
1.  Introduction
Salinization is one of the major concerns in many dryland agroecosystems in the United States and around 
the world, particularly in regions with high evaporative demand, shallow water tables or irrigated with water 
rich in dissolved solids (Hassani et al., 2020; Rengasamy, 2006; Szabolcs, 1989). Globally, salt-affected areas 
cover approximately 23% of cultivated agricultural land and 50% of irrigated land (Shahid et al., 2018; Weil & 
Brady, 2017). Salinization is the process that results in the accumulation of neutral salts—mainly chlorides, and 
sulfates of calcium, magnesium, potassium and sodium—in the surface soil. Salt accumulation in the root zone 
may result from: (a) the use of inadequate or salty irrigation water, which, in conjunction with high evaporation 
rates and insufficient soil leaching, leads to the deposition of salts on the soil surface or in the shallow root zone 
(e.g., Porporato et al., 2015); (b) the presence of shallow water tables (e.g., <2.5 m deep), that allow for exfil-
tration of groundwater by capillary rise driven by the low soil water content at the surface (Ridolfi et al., 2008; 
Runyan & D’Odorico, 2010). The evaporation of exfiltrated water sustains the upward unsaturated flow through 
the soil column above the water table, while leading to salt at the surface (e.g., Shokri-Kuehni et al., 2020); or 
(c) other processes such as sea water intrusion in coastal areas (Chen & Mueller, 2018; Dasgupta et al., 2015), 
atmospheric deposition (dry and wet) or rock weathering (e.g., D’Odorico et al., 2013).

Abstract  Arid and semiarid ecosystems around the world are often prone to both soil salinization and 
accelerated soil erosion by wind. Soil salinization, the accumulation of salts in the shallow portions of the soil 
profile, is known for its ability to decreases soil fertility and inhibit plant growth. However, the effect of salts 
on soil erodibility by wind and the associated dust emissions in the early stages of soil salinization (low salinity 
conditions) remains poorly understood. Here we use wind tunnel tests to detect the effects of soil salinity on 
the threshold velocity for wind erosion and dust production in dry soils with different textures treated with 
salt-enriched water at different concentrations. We find that the threshold velocity for wind erosion increases 
with soil salinity. We explain this finding as the result of salt-induced (physical) aggregation and soil crust 
formation, and the increasing strength of surface soil crust with increasing soil salinity, depending on soil 
texture. Even though saline soils showed resistance to wind erosion in the absence of abraders, the salt crusts 
were readily ruptured by saltating sand grains resulting in comparable or sometimes even higher particulate 
matter emissions compared to non-saline soils. Interestingly, the salinity of the emitted dust is found to be 
significantly higher (5–10 times more) than that of the parent soil, suggesting that soil salts are preferentially 
emitted, and airborne dust is enriched of salts.

Plain Language Summary  In this study we investigated how the use of slightly saline irrigation 
water may affect soil susceptibility to wind erosion and the dust emission potential of dry soils, and how these 
processes are affected by the amount of clay in the soil. Results indicated that, even though salinity decreased 
the susceptibility of soils to wind erosion due to aggregation and crust formation, abrasion by sand particles 
resulted in the breakdown of saline crusts, leading to emissions comparable or sometimes even higher to those 
of non-saline soils. The higher salt concentration found in the dust than in the dust-emitting soil suggests that 
the airborne transport of salts may have important implications for contaminant transport and salinization of 
downwind areas.
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Salt concentration in soils is often measured using electrical conductivity (EC) of the saturated soil paste 
extract (ECsp in dS m −1) and sodium absorption ratio (SAR) (e.g., Weil & Brady, 2017). Saline soils, where the 
exchange complex is dominated by calcium and magnesium, are characterized by ECsp values greater than 4 dS 
m −1 and SAR values less than 13. Overall, salinization of agricultural lands alters the soil's physical properties 
by modifying porosity, permeability, and plant-water relations (Bresler et al., 1982; Crescimanno et al., 1995; 
Rengasamy, 2006). Until recently, the common notion of these interactions was that soil salinity would enhance 
soil erosion by inducing plant mortality or at least reducing the sheltering effect of vegetation (Butcher et al., 2016; 
Rengasamy,  2006). Salinity-affected soils in dryland regions often experience accelerated wind erosion and 
represent some of the most dust emissive surfaces on Earth (Buck et al., 2011; Ravi et al., 2011). In fact, salt accu-
mulation in the soil profile is typically related to plant stress and soil denudation (Maas & Grattan, 1999; Weil & 
Brady, 2017). Indeed, salts dissolved in root-zone soil reduce plant productivity through changes in soil osmotic 
potential and the consequent increase in plant water stress (Groenevelt et al., 2004; Sheldon et al., 2017). In these 
conditions plant uptake requires osmotic adjustment either through synthesis of organic solutes or through salt 
uptake (Sheldon et al., 2017).

While several studies have addressed the impact of soil moisture, surface roughness, soil crust, fires, grazing 
and agricultural practices on soil susceptibility to wind erosion, the effect of salinity still needs to be adequately 
explored. Previous studies on salinity's impacts on wind erosion focused mainly on the erodibility of saline hard 
crusts, which occur as a result of salt precipitation from solutions with high salt concentrations (Langston & 
McKenna Neuman, 2005; Lyles & Schrandt, 1972; Nickling, 1984; Nickling & Ecclestone, 1981). However, 
saline soils are more commonly found with lower salt concentrations that do not lead to the development of hard 
crusts (Dai et al., 2016; Li et al., 2021). Indeed, salt-affected soils often occur in intermediate states with the 
formation of soil aggregates and weak crusting before crust formation; in these states the presence of salt-water 
and the associated effect of soil aggregation is expected to affect the minimum wind velocity required for wind 
erosion, the “threshold velocity”. The impact of these lower salt concentrations (ECsp between 0.5–4 dS m −1) 
prevalent in many agricultural areas, on soil erodibility by wind still needs to be studied. This paper investigates 
how the use of brackish to slightly saline irrigation water may affect soil susceptibility to wind erosion and the 
dust emission potential of dry soils (resembling the conditions of bare, dry agricultural soils during the dry 
season), and how these processes are affected by soil texture, particularly the soil clay fraction.

2.  Materials and Methods
This study used a set of wind tunnel tests to detect the effect of soil salinity on the threshold velocity for wind 
erosion using soil samples treated with salt-enriched water at different concentrations. The same samples were 
also tested in another tunnel in the presence of a saltating abrader (medium sand inserted in the airstream at the 
bottom of the wind tunnel upstream from the soil tray) to simulate soil erosion and to sample the dust emitted by 
eroding soil samples under different salt treatments.

2.1.  Soil Characterization and Soil Sampling

We used three agriculturally important soil types in the Southern High Plains of the United States, with a range 
of clay contents. The soil types used for this study are—Brownfield fine sand (BFS), Amarillo fine sandy loam 
(ASL), and Olton clay loam (OCL). The soil characteristics are provided in Table 1. The soils were collected 
from a wind erosion-affected region in the Southern High Plains (SHP) of Texas where the available irrigation 
water from the Ogallala Aquifer is becoming increasingly saline (Chaudhuri and Ale, 2014a, 2014b). Approx-
imately one quarter of all irrigated farmland in the United States relies on this groundwater source (Chaudhuri 
& Ale, 2014b), even though the problems related to saline irrigated water are mostly limited to the SHP region. 
From the identified field locations, soil samples were collected from the top 5 cm, to represent the natural area 
exposed to the erosive action of the wind. The samples were air dried, crushed if necessary, and sieved with a 
2.0 mm sieve to remove coarse debris. Clay content of the samples was determined using the standard hydrometer 
method (Table 1) and by laser diffraction method. The particle size analyzer (LS 13320, Beckman Coulter, Inc., 
CA, USA) was used to determine the size distribution of both particles suspended in a liquid (Universal Liquid 
Module, Beckman Coulter, Inc., CA, USA) and in air (Tornado Dry Powder System, Beckman Coulter, Inc., CA, 
USA). For wet dispersion, the saturated soil samples (12 hr) were dispersed in water and sonicated for 1-min 
before measurement to help with additional dispersion. The instrument provides a dynamic measurement range 
of 0.3–2,000 μm.
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2.2.  Preparing Saline Soil

The air-dried and sieved soil samples were placed in shallow trays (77 × 13 × 1.6 cm 3) used for the wind tunnel 
experiments. The trays were filled with about 2 kg of soil (slightly different amounts were needed to fill them up, 
depending on the soil type), packed with a roller to representative bulk densities and to match the surface of the wind 
tunnel floor. The trays were wetted from the bottom with deionized water and then allowed to drain to a moisture 
level close to field capacity, and then oven dried (60°C for 24 hr). The volume of water needed to fill the pore space 
to field capacity was then determined by weighing the soil tray at field capacity and after oven drying. The appli-
cation of saline water with different salt concentrations (see below) was then achieved by spraying the soil surface 
with  the (known) volume of water needed to reach field capacity using different concentrations of salt solutions. 
The soil trays were then allowed to drain and, again, dried at 60°C in aspirated ovens for 24 hr in order to develop 
structural components and a cohesive surface. To create the desired ranges of salinity, salt solutions with the target 
EC values were prepared by dissolving anhydrous salts in deionized water (e.g., He et al., 2013). For saline soils a 
mixture (by weight) of 49% CaCl2, 41% MgCl2, and 10% NaCl, in proportions representative of Ogallala Aquifer 
water chemistry was used (Hopkins, 1993; Chaudhuri and Ale, 2014a, 2014b; Haskell et al., 2022). The soil surface 
in each tray was allowed to equilibrate with the ambient atmospheric humidity for 1-hr before each wind tunnel 
test. We worked with moisture contents in equilibrium with the overlying air to avoid any soil drying during the 
test, which would prevent any control of surface soil moisture (Ravi et al., 2004, 2006). Soil samples were taken 
from the trays after the wind tunnel tests to determine the EC and SAR values (Figures S1 & S2 in Supporting 
Information S1).

2.3.  Laboratory Wind Tunnel Experiments

Wind tunnel tests are often used to investigate the dependence of threshold velocity for wind erosion on different 
soil characteristics and atmospheric conditions (e.g., Mckenna-Neuman & Nickling, 1989; Ravi et al., 2006, 2006; 
Van Pelt et  al.,  2017). The measurement of threshold velocity was carried out using a non-recirculating wind 
tunnel at the USDA-ARS Laboratory, Big Spring, TX. The wind tunnel is 2.7 m long, 0.61 m wide, and 0.38 m 
high and can generate free stream velocities of 0–18.3 m s −1. The test section of this wind tunnel has plexiglass 
windows and is equipped with removable metal trays (77 cm length, 13 cm width and 1.6 cm depth). The wind 
velocity was measured using a pressure transducer (Model 239, Setra, Boxborough, MA, USA) connected to 
a Pitot tube installed above the soil tray at 20 cm from the surface of the tunnel. The wind velocity measure-
ments were calibrated routinely to account for the changes in the ambient air pressure and temperature (e.g., Ravi 
et al., 2004). Saltation (particle movement resulting from grains bouncing on the soil surface) were measured using 
a SENSIT flat plate movement sensor (Model FP5-RevC, Sensit Company, Redlands, CA, USA) mounted imme-
diately downwind from the soil tray. This flat sensor, used for initiation of motion studies, has an active surface is 
2.54 cm in diameter and is extremely sensitive, compared to previous versions (Sensit Company, 2013; Swann & 
Sherman, 2013; Poortinga et al., 2015). To remove inconsistencies in determining threshold velocity, we used the 
same Sensit sensor for all the wind tunnel runs. The ambient air temperature and relative humidity (Model HMP 
45ASP, Vaisala, Helsinki, Finland) were also recorded. During the wind tunnel tests, the data (wind speed, air 
humidity and temperature and Sensit data) were collected every second (CR 23X Datalogger, Campbell Scientific 
Inc., Logan, UT, USA). The soils were not artificially wetted nor dried, and the variations in surface moisture 
content were due to changes in air humidity and temperature. All the experiments were conducted under low air 
humidity conditions (∼20%). The soil trays were weighed before and after each run to determine soil loss rate, 
which was negligible (<0.1%). The wind tunnel tests consisted of four replicates of each treatment. After the initial 
flush out of the wind tunnel to blow away fine loose or low-density particles present on the soil surface (<1–2 min) 
the wind velocity was increased gradually until saltation started occurring (i.e., the Sensit started recording impact 

Soil series (USDA soil taxonomy) Texture (Hydrometer) Clay (laser diffraction) ECsp (dS m −1)

Brownfield (BFS): Loamy, mixed, superactive, thermic Arenic Aridic Paleustalfs Fine sand 3% 0.50

Amarillo (ASL): Fine-loamy, mixed, superactive, thermic Aridic Paleustalfs Sandy loam 6% 0.67

Olton (OCL): Fine, mixed, superactive, thermic Aridic Paleustolls Clay loam 18% 1.03

Table 1 
Soils Used in the Experiments
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counts). For determining threshold velocity for wind erosion, we considered the first 10 s interval in which the 
Sensit recorded saltation counts for more than 50% of the time (5 out of 10 s). The maximum attainable wind veloc-
ity in the tunnel was 18 m s −1. In the case of some trays no saltation conditions were ever reached, which means 
that in those cases the threshold velocity was greater than 18 m s −1 (e.g., OCL). After determining the threshold 
velocity, the strength of the soil surface was measured with a pocket penetrometer (H-4205, with 1-cm diameter tip, 
Humboldt Mfg. Co., Elgin, IL, USA). Three to four penetrometer measurements were made on each tray.

After attaining the threshold conditions, the trays were moved to another wind tunnel featuring an isokinetic total 
dust recovery system consisting of a hood, open at the upwind side of the soil tray and extending over the soil 
tray, that is connected to a series of particle settling environments by a 7.5 cm diameter aluminum tube. The parti-
cle settling environments are, in order, a 15 cm tall × 11.4 cm wide transition section with riffles in the bottom 
to capture saltating particles and aggregates including coarse sand followed by a large (0.325 m 3 volume and 
0.426 m 2 cross section normal to flow) settling chamber to collect medium and fine sand, and finally a housing 
containing two glass fiber filters (installed ‘in parallel’) collecting suspended sediment that is connected to the 
intake of a reciprocal blower. The soil trays were exposed to 20 min of wind stream at a velocity of 12.5 ms −1. 
Saltation activity characteristic of field conditions was achieved by introducing abraders (250–350 μm clean 
sand) into the air stream near the ground surface of the wind tunnel and was distributed evenly across the tunnel 
width via chutes leading down from hopper above the tunnel. The input rate was comparable to that used in 
several laboratory-based wind tunnel abrasion studies (e.g., McKenna Neuman et al., 2005; Zobeck et al., 2013). 
After the 20-min wind tunnel run, the dust samples collected in the filters were weighed and used to determine 
the salt concentration. The weight of the dust samples (g) collected in the filters was divided by the weight of 
soil lost (g) from the corresponding trays and the test duration (minutes) to express soil loss ratio (indicator of 
dust emission potential) in g g −1 minute −1. The samples from the filter and the soil remaining in the trays were 
collected after the wind tunnel experiments to determine the particle size distribution and salinity.

2.4.  Measuring Salinity of Soil and Dust Samples

Soil salinity was measured in terms of EC both in diluted 1:5 soil-water mixture (EC1:5) and in a saturated soil 
paste extract ECsp (Richards, 1954). EC1:5 was measured for soil samples collected from the trays after each wind 
tunnel test and for the dust samples in the filters. The ECsp was measured only on a subset of soil samples, to cover 
the range of EC1:5. The linear relationship found between the EC1:5 to ECsp values was then used to calculate ECsp 
as a function of the measured EC1:5 values (Figure S1 in Supporting Information S1). Salinity of the soil samples 
was determined using the Saturated Paste Extract (SPE) methodology, a commonly used technique that allows 
for the precise quantification of EC and SAR under controlled laboratory conditions (Rhoades et al., 1989). The 
air-dried soil samples were combined with deionized water and allowed to equilibrate for 24 hr to establish opti-
mal conditions for solute migration (Rhoades et al., 1989). The amount of water required to make the saturated 
paste was determined experimentally considering the field capacity and soil texture. Post equilibration, the soil 
solutions were carefully extracted using a vacuum filtration system outfitted with a 0.45 μm filter paper for the 
effective separation of suspended particulates (Rhoades et al., 1989). The ECsp of the extracted soil solutions 
were measured using a calibrated benchtop conductivity meter (PC 700, Oakton Instruments, Vernon Hills, IL). 
The soil extracts were then filtered through the 0.22 μm Whatman filter paper and acidified with ultra-pure nitric 
acid to minimize the precipitation, adsorption to the tube wall, and microbial degradation. The filtered samples 
were stored in the refrigerator (<4°C). An Inductively coupled plasma optical emission spectrometer (ICP-OES, 
iCAP™ 7600, Thermo Fisher Scientific Inc., Waltham, MA) was used to measure sodium (Na +), calcium (Ca 2+), 
and magnesium (Mg 2+) ion concentrations. The SAR values of the samples were calculated as:

𝑆𝑆𝑆𝑆𝑆𝑆 =
𝑁𝑁𝑁𝑁+

√

[

𝐶𝐶𝐶𝐶2++𝑀𝑀𝑀𝑀2+

2

]� (1)

where Na +, Ca 2+, and Mg 2+ are the respective ion concentrations expressed in milliequivalents per liter (mEqL −1).

3.  Results
The grain size analyses showed differences between wet dispersed and dry soil samples (2-mm sieved) (Figure 1), 
with smaller median (D50) grain diameters after wet dispersion. OCL samples showed the largest decline in 
median grain diameter from dry to wet dispersion measurements, with 10 times decrease from 410 to 42 μm.
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We found a significant increase in threshold velocity with increasing soil salinity (ECsp) for both soils (Figure 2). 
Higher salinity concentrations, ranging from 0.5 to 7.0 dS m −1 (SAR <3) correspond to an increase in threshold 
velocity for saltation of 100% for BFS and of 60% for ASL (see regressions in Figure 2). For both soils these rela-
tionships between threshold velocity and ECsp were significant. The increase in threshold velocity with salinity is 
explained by the salt-induced formation of a soil crust, particularly with the higher concentration salt treatments. 
We use the micropenetrometric readings as measurements of crust strength. Interestingly, we found the crust 
strength increased significantly with ECsp values (Figure 3). The relationship between average surface strength 
in each tray and ECsp is significant. Threshold velocity for all the OCL treatments were found to be higher than 
18.5 ms −1, and hence it was not possible to determine the exact threshold values using this wind tunnel.

Figure 1.  Particle size distribution of (a) wet and (b) dry dispersion for three soils using laser diffraction method. The vertical lines show the median value for each 
distribution.
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Figure 2.  Analysis of the positive trend between threshold velocity for particle saltation and EC of the saturated paste 
extract (ECsp), that corresponds to a reduction in soil erodibility with increasing soil salinity. Each point corresponds to a 
different experiment run where the initial soil salinity concentration was varied. The experiments were conducted on two 
different soils: Brownfield fine sand (BFS—blue) and Amarillo sandy loam (ALS—red). The linear regressions of the scatter 
data and their corresponding 95% confidence intervals (dashed lines for BFS and dotted lines for ASL) showed that the 
positive nature of the relationship under investigation is significant (p-values <0.05) for both soils. In three cases no saltation 
occurred and, therefore, the value of 18.5 m s −1 in threshold velocity (corresponding to the max attainable wind speed in the 
tunnel) was plotted (triangles).

Figure 3.  Micropenetrometric tests evaluated the increase in soil surface strength due to salt-induced crust formation. The positive and significant trends (dashed 
lines—linear regressions and solid lines—95% confidence bands) suggested that the higher surface strengths are associated with increasing soil electrical conductivity 
(i.e., salinity concentrations). The analysis is conducted on the averages (squares) of three to four micropenetrometric tests per tray (shaded circles).
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The experiments from the second set of wind tunnel tests show that the amount of dust emitted by the soil trays 
- expressed both in absolute values and as a fraction of the soil lost from each tray—did not significantly change 
with the salt treatment (Figure 4). In the presence of an abrader, sand saltation was able to destroy the surface 
crust, thereby exposing the underlying soil to massive erosion independently of the salt treatment. While shorter 
wind tunnel experiments (i.e., <20 min duration, used in this study) are expected to be able to show differences 
in how quickly the soil samples are eroded in transient conditions, in the long run most of the sample is expected 
to be eroded. Significant differences were found to exist between the three soil types, with OCL samples emitting 
more dust than BFS and ASL because of the finer texture and higher clay content of the OCL samples (Table 1).

The dust emitted by the airstream in the presence of saltation had an ECsp 5–10 times greater than that of the 
parent soil (Figure 5), suggesting that salt is preferentially emitted by air-dry soil surfaces, after the destruction of 
crusts. This effect is also supported by the particle size distribution of the control and saline soil, which indicate 
higher aggregates for OCL soil compared to other soil types (Figure 6).

4.  Discussion
The mobilization and entrainment of particles from the soil surface into the airstream occurs when the wind's 
shear stress acting on the land surface exceeds the shear strength of the soil aggregates and their resistance to 
detachment. Wind speed controls the erosive action, while land surface conditions (size and shape of soil grains 
and aggregates, clay content, surface soil moisture, roughness, and water repellency) affect the soil erodibility, that 
is, the values of the threshold velocity. The finding of an increasing threshold velocity with increasing soil salinity 
(Figure 2) suggests that salts make soils less erodible, likely because of aggregation and the formation of a soil 
crust. The strength of the surface crust increases with increasing salt concentrations (Figure 3), thus suggesting 
that, by favoring the formation of a surface crust and enhancing its strength, salts make soils less erodible by wind. 

Figure 4.  Dust emitted from soil samples with different salinity ranges (as represented by ECsp values) as a fraction of the 
soil lost from the trays for the duration of each wind tunnel test.
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Moreover, crust formation and the shear strength of soil aggregates are enhanced by the clay content, as reflected 
by the greater threshold velocities and crust strengths found in ASL than BFS. Salt crystallization and crust 
development are affected by several factors including the evaporation rate, salt type and soil texture. In our study 
we dried the salt-treated soils at a temperature of 60°C resulting in faster evaporation rates. In fine soil particles 
this faster evaporation can result in finer salt crystals and a salt crust that is uniformly distributed on the soil (Dai 
et al., 2016; Li et al., 2021). OCL samples had lower crust strength compared to the other two soils (Figure 3) as the 
same amount of salt is distributed among many particles in finer OCL compared to coarse grained BFS and ASL.

Despite the salinity-induced crust strengthening effect, the second set of wind tunnel experiments shows that in 
the presence of a saltating abrader “bombarding” the soil crust, all soil samples get eroded regardless of the salt 
treatment. Similarly, no clear dependence was found between the amount of dust emitted by each sample (or the 
fraction of eroded sample contributing to dust emission) and the soil salt content. The salinity of the emitted dust 
linearly increased with the salinity of the parent soil (after salt treatment), with the former being 5–10 times more 
enriched than the latter. The lowest enrichment found for OCL samples compared to the other soil types can be 
explained by the difference in particle size distribution of dry and water dispersed soil samples (Figure 1). The 
OCL soil was characterized by the largest difference, reflecting the presence of clay aggregates, which contrib-
ute to a larger median grain size (410 μm) in the dry than the water dispersed samples. The medium grain size 
increased in saline OCL samples, indicating more aggregation (Figure 6). The applied salt can be absorbed by 
clays in stable aggregates, which are more resistant to erosion by wind. This effect was minimal for sandy soils, 
in which less aggregates were observed, resulting in enhanced erosion of salts in the emitted particulate matter. 
The OCL soil, due to high surface area and aggregate formation, had lower EC values compared to sandy soils, 
when treated with similar salt solution. Also, salinity resulted in aggregation (increase in mean particle diameter, 
Figure 6), where fine particles and salts are trapped in aggregates and resisted erosion even when the crust was 
weaker (Figure 3). Consequently, the salinity of emitted dust was only 5 times higher than the background soil for 
OCL, while it was 10 times higher for sandy soils.

Figure 5.  Relationship between salinity (ECsp values) of soil and corresponding dust samples.
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Airborne salt can be either in the form of dust-sized salt crystals or bonded to mineral dust. The larger salt 
concentration in the dust than in the parent soil can be explained by the fact that dust is largely contributed by clay 
minerals, which are known for their relatively high cation exchange capacity. Further, salt particles, as those used 
in the study (CaCl2, MgCl2, and NaCl) have lower density ranges of 2,150–2,320 kg m −3, compared to bulk soil 
particles, which varies between 2,550 and 2,700 kg m −3. Salt particles can be preferentially entrained by wind, 
even before the characteristic threshold condition for the soil is attained. Post-threshold conditions, the dominant 
particulate matter emission mechanism is the surface abrasion by saltating sand particles (Baddock et al., 2013; 
Shao et al., 1993). The particle emission by abrasion is shown to depend on several factors including the salta-
tion flux, velocity of the abrader, impact angle and the properties of the target surfaces including the crushing 
energy of aggregates or particles (Pi et al., 2020). As salt particles are characterized by lower particle density and 
load-bearing capacity, the crushing energy of salt particles (and modulus of rupture) is much lower than typical 
soil particles. So saltating sand particles colliding with salt crystals can disintegrate them more efficiently than soil 
particles and generate fine particles (Figure 7a). To demonstrate the effect of density and particle size on thresh-
old shear velocity for dry soil and salt particles, we adopted a semi-empirical expression for the saltation fluid 
threshold (Shao & Lu, 2000). Even though the parameters are not derived from our experiments and the threshold 
velocity also depends on other factors including particle size, shape, aggregates, moisture, it is instructive to visu-
alize the effect of density and particle size on threshold shear velocity for dry soil and salt particles (Figure 7b).

𝑢𝑢∗𝑡𝑡 = 𝐴𝐴𝑁𝑁

√

𝜌𝜌𝑝𝑝 − 𝜌𝜌𝑎𝑎

𝜌𝜌𝑎𝑎
𝑔𝑔𝑔𝑔𝑝𝑝 +

𝛾𝛾

𝜌𝜌𝑎𝑎𝐷𝐷𝑝𝑝

� (2)

where the ρa is the air density, ρp is the particle density, Dp is the particle diameter, g is the acceleration due to 
gravity, AN = 0.11 is a dimensionless parameter, γ is a parameter which scales the strength of the interparticle 
forces. Here we use γ = 2.9 × 10 −4 Nm −1 from Kok and Renno (2006) for air-dry loose soil particles.

Figure 6.  Particle size distribution for the control and saline (ECsp ∼ 4 dS m −1) soils using laser diffraction method (dry 
dispersion).
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Even though salinity increased the resistance to wind erosion in the early stages, the negative impacts of salinity 
on soil quality and crop productivity needs to be considered (Rengasamy, 2006). Soil salinization can enhance 
wind erosion by inducing plant mortality or at least reducing the sheltering effect of vegetation, a dominant 
control on wind erosion in drylands (Butcher et al., 2016; Rengasamy, 2006). Moreover, the salt aggregates and 
crusts were readily ruptured by saltating sand grains resulting in comparable or sometimes even higher partic-
ulate matter emissions compared to non-saline soils. Salt crusts are found to break down and erode in response 
to sustained abrasion in natural environments, resulting in emission of fine aerosols with impact on air quality 
and human health (Cahill et al., 1996; Langston & McKenna Neuman, 2005). Our results also show that the 
emitted dust aerosols contained a disproportionate amount of salts compared to the background soil. OCL, with 
higher clay content, had lower concentration of salts in the emitted sediments compared to BFS and ASL. In 
OCL soil the salt might be adsorbed on stable clay aggregates in the soil, which resist erosion. The preferential 
entrainment of salts, in the form of minute salt crystals or salt ions bound to mineral dust, may impact salinization 

Figure 7.  (a) A schematic representation of two-dimensional eolian erosion and transport processes with soil and salt 
particles on a salt crusted surface. (b) Theoretical threshold shear velocity for initiating saltation for soil and salt particles 
calculated with different size and density ranges. The shaded region indicates density ranges for salts used in the experiment 
(CaCl2, MgCl2, and NaCl, 2.15–2.32 g cm −3) and bulk soil particles (2.55–2.70 g cm −3).
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of other soils in the region and the spread of contaminants from agricultural areas (Gill et al., 2002; Goldstein 
et al., 2017). Even though most toxic contaminants in the soil are retained in the vadose zone resulting in lower 
concentrations in the surface salt crusts, anthropogenic disturbances to soil (agricultural activities) can result in 
translocation of contaminants to surface soils (Goldstein et al., 2017).

5.  Conclusions
Our study shows an initial reduction in wind erosion with increasing soil salinity, as reflected by the increase in 
threshold velocity associated with salt-induced soil aggregation and crust formation. However, in the presence 
of an abrader the soil crust is disintegrated by saltation, which breaks the crust, thus leading to even higher 
dust emissions, than in the control samples. Interestingly, we found an increase in salt content in emitted dust 
with respect to the “parent soil”, which suggests that salt and dust particles with attached salt are preferentially 
removed from the soil by the air flow (in fact the EC of particulates were almost 10 times greater than the EC 
of the parent soil samples). The subsequent deposition of airborne salt onto adjacent land may lead to the salin-
ization of nearby (downwind) areas. Moreover, salts can serve as vectors of airborne contaminants, which are 
expected to be easily soluble once inhaled. Thus, the higher salt concentration found in the dust than in the soil 
suggests that either minuscule dust crystals or salt ions bound to mineral dust get preferentially entrained in the 
airflow, thus favoring the airborne transport of salts with important effect on the salinization of other soils in the 
region and the spread of pathogen and respiratory diseases.
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