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one example of desiccating lakes, has led to the exposure of the lakebed sediment with enormous
dust emission potential in some parts. Sand sheets of western LU are identified as one of the major
contributors to aerosols in this region. Yet, dust blown from this area is not well characterized. The aims
of the current study were, therefore, to comprehensively investigate the origin of dust from sand sheets;
the characteristics of dust and temporal variability of the aerosol and to test the effectiveness of the

Keywords: .. . . . . s .
Aerosols application of sodium alginate (SA) on soil crusting and stabilization. Soil samples were collected from
Aragonite the two prevailing soil types from sand sheets in August 2020. Dust samples were also collected during
Crust stability four time periods: July and August (the beginning of the dry season); October and November (the
Optimum moisture content beginning of the wet season). Using SA with varying concentrations and different methods of application,
X-ray fluorescence (XRF) the effectiveness of the induced crusts was investigated. Authigenic aragonite minerals with elongated
needle shapes were found to be the major constituent of the soil and dust samples. Temporal variability
of the dust characteristics and their elemental correlation to dust sources revealed that while dust source
1 (DS1) with higher clay, salt, and silt contents contribute more to the dust composition from July to
August (R?> > 0.75 for DS; versus R? > 0.58 for DS,), dust source 2 (DS;) with less salinity and higher sand
content becomes the major contributor to dust composition from October to November (R? > 0.91 for DS,
versus R? > 0.75 for DS1). Results of stabilizing both DS and DS, showed that SA-induced crusts on DS
are more stable than DS, due to the presence of higher clay, silt, salt, organic matter, and lower aragonite
minerals. SA-induced crusts by a compaction method significantly performed better than a spray of SA on
either dry (DSp) or soil at its optimum water content (WSp) at all concentrations. Nevertheless, spray
methods are more feasible at the field scale and in both DSp and WSp methods, SAg s improved the crust
thickness. Scanning electron microscope-energy dispersive X-ray spectroscopy (SEM-EDX) along with
thermogravimetric analysis (TGA) confirmed the remaining SA on the soil surface three months after its
application indicating the effective performance of the SA solution in sand sheets stabilization. Hence, its
application at the field scale could possibly reduce aerosol release and transport to surrounding areas.
© 2024 International Research and Training Centre on Erosion and Sedimentation. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction worldwide such as Great Salt Lake and Owens Lake in the U.S.A,
Aral Sea in Kazakhstan, and Tus Golu Lake in Turkey (Aladin et al.,

Climate change accelerated by adverse effects of human ac- 2009; Bacon et al., 2006; Fraccaro, 2009; Kilic & Kilic, 2010;
tivities on natural resources has led to land degradation Waurtsbaugh & Sima, 2022). Lake Urmia (LU) in northwestern Iran
including the shrinkage of salt lakes in arid and semi-arid regions is one of the several dried salt lakes in Iran, adversely influenced
by both climate variation and anthropogenic activities (Eimanifar

& Mohebbi, 2007; Lak et al., 2021; Rashki, Kaskaoutis, et al.,
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LU is the largest salt lake in Iran and the world's second-largest
hypersaline lake (Shadkam et al, 2016). Since the start of its
desiccation two decades ago, dust frequency has increased in
northwestern Iran (Ahmady-Birghani et al., 2020; Boroughani et al.,
2019; Sotoudeheian et al., 2016). By 2022, approximately 90% of the
lake has vanished within a few decades promoting the formation of
the LU playa (LUP) in the vastly exposed lake bed sediment.
The major identified and studied playa surfaces of LUP are clay flats,
clay flats-salt crusts, sandy salt crusts, puffy grounds, and sand
sheets (Hamzehpour et al., 2022; Kheirfam, 2022; Motaghi et al.,
2020; Taghizadeh-Mehjerdi et al., 2021). Among these playa sur-
faces, sandy salt crusts are the major dust sources in the southeast
(Kheirfam, 2022; Motaghi et al., 2020), puffy grounds in the south
(Alkhayer et al., 2019), and sand sheets in the west of LUP (Ahmady-
Birghani et al., 2018; Hamzehpour et al., 2022; Kheirfam, 2022).

In the absence of soil-protecting factors, mineral soil particles
can be displaced by wind and transported over long distances.
Besides their adverse effects on human health and environmental
safety (Hassan et al., 2021; Molina et al., 2020; Rai, 2015, 2016), they
can significantly impact the climate globally by affecting the earth's
radiation budget (Bishop et al., 2002; Clarke et al., 2001; Froyd et al.,
2022; Middleton, 2017; Schepanski, 2018). There are several soil
and environmental factors which can affect dust emission from a
specific land surface. While vegetation cover (Galloza et al., 2018; Li
et al., 2007; Pierre et al., 2012; Tegen et al., 2002) and soil moisture
(Juetal.,, 2018; Kim & Choi, 2015; Munkhtsetseg et al., 2016) are the
environmental factors that can control the detachment of soil
particles by wind, intrinsic soil properties such as clay, silt, and
organic matter can prevent windblown aerosols by increasing
adhesiveness of the soil particles and creating larger aggregates
(Colazo & Buschiazzo, 2010; Warrence et al., 2002; Zobeck et al.,
2013). The development of a surface crust by any kind of process
(physical, chemical, and biological) can also have a protective role
against wind erosion (Nield et al., 2015; Ries et al., 2014; Yan et al.,
2015).

Various physical, chemical, and biological methods have been
developed to stabilize erodible lands and control dust. Physical
methods include the construction of wind breakers, the application
of clay and mulch, chemical methods involving usage of cementing
materials and chemical compounds such as sodium, calcium,
magnesium chlorides, and calcium sulfate; and biological methods
including use of organic materials or organisms (Afrin, 2017; Belnap
& Biidel, 2016; Firoozi et al., 2017; Ingles & Metcalf, 1972; Saldanha
et al.,, 2018).

To improve the stability against wind or water erosion, some
polymers such as urea-formaldehyde with sulfuric acid (H»SO4) as a
cross-linker agent (Yang et al., 2007), polymerized vinyl acetate
(Liu et al., 2012), alkyl acrylates (Lahalih & Ahmed, 1998), polyvinyl
acetate, acrylic polymer, and styrene—butadiene latex (Siddiqi &
Moore, 1981) have been introduced. The application of these
polymers proved their cementing ability to aggregate sand particles
and form chemical crusts on desertified land. However, most of the
polymer hydrogels are made from monomers or polymers of acrylic
acid and polyacrylamide which are derived from petroleum pro-
duction, and, thus, they persist for a long period of time in the
environment (e.g., Wilske et al., 2014) and also are toxic for humans
or animals (Takigami et al., 1998).

Polysaccharides and their derivatives, due to their unique
properties such as biodegradability, environmental and ecological
friendliness, low cost, and easy availability are good replacements
for hydrogels produced from petroleum products (Beaucamp et al.,
2019; Guilherme et al., 2015). Sodium alginate (SA) is a natural
polysaccharide which is widely used in food and medical in-
dustries. It has favorable film-forming properties and often is
applied in coating and biopolymer film (Chan et al., 2006). Furthers,

SA films are hydrophilic matrices through which water molecules
can easily pass. During the past few years, there have been studies
on the effect of SA application on soil surfaces to improve surface
resilience against wind and water erosion through the formation of
stable crusts. SA films also could be used as a substitute for tradi-
tional soil stabilizers, as they are more environmentally friendly
than cement or lime (Almajed et al., 2020; Lemboye et al., 2021).
Zhao et al. (2020) showed that the use of SA on loess soil resulted in
the formation of larger aggregates by flocculating soil particles by
filling the pores between them. SA could also improve the strength,
shear parameters, and water stability of loess. Wade et al. (2021)
found that using SA on a soil surface improved soil aggregate
diameter 1.5 times through which soil susceptibility to wind
erosion decreased. Similar results also have been reported by
other researchers (Arab et al.,, 2019; Lemboye et al., 2021; Peng
et al.,, 2017).

Sand sheets of the western LU are the most important dust
source in the region located about 1 km from Jabal Kandi village,
where 2000 ha of the land has turned into moving sand. This area
has become a serious threat to nearby agricultural fields, orchards,
and villages. Jabal Kandi also is known as one of the active centers
of dust generation which can then extend in the direction of the
prevailing winds to cities such as Urmia and its suburbs with an
approximate population of one million people. Since the desicca-
tion of LU and activation of several dust hotspots, there have been
attempts to stabilize dust sources by the establishment of native
vegetation cover. However, initial plant establishment needs peri-
odic and regular irrigation which is expensive and time-consuming.
Yet, some of these projects were not successful in the region,
leading to wilting and death of plants at the early stages of growth.

Based on previous studies (Hamzehpour et al, 2022;
Hamzehpour & Marcolli, 2024; Taghizadeh-Mehrjerdi et al., 2021),
two soils with different characteristics have been identified within
sand sheets of the western part of LU, which are named dust source
1 (DS1) and dust source 2 (DS;) throughout the current paper. Both
DS; and DS; soils have a high content of wind erodible material and
are considered as dust sources. However, they have different
physicochemical characteristics along with the presence of a fragile
soil curst on the surface of DS; which is absent in DS, (Fig. 1(e)).
Overall, the contribution of each soil to the dust composition is not
clearly known. Therefore, the current study aims at i) a detailed
investigation of the major soil types of the sand sheets; their
contribution to dust composition in the region as well as correla-
tion to particulate matter 10 um or less in diameter (PMjg) in the
Urmia city; ii) evaluation of the efficiency of SA application in the
stabilization of sand sheets.

2. Materials and methods
2.1. Study area

The study area is located between 45° 06’ to 45° 23’ E and 37°
19’ to 37° 56’ N, 35 km north of Urmia city, in the vicinity of Jabal
Kandi village and on the western edge of LU (Figs. 1(a) and 1(b)).
The area is approximately 2000 ha and has been classified as a
sand sheet playa surface in previous studies (Hamzehpour et al.,
2022; Taghizadeh et al., 2021). Sand sheets of the region are
composed of more than 80% wind-erodible fractions and are
responsible for regional dust since catastrophic desiccation of LU
(Figs. 2(a)—2(d)).

2.2. Meteorological data

Daily wind speed (WS) and wind direction (WD) along with
24-h rainfall data for the dust collection dates, as well as average
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Fig.1. (a) LU in northwestern Iran and location of study area and Kahriz weather station near Jabal Kandi village in the western part of LU. (b) Location of two investigated soil types
in vicinity of Kahriz station. The area shown in black polygon represents DS; while area in red represents DS;.

values for the sampling months (July to November 2020) for the
Kahriz station (5 km away from the study area), were obtained from
the National Climatic Center website (https://data.irimo.ir/).
Particulate matter smaller than 10 um (PMjp) measured hourly for
Urmia city also was obtained from the Department of the
Environment of West Azerbaijan province. A summary of the
mythological data is listed in Table 1.

To investigate the correlation between WS and WD with PMg in
Urmia City (35 km southwest of the study area), three-hourly WS
and WD data were obtained from the National Climatic Center
website (https://data.irimo.ir/) for the Urmia station from July to

November 2020 which were used along with PMy¢ data in a cor-
relation wavelet analysis (see Section 2.6).

2.3. Soil and dust sampling

In August 2020 (the hottest month of the year in this region)
(Fig. 3), composite soil samples were taken from both dust sources
at a depth of 0—5 cm. To prepare composite soil samples, from each
source separately, 10 soil samples were collected from different
parts and then were mixed to obtain a unified sample for subse-
quent analysis.

Fig. 2. (a) Sand sheets of western part of LU and established vegetation cover to control sand movement and dust detachment. (b) Dust blowing from sand sheets during a normal
day. (c) White arrow marks depth of windblown soil surface. (d) Thin surface crust at surface of DS;.
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Table 1

PM;o concentration, WS, WD, and 24 h rainfall data for sampling dates at Kahriz station as well as average values for study months in 2020. PM values are recorded at Urmia,

35 km southwest of sand sheets.

Sampling date

Monthly average

Unit 9th Jul. 18th Aug. 8th Oct. 1st Nov. Jul. Aug. Oct. Nov.
PM;g ug/m? 53.6 87.2 102.9 221 70.1 + 15 62.1 + 21 382+ 18 36.8 + 15
WS m/s 9 9 10 11 57+2 6.0+4 6.5+3 572
WD () 290 270 270 260 247 + 73 193 + 110 206.1 + 90 194 + 100
24 h rainfall mm 0 0 0 0 0.02 +0.1 0.11+0.5 083 +1.5 623 +£2.2

Note: + is plus or minus of standard deviation value.

Dust samples were collected in four different time periods:
2 months at the beginning of the dry season, namely dust July (D;) and
dust August (Da), and 2 months at the beginning of the wet season
namely dust October (D) and dust November (Dy) in 2020 (Fig. 3). At
each dust sampling time, aerosol particles in the vicinity of sand sheets
were collected using BSNE sediment traps 2 m above the ground.

2.4. Soil—dust analysis

2.4.1. Physicochemical analysis

Collected soil and dust samples were moved to the soil labora-
tory at the University of Maragheh, East Azerbaijan, Iran. Then the
soil samples were air-dried and subjected to several physical and
chemical analyses. Prior to these analyses, soil samples were passed
through a 2 mm sieve, while dust samples were kept unaltered as
wind normally detaches, suspends, and carries soil particles
smaller than 2 mm, mostly in the size of fine sand (200—50 pum), silt
(2—50 pum), and clay (< 2 um) (collected by dust samplers).

Soil electrical conductivity (EC) and acidity (pH) were measured
ina1: 2.5 soil-to-water extracts using a Jenwey conductivity meter
(model 4510) and VWR Symphony SB70P pH meter, respectively
(Rhoades, 1996). Soil organic carbon (OC) was determined using the
wet oxidation technique (Nelson & Sommers, 1996); and soil total
carbonates (TC) were quantified using a back titration of remaining
hydrochloric acid (HCl) (Page et al., 1982).

The particle size distribution (PSD) was measured with a laser
diffraction size analyzer (LDSA; model LS 13320) for particle sizes
between 0.4 and 2000 um for the collected soil and dust samples.
To disperse the samples, they were wet sonicated for 5 min prior to
analysis (Dane & Topp, 2020). The classification of soil fractions in
size classes was done based on the criteria defined by the American
Society for Testing and Materials (ASTM, D-2487, 2000).

2.4.2. X-ray fluorescence (XRF)

To determine XRF analysis, soil and dust samples were
decreased to diameters lower than 53 pm by milling and analyzed
in an energy-dispersive XRF spectrometer Shimadzu, with a Rh
source (Prandel et al., 2014). The collection time was 100 s with
energy bands between 8 and 40 kV. The XRF analysis was done by
Mahamax Laboratory in Tehran (https://mahamax.com/).

2.4.3. Thin section preparation for polarized microscopy

Two soil samples from investigated dust sources were used for
micromorphological studies. Vestpal resin with cobalt as a catalyst
and stearic acid as a hardener was used to impregnate the soil
samples. The thin sections were polished to a thickness of approx-
imately 20—30 pm. An Olympus BH2 petrographic microscope was
used for thin section observations.

2.5. Crust development using sodium alginate

Soil samples from the two dust origins (DS; and DS;) were air-
dried and then passed through a 2 mm sieve to exclude any

larger substances. Then two different methods of sodium alginate
(SA) application were used. The first method was spraying of SA
solution (Sp) on the soil surface. The second method was mixing
the SA solution with soil and then compaction (MC).

In Fig. 4, the Fourier transform infrared (FTIR) spectrum of
commercial SA powder used for soil stabilization in the range of
400—4,000 cm~! along with the representative peaks for the
sodium alginate bonds are given.

To investigate the primary soil moisture effect on increasing SA
solution efficiency, the SA surface spray was applied once on top of
dry soil (DSp) and once again on the soil surface with the moisture
content at field capacity (WSp). The SA solution was prepared by
dissolving SA powder first in distilled water at room temperature
and then heating the solution to 85 °C mixing with a magnet stirrer
to produce a uniform SA solution with target concentrations of
0.5%, 1%, and 2%. The dry soil-to-solution ratio in all treated soils
was the optimum moisture content.

2.5.1. Penetration test

To examine the surface strength of biopolymer-modified soil
samples with varying SA concentrations, an automatic micro
penetrometer (model MP11, Iran) with a needle penetrometer was
used to measure the penetration rate and pressure (Fig. 5(a)).
Samples were examined with a rate of 0.2 mm to a depth of 5 cm
and automatically collected data were used to draw penetration
graphs (Fig. 5(b)). The applied maximum pressure was 12,000 kPa.

2.5.2. Thermogravimetric analysis (TGA) and scanning electron
microscope (SEM) imaging

Crust samples induced by DSp-SA; along with untreated soil
samples (DSp-SAg) were subjected to SEM imaging after 3 months
of SA application. To investigate the morphology of the dust
samples, two dust samples from July (Dj) and November (Dy) also
were subjected to SEM imaging. A 1 x 1 cm crust was placed on a
stopper inside a vacuum for 10 min before being coated with a

70

60

50 Temperature (°C)

40 Precipitation (mm)

30 —
- \
> \\
J N\
20 i
i
- \\
/ G
10 s/ A
/ o~
.ﬁ»é“”’}ﬁ
0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 3. Monthly changes in temperature and total precipitation during 2020 in Kahriz
station near sand sheets of western LU.
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Fig. 4. FTIR spectra of applied SA in the range of 400—4000 cm~" used in sand sheet
stabilization.

thin layer of gold to prevent the specimen from charging under
the electron beam during imaging. The structure of the crust was
characterized using a field-emission scanning electron micro-
scope (FEI QUANTA 200) equipped with energy-dispersive X-ray
spectroscopy (SEM-EDX). Soils subjected to SEM analysis also
were chosen for thermogravimetric analysis (TGA) coupled with
differential scanning calorimetry (DSC) to identify their thermal
behavior. TGA analysis was done using STD Q600 from TA in-
struments. The gas flow was set to 20 mL/min oxygen (O3) to
obtain an atmospheric mixture. A soil sample (10—20 mg) was
placed in an aluminum oxide (Al,03) crucible and heated up at a
heating rate of 20 °C/min from 40 to 1000 °C. In TGA thermo-
grams, the region of 120—190 °C is a transition between endo-
thermic water loss and exothermic organic matter oxidation. The
TGA and SEM analysis were done by the Mahamax Laboratory in
Tehran (https://mahamax.com/).
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2.6. Statistical design

A full factorial design with three factors (dry spray, wet spray,
and compaction); each factor with 4 levels (zero, 0.5%, 1%, and 2%)
and three replications was used to investigate the role of SA
application on crust resilience to wind erosion characteristics.
The experimental data were analyzed using the SAS software 9.1
(SAS Institute Inc, 2006) and the mean comparison was done using
Duncan's multiple range test (DMRT) (p < 0.05) (Tallarida et al.,
1987).

To test the hypothesis that the dust generated in the study area
(Jabal Kandi) leads to increased PMg concentration at Urmia (the
largest city nearby), a wavelet coherence analysis (WCA) was done
between the wind speeds in the north and northeast directions
(blown over Jabal Kandi toward the city of Urmia) and the PMyg
concentration in the Urmia station. For this purpose, the MATLAB
(MathWorks Inc., Natick, Massachusetts) software package was
used for WCA as introduced by Grinsted et al. (2004) to check the
evolution of coherence between two studied variables in both time
and frequency domains. The applied package implements wavelet
cross-correlation to efficiently determine the degree of correlation
and delay between two studied signals on a given scale (Labat,
2005). For details on the use and interpretation of the WCA re-
sults, please refer to Rahmati et al. (2020) and Rahi et al. (2023).

3. Results and discussion
3.1. Sand sheets contribution to dust composition and PMyg
3.1.1. Soil—dust physicochemical properties

In Table 2, a summary of the physicochemical analysis of the two
prevailing soil types (DS1 and DS;) from sand sheets from the
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Fig. 5. (a) Automated micro-penetrometer to determine crust compressive strength; (b) soil penetration force (resistance) versus penetration depth graphs.

Table 2

Physicochemical properties of soil and dust samples from sand sheets of the western Lake Urmia.

Sample EC (dS/m) TC (%) OM (%) pH Particle size class (< 2 mm)
Clay (%) Silt (%) Sand (%)
Fine Medium Coarse Fine Medium Coarse

Dust source 1 234 322 1.0 83 6.5 10.5 53 3.5 60.0 14.2 0
Dust source 2 0.39 49.2 0 8.6 1.1 0.5 0.9 0.9 48.1 36.1 12.4
Dust-July 26.0 25.2 1.7 8.6 2.7 1.1 1.7 0.9 56.5 35.1 2.0
Dust-August 439 43.0 1.3 8.4 29 1.2 04 0.4 51.0 43.6 34
Dust-October 2.4 38.6 1.2 8.6 0.0 0.7 1.1 0.6 73.4 21.3 29
Dust-November 2.8 52.7 13 8.5 1.0 0 0 0 66.7 31 13

Note: EC refers to the electrical conductivity; TC refers to the total carbonates; OM refers to the organic matter; clay < 2 um; silt 2—50 pm, with fine (2—5 pm), medium
(5—20 pm), and coarse (20—50 um) fractions; sand 50—2,000 pm, with fine (50—200 pm), medium (200—500 um), and coarse (500—2,000 um) fractions.
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western LU along with the collected dust samples near this region
during July—November 2020 are listed. In Fig. 6, the particle size
distribution of the dust samples is shown. Based on the results listed
in Table 2, DS and DS, were different by means of their electrical
conductivity (EC), total carbonates content (TC), organic matter
(OM), and PSD. DS had relatively higher EC (23.4 versus 0.39 dS/m)
and OM (1.0% versus 0%) in comparison to DS, while the TC content
of DS, was higher than that of DS; with 49.2% versus 32.2%.

Dust samples collected near these two dust sources also showed
distinct variations through time. While EC values from August (Dp)
and July (Dy) at the beginning of the dry season were high (26.0 and
439 dS/m, respectively), dust samples from October (Dp) and
November (Dy) had relatively low EC values (2.4 dS/m and 2.8 dS/
m) representing their low salt content. TC content of the dust
samples increased from 25.2% in D; to 52.7% in Dy. The OM content
of all dust samples was almost identical with a mean value of 1.4%
that was higher than the OM content of their corresponding sour-
ces. Considering PSD of the dust samples, they consisted of high
sand and low silt and clay fractions. Generally, the insignificant
contribution of the clay and silt fractions to dust composition, is
mostly related to their aggregation to larger particles on the ground
with more resilience against wind force, preventing them from
detachment, and resulting in their lower content in dust in com-
parison to their origins.

D; and Da were composed of a wider range of particle size
classes than Dg and Dy. Fine and medium sand fractions were the
predominant particle sizes in all dust samples, with the medium
sand size being higher in the dust samples from July and August,
while fine sand dominated in the dust samples from October and
November (Fig. 6).

—
200 pm

3.1.2. Dust source morphology

In Fig. 7, SEM images of the soil samples from both dust sources
(Fig. 7(a): DS1 and Fig. 7(b): DSz) and dust samples (Fig. 7(c): Dyand
Fig. 7(d): Dn) along with their EDX analysis are shown. The
distinguishable elongated, needle shape minerals dominating the
samples, are identified as aragonite minerals (Bermanec et al.,
2009). In fact, aragonite is one of the main authigenic minerals in
the LU sediment formed due to the high magnesium/calcium
(Mg/Ca) molar ratio in LU brine as well as changes in temperature,
evaporation, and shifts in carbon dioxide (CO,) balances induced by
biological activity (Kelts & Hsii, 1978; Kelts & Shahrabi, 1986).
The most dominant forms of aragonite in LU sediment are reported
to be micrite aragonite, fecal pellets (composed of more than 80%
aragonite), and ooid-like coated grains. Detailed studies of the
authigenic aragonite forms in the sediment of LU are given by Kelts
and Shahrabi (1986) and Sharifi et al. (2018).

Taking into consideration Fig. 7, aragonites in DS are slenderer,
more well-formed needles with smaller sizes and tapered ends
(Fig. 7(a)) than those observed in DS; where aragonites are more
irregular in shape with frayed ends (Fig. 7(b)). These differences
in the morphology of the aragonites indicate the variable circum-
stances under which sediment of these two soil types have formed.
Overall, aragonite minerals in the dust samples were
more irregular, and smaller in size with less crystallinity than those
in the soils.

In Fig. 8, images of the soil samples under a microscope and
cross-polarized light (XPL) are shown. Aragonite minerals in both
soil samples are in the form of ooids which is the most common
non-skeletal component of limestone. They are normally charac-
terized by enveloping laminations and are the product of calcite

Fig. 8. Images of DS; and DS, soil samples from sand sheets under microscope and cross-polarized light (XPL). (a) and (c) DS; with 4X and 20X magnifications, respectively; (b) and

(d) DS, with 4X and 20X magnifications, respectively.
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and aragonite precipitation under the influence of biological
activity at the sediment-water interface. Ooids are spherical to sub-
spherical grains, formed of micro-size calcite or aragonite crystals
organized tangential to grain surfaces. In Figs. 8(c) and 8(d),
aragonite concentration around the quartz (Fig. 8(c)) and biotite
mixed with quartz (Fig. 8(d)) grains are clearly distinguishable.

Sharifi et al. (2018) reported that in most cases, ooid-like coated
grains are polished fecal pellets of artemia, covered with a single or
multiple layers of aragonite crystals. In line with Sharifi et al. (2018),
sand sheets of western LU are composed of multiple concentric
layers of aragonite crystal coatings, superimposing a primary
skeletal grain such as quartz, feldspar, or biotite minerals.

3.1.3. Sand sheets contribution to dust composition

XRF results for the studied soil and dust samples are shown in
Fig. 9. Calcium (Ca) was the predominant element in all the samples
with a mean value of 50.2%; a minimum value of 40.1% in Dy and
maximum value of 62.2% in DS,. As discussed in the previous sec-
tion, the considerably high content of the Ca could be related to the
presence of calcium carbonate minerals in the form of aragonite in

70 (a)
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the samples. Silica (Si) is the second prevailing element in the
samples with a mean value of 9.6%. The sodium (Na) content of
the samples was variable with greater content in DSy, D}, and Da.
The sodium/calcium (Na/Cl) ratio was almost equal to 1, showing
that NaCl is the dominant mineral form of Na in the samples.
Strontium (Sr) also was detected as one of the prevailing elements
among the samples which also is one important tool to distinguish
aragonite from calcite where high concentrations of the large cat-
ions such as Sr in aragonite minerals are more common than in
calcite minerals (Bermanec et al., 2009).

In a previous study, by using quantitative mineralogy, it was
reported that 52.8% and 56% of the total non-clay fraction of the soil
and dust samples from the sand sheets are composed of quartz,
calcite, aragonite, and halite (Hamzehpour et al., 2022). Generally,
calcite, quartz, clay minerals, and gypsum are reported to be
the main constituents of atmospheric particles in western Iran. The
high calcium carbonate (CaCOs) minerals’ content of the dust
samples is related to the calcareous soils of the region (Ahmady-
Birgani et al., 2015). Quartz and carbonate minerals were found to
be the prevailing constituents of atmospheric dust in other studies
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Fig. 9. Results of XRF analysis for prevailing elements in the samples. (a) Soil samples; (b) dust samples. Note: SiO is silicon dioxide, MgO is magnesium oxide, CaO is calcium oxide,
Al,05 is aluminum oxide, Na,O is sodium oxide, Fe,03 is ferric oxide, K,0 is potassium oxide, SOs is sulfur trioxide, TiO; is titanium oxide, and P,0s is phosphorus pentoxide.
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in arid and semi-arid regions throughout the world (Al-Dabbas samples was calculated and shown in Fig. 10. Overall, the high
et al., 2012; Diaz-Hernandez et al., 2011; Jiries et al., 2002; correlation between the elemental concentrations in the soil and
Rashki, Eriksson, et al., 2013; Zarasvandi et al., 2011). dust samples (R*> > 0.75) demonstrate that the selected soil

To better understand the contribution of the identified dust samples are indeed main sources of the airborne dust, evidencing
sources from sand sheets to dust composition, the coefficient of the local contribution of the soils to the dust in the region.
determination (R?) between elements in the soil and dust However, higher R? for DS; during July (0.95 versus 0.84 in DS;)
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and August (0.75 versus 0.58 in DS;) and on the contrary, greater
values for DS, during October (0.93 versus 0.75 in DSq) and
November (0.91 versus 0.79 in DSq) confirms that at the begin-
ning of the dry season in the region, DS; plays more significant
role in dust composition while towards the end of the dry sea-
son, DS1 becomes less active and DS, acts as the sole contributor
to dust composition.

Based on the field observations, towards the middle and end of
the dry season, salt deposition on the surface of DS simultaneously
with the extreme water evaporation leads to the formation of a thin
layer of salt crust on the soil surface which in combination with the
clay, silt, and organic matter, protects DSy against further erosion.
However, during the wet season, re-dissolution of the salt and its
dislocation to the lower layers, re-activates DS;.
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Considering the chemical and elemental analysis (Table 2, Fig. 9),
DS, had higher salt and lower TC content in comparison to DS,. From
July to November, the salt content of the dust samples followed a
decreasing trend (EC reduced on average from 35.0 to 2.6 dS/m)
while TC increased (Table 2) which agrees with the lesser contri-
bution of DS; to the dust composition. In other words, the high salt
content of the dust samples during July and August, originates from
DS, while due to lower activity of DS, towards the end of the dry
season, DS, becomes the dominant dust source, leading to the lower
EC and higher TC contents in Dg and Dy dust samples. DSy also
consisted of higher clay and silt fractions than DS,, hence the
decrease in the clay content of the dust samples from the beginning
of the dry season towards the wet season (on average from 2.8% to
0.5%), could also be related to lesser DS; activity.
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Table 3

Physical characteristics of SA induced crusts on two soil samples (DS; and DS,) from sand sheets using three methods of application: DSp, WSp, and MC.

SA application Soil sample SA conc. (%) Crust thickness (cm) Compressive strength (kPa)
Mean Maximum
DSp DS, DSp-SAg 0.14 487.27 1,589.83
DSp-SAos 1.16 2,516.03 6,265.82
DSp-SA; 0.83 1,110.30 3,489.50
DSp-SA, 0.62 1,426.07 4,233.57
DS, DSp-SAg 0.0 0.0 0.0
DSp-SAos 0.78 303.38 447.84
DSp-SA; 0.62 225.40 47433
DSp-SA; 0.33 37.00 209.33
WSp DS, WSp-SAg 0.14 487.27 1,589.83
WSp-SAg s 1.44 1,938.38 5,805.85
WSp-SA; 1.56 868.42 2,703.30
WSp-SA; 1.39 737.79 3,076.42
DS, WSp-SAg 0.0 0.0 0.0
WSp-SAg s 1.07 122.13 429.76
WSp-SA; 1.13 56.66 170.59
WSp-SA; 0.33 56.14 242.06
MC DS, MC-SAq 0.29 243.67 1,634.0
MC-SAp 5 2.49 6,202.33 10,973.0
MC-SA, 2.82 5,178.33 11,021.67
MC-SA; 2.83 6,693.67 13,275.80
DS, MC-SAq 0.17 1.17 18.70
MC-SAp 5 2.65 1,055.0 3,534.07
MCp-SA; 241 2,367.67 5,116.90
MC-SA; 2.56 6,459.33 9,932.23

Note: conc. denotes the concentration of SA, DSp refers to the dry spray, WSp refers to the wet spray, and MC refers to mix and compaction.
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3.1.4. Sand sheets contribution to PMjp in Urmia city

In section 3.1.3, it is shown that DS; and DS, contribute
significantly to the dust composition near sand sheets. To
investigate the significance of the impact of dust from sand
sheets on the nearby areas, especially on the city of Urmia (the
largest city nearby, 35 km away from the sand sheets), a WCA
analysis (Fig. 11) was done between PMjg at the Urmia station
and the wind speed blowing over the sand sheets towards the
city of Urmia in the north and northeast directions (WSp_pe)
(Fig. A1 in the Appendix). PMyg as a mixture of solid particles and
liquid droplets in the air poses a potential threat to human health
as it enters the respiratory tract and bloodstream. As shown in
Fig. 11, there is an almost perfect anti-correlation between PMyg
and WS,_,. on the monthly time scale (see yellow parts with
arrows pointing to the left and slightly sloping downwards as
shown in Fig. 11(a), centered on a period of 250 3-h). This simply
means that WS,_p. negatively affects the PMyy values in the
monthly cycles at the Urmia station, with lag values very close to

Dry spray-source 1

zero. However, a closer look in Fig. 11(a) shows that there also is a
strong local correlation between PMjg and WS;_pe in the two-
day cycle (see yellow areas with right-facing and slightly
upward-sloping arrows, centered at 16 3-h periods). This is also
evident from Fig. 11(e), where the time-averaged coherence plots
show that the first peak is at 250 3-h periods and then at 16 3-h
periods. The localized correlations between PM1g and WS;_p. are
positive with a lag of ~6—~12 h where WS;_p. controls PMy.
This confirms the hypothesis that the dust generated in the sand
sheets contributes to the PM¢ concentration at Urmia station at
higher frequencies, but not at lower frequencies. In other words,
this may mean that the dust generated in the sand sheets may
increase the PM1g concentration at the Urmia station on shorter
time scales but does not contribute much (or more precisely
negatively contributes) to the PM1p concentration at the Urmia
station on longer time scales. This is plausible because the dis-
tance between the sand sheets and the Urmia station is short
enough (35 km) for winds from the north and northeast to blow

Dry spray-source 2

N

/)
o,

Fig. 13. Crusts developed on soil samples from sand sheets of western Lake Urmia using dry spray method (DSp) and different concentrations of sodium alginate (SA). The left
column shows crusts developed on dust source 1 (DS;), and the right column shows crusts developed on dust source 2 (DS,).
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the accompanying dust out of the city of Urmia at longer time
scales.

It appears that another important factor may contribute to the
dust concentrations at the Urmia station for longer periods. To
check this, another WCA (Fig. 12) was done between PMyo and the
wind speed blowing from the most common wind direction to-
wards the city of Urmia (West, WSy, which is most likely blowing
over the dust sources in Iraq) (Fig. A1 in the Appendix). Interest-
ingly, the results in Fig. 12 show that there is an almost perfect
correlation between PMjo and WS, in the monthly cycle, which
means that dust from the westerly direction is probably the main
source of dust at the Urmia station on longer time scales. However,
in contrast to PM1p—WSy_pe, the localized higher correlations at
higher frequencies are less dominant in the case of PMp—WS,,.

3.2. Dust source stabilization by sodium alginate

3.2.1. Crust thickness, maximum and mean compressive strength

The results of the different methods of SA application on the
physical characteristics of the developed crusts at DS; and DS; are
listed in Table 3. Fig. 13 shows the images of the crusts developed on
the surface of the two investigated soils using DSp. In Figs. A2 and
A3 in the Appendix, the images of the SA-induced crusts using WSp
and the mix and MC methods are respectively shown.

In soil sample DSy unlike DS,, a spray of pure water (Sp-SAg) led
to the development of crusts with an average thickness of 0.14 cm
(Table 3; Fig. 14(a)). As described earlier, such crusts were also
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observed in some parts of DS; in the field, and are related to the
existence of clay, silt, and NaCl in the sample (Hamzehpour &
Marcolli, 2024). However, for MC-SAg, crusts with a mean thick-
ness of 0.17 cm formed on DS,, and those of DS; were thicker in
comparison to Sp-SAg (0.29 cm) (Table 3; Figs. 15(a) and 15(b)).
The thickest crusts induced by spray methods were observed for
DSp-SAp5 with 1.16 and 0.78 c¢cm for DS; and DS,, respectively
(Table 3; Figs. 14(a) and 14(b)).

For DSy, in accordance with the crust thickness results, the
highest mean and maximum compressive strength were measured
in DSp-SAg 5 with the values of 2516.03 and 6265.82 kPa, respec-
tively (Table 3; Figs. 14(c) and 14(e)). For DS,, the highest mean
compressive strength also was measured for DSp-SAps with a
value of 303.38 kPa, while the maximum compressive strength
was found for DSp-SA; with a value of 474.33 kPa (Table 3;
Figs. 14(d) and 14(f)). By comparing the results of the crusts
developed in the DSp method for the two soils, it can be clearly
seen that not only the thickness of the crusts developed, but also
their compressive strength is significantly different, and the crusts
developed on DS; are thicker and more stable than those on DS,
(Fig. 14).

Taking into account spraying of SA on soils at optimum moisture
content (WSp), for both soils, the maximum crust thickness was
observed for WSp-SA; with values of 1.56 and 1.13 cm for DS and
DS; soils, respectively (Table 3; Figs. 14(a) and 14(b)). Which were
0.40 and 0.35 cm thicker compared to the DSp method. Similar to
the DSp results, the highest mean and maximum compressive
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Fig. 14. Mean comparison for the crust thickness, at the mean and maximum compressive strength on two soils from sand sheets of western LU using DSp and WSp methods with
four SA concentrations (0%, 0.5%, 1%, and 2%). The left column shows results for DSy, and the right column shows results for DS,.
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strength in the WSp method was observed for WSp-SA 5 for both
soils with mean and maximum compressive strength values of
1938.38 and 5805.85 kPa, respectively, for DS, and 122.13 and
429.76 kPa for DS; (Table 3; Figs. 14(c) and 14(f)). However, for both
soils, the WSp method resulted in thicker crusts (Fig. A2 in the
Appendix), while the compressive strength of the crusts was
reduced. The reason for the reduction in compressive strength for
WSp at all concentrations could be related to the greater penetra-
tion depth of the sprayed solution in the WSp treatments due to the
presence of initial moisture, which helped the SA solution to
penetrate deeper into the soils.

Unlike the Sp methods, crust thickness and the mean and
maximum compressive strength for the MC method increased with
increasing SA concentration and reached the highest level in SA;
(Table 3; Fig. 15). The maximum crust thickness for DS; was 2.83 cm
with the mean and maximum compressive strength of 6693.67 and
13275.80 kPa, respectively (Table 3; Figs. 15(a), 15(c), and 15(e)). For
DS,, these values were 2.56 cm, 6459.33, and 9932.23 kPa, respec-
tively (Table 3; Figs. 15(b), 15(d), and 15(f)). The observed results for
the MC method were significantly better than those observed for
WSp and DSp methods for both soils, indicating the better perfor-
mance of the MC method in soil stabilization (Fig. 15). In general, DS;
responded better to SA application than DS; for all methods of ap-
plications and concentrations due the higher percentage of clay, silt,
primary organic matter, and NaCl which promoted the formation of
stable crusts in combination with SA and ultimately lead to the
formation of stronger crusts on the surface of DS;.
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The penetration force versus penetration depth graphs for the
crusts developed are shown in Fig. 16. For most of the treatments on
both soils, the penetration force increased to a depth of 5—10 mm
and then decreased reaching the bottom of the crust. However, the
crust penetration force had more variation in DS; with respect to
the depth for the Sp methods (Figs. 16(b) and 16(d)) and reached its
minimum value at a depth of 8 mm for DS, while for DSy, the
minimum penetration force was at a depth of > 1.5 mm. Never-
theless, similar to the results presented in previous sections, the
depth-related penetration force of the MC crusts also was much
better than those observed for the Sp methods for all concentra-
tions and followed a monotonous decrease towards the bottom of
the crusts, indicating the greater stability of the crusts in deeper
layers for MC than for Sp on both DS; and DS,.

A minimum increase of 345 kPa is recommended to consider an
additive as an effective stabilizer against wind erosion (ASTM,
2008). Based on this criterion, SA treatment could successfully in-
crease resilience for both soils and all three methods of application
with more promising results for DS;. Even though the MC method
showed a significantly better performance than the Sp methods,
however, due to the difficulty of soil mixing with SA and then
compaction on a large scale in the field, the SA surface spray
method is a more practical method and could be considered more
economical. Regarding the results of SA spray on the soil surface,
DSp-SAp5 and WSp-SA; led to thicker and more stable crusts.
However, the mean and maximum compressive strength of the
crusts were at their highest level for Sp-SAg 5 for both soils. Hence, if
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Fig. 15. Mean comparison for crust thickness, and the mean and maximum compressive strength on two soils from the sand sheets of western Lake Urmia using three methods of
DSp, WSp, and MC with four SA concentrations (0%, 0.5%, 1%, and 2%). The left column shows results for DS;, and the right column shows results for DS,.
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Fig. 16. Penetration force versus penetration depth in crusts developed using sodium alginate solution with four concentration levels (0%, 0.5%, 1%, and 2%) and three methods of
sodium alginate applications (wet spray, dry spray, and compression). (a) and (b) dry spray; (c) and (d) wet spray; (e) and (f) mixing with soil and compaction.

the spray method is used, based on the current lab-scale results, it
seems that SA spray on the soil after the last stage of spring rains
and when the soil has reached the optimal moisture content can
lead to more acceptable results for DS; while for DS,, DSp can
induce more stable crusts.

Lemboye et al. (2021) reported that the use of agriculturally
derived (non-toxic) biopolymers such as SA can improve the
resilience of sand dunes against wind speeds up to 16.2 m/s. Arab
et al. (2019) used SA to improve the pavement structure in weak
cohesive soils. They showed that the use of 2% and 4% SA on the soil
surface with silt and clay textures, respectively, significantly
improved their resilience modulus. The increased cross-linking
between particles, and, thus, soil stiffness due to the presence of
SA was confirmed by means of TGA, SEM, and FTIR.

3.2.2. Crust morphology and stability after 3 months

The SEM images of DSp-SAg and DSp-SA; induced crusts after
three months of treatment are shown in Figs. 17 and 18, parts of
Figs. 17(a)—17(d) and 18(a)—18(d). By comparing the results of
the SA-treated samples (Figs. 17(a)—17(d) and 18(a)—18(d)) with
those of untreated samples (Figs. 17(e) and 17(f), 18(e) and 18(f)),
it can be seen that SA has formed a continuous layer covering the
entire surface of the particles in both soils. By creating a
connection and bridges between coarse and fine soil particles,
SA has helped to form a crust on the surface of the soil particles.
These images show that three months after SA application, SA
remained on the soil surface and effectively maintained the
bonds between particles, increasing their resilience against
wind force.
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Fig. 17. Scanning electron microscope (SEM) images of crusts developed on surface of DS; three months after DSp of SA;. Images are taken at different magnifications. Sodium
alginate masks entire surface of particles including pore spaces. (a) 165X, (b) 741X, (c) 1,540X, and (d) 7,700X. SEM images of untreated DS; in (e) 164X and (f) 8,250X
magnifications.
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Fig. 18. Scanning electron microscope (SEM) images of crusts developed on surface of DS, three months after DSp of SA;. Images are taken at different magnifications. Sodium alginate
masks entire surface of particles including pore spaces. (a) 158X, (b) 871X, (c) 1,480X, and (d) 7,880X. SEM images of untreated DS, in (e) 268X and (f) 6,860X magnifications.
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Zhao et al. (2020) showed that the use of SA on loess soil,
resulted in the formation of larger particles by flocculation via
filling the pores between soil particles. SA could also improve the
strength, shear parameters, and water stability of loess. Wade et al.
(2021) also by using SA on the soil surface improved soil aggregate
diameter 1.5 times through which soil susceptibility to wind
erosion decreased. Peng et al. (2017) used SA to improve the bio-
logical soil crust development on sand to enhance its stabilization.
Peng et al. (2017) work showed that SA can form a thin layer on the
soil surface, and, therefore, enhance the compressive strength of
topsoil without showing negative effects on soil physicochemical
properties.

In Fig. 19, the concentration of oxygen (0), carbon (C), sodium
(Na), and silicon (Si) calculated from EDX analysis (Fig. A4 in the
Appendix) are depicted for DSpg and DSp; treatments for both DS
and DS;. O, C, and Na are the prevailing elements in the SA
composition, and, thus, an increase in their concentration in
DSp-SA; in comparison to DSp-SAg can be an indicator of the SA
presence while the concentration of Si is attributed to the mineral
portion of the soil samples, and, thus, should not change consid-
erably among DSp-SAg and DSp-SA; treatments. Taking into
consideration Fig. 19, for both soils, in DSp-SA1, O, C, and to a lesser
extent Na, have significantly increased in comparison to DSp-SAg
whereas the Si concentration remained almost unchanged among
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the samples. These results are strong confirmation of the SEM
images and indicate that three months after a spray of SA solution
on both soils, SA could still act effectively as a cement among loose
soil particles and increase their resilience to wind erosion by
masking and bounding sand size and silt particles. Needle-shaped
minerals in untreated samples (Figs. 17(e) and 18(e)) are authi-
genic aragonite minerals with more dominancy in DS, which are
completely covered and immobilized by SA, leading to their effec-
tively reduced contribution to dust composition.

In Fig. 20, the TGA thermographs of DSp-SAg and DSp-SA;
treatments for both soils are shown. The weight loss in the range of
150—350 °C can be attributed to the decomposition of easily
degradable organic substances such as SA molecules, which are
polysaccharide molecules. Weight loss of roughly 3% in DS{-SA;
versus 0.7% in DS1-SAg and 1% in DS,-SA; versus 0% for DS;-SAg,
could then be related to the decomposition of the existing SA
molecules.

The weight loss of the samples due to heat up to 150 °C is
related to the loss of water molecules absorbed by the soil. In
spite of low SA content, according to Fig. 20, it can be seen that
the water-holding capacity of both soils has improved quiet well
with the presence of SA and under the same conditions, the
amount of water retained by SA; for DSy is much higher than
that for DS;. The amount of water evaporated at a temperature

DSI-SA0 DSI-SAL

DRS2-SA0 DS2-SAl

Fig.19. Concentration of four elements in percent by weight (%) calculated from energy dispersive spectroscopy (EDS) spot analysis. Increase in carbon (C), oxygen (0), and sodium
(Na) concentrations in sodium alginate (SA) treated samples indicates presence of SA related organic compounds.
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Fig. 20. TGA thermographs for DS; and DS, three months after applying SA; along with untreated samples (SAp).
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below 200 °C in SA; and SAg treatments for DS; was about 17%
and 2%, respectively. For DS, these values were determined to be
roughly 5% and 1%, respectively. The greater water retention for
DS; could be attributed to the formation of bonds between
organic particles and the surfaces of clay and silt particles and
the formation of small soil aggregates that help retain more
water. The hydrophilic functional groups on SA can also enhance
water sorption. Therefore, maintaining 15% more moisture in
sample DS; and 4% for DS, in SA-treated samples in comparison
to untreated samples could be related to the presence of SA
organic molecules. Arab et al. (2019) have also reported higher
water retention capability of sodium alginate biopolymer-treated
soil samples.

4. Summary and conclusions

A comprehensive study of the soil and dust samples from the
sand sheet playa surface of western Lake Urmia was done during
the summer-autumn 2020 to investigate the soil-dust properties,
temporal variability in dust characteristics, and dust source stabi-
lization using sodium alginate solution with different concentra-
tions and methods of application. Two previously identified soil
types from sand sheets were collected during August 2020, along
with the dust collection from July and August (the beginning of the
dry season), and October and November (the beginning of the wet
season). Two prevailing soil types (DS; and DSy) with high sus-
ceptibility to wind erosion from sand sheets were significantly
different in terms of electrical conductivity (EC), organic matter
content (OM), total carbonates (TC), and particle size distribution.
Calcium (Ca), magnesium (Mg), sodium (Na), silicon (Si), iron (Fe),
and aluminum (Al) were found to be the most dominant elements
in both soil and dust samples. XRF results also confirmed that CaO,
SiO,, and NapO are the common elemental compounds in the
samples.

The coefficient of determination (R?) between existing ele-
ments in the soil and dust samples revealed that both selected
soil samples are major sources of the airborne dust, indicating
the local contribution of the soils to the dust in the region.
However, the higher R? for DS; during July and August and on the
contrary, greater values for DS, during October and November
confirm that at the beginning of the dry season in the region, DS
contributes more to dust composition while towards the begin-
ning of the wet season, DS; becomes less active and DS; becomes
the major contributor to dust composition. Correlation wavelet
analysis between PMyg at the Urmia station and the wind speed
blowing over the sand sheets towards the city of Urmia (WSp_pe)
showed that there is a strong local correlation between PMyo and
wind speeds with north-northeast direction in a two-day cycle.
In other words, the localized correlations between PMjg and
WS;_ne are positive with a lag from ~6 to ~12 h where WS,_pe
controls PMyo. This confirms the hypothesis that the dust
generated from the sand sheets contributes to the PMg con-
centration at the Urmia station at higher frequencies, but not at
lower frequencies.

The absence of NaCl in the sediment of DS, along with the
significant differences in the soil basic properties between DS;
and DS, with higher values of salinity, OM, clay, and silt fractions
for DSy, provides a favorable condition for the development of a
surface crust which prevents the surface of soil DSy from further
erosion. Each year after the wet season, sodium chloride accu-
mulates on the surface of DS due to its capillary movement from
the lower layers to the surface parallel to the soil's water evap-
oration towards middle-dry season. Thus, towards the end of the
dry season in the region, DS, with no surface crust nor vegetation

cover becomes the sole dust origin up to the end of November.
The application of sodium alginate (SA) on both soils, lead to
acceptable results by means of crust development and wind
resistance with better results for DS; than DS,. It seems that the
higher silt, clay, and salt content of DS; improves the perfor-
mance of the SA solution by increasing the stability and thickness
of the crusts developed. Among the three methods of SA appli-
cation, soil mix with SA solution and compaction (MC) yielded
significantly better results than wet (WSp) and dry (DSp) spray
for both soils. However, taking into consideration the time
required and the high costs of the MC method, either DSp (when
the soil is completely dry in the field) or WSp (after the very last
rainfall) with 0.5%—1% concentration are more advisable for
application in the field to improve soil stability against wind as
well as water retention capacity. SA-induced crusts remain stable
at least up to three months after application as proved by SEM-
EDX and TGA analysis. As the extremely dry season in the re-
gion is roughly 4 months (July to October), SA-induced crusts can
reasonably act as a cement thoroughly holding the sand size
particles, increasing their resistance against wind forces.
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