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1. Introduction
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Background. In this research, the potential of the microbially induced carbonate precipitation method for the surface treatment of
sand samples of Jabal Kandi dunes, located in the adjacency of Urmia Lake in the northwest of Iran, was considered. Methods.
Sporosarcina pasteurii was used as ureolytic bacteria for the preparation of the microbial solution. Corn steep liquor containing
urea was used as an inexpensive growth media. The effects of the concentration of cementation solution and the number of
treatment cycles were considered. Because of the presence of some hydrolyzed urea in the prepared microbial suspension, two
methods of treatment, i.e., the mixed and separate addition of microbial solution and cementation solution to the sand surface,
were investigated. Penetration and erosion resistance of the microbial treated sand (sand crust) were measured using a handheld
penetrometer and a wind tunnel system. Results. The results showed that the penetration and erosion resistance of the treated sand
samples via microbial-induced carbonate precipitation method were improved significantly. In the method with the separate
addition of microbial and cementation solutions to the sand surface, a stable sand crust was created on top of the sand. Discussion.
This study tried to optimize the microbial application of Sporosarcina pasteurii for surface treatment of sand via microbial-
induced carbonate precipitation. Significant and results showed that this method can be used on the field scale for the stabilization
of sand dunes. The advanced biotechnology application of this bacterium can be used as an environmentally friendly and safe
method instead of other methods.

the lake area, so sand dunes are developing around the lake
border. Some of these dunes have a high potential for
erosion and movement to agricultural lands, so the control

Wind erosion is one of the most important natural serious
problems in arid and semiarid regions of the world. Bed and
beach of dried lakes with fine-graded materials and wind
have the potential for wind erosion [1, 2]. Because of the
wind blow, the particles with 0.1-1 mm diameter move at the
ground level, creating sandhills. Salt dust storms cause
significant impacts on both plant growth and their physical
health [3]. The water level reduction of Urmia Lake in the
northwest of Iran in recent years has led to the shrinkage of

and stabilization of them are indispensable [1]. Among the
different methods used for the control of mobile sand dunes,
surface stabilization with oil and chemical mulches and the
use of live physical barriers such as vegetation and physical
barriers such as fences, ditches, and straw checkerboards
with appropriate fencing life could be mentioned [4-6].
One of the methods used for biocementing of sandy soils
is microbial-induced carbonate precipitation (MICP) [7-9].
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This method was used for bioremediation and sequestration
of some metals too [10, 11]. In the MICP method, special
species of bacteria are used to produce urease enzyme,
leading to the hydrolysis of urea in the presence of calcium
ions and the precipitation of calcium carbonate crystals in
the pore space of soil [12]. According to chemical rela-
tionships, Equations (1) and (2), the urease enzyme acts as a
catalyst and hydrolyzes urea to ammonium and carbonate
unions. Carbonate anions in the presence of calcium cations
lead to producing calcium carbonate between the sand
particles and joining them together [8, 13]. This, in turn,
results in the increment of strength and stiffness in granular
soils [7, 9].

urease

CO(NH,), + 2H,0 ™5 2NH] + CO?, (1)

Ca®* + COY — CaCO; (). (2)

This soil stabilization method was mostly considered in-
depth, and sand columns were treated with microbial and
cementation solutions, and after treatment, the strength of
the created sand rock samples was evaluated. In recent years,
this method was investigated for surface sand stabilization,
too [14-16]. The mechanical resistance and wind erosion
modulus of the created sand crust were evaluated in those
research studies.

In this study, the microbial surface treatment of sand
samples provided from the sand dunes of the Jabal Kandi
region in the adjacency of Urmia Lake was considered using
the MICP method. This paper has been divided into several
stages. First, the effects of different concentrations of the
cementation solutions and different numbers of treatment
cycles were considered. Next, the methods of adding the
treatment solutions to the sand surface were evaluated. The
microbial treatment of washed sand to evaluate the effect of
the presence of local salts in the sand was executed. Finally,
the erosion resistance of microbial treated sand by the wind
tunnel test was evaluated and compared to the control
untreated sand samples. XRD and SEM analyses of microbial
treated sand samples (sand crust samples), as well as their
erosion resistance, were considered, too. Evaluating the
optimum amount of the cementation solution and the
number of treatment cycles via the MICP method for mi-
crobial sand stabilization is the most important aim of this
research.

2. Materials and Methods

2.1. Study Area and Meteorological Data. Urmia Lake, in the
northwest of Iran, is the greatest inland lake and one of the
most important aquatic ecosystems; it is also one of the
major hypersaline lakes in the world [17]. Recent degra-
dation of Urmia Lake was probably caused by reductions in
river inflow into the lake and changes in the climate and
development of water resources [18]. The water level re-
duction of Urmia Lake in recent years has led to the
shrinkage of the lake area, desertification in shorelines, and
the wind erosion of the coastal sand. In addition to the
exposure of salt lands, sand dunes are developing around the
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northwest border of Lake in the Jabal Kandi region (Fig-
ure 1). These sand dunes covering an area of ~2000 ha loom
over villages and industrial zones [19]. Sand particles of sand
dunes in this region are very fine-graded, and their diameter
size is smaller than 300 ym. The grain-size distribution curve
of this sand is presented in Figure 2. The size of 68% of
particles is between 75 and 150 ym. This area is one of the
critical areas with a high potential of erosion and movement
to agricultural lands; hence, the movement of these sand
dunes to the agricultural lands must be controlled (Figure 3).
The amount of calcium carbonate content in the Jabal Kandi
sand sample is 90.8%. The amount of CaCOj; in the cal-
careous sand specimen was measured by the acid-soluble
weight loss method [1].

2.2. Microorganism and Cultivation Conditions. For the
purpose of the microbial treatment of sand dune via the
MICP method, ureolytic bacterium, Sporosarcina pasteurii,
was obtained from the Persian Type Culture Collection
(PTCC 1645). A culture medium containing 10g yeast
extract, 10 g bacto peptone, 10 g ammonium sulfate, and 20 g
urea per one liter of distilled water was chosen to prepare the
inoculation suspension (Asgharzadeh et al. 2016). After
cultivation, S. pasteurii microbial solution was harvested as
an inoculation suspension and stored at 4°C prior to use.

For the preparation of the main culture media, corn
steep liquor (CSL), the by-product of the Glucosan factory
(Qazvin, Iran), was used as an inexpensive nutrient source
[20]. The CSL is obtained during the process of extracting
starch, oil, and sweeteners from corn. The chemical com-
position of CSL includes protein and nonfiber carbohy-
drates. Therefore, CSL could be used as a suitable nutrient
source for bacterial cultivation. 100 ml of the CSL broth was
diluted with 900 ml distilled water in a 1000 ml glass con-
tainer to prepare 10% CSL growth media. The prepared CSL
suspension was acidic, and to raise the pH value, 4N NaOH
was added to it to reach the pH value of 9. Because of the
turbidity of the prepared solution after the pH adjustment, it
was filtered by filter paper to prepare clear growth media,
and then, the growth medium was poured in a pair of
1000 ml glass containers so that each container had a 500 ml
growth medium. Afterward, they were autoclaved at the
temperature of 121°C and pressure of 15 (Ib/in2) for 15
minutes. Then, 20 g urea was added to the CSL medium by
using the 0.22um sterilization filter. Next, 50 ml of each
prepared growth medium was selected and stored at 4°C in
the refrigerator as a blank sample to measure the optical
density. The CSL-Urea growth media were inoculated with
5ml of the prepared S. pasteurii inoculation suspension.
Then, they were incubated for 48 hours at the temperature of
30°C in a shaker incubator operating at 170 rpm. After in-
cubation, the bacterial suspensions were stored at 4°C before
use.

The optical density of the grown biomass was measured
at 600 nm with a UV-visible spectrophotometer. The value of
optical density at the wavelength of 600 nm was obtained
(2.80). An electrical conductivity device was used to measure
the amount of urease activity. For this purpose, 1 mL of
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FIGURE 1: Study area: Urmia Lake aerial map (a), the aerial map of Jabal Kandi region (b).
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FiGURE 2: Grain-size distribution curve of Jabal Kandi sand [1].

microbial solution was added to 9 mL of 1.11 M urea, and the
amount of electrical conductivity was measured over 5
minutes at 20°C (Whiffin et al. 2007). The value of urease
activity was obtained by calculating the slope of conductivity
changes versus time in mS/cm/min. The amount of urease
activity (taking the dilution into account by multiplying to
10) was measured (0.75 mS/cm/min).

2.3. Cementation Solution. In this study, microbial and
cementation solutions were used for the treatment of sand
samples. Cementation solution was composed of equimolar
solutions (0.125, 0.25, 0.5, and 1 equimolar) of urea and
calcium chloride (CaCl,.2H,0).

2.4. Microbial Treatment Plans. For each treatment plan in
all treatment tests (according to Table 1), three similar
samples were prepared. Two samples were used to measure
the thickness and penetration resistance of the produced
crust, and the third sample was used to measure the erosion
resistance (introduced in detail in Section 2.5). Microbial

solution and cementation solution were added drop by drop
uniformly on the sand area. It is added to the text.

2.5. Primary Tests of the Microbial Treatment of Sand Samples.
For the performance of the microbial treatment tests, 1100 g
of the dried sand (uniformly graded) was poured into plastic
cylindrical containers with a diameter of 10cm and the
height of 8 cm. Reaching 8 cm height with 1100 g of the dried
uniformly graded sand in all containers is a confirmation to
make sure that all samples have the same physical properties.
In each cycle of treatment, 20 mL microbial solution and
then immediately 20 mL cementation solution were added to
the surface of the sand sample separately to percolate rapidly
in the sand. In the field scale for surface sand dune stabi-
lization, adding solutions with interval ¢ is time-consuming
and is not applicable. These solutions were added drop by
drop uniformly on the sand area to ensure the surface
uniformity of sand. 40 ml of the microbial and cementation
solutions percolated in approximately 2cm depth of the
sand sample in the container, and after 4 cycles of treatment
by 4 x40 ml of solutions, the sand sample in the container
became wetted. Each treated sample kept at room tem-
perature before beginning the time of the next cycle. The
interval time between all the treatment cycles was 24 hours.
To evaluate the effect of the concentration of the cemen-
tation solution and the number of the treatment cycles on
the quality of surface treatment of sand, primary treatment
tests of the microbial treatment of sand samples were
planned according to Table 1 (Groups 1-4). After the sta-
bilization operation and before the improvement mea-
surements, all the treated samples were kept to fully dry for
the test, at room temperature for a week.

2.6. Microbial Treatment of Sand by Two Different Methods of
Adding. In some research studies involving the microbial
soil treatment via the MICP method, while urea was used in
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FIGURE 3: Sand dunes of Jabal Kandi region (a), wind erosion of sand and movement of sand dunes in Jabal Kandi region (b). Samples with

its plastic containers (c), samples inside wind tunnel (d).

TaBLE 1: Microbial treatment of sand samples.

Treatment groups

Sand samples Number of samples Cycle numbers Concentration (equimolar) Adding method

Natural sand 3 1 0.125 Separated

Group 1 Natural sand 3 1 0.250 Separated

Natural sand 3 1 0.500 Separated

Natural sand 3 1 1.000 Separated

Natural sand 3 2 0.125 Separated

Group 2 Natural sand 3 2 0.250 Separated

Natural sand 3 2 0.500 Separated

Primary treatment tests Natural sand 3 2 1.000 Separated

Natural sand 3 3 0.125 Separated

Group 3 Natural sand 3 3 0.250 Separated

Natural sand 3 3 0.500 Separated

Natural sand 3 3 1.000 Separated

Natural sand 3 4 0.125 Separated

Group 4 Natural sand 3 4 0.250 Separated

Natural sand 3 4 0.500 Separated

Natural sand 3 4 1.00 Separated

. Natural sand 3 4 0.25 Separated
Adding method Group 5 Natural sand 3 4 0.25 Mix

Natural sand 3 4 0.25 Separated

Salt effect Group 6 Washed sand 3 4 0.25 Separated

the cementation solution (for example, an equimolar so-
lution of urea and calcium chloride), it has also been
employed in the culture media as one of the nutrient ma-
terials [21, 22]. Ureolytic bacteria use urea as a nitrogen
source (nutrient source); even by producing the ammonium
ions, it causes the increment of the pH [22]. In this study,
because of the presence of 2% urea in the culture media

(CSL-Urea), the cultivated bacterial solution contained some
hydrolyzed urea; hence, an immediate biochemical reaction
of the hydrolyzed urea (of the cultivated media) with some
part of the calcium chloride ions (of the cementation so-
lution) could lead to the immediate creation of the milky
suspension. This milky suspension which contains the cal-
cium carbonate particles in the pore volume of the sand



Applied and Environmental Soil Science

grains does not act as cement between them. Besides, in the
presence of bacterial urease enzyme, the biochemical re-
action between the urea of the cementation solution and
remained calcium ions of it could cause the slow precipi-
tation of the cohesive calcium carbonate as cement between
the sand grains.

In this research, treatment of the sand samples was done
using two additional methods including separated and
mixed adding of microbial and cementation solutions. In the
first method, the cementation solution was added to the sand
surface after adding the microbial cementation. In this
method, the quick biochemical reaction of the hydrolyzed
urea and calcium chloride occurred inside the sand (the
milky suspension was created inside the sand sample), and a
thin milky-color layer was not created on the surface of the
sand. In the second method, the microbial and cementation
solutions were mixed before use. Thereupon, the produced
viscous solution, which could not percolate in the sand
depth, was added drop by drop to the surface of the sand in
each cycle, leading to the creation of a thin milky-color layer
on the surface of the sand. To evaluate the effect of the
adding method on the quality of surface treatment of sand,
Group 5 tests were planned according to Table 1. The
concentration of the cementation solution and the number
of treatment cycles were selected (0.25 equimolar and 4,
respectively). After the stabilization operation and before the
evaluative tests of improvement, all the treated samples were
kept at room temperature for a week.

2.7. Microbial Treatment of the Natural (Unwashed) and
Washed Sand Samples. In the previous tests, microbial
treatment of natural sand samples was investigated.
According to the presence of salts (NaCl) in the sand dunes
of Jabal Kandi region, because of the adjacency to Urmia
Lake, to consider the positive or negative effects of the salts
in the process of microbial stabilization of sand dunes via the
MICP method, some sand was poured on the no. 200
(75 ym) sieve and vibrated on the shaker for 30 minutes to
dissolve and remove the salt. The remaining sand was
washed on the same sieve to eliminate all salt of sand. The
weight of particles containing all salt content and sand
particles finer than 75um, was less than 5%. The washed
sand was dried in the oven. To evaluate the effect of the
presence of salts in sand samples on the quality of surface
treatment of sand, Group 6 tests were planned according to
Table 1. The concentration of the cementation solution and
the number of treatment cycles were selected (0.25 equi-
molar and 4, respectively). After the stabilization operation
and before the evaluative tests for improvement, all the
treated samples were kept at room temperature for a week.

2.8. The Procedure of Improvement Measurements. After the
microbial treatment of the three similar samples of each
plan, the amount of penetration resistance was measured for
the first dry sample. Then, it was taken out of the container,
and after removing the lower loose parts by hand (without
any rubber), the thickness of the dry sand crust was mea-
sured. Then, the second sample was soaked in water, and

after the expulsion of the unstable parts, the thickness of the
stable sand crust was measured, too. In addition, it was
saturated in water for 24 hours, and then, its penetration
resistance was measured (a single measurement per sample
in the center of it). In this research, a handheld penetrometer
device was used for the measurement of the penetration
resistance of the produced sand crust via the MICP method.
This device provides an index of the shear resistance [23].
This instrument could measure the unconfined shear
strength of soils up to 4.5 kg/cm?* (450 kPa). This instrument
was used by some researchers [16, 22, 24, 25].

For the wind tunnel test, the third sample was saturated
with water for 24 hours and dried at room temperature again
for another week, and then, the erosion resistance of it was
measured. In this study, the maximum velocity of wind
provided by the wind tunnel device was 30 m/s. Before the
placement in the wind tunnel, the mass of each treated sand
sample was weighed; then, each sample was set in the wind
tunnel against the wind flow with a velocity of 30 m/s for 5
minutes. Every treated sample with its plastic container
(without taking out from the container) was placed in the
wind tunnel, and the surface of the sample interacted with
the wind (Figure 3). Afterward, the mass of the sample was
weighed again. In addition, this test was performed for
control samples (containing the natural untreated sand) at
15, 20, 25, and 30m/s velocities for 5 minutes. After
computing the reduced mass of each sample, the amount of
wind erosion modulus in g.m >.min~" was calculated by
estimating the reduced mass, flow time, and sample area.
When the amount of wind erosion modulus is less, the
erosion resistance of the sample is higher.

2.9. Analysis of Sand and Microbial-Treated Sand (Sand
Crust). The natural sand sample of the sand dunes of the
Jabal Kandi region, prepared from the surface of dunes, was
analyzed by XRD examination. In addition, the morphology
and type of precipitated calcium carbonate crystals of the
microbial treated sand crust (treated in 4 cycles) were de-
termined by SEM and XRD examinations.

3. Results and Discussion

3.1. The Results of Primary Treatment Tests. Given the lim-
itation of the maximum measurable penetration resistance
to 450 kPa by the penetrometer, “450*” in the graphs of this
study shows that the obtained penetration resistance was
higher than 450kPa. In this study, according to Figures 4
and 5, the results of the microbial treatment of the sand
samples show that after the soaking of each sample, the
amounts of thickness and penetration resistance were re-
duced compared to the same dry sample. According to
Figure 4, for the samples with 2 cycle treatments, the
thickness of the crusts was reduced to 69-80% after soaking
in water. Also, according to Figure 5, penetration resistance
of the crusts was reduced to 64-86% after soaking in water.
The least reduction is related to the samples treated with 0.5
and 1 equimolar cementation solution. This is because of the
presence of some uncemented loose parts containing the
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F1GURE 4: Thickness of the produced sand crust samples before soaking in water (a), after soaking in water and the expulsion of the unstable

parts (b).

unstable CaCO3, CaCl,, and growth medium materials in the
lower part of the dried samples. These unstable parts are
dissolving or decomposing during soaking. The results
revealed that the penetration resistance and thickness of the
produced sand crust samples were increased by the incre-
ment of the treatment cycles and cementation solution
concentrations. In addition, the higher values of the sand
crust thickness and penetration resistance were gained after
3 cycles of treatment; hence, it could be concluded that at
least 3 cycles of treatment would be needed for producing
the appropriate sand crust.

According to Figures 4(b) and 5(b), the maximum
thickness of stable sand crust (after soaking in water) was
I1mm and the maximum penetration of it was 250 kPa,
which was obtained for treatment with 1 equimolar con-
centration of the cementation solution and 4-cycle treat-
ment. These values for 0.5 equimolar concentration of the
cementation solution and 4-cycle treatment were 9 mm and
225kPa, respectively. These values are a little lower than the
maximum values. Hence, based on the low consumption of
urea and calcium chloride, the value of 0.50 equimolar could
be regarded as the appropriate concentration of cementation
solution for the creation of the microbial sand crust.

The creation of sand crust layer is in conformity with the
results of the two other research articles [14, 15] which
considered the surface treatment of well-graded and poor-

graded sand via the MICP method and used the wind tunnel
test for the quantitative assessment of treatment. In both
types of sand, the crust-like layer was created on the top of
the sand. The article [14] investigated sand dune stabilization
via the MICP method in the field scale, using the surface
spray of microbial and nutrient amendment solutions. After
treatment, a sandstone-like crust was created.

3.2. Adequate Adding Method for the Microbial Treatment of
Sand. The results of the microbial treatment of sand with two
methods, including the mixed and separate addition of mi-
crobial and cementation solutions to the sand, showed that the
separated method had more efficiency than the mixed method,
yielding more penetration resistance. In the mixed method, the
major part of the produced calcium carbonate was precipitated
as a milky layer on the surface of the sand sample. For the
treated sand with the mixed method, after soaking in water, it
was collapsed entirely (no sand crust remained). However, at
the same time, for the samples treated by the separate method,
after soaking in water and collapse of the unstable down parts,
the thickness of the stable sand crust was 8 mm.

3.3. Influence of Salts Existing in the Natural Sand in the
Process of Microbial Treatment. On the field scale, the
possibility of sand washing before microbial treatment does
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FIGURE 5: Penetration resistance of the produced sand crust samples before soaking in water (a), after soaking in water and the expulsion of

the unstable parts (b).

not exist from the economical aspect. In this research, the
purpose of the microbial treatment of the washed sand was
to compare the penetration resistance of washed sand with
that of the natural unwashed sand to consider the probable
effect of salts existing in the sand on the process of microbial
treatment. There is no difference between the penetration
resistance of the washed and unwashed sand under the equal
condition of the treatment. In both cases, the thickness of the
stable sand crust was 8 millimeters after soaking in water.
Hence, the presence of salts in the natural sands had no
negative effect on the process of the microbial treatment of
sand (of course, by using the bacteria and the method of this
research).

3.4. Surface Erosion Resistance of the Natural Untreated Sand
Samples against the Wind Blow. The maximum wind velocity
graph for Kahriz synoptic stations was prepared according to
the meteorological data accessible in IR of the Iran Mete-
orological Organization [26]. Kahriz station is very close to
the Jabal Kandi region. According to Figure 6(a), the amount
of the maximum wind velocity at Kahriz synoptic station
reached 46 m/S in 2014. According to Figure 6(b), the
results of the wind tunnel test showed that the amounts of
the wind erosion modulus and mass reduction for the
natural untreated sand samples of the Jabal Kandi region
were increased strongly with wind velocity increment. In
this study, the maximum velocity in the used wind tunnel

device was limited to 30 m/s; it was predictable that at
larger amounts of wind velocity (upper than 30m/s),
the amount of wind erosion modulus would be much
more.

3.5. Surface Erosion Resistance of the Treated Sand Samples
against the Wind Blow. In this study, for samples treated via
the MICP method, because of the creation of the sand crust
at the top of them, the amounts of the wind erosion modulus
and mass reduction were reduced significantly. So, in most
of the treated samples, after wind tunnel tests with a velocity
of 30m/s for 5 minutes, the value of the wind erosion
modulus was reduced to zero (for untreated natural sand
sample, this value was 2828 gm >min""). Only, in the
samples with 1 and 2 cycles of treatment and too low
concentration for the cementation solutions (0.125 equi-
molar), the values of the wind erosion modulus were re-
duced to nonzero amounts of 1273 and 968 gm >.min"’,
respectively. Samples treated by adding the viscose solution
of the mixed microbial and cementation solutions onto the
surface of the sand in 4 cycles were examined at the wind
tunnel test, too. In spite of no sand crust creation, after the
wind tunnel test, the amounts of wind erosion modulus were
reduced significantly to 2 grams because of the presence of
the milky layer on the top of them.

In spite of that, the microbial treatment of sand via the
MICP method with 1 cycle led to the significant reduction of
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F1Gure 8: SEM images of the Microbial treated sand (stable sand crust) at 52x (a), 250x (b), 1000x (c) and 1960x (d) magnifications. Images
show the microbial-induced calcium carbonate bridges between the sand grains.

wind erosion modulus and, consequently, the increment of the
erosion resistance of sand; however, for the creation of a stable
sand crust with acceptable penetration resistance and thickness
values, 3 cycles of treatment would be needed. Some re-
searchers used the wind tunnel test for the quantitative as-
sessment of one-cycle microbial treatment of sand via the
MICP method, so the results showed that microbiological
treatment on the soil surface reduced the wind erosion amount
[16, 27]. From the aspect of erosion resistance increment, the
result of this study is in conformity with their results. The
fundamental result is the reduction of the wind erosion
modulus to zero by use of the microbial suspension containing
hydrolyzed urea, even by low amounts of the treatment cycles
and cementation solution concentrations.

3.6. Morphology of the Calcium Carbonate Minerals of the
Precipitated Sand Crust. Three crystal forms of calcium
carbonate with a similar formula (CaCO;) are calcite,

vaterite, and aragonite. The most stable crystal of calcium
carbonate is calcite [28]. Ureolytic bacteria could induce
calcite and vaterite crystal polymorphs [22, 29-33]. As
mentioned, a sample of the microbial treated sand sample
(stable sand crust) was treated in 4 cycles and examined by
SEM and XRD examinations. As mentioned, the amount of
calcium carbonate content in the Jabal Kandi untreated sand
sample was 90.8%. According to Figure 7, XRD analysis for both
natural untreated sand and microbial-treated sand (stable sand
crust) showed that peaks were strongly matched to aragonite,
which could be related to the sand grains, not the microbially
induced precipitations. The amount of calcite mineral in the
microbial-treated sand is much more compared to the natural
untreated sand; no vaterite mineral was recognized in both of
the treated and untreated sand samples; hence, the microbial-
induced precipitated minerals are calcite. According to Figure 8,
SEM showed that microbial-induced calcium carbonate pre-
cipitations joined the sand grains as bridges. Some CaCO; was
precipitated on the surface of sand grains too.
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In most researches, the stabilization and cementation of
silica sands have been studied via the MICP method, such
as Ottawa sand [9, 34] and the Itterbeck sand [13, 35, 36].
The results of this study showed that the MICP method
could be used for surface stabilizing of fine-graded ara-
gonitic sand.

4. Conclusions

Given the high potential of the wind erosion of sand and
movement of sand dunes to the agricultural lands in Jabal
Kandi region in the adjacency of Urmia Lake, continuing
sand dune stabilizing projects in this region seems to be
necessary. In particular, the erosion potential of sand in this
region increases strongly by wind velocity increment. The
microbial treatment (MICP method) could be the suitable
method for the creation of the biocrust on the top of the
surface of the sand of the Jabal Kandi region and prevention
of the mobility of sand dunes. The amount of the wind
erosion modulus reduces significantly in the microbial-
treated sand because of the creation of sand crust on top of
the sample. The presence of salts in the natural sans samples
had no negative effect on the process of the microbial
treatment of sand. In most of the treatment plans, microbial
treatment of sand with one cycle leads to the creation of the
thin sand crust on the top of the sand and the significant
increment of the erosion resistance, but it will not have
enough penetration resistance and stability. In terms of the
low stability of this thin sand crust (created by 1 cycle of
treatment), it could act as a degradable sand crust for
preventing the sand dune movement and extension of
vegetation as a live windbreaker. However, 3-4 cycles of
microbial treatment with a low concentration of cemen-
tation solution (0.25 and 0.5 equimolar) would lead to the
creation of stable sand crust with acceptable penetration
resistance, but the execution of 3-4 cycles of microbial
treatment in the field scale might not be economic. Re-
duction of the wind erosion modulus to zero by the use of
the microbial suspension containing hydrolyzed urea, even
by low amounts of the treatment cycles and cementation
solution concentrations, is one of the important results of
this study. Stabilization of sand via MICP is a new method
and after further optimization of solutions and methods
can be used in the field scale, especially for stabilization of
sand dunes. In this study, the CSL was used as an inex-
pensive nutrient medium compared to the yeast extract and
peptone. Therefore, from the aspect of the economy, large-
scale field projects such as surface treatment of sand dunes
via the MICP are applicable by using the CSL in the growth
media.
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