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Abstract:

Blending flue gas desulfurization (FGD) gypsum with surface sodic soil is a universally
recognized method for the rapid amelioration of sodic soils; however, there are few reports on
whether other application methods (band application) will reclaim sodic soil. Three FGD
gypsum application methods, single-band application, dual-band application and blending,
were carried out using sodic soil in soil bins to investigate the effects of application method
on the wetting front, major cation concentrations and exchangeable sodium percentage (ESP)
during the process of water infiltration and in the soil profile after infiltration. The results
showed that the wetting fronts in the band treatments were denser in the horizontal direction
than in the vertical direction, but the blend treatment only had vertical migration. The main
channel of stream in the band treatments was concentrated below the application site of FGD
gypsum. The orders of desalting capacity were blend treatment, dual-band treatment and
single-band treatment for the same volume of outlet water. The dual-band treatment
significantly decreased the soil ESP of the whole soil bin, while the single-band treatment
only effectively reclaimed half of the soil. In the blend treatment, the ESP was 21.32% and
34.66% at depths of 30—35 cm and 3540 cm and was close to zero at a depth of 0-30 cm.
Compared with blend treatment, band treatments have the advantage of long-term

amelioration of local sodic soil, and the performance is mainly affected by the Ca*" pathway.

Keywords: Band application; flue gas desulfurization gypsum; pore channel; wetting front;

exchange reaction; Ca*" pathway
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1 Introduction

One of the greatest challenges in agriculture is the amelioration of sodic soils due to the huge
area covered by such soils and restrictions on agricultural development in arid and semi-arid
areas (Daliakopoulos et al., 2016; Haider, 2013). Sodic soil generally contains large amounts
of Na*, CO;* and HCO5". Na" adsorbed by soil colloids has hydrophilic properties, which can
reduce the stability of soil aggregates in sodic soils by dispersing inorganic colloids in the
narrow joints of soil particles and forming a soil layer with poor water permeability
(Bagarello et al.,, 2006). On the other hand, Colloids adsorbed by Na* are more easily
transported into pore spaces after rainfall and irrigation. When water flow is stagnant,
hydrophilic colloids will gather to clog the pore throats caused by hydrodynamic bridging and
size exclusion (Ramachandran, 2000), reducing the permeability of the soil (Carstens et al.,
2017).Moreover, the high concentrations of COs* and HCO; in sodic soil also result in a
strongly alkaline pH (more than 8.5) (Fotovat and Naidu, 1998; Sakai et al., 2010). Previous
studies have shown that in solutions of low ionic strength (IS) and high pH, the colloids
adsorbed in the primary energy minimum are released into the bulk solution, which reduces
the adsorption capacity of the colloids and increases the capability of colloidal migration

(Yuan et al., 2020).

Increasing IS or adding high-valent cations (e.g., Ca*, Mg**, and Fe*") can promote
adsorption by porous media and flocculation of colloids to form aggregates (McNew and
LeBoeuf, 2016; Torkzaban et al., 2015). As its main component is CaSO,, flue gas
desulfurization (FGD) gypsum is a widespread, environmentally friendly and efficacious

saline-alkali soil conditioner (Amezketa et al., 2005; Clark et al., 2001; DeSutter and Cihacek,
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2009; Sakai et al., 2010; Wang and Yang, 2018). Dissolved Ca** from FGD gypsum reacts
with CO;* and HCO; and replaces exchangeable Na* in soil colloids to lower soil pH.
Additionally, Ca** promotes flocculation of colloids, which in turn increases the permeability
of sodic soils and the leaching of Na'. As a consequence, the soil physical and chemical
properties of sodic soil are improved (Chen, 2011; Liao et al., 2019; Mao et al., 2016; Tirado-

Corbala et al., 2019; Zhao et al., 2019).

To effectively ameliorate saline-alkali soil, FGD gypsum is commonly applied by even
mixing with topsoil (blend application) (Liao et al., 2019; Yu et al., 2014; Zhao et al., 2018).
However, the blending method accelerates the dissolution rate of FGD gypsum, leading to
large amounts of salt being released. Especially under rainfall or irrigation conditions, the
rapid dissolution of FGD gypsum may also lead to the loss of Ca*" due to water leaching or
drainage (Zhao et al., 2019). This loss shortens the duration of saline-alkali soil amelioration
by FGD gypsum. In contrast, FGD gypsum can also be applied in a strip (band application).
Theoretically, band application can reduce the dissolution rate of FGD gypsum, release Ca*"
slowly, decrease extra salt stress and prolong the improvement time compared with blending.
Applying concentrated FGD gypsum in the band method can be used to achieve the same
amelioration effect by adjusting the application rate and spacing between strips. In fact, band
application has been used in sunflower fields in recent years, but there are few related reports.
In addition, the differences in the amelioration effects between these two methods of FGD
gypsum application remain to be verified. According to these problems, we designed a soil
bin experiment to analyse the effect of band application of FGD gypsum on sodic soil by

observing the ion transport, exchange reaction process, reclamation effect and Ca** loss under
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band application. In the experimental process, we explain water and salt migration in terms of

Ca*" pathways, and relevant information is provided.

The application of FGD gypsum will change the infiltration path of irrigation water in
sodic soil, which will lead to differences in the distribution of saline and alkali parameters
after infiltration. Therefore, we hypothesized that 1) different application methods of FGD
gypsum can lead to a difference in the effect of the soil profile on sodic soil amelioration and
2) the effect of FGD gypsum on sodic soil amelioration is determined by the Ca®" pathway.
Thus, a soil bin experiment was conducted to investigate these conjectures by monitoring the
variations in the wetting front, major cation concentrations in the leachate and ESP after

applying FGD gypsum.

2 Materials and methods

2.1 Sodic soil and FGD gypsum

Surface sodic soil with a depth of 20 cm was taken from Taonan District, Baicheng City, Jilin
Province, China (N45°14'24.08", E123°35'38.75"). The soil samples were dried, crushed and
then screened through a 2 mm standard sieve. FGD gypsum collected from the Jilin Longhua
(Baicheng) coal-fired power plant was sequentially air-dried, ground fine with a grinding rod,
and screened to 100 mesh. The physical and chemical properties of the initial sodic soil and

FGD gypsum used in this study are shown in Table 1.

2.2 Experimental design and implementation

The four soil bins used for the experiment were made of plexiglass; two bins were 80 cm in
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length, 60 cm in depth and 14.5 cm in width (bins 1 and 2), and bins 3 and 4 were 20 cm in
length, 60 cm in depth and 14.5 cm in width (Figure 1). At the bottom of the bins, there were
two layers of nylon nets (aperture of 0.125 mm) and an interlayer of quartz sand (particle size
of 0.18 mm) with a depth of 1 cm between the nylon layers. The bottom nylon net was used to
prevent quartz sand from leaking out from the outlet. The function of the quartz sand was to
prevent the migration of fine particles in the sodic soil from blocking the outlets. The upper
layer of nylon was used to separate the quartz sand layer from the layer of sodic soil. The
treated sodic soil was layered into the soil bins so that the bulk density of each layer with a

depth of 5 cm was 1.5 g cm™, and the bins were loaded to a depth of 40 cm.

In soil bin 1, a trench with a width of 6 cm and a depth of 5 cm was dug on one side 10
cm from the left edge. After adding 360 g FGD gypsum to the trench, the FGD gypsum was
covered with sodic soil; this system acted as the single-band treatment. In soil bin 2, two
trenches with a width of 4 cm and a depth of 5 cm were dug on two sides, both 10 cm from
the edge. After adding 180 g FGD gypsum to the two trenches and being and covered with
sodic soil, the system acted as the dual-band treatment. In soil bin 3, the 20-cm surface layer
of sodic soil was fully mixed with 90 g FGD gypsum and then compacted; this system acted
as the blend treatment. The soil bin with the above specifications was selected for blend
treatment because there was no difference in the horizontal migration of Ca?** since the surface
soil layer was evenly blended with FGD gypsum. In soil bin 4, no FGD gypsum was added,

which acted as the control treatment (CK).

After the sodic soil and FGD gypsum were filled into the bins, the nylon net-quartz sand-

nylon net layers were laid on the soil surface to maintain the same horizontal osmotic
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potential on the surface and prevent erosion from the addition of ultrapure water.

Subsequently, ultrapure water was added to ensure that the water depth was always 3 cm

above the soil surface. Cellophane was pasted on one side of the soil bins to draw wetting

fronts. At the beginning of the experiment (day 1), the time interval for drawing wetting fronts

should be 10, 20, or 30 minutes. When infiltration is slow ( > 1 d), drawing a line every other

day is needed. In addition, when the EC of the outflow became steady, the addition of

ultrapure water was stopped, and the reclaimed soil was collected 2 d after water infiltration.

The four treatments were replicated three times. Finally, average values of all indicators were

used in the data analysis.

2.3 Sampling and measurements

At the beginning of the experiment, the wetting fronts in the soil bins were plotted, and the

corresponding time was recorded. The obtained wetting fronts in the three treatments were

scanned into JPG images by a printer. GetData software (GetData Pty Ltd, Kogarah NSW

2217, Australia) was used to determine the penetration depths in the wetting fronts.

When the leachate began to flow out of the outlet, the leachate was continuously

collected in beakers, and the volumes and times of the samples were recorded. Samples were

transferred to 100 mL plastic bottles and refrigerated. Before determining the chemical

properties of the water samples, the samples were filtered through a 0.45 um membrane. pH

and EC were measured using digital FE-20 and FE-38 EC meters (Mettler Toledo

International Trade (Shanghai) Co., Ltd., China), respectively. Fifty millilitres of 25 leachate

samples at different stages were transferred into beakers. The samples were dried in an oven,

and the salt weight was weighed. The EC in the leachate was converted to salt concentration
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based on the relationship between EC and solute (Figure 2). The concentrations of K*, Na®,
Ca* and Mg*" in the leachate were measured using inductively coupled plasma atomic

emission spectrometry (ICP-AES, Prodigy-7, Leeman Labs Inc., Hudson, NH, USA).

The treated soils at a depth of 0—40 cm 2 d after water infiltration were collected by a
shovel. For a depth of 0—30 cm, layers 20 cm in length, 14.5 cm in width and 10 cm in depth
were collected. For soil at a depth of 30—40 cm, soils were sampled every 5 cm depth with a
length of 20 cm and width of 14.5 cm. The collected soil samples were air dried, mixed and
ground to a size fine enough to pass through a 2-mm sieve before soil analyses. The EC, pH,
and soluble cations were measured using 1:5 water extracts. The determination methods of
EC, pH and soluble ion concentrations were the same as those used for leachate
measurements. Exchangeable K*, Na*, Ca*" and Mg*" were extracted with ammonium acetate,
and their concentrations were measured using ICP-AES. The ESP was calculated using the

method described by Zhao et al. (2019).

2.4 Data analysis

A nonlinear regression equation was fitted to analyse the relationship between seepage
velocity and soil depth over time. To observe the migratory path of Ca*', the concentrations of
exchangeable and soluble Ca* and Na" in various soil layers were plotted as thermal pictures
by using GraphPad Prism 7.0 (GraphPad Software, LLC, San Diego, CA 92108, United

States).
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3 Results

3.1 Water infiltration

3.1.1 Wetting front

Four representative wetting fronts and seepage velocities for four treatments are shown in
Figure 3. In the single-band treatment, the wetting front was mainly distributed on the left
side (0—40 cm) of the soil. The gap between the wetting fronts was larger in the vertical
direction but denser in the horizontal direction. In the dual-band treatment, the right side was

denser than the left side. The gap between wetting fronts in the blend treatment was large.

The seepage velocities of the four treatments increased following a power function. The
CK had no leachate and the lowest seepage velocity throughout the entire experiment (75 d),
and its fitting function was Yx=5.632X"* and R?=0.949 (Ycx represents soil depth; X
represents time.). The four treatments had the fastest penetration in the 0-20 cm soil layer, but
the soil permeability began to decline gradually at 20—40 cm. In general, the order of seepage

velocity was blend, single-band, dual-band (left), dual-band (right) and CK.

3.1.2 Seepage velocity and salinity in the leachate

The leachates in the single-band, dual-band and blend treatments started to flow out at 19.8,
13.9 and 0.3 d, respectively, after adding ultrapure water (Figure 4a). In the early period of
leachate flow, the velocity of the blend treatment reached 3 L d'. After 0.49 d, the flow rate
gradually stabilized at 0.2 L d™'. In the dual-band treatment, the flow velocity of the leachate
was low at the early stage (0.6 L d"), gradually increased to 1.5 L d"' and finally decreased to

0.9 L d' at 69 d. The initial flow velocity in the single-band treatment was 0.6 L d', and the
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velocity decreased to 0.3 L d™" after 69 d.

The salt concentration in the three treatments decreased substantially in the early stage
and gradually levelled off with increasing time (Figure 4b). Generally, the salt concentration
in the initial leachate of the blend treatment was twice that in the leachate of the dual-band
treatment, and it was the lowest in the single-band treatment. The salt concentration of the
leachate in the blend treatment gradually stabilized after 0.49 d. The rate of salt leaching in

the dual-band and single-band treatments gradually stabilized after 69 d.

3.1.3 Na*and Ca? concentrations in the leachate

The concentrations of Na“and Ca*" in the leachate are shown in Figure 5. The concentrations
of Na"and Ca*' in the leachate of the blend treatment were highest in the initial stage in all

three treatments. After 0.49 d, the Na* concentration tended to be stable.

The Na' concentration in the initial outflow of the dual-band treatment was
approximately half that of the blend treatment. After 16.9 d, the Ca*" concentration in the
dual-band treatment decreased to 0, and the Na*" concentration became steady. After 41.59 d,
the Ca®" concentration showed a gradually increasing trend. The Na* concentration dropped

below 0.1 mol L.

The concentrations and the decrease rates of Na®and Ca®" in the single-band treatment
were the lowest and slowest among the three treatments. The Na" concentration in the single-
band treatment reached a steady flow rate after 38.56 d. In addition, the Ca*" concentration
increased from zero to higher values after 54.07 d, and the Na* concentration was lower than

0.1 mol L.

The chosen first inflection point was the mutation point of the critical exudation rate of
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Na' in the three treatments, which was determined according to the point where the Na”*
concentration decreased to a steady rate. The second inflection point was determined
according to the Ca*" concentration. The second inflection point was marked at the moment
when Ca?' from the FGD gypsum flowed out with the leaching water. Therefore, the positions
of the first inflection point for the single-band, dual-band and blend treatments were 38.56 d,
16.9, and 0.49 d, respectively, and the positions of the second inflection point in the single-
band and dual-band treatments were 54.07 d and 41.59 d, respectively. The blend treatment

exhibited no second inflection point.

3.2 Treated soil chemical properties

3.2.1 Soil pH and EC

The soil pH and EC in the four treatments are shown in Figure 6. The pH in CK had no
obvious difference across the soil layers. In the single-band and dual-band treatments, the pH
was higher at distances farther from the application site of FGD gypsum. The pH value in the
0—40 cm soil layer of the blend treatment ranged from 7.78 to 9.12. In the single-band, dual-
band and blend treatments, the areas with a pH less than 9 accounted for 59.4%, 87.5% and

75%, respectively.

The EC in CK increased with soil depth. Except for the high EC values at the application
sites of FGD gypsum in the band treatments, the distribution of EC in other soil layers was
similar to that of pH. In the blend treatment, the EC was 166.5 mS cm™ in the surface layer

(0-10 cm), then increased and subsequently decreased with increasing soil depth.
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3.3.2 Soluble Na* and Ca?* concentrations

The distributions of soluble Na* and Ca*" concentrations in the reclaimed soil are shown in
Figure 7. Na® in CK migrated downward, and the concentration reached a maximum at a
depth of 30-35 cm. In the single-band treatment, the soluble Na" concentration in the left
portion of soil (0—40 cm) was significantly higher than that in the right portion of soil (40-80
cm).The soluble Na" concentration in the dual-band treatment was significantly lower than
that in the single-band treatment, especially far from the application site of FGD gypsum. In

the blend treatment, the soluble Na" in the surface layer (0—10 cm) was the lowest.

3.3.3 Exchangeable Na* and Ca** concentrations

The distribution of exchangeable Na* and Ca*" concentrations and ESP in the reclaimed soil
are shown in Figure 8. In the single-band treatment, the exchangeable Na* concentration in
the soil below the site of FGD gypsum application 0—40 cm in the horizontal direction was
significantly lower than that of the soil on the right side (40-80 cm). The distribution of
exchangeable Ca’>" was contrary to that of Na™. The Ca** concentration increases of 32% to

156% compared with that of the initial sodic soil.

The exchangeable Na™ concentration in the dual-band treatment was lower than that in
the single-band treatment and was less than 0.5 cmol kg in 88% of the soil. The
exchangeable Ca®* concentration increase ranging from 65% to 166% over that of the initial

sodic soil.

In the blend treatment, the exchangeable Na* concentration was close to 0 at a soil depth

of 0-30 ¢cm and was 3.60 cmol kg™ at 35-40 cm, close to the initial value of the sodic soil.
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The distribution of exchangeable Ca?* showed an opposite trend from that of Na*.

ESP in CK remained high value at a depth of 10-40 cm. The average ESPs in the single-
band, dual-band and blend treatments were 12.43%, 2.24% and 11.23%, respectively. On the
right side (40—80 cm) of the soil in the single-band treatment, the ESP was over 15%. ESP in
the dual-band treatment was less than 15%. In the blend treatment, the ESP at a soil depth of

0-30 cm was close to 0, and at a soil depth of 30—40 cm, it was close to that of the initial soil.

4 Discussion

4.1 The process by which Ca** dissolved from FGD gypsum permeates soil layers

The levels of ESP and pH and the concentration of soluble Na* were lower in the surface soil
(0-20 cm) than at deeper depths in the three treatments. The reason for this phenomenon was
that on the surface of the soil where FGD gypsum was applied, part of the Ca*" dissolved
from the FGD gypsum exchanged with Na*in the surface sodic soil, resulting in the leaching
of Na" by the seepage effect. Another reason was that ions migrate to deeper soil layers with
ultrapure water according to the CK results, but this effect was limited. Low pH caused by the

reaction of COs* and HCOs™ with Ca®" to produce insoluble CaCO:;.

The blend treatment had the fastest seepage velocity, followed by the single-band, dual-
band (left), and dual-band (right) treatments. The transport of dissolved Ca*" from FGD
gypsum is affected by the potential of gravity and osmosis. The presence of Ca*" enlarged the
channel size by promoting colloidal agglomeration and increasing the permeability of the
surface soil (Sakai et al., 2010; Wang et al., 2013; Wang et al., 2008; Zhao et al., 2020), which

rapidly formed predominantly vertical downward channels caused by the low potential of
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horizontal osmosis.

In the single-band and dual-band treatments, the seepage velocities in the horizontal
direction were slow. When the wetting front in the vertical direction in the single-band
treatment arrived at the bottom, there was also a horizontal osmotic potential towards the
right, so partially dissolved Ca®* was transported in the horizontal direction. However, when
the wetting fronts on the two sides of the dual-band treatment overlapped each other, the
horizontal osmotic potential in the upper layer of the soil disappeared. As a result, more Ca*
migrated downward. This process also explains why leachate appeared sooner in the dual-
band treatment than in the single-band treatment. In addition, the different wetting fronts on
the two sides of the dual band treatment might be due to slight differences in the bulk density
of the soil layer during filling. In the blend treatment, there was only one-dimensional motion.
The micro-spaces occupied by dissolved FGD gypsum in the blended layer connect the pore
channels at the soil depth of 0-20 cm to form a pore network. Therefore, the seepage velocity
was the highest in this soil layer among the three treatments. The increase in Ca*
concentration at a depth of 20-30 cm demonstrated that Ca*" migrated to 30-35 cm. In this

process, an intense exchange reaction between Ca*" and Na* occurred along the wetting front.

4.2 Main behaviour in the reclamation process

When there was outflow from the soil, the IS in the leachate changed significantly. The Na*
released in the initial stage of leachate flow was the dominant ion, so the trends of Na®

concentration and EC were concordant.

The first stage ended when the concentrations of Na™ in the single-band, dual-band and

blend treatments reached the first inflection point (38.56, 16.9, and 0.49 d). The EC values of
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the three treatments were in the range of 10 to 11 mS cm™. Using sodium chloride solution as
a reference with an EC value of 10 mS ¢cm™', the molality of sodium chloride at this time was
0.1 mol L". The outflow velocity showed a downward trend. The decreased IS induced
colloidal migration, so blocking of the pore throats was responsible for these phenomena.
Significant amounts of colloids are rapidly released under reduced IS (Roy and Dzombak,
1996; Ryan, 1994). Most of the literature about colloidal release with reduced IS shows that a
decreased IS below a critical value leads to colloid release on account of reduction or
elimination of the secondary energy minimum (Ryan, 1994; Syngouna and Chrysikopoulos,
2015; Torkzaban. S; Kim H. N; Simunek, 2010). With the increase in IS to 0.1 M, colloid
immobilization (Sy) reached 1 (Bradford et al., 2012; Bradford et al., 2015). When the IS was
reduced from 0.1 M to zero, some colloids were released, (Torkzaban et al., 2015), and
outflowed (Bradford et al., 2015). Other evidence suggested that the critical salinity (i.e., the
EC associated with the critical salt concentration) for particle release was 7 mS cm™. When

the salinity changed abruptly, fine particles eluted from the soil column.

High IS can compress the electric double layer of colloids and porous media and
increase the attractive interaction between them (Bradford et al., 2015; Sasidharan et al.,
2014; Torkzaban et al., 2015; Kim H. N; Simunek, 2010). Hence, colloidal migration was
unlikely to occur in the first stage. In the second stage, the colloids adsorbed in the secondary
minimum were released into the solution due to decreased IS. When the colloids migrated to
the throat of the channel, physical blockage gradually reduced the velocity of the outflow. As
a result, the velocity decreased and reached a stable level. Notably, the Na™ concentration in

the dual-band treatment showed a small peak during the period of 21-23 d, which might be
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caused by the increase in Na' concentration along the channel after the solution penetrated
through the soil layer on the right side of the dual bands and mixing of the two channels
occurred. At the second inflection point, on account of decreased horizontal permeability and
the complete exchange of Ca*" for Na' in the surrounding channels, some Ca*" spread
vertically and flowed out of the soil with the water flow, resulting in a gradually increased
Ca*" concentration. In addition, in the band treatments, the distribution of exchangeable Ca*"
in the soil was uniform, and the concentration was approximately 2 times that of the original
sodic soil, which proved that the adsorption of Ca? had reached saturation. The blend
treatment did not reach the second inflection point, which was attributed to some Na" in the

bottom layer not being washed out by the exchange reaction.

The exchange reaction of K" and Mg?* in soil is often neglected (Wang et al., 2013). The
concentrations of exchangeable K" and Mg*" increased in the reclaimed soil and were more
evenly distributed (data not shown). The results showed that in the third stage of the

experiment, the exchangeable K and Mg** all came from the FGD gypsum.

4.3 Effects of the three application methods on the amelioration of sodic soil by FGD

gypsum

All three application methods of FGD gypsum could reclaim sodic soil. Because of the low
solubility of FGD gypsum (approximately 2 parts per thousand at normal temperature), Ca**
could be continuously released into the soil water. Therefore, a large amount of FGD gypsum

can achieve the long-term amelioration of sodic soil.

In the absence of FGD gypsum (CK), Na* permeated with water and cause changes in

ESP, particularly at a depth of 0—10 cm. The distributions of soluble and exchangeable Na*
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and ESP in the band treatments indicated that the exchange reaction between Ca*" and Na
and leaching of Na® in the dual-band treatment were better than those in the single-band
treatment. The main channels were mainly concentrated in the vertical direction under the
areas where FGD gypsum was added. In addition, the buried FGD gypsum in the single-band
treatment had a pungent smell, which may be caused by hydrogen sulfide produced by
reduction in the absence of oxygen for a long time. The aqueous solution of hydrogen sulfide
is acidic and therefore lowers the pH of the soil. The effect of the single-band treatment in the
horizontal direction greater than 30 ¢cm is unknown. The two bands of FGD gypsum with a
separation distance of 60 cm successfully remediated all of the soil in the bin. The advantages
of the band treatments were that they required little investment and released Ca** for the long
term. The blend treatment had advantages in terms of desalination, low water usage and a
high rate of alkali reduction; however, the high salt concentration in the leachate might cause
salt stress compared with band treatments. In addition, the soil at a depth of 30-40 cm still
had some soluble Na‘, which was consistent with the EC (4 xS cm™) in the leachate and pH
(9.54) and ESP (27.99%) in the reclaimed soil. The blend application of FGD gypsum
requires a large amount of manpower, material resources and funding support. An inadequate

amount of FGD gypsum would have anti-salt and anti-alkali effects.

5 Conclusions

In this study, three application methods of FGD gypsum were used to study the amelioration
of sodic soil. All application methods reclaimed sodic soil via different Ca*" pathways. The

Ca*" pathway, which was affected by soil moisture and gravitational potential, determined the
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areas for amelioration. In the leachate of the blend treatment, a large amount of Na" was
released in a short time due to the high release velocity of effective Ca*" and no horizontal
osmotic potential, while Na* was released slowly in the band treatments. The amelioration
areas of the single-band and dual-band treatments were mainly concentrated under the areas
where the FGD gypsum was placed. The application of a single band with excessive FGD
gypsum could effectively reclaim half of the total sodic soil in the bin, while the application
of dual bands reclaimed all of the sodic soil in the bin. In conclusion, the advantage of single-
band and dual-band treatments is their ability to reclaim sodic soil for a long time with simple

operation, in contrast to blend treatment.
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461 Table 1

462  Physical and chemical properties of the initial soil and major components of the flue gas

463  desulfurization (FGD) gypsum used in this study.

Soil texture (g kg™)

EC ESP Bulk density
pH Sand Silt Clay
(nS cm™) (%) (g em?)
601.9 10.46 36.20 1.50 260 570 170

Ton content (cmol kg™)

K Na Ca Mg Cr SO» CO;*+HCOy
Soluble ions 0.03 2.70 0.05 0.06 0.73 0.08 0.11
Exchangeabl
0.14 3.58 2.58 1.00 — — —

e ions

Major components of the FGD gypsum (g kg™)

SO; CaO CO, SiO, MgO Na,O K,O N F Cl Others
45.40 42.50 5.30 1.47 1.40 1.11 0.04 0.86 0.69 0.31 1.12

464  EC, electrical conductivity; ESP, exchangeable sodium percentage.
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466  Fig. 1. Sketch of the soil bin used in this study.
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468 Fig. 2. Relationship between electrical conductivity (EC) and salt concentration in
469 lechate. y represents the salt concentration in lechate, g L. x represents EC, mS cm™.
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473 Fig. 3. Sketch of the wetting front (a) and seepage velocity (b) for different

474  treatments. Yy, Y2, Y3 and Y, are fitting functions for the following treatments: single
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475  band, dual bands (left), dual bands (right) and blend, respectively.
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478  Fig. 4. Variation in the cumulative volume (a) and salt concentrations in leachate (b)

479 with time for different treatments.
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481 Fig. 5. Soluble Na' (a) and Ca®" (b) concentrations of leachate with time for different
482 treatments during the water infiltration process. Inflection point 1 indicates the point
483  at which the concentration of Na' in the outflow decreases to a stable level. Inflection
484 point 2 indicates the residual Ca*" in the effluent are beginning to flow out; the blend

485 treatment shows no such phenomenon.
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487 Fig. 6. Soil pH and electrical conductivity (EC) at a depth of 0-40 cm 2 days after

488 water infiltration for different treatments.
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490 Fig. 7. Soluble Na* (a) and Ca*" (b) in the reclaimed soils at a depth of 0-40 cm 2

491 days after water infiltration for different treatments.
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493  Fig. 8. Exchangeable Na" and Ca*" and exchangeable sodium percentage (ESP) in the
494  reclaimed soils at a depth of 0—40 cm 2 days after water infiltration for different

495 treatments.
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