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Abstract wind-driven dust emission has a major impact on many environmental and socioeconomic
issues such as climate change, soil loss, biogeochemical cycles, and air pollution. It is generally assumed
that the main global dust sources consist of nonsandy soils with high percentages of fine-sized clay and
silt particles. However, in recent years, it has been hypothesized that active sand bodies can generate
significant dust emissions through the mechanism of sand abrasion. Moreover, sand abrasion has been used
to explain the formation of certain soils on Earth and Mars. Here, we test the hypothesis that sand
abrasion can generate substantial dust emissions by performing targeted wind tunnel experiments on sand
grains in the absence of clay and silt particles. We find only minor emissions of particulate matter from
noncoated active sands under wind conditions typical of natural sand transport. The findings suggest that
the dust generated by the mechanism of sand abrasion is less than dust generated by the removal of clay
minerals coated on sand grain surfaces; both mechanisms on active sands produce far less dust than
nonsandy soils. Feldspar sand was found to be slightly more effective at generating dust through abrasion
than quartz sand. However, due to the low spatial coverage of feldspar sands in active sands worldwide,
dust generated from feldspar abrasion may produce a relatively small contribution to global dust emissions.
We thus conclude that sand abrasion by wind transport has a low potential to generate dust-sized particles
from active sands.

1. Introduction

Mineral dust emission is a major phenomenon influencing many aspects of the Earth system. Dust aerosols
affect Earth's global energy balance and climate sensitivity through radiative effects and climate feedbacks
(e.g., Kok et al., 2018) and cloud-formation processes, especially for ice and mixed-phase clouds (DeMott
et al., 2015; Nenes et al., 2014). Dust storms also influence nutrient cycling on terrestrial and marine ecosys-
tems (e.g., Jickells et al., 2005; Katra et al., 2016) and are considered a key air pollutant producing substantial
health risks (Giannadaki et al., 2014; Vodonos et al., 2015).

Past studies have simulated the global cycle of mineral dust (Albani et al., 2014; Ginoux et al., 2004; Ginoux
et al., 2001; Huneeus et al., 2012; Klose & Shao, 2013; Knippertz & Todd, 2012; Kok et al., 2014). The annual
global dust emissions are estimated to be as high as 3 x 10° tons (Huneeus et al., 2011; Kok et al., 2017).
However, comparisons of model results against dust measurements still show large discrepancies (Evan
et al., 2015; Kok et al., 2017). These gaps are due to a variety of factors, mainly uncertainties in the surface
properties incorporated into models and identification of dust sources. Most models have used dust emission
schemes that assume dust is mainly emitted from nonsandy soils containing a large fraction of very fine
materials—clay and fine silt-sized particles (Paul Ginoux et al., 2001; Zender et al., 2003). However, recent
measurement studies have found a significant contribution of active sands (e.g., dunes and sand sheets) to
dust emissions in Northern Africa, China, and elsewhere (Crouvi et al., 2012; Sweeney et al., 2016). This sug-
gests that active sand bodies can generate major dust events on a global scale.

Active sand bodies such as dunes are soils containing more than 90% by mass of unstabilized (loose)
sand-sized particles (80-1,000 um in diameter) that are available for aeolian (wind-driven) saltation trans-
port. These active sands cover around 20% of arid areas worldwide (Pye & Tsoar, 2009) and are also a domi-
nant formation covering large areas of Mars, Venus, Titan, and Pluto (Charnay et al., 2015; Claudin &
Andreotti, 2006). Most sand bodies on Earth consist of high percentages of quartz mineral (SiO,) (Nesbitt
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& Young, 1984; Pye & Tsoar, 2009). The second most dominant mineral of sand grains is feldspar with a
dominance of alkali feldspars (Na,-K;_,AlSizOg). Feldspar is not likely to appear alone in sand dunes but
rather as a mixture with other minerals, usually with quartz (Muhs, 2004). Quartz has relatively high hard-
ness level of 7.0 on Mohs scale (logarithmic scale of mineral hardness), compared with 6.0 for feldspar, as a
result of different mineralogical structures (Broz et al., 2006). This gives the quartz mineral the ability to
resist weathering over time (Wayne Nesbitt et al., 1997). Thus, in nature, most continental (inland) sand
bodies formed by distal sources contain mainly quartz sand grains (Muhs, 2004). Understanding the role
of active sand in dust emission processes is essential to properly quantify and simulate global dust in regional
and global models.

Studies on dust emission from active sand in drylands have proposed sand abrasion by wind transport (aeo-
lian abrasion) as the main mechanism for dust generation (Bhattachan et al., 2012; Bullard et al., 2004;
Crouvi et al., 2012; Sweeney et al., 2016; Wright et al., 1998). Aeolian abrasion refers to the mechanical wear
and fracture of sand grains due to the impacts of saltators at the sand bed or by sand collisions in the air
(Kuenen, 1960). Aeolian abrasion results in the formation of finer dust particles, including clay (<2 pm in
diameter) and silt (between 2 and 63 um in diameter) sized dust particles. Some previous studies have
referred to the removal of minerals that coat on the surface of the sand grains as a form of aeolian abrasion
(Bullard et al., 2004, 2007). However, here we only focus on the basic mechanism of aeolian abrasion, that is,
the reductions in the physical size and angularity of parent sand grains (Bagnold, 1937; Jerolmack et al., 2011;
Jerolmack & Brzinski, 2010; Kuenen, 1960). The rate of aeolian abrasion appears to be controlled by the
dynamics of sand collisions, which depends on the grain size, shape, mineralogy, and wind properties
(Bhattachan et al., 2012; Wright et al., 1998). For instance, positive relationships between abrasion rates
and particle size and angularity were found (Kuenen, 1960).

However, all the abovementioned studies have been carried out in artificial conditions of glass “test-tube”
chambers that do not simulate natural aeolian processes of saltating sand particles (Bullard et al., 2004, 2007;
Kuenen, 1960; Smith et al., 1991; Whalley et al., 1982, 1987; Wright et al., 1998). Recent aeolian simulations
in a boundary layer wind tunnel and field measurements have suggested that aeolian abrasion produces only
a minor contribution to dust generation from active sands (Huang et al., 2019; Swet et al., 2019). Both studies
show that the removal of clay coatings from the surface of quartz and feldspar sands is a dominant mechan-
ism of dust emission. The sand coatings are very fine layers of mainly iron and clay-rich minerals present on
the surfaces of sand grains. These coatings were found to be released as very fine dust particles (PM;, and
PM, s emissions) from active sands by mechanical weathering in the laboratory chamber (Bullard et al., 2007;
Bullard & White, 2005) and by saltation transport in the field (Huang et al., 2019) and the wind tunnel (Swet
et al., 2019). However, the assumption that aeolian abrasion is the dominant mechanism of dust emission
from active sands is still the prevailing argument in the literature (Bhattachan et al., 2012; Bullard et al., 2004;
Crouvi et al., 2012; Sweeney et al., 2016; Wright et al., 1998). Moreover, the theory of sand abrasion is used to
explain the formation of finer soils (loess) at the leeward side of dune fields by deposition and accumulation
of silt-sized particles (2-63 um) (Crouvi et al., 2008; Smith et al., 1991; Whalley et al., 1982). However, the
observed spatial fining trends may also result from sorting or fractionation caused by differences in trans-
portability of different grain sizes (Roskin et al., 2014). Dust generation (rates and products) by sand abrasion
has never been tested under saltation conditions, and the question of the relative contribution of this
mechanism to dust generation from sands to the global dust cycle is still unsolved.

To fill this clear research gap, we explore dust emission by sand abrasion in targeted simulations of aeolian
sand transport (saltation). Our study combines wind tunnel experiments and sample analyses of noncoated
quartz and feldspar sands. Understanding the dust emission mechanism from active sand can provide more
accurate estimates of quantities and particle characteristics of global dust loading to the atmosphere, thereby
reducing uncertainties in chemical transport and global climate models. It can also advance our understand-
ing of sand transport and landscape development on both the Earth and other planets, like Mars.

2. Materials and Methods

In order to measure the dust emission potential from active sand in response to the abrasion mechanism, we
performed wind tunnel experiments to simulate the conditions of saltation transport. During the experi-
ments, sand samples were collected to measure changes in particle size distribution (PSD) and
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morphology by using Scanning Electron Microscope (SEM) analyses. The wind tunnel experiments and sand
analyses were performed on clean (noncoated) quartz sand and feldspar-quartz sand, respectively.

2.1. Sand Samples

For the experiment, we have used two noncoated sand samples to quantify the aeolian abrasion of active
sands. Quartz sand and feldspar-quartz sand were chosen for the experiments to represent the most domi-
nant minerals in natural active sands. We used clean sands (no clay coatings and no residence fines) in order
to control variables and focus only on aeolian abrasion.

Quartz is the most abundant sand-forming mineral on Earth, especially in inland dune fields (Pye &
Tsoar, 2009). We used quartz sand (sand [50-70 mesh], Sigma-Aldrich, cat 274739, Lot MKCC7972- USA)
with no coatings and no loose dust-size particles in-between the sand grains, which instead exist in natural
dune sands (Swet et al., 2019). The quartz sand consists of subangular grains (R of between 0.27 and 0.33),
according to Powers (1953) roundness classification. PSD analysis shows a range of 150-600 um and a mode
of 350 um in diameter. The quartz sand contains 100% SiO, minerals (including 96.4% Quartz and 3.6%
Coesite) by chemical and mineralogical analyses using X-ray power Fluorescence (XRF) and X-Ray
Diffraction (XRD). The quartz sand samples contain no surface coatings, confirmed by scanning transmis-
sion electron microscope (STEM) images (Figure 1), and XRD analysis, showing no other material beside
SiO,. The analysis was conducted on 20 random-selected samples (hundreds of particles in each sample).

For comparison, feldspar-quartz sand that contains ~50% by mass quartz and ~50% alkali feldspars was also
tested in this study. The feldspar-quartz sand was collected from the Oceano dunefield in California, which
was formed by strong onshore sea breezes transporting sand derived from fluvial deposits (Cooper, 1967).
The feldspar-quartz sand is composed of relatively coarse sand particles (mode ~400 um in diameter) with
alow amount (<1%) of dust-sized particles (Huang et al., 2019; Swet et al., 2019). Sand samples from this site
were taken from the upper 2-cm layer of the dunes crest. Before the aeolian experiments, the feldspar-quartz
sand first went through a washing and drying process to remove loose and attached dust-sized particles
(Swet et al., 2019). Second, the feldspar-quartz sand was saturated in a sodium carbonate solution
(Na,Cas) in a concentration of 0.05% for 12 hr to ensure the removal of the attached clay coatings.
Finally, the sand was washed with water and dried again before entry into the wind tunnel. After the above
processes, the feldspar-quartz sands contain no surface coatings, confirmed by STEM images (Figure 1c) and
XRD mineral composition analysis.

Note that both the quartz sand and feldspar-quartz sand used in this study are somewhat coarser (mode of
350-400 pm in diameter) than typical aeolian sand dunes worldwide (mode of 125-250 um in diameter; Pye
& Tsoar, 1990). In addition, the particle shapes of the quartz sand and feldspar-quartz sand are both charac-
terized as subangular (R of between 0.28-0.33 and 0.25-0.30, respectively), compared to the subrounded
sand typical for inland sand dunes (Goudie & Watson, 1981). These size and shape parameters make the
sand used in this study more susceptible to aeolian abrasion than typical aeolian sand. That is, angular sand
grains can allow a better examination of the mechanical wear and rounding of the grains over time to pro-
duce dust-sized particles (Bullard et al., 2007; Gillette, 1978; Khalaf & Gharib, 1985; Kuenen, 1960; Whalley
etal., 1982, 1987; Wright et al., 1998), while the coarser size of the grains ensures impacts with higher kinetic
energy during saltation transport (Katra et al., 2014). Detailed description of the sand properties measuring
methods are presented below.

2.2. Wind Tunnel Experiments

The aeolian experiments were performed using an open circuit wind tunnel consisting of three parts: an
entrance cone, a test section, and a diffuser (Katra et al., 2014). The cross-sectional area of the tunnel is
~0.7 X 0.7 m, and the working length is 7 m for measurements in the test section (see supplementary
Figure S2 in Swet et al., 2019). The boundary layer in the wind tunnel is ~22 cm above the tunnel bed
(Katra et al., 2014). Instruments installed in the wind tunnel enable the determination of the following para-
meters: (i) wind velocity in vertical and horizontal cross sections by microvane probes (www.kimo.com) for
calculation of shear velocity (u« in m s~ through the law of the wall 1:
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Quartz Feldspar

Figure 1. Differences in sand grain profile between coated and noncoated sand. Profile STEM 3+ (scanning transmission electron microscope) images of sand
grains cut and processed in a dual-beam SEM/FIB device. (a) Typical quartz sand dune grain (SiO,) covered with ~200-nm clay coating layer (bordered on
both sides by a yellow line). The sand was collected from an active sand dune from the Negev dunefield, which is located in the eastern part of the Sinai-Negev erg.
(b) Quartz sand (SiO,) with no coatings attached to the surface of the grain purchased from Sigma-Aldrich. (c) Feldspar sand grain (KAlSi3Og) with no coatings
attached to the surface of the grain.

—=—Iln—, @

where u- is the wind shear velocity (m s™), u is the wind velocity (m s™*) at a specific height z (m), z, is
the aerodynamic roughness length of the surface (in m), and K is von Karman's constant (~ 0.4).

The wind profile was measured at different heights above the tunnel bed: 2, 3.5, 5, 7.5, 10, 15, 20, 25, 30, 35,
40, and 45 cm; (ii) collection of saltating sand grains by a vertical array of traps oriented along the wind direc-
tion for calculating the vertical-integrated horizontal saltation mass flux (kg m~" s™') over time. The traps
were placed at heights of 2.5, 4.5, 6.5, 8.5, and 10.5 cm above the tunnel bed, and each trap had a cross section
of 2 x 1 cm. The sand was collected and weighted separately every 10 min, (iii) dust concentrations (mg m™>)
of particles that are less than 10 um in aerodynamic diameter (PM;), recorded by a light-scattering device,
DustTrak DRX 8534 (ww.tsi.com), in the range of 0.001-150 mg m™~> (manufacturer stated error is +0.1% of
reading) at 1-s intervals, placed at 20 cm above the tunnel bed, which is above the saltation layer but within
the boundary layer. Production of coarser dust-sized particles (10-63 um) via abrasion was analyzed by PSD
of the sand grains following the experiments.

In each experiment, the sand was placed in an ~3-cm-thick layer on the full length of the wind tunnel bed.
The experiment was conducted under a shear velocity of 0.36 m s~ (corresponding to a free stream wind
velocity of 7.9 m s™*, measured at 25 cm above the tunnel bed), which caused sand grains to enter saltation
transport with no suspension of sand-sized particles. The time duration of each experiment was up to
14,400 s (240 min). In this time duration, the sand was manually recycled and stirred in the tunnel, thereby
the majority of the grains was exposed to the wind in the tunnel and thus to the saltation transport. Based on
the tunnel dimensions, the amount of saltators collected by all five traps during each experiment, and the
initial amount of sand inserted into the wind tunnel for the experiment, we calculated that a single sand
grain traveled four times of the tunnel length on average (4 X 7 m = ~30 m). Note that the experimental setup
provides a much longer time period of sand exposure to specific wind (i.e., 0.36 m s™*) than would typically
be sustained in the field (Comola et al., 2019). The saltation flux remained constant (within +£10%) during the
experiment and did not fade or intensify over time (Katra et al., 2014; Schmerler et al., 2016). Each run
(14,400 s, ~30 m) was repeated three times to determine the mean values and errors of saltation flux and dust
emission for each of the two sand samples.

Before each experiment, the PM;, background levels were measured inside the tunnel to account for noise in
the measured PM;, signal. The noise that came from nondust aerosols, electronic noise, and atmospheric
dust measured inside the laboratory/tunnel in the day of the experiment is on average around 0.027 mg m™>.
The background values measured in the DustTrak were compared for data verification with HAZ-DUST
EPAM-5000 device installed inside the wind tunnel. In addition, the background data are consistent with
previous studies that examined the background values in the city of Be’er Sheva (where the wind tunnel
is located) and showed a good fit between the data of the DustTrak and the gold-standard instrument of
TEOM™ Continuous Ambient Particulate Monitor (Krasnov et al., 2015).
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The recorded PM;, concentrations (mg m™>) and sand fluxes (kg m ™" s™*) were used to calculate the sand-

blasting efficiency (m ™). Sandblasting efficiency is the vertical dust flux produced by a unit horizontal sand
saltation flux and, therefore, is an important property to inform the dust emission mechbanism (Kok
et al., 2014; Martin & Kok, 2018). We first converted the PM;, concentrations into the mass flux emitted from
the sand surface (Fpyy, in kg m~2s™") based on the wind tunnel dimensions and wind velocity:

Fpm = (Cpur — Cog) X Vair X Acs/Ap, @

where Cpy, is the recorded PM;q concentrations (kg m~>) from the sand, Cpg is the averaged PM;, back-
ground concentration (kg m™>) over the time duration of the experiment, V,;, is the mean horizontal wind
velocity (averaged over height) in the boundary layer (7.2 m s™%), A, is the cross section of the boundary
layer in the wind tunnel (0.154 m?), and A, is the area of the experimental plot (4.9 m?). We then used the
PM; flux (kg m~2 s to calculate the sandblasting efficiency o (m™) (Kok et al., 2014):

a=Fpy/Q, 3

where Q (kg m™~* s7!) is the total horizontal sand flux integrated over the entire experiment time for all
sand grain sizes (calculated from the sand traps). That is, the sandblasting efficiency quantifies PM;, dust
generation per unit of sand flux produced by all sizes of saltators. See Table S1 for more details.

2.3. Particle Analyses

Physical and chemical properties of the sands (before and after the aeolian experiments) were analyzed in
the laboratory. Particle size, morphology, mineralogy, and chemistry of unprocessed sands before the aeo-
lian experiments were analyzed. In addition, processed sands from the tunnel bed and the sand traps were
analyzed after each run to quantify the changes in particle size and morphology following the saltation
collisions.

The PSDs of the unprocessed sand samples and the changes in the size of sand grains during the experiments
were analyzed by the laser diffractometer method using the Mastersizer 2000 (Malvern Instruments,
Malvern, UK). The Mastersizer 2000 uses a 90 detector array and measures particles in the size range of
0.02-2,000 um. PSD data were calculated using the Lorenz-Mie scattering theory using a particle refractive
index and particle absorption index of, respectively, 1.54 and 0.003 that fit both sands since the
feldspar-quartz sand contains a mixture of both minerals (Bohren & Huffman, 1983). The Malvern proprie-
tary software (Version 5.6) was employed to determine the mean diameters, median diameters, and size frac-
tion weights of 10%, 50%, and 90% of the sample (d(0.1), d(0.5), and d(0.9), respectively).

The mineralogical composition of the unprocessed sand was analyzed using the X-ray power diffraction
method (Philips 1050/70 power diffractometer). A Panalytical Empyrean Powder Diffractometer equipped
with position sensitive detector X'Celerator was used. Data were collected in the q/2q geometry using Cu
K, radiation (A = 1.54178 A) at 40 kV and 30 mA. Scans were run during ~15 min in a 26 range of 4-60° with
step equal to ~0.033°. Elemental composition analyses were performed by the XRF method using an XRF
spectrometer PANalytical Co., model Axios (wavelength dispersive -WDXRF, 1 kW). The Omnian software
was used for the quantitative analysis.

Morphological and chemical characteristics of both unprocessed and processed sand grains were examined
using a SEM (Quanta 200, FEI). The high magnification (6X to >1,000,000X) enabled the analysis of the
smallest dust particles (<2 pm). Energy dispersive spectroscopy sensor was used for chemical compositional
information. Sand-grain roundness was calculated from imaged grains by manually inscribing circles on
each sand grain. Roundness (R) was defined as the ratio of the radius of curvature of surface features, r;,
to the radius of the largest inscribed circle, r,q, yielding the size relation (Rousé et al., 2008;
Wadell, 1932). The R values were compared with the Powers (1953) classification chart for roundness level:
very angular (0.12 < R < 0.17), angular (0.17 < R < 0. 25), subangular (0.25 < R < 0. 35), subrounded
(0.35 < R < 0.49), rounded (0.49 < R < 0.7), and well rounded (0. 70 < R < 1. 00).

The surface coatings of sand grains and their morphological and chemical characteristics were examined
using a DualBeam Microscope (Helios G4 UC, Thermoscientific), which incorporates both a focused ion
beam and a SEM in a single system. In order to allow conductivity, a thin layer (8 nm) of gold (Au) was
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obtained to coat the top of the sand grains. In order to create a vertical profile of sand grains, a thin slice
(10 X 5% 0.01 um) model was carved from the sand surface using the focused ion beam. To protect against
contamination of the surface by the ions of the carving area was first coated by a layer of platinum (Pt).
Structural information of the sand grain surface was analyzed by STEM images. Also here, energy dispersive
spectroscopy was used for chemical compositional information.

3. Results and Discussion

3.1. Dust Emission From Noncoated Sand Under Saltation

Under saltation transport simulated in the wind tunnel, we measured the particulate matter (PM) emission
from pure quartz sands and feldspar-quartz sands with no coatings attached to their surfaces (Figure 1). The
lack of coatings enabled us to isolate the effect of aeolian abrasion for better exploration of the dust emission
mechanism rate and product.

The results of the noncoated sand show only minor PM;, emissions under a common shear velocity
(u«=0.36 m s ) and saltation transport (Figures 2 and 3). The PM;, concentrations produced by the quartz
sand show a relatively weak trend over time, ranging from 0.024 to 0.043 mg m >, with an average PMj, con-
centration of only 0.033 mg m~> (Figure 2a and Table S1). The PM;, emissions recorded from the quartz
sand are very close to the measured background levels (average of 0.027 mg m™>; black line in Figure 2) dur-
ing the whole experiment duration. The PM;, trend is consistent with the steady saltation recorded during
the quartz sand experiment (Figure 3). The saltation fluxes in this study matches the results received in pre-
vious studies on active sand transport for the same shear velocity of 0.36 m s~! (Katra et al., 2014; Schmerler
et al., 2016; Swet et al., 2019). However, the wind tunnel experiment on the feldspar-quartz sand showed a
pattern of slight decrease in PM;o concentrations over time toward very low values after ~170 min
(Figure 2b). The saltation fluxes from the feldspar-quartz sand also remained relatively stable throughout
the experiment with flux around 2.5 x 10™> kg m~* s~ * (Figure 3) and in accordance with previous wind tun-
nel and in situ experiments on feldspar-quartz sand (see Table 1 in Martin & Kok, 2018; Swet et al., 2019,
respectively). The lower saltation flux in the feldspar-quartz sand compared to the quartz sand is most likely
due to its coarser PSD (see section 2), because the threshold shear velocity is required to sustain saltation
increases with the grain particle size (Kok et al., 2012).

The PM;, fluxes produced by both quartz (average over time of 1.5 ug m~2 s~ ") and feldspar-quartz (average
over time of 2.3 uyg m™*s~*) sands in this study are much lower than those obtained in other studies on active
sand dunes. Previous laboratory experiments on the sand abrasion mechanism have showed higher
dust-sized particle generation from sand grains (Smith et al., 1991; Sweeney et al., 2016; Whalley
etal., 1982, 1987; Wright et al., 1998). However, these studies did not test the dust generation under saltation
process. Sweeney et al. (2016), for example, recorded PM;, fluxes of over 500 ug m™2 s~ from coated sand
dunes using a PI-SWERL. Huang et al. (2019) and Swet et al. (2019) recorded PM;, fluxes of up to
~50 ug m~2 s™! under saltation but from coated sand. Figure 4 provides a visual comparison between the
PM,, fluxes (ug m™> s~ ") emitted from the noncoated sand from this study and of previous wind tunnel
experiments on coated sands and nonsandy dust sources. The dust emission rates from the noncoated sand
are very low compared to both coated sands and nonsandy soil. The dust emissions of the typical (coated)
quartz active sand dunes, containing 98% of sand-sized grains, from the wind tunnel experiment, were
mainly due to the removal of clay coatings (Swet et al., 2019). Although under similar conditions of grain
sizes, wind shear velocity, and saltation flux, the dust emissions are considerably lower in the absence of clay
coatings on the sand grains surface (Figure 4). The PM;, fluxes produced by the nonsandy soils are higher by
about 3 orders of magnitude than PM,, fluxes produced by coated sands and more than 4 orders of magni-
tude higher than fluxes produced by noncoated sand (Figure 4). It should be noted that the example of the
nonsandy (loess) soil presented in Figure 4 is common to aggregated topsoil, where for disturbed topsoil, the
PM, rates may reach much higher levels.

3.2. Sandblasting Efficiency From Quartz and Feldspar Sand Grains

The calculated bulk sandblasting efficiency (m™") provides a further insight into the dust PM generation
ability of the sand (Figure 5). The sandblasting efficiency is the ratio between the vertical dust emission flux
(kg m™2s™") and the horizontal sand saltation flux (kg m~'s™!) (Kok et al., 2014; Martin & Kok, 2018). The
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Figure 2. PM, concentrations measured during the wind tunnel experiments. Average PM; concentrations in mg m_3,
of the three experimental runs, of the quartz sand (a) and feldspar-quartz sand (b). The black lines represent the average
background levels + the standard error (dashed lines). The background levels were measured before and after each

experiment run. It should be noted that the background levels (average of 0.027 mg m_s) were not subtracted from the
PMj results of the sands. In order to reduce measurement noise, the PM; o concentrations presented here are an average
over time intervals of 60 s. The PM concentrations and background concentrations of each run are presented in Table S1.

average sandblasting efficiency of the clean quartz sand was found to be lower than the value reported for
typical coated quartz sand dunes and the range of 107> to 10™> m™"' reported for nonsandy soils
(Figure 5). These results emphasize the low ability of the noncoated sand to generate dust through
saltation transport. Under the same shear velocity of 0.36 m s, coated quartz sand received sandblasting
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Figure 3. Saltation fluxes measured during the wind tunnel experiments. Saltation fluxes (in kg m™' s7Y) of the clean
quartz sand (red) and feldspar-quartz sand (blue). The fluxes presented here are an average of the three experimental
runs. Note that eight saltation measurements of the feldspar-quartz were removed from the analysis due to technical
problem during the experiment.
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Figure 4. Comparison of dust emission rates between different dust sources. PM; fluxes (ug m™% s of quartz sand
(red) and feldspar-quartz sand (blue). In addition, the chart shows the PM; fluxes from previously published studies
on active (coated) sand (Swet et al., 2019) and aggregated loess soil (Swet & Katra, 2016). All of the experiments were
conducted in wind tunnels under wind velocity of ~7.5 m s (measured 20 cm above the tunnel bed), and the PM;(
fluxes were calculated based on Equation 1. Note the logarithmic scale in Y axis.
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Figure 5. Sandblasting efficiency comparison to previously published studies on coated-sand and nonsandy soils.
Calculated averaged sandblasting efficiency (m_l) of the clean quartz sand (red) and feldspar-quartz sand (blue) + the
standard error in bars, measured under shear velocity of 0.36 m s L In addition, the chart shows the sandblasting
efficiency of previously published studies of coated active sands (Gomes et al., 2003; Huang et al., 2019; Swet et al., 2019)
and nonsandy soils (Avecilla et al., 2016, 2018; Gomes et al., 2003; Houser & Nickling, 2001; McKenna Neuman

et al., 2009). The dot markers presented for these studies represent similar wind velocity conditions of this study. The
horizontal uncertainty ranges that deviate from the markers represent different shear velocities. Note that Avecilla

et al. (2018) and Gomes et al. (2003) present sandblasting efficiency of two soils containing different amounts of sand. The
PM sandblasting efficiency calculations for each run of the quartz sand and the feldspar-quartz sand are presented in
Table S1. The range within 10°t010 2 m™* envelopes the sandblasting efficiency of nonsandy soils (Gillette, 1978; Kok
et al., 2012).
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efficiency of 1.37 X 10~ m™" (Swet et al., 2019), compared to only 4.7 x 10~" m ™" for the quartz sand that is
more than an order of magnitude lower. Moreover, these findings are consistent with the assumption that
the sandblasting efficiency increases sharply with the amount of fine nonquartz materials in the clay/silt size
fraction (Katra et al., 2014; Kok et al., 2012). The lack of fine material in the quartz sand (99.6% sand-sized
particles by mass) resulted in very low dust emission compared to typical dune quartz sands (orange in
Figure 5), although the saltation flux remains similar (Swet et al., 2019).

The average sandblasting efficiency of the clean feldspar-quartz sand (blue in Figure 5) ranges between
9.4x 1077 and 3.2 x 10~° m ™! with an average of 1.1 x 10"® m™, which is much higher than for the clean
(noncoated) quartz sand (red in Figure 5). The significantly higher sandblasting efficiency of the
feldspar-quartz is in contrast with the small difference found in the PM,, concentrations of noncoated sands
(Figure 2). Field experiments on coated feldspar-quartz sand (Huang et al., 2019) showed relatively low PM;,
emissions compared to other nonsandy soils but a bit higher than those received from the noncoated
feldspar-quartz sand in this study. The dust emission described for the coated feldspar-quartz sand is in gen-
eral considered as low (Huang et al., 2019), and therefore, the impact of the coatings removal on the dust
emission is probably small. Thus, the difference in the sandblasting efficiency between the coated
feldspar-quartz sand (green in Figure 5) and the noncoated feldspar-quartz sand (blue in Figure 5) is rela-
tively low.

3.3. Changes in Sand Size Due to Abrasion

It is generally assumed that the abrasion mechanism reduces the size of the saltating sand grains over time
and increases the amount of fine particles in the sand over time (Bagnold, 1937; Kuenen, 1960). We assumed
that PM;, and silt particles that may have been produced via saltation transport are emitted from the wind
tunnel during the experiments. Since the PM;, was recorded during the experiments, the focus here was on
the changes in the size distribution of the saltators that should indicate silt generation. Size and shape of the
saltators were measured by PSD and SEM imagery structural analysis. The results of the PSD analyses show
the difference in abrasion potential between the quartz and the feldspar minerals (Figure 6). The results of
the quartz sand showed no significant difference (p value = 0.08 from Student's T test) in the PSD for all 90
size bins (Figure 6a). Figure 6b shows the change in d(0.1), d(0.5), and d(0.9) parameters of the quartz sand
over time relative to the first measurement (T1). There was no change in the particle size of the sand grains
over time. A linear regression test examining the changes in the d(0.1), d(0.5), and d(0.9) parameters over
time shows no statistically significant trend linking the particle size to the time duration (# =001, p
value = 0.66; I* = 0.01, p value = 0.62; and r* = 0.02, p value = 0.56, respectively).

On the other hand, the PSD analysis of the feldspar-quartz sand shows some differences in the PSD analysis
between the samples over time (Figure 6¢). However, a minor reduction in the grain size was found to be
after 30 min and then a stable PSD over the rest of the experiment (Figure 6d). The regression analysis of
the d(0.1), d(0.5), and d(0.9) parameters over time show a stronger downward trend over time (P = 045,
p value = 0.01; * = 0.25, p value = 0.09; and r* = 0.36, p value = 0.04, respectively) compared to the quartz
sand. These results are compatible with the PM;, concentrations pattern of slight decrease over time found
in the feldspar-quartz sand (Figure 2). It should be noted that the saltation fluxes from the feldspar-quartz
remained relatively stable throughout the experiment around 2.5 x 1073 kg mts! (Figure 3).

We assume that the slight decrease in the grain size of the feldspar-quartz sand following saltation is related
to abrasion of the feldspar particles. The feldspar mineral is considered to be weaker by an order of magni-
tude than quartz according to the Mohs hardness scale. It is chemically more complex with less symmetric
structure than the quartz and thus considered to be less resistant to mechanical and chemical weathering
(Mubhs, 2004; Nesbitt & Young, 1984; Nesbitt et al., 1997).

No clear differences were found by the SEM imagery of the sand shape, size, and microstructure over time in
both quartz and feldspar-quartz sands (Figure 7). Roundness measurements of the sand grains did not show
significant differences in R value over time (Figure 7). We do take into account that there might have been
very small-scale weathering on the sand grains that are not been able to detect. As such, further work is
needed to determine the specific impact of sand collisions during natural saltation on the grain shape and
microstructures.
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Figure 6. Particle size distribution (PSD) analysis over time of the quartz and feldspar-quartz sands saltating sand particles over the time period of the experiment
(240 min). (a) and (c) represent the average PSD analysis (solid line) and the minimum and maximum PSDs over time (dashed lines) of the quartz sand and
the feldspar-quartz sand, respectively. (b) and (d) show the change in the size fraction in which the PSD reaches 10%, 50%, and 90% (parameters of d(0.1), d(0.5),
and d(0.9)) over time in the quartz sand and the feldspar-quartz sand, respectively. The PSD is of the saltating sand collected in the end of the wind tunnel.
The solid gray lines in (b) and (d) represent the linear regression line of each parameter.

3.4. Dust Emission Potential From Aeolian Abrasion

The measurements of PM concentrations obtained in this study (Figure 2) provided further insight to the
relative contribution of each of the dust emission mechanisms from active sands: (i) reemission of previously
settled dust particles in the sand (Muhs et al., 2008), (ii) clay coating removal from sand grains (Bullard &
White, 2005), and (iii) abrasion of the sand grains (Bhattachan et al., 2012; Bullard et al., 2007; Sweeney
et al., 2016; Wright et al., 1998). To date, many studies have considered aeolian abrasion as the dominant
mechanism for dust generation from active sands (Bhattachan et al., 2012; Bullard et al., 2004; Crouvi
et al., 2012; Sweeney et al., 2016; Wright et al., 1998). However, according to the results presented above,
the noncoated sand showed very low dust emission rates (Figure 2). Furthermore, Swet et al. (2019) sug-
gested only minor contribution of aeolian abrasion to dust emission mechanisms from active sands.
According to their results, the dominant mechanism for dust generation in typical active sand dunes is clay
coating removal with small addition of dust reemission, depending on the initial content of loose dust par-
ticles between the sand grains. Yet, Swet et al. (2019) did not provide quantitative information on the specific
role of aeolian abrasion in dust emission generation from active sands.

Figure 8 combines the results of this study with the dust emission mechanism analysis of Swet et al. (2019)
for a better understanding of the role of the three dust generation mechanisms from active sands. It seems
that the dominant dust emission mechanism from active sands is the removal of clay coatings (Bullard
et al., 2007; Bullard & White, 2005; Huang et al., 2019; Swet et al., 2019) with some contribution of dust ree-
mission (Swet et al., 2019) and only a minor contribution of aeolian abrasion. This provides, for the first time,
quantitative information on the relative contribution of aeolian abrasion in dust generation during saltation
of active sands. It should be noted that the results presented here are for typical quartz sand dunes, contain-
ing low amounts of loose fines between the sand grains (<2%), and may vary for sands with different extents
of clay coatings and loose fines (Swet et al., 2019).
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Figure 7. Scanning electron microscope images of sand samples collected from the quartz sand (top) and the feldspar-quartz sand (bottom) over the time duration
of the wind tunnel experiment. T represent the time of the sand sampling after the beginning of the experiment, D5 represents the median size of all of the
particles in each image, and R represent the average roundness value measured for each particle is the image.
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Figure 8. Dust generation potential of the three dust emission mechanisms from active quartz sand. The chart presents
PMj fluxes (ug m~2 s_l) of noncoated quartz sand measured in this study (red) and coated quartz sand before
(yellow) and after (purple) loose dust removal by washing and drying. The results of the coated sands are based on Figure
6 in Swet et al. (2019). All PM; fluxes were measured under a shear velocity (ux) of 0.36 m s, That is, the red line
denotes dust generation by aeolian abrasion. The difference between the purple and red lines denotes dust generation
by removal of clay-mineral coatings. The difference between the yellow and purple lines denotes dust reemission by
settled loose dust.
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3.5. Representativeness of our Results for Active Sands

It should be noted that the sand and dust fluxes in our wind tunnel experiments may differ from the natural
settings. First, although the wind properties in the wind tunnel may differ somewhat from the complex beha-
vior of natural wind (gusts, multidirectional flow), we believe that the aeolian experiment applied here is
representative to the physical process of aeolian abrasion under saltation and provides information on show
the relative contribution of the abrasion mechanism in dust emission from sands. Under this objective, we
indeed find that the PM;, emission and sandblasting efficiency results obtained under the same experimen-
tal setup clearly show the difference in dust emission rates between the different dust sources (Figures 2 and
3). However, it should be taken into account that sandy areas can also include additional geomorphological
units (e.g., playas, paleosol, and stabilized dunes), thus creating a certain spatial variability that may affect
the quantification of dust emissions from the dune landscape. Second, the PSD of the two sand samples (with
modes of 370 and 390 um) can be coarser than that of other active sands worldwide. In most cases, sand
dunes consist of sand grains with an average mode of ~200 pum (Pye & Tsoar, 2009). We consider that grains
of different sizes can behave differently under the same wind shear velocity, although the quartz sand cho-
sen for this study are medium-sized grains entering into saltation transport under common wind velocities.
The impact energy of typical active sand dunes is expected to be lower than that of the sand used in this study
(Thomas, 1987). In addition, typical inland sand dunes are characterized by more rounded sand grains than
the subangular sand, which make the sand used in this study more susceptible to aeolian abrasion
(Kuenen, 1960; Whalley et al., 1982, 1987; Wright et al., 1998). Thus, we can assume that the dust production
through abrasion in typical sand dunes is even lower than of the results presented here. However, we
acknowledge that more investigation can be done to explore the abrasion of sands in different sizes and
shape and of sediments other than typical active sand.

Many coastal sands consist of relatively immature sediments that are characterized by course particles,
higher angularity, and higher content of feldspar particles. These marine sediments were represented in this
study by the feldspar-quartz sand from Oceano dunes. The PM;, concentration produced by the noncoated
feldspar-quartz sand was higher than those emitted from the noncoated quartz sand (Figure 1). Still the
sandblasting efficiency generated by the noncoated sands is substantially lower than that produced by other
sandy (Huang et al., 2019; Sweeney et al., 2016) and nonsandy soils (Shao et al., 2011; Swet & Katra, 2016;
Zobeck & Van Pelt, 2006). Third, in this study we found very low rate of PM;, (clay's and very-fine silt par-
ticles) generation, while emission of coarser dust-sized particles (10-63 um) was not observed. PSD and SEM
analyses of the satiating sand revealed no reduction in the actual size of the sand grains. Finally, the distri-
bution of feldspar in sand bodies around the world is much lower than the feldspar-quartz sand in this study.
The feldspar content in coastal dunes can go up to 50%, whereas continental dunes contain only ~5-15% feld-
spar (Anton, 1983; Lancaster et al., 2015; Muhs, 2004). Thus, when taking into consideration the small extent
of the feldspar in sand fields around the globe, specifically in active sand dunes in arid zones, and the rela-
tively low PM emissions, the contribution of the feldspar to the global dust emission by the abrasion mechan-
ism may not be significant. Feldspar species are important as ice nuclei in cloud formation due to its high
efficacy in freezing temperature (Welti et al., 2019). However, feldspar aerosols can be emitted into the atmo-
sphere by nonsandy soils where this mineral is found in the size range of fine-silt and clays (<20 um) that is
produced in soils by hydro-chemical weathering processes (Nesbitt et al., 1997).

Under the four considerations above, our results of dust emission by aeolian abrasion are likely on the high
end. Typical sand dunes worldwide can thus have an even smaller dust emission potential. The study results
can be reprocess as empirical parameters in dust emission schemes (e.g., Kok et al., 2014). As such, further
work is needed in determining the extent of dust generation from sands in global dust emission models,
which assumed dust mainly emitted from nonsandy soils.

4. Conclusions

Active sand dunes have been proposed as significant contributors to the global dust cycle. Three main
mechanisms are related to dust generation from active sands via saltation: reemission of previously settled
dust particles in-between the sand grains, removal of clay coatings attached to the sand grains, and aeolian
abrasion of saltating grains. The results of this study provide the first empirical results on dust generation
produced by abrasion from noncoated saltating sand. We found only minor PM;, emissions from the
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