elements
(Figs. S3–S5). A strong correlation was observed between
Al and Si, as well as between Al and Si with Fe, K, Ti, P,
and Mn (r > 0.7), suggesting an association with aluminosil-
icate minerals, such as feldspars, clays, and Fe–Ti oxides.
The concentrations of Ca and Mg are strongly correlated
(r ≈ 0.8), while their correlations with Fe, Si, and Al are
weaker (r ≤ 0.4). The weak correlation of Ca and Mg with
Al suggests that these elements can be associated with differ-
ent minerals depending on the source. For instance, they are
mainly associated with calcite and palygorskite in Namib GP
and riverbed samples, with dolomite and sepiolite in Etosha
Pan, and with other aluminosilicate minerals in the remaining
dust samples. This indicates that (Ca+Mg)/Al is a good dis-
criminating indicator of SAf dust sources. Additionally, Na
shows a strong correlation with Mg (r = 0.8) and a moderate
correlation with Ca (r = 0.6), indicating a common source
and/or similar geochemical processes. This may suggest that
some Ca and Mg derive from minor evaporitic salts.

The abundance of P is often associated with phosphate
minerals such as apatite. Our findings show that P is moder-
ately correlated with Ca (r ≈ 0.5), thus suggesting the pres-
ence of apatite. However, its strong correlations with Si, Al,
and Fe suggest that P is probably associated with clay min-
erals and Fe and Al oxides.

4 Discussion

Our data reveal distinct chemical and mineralogical charac-
teristics among SAf dust sources. Combining our findings
with existing literature, we provide an overview of the com-
positional variability of mineral dust across Southern Africa.
We also compare the elemental enrichment and key miner-
als in SAf dust with other major dust sources in the Southern
Hemisphere, and in Northern Africa, the major global dust
source, and assess potential atmospheric implications.

4.1 Compositional variability of SAf dust based on
elemental ratios and mineral indicators

The elemental ratios, primarily Si/Al, (Ca+Mg)/Al, and
K/Al, are critical tracers of mineral dust that can be used to
distinguish source areas across Southern Africa. Significant
associations were identified and are reported in Fig. S6 in
the Supplement based on comparisons of these chemical ra-
tios with the dust mineralogy. The K/Al ratio shows a direct
correlation with K-feldspar (microcline) and an inverse cor-
relation with kaolinite, a mineral produced by the chemical
weathering of aluminosilicate minerals, including feldspars.
The Si/Al ratio increases with quartz and decreases with in-
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Figure 3. Main mineral components of SAf dust aerosols by source region. Standard deviations are calculated from multiple samples; if not
shown, this indicates that only a single sample was available. Samples collected across Botswana from the Kalahari are grouped into the
Kalahari BOT dataset. Namib GP refers to the Central Namib Gravel Plain. Illite-like clays are calculated as the sum of illite and muscovite,
Mg-rich clays as the sum of sepiolite and palygorskite, carbonates as the sum of calcite and dolomite, and feldspars as the sum of microcline
and albite. The mineralogy of the Omaruru riverbed samples could not be determined because insufficient dust mass was collected for XRD
analysis during laboratory experiments at CESAM.

creasing primary aluminosilicate mineral contents (feldspar
and muscovite). The (Ca+Mg)/Al ratio is directly corre-
lated with carbonate mineral content and Mg-rich clay con-
tent, which formed in similar geochemical environments.

Figure 5 illustrates the variability in the chemical com-
position of mineral dust across Southern Africa, presenting
the Si/Al, (Ca+Mg)/Al, K/Al, and Fe/Al ratios from this
study and laboratory-generated dust aerosols from the lit-
erature (Di Biagio et al., 2017; Engelbrecht et al., 2016;
Qu, 2016). The data were grouped into spatial-environmental
categories based on their geographic location and geomor-
phological environment (Table S3 in the Supplement). Ad-
ditionally, we compared the elemental ratios of laboratory-
generated mineral dust aerosols with atmospheric observa-

tions over coastal Namibia, which is representative of dust
mixed aerosols in a marine coastal environment (Desboeufs
et al., 2024; Formenti et al., 2025; Klopper et al., 2020),
and the South African Highveld, representative of dust mixed
aerosols in an inland urban-industrial environment (Baldo et
al., 2025). Both areas are influenced by a range of natural and
anthropogenic emissions.

Mineral dust found in the salt pans in Namibia and
Botswana exhibits highly variable compositions, but can be
distinguished by its elevated (Ca+Mg)/Al ratios (from 3–43)
and Si/Al ratios (from 5–70), reflecting the predominance of
carbonates and Mg-rich clays. The K/Al ratios (from 0.9–
3.6) are also the highest reported in the literature. However,
K was not detected in the Etosha Pan sample analysed in this
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Figure 4. Spatial distribution of Kaolinite, (Ca+Mg)/Al, Si/Al, and K/Al ratios, overlaid on the mean annual precipitation map of Southern
Africa. The kaolinite fraction in clays is from this study. For the elemental ratios, Namib GP data include this study, Di Biagio et al. (2017),
and Qu (2016). Kalahari NAM data are from Qu (2016). Salt Pans data include this study and Engelbrecht et al. (2016). Data source references
for elemental ratios are summarised in Table S2. The rainfall map is generated from CHIRPS v3 (CHIRPS3, 2025) data (see Sect. S2 in the
Supplement for additional details on CHIRPS v3 source data). The bin sizes of chemical parameters were selected to better highlight the
geochemical characteristics of various mineral dust sources, which are described and discussed in Sect. 4.1 of the main text. Note that for the
Huab, Kuiseb, and Omaruru rivers, only the average ratios are presented.

study, indicating variability in the composition of dynamic
pan surfaces.

In the case of the Namib GP, the Si/Al ratio is restricted
to between 2.8 and 4.8, while the (Ca+Mg)/Al ratio varies
between 0.5 and 7.7. In the areas of the Namib GP that are
closer to the west coast, the mineral dust (Ca+Mg)/Al ratio
is usually greater than 2.5. However, in the eastern part of
the Namib GP and in the Kalahari NAM, this ratio falls be-
low 2.5, while the Si/Al ratio decreases to 1.7–3.2. Aerosol
samples collected near areas characterised by carbonate-rich
rocks and sediments, such as the Etosha Pan and the Otavi

Mountain Land in northern Namibia, show higher ratios. The
(Ca+Mg)/Al and Si/Al ratios measured in mineral dust from
ephemeral riverbeds are closer to those observed in the east-
ern Namib GP and Kalahari NAM. However, these riverbeds
fall within the lower end of the K/Al ratio range observed in
these areas: 0.3–0.7.

Mineral dust from the Kalahari BOT, agricultural soils in
the Free State, and savannah soils at Skukuza differ from
other SAf dust due to their low (Ca+Mg)/Al ratios (0.1–0.4).
This is consistent with the absence of carbonate minerals, as
indicated by XRD analysis. These samples also exhibit rel-
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Figure 5. Mineral dust tracer variability across Southern Africa. The red rectangle indicates the zoomed area in the right-hand panels. For
the reader’s sake, the error bars are not shown. Namib GP data include this study, Di Biagio et al. (2017), and Qu (2016). Kalahari NAM data
are from Qu (2016). Salt Pans data include this study and Engelbrecht et al. (2016). Ground-based observations of dust mixed aerosols over
the Namibian coast (Desboeufs et al., 2024; Formenti et al., 2025; Klopper et al., 2020) and the South African Highveld (Baldo et al., 2025)
are included for comparison. Data source references are summarised in Table S3. LIT indicates data from the literature.

atively higher Si/Al ratios of 3.8–4.9, reflecting an increase
in quartz and a decrease in primary aluminosilicate miner-
als compared to the Namibian dust (Fig. 3). Overall, mineral
dust originating from inland eastern sources (the Botswana
section of the Kalahari Desert, the Free State, and Skukuza)
has lower K/Al values than dust from Namibia (below 0.4).

This is consistent with the observed increase in kaolinite con-
tent, which is attributed to increased chemical weathering in
the parent sediments. Mineral dust from the copper mine has
similar (Ca+Mg)/Al, Si/Al, and K/Al ratios to those of the
inland eastern sources, but can be readily distinguished by its
high Cu and P contents (8 wt % and 0.3 wt %, respectively).

https://doi.org/10.5194/acp-26-10727-2026 Atmos. Chem. Phys., 26, 10727–10749, 2026



10740 C. Baldo et al.: Southern African dust is rich in micronutrients, K-feldspar and carbonates

These three crustal element ratios alone are insufficient
to distinguish inland eastern sources. However, mineral dust
from Skukuza and the Free State can be distinguished by
their high Fe content (Fig. 2), as reflected in elevated Fe/Al
ratios of 0.8–1.2 (Fig. 5e–f). Additionally, differences in
kaolinite content help to distinguish between regions from
north to south within the Kalahari BOT area (Figs. 3 and 4).

This study analysed only a limited number of mineral dust
samples from anthropogenic sources, so it may not reflect the
variability across different anthropogenic dust source types.
However, our results show distinct features, such as high Cu
and P in mining dust and high Fe in savannah and agricultural
dust, which may have important implications for marine bio-
geochemical cycles in the present and especially in the long
term, as these sources are emerging due to climate change
and anthropogenic pressure.

Figure 4 shows the spatial distribution of kaolinite, (Ca+
Mg)/Al, Si/Al, and K/Al ratios overlaid on a mean annual
precipitation map of Southern Africa. This map is based on
the annual average precipitation data for 2015–2024 from
the Climate Hazards Center Infrared Precipitation with Sta-
tions dataset version 3 (CHIRPS3, 2025). Additional details
on the rainfall source data are provided in Sect. S2. Overall,
mineral dust sources in Namibia exposed to more arid envi-
ronments tend to have lower kaolinite and Si/Al ratios, but
higher (Mg+Ca)/Al and K/Al ratios compared to sources
farther inland and to the east, which receive more precip-
itation. These results are further corroborated by a Princi-
pal Component Analysis (PCA) of key elemental ratios, con-
ducted using the prcomp() function from core CRAN R soft-
ware on our integrated dataset. This dataset included the el-
emental ratios (Ca+Mg)/Al, K/Al, Si/Al, and Fe/Al mea-
sured in this study, as well as data from the literature. The
PCA results are discussed in Sect. S3 in the Supplement. The
Etosha and Makgadikgadi Pans stand out for their very dis-
tinctive compositions. Variations between source areas are
also affected by differences in geological and geomorpho-
logical settings.

Ground-based observations of SAf aerosols are influenced
by sources other than mineral dust, such as marine emissions
along the Namibian coast (Desboeufs et al., 2024; Formenti
et al., 2025; Klopper et al., 2020). To remove the marine
aerosol contribution from data reported at the Henties Bay
site (Desboeufs et al., 2024; Formenti et al., 2025; Klopper
et al., 2020), the concentrations of K, Ca, and Mg were ap-
portioned into sea salt (ss) and non-sea salt (nss) fractions
using the nominal mass ratio to Na+ in seawater, as in Klop-
per et al. (2020). Thus, the ratios shown in Fig. 5 for Henties
Bay are the nss-element fractions relative to Al. No signifi-
cant influence of marine emissions was observed in aerosols
collected from the Southern African Highveld (Baldo et al.,
2025). The chemical composition of aerosols from both Hen-
ties Bay and the South African Highveld remains affected
by anthropogenic emissions (Baldo et al., 2025; Desboeufs
et al., 2024; Formenti et al., 2025; Klopper et al., 2020).

The (Ca+Mg)/Al and Si/Al ratios from ground-based ob-
servations are consistent with those of mineral dust aerosols
analysed in this study and previous research (Table S3). At-
mospheric aerosols over the Namibian coast consist of 20 %
mineral dust, with (Ca+Mg)/Al ratios ranging from 0–5 and
Si/Al ratios between 0.5 and 6.8 (Desboeufs et al., 2024; For-
menti et al., 2025; Klopper et al., 2020). This indicates that a
variety of mineral dust sources, including the eastern Namib
GP, riverbeds, and more inland areas, influence the Namibian
coastal environment. In contrast, mineral dust accounts for
around 60 % of aerosol mass over the South African High-
veld, with (Ca+Mg)/Al and Si/Al ratios of 0.3-1.5 and 1.5-
2.7, respectively (Baldo et al., 2025), values that are closer
to those of mineral dust from the eastern Namib GP and the
Kalahari NAM areas.

Other crustal element ratios reported for atmospheric
aerosols exhibit greater variability than those of mineral dust
sources, likely due to anthropogenic influences. The K/Al
ratio, in particular, is affected by biomass burning emissions
(Baldo et al., 2025; Desboeufs et al., 2024; Formenti et al.,
2025; Klopper et al., 2020), varying up to 1 in atmospheric
aerosols over the Namibian coast and up to 1.8 in aerosols
over the Highveld. The Fe/Al ratio in atmospheric aerosols
over the Namibian coast is consistent with that observed in
dust source areas. However, additional sources appear to in-
fluence the Fe/Al ratios over the South African Highveld,
where the ratios are lower (Fig. 5e and f).

4.2 Element and mineral enrichment in SAF dust
compared with global dust sources

Enrichment factors (EFs) were used to analyse differences in
elemental enrichment across key mineral dust source regions
in the Southern Hemisphere, including Southern Africa,
Australia, and Southern America, compared with Northern
Africa, the primary global dust source. The reference source
data used to compile the integrated dataset of the chemical
composition and mineralogy of mineral dust are presented in
Table S2.

The availability of data varies unevenly across global
source regions. Northern African (NAf) dust accounts for the
highest proportion (64 %), followed by Southern American
(SAm) dust (20 %), SAf dust (9 %), and Australian (Aus)
dust (7 %). This reflects the limited availability of mineral
dust observations in the Southern Hemisphere. The availabil-
ity of measured elements in Aus dust is particularly limited.
Although Fe, Ti, and Mn were consistently reported in 85 %
of the compiled measurements, other crustal elements were
available for only 16 %–37 %. For SAm, SAf, and NAf dust,
crustal element coverage was extensive, ranging from 85 %–
100 %, except for Mn, which was not quantified in most of
the selected studies on NAf dust.

Figure 6 shows the EF values by global dust source region,
while Table S4 in the Supplement summarises the relevant
statistics. The most abundant element in the Earth’s crust, Si,
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Figure 6. Elemental enrichment factors in mineral dust across Southern Africa (SAf), Australia (Aus), Southern America (SAm), and
Northern Africa (NAf). Summary statistics are provided in Table S4. Data source references are provided in Table S2. The white squares
show the mean, while the solid lines indicate the median. The lower and upper hinges correspond to the 25th and 75th percentiles, respectively.
Whiskers above and below the boxes indicate the 1.5× interquartile range, and values outside this range are plotted individually.

has EF interquartile ranges (IQRs) close to the crustal ratio
across all regions, except for NAf dust, which is slightly de-
pleted (Table S4). All dust sources are depleted in Na, rang-
ing from slightly depleted in SAm dust (EF median 0.8) to
strongly depleted in NAf dust (EF median 0.02).SAf dust is
enriched in Ca, Mg and K, which are key tracers of carbonate
(and Mg-rich clays) and K-feldspar minerals. EF median val-
ues in Aus and NAf dust vary from slight depletion to near-
crustal levels. In contrast, SAf and SAm dust show slight to
moderate enrichment. SAf dust exhibits the broadest range
and the highest maximum values of 96, 110, and 12, respec-
tively.

SAf dust is from slightly to moderately enriched in the
essential micronutrients Fe, P, and Mn. Median EF values
range from 1.6–2, with IQRs spanning from 0.95–3.3. How-
ever, SAm dust shows the highest enrichment in P (median
EF: 5.8; IQR: 4.9–7), whereas Aus dust is slightly enriched
in Fe (median EF: 1.8; IQR: 1.4–2.2) and Mn (median EF:
1.7; IQR: 1.2–3.2), and NAf dust is only slightly enriched in
Mn (median EF: 1.7; IQR: 1.6–2.5).

SAf dust could be important for atmospheric heteroge-
neous reactions. In addition to being rich in Ca, SAf dust
exhibits a wide range of EF values for Ti, with slight to mod-
erate enrichment (median EF: 1.5; IQR: 1.4–2.9). However,
SAm dust is the most enriched in Ti (median EF: 4.1; IQR:
3.4–4.9). NAf dust also shows moderate enrichment (median
EF: 1.9; IQR: 1.6–2.2).

Figure 7 shows the variability of key mineral components
in dust particles, including quartz, clays, carbonates, and
feldspars, in global dust sources. The integrated mineralogi-
cal dataset is still dominated by NAf dust observations; SAf
dust accounts for about 22 % of the total, and only one obser-
vation of Aus dust and two of SAm dust are included. Due
to the limited data on Aus and SAm dust, a comprehensive
comparison is not possible. Table S5 in the Supplement pro-
vides the summary statistics.

Aus and SAm dust sources tend to have higher quartz con-
tent than SAf and NAf dust, but the very limited data avail-
able do not allow for comparisons that are more meaningful.
Notably, there are distinct differences between SAf and NAf
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Figure 7. Variability of key mineral components in mineral dust
across Southern Africa (SAf), Australia (Aus), Southern America
(SAm), and Northern Africa (NAf). Summary statistics are provided
in Table S5. Data source references are provided in Table S2 The
white squares show the mean, while the solid lines indicate the me-
dian. The lower and upper hinges correspond to the 25th and 75th
percentiles, respectively. Whiskers above and below the boxes in-
dicate the 1.5× interquartile range, and values outside this range
are plotted individually. Only one data point was available for the
Australian dust (Aus), which is plotted as an individual point.

dust. SAf dust shows significant enrichment in feldspars,
with a median of around 16 % and a broad IQR of 2 %–26 %,
whereas Naf dust has a median feldspar content of 0.6 %
and an IQR of 0.4 %–1 %. Conversely, NAf dust exhibits the
highest clay content, with a median of 87 % and an IQR of
84 %–91 %, compared to SAf dust, which has a median of
60 % and an IQR of 67 %–70 %. SAf dust is also more en-
riched in carbonates (median: 4; IQR: 0 %–4 %) than NAf
dust (median: 1; IQR: 0.3–1.9). These findings are consistent
with the enrichment of K, Ca, and Mg in SAf dust relative to
their depletion in NAf dust (Fig. 6).

5 Conclusions and implications for marine
biogeochemical cycles and climate

This study presents new data on the chemical and mineralog-
ical composition of mineral dust aerosols from established
dust source regions in Southern Africa and reviews the exist-
ing literature on the subject.

Results from the present study show that the crustal el-
ement ratios (Mg+Ca)/Al, K/Al, and Si/Al, which serve

as key tracers of mineral dust, can distinguish between dust
aerosols from more arid western coastal source areas and
those from more humid inland eastern source areas. In ad-
dition, the clay mineral content provides further information
about the source-area environments and the sediment weath-
ering regimes, which are influenced by current and past tem-
perature and precipitation patterns.

Compared with documented major dust sources in the
Southern Hemisphere and Northern Africa, SAf dust is en-
riched in calcium carbonate minerals, which play a sig-
nificant role in atmospheric heterogeneous reactions, pro-
moting the uptake of gaseous pollutants and the ageing of
dust (Krueger et al., 2004; Laskin et al., 2005; Sullivan
et al., 2009; Tang et al., 2015). During atmospheric trans-
port, calcite and dolomite particles in SAf dust can inter-
act with urban and marine aerosols, undergoing heteroge-
neous reactions with reactive trace gases such as HNO3, SO2,
HCl, and VOCs. This process can produce atmospheric age-
ing products, including highly hygroscopic species such as
Ca(NO3)2, CaCl2, and Ca(HCOO)2, which can act as effi-
cient CCNs, whereas mineral dust has very low hygroscop-
icity when emitted (Krueger et al., 2004; Laskin et al., 2005;
Sullivan et al., 2009; Tang et al., 2015). However, further re-
search is needed to assess the hygroscopicity and CCN activ-
ity of SAf dust and their evolution during atmospheric trans-
port, which is particularly important because aged SAf dust
aerosols with high hygroscopicity and CCN activity may in-
fluence the formation of stratocumulus clouds over the north-
ern Benguela Upwelling System.

Additionally, aged SAf particles can contain dissolved es-
sential micronutrients (Fe, P, and Mn), which can affect bio-
geochemical cycles in marine ecosystems as also suggested
by recent research (Belelie et al., 2025; Gittings et al., 2024).
An increased Fe solubility of 20 % has been observed in dust
aerosols over the Namibian coast, attributed to atmospheric
processing by marine aerosols (Desboeufs et al., 2024). Al-
though SAf dust is enriched in carbonates that can buffer the
acid processing required to solubilise nutrients in mineral
dust (Ito and Feng, 2010), its role as a source of dissolved
nutrients varies with source, transport, and ageing processes.
Further research is essential to understand how these ageing
processes influence nutrient dissolution in SAf dust.

The high K-feldspar content in SAf indicates high INP ac-
tivity, although experimental observations are needed to de-
termine the actual INP activity of SAf dust. This can be par-
ticularly relevant to mixed-phase clouds over the Southern
Ocean, where INP concentrations are low due to the absence
of local Antarctic sources.

This study provides the first assessment of the chemi-
cal and mineralogical properties of emerging anthropogenic
mineral dust sources in Southern Africa, including mining
dust, savannah, and agricultural soils. Based on the (Mg+
Ca)/Al, K/Al, and Si/Al ratios, no significant differences
were observed compared to those of eastern inland sources
(Kalahari BOT). However, distinctive features were identi-
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fied, including Fe enrichment in agricultural and savannah
soil samples, feldspar enrichment in savannah samples, and
elevated P and Cu levels in mining dust. Additional com-
positional differences, such as in organic, heavy metal, and
rare-earth element content, may exist but will be the focus
of a separate study. The small number of anthropogenic min-
eral dust samples analysed in this study may not capture the
variability among different source types, including various
agricultural soils, mining ores, road dust, shrublands, and
grasslands across Southern Africa, all of which remain un-
explored. Further observations are necessary to better char-
acterise these sources, which are becoming increasingly sig-
nificant in Southern Africa due to climate change and human
activity.
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