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Abstract: The sandy croplands in the Free State have been identified as one of the main dust sources
in South Africa. The aim of this study was to investigate the occurrence and strength of physical soil
crusts on cropland soils in the Free State, to identify the rainfall required to form a stable crust, and
to test their impact on dust emissions. Crust strength was measured using a fall cone penetrometer
and a torvane, while laboratory rainfall simulations were used to form experimental crusts. Dust
emissions were measured with a Portable In-Situ Wind Erosion Laboratory (PI-SWERL). The
laboratory rainfall simulations showed that stable crusts could be formed by 15 mm of rainfall. The
PI-SWERL experiments illustrated that the PMio emission flux of such crusts is between 0.14% and
0.26% of that of a non-crusted Luvisol and Arenosol, respectively. The presence of abraders on the
crust can increase the emissions up to 4% and 8% of the non-crusted dust flux. Overall, our study
shows that crusts in the field are potentially strong enough to protect the soil surfaces against wind
erosion during a phase of the cropping cycle when the soil surface is not protected by plants.
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1. Introduction

The emission of dust can have offsite effects on the regional and global climate [1-3], global
geochemical fluxes [4,5], and human health [6,7]. For the emitting surface, dust emissions can lead to
land degradation due to the removal of fine soil particles and organic material, especially in semi-
arid and arid environments [8-12]. Due to these impacts, many studies have focused on assessing the
sources of dust and the factors controlling dust emission [13-16]. Dust is assumed to be largely
emitted from natural surfaces, in particular deserts, but dust emissions from croplands are receiving
increasing attention [15-22].

The central and western parts of the Free State province in South Africa experience elevated dust
emissions from croplands [15,23]. Eckardt et al. [24] showed that 70% of the Meteosat Second
Generation (MSG) identified dust source points of South Africa between 2006 to 2016 are located in
this province. The fine, suspended particles could have a serious impact on public health in this
region. The emissions from the Free State can be attributed to commercial, rain-fed croplands with
sandy soils in a semi-arid climate, which renders them very vulnerable to wind erosion [25]. It should
be noted that the frequency of dust events identified for the Free State is relatively low in comparison
to nearby desert regions, such as the Kalahari or the Namib desert [14,23]. However, the close
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proximity of these dust sources to urban centers and rural populations in the Free State and beyond
may have an effect on human health and contribute to the loss of fertile soil in the source areas [6].

Wind erosion in the Free State has already been identified as both a current and a historical
phenomenon [26,27]. Holmes et al. [27] emphasize that the increase in agricultural activities during
the 20th century is responsible for an increase in wind erosion due to the removal of vegetation.
However, only one study from Wiggs and Holmes [28] focused in detail on the interaction between
wind and surface properties of agricultural fields in the Free State. Their results show that erosion of
ridges and filling of furrows on bare agricultural fields without soil crusts reduce the aerodynamic
roughness and, consequently, reduce threshold wind velocities. Eckardt et al. [24] showed that 85%
of the 75 dust event days between 2006 and 2016 took place between August and November.
However, the annual variability of dust events is dependent on drought and field cover. Without
sufficient cover, soil properties and surface conditions remain the only control to dust emission in the
Free State. Besides the influence of roughness and cover, the main factors that can control the
emissivity are the soil texture and cohesion, which in turn is mainly controlled by the moisture
content, and the presence of a physical or biological crust. Due to the regular disturbance of the
surface, we only expect the formation of physical soil crusts and no presence of biological crust. In
this study, we focus therefore on the possible influence of physical soil crusts as a boundary condition
for dust emissions, and on how crust formation is influenced by agricultural practices.

Soil crusts are commonly considered as enhancing water erosion [29-31]. However, the positive
influence of physical soil crusts on reducing wind erosion and dust emissions has been shown by
experimental studies [32-35] as well as field measurements [36-44]. However, some studies also
described the abrading effect of saltating particles on crusted surfaces, which results in the
degradation of a crust and the emission of fine particles [32-34,44—46]. Especially for weaker crusts
with a low content of fine particles, the ability of abraders to disrupt the crust appears to be very high.

This study identifies the potential significance of physical soil crusts on dust emissions from
Arenosols and Luvisols, which are widespread in the semi-arid rangelands of the world [47]. We
hypothesize that crusts potentially play a critical role in increasing soil cohesion and thus reducing
dust emissions in the Free State. Hereby we must take the soil texture, the crust strength, the presence
or absence of abraders, and the rainfall into account. To test this hypothesis, the specific aims of this
study are to:

1.  Document the occurrence, structure, and properties of crusts on cropland during the emission
season.

2. Identify the constraining rainfall conditions that lead to the formation of crusts on sandy
cropland soils.

3. Assess the potential impact of crusts and their abrasion on dust emissions using a Portable In-
Situ Wind Erosion Laboratory (PI-SWERL).

The outcome of this study has implications beyond land degradation in the Free State and the
air quality and human health in South Africa because croplands on sandy soils are widespread across
the globe [47-50] and often subject to wind erosion [18,51-53]. Findings could also have a positive
impact on the potential of implementing practices that protect crusts or even enhance their formation
to reduce dust emissions from sandy soils.

2. Materials and Methods

2.1. Introduction

This study consisted of three parts: (1) the field measurements of crust strength and soil
sampling, (2) simulation of crust formation using laboratory rainfall, and (3) the dust emission
measurements on crusts formed in the laboratory with the PI-SWERL. For both the field
measurements and the laboratory rainfall experiments, the crust strength was analyzed as an
indication of its resistance against wind erosion [32,38,45,54-56].
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2.2. Site Description and Field Measurements

The research area is located in the north-western part of the Free State province, north of
Bultfontein (Figure 1). This area was selected because it is in the center of the region with the greatest
number of dust emission events identified by Eckardt et al. [24]. Furthermore, two soil types most
commonly associated with these emissions and which are commonly used for crop farming are
predominant in this area. Luvisols are characterized by a clay enrichment in the B horizon, whereas
Arenosols are generally more homogenous in soil texture with depth. A climate station from the
Agricultural Research Council (ARC) on the farm Arbeidskroon situated 10 km north of Bultfontein
provided data on the recent climate of this area (Figures 2 and 3). The rainy season is in summer
(November—April), whereas during the winter months (May-October) dry periods are very common.
The rainfall in this region can be characterized by high inter-annual and seasonal variability. Between
2006 and 2018, the average annual rainfall was 477 mm (representing the growing season), with a
minimum rainfall of 294 mm in 2015/2016 and a maximum of 813 mm in 2010/2011. The mean annual
air temperature in the aforementioned period was 17.1 °C with daily maximum values in summer
that can exceed 35 °C but lowers in winter to below 0 °C. After the K&ppen-Geiger classification, the
climate is categorized as BSk (semi-arid, steppe climate). The predominant wind directions are NNE
and SSW with the greatest velocities for winds coming from NW directions. The study area is prone
to wind erosion due to the supply of fine silt associated with sandy soils, farming practices that make
these available for entrainment, and frequent winds with high wind velocities, especially during the
dry winter months which generate a high transport potential (Figure 2).
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Figure 1. South Africa with the Free State province marked in dark orange (a) and the soil map of the
research area with the location of the studied fields, see also Table 1 (b). Province borders come from
the GADM database (www.gadm.org), version 2.5, July 2015. The soil map data was extracted from
the Soil and Terrain Database (SOTER) for South Africa (FAO-ISRIC 2003).
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Figure 2. Wind rose from the study area north of Bultfontein. (a) shows the annual data from 2006 to
2016 and (b) shows the winds during the dust season, from August until November. This data was
obtained from the ARC weather station.
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Figure 3. The average rainfall (blue bars), the minimum (grey) and maximum (red) temperature per
month, and the general periods of agricultural activity (bottom). Note that these periods are
generalized to present an overview and can differ depending on the weather, crop, and farmer’s
preference.

Roughly 31% of the land in the Free State is utilized as arable land. These croplands produce
around one-third of all the food in South Africa [57]. Maize is the main crop (81% of the total Free
State crop production), but other annual crops include sunflower, groundnuts, soybeans, and a small
number of cool-season crops (wheat, barley) being cultivated for livestock fodder [57]. Maize is
planted at the beginning of the rainy season, which usually starts in November or December, and is
harvested between May and the beginning of August (Figure 3). As a result, most fields have a low
amount of plant cover between August and November, which leaves soils vulnerable to wind erosion
and dust emission. Cultivation practices, such as plouwing, deep ripping, or burial of mineral
fertilizer that take place between harvest and renewed crop cover, can break-up soil crust, thus
loosening the soil and enhancing wind erosion. Wind erosion protection measures are not routinely
practiced.
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Field Selection and Surface Measurements

The fields under investigation are shown in Figures 1 and 4 and are further described in Table
1. They were chosen because of the presence of a physical soil crust (Figure 5) and the diversity in
cropland management, such as a difference in crop and cultivation techniques. Unfortunately, the
Luvisol fields were plowed just prior to the field experiments and therefore lacked a crust. The
strength of the field crusts was measured with a fall cone penetrometer and a torvane (Section 2.4).

Table 1. Field test sites in the study area and the soil chemistry from the observed fields.

Field Soil Description Crust Presence  TOC% pH Silt/Sand
Field1  Luvisol Plowed and bare field No 0.25 6.06 0.19
Field 2  Arenosol Unharvested maize field Yes 0.47 6.32 0.23
Field 3 Arenosol Peanut field, harvested Yes 0.19 6.30 0.09
Field4 Arenosol Maize field, harvested and deep ripped Yes 018  6.32 0.12
Field 5 Arenosol Sunflower field, harvested Yes 0.18 6.08 0.10
Field 6 Arenosol Maize field, unharvested Yes 0.32 6.81 0.19
Field 7 Arenosol Harvested maize field, grazed by cattle Yes 016  6.30 0.13

Field 1

Field 4

Figure 4. Overview of fields from which the crust strength was measured.
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Figure 5. Intact crust on Arenosol in field 2.

The top 2 cm of soil in these fields were sampled to measure soil properties. The grain size
distribution of the soils was obtained using the wet dispersion unit of the Mastersizer 2000 (Malvern
Instruments Ltd., Worcestershire, UK). Before the measurements, the samples were dispersed at 60 J
mL" using the Branson 250 Sonifier, which was in accordance withthe methods from Hu et al. [58].
Additionally, the pH value (SevenExcellens pH meter, Mettler Toledo, Columbus, OH, USA) and the
carbon content (RC612, Leco Corporation, St. Joseph, MI, USA) was analyzed, as described in
Caviezel et al. [59]. The soil showed a texture ranging between sand and loamy sand with low organic
carbon contents and silt/sand ratio (Table 1 and Figure 6). The pH was slightly acidic, except for the
almost neutral pH of field 6 (Table 1). Both soils showed a poor structure, with aggregate stability of
8% and 13% for field 1 and field 4, respectively, as determined using the Eijkelkamp wet sieving
apparatus (Eijkelkamp, Giesbeek, The Netherlands).

Clay 20%

Sandy loam

Clay 10%

Silt Silt
10% 20%

Figure 6. Close-up of the soil triangle with the measured soil points. The red point represents
Arenosol and the blue one Luvisol according to the SOTER database. The marked points of field 1
and field 4 were used for further rainfall and wind erosion experiments.

2.3. Rainfall Simulation and Crust Formation

A large sample (approximately 10 dm?) of Luvisol (from field 1) and Arenosol (from field 4) were
collected in 2018, transported back to the laboratory in Basel, and used to gain insight into the
formation of physical crusts through artificial rainfall experiments. Prior to the rainfall simulation,
the soils were dried at 40 °C and sieved through a 2 mm sieve to remove larger particles, such as
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stones, roots, and straw from the soil. For the rainfall experiments, containers of 10 x 10 x 12.5 cm (w
x h x d) were used. The bottom 10 cm of these containers were filled with air-dried sand and the top
2.5 cm of the boxes were filled with the soil sample. The crusts for the P-FSWERL experiments were
prepared on perforated round plates with a diameter of 50 cm and a depth of 5 cm, whereby again
the top 2.5 cm was filled with the soil sample and the bottom was filled with sand as filling material,
see Figure 7. The sand has a similar texture to the cropland soils and was used to minimize the
amount of soil required for each experiment.

I 25cm
AR or LV
10cm e —_—
///‘ \.;\\
Sand ( )
K 50 cm /I 2.5¢cm
Ry, S ! 25cm
10cm e
10 cm

Figure 7. Schematic overview of the tray set-up for the rainfall experiments.

The rainfall experiments were performed using a high precision rainfall simulator from the
Physical Geography and Environmental Change Research Group of the University of Basel in
Switzerland, described by Fister et al. [60]. The rainfall experiments aimed at creating a crust with a
rainfall amount that could occur realistically in the study area. A maximum of 20 mm of rainfall was
chosen because only 5% of the rainfall events deliver this amount or more (See Supplementary
Material). Experiments were done at 100 mm h' with a drop fall height of 5.8 m and a drop diameter
of 2.6 mm, which corresponded to kinetic energy (kE) of 24.1 ] mm~ m=2. The kinetic energy (kE) of
the rainfall was determined by a Joss Waldvogel Distrometer (Distromet Ltd., Zumikon,
Switzerland). The high rainfall intensity was chosen to match the kinetic energy of natural rainfall
[61]. The soils were exposed to an increasing amount of rainfall up to a maximum of 20 mm. This
would allow for identifying a change of crust strength with an increase in rainfall amount and kE.
Besides this variation, two types of rainfall were tested: single event rainfall and a sequence event
rainfall. For the single event rainfall, 12 rainfall quantities were tested, from 1.67 mm to 20 mm in
steps of 1.67 mm. The sequenced rainfall was measured in steps of 5 mm, whereby a crust was dried
before exposed again to rainfall. This approach gave an insight into whether the crust strength was
determined by the cumulative rainfall alone or if it was also affected by drying in between, as shown
by Kuhn et al. [62].

After the experiments, the crusts were dried for seven days in a Binder climate chamber (Model
MK-240, Binder, Tuttlingen, Germany) at 30 °C and a humidity of 56%. The moisture content is of
importance since moisture can influence both the surface strength [63] and, more notably, the resistance
to erosion of a surface [22,64-66]. Measurements showed that the soil humidity of the top 2 mm did not
decrease significantly after seven days of drying, and the moisture content was always below 1%.

Thin sections of the experimental crusts were made with an epoxy resin of laromin® C 260 and
araldit® in a 40-60% ratio. Images of the thin sections were taken using a Nikon Super Coolscan 5000
ED (Nikon, Tokyo, Japan).

2.4. Crust Strength Measurements

Crust strength is an indicator of the resistance of the surface to wind erosion [33,38,39,67]. For
this study, crust strength was measured with two instruments, commonly used to describe soil
resistance to erosion: a fall cone penetrometer for both fields- as experimental crusts, and a torvane
for only the field crusts. Fall cone penetrometer measurements have been used by several studies [68—
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72]. The major advantage of using a fall cone penetrometer was the small scale of the measurement,
both in surface and in depth. This made the measurement more comparable to the impact of an
abrading particle or single raindrop, in contrast to larger scale measurements with a torvane or a
pocket penetrometer, as also discussed by Rice et al. [73]. Furthermore, the fall cone penetrometer
delivered high precision measurements, and the instrument was easy to transfer and operate. The
disadvantage of the fall cone penetrometer was that despite the high precision, the crust strength that
was calculated was a relative value; see also Equation (1). It was also slower to use and less common
than the torvane. A torvane determines the torsional shear stress before failure and is a very common
instrument for wind erosion studies [37,38,56,63,74,75] since it is physically closest to the shear stress
that wind and abraders apply to a surface. Due to the scale of the measurement, torvane
measurements require a large surface area which was not feasible. By performing measurements
using both instruments on field crusts, where surface space was abundant, we could compare the
two methods and make our experimental results comparable to the studies done with a torvane. A
Humboldt Portable Penetrometer (Model H-1250, Humboldt Mfg. Co., Schiller Park, IL, USA) with
an aluminum 10 o apex cone and a 0.8 mm stainless steel blunt tip, with a total weight of 142.5 g was
used. The cone was raised 2 cm above the soil surface, after which it was released to fall onto the
crust. The penetration depth was measured with an accuracy of 0.1 mm. For field crusts and
experimental crusts, 20 and 10 measurements were taken, respectively. In addition, a torvane (1 = 10)
was used to determine the field crust strength. This instrument was adapted from a table instrument
to a handheld instrument for field use by Kuhn et al. [59], and used a vane with eight blades and a
penetration depth of 3 mm.

A fall cone penetrometer links the penetration depth to an undrained shear strength (t, in Pa or
kg m s2), meaning the maximum horizontal stress without any water flowing in or out of the soil.
For this study, we used the following formula to calculate the shear strength index (t*) as a kPa index
[71,76,77].

Q-
v (1)

D
whereby Q is the vertical force of the cone (in kg m s?, using a gravitational acceleration of 9.81 m
s?), and hp is the penetration depth (m). The maximum penetration depth is 2 cm, which is in
accordance with a shear strength index of 3.5 kPa.
To determine whether rainfall type (single event versus sequence rainfall) or soil type resulted
in significantly different soil strength, two-tailed t-tests were performed on the crust strength
measurements. An alpha value of 0.05 was used to determine statistical significance.

2.5. PI-.SWERL

To determine the influence of crust formation on dust emissions, a Portable In-Situ Wind Erosion
Lab (PI-SWERL, Desert Research Institute, Las Vegas, NV, USA) was used. The PI-SWERL is
described in detail by Etyemezian et al. [78,79]. The PI-SWERL is ideally suited for the dust emission
experiments carried out in this study for several reasons. Due to the small amount of soil required
for experiments (ca. 3 kg per crust) a wide range of controlled tests can be carried out. Secondly, while
the PI-SWERL can only be used on surfaces with small roughness elements, this limitation does not
occur on smooth crusts. Finally, while not relevant in this study, the PI-SWERL is highly mobile and
will be used in a later part of the project to measure emissions from crusts in the field as well.

The friction velocity exerted by the PI-SWERL to the effective area (i) is determined by the
Rotation Per Minute (RPM) of the blades that create the air stream in the measurement chamber,
which is empirically determined by Etyemezian et al. [76] as:

U, orr(RPM) = 0.000683 * a* * RPM° %% 2

In this formula « is a roughness constant that is determined per surface. For our surface, a
roughness parameter of 0.98 was used.
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Table 2 shows the PI-SWERL runs that were performed. For each soil, PI-SWERL measurements
were done on loose material, and on bare crusts formed by 15 mm of rain with and without the addition
of 3 g of abrader material. The abrader material was sampled from a sand accumulation in the field. To
avoid any influence of the abrader on dust measurements, the abrader was sonified and wet sieved to
extract all particles finer than 63 microns. Every PI-SWERL run started with a velocity increase from
zero up to 3175 RPM within 120 s to detect the threshold of PMiw emission. 3175 RPM matches a friction
velocity of 0.59 m s (Equation (2)) which is in accordance with a wind speed of ca. 11 m s at 2 m (z0
of 1 mm), a commonly occurring wind speed in the study area. When 3175 RPM were reached, the RPM
were kept stable for two different times (Table 2): the experiment on loose soil for 30 s, and the
experiment on crusted soil (with and without abrader) for 120 s. The experiments on loose soil were
run for a shorter period to prevent a significant depletion of fines from the highly emissive soils. The
crusted surfaces were run for a longer time to gain insight in the possible effect of abrasion and
degradation. As shown in Equation (3), the flux is calculated as an average for the entire run.

Table 2. Summary table of performed PI-SWERL runs.

Abrader n
. . _1
Soil Crust Addition (per Soil Type) Time (s) at0.59m s
Loose soil No 6 30
Aliénd Crusted by 15 mm of No 3 120
rainfall Yes 3 120

To calculate the average emission flux of the soil during the PI-SWERL experiment (Erii) in mg
m=2 s of each RPM step, Sweeney 2008 proposed the following formula:

end,i
Zbegin,l

(tenai—tpegini)*Aeff

CxFx1s

€))

EPI.i =

where by C is the dust concentration in mg m=3, F the blow rate in 157, and Asis the effective area of
0.035 m2. The emission flux will be calculated for the period at which the RPM is at 3175. Furthermore,
the threshold of PMio will be determined. The threshold is defined as the point after which there is a
subsequent increase in PMio for a minimum of 10 s, after Van Leeuwen et al. [80]. The RPM of this
PMuo threshold is converted into a friction velocity using Equation (2).

As mentioned before, the bombardment of a crust by saltating grains is an important process
resulting in the emission of fine particles and degradation of the crust. A common term to express
the relationship between the saltation flux and the resulting dust emission is the abrasion efficiency
[35,55] or bombardment efficiency [81]. For this study a relative abrasion efficiency (in pg m?2 s?
count™) will be calculated by dividing the dust flux from Equation (3) by the average saltation count.
The relative abrasion efficiency represents the amount of PMo that are released per saltating particle.
The saltation count within the PI-SWERL is measured using four Optical Gate Sensors (OGS) on the
sides of the PI-SWERL chamber that measure the passing of saltating grains in Hz. Since the OGS
sensor cannot give an exact indication of the saltation transport rate, the relative abrasion efficiency
only gives an indication on the relationship between abrasion and PMi emission.

3. Results and Discussion

3.1. Crust Strength and Structure of Field Crusts

The crust strength measured on Arenosols of the different agricultural fields are provided
(Figure 8). The shear strength of field 4 was below the minimum value that can be measured with the
fall cone penetrometer, namely 3.5 kPa, so this measurement will not be used for regression
calculation. The measurements of the two types of crust strength, the vertical shear strength and the
horizontal torsional shear strength, correlated well with each other (R? = 0.87). This indicates that the
fall cone penetrometer can be regarded as a reliable and relevant method for crust strength
measurements on smaller, experimental crusts.
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Figure 8. The crust strength measurements from crusts in the field measured using the fall cone (1 =
20), torvane (n = 10). Error bars are 95% confidence intervals.

The field measurements show a difference between strong crusts on fields that have not been
harvested yet (field 2 and 6), and weaker crusts on fields that had been harvested and cultivated
(fields 3, 5 and 7). We speculate that the strong crusts developed at the beginning of the rainy season
when the crops where small enough for raindrops to reach the surface, while the weaker crusts from
field 3 and 4 formed after harvest when cultivation destroyed the former crusts. In June and July
2018, 2.8 and 3.8 mm of rainfall fell respectively, which could have made the formation of a weak
crust on loose soil possible. These results lead us to the conclusion that crusts that form during the
rainy season can survive throughout the dry season and that these crusts are significantly stronger
than the crusts that form later during the dry season. The absence of crusts in the Luvisol field (field
1) and other non-crusted fields in our study area could have been caused by tillage operations in June
or July or animal trampling [17,82,83].

The torsional shear strength of the crusts was between 3.4 and 15.5 kPa, which is on average
smaller compared to the crust strength measured by other studies: Goossens [35] measured crust
strength on loamy and sandy soils with results between 12 and 37 kPa, and Zimbone et al. [60]
measured a strength of 10 kPa on a crusted sandy loam. This difference in crust strength could be
caused by a smaller content of fines or TOC in our crusts, but also by the fact that our field crusts
might have been less developed or more degraded. The degradation could have been the result of
particle abrasion, plant root growth, hail impact, or freezing and thawing [84,85].

3.2. Crust Formation by Experimental Rainfall

Rainfall experiments were performed on Arenosol and Luvisol samples to investigate the
development of physical crusts in respect to varying rainfall amounts. Figure 9 shows a thin section
of an Arenosol crust. This crust shows the formation of a thin dense layer of fine particles in the upper
part of the crust. The results from these experiments show a clear positive correlation between the
rainfall amount and the shear strength of the crusts (Figure 10). This increase is visible for both soils,
and for both single event and sequenced rainfall.
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Figure 9. Thin section from the top of an Arenosol crust that formed with 20 mm of rainfall showing
the thin dense layer of fine particles at the top of the crust.
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Figure 10. Results from the rainfall experiments, error bars show the standard deviation calculated
from 9 measurements. The regression shown is calculated from the single event rainfall.

Table 3 shows the results of the t-tests between the shear strength from the Arenosol and Luvisol
at 5, 10, 15, and 20 mm rainfall, and between single event and sequenced rainfall. Using an alpha
value of 0.05, it can be stated that for single event rainfall Arenosol and Luvisol crusts have similar
crust strength up to 15 mm of rainfall, after which Luvisol crusts are significantly stronger. The fact
that Luvisols create stronger crusts can be attributed to the greater clay and silt content (21.4% for LV
versus 13.1% for AR), a relationship that has been described elsewhere [32,75].

Table 3. p-Values from two-tailed t-test.

Single Event
Rainfall AR Versus LV Versus Sequenced
Amount Rainfall
Single Event Sequenced AR LV
5mm 0.140 -
10 mm 0.995 0.066 0.074 0.497
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15 mm 0.071 0.050 0.032 0.301
20 mm 0.001 0.001 0.000 0.025

Crust strength increased continuously with sequenced rainfall, a phenomenon that was also
observed by Feng et al. [67]. For both soils, the crust strength between the single event and the
sequenced rainfall is statistically similar until 15 mm of rainfall for the Arenosol and until 20 mm on the
Luvisol. For greater rainfall, the strength of sequenced Luvisol crusts is smaller compared to the single
event rainfall, whereas the Arenosol crusts from sequenced rainfall is much stronger than the single
event crust. This could be caused by the fact that standing water during the experiment can reduce the
kinetic energy of impacting drops acting on the soil surface [41,42,86]. This building-up of crust strength
would be an important process for physical crust formation, since smaller rainfall events are much more
common (See Supplementary Material), especially between May and September, when the monthly
rainfall is less than 20 mm. This successive buildup of crust strength with sequenced rainfall events
would be the most important process in crust formation during this period.

Using the Arenosol single rainfall event regression, calculated from the experimental results
(Figure 9), it is possible to estimate the rainfall amount to which the field crusts that were studied in
2018 were exposed. The greatest shear strength of the crust from the harvested fields was 24.2 kPa,
which would represent ca. 5.0 mm of experimental rainfall. For the crusts on the unharvested fields,
the shear strength was between 33.5 kPa and 62.6 kPa, which is in accordance with 6.1 to 9.4 mm of
experimental rainfall. The amount of rainfall that the soil had been exposed to in 2018 since the start
of the growing season in 2017 was likely greater. According to the ARC weather station, 345 mm of
rainfall fell from November 2017 till July 2018, whereas during the months after harvest, June and
July, only 6.0 mm fell. The field crusts are weaker than the regression suggests, which could be caused
by a difference in intensity of kE of natural rainfall, the protection of the soil from crusting by
vegetation cover, or by any degradation of the field crust as mentioned before.

3.3. Dust Emission Thresholds and Fluxes

The dust concentration observed during the PI-SWERL runs on loose and crusted surfaces are
shown in Figure 11. The crusted surfaces do not show any significant dust emission, with the
exception of one Luvisol crust experiment that shows a sudden increase in PMi, 200 s into the
experiment. This might have been caused by a crack in the crust due to swelling-and shrinking
processes (Figure 12). A small concentration increase at the beginning of some runs, is attributed to
small contaminations in the instrument. Figure 13 shows the relative abrasion efficiency of the
abrader runs. Generally, this value shows a slight increase over time, which indicates that the crusts
became more emissive under abrasion.
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Figure 11. PMio concentration measured during the PI-SWERL runs on several crusted and non-
crusted surfaces (RPM = Revolutions Per Minute).
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Figure 12. A Luvisol crust from 15 mm rainfall before (a) and after (b) a PI-SWERL run with the
addition of abraders.
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Figure 13. The relative abrasion efficiency over time during the PI-SWERL experiments with abraders.

For each PI-SWERL run, the dust emission flux and threshold were calculated (Figure 14 and
Table 4). The effect of crusting on dust emission is clearly visible. In all experiments, the crusts
significantly reduce dust fluxes in comparison to loose material. For Arenosol crusts, the dust
emission is reduced from 3.87 to 0.005 mg m~ s-! on average, which is a reduction down to 0.14%,
and the Luvisol the values went from 10.53 to 0.028 mg m2 s, which represent 0.26% of the emission
from a loose surface.

The threshold friction velocity is increased by the formation of a crust when abraders are present,
which is a phenomenon that also been described in other studies [41,42]. Crusted soils without
abraders do not have a threshold friction velocity since there is no significant emission. The
thresholds of the loose and abrading surfaces translate into wind speeds of 5.7 and 8.1 m s for
Arenosol and 5.0 and 6.6 m s for Luvisol respectively (z0 = 1 mm). The difference between the
threshold friction velocities between crusted and non-crusted surfaces is small compared to the
difference in dust flux. The threshold of the abrader experiment is likely initiated by the movement
of the loose abraders and is therefore not only influenced by the cohesion of the crust. Despite the
fact that the threshold velocity will also be greatly influenced by larger roughness elements such as
ridges and stubble [28,87], this small-scale difference could have a significant influence on dust
emissions form cropland.

The protection from crusts against wind erosion that our data presents is in line with other
studies on the dust emission from crusted surfaces. Wind tunnel studies from Zobeck et al. [35] and
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Yan et al. [43] describe how developed crusts can almost completely prevent wind erosion when there
are no external abrader. Sweeney and Manson [75] determine dust emission from loose and
artificially crusted loess using the PI-SWERL. The dust emission from their loose material ranged
from 0.1 to 4.5 mg m=2 s, whereas the crusted surfaces range from zero to 1.4 mg s' m=2 at 0.69 m s.
Comparing these results to ours, here loose soils, especially the Luvisols, appeared to be more
emissive, whereas the crusts appear to be more effective at protecting the surface. This difference
could be attributed to differences in grainsize and the experimental set up for crust formation.

Arenosol Luvisol
w
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w -
o , 2
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o o
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Figure 14. The emission flux calculated from the PI-SWERL experiments, using Equation (3).

Table 4. Summary of results from PI-SWERL measurements on experimental crusts.

. . Flux Ratio Relative Shear
Soil  Experiment Average Threshold Average Flux .
Type Type Friction Velocity (m s) (mg m2s) to Loose Abrasion Strength
Run Efficiency (kPa)
Loose 0.305 3.872 - - -
AR Crust - 0.0053 0.14% - 68.1
Abraders 0.436 0.311 8.03% 0.012 -
Loose 0.272 10.534 - - -
LV Crust - 0.0278 0.26% - 92.0
Abraders 0.357 0.425 4.03% 0.013 -

The protective effect of a crust is also smaller with the addition of abraders. In this case, the soils
emit 8% and 4% of the emission of loose soils for Arenosols and Luvisols, respectively. Figure 14
shows an example of an Arenosol crust before and after an abrasion experiment. The crust is
degraded, and large parts of the crust are removed by the abrading particles. This important influence
of abraders on dust emission has been described by many wind tunnel studies [33-35,45]. Although
the dust emission in runs with abraders is greater than without abraders, the amounts are still more
than an order of magnitude smaller than those from loose surfaces. However, it might be possible
that with longer duration of the experiments, the crusts could have been completely destroyed by
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abrasion and emission values could have reached the level of loose soils, as suggested by a field study
on loamy sandy crusts from Goossens [38]. Future studies on field crusts will have to focus on the
longevity of the crusting-induced reduction of dust emissions.

Despite their greater strength (Table 4), the Luvisol crusts were on average more emissive for
both the normal and abraded crusts, which is likely caused by the greater number of fine particles in
the Luvisols. These findings do not agree with the field measurements on loamy to sandy crusts by
Goossens [38], which showed a negative exponential correlation between the crust shear strength and
the horizontal and vertical dust flux. However, their wind tunnel measurements do not address the
influence of a continuous abrasion, which is simulated in the closed system of the PI-SWERL. Houser
and Nickling [55] also described a negative correlation between crust strength and abrasion efficiency
using wind tunnel experiments. The strength of their crust was greatly influenced by the presence of
salts, whereas the differences in crust strength in our study are attributed to the concentration of
fines. This suggests an interesting interplay of factors, where a greater concentration of fines results
in a general greater PM1o emission, but also in a greater crust strength that limits the emission.

4. Conclusions

The high dust fluxes from loose Free State soils in this study support the result of Eckardt et al.
[24] that sandy cropland soils play a role as a source of atmospheric dust in southern Africa, in addition
to the aerosols generated by natural surfaces. Our results show that physical soil crusts can form rapidly
on loamy sand and sandy loam cropland soils, and that these crusts have the potential to reduce dust
emissions on these fields which concurs with other studies on sandy loamy soils [38,43]. Crusts formed
on Arenosols and Luvisols by 15 mm of experimental rainfall minimized the PMio emission flux to less
than 0.5% of the emission from a loose soil. We expect that the most significant formation of crusts
occurs during the start of the rainy season, before the growth of crops protects the soil from the impact
of raindrops, and that these crusts can last into the dust season. However, even during the dry season
crust formation by sequenced rainfall appears possible.

Our results underline the importance of physical soil crusts in dust prevention on sandy soils in
the Free State and in many other regions in the world. The results illustrate that crust-protecting land
management could be very advantageous to minimize dust emission from bare agricultural fields.
These practices may include the limitation of ploughing, mechanical cultivation, and animal
trampling after harvest. The trade-off between reducing dust emission and increasing the risk of run-
off and water erosion has to be further studied.

Abraders play an important role in increasing the PMio emission and the erosion of crusts, as
also suggested by previous studies [34,45,46,73,88]. This indicates that active prevention of the
mobilisation of abrading sand particles should also be considered as an important measure to
minimize dust emissions. These measures could include the preservation of crop stubble or the
placement of roughness elements, such as fences or shrubs at the border of fields combined with a
reduction of the field sizes.

While the results of this study seem to be very plausible and straightforward, we would like to
point out that this knowledge is gained under laboratory conditions and that further experiments
and field measurements on natural crusts are necessary to test these findings. The influence of
abraders is commonly studied with wind tunnel measurements [32-34,45,55]. Wind tunnel
experiments on abrasion conditions would offer a cross comparison with our PI-SWERL results, field
dust emission monitoring, and synoptic weather data. Furthermore, measurements with the PI-
SWERL in the field would offer the possibility to gain a more representative understanding on
emission characteristics by testing a wider range of crust strengths, textures, and abrasion conditions.

Supplementary Materials: The following are available online at www.mdpi.com/2073-445X/9/12/503/s1, Figure
S1: Cumulative frequency distribution of number of total rainfall amounts in the study area.
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