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Abstract 17 

The characterisation of mineral dust at emission sources is essential for quantifying the wider-18 

scale environmental impacts dust has, as well as improving its incorporation in modelling. 19 

Methods of sampling sediments at these source areas for the purposes of dust characterisation 20 

are varied and can produce different representations of emitted dust. This study systematically 21 

compared dust characterisations from three established approaches for estimating dust 22 

emission potential, namely: Big Spring Number Eight (BSNE) traps, a Portable In-situ Wind 23 

Erosion Laboratory (PI-SWERL) wind tunnel, and bulk surface sampling, at a known Namib 24 

Desert dust source. Individual particle analysis by auto-SEM (QEMSCAN) allowed 25 

comparison of size, shape, mineralogy and elemental composition at micrometre-scale for 26 

samples from the three approaches. BSNE samples consisted of a lower proportion of fine 27 
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sediment (<20 µm particle diameter) than PI-SWERL-derived samples, with this performance 28 

possibly influenced by atmospheric humidity. In comparison, PI-SWERL characterised the 29 

dust with relatively fewer particles between 63-100 µm, a fraction that was more evident in 30 

both the BSNE-derived and surface sediments. The reduced representation of this coarser 31 

fraction resulted in appreciable differences in particle shape and mineralogic characteristics 32 

compared to BSNE and surface-derived samples. The different representations by the three 33 

methods return variable dust characteristics at source across fundamental properties of particle 34 

size, shape and mineralogy. Awareness of the different representations of dust caused by 35 

sampling technique remains essential for the appropriate physical and geochemical 36 

characterisation of aeolian dust and highlights how standardised techniques are important for 37 

meaningful comparisons, while methods to achieve accurate characterisation remain a priority 38 

for the discipline.  39 

Introduction 40 

Mineral aerosols generated from desert regions provide nutrients to both marine and terrestrial 41 

ecosystems and affect climate (e.g. Jickells et al., 2005; Knippertz and Stuut, 2014; McTainsh 42 

and Strong, 2007; Shao et al., 2011a). The determination of the physio-chemical properties of 43 

surface sediments at emission source areas and suspended aeolian dust itself provides valuable 44 

information regarding the provenance and evolution of dust from emission to deposition. The 45 

size, mineralogy and shape of the dust particles are crucial characteristics for understanding 46 

the effects that the particles have, including the transformations they undergo from source, 47 

during transport to the point of deposition. These fundamental characteristics are dependent in 48 

the first place on the sediments at the source of emission, as influenced by the geology and 49 

geomorphology of the landscape, as well as the active weathering regime. Because dust 50 

composition depends heavily on source sediments, the sampling and measurement approaches 51 
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employed to characterise dust represent a crucial consideration and ideally, varied approaches 52 

should yield comparable results. The correct measurement (and subsequent parameterisation) 53 

of dust characteristics at source is important for improving our understanding of emissions 54 

processes, as well as the modelling of the full dust cycle and assessing the potential downwind 55 

impacts of the emitted dust (Kok et al., 2012; Mahowald et al., 2014). 56 

Particle size is a primary determinant of the environmental impact of mineral dust due to the 57 

fact it has a significant initial control on sediment erodibility and subsequently the duration and 58 

distance of transport. However, the representation and measurement of the size distribution of 59 

aeolian dust samples remains a challenge (Formenti et al., 2011; Kok et al., 2011a). The 60 

particle-size distribution (PSD) in source sediments influences how the suspended dust PSD 61 

changes in the atmosphere and consequently how the emission and transport processes are 62 

modelled (Mahowald et al., 2014; Shao et al., 2011b; Nousiainen, 2009). The PSD of emitted 63 

dust is generally thought to depend on the source soil properties, such as parent soil particle 64 

size distribution, and also wind speed (Kok et al., 2011a, 2011b). However, based on empirical 65 

observations, Mahowald et al. (2014) contended that this applies only to the >5 µm size fraction 66 

and that the size distribution of the emitted dust <5 µm is independent of soil PSD and wind 67 

speed. The coarser dust particles (>5 µm) constitute a substantial fraction of the vertical dust 68 

flux and despite their size, are recognised as having the potential to travel far from the emission 69 

source (Ryder et al., 2013). For example, van der Does et al. (2016) recently found modal grain 70 

sizes between 4 and 32 µm along a transect in the Atlantic Ocean up to 4400 km from the north 71 

African source region. Their findings provide novel evidence that the transport of coarser dust 72 

fractions may be significant over much larger distances than previously considered. Such 73 

findings are based on measurement of deposited dust, but field-based methods to sample and 74 

measure aeolian dust at emission sources are required to elucidate controls on erodibility and 75 

characteristics of dust at uplift.  76 
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The mineral and elemental composition of aerosols are important characteristics that will 77 

influence the types of interaction that take place between dust particles and the atmosphere, 78 

ocean and terrestrial environments (Formenti et al., 2011; Mahowald et al., 2011). For example, 79 

dust provides important nutrients, such as Fe, that affect the biogeochemical cycles of the ocean 80 

(Jickells and Moore, 2015; Mahowald et al., 2005), with the quantity and bioavailability of Fe 81 

fundamentally determined by the mineralogy of the particles (Journet et al., 2008). Minerals 82 

have different refractive indices and so mineral composition, in combination with particle size 83 

and shape, also influences the radiative properties of the aerosols. This has a direct influence 84 

on the solar and infra-red radiation absorption properties of the dust (Claquin et al., 1999; 85 

Kalashnikova and Sokolik, 2002; Nousiainen, 2009). Mineralogy is also important for the 86 

indirect effect of dust on the radiative budget, such as Ca-bearing minerals acting as cloud 87 

condensation and ice nuclei (Atkinson et al., 2013; Laskin et al., 2005; Sullivan et al., 2009). 88 

The mineral and chemical compositions of aeolian dust are also recognised to be useful for 89 

investigating sediment provenance (Yang et al., 2007; Muhs et al., 2014). Dust constitutes a 90 

combination of various minerals including clays, quartz, carbonates, feldspars, sulphates and 91 

iron oxides (Sokolik and Toon, 1999), with the composition and proportions of the minerals in 92 

emitted dust being dependent on the mineralogy of the source soil (Claquin et al., 1999; Journet 93 

et al., 2014; Nickovich et al., 2012). With its environmental impact influenced by variable 94 

mineralogy, accurate characterisation of emitted dust at sources is essential for improving 95 

predictions regarding the complex environmental role dust plays in the Earth system. 96 

Particle shape is also recognised to affect the settling or sedimentation velocity of dust, with 97 

flat particles expected to travel further than spherical particles for a given velocity (Formenti 98 

et al., 2011; Ginoux, 2003). Friese et al. (2016) recorded particle sizes up to 250 µm for Saharan 99 

windblown sediment sampled 150 km off-shore and related this to the capacity of platy-shaped 100 

mica particles to travel further distances than a spherical particle of equivalent size. The effect 101 



5 
 

of non-sphericity on sedimentation velocity becomes particularly pronounced in combination 102 

with particle size and density. Furthermore, particle shape can also influence the light scattering 103 

abilities of the aerosols. Such properties are heavily dependent on the sphericity of the particles 104 

(Kalashnikova and Sokolik, 2002) and this is important because the characterisation of dust 105 

particle sizes often assumes a strong sphericity in particle shape (Mahowald et al., 2014). The 106 

shape factor is also understood to have important implications for determination of radiative 107 

forcing by dust and its effect on climate, and for radiances detected in remote sensing 108 

applications (Formenti et al., 2011; Nousiainen, 2009).  109 

A variety of methods have been employed to sample the windblown or wind-erodible sediment 110 

at emission sources. These include windblown sediment samplers on-site or downwind of dust 111 

sources, including passive samplers such as Big Spring Number Eight (BSNEs) and Modified 112 

Wilson and Cooke samplers (MWACs) (e.g. Dansie et al., 2017a; Fryrear, 1986; Gillette et al., 113 

1997; Goossens and Buck, 2012; Hahnenberger and Perry., 2015; Warren et al., 2007, Waza et 114 

al., 2019), resuspension chambers (Engelbrecht et al., 2016), wind tunnel measurements and 115 

sampling (e.g. Lafon et al., 2006; Van Pelt et al., 2017; Wang et al., 2015; Wang et al., 2017), 116 

and samples of the wind-erodible fraction of surface sediments as a proxy for emitted dust (e.g. 117 

Bhattachan et al., 2015; Dansie et al., 2017b; Reynolds et al., 2007; von Holdt and Eckardt, 118 

2017; Wang et al., 2005). Among the different methods, the Portable In Situ Wind Erosion 119 

Laboratory (PI-SWERL) has emerged as a standardized approach for measuring emission 120 

potential, allowing comparable estimations of dust flux potential from different surfaces, 121 

capturing emission variability through its ability to quickly and easily undertake numerous 122 

replicable measurements (e.g. Etyemezian et al. 2007; Sweeney et al., 2008; Sweeney et al., 123 

2011; von Holdt et al., 2019, Cui et al., 2019). The sampling of sediments from the PI-SWERL 124 

exhaust has only been done in a limited number of studies, such as Vickery and Eckardt, (2020) 125 

and Wang et al., (2015). This range of field techniques provides the means to obtain 126 
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fundamental information about the characteristics of windblown or wind-erodible sediment 127 

from emission source areas. However, the variable design, efficiencies and biases across 128 

different methods can potentially result in the sampling and measurement of varying fractions 129 

with different proportions of particle sizes (Goossens and Buck, 2012). For example, BSNE 130 

samplers have been shown to exhibit an inefficiency at trapping fine particles (<10 µm) (Shao 131 

et al., 1993; Sharrat et al., 2007; Sow et al., 2006), leading to an overrepresentation of coarser 132 

dust fractions. Such influences on the sediment sampled could lead to different interpretations 133 

of the physicochemical characteristics of the emitted dust, stemming from the sampling 134 

approach. 135 

Analysis of the size and mineralogy of windblown and surface sediments at source has been 136 

performed in many studies (e.g. Formenti et al., 2003; Hojati et al., 2012; Rashki et al., 2013). 137 

The particle size distributions can be determined by several methods including the 138 

measurement of the geometric diameter by Coulter counter, imaging techniques such as optical 139 

microscopy or optical diameters by laser diffraction (Mahowald et al., 2014). The mineralogy 140 

of dust has been determined extensively on a semi-quantitative basis with X-ray diffraction 141 

(XRD) for the major mineral phases (e.g. Falkovich et al., 2001; Shi et al., 2005) and the 142 

elemental composition quantitatively with X-ray fluorescence (XRF) spectrometry or 143 

inductively coupled plasma atomic emission spectroscopy/mass spectroscopy (ICP-AES/ICP-144 

MS) (e.g. Reheis et al., 2009; Trapp et al., 2010, Zhang et al., 2001; Zhuang et al., 2001). These 145 

analyses can, however, only discriminate between particle sizes based on physically separated 146 

fractions, such as by sieving. Individual particle analysis has been performed with scanning 147 

and transmission electron microscopy (SEM and TEM) in combination with energy-dispersive 148 

X-ray microanalysis to determine composition and shape (e.g. Engelbrecht et al., 2009; Jeong 149 

et al., 2008), but these techniques generally involve a limited number of particles which are not 150 

necessarily representative of the sampled dust. The development of automated SEM 151 
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(computer-controlled) for individual particle analysis enables the determination of the size, 152 

composition and shape of a statistically significant number of individual particles (e.g. Deboudt 153 

et al., 2010; Engelbrecht et al., 2016; Kandler et al., 2007, 2009; Krueger et al., 2003; Reid et 154 

al., 2003; Speirs et al., 2008, Waza et al., 2019). Computer-controlled SEM analysis of sampled 155 

sediment offers the ability to enable a detailed comparison of sampled sediment for 156 

comparative purposes. 157 

This study compared the characterisation of aeolian dust at an emissions source area in the 158 

Namib Desert using three common sampling approaches as used in the quantification of dust 159 

emission by flux or in estimating the potential for emission. These were bulk surface-sediment 160 

sampling, windblown dust collected in BSNE traps and, finally, dust samples obtained from 161 

operation of a PI-SWERL wind tunnel. A high-resolution auto-SEM (QEMSCAN) analysis 162 

was used to compare the size, mineral composition, and shape of individual particles sampled 163 

with each method. The detail of our study reveals that these sampling techniques can result in 164 

the collection of different fractions of the dust, highlighting the value of a consensus approach 165 

that comprises all three sampling techniques, and allows for future studies to evaluate potential 166 

biases in sediment analysis dependent upon applied sampling techniques. 167 

Regional setting 168 

The ephemeral river valleys in the Namib Desert are major dust sources in southern Africa (Fig 169 

1a), with large plumes visible on satellite imagery as dust is transported over the ocean during 170 

strong autumn and winter easterly winds (Vickery et al., 2013; Dansie et al., 2017b). The Huab 171 

river catchment, one such dust bearing system, is located in a basement of the Upper 172 

Proterozoic to Cambrian Damara Sequence (Fig 1b), overlain by Carboniferous to Permian 173 

Karoo Supergroup sediments of fluvio-lacustrine and fluvio-marine origin (Jerram et al., 2000). 174 

An angular unconformity, with a gap of up to 120 Ma, exists between the Karoo Supergroup 175 
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and the deposition of the Etendeka Group (c. 133 Ma) which marks the separation of Africa 176 

from South America. This group includes the fluvial and aeolian units of the Cretaceous Etjo 177 

Formation, intruded and covered by the volcanic flood basalts of the Etendeka Igneous 178 

Province (Jerram et al., 1999). The Damara Sequence locally provides schists, granites and 179 

marbles. The Karoo Supergroup adds shales, siltstones and mudstones and the Etendeka 180 

contribute basalt, andesite as well as sandstone of the Etjo formation.  181 
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 182 

Figure 1: a) The location of the Huab study catchment and other ephemeral river catchments in 183 
Namibia, b) Geology of the Huab catchment in terms of Complex, Group and main rock types. 184 
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Also indicated are point sources of dust emission as determined by the identification of the 185 
upwind points of dust plumes in Landsat imagery (see von Holdt et al., 2017) 186 

The Huab is one of the most actively dust emitting ephemeral river systems in Namibia 187 

according to analyses of remote sensing, with consistent dust emission sites situated within the 188 

river at an upstream section associated with fluvial silt terraces, and at downstream stages 189 

where there are fine sediment deltaic deposits, as well as from the pans situated to the north 190 

and south (Vickery et al., 2013; von Holdt et al., 2017). Dust emission tests with the PI-SWERL 191 

confirmed the high emission potential of the Holocene fluvial silt terraces (von Holdt et al., 192 

2017), with no flood events recorded on these raised fill sediments for the last c.600 years from 193 

OSL chronology performed by Thomas et al. (2017). In addition, Dansie et al. (2017a) further 194 

confirmed the emission potential of the alluvial sediments in this system with ground-based 195 

measurements from seven stations situated throughout the river valley. These measurements 196 

included monitoring of dust concentrations through a combination of a DustTrak DRX aerosol 197 

monitor and meteorological conditions from an automatic weather station. In addition, 198 

windblown sediment samples were collected with a tower of BSNE traps. Dansie et al. (2017a, 199 

b) highlighted the ocean fertilisation potential of the surface and windblown sediments 200 

collected with the BSNEs from the Huab with elevated levels of bioavailable Fe, P and N. von 201 

Holdt et al. (2019) quantified the emission potential of the landforms of this system with a PI-202 

SWERL wind tunnel, identifying the nebkhas and paleo silt terraces with available mobile sand 203 

as preferential surfaces for emission. 204 

 205 
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Methods 206 

Field sites and measurements 207 

Dust emission measurements with a Portable In-Situ Wind ERosion Lab (PI-SWERL) wind 208 

tunnel (Etyemezian, 2007, Sweeney et al., 2008, 2011, Goossens and Buck, 2009, Bacon et al., 209 

2011, von Holdt et al., 2017, Cui et al., 2019) were carried out at seven sites within the Huab 210 

River system, including the Huab Pan and the adjacent gravel plain. These sites were chosen 211 

based on the remote sensing analysis of dust sources by Vickery et al. (2013) and von Holdt et 212 

al. (2017; 2019). The measurement sites included the main geomorphic units within the dust-213 

producing area of the river system, which included the valley fill and delta terraces (four sites: 214 

Huab 1, 2, 4, 7), the river channel itself (one site: Huab 3), gravel plain (one site: Huab 5) and 215 

the Huab Pan to the north of the river (one site: Huab 6) (Figure 2). All PI-SWERL 216 

measurements were carried out as a 5-minute constant rotation test, building up to 3300 rpm 217 

(with 120 seconds to reach target rpm) followed by a runtime of 180 s at the maximum rotation 218 

speed. The friction velocity applied by the PiSwerl to the surface (3300 rpm = u* of 0.55 - 0.58 219 

ms-1) equated to a wind speed of approximately 8 ms-1 at 10 m height when adjusted for surface 220 

roughness (Etyemezian et al., 2014) and represented a threshold at which saltation was initiated 221 

(Fryberger, 1979; Stout, 2007). The analysis of remote sensing data for dust emission in the 222 

Namib confirms the appropriateness of this threshold friction velocity for dust emission (von 223 

Holdt et al., 2017). A constant rotation speed was used to simplify the variables selected for 224 

this analysis. The PI-SWERL was used for experiments at seven sites with 5 to 10 replicate 225 

measurements undertaken spaced at 1 m apart on a transect line (Figure 3).  226 

Samples of dust from the PI-SWERL exhaust were taken from two measurement runs that 227 

produced appreciable dust emissions and were collected by sealing a plastic bag over the 228 

instrument’s exhaust to capture emitted dust over the full duration of the test run. These runs 229 

were situated on the river valley and delta fill terraces (Huab East and Huab West on Figure 230 
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2). For the bulk surface sampling approach, soil samples of approximately 200 g were taken 231 

adjacent to the position of each PI-SWERL run and consisted of a scrape of the top 0.02 m of 232 

soil, ensuring that the surface type and sediment remained consistent with the wind tunnel-233 

tested surface. The two sites (Huab East and West) are situated 17 km from each other in a 234 

section of the river where the transport of sediments by floods generated in the highlands drives 235 

the supply of material that can be entrained by the wind. As a result, the sediments at the two 236 

study sites are predominantly derived from the same geology found in the upper catchment. 237 

 238 
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 239 
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Figure 2 Test sites in the Huab River system. PI-SWERL test sites are marked with triangles 240 
from Huab 1-7 in panel a, b and c and are located in the following landform types: Huab 1,2, 4, 241 
7 on valley/delta fill terraces, Huab 3 within the active channel, Huab 5 on the gravel plain and 242 
Huab 6 on Huab Pan. BSNE samples were obtained from sites marked with squares at Huab 243 
West (H7) and Huab East (H2) in panels a, b and c. This study focused on the two sites labelled 244 
Huab West and Huab East. Top images (panel a and b) obtained from Bing Aerial imagery 245 
(Microsoft Bing, 2017). The image in panel c is the Landsat 8 false colour image (bands 7,5,3) 246 
for 21 July 2013. The bottom image (panel d) shows the north-east Bergwind event captured by 247 
Landsat 8 on 21 July 2013 resulting in significant dust plumes emanating from the dry river 248 
valleys in blue. Stacked image created with a shortwave infrared band (7) and the two thermal 249 
infrared bands (10,11). This event occurred while the BSNEs were deployed.  250 

  251 
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 252 

 253 

Figure 3 (a) PI-SWERL experimentation site within the Huab active channel (Huab 3). Here, 254 
each site consisted of a minimum of 5 runs along a transect (marked with blue rope). PI-255 
SWERL wind tunnel on its buggy on the left and pyramid frame for taking surface photos also 256 
shown. (b) PI-SWERL instrument deployed on the surface, showing exhaust outlet which was 257 
sampled during test runs. 258 

  259 
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For the final sampling procedure, a tower with BSNE samplers was erected within each of the 260 

East and West sites (squares in Figure 2). The BSNE samplers are wedge-shaped traps based 261 

on the design by Fryrear (1986) and samples were obtained from a trap placed at 0.89 m (Table 262 

1). For the comparison between sampling methods done as part of this study, the PI-SWERL 263 

and surface samples in proximity to the BSNE towers were selected for analysis (Table 1). 264 

Laboratory preparation of the collected sediment samples saw the samples from the surface, 265 

one PI-SWERL sample and the BSNEs from Huab West subsequently split by cone and 266 

quartering (Campos-M and Campos-C., 2017) to obtain subsamples allowing XRF, particle 267 

size and QEMSCAN analysis. There was not enough sample from the PI-SWERL exhaust 268 

sample at Huab East for XRF analysis and only QEMSCAN was performed on this exhaust 269 

sample. The three sample types are hereafter referred to as “Surface”, “PI-SWERL” and 270 

“BSNE” samples.  271 

  272 
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Table 1 Sample details from the Surface, BSNE and PI-SWERL exhaust.  273 

Sample ID Sample location 

Sample height 

relative to surface 

(m) 

Collection start and end 

date 

Surface E East -0.02 to 0 18/09/2015 

PI-SWERL E 
PI-SWERL transect 

Huab 1 and 2 
0 18/09/2015 

BSNE E** East (H2) 0.89 07/07/2013-01/08/2013 

Surface W West -0.02 to 0 18/09/2015 

PI-SWERL W 
PI-SWERL transect 

Huab 7 
0 18/09/2015 

BSNE W West (H7) 0.89 09/07/2013-03/08/2013 

The BSNE sample locations at H2 and H7 correspond with those described by Dansie et al. 274 

(2017a). 275 

  276 
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XRF 277 

The elemental composition of all surface and BSNE samples and the West Huab PI-SWERL 278 

sample were analysed with a Spectroscout energy-dispersive X-ray Fluorescence (XRF) 279 

analyser (SPECTRO Analytical Instruments, Kleve, Germany). There was insufficient material 280 

for the second PI-SWERL (East) sample to be analysed. The XRF was calibrated with a 281 

certified standard GBW07312 (National Research Center for CRMs, Beijing, China) for which 282 

technical concentrations were obtained from NOAA Technical memorandum NOS ORCA 68 283 

(1992). This analysis was performed to validate the auto-SEM-EDS (QEMSCAN) results. 284 

Auto-SEM-EDS analysis (QEMSCAN) 285 

The samples were analysed using a FEG QEMSCAN 650F and accompanying software, 286 

iDiscoverTM with the aim of determining the size, mineralogy and shape of the individual 287 

particles. A description of QEMSCAN principles can be found in Gottlieb et al., (2000) and 288 

Goodall et al., (2005). The bulk surface samples were screened over a 250 and 63 µm sieve. 289 

The two fractions <63 µm and 63-250 µm were analysed separately, but the results are 290 

aggregated when referring to Surface East or Surface West samples. The PI-SWERL and 291 

BSNE samples did not consist of particles greater than 250 µm. A subsample was further split 292 

by rotary micro-splitter to obtain approximately 0.2 g of material for QEMSCAN analysis and 293 

subsequently mounted in resin. The samples were mixed with graphite in a 2:1 (sample: 294 

graphite) ratio to ensure maximum dispersion and to aid with electron conductivity. This 295 

mixture was then added to resin and stirred vigorously in a figure of eight pattern to ensure 296 

complete mixing and random orientation of all particles. The sample moulds were placed in a 297 

vacuum chamber for 10 minutes and then again for 5 minutes, breaking the vacuum in between 298 

to release any trapped air bubbles. The moulds were cured overnight in a pressure pot and the 299 

blocks removed for polishing the next day. The blocks were polished in a series of grinding 300 

and polishing steps with a final polishing cloth size of 1 µm. The grinding and polishing 301 
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sequence were as follows: grinding with Struers MD-Piano 1200, followed by polishing with 302 

MD-Largo 6 µm cloth, MD-Dur 3 µm and finishing off with MD-Nap 1 µm cloth. The blocks 303 

were inspected with an optical microscope at each stage to ensure there are no plucked or 304 

cracked grains and to ensure a smooth surface. The blocks were carbon coated and placed in a 305 

vacuum cupboard overnight before analysis. It is important to acknowledge that the sample 306 

preparation would result in alteration of the sampled sediment, but all the samples underwent 307 

the same protocols to allow for the comparison of the results from the different sampling 308 

approaches. The sample mounting underwent extensive testing to determine the most 309 

appropriate methodology for the comparative purposes of this study (see details in 310 

supplementary material, section S1). The surface samples also underwent screening as part of 311 

the sample preparation to represent the wind-erodible fraction as in previous studies 312 

(e.g. Bhattachan et al., 2015; von Holdt and Eckardt, 2017; Wang et al., 2005; Guieu et al., 313 

2002, Shi et al., 2011).   314 

Samples were scanned at 2 µm/pixel for a minimum of 2 hours which yielded approximately 315 

10,000 – 60,000 individual particle images per sample. This provided a large enough number 316 

of randomly oriented particles for a comparative assessment of particle size. All particles were 317 

categorised into the following size fractions: <5, 5-10, 10-20, 20-63, 63-125, 125-150, 150-318 

350 and >350 µm using the calculated equivalent circle diameter (ECD) of the measurement 319 

of the flat, cross-sections of the particle (Little, 2016; Ralph and Kurzydlowski, 1997). Shape 320 

characteristics were determined on the flat cross-sections of the particles according to the 321 

classification system used by Little et al. (2015) using measures of roundness and aspect ratio. 322 

The identification of mineral phases with the QEMSCAN is not fully automated and still 323 

requires considerable input from the user of the instrument. The user must create a SIP (Species 324 

Identification Protocol) list which classifies the minerals based on the BSE and EDS elemental 325 
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concentrations for each pixel. The classification of the measured spectra has to be evaluated by 326 

using several criteria including elemental ranges and ratios (Little, 2016).  327 

Results 328 

Particle size distributions 329 

A total of 171,104 particles were scanned for all six samples from Huab West and East 330 

providing the size, mineralogy, elemental composition and shape of each particle scanned at 2 331 

µm/ pixel resolution. The particle-size distributions based on the total area of pixels in each 332 

size bin of the bulk surface, PI-SWERL, and BSNE samples for both sites are different for the 333 

three sampling methods (Figure 4a and Table 2). This is especially evident for the East site, 334 

with the bulk Surface and BSNE showing a maximum in the 20-63 µm size bin and the PI-335 

SWERL a maximum in the 10-20 µm bin. In addition, the proportions of the sample in each 336 

size category differ within the smaller size bins (Table 2), with a much smaller percentage of 337 

the sample falling in the <20 µm size class for the Surface and BSNE East sample. Almost all 338 

of the particles from the PI-SWERL samples were less than 100 µm (98.5 % at the East site 339 

and 100 % at the West site). The PI-SWERL sample at the East site had a small fraction of 340 

particles in the coarser bins (0.41 % in 100–125 µm and 1.07 % in 150–350 µm).  At Huab 341 

West, all the samples have a maximum in the 20-63 µm bin, similar to the Surface and BSNE 342 

East samples. The PI-SWERL West sample had a significantly larger proportion within the 10-343 

20 µm bin compared to the other two methods. In comparison, the BSNE West sample had the  344 

largest proportion of <10 µm fraction (Table 2) at this site. The number size distribution (Figure 345 

4b) illustrates the predominance of the <10 µm fraction for the PI-SWERL and surface samples 346 

at the East site (greater than 95%), whereas the BSNE sample only has 63.7% <10 µm and 347 

96.1% <63 µm. The samples from the West site all have a number size distribution of at least 348 

98% <63 µm, with the BSNE having the largest number of particles in the smallest size class 349 
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(38% <5 µm). The number distribution of the PI-SWERL East and BSNE West samples follow 350 

the same trend (Figure 4b). As additional information, the PI-SWERL emission fluxes for all 351 

sites tested in the Huab are given in supplementary section S2 as boxplots per site. The emission 352 

flux results for the individual runs for the PI-SWERL samples in the East and West are also 353 

presented in supplementary section S2.  354 

 355 
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 356 

Figure 4 Comparison of particle size distribution based on a) area, and b) number of particles 357 
from the QEMSCAN analysis. Particles are placed in size bins based on the equivalent circle 358 
diameter (ECD) of each measured particle. 359 

  360 
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Table 2 Cumulative percentages of samples in selected size fractions based on QEMSCAN 361 
analysis 362 

 <5 µm <10 µm <20 µm <63 µm <100 µm 
Surface West 0.7 4.3 16.2 70.8 88.4 
PI-SWERL West 1.4 11.0 47.1 99.4 100.0 
BSNE West 2.8 16.5 38.1 90.3 99.5 
      
Surface East 3.3 12.2 19.7 48.6 68.9 
PI-SWERL East 5.9 33.9 69.2 94.3 98.5 
BSNE East 2.3 13.1 28.4 68.2 93.2 
 363 

 364 

Mineralogical comparison 365 

The sampled dust from the BSNEs and the PI-SWERL and bulk surface fine sediments consist 366 

of a mixture of minerals consisting of predominantly feldspar; quartz; mica; other 367 

aluminosilicates such as epidote, chlorite, amphibole and pyroxene; iron oxyhydroxides; 368 

titanium minerals; carbonates and clay minerals. The mineralogy of the samples shows varying 369 

combinations of these minerals, but the contribution of mica to the BSNE West and PI-SWERL 370 

East sample is markedly different from the other samples. The mica makes up the largest 371 

proportion of all the size fractions in these two samples (Figure 4a, Figure 5). The ability of 372 

the BSNEs to catch mica differed between the two sites with the BSNE East not being effective 373 

at trapping mica in the <20 µm fraction. In contrast, the BSNE West trapped proportionately 374 

more mica than collected from the PI-SWERL or as represented in the surface sediments. Mica 375 

was the dominant mineral in the <5 and 5-10 µm size fractions for all the samples, but 376 

contributed more to the total size class mineralogy for the BSNE W (7.0%) and PI-SWERL 377 

East (12.0%), compared to the other samples (1.3-4.6%). The PI-SWERL East sample also had 378 
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a higher carbonate content in the 5-10 µm fraction compared to the trend for the total size 379 

distribution. 380 

The quantity of mica showed large variations as indicated by the total mineralogy (Figure 5). 381 

Mica comprised the largest contribution for the PI-SWERL East and BSNE West samples. The 382 

mineral distribution for these two samples was very similar, including the other 383 

aluminosilicates, possibly suggesting that the material captured by BSNE West originated from 384 

the surfaces found further upstream in the river towards the east. The BSNE East sample was 385 

relatively depleted in mica compared to the surface and PI-SWERL sample, indicating that less 386 

mica was being trapped by this sampler. The BSNE captured sediments in the west were damp 387 

(possibly due to frequent fog-events) when it was collected, which could explain why this 388 

BSNE successfully trapped both finer particles and more mica. In contrast, the BSNE East 389 

sampler would be less likely to experience wet conditions given its location further inland 390 

(Eckardt et al., 2013). The degree of dispersion is an important consideration in any analysis 391 

of the size and composition of dust particles.  The sediments in the present analysis cannot be 392 

regarded as fully dispersed because some agglomerations were present in all the samples. This 393 

occurred despite dispersion procedures during sample preparation that resulted in the 394 

disaggregation of most clusters. The number of agglomerated particles was determined by 395 

measuring the number of pixels within the particle that were classified as background, i.e. no 396 

mineral data recorded for that pixel. The percentages of agglomerated particles were 397 

sufficiently low for all the samples (<3.9%), except for the Surface East (63-250 µm) fraction 398 

which had 6.3% agglomerations (see supplementary section S3). A distinction should be made 399 

between agglomerations of finer particles (Figure 6 BSNE W) and finer particles cemented 400 

onto larger particles (Figure 6 BSNE E). The particle images in Figure 6 were taken from a 401 

top-mounted sample, with undispersed aggregates (not used in this analysis but for image 402 

purposes only). Any agglomerations of finer particles should be regarded as having the 403 
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potential to produce finer particles, despite being classified in a larger size class. All the 404 

samples underwent the same particle mounting procedure and agitation and are therefore 405 

regarded as suitably comparable. 406 

  407 
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 408 

 409 

 410 

Figure 5 The total mineral distribution for each sample. Feldspar, quartz and mica are the predominant minerals. The PI-SWERL East sample is 411 
dominated by mica compared to the less abundant quantity in the BSNE East sample. In contrast, the BSNE West sample is dominated by mica, 412 
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with much less mica in the corresponding PI-SWERL West sample. The other aluminosilicates for the BSNE West and PI-SWERL East show a 413 
similar trend. The carbonates and Fe oxyhydroxides are less abundant in the BSNE West compared to the PI-SWERL East sample 414 
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 418 

 419 

 420 

Figure 6 SEM image and false colour image of particles consisting of various minerals. BSNE E 421 
is an example of a larger particle with fine particles cemented to it and the BSNE W particle is 422 
an agglomeration of finer particles with a high proportion of background (blank) pixels 423 
identified within the particle image. These images and mineralogy scans were produced from 424 
the top-mounted samples, whereas all other results are based on the resin mounted samples. 425 

  426 
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Elemental distributions 427 

The elemental residence of Fe, Ca and P within the size classes indicates that these elements 428 

are concentrated in the wind-erodible fraction (Figure 7). According to our analysis, the Fe is 429 

mainly associated with Fe oxyhydroxides, mica and other aluminosilicates, with minor 430 

amounts associated with feldspar, titanium minerals and the clays of kaolinite (0.001-0.005% 431 

Fe associated with kaolinite as percentage of total Fe oxyhydroxides) and illite (0.001-0.007% 432 

Fe associated with illite as percentage of total Fe oxyhydroxides). The Fe oxyhydroxides 433 

consist mostly of goethite (α-FeO(OH)) and a goethite-clay interface. The Fe associated with 434 

the clay minerals as part of this study has concentrations of 0.01% for BSNE West, 0.008% 435 

from the PI-SWERL East and 0.008% for Surface East, whereas the remaining samples have 436 

concentrations of 0.003-0.004%. Calcium is predominantly associated with the Fe and Ca-rich 437 

aluminosilicates, feldspar and carbonates predominantly as calcite. Minor amounts of Ca are 438 

present in titanium minerals, apatite and clay minerals. Only the BSNE West and PI-SWERL 439 

East samples have Ca present in the form of sulphate, predominantly as gypsum. Phosphorous 440 

was only associated with apatite. In their study of the nutrient availability in sediments, Dansie 441 

et al. (2017b) suggested that most of the P contained in the ephemeral rivers in the Namib is 442 

derived from the geology (as apatite) and potentially accumulated in sediments in the lower 443 

reaches of the ephemeral rivers as they flow through the desert due to the decrease in vegetation 444 

to utilise this nutrient. 445 

 446 
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 Figure 7 Element residence of Fe, Ca and P within size classes (a) and Fe and Ca within different minerals present in all size classes (b). The (mass %) refers 451 
to the percentage of the element in the given size fraction or mineral phase as a percentage of the total sample 452 
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Shape characteristics 453 

The shape analysis classifies most particles for all sampling methods and both sites as sub-454 

angular to angular based on the number of particles classified according to the roundness 455 

criteria for the >5 µm fraction (Figure 8). The BSNE West sampled predominantly angular and 456 

subangular particles concentrated in the 5–20 µm size fraction. The shape distribution of the 457 

PI-SWERL West sample is very similar to the BSNE in the same area. The BSNE East 458 

displayed a larger angular component in the 20–63 µm range, greater than that seen in either 459 

the surface or the PI-SWERL sample at the same site. All the samples have a maximum 460 

frequency in the sub-angular roundness class (0.4-0.6). The elongated and angular class (<0.2) 461 

is dominated by platy micas (evident in Figure 8b). 462 

  463 
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Figure 8 a) Roundness distributions for the three sampling methods at the two sites for the 5–63 467 
µm fraction. Most of the particles are classified in the angular to sub-angular classes. b) The 20-468 
63 µm fraction for BSNE East sample. Roundness can only be determined for >5 µm sizes given 469 
the scanning resolution of 2 µm/pixel used for this study (effective resolution of 2.75 µm). 470 

  471 
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Discussion 472 

The three different sampling methods tested here produced a range of different 473 

characterisations of aeolian dust (emitted or potentially emitted) as collected within a known 474 

source of emission in the Huab River valley of the Namib Desert. Analysis of the upper 0.02 475 

m surface samples as a proxy for emitted dust resulted in less representation of the <20 µm 476 

fraction relative to the emitted dust sample generated by the PI-SWERL (Table 2). At both the 477 

East and West sites in the Huab, the PI-SWERL had higher quantities of dust in the <20 µm 478 

fraction due to the preferential entrainment of finer particles (Table 2). The East PI-SWERL 479 

sample also preferentially entrained more mica compared to what is present in the surface 480 

sample for the <20 µm fraction (Figure 4). The ability to obtain physical samples of entrained 481 

dust from the PI-SWERL (Wang et al. 2017) provides the opportunity to directly compare the 482 

surface sediments with what is entrained from that surface, in addition to the <10 µm real time 483 

dust flux measurements. Using a surface-sediment sample could potentially provide a coarser 484 

representation of emitted dust, whereas the PI-SWERL would appear to provide a finer size 485 

distribution more representative of emitted particles. 486 

The <10 µm fractions of particle size in the BSNE samples had distributions quite different to 487 

those of the PI-SWERL samples. The East PI-SWERL captured more sample in the fractions 488 

<10 µm (33.9 %, Table 2), in relation to the comparable BSNE sample (13.1 %). In contrast, 489 

the West PI-SWERL captured less sample in the same <10 µm fraction (11.0 %) compared to 490 

the BSNE sample (16.5 %). The trend reverses for the 10-63 µm, where the BSNE consists of 491 

less in these size fractions than the PI-SWERL sample. The larger quantity of the finest 492 

fractions trapped by the BSNE might be regarded as contrary to what would be expected as the 493 

BSNE sampler is known to be inefficient at trapping dust in the finest fractions, being most 494 

efficient for particles of >30 µm (Sow et al., 2006; Mendez et al., 2011) with efficiencies of 495 

between 10% and 40% (Mendez et al., 2016; Shao et al., 1993; Sharrat et al., 2007) reported 496 
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for the <10 µm fraction. Dansie et al. (2017a) who sampled in the same region over a different 497 

time period similarly found that the BSNE West had the smallest median diameter (26.8-27.1 498 

µm) of all the sampling sites in the Huab, suggesting that this result was due to a combination 499 

of fluvial and aeolian processes in sorting dust-sized sediment. Ephemeral fluvial flows would 500 

likely produce deposition of progressively finer material downstream, while dust emitted from 501 

upstream source areas and in transport would become finer at the point of sampling due to 502 

gravitational settling of the larger particles during transport. However, it is possible that the 503 

ability of the BSNE West sampler to trap the finer fraction is also due to the prevailing 504 

environmental conditions at this site. The Huab West site near the coast experiences high 505 

atmospheric humidity and experiences predominantly south-westerly onshore winds. An 506 

increased ability to retain fine particles within this sampler could be due to the moisture 507 

creating a physical crust of the trapped sediments at the bottom of the sampler, preventing re-508 

entrainment of the sample, or alternatively, the wetting of the sediments changing the 509 

aerodynamics of the sampler and thereby increasing its ability to trap fines. The BSNE has a 510 

simple, cheap and robust design, but moisture is a problem when sampling windblown 511 

sediment leading to some researchers suggesting the construction of rain hoods to protect the 512 

samples in the traps (Shao et al., 1993). The effects of fog precipitation and inland sea spray 513 

are, however, more difficult to control. Any significant influence on the likelihood of trapping 514 

the finest dust fractions or the modification of the aerodynamics of the sampler (such as 515 

isokinetic characteristics) due to environmental conditions would result in biased and 516 

inconsistent representations of windblown sediments. 517 

The predominance of the proportion of finer particles (<63 µm) in the PI-SWERL samples may 518 

also be due to interaction between entrained particles and the fast-rotating metal annular ring 519 

of the device, with collision resulting in a more fully dispersed particle size distribution (Shao, 520 

2004). One consequence of this interaction suggested by Vickery (2014), is that additional 521 
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abrasion and rounding of particles could result in higher dust concentration than naturally 522 

occurring by emission from the surface while additionally changing the particle characteristics. 523 

The abrasion and rounding of particles were not found to be the case in the present study as the 524 

surface and PI-SWERL sample roundness values follow the same trend across all size fractions. 525 

(Figure 8a).  The friction velocity used for testing by Vickery (2014) was significantly higher 526 

(5300rpm) than the present study (3300rpm), which could result in more abrasion and alteration 527 

of the particles in that study.  528 

The Huab sediments sampled by all three methods consisted of particles made up of a mixture 529 

of minerals derived from the weathering of the local metamorphic geology and subsequent 530 

transport of sediment within the catchment. The combination of the different rock types within 531 

the catchment makes for a rich mixture of minerals reflected in the sediments derived from 532 

these rocks. The internally mixed mineralogy of these particles is similar to that found for 533 

example by Falkovich et al. (2001), who reported that only 10% of the particles in their study 534 

collected on filter membranes at the eastern coast of the Mediterranean and originating in North 535 

Africa, were composed of a single mineral. The individual particle analysis of the three 536 

sampling approaches shows appreciable differences resulting in variations in the particle size 537 

distributions and composition of the particles. Such divergent representations of what is 538 

potentially emitted have important consequences when drawing conclusions from an analysis 539 

of the characteristics of sampled dust at the emission source or using the representation of dust 540 

in modelling efforts (Krueger et al., 2004; Fitzgerald et al., 2015). 541 

Despite the differences in the representation of the dust sampled by the three methods assessed 542 

here, the individual particle analysis still provides important detailed information about the 543 

potential ecological and atmospheric impacts of dust from the Huab source area. Modelling 544 

studies generally assume spherical particles (e.g. Lui et al., 2016) and ideal optical properties 545 

based on the chemical composition of the dust (Kandler et al., 2007). The high mica content 546 
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and mixed mineralogy, fine particle sizes and angular shape of the particles sampled in the 547 

present study all represent a departure from an idealised attempt at particle characterisation. In 548 

addition, the mica particles appear to have surface coatings of finer particles cemented onto 549 

them (Figure 6). The weathering of iron-rich biotite, as well as clay minerals adhered on these 550 

mica particles could result in an increased concentration of Fe associated with these particles 551 

that can travel further distances than more spherical particles of equivalent size. The ability of 552 

coarser, platy particles to travel further was noted by Friese et al. (2016), who argued that the 553 

coarse shoulder (approx. 100 to 250 µm) of their samples trapped at almost 1000 km offshore 554 

consisted of large platy particles as a result of their ability to travel further than spherical 555 

particles for a given wind speed.  556 

Nutrients contained in the dust, especially bioavailable Fe, have been an important aspect of 557 

dust research (Jickells and Moore, 2015; Mahowald et al., 2005). The Fe in the Huab samples 558 

is concentrated in the wind erodible fraction as Fe oxyhydroxides, within the aluminosilicates, 559 

the titanium minerals and to a lesser extent the clay minerals (Figure 7b). There is still 560 

considerable uncertainty regarding the reactivity and bioavailability of the Fe in the different 561 

mineral phases within dust. Journet et al. (2008) proposed that the Fe in the clay minerals is 562 

the most soluble and as a result more bioavailable compared to the other mineral associations. 563 

The concentration of Fe associated with clay minerals in the different samples highlight the 564 

similarity between sediments from the BSNE west and Huab east sites, but also reveal 565 

difference over orders of magnitude between the sampling approaches. Dansie et al., (2017a) 566 

reported bioavailable Fe concentrations in the BSNE windblown sediments of 0.00055% and 567 

0.00071% within the surface sediments, values that are an order of magnitude lower than the 568 

Fe associated with the clays. Helping to account for the fact that clay particles are more iron-569 

rich, Moskowitz et al. (2016) found that a large proportion of the ferric oxide minerals occurs 570 

as nanosized particles associated with clay minerals and that many of these nanoparticles were 571 
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on the surfaces of the clay minerals. Furthermore, aside from Fe presence, solubility of Fe 572 

could also be influenced by the presence of other mineral phases. For example, Hettiarachchi 573 

et al. (2018) reported an increase in Fe solubility with an increase in TiO2, also present in the 574 

sediments sampled here (Figure 5) and associated with Fe (Figure 7). The association of this 575 

bioavailable Fe with the various mineral components of the dust needs further investigation 576 

and the dust characteristics of the Namib ephemeral rivers (including the Huab) present an ideal 577 

study site. Furthermore, a combination of sampling methods, including the PI-SWERL exhaust 578 

sampling, with a computer-controlled SEM individual particle size analysis could make an 579 

important contribution to this field of research. The benefits of combining a passive sampler 580 

with an automated single-particle analysis has also been suggested by Waza et al., (2019).  581 

In addition, the inclusion of optical particle counters (OPS) such as by Bachelder et al, (2019) 582 

would provide a means to further improve field sampling and characterisation of emitted dust. 583 

The inefficiency of the BSNE sampler in trapping fine particles (Shao et al., 1993; Sharratt et 584 

al., 2007; Sow et al., 2006), confirmed by the comparison of methods in the present study, may 585 

result in an under-estimation of the nutrient content of emitted dust, especially the bioavailable 586 

Fe content delivered to the ocean, as investigated by Dansie et al. (2017a).  587 

Conclusion 588 

Different sampling techniques could result in a misrepresentation of the influence of the dust, 589 

including a potential underestimation of the nutrient content contained within the sediments. 590 

Three different methods, representing aeolian dust samples, are compared (emitted or 591 

potentially emitted) at a single emission source.   The methods produce variable characteristics 592 

for a range of fundamental dust properties. The size distributions, mineralogy and shape of the 593 

particles show appreciable differences for each of the three sampling approaches. BSNEs are 594 

known to under-perform at trapping particle sizes <30 µm, especially in higher wind speeds, 595 
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and this can result in an underestimation of the quantity of emitted dust in this size fraction. 596 

Our data suggest that one BSNE consisted of proportionally less <20 µm compared to the PI-597 

SWERL sample, while a second BSNE comparison characterised a greater <10 µm size 598 

fraction than the PI-SWERL, and less in the specific 10-20 µm fraction. These nuances indicate 599 

important implications for accurate determination of the suspended PSD, and in this case, 600 

indicate a role for the high humidity in proximity to the coast as preferentially trapping <10 um 601 

material.  Similarly, our findings show that using a surface sample to represent dust emission 602 

potential could also result in an underestimation of fine fractions, specifically <20 µm. The 603 

bulk surface sample and BSNE potentially underrepresents the fines, whereas the PI-SWERL 604 

potentially results in an over representation of the fines.  605 

All three methods used in the Huab valley dust source area confirm the complex mixed 606 

mineralogy of the particles. Most particles consist of different combinations of minerals with 607 

some important differences found in different size fractions, especially the mica The analysis 608 

also highlighted the size fraction with the highest concentration of iron to be present as part of 609 

the aluminosilicate minerals, with lesser amounts as oxides and a limited association with clay 610 

minerals (<0.01 %). The iron is most abundant in the 20 – 63 µm fraction for the Surface and 611 

BSNE samples, whereas in the PI-SWERL east the iron is concentrated in the 5 to 63 µm 612 

fraction and in the PI-SWERL west found predominantly in the 10 – 63 µm size range. Most 613 

of the particles >5 µm were classified as angular to sub-angular. This complex mineralogy 614 

needs to be considered when referring to different size bins, their shape, composition and 615 

optical properties of the particles for use in models. The representation of mineralogy will differ 616 

depending on the chosen method with bulk surface sampling and dust trapping (BSNE) 617 

resulting in a potential under-estimation of important elements, such as iron, and a potential 618 

over representation from a PI-SWERL exhaust sample.   619 



43 
 

Novel sampling from the PI-SWERL exhaust has been performed successfully as part of this 620 

study, but the possibility of abrasion of particles by the rotating ring remains uncertain, 621 

especially in terms of its implications for characterising shape. The determination of fluid and 622 

particle flow inside the PI-SWERL would potentially provide a fuller appreciation of the results 623 

from this instrument, something that might be achieved through application of Particle Image 624 

Velocimeter (PIV) technology to the internal flow field (Johnson et al., 2010). The ability 625 

provided by the PI-SWERL, to test the emission potential of a surface at a set friction velocity 626 

and obtain a physical sample of the entrained sediments, provides an opportunity to formulate 627 

valuable characterisations of dust emission at source from specific surfaces. Our findings stress 628 

that environmental conditions at the time of PI-SWERL testing (especially moisture-related) 629 

can represent a significant influence on the nature of the emitted dust and these need to be 630 

recognised for systematic use of the PI-SWERL in a role as a dust generator.  Different 631 

sampling approaches will provide different representations of emitted dust and should be taken 632 

into consideration when evaluating particle size and mineral (or nutrient) composition of 633 

samples.  634 
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