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Abstract: Wind erosion is a major cause of land desertification and sandstorm formation in arid and semi-arid areas.
The objective of this study was to evaluate the potential of soybeans crude extract induced calcium carbonate
precipitation (SICP) on reducing wind erosion risk of sandy soil. Field tests were carried out in Ulan Buh Desert,
Ningxia Hui Autonomous Region, China. Results showed that the SICP method could significantly enhance the surface
strength and wind erosion resistance of the topsoil. The optimal cementation solution (urea-CaCl,) concentration and
spraying volume, according to experiments conducted on sandy land, were 0.2 mol/L and 4 L/m?, respectively. Under
this condition, the CaCOj; content was approximately 0.45%, the surface strength of sandy soil could reach 306.2 kPa,
and the depth of wind erosion was approximately zero, after 30 d completion of SICP treatment. Soil surface strength
declined with the increase of time, and long-term sand fixation effects of SICP treatment varied depending on
topography. Whereas wind erosion in the top area of the windward slope was remarkable, sandy soils on the bottom
area of the windward slope still maintained a relatively high level of surface strength and a low degree of wind erosion
12 month after SICP treatment. Scanning electron microscopy (SEM) tests with energy dispersive X-ray (EDX)
confirmed the precipitation of CaCOs and its bridge effect. These findings suggested that the SICP method is a
promising candidate to protect sandy soil from wind erosion in desert areas.
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Meanwhile, the dust suspended in the atmosphere

1 Introduction

Land desertification is one of the most serious
environmental problems all over the world [1].
Wind erosion is a major cause of desertification and
sandstorm in arid and semi-arid areas. Sandy soils
in these regions have low cohesion and loose
structure. During the dry season, high-speed wind
can easily erode exposed surfaces containing
organic matter that is necessary for vegetation,
resulting in deterioration of farmland [2].

obscures visibility, pollutes the air, and endangers
human health [3]. Therefore, due to the
consideration of agriculture, environment, and
human health, it is imperative to control wind
erosion of sandy soil in arid and semi-arid areas.
The existing methods to control wind erosion
can be classified into three categories, known as
vegetation methods, mechanical methods, and
chemical methods [4]. The most efficient method
for wind erosion control is to cover the land surface
with vegetation, and the greater the vegetation
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cover is, the more effective it would be [5].
However, vegetation methods may be difficult in
some areas where soils are agriculturally unsuitable,
and the strong winds tend to uproot seeding or bury
them with drifting sand [6]. In the case of potential
failure to establish the vegetation, mechanical and
chemical methods could be used [7, 8]. Fences and
windbreaks employed by mechanical methods to
create barriers to wind flow can effectively reduce
the erosivity of wind, whereas they often have
limited protection height and can easily be buried
by drifting sand [6]. Over the past half-century,
various materials, such as petroleum products,
cements, and synthetic polymers, have been
evaluated to find suitable reagents for reducing the
erodibility of the soil [4, 9]. However, some of the
chemical soil stabilizers may not be cost-effective
and eco-compatible.

The impressionability of topsoil to the wind is
a key factor in wind erosion, and soil crusts can
significantly reduce the risk of wind erosion
[10, 11]. Generally, the sheath-forming and
exopolysaccharide-excreting microbes such as
cyanobacteria, algae, fungi, and bacteria in soil can
form a highly specialized microbial community
structure named biological soil crusts (BSCs) [12].
The BSCs, which are ubiquitous on the sand surface
of the desert, play a significant role in soil
stabilization and water conservation [12, 13].

Numerous studies have documented erosion-
resistant  properties of  biocrusts [12—14].
Meanwhile, land restoration using induced

biological soil crusts (IBSCs) in the desert land at
the southern fringe of the Hobq Desert in China has
reported over the past few years [15, 16]. Though
certain achievements were reaped, some remaining
problems need to be solved. In the initial phase of
artificial BSCs, the BSCs are fragile and weakly
attached to the soil surface and are vulnerable to
wind, rain, hoofed animals, etc [13].

Biocementation may be an alternate approach
for wind erosion control of sandy soils.
Biocementation is based on biologically mediated
mineralization to form crystals
particles; the precipitations can modify soil
properties, such as strength and stiffness [17-23].
In most of the application of biocementation to date,
CaCO; crystals were formed on the base of urease-
catalyzed urea hydrolysis, which can be described
as follows:

between soil
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Carbonate is firstly produced from the
decomposition of urea induced by urease. Then
precipitation of calcium carbonate crystals occurs in
situ when soluble calcium sources are provided,
which can fill pores and bind loose particles
[18, 19].

Urease plays a crucial role in bio-cementation
and is found naturally in micro-organisms, such as
bacteria and fungus [24, 25]. The most commonly
used wurease producing micro-organism  is
Sporosarcina pasteurii (precious known as Bacillus
pasteurii) [26—31]. The microbially induced
calcium carbonate precipitation (MICP) method can
potentially be used in a wide range of applications,
such as ground improvement [32, 33], rehabilitation
of contaminated soil [34, 35], healing cracks in
concrete [36], and reducing wind- and water-
induced erosion [37—41]. However, the high cost of
bacterial cultivation is an obstacle for the successful
commercialization of  biocementation  [42].
Furthermore, legislation in some countries makes it
challenge to introduce foreign bacteria into the soil
as their influence on native micro-organisms is still
unknown.

Besides micro-organisms, urease is also widely
distributed in the plant, such as soybeans, Canavalia
ensiformis, and mulberry leaves [42]. Application
of purified plant urease to induce the generation of
CaCOs crystals has been proved effective in sand
fixing [43]. However, for one thing, it is still too
expensive to use purified urease for large-scale
applications. For another, a wide variation in soil
conditions is frequent in the windblown regions and,
the complex and changeable weather conditions
in-situ are quite different from those in laboratories.
Therefore, it is imperative to find a low-cost urease
source and to carry out the field-scale sand-fixing
test. Soybeans crude extract, containing an
appreciable amount of urease, may be an
appropriate alternative of in situ formations of
CaCO:s to stabilize sandy soils that are vulnerable to
wind erosion [44].

The objective of this research was to exploit
the feasibility of using soybeans crude extract
induced calcium carbonate precipitation (SICP) to
reduce wind erosion risk of sandy soils in desert
areas. For this purpose, field tests were carried out
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on the edge of Ulan Buh Desert, Ningxia Hui
Autonomous Region, China. The optimum dosage
of biological curing agents was obtained from the
short-term (30 d) experiments conducted on sandy
land. Specifically, long-term (1 year) performance
of SICP treatment on the sandy land and windward
slope of the dune was also investigated.

2 Materials and methods

2.1 Soybeans crude extract and cementation
solutions

Soybeans were purchased from a nearby
market. A shredding machine was employed, and
soybeans powder passing through a 60-mesh sieve
was soaked in tap water, accordingto solid
(soybeans powder)-liquid (tap water) ratio of 1: 25.
Then, the homogenate was stirred until the
soybeans powder was evenly dispersed in the tap
water. The supernatants (soybeans crude extract)
were collected 1 h later and used without further
purification. It should be noted that soybeans crude
extract was prone to deterioration, owing to the
high temperature in situ, and therefore, they should
not be stored for long periods. Urease activity,
reflecting the rate of the bio-catalyzed urea
hydrolysis, was measured based on the change of
electric conductivity under the condition of 1 mol/L
urea at 20 °C [28]. The rate of conductivity increase
mS/(min‘cm™') was concentrated into a urea
hydrolysis rate (mmol/L urea hydrolysis/min) with
a ratio of 1: 11.1 [28]. Urease activity of the
soybeans crude extract was 4.44 mmol/L urea
hydrolysis/min in this study.

Agricultural grade urea (total nitrogen >46.4%)
and industrial-grade chloride (CaCl»
content >94%) wused in this experiment were
purchased from a farmer market nearby. Four kinds
of cementation solutions including 0.1 mol/L urea-
0.1 mol/L CaCl,, 0.2 mol/L urea-0.2 mol/L CaCl,,
0.4 mol/L urea-0.4 mol/L CaCl,, and 1 mol/L urea-
1 mol/L CaCl, were used in field tests.

calcium

2.2 Test sites and schemes

In order to evaluate the effects of the SICP
method on the stabilization treatment of sandy soils
under field conditions, field tests were carried out.
The test sites (106°20'E, 38°46'N) were on the
southwestern fringe of Ulan Buh Desert, Ningxia
Hui Autonomous Region, China. The test area was

mainly composed of sandy land and dunes. The
dominant components of the sandy soil were quartz
grains with a size between 0.075 and 0.4 mm
(Figure 1). This region was located in the
continental arid and semi-arid climate zones with
annual precipitation of 172.5 mm and an annual
evapotranspiration rate of 1756.8 mm. Low rainfall
and strong evaporation deteriorated the ecological
environment in general. The average annual
temperature was 9.0 °C, with the maximum
temperature of 38.5 °C and the minimum
temperature of —27.7 °C. The average wind speed
was in the range of 2.0—3.0 m/s, with the maximum
wind speed exceeding 28.5 m/s. The test sites were
adjacent to highways, farmlands, and villages.
Sandy soils in this region were generally
unprotected, and they experienced severe erosion,
especially during the winter and spring. Prevailing
winds transported the uncovered surface soils and
deposited them elsewhere, which was a tremendous
threat to local traffic and cultivation.
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Figure 1 Particle size distribution of topsoil

Field tests were carried out on two types of
sand structure (Figure 2): The first one is bare
sandy land (Figure 2(a)). Seventeen test plots
(TPs 1-17) at intervals of 30 cm and each
measuring 2 mx2 m were established in the sandy
land. Sand berms, approximately 10.2 cm in height,
were constructed around the perimeter of each test
plot to prevent surrounding erodible sands from
being blown onto test plots during the study.
Sixteen test plots (TPs 2—17) received SICP
treatment, while a control test plot (TP 1) was
absent of any treatment. The second type is
windward slope of the dune (Figure 2(b)). Two
neighboring windward slopes with similar shapes
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Figure 2 (a) TPs 1-17 in sandy land; (b) TPs 18 and 19

(height of 7.2 m and slope angle of 19°-26°) were
selected as the test plots (TPs 18 and 19). TP 19
was treated with SICP, using the optimum dosage of
biological curing agent obtained from TPs 1-17,
while TP 18 was absent of any treatment. The
windward slopes were divided into three regions,
namely, bottom area (TP 18B and TP 19B, altitude:
0-1 m), middle area (TP 18M and TP 19M,
altitude: 3.1— 4.1 m), and top area (TP 18T, and
TP 19T, altitude: 6.2—7.2 m), according to the
altitude. The trials lasted for one year. The
performance of SICP in natural circumstances was
evaluated by wind erosion resistance and
penetration resistance assessment. Table 1 presents
the treatment schemes for all test plots.

2.3 Application methods

Field tests were carried out on April 30th, 2018.

Soybeans crude extract and cementation solution
were prepared separately in two containers, and
SICP treatment was accomplished using an
agricultural sprayer. In this study, soybeans crude

Table 1 Treatment schemes for sandy land (TPs 1-17)
and dune (TPs 18 and 19)

Test plot Cemc?ntation L Spraying Y;)lume/
concentration/(mol-L™") (L'm?
TP 1 — —
TP2 0.1 1
TP 3 0.2 1
TP 4 0.4 1
TP 5 1.0 1
TP 6 0.1 2
TP 7 0.2 2
TP 8 0.4 2
TPO9 1.0 2
TP 10 0.1 3
TP 11 0.2 3
TP 12 0.4 3
TP 13 1.0 3
TP 14 0.1 4
TP 15 0.2 4
TP 16 0.4 4
TP 17 1.0 4
TP 18 — —
TP 19 0.2 (Optimum) 0.2 (Optimum)

extract and cementation solutions were mixed
adequately in the agricultural sprayer, according to
a proportion of 1:1 in volume. After that, it was
sprayed immediately onto the surface of the test
plots. The short retention time (less than 5 min) of
the mixture was conducted to minimize the
biochemical reaction process in the sprayer [6].
Furthermore, to reduce evaporation caused by the
high sand surface temperature and excessive solar
exposure and to increase the efficiency of the
biochemical reaction, the spray treatment was
completed near sunset. After being treated, all test
plots were left to the effects of local weather
conditions 3 d, and then, the other experiments
were carried out. During the 3 d, the field
temperature was in the range of 5—27 °C, and the
total precipitation was zero.

2.4 Surface penetration and erosion pins tests
Wind erosion depends on how easily the
particles can be detached from the surface and is
thus closely related to the surface strength of sandy
soil. In this study, a handhold micro-penetrometer
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(HP-50, Aidebao, China) with a diameter of 6 mm
was adopted to assess soil surface strength of the

test plots, as recommended by ROLSTON et al [45].

Note that three points were selected randomly for
each test plot and the average surface strength at the
three points was calculated, and presented herein.

Erosion pins were employed to examine wind
erosion resistance of sandy soils. The use of erosion
pins is convenient to measure sand erosion as well
as deposition for their negligible obstruction to sand
movement [46]. For TPs 1-17, three erosion pins,
30 cm long and 1 m apart, were inserted halfway
into the soil at random positions before SICP
treatment, i.e., 15 cm above the ground in each test
plot. For TPs 18 and 19, three erosion pins with the
same altitude, i.e., an altitude of 0.5 m for TP 18B
and TP 19B, altitude of 3.6 m for TP 18M and TP
19M, and altitude of 6.7 m for TP 18T and TP 19T,
were inserted into each region as mentioned above.
The change in erosion pin heights was measured,
and the average value obtained from the three pins
was calculated and presented.

2.5 Measurement of calcium carbonate content
Soil samples (around 5 grams each) taken from
the topsoil of TPs 1-17 were rinsed in deionized
water and dried. Then, the soils were placed in
50 mL of 1 mol/L HCI to dissolve CaCOs. The
concentration of the aqueous calcium in the
hydrochloric acid was measured using the EDTA
titrimetric method [32]. The effective amount of
CaCOs (produced from the SICP) of the cemented
sandy soils is the difference between the value
evaluated experimentally (TPs 2—17) and the initial
value of CaCOj; content exhibited by that of TP 1.

2.6 SEM and EDX analysis

Scanning  electron  microscopy  (SEM)
(JSM-7600F, Jeol, Japan) coupled with energy
dispersive X-ray (EDX) was used in this study to
investigate the development of microstructure
within the treated soil samples and to analyze the
composition of the bio-mediate product. Before
conducting the microscopy investigation, two
samples, prepared from the surface layer of TP 1
and TP 15 (30 d after the SICP treatment), were

oven-dried, and then were crushed into small pieces.

The samples were sputter-coated with gold and then
examined by SEM at voltages ranging from 0.5 to
30 kV.

3 Results and discussion

3.1 Effect of SICP treatment on surface strength
of sandy land and CaCQs precipitation

Figure 3(a) shows the surface strength of
sandy land (TPs 1-17) 30 d after SICP treatment.
To note that, the sandy land received about
63.8 mm (63.8 L/m%) of rainfall, approximately
16.0—63.8 times the spraying volumes used in this
study (1-4 L/m?), during this period and the residue
of the unreacted CaCl, and urea as well as the
biochemical reaction by-product NH4Cl in soil was
considered ‘“negligible”. In general, the SICP
treatment significantly improved surface strength of
the sandy land, and the improvement was
intensively affected by both the cementation
solution concentration and spraying volume
(Figure 3(a)). It is shown that an increase in the
total application rate from 1 to 4 L/m’ at the
concentration of CaCl-urea 0.1—1 mol/L enhanced
the penetration resistance of the reinforced layers
from 25.2 to 306.2 kPa, 30 d after SICP treatment.
Overall, the application of 4 L of medium solution
per square meter resulted in greater soil surface
strength. The general trend of the surface
strength-spraying volume behavior obtained after
biocementation was similar to that obtained after
chemical stabilization conducted by TELYSHEVA
et al [47]. The mechanical test proceeded by
TELYSHEVA et al [47] demonstrated that the
penetration resistance of sandy soil increased with
the spraying volume (2, 3 and 4 L/m?).

For the same spraying volume, soil surface
strength improved when cementation solution
concentration increased from 0.1 to 0.2 mol/L.
Nevertheless, no further significant improvement of
soil surface strength could be seen as the
cementation solution concentration increased from
0.2 to 1 mol/L. The effective CaCO; content
(produced from the SICP) in the topsoil 30 d after
the SICP treatment is illustrated in Figure 3(b). The
amount of CaCOj precipitation tended to grow with
the increase of cementation solution concentration
from 0.1 to 0.4 mol/L, and thereafter hardly any
obvious improvement could be observed.
AL-THAWADI [48] confirmed that the increase of
calcium concentration results in inhibition of urease
activity. OKWADHA et al [49] reported that a high
concentration of urea and CaCl, (>0.5 mol/L)
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Figure 3 (a) Surface strength and (b) CaCO; content of
sandy land 30 d after SICP treatment as functions of
cementation solution concentration and spraying volume;
(¢) Surface strength versus CaCOs content (Each bar
represents the meantstandard deviation of triplicate
tests)

decreases the efficiency of CaCO; precipitation and
de MUYNCK et al [50] demonstrated that the best
CaCl, concentration for CaCOs precipitation is
0.25 mol/L. The results in this study were consistent

with them and showed that it is impractical to
increase the calcium carbonate content only by
increasing the concentration of urea-CaCl, under
the field conditions.

The results also imply that when the spray
volume remains constant, the surface strength
increased with the augment of the CaCOj; content
though some dispersion existed, i.e., a higher
amount of CaCQj; precipitation potentiated the
establishment of bonds between the soil particles,
inducing a greater level of improvement in terms of
soil surface strength (Figure 3(c)). The increase of
surface strength was more significant for CaCO;
content until 0.45%, and after that, no significant
change was observed. A consistent result was
obtained by VENDA et al [51]. They claimed that
the strength of MICP-treated coarse-grained soils
dramatically increased with the amount of CaCO; at
low content (<0.5%). The negligible improvement
in soil surface strength at higher CaCO; content
(>0.45%) may be due to limited bond-making areas
between sand grains [51, 52]. The bonding-making
area is defined as the possible binding points
between soil particles that play an essential role in
soil aggregation and consolidation [6]. As a result,
increasing the amount of CaCOs crystals may not
be conducive to improve wind erosion resistance of
sandy soil when the bonding-making area is filled.
To note that, in addition to the CaCO; content, the
amount of spraying was another important factor
intimately impacting the surface strength in this
study. For instance, although the calcium carbonate
content was approximately 0.4%, the surface
strength of sand was 35.6, 59.3, 166.5 and
306.2 kPa when the spraying volume was 1, 2, 3
and 4 L/m? respectively. The thickness of soil
crusts increased with the increase of spraying
volume [47, 53]. Penetration resistance (surface
strength) reflects the crust hardness and bonding
strength between particles, and higher bonding
strength and can definitely
contribute to better surface strength [47, 53].

In the short term (30 d in this study), 4 L/m? at
a cementation solution concentration of 0.2 mol/L
was an optimum dosage for sandy land from the
aspect of soil stabilization. In this condition, the soil
surface strength could reach 306.2 kPa, 17.4 times
higher than that of the untreated site, 30 d after
SICP treatment. The soil surface strength
(25.2-306.2 kPa) obtained from the application of

crust thickness
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SICP was comparable to that obtained from
chemical stabilization using lignin-based polymer
(0.16-0.98 MPa) while significantly higher than
that obtained from man-made algal crusts at the
initial stage (<60 kPa) [47, 54]. In this sense, the
SICP method may also be used to provide early
strength for the formation of artificial biological
soil crusts. The rapid CaCO; precipitation induced
by the SICP process, in contrast to slower microbial
methods (to form man-made BSCs), makes it
well-suited for surface treatments that have a
relatively short time range within which they need
to become effective.

3.2 Effect of SICP on erosion resistance of sandy
land

Figure 4(a) illustrates the erosion depth of the

sandy land (TPs 1-17) 30 d after SICP treatment.
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Figure 4 (a) Erosion depth of sandy land 30 d after SICP

treatment as functions of cementation solution
concentration and spraying volume; (b) Erosion depth of
SICP treated sites versus soil surface strength (Each bar
represents the meantstandard deviation of triplicate

measurements)

Though surface curing of sandy soils using the
SICP method could generally decrease soil loss; the
reduction was severely affected by the dosage of the
biological agents. When the cementation solution
concentration was constant, erosion depth of the
topsoil decreased dramatically with the increase of
spraying volume, an opposite tendency to the
surface strength mentioned above. This result was
consistent with Ref. [37], in which MEYER et al
evaluated the dust suppressive potential of MICP
and declared that increasing the application volume
while maintaining the same bacteria cell and
cementation solution concentration reduced soil
mass losses significantly. Also, according to FENG
et al [55], if stabilizer concentration is kept as
constant, crust thickness is proportional to the
application rate, and the penetration resistance
increases linearly with crust thickness.

Under the same spraying volume, erosion
depth of the test plots (TPs 2—17) decreased with
the increase of cementation solution concentration
(0.2 mol/L) and thereafter remained roughly
constant though higher cementation solution
concentrations (>0.2 mol/L) were employed. At a
low concentration of cementation solution,
increasing the concentration contributed to the
formation of a larger amount of calcium carbonate
and thus resulted in higher erosion resistance
(Figure 3(b)). The subtle discrimination of erosion
depth at high concentrations of cementation
solution (>0.2 mol/L) may also be due to the
inhibition of urease activity by CaCl, solutions and
the limited bond-making area [48—52].

Figure 4(b) illustrates the erosion depth of the
SICP treated sites versus the soil surface strength. A
strong relationship existed between the erosion
depth and the soil surface strength, although the
data were for the test sites treated with different
dosages of the biological agents. Penetration
resistance (surface strength) reflects the crust
hardness and bonding strength between particles;
higher bonding strength, crust thickness, and
viscosity can definitely contribute to better surface
strength, and such  improvements are
representations of higher wind erosion resistance
[53]. The relationship between the erosion depth
and the soil surface strength indicated that the
surface strength was a good indicator of the wind
erosion resistance.

Considering the enhancement in wind erosion
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resistance and the economic cost, the optimal
cementation solution concentration and spraying
volume were 0.2 mol/L and 4 L/m?, respectively. In
this case, the final concentration of CaCl,-2H,0
was 3%, approximately 12.5 times less than the
concentration (38%) allowed to use commercially
[6]. In addition, the concentrations of NH4Cl (2.2%)
and urea (12%) were much lower than the urea
concentration (43%) allowed as a frost protectant
pesticide without any evidence of adverse chronic
effects [37].

3.3 Long-term sustainability of SICP treatment

The surface strength and wind erosion depth of
TP 1 (untreated site) and TP 15 (SICP-treated site)
in 12 mon are shown in Figures 5(b) and (c). The
surface strength of TP 15 was 314.6 kPa, about 19.1
times higher than that of TP 1 (16.7 kPa),
SICP treatment, and then
decreased gradually with the increase of time. The
drop in surface strength of the SICP-treated sandy
land was nearly 57% and 77%, 6 and 12 month
later, respectively. However, it should be noted that
the surface strength of the SICP-treated sandy land
still much higher (5.6 and 3.1 times,
respectively) than that of the untreated one. Also, a
distinct difference in soil erosion existed between
TP 1 and TP 15. Whereas the former had changes in
pin height of 10.9, 20.5, 35.7 and 40.5 mm; the
latter had changes of 0.7, 2, 4.7 and 5.6 mm (6.4%,
9.8%, 13.2% and 15.7% of the former) after 1, 2, 6
and 12 month of exposure to the local wind
erosion conditions (Figure 5(a)), respectively. Soil
surface strength and wind erosion resistance of the
sandy land were significantly improved by the SICP
treatment over one year in this study.

Figure 6 illustrates surface strength and
erosion depth obtained from the bottom (TP 18B
and TP 19B), middle (TP 18M and TP 19M), and
top (TP 18T and TP 19T) area of the windward
slopes. Similar to that of the sandy land, for TP 19
(SICP-treated windward slope),
strength decreased while erosion depth increased
as time went on. However, the surface strength and
erosion depth showed a clear transition from the
bottom to the top area. Whereas the bottom area had
a reduction in surface strength of 54.3% and a
change in pin height of 3.2 mm, six month after
SICP treatment, the top area, had a reduction in
surface strength of 91.2% and a change in pin
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height of 19.5 mm. The middle area had an
intermediate value with a reduction in surface
strength of 75.6% and a change in pin height of
8.9 mm, six month after SICP treatment. Sandy
soils in the bottom area of the SICP-treated
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Figure 6 (a) Surface strength of the windward slopes (TP
18 and TP 19) in 1 year; (b) Erosion depth of windward
slopes (TP 18 and TP 19) in 1 year (Each bar represents
the mean+tstandard deviation of triplicate measurements)

windward slope still maintained a relatively high
level of surface strength (84.2 kPa) and a low
degree of wind erosion (4.8 mm) 12 mon after SICP
treatment, compared with the untreated windward
slope. However, sandy soils in the middle and top
area, 12 month after the SICP treatment, were
fiercely eroded (29.2 and 61.6 mm, respectively).
Environmental deterioration such as winds,
rains, ultraviolet rays, wet-dry cycles, and
freeze-thaw cycles may cause disturbance to soil
crusts, leading to the decrease of surface strength
and wind erosion resistance in the long term
[12, 16]. According to the field measurements taken
by ARENS et al [56], wind speed at foredunes
increased by 10% from the beach to an altitude of
6 m and thereafter increased by 50% at an altitude
of 10 m. The substantial decrease of soil surface
strength and erosion resistance at the top area
(altitude: 6.2—7.2 m) of the SICP treated windward
slope may reflect the substantial increase in the

erosion power of the wind [57]. As a result, in the
application of SICP technology to sand-dune
stabilization, a more reasonable treatment option
should be determined according to the erosive
power of wind. For instance, larger spraying
volumes or multiple treatments are suggested in the
areas suffering from severe wind erosion to enhance
the ductility of SICP treatment.

The situation of TP 15 6 month after SICP
treatment is shown in Figure 7. It is clear from
Figure 7 that plants in the SICP treatment sandy
cyanobacteria, algae, lichens, bryophytes, bacteria,
land grew comparatively well, and soil crusts were
distributed in succession on the soil surface. Soil
crusts play significant roles in soil stabilization
and desertification control [58]. Generally, and
fungi in soil can form the so-called biological soil
crusts through the cementation effect of the
extracellular polymeric substance (EPS) [12—16].
However, on the one hand, it takes a long time for
the formation of BCSs in the natural environment;
on the other hand, high wind power may impede
BSCs establishment [12, 13]. In this study, the
formation of soil crusts was due to the CaCOs
precipitation induced by soybeans crude extract,
which is environmentally-friendly and controllable.

—
B Soil crusts
K ,/ s V\\gk"‘

i SECBH A e eT ; e ;‘ "‘
Figure 7 Situation of TP 15, 6 month after SICP
treatment

3.4 SEM imaging and EDX analysis

The morphologic properties of the precipitated
mineral crystals and the microstructure within the
surface layer of the SICP treated sandy soil were
evaluated by SEM (Figures 8(a)—(c)). For the SEM
and EDX analysis, the calcium carbonate content of
the soil sample is 0.45%. Precipitated CaCO3 was
present both at particle contacts and on particle
surfaces of the SICP treated sandy soil (Figures 8(b)
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Figure 8 SEM analysis results of (a) untreated sandy soils from TP 1 and (b—c) SICP-treated sandy soils from TP 15;

(d) EDX results of sampling point

and (c)), but not in the absence of treatment
(Figure 8(a)). Large pore spaces still existed after
SICP treatment, indicating that the porosity of the
sandy soil is largely intact (Figures 8(b) and (c)).
Ideal sand stabilizers should offer good adhesion
and rapid infiltration of sand when they are sprayed
onto the surface, and they should not reduce water
infiltration significantly [59]. Energy dispersive
X-ray (EDX) analysis (Figure 8(d)) shows that the
elemental composition of the substrate (spectrum 1
in Figure 8(b)) was primarily of Si and O, while the
elemental composition of the precipitate (spectrum
2 in Figure 8(b)) was in consistence with CaCOj;.
Because the mineral type cannot be differentiated
through EDX, crystal morphology was used as a
tool to differentiate between types of minerals [60].
Spherical crystals with the irregular and disordered
structure were widely observed in the SICP treated
sandy soil (Figure 8(c)), which indicates that the
dominant CaCO; phase was vaterite [61]. Similar
CaCOs deposition patterns have been observed in
sand specimens treated by enzyme-induced calcium

carbonate precipitation [43, 60].

In urease-based reactions, NH;" and COs>"
released by the enzymatic hydrolysis of urea. The
generated NH4™ increases pH, and precipitation of
calcium carbonate crystal occurs in situ when
soluble calcium sources are provided. In this study,
the biochemical reaction was induced by soybeans
crude extract. Binding by precipitated CaCO; of
sand particles (Figures 8(b) and (c)) explains the
improvement of wind erosion resistance and surface
strength of the sandy soil samples after SICP
treatment.

4 Conclusions

The potential of soybeans crude extract
induced carbonate precipitation on
reducing wind erosion risk of sandy soils in field
conditions was investigated. Surface strength and
erosion resistance of SICP-treated sandy soil were
significantly influenced by the combination of
cementation solution concentration and spraying

calcium
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volume. The optimal cementation solution
concentration and spraying volume, considering the
stabilization effect of sandy land and economic cost,
were 0.2 mol/L and 4 L/m?% respectively. In this
dosage, the CaCO; content was approximately
0.45%, the surface strength of sandy soil could
reach 306.2 kPa, and the depth of wind erosion was
nearly zero 30 d after SICP treatment. Soil surface
strength declined, and erosion depth rose with time.
Long-term sand fixation effects of SICP treatment
varied depending on topography in this study. Soil
surface strength and erosion depth of the sandy land,
one year after SICP treatment based on the
optimum dosage of biological curing agent, were
72.3 kPa and 5.6 mm, respectively. An obvious and
durable improvement in wind erosion resistance of
sandy soils, compared with the untreated site, was
observed in the SICP-treated sandy land. For the
SICP-treated windward slope, whereas wind
erosion in the top area was remarkable, sandy soils
in the bottom area still maintained a relatively high
level of surface strength and a low degree of wind
erosion even 12 month later. It is clearly indicated
that the SICP, a new biological treatment
technology, is useful for reducing wind erosion of
sandy soils. The technique is worth popularizing for
topsoil protection in desert areas.
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