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Abstract

This paper shows the impact of long-term reclamation practices on the content and qualitative composition of exchangeable base
cations of the solonetz soil. Based on the results of field visits and laboratory analyses, chemical and agrotechnical reclamation
practices (phosphogypsum application 25 t ha™ or 50 t ha™!, drainage pipes distance 20 m, trenching 50 cm, fertilization, soil tillage
and cropping) have been applied to the solonetz soil. Analyses of cation exchange capacity (CEC) have shown that calcium (Ca*?)
and sodium (Na®) cations prevailed over magnesium (Mg*?) and potassium (K*) cations in the soil exchange complex in all variants
and all depths. Comparisons among variants and soil layers have shown that the contents of individual exchangeable base cations
varied significantly (P < 0.05). The highest changes in exchangeable calcium content were achieved to the depth of 30 cm, in both
treated variants, and these changes were still higher in the variant with 50 t ha™ of phosphogypsum. The content of exchangeable Na*
decreased by 43 % to 71% in variant I and by 23% to 64% in variant II in comparison with the control variant. The application of the
reclamation practices caused changes in the composition and proportions of cations in the layers of the solonetz soil to the depth of
50 cm. When compared with CEC in the control variant, the exchangeable sodium percentage (ESP) in the treated variants decreased
by 6% to 15% after fifteen years.

Keywords: reclamation; exchangeable cations; phosphogypsum; solonetz soil.
Abbreviations: cation-exchange capacity (CEC); exchangeable sodium percentage (ESP); sodium adsorption ratio (SAR); gypsum
requirements (GR); exchangeable Na (Nag.,); equivalent weight (Eqwt)

Introduction

Solonetz soils cover large areas around the world. In Europe specific nature of the soil type in question and the climatic
only, they cover more than 20 million ha. There are about conditions of the given area. Based on the above theoretical
80.000 ha of solonetz soil in Vojvodina - a region in the postulates and the results of solonetz reclamation projects
south of the Pannonian basin, in the north of the Republic of previously conducted in this region, the following
Serbia. It is characterized by unfavorable physical and reclamation practices were determined to be necessary:
chemical features, caused by high contents of clay and chemical reclamation - phosphogypsum application, physical
sodium in the Bt,na horizon (Beli¢ et al., 2006). Sodium reclamation - loosening the compact Bt,na horizon, excess
causes a strong alkaline reaction and peptization of colloids, sodium removal - setting up a combination of underground
which are primary causes of extremely unfavorable chemical, pipes and surface drainage canals, agrotechnical reclamation
physical, and water and air properties of solonetz soils. For - fertilization with mineral and organic fertilizers, biological
those reasons, this soil type is typically used as a natural reclamation - selecting and growing appropriate field crops
pasture. The objective of applying reclamation measures to (Petrovic et al., 2010). The use of chemical reclamation dates
solonetz soils is to change their cation content, which is back to German naturalist Meyer (cit. Lozanovska, 1987). He
achieved by decreasing the sodium level and increasing the noticed positive effects of gypsum on sodic soils and
calcium cation level (Ca®*), which leads to the coagulation of recommended its application. The chemical reaction created
soil colloids (Kruzhilin and Kazakova, 2011). Improvement by the input of gypsum in soil was explained by Hilgard
of solonetz properties, achieved by application of complex (1906): Na,CO; + CaSO,4 “_, Na,SO,4 + CaCOs_ Hilgard was
reclamation practices, has been achieved in a variety of cited in numerous papers, because his theoretical and
different climatic conditions. The time needed to reclaim practical instructions have been accepted in many countries
soils such as solonetz depends on climatic conditions, (Miljkovi¢, 1963). The research results of Gedroiz (1917)
reclamation practices applied, and the predefined extent of served as the scientific basis for solonetz reclamation in the
improvement. In order to attain best possible effects in the former USSR. Numerous studies showed that solonetz
shortest period of time and maintaining economic viability, it reclamation by gypsum application was highly effective,
is necessary to choose reclamation practices based on the bringing significant increases in the productivity of the
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cultivated plants (Pak, 1975; Abrol and Gupta, 1988;
Bahceci, 2009; Makoi, 1995; Agar, 2011; Lyubimova, 2011;
Voropaeva et al., 2011). Phosphogypsum is a byproduct in
the process of phosphoric acid production. Depending on the
origin of phosphates, phosphogypsum contains around 1-
1.25% P,0s, 0.25-1.0% F, 2-3% SiO,, 0.05-0.4% AlL,O;, 0.1-
0.2% Fe,05, 0.01-0.2% Na,O, and 0.01-0.07% organic
matter. Phosphogypsum provides good results in reclaiming
highly alkaline soils. Phosphogypsum application leads to the
forming of sodium sulphate (Na,SO,) which is leached from
the soil profile. The application of phosphogypsum increases
the content of Ca** and decreases the alkaline reaction, thus
improving the content and stability of structural aggregates,
water and air properties, thermal and nutrient status, and the
effective fertility of solonetz soils (Amstrong and Tanton,
1992; Gharaibeh et al., 2009). In the years following
phosphogypsum application, increased amounts of organic
and mineral fertilizers are combined with conventional
cultivation practices. During that period, crops tolerant to a
high alkaline reaction (wheat, barley, sunflower, sorghum,
castor bean) are grown. After soil quality improvement has
been achieved, other crops may be grown on the reclaimed
solonetz soil as well (Dimitrijevi¢ et al., 2011). The aim of
this paper was to determine the changes in the content and
qualitative composition of exchangeable base cations in the
adsorptive complex of a solonetz soil after fifteen years of
application of reclamation practices.

Results and Discussion
Content of exchangeable Ca**

Compared with the control variant, the content of
exchangeable Ca®* increased in the treated variants, in all soil
layers to the depth of 50 cm (Table 1). In the control variant,
the content of Ca** varied from 1.85 cmol kg™ in the surface
layer (0 - 10 cm) to 4.31 cmol kg™ in the layer from 40 to 50
cm, with a trend of increase with depth. In variant I, the
content of Ca®* varied from 8.47 to 9.35 cmol kg and in
variant II from 10.27 to 14.22 cmol kg™'. In contrast to the
control, with the which the content of Ca®* decreased with
depth in variants I and II. Largest changes in the content of
exchangeable Ca®™* were achieved to the depth of 30 cm in
both treated variants, and better results were obtained in the
variant with 50 t ha™' of phosphogypsum.

Content of exchangeable Mg**

Magnesium (Mg®*) content was less abundant than Ca®*
content in all variants and examined layers (Table 2). The
application of phosphogypsum increased the content of
exchangeable Mg?* in both treated variants, with a tendency
of Mg*" increase with depth in both variants too.

Content of exchangeable Na*

The distribution of exchangeable sodium (Table 3) in the
examined layers was similar to that of the exchangeable
magnesium. The contents of exchangeable sodium, however,
were significantly higher in all examined layers than the
contents of magnesium. In the control variant, the content of
Na* varied from 4.62 cmol kg™ in the surface layer (0 - 10
cm) to 13.79 cmol kg in the layer from 40 to 50 cm. When
compared to the Na® content in the control variant, the
content of exchangeable Na* decreased by 43% to 71% in
variant I, and by 23% to 64% in variant II.
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Content of exchangeable K*

Highest contents of exchangeable K*, from 2.88 to 3.30 cmol
kg"', were found in variant II, followed by variant I, from
2.08 to 2.45 cmol kg’1 (Table 4). The contents of
exchangeable potassium in the control variant were lower
than those in the treated variants. The control variant
contained only 0.38 cmol kg'of exchangeable K* in the
surface layer (from O to 10 cm), while the highest content of
exchangeable K*, 0.83 cmol kg™', was in the layer 20 to 30
cm. The distribution of exchangeable K* along soil profile
was fairly uniform in the treated variants.

Sum of base cations

The sums of base cations (Ca**, Mg®*, Na * and K*) in
variants 1 and II were increased from 9% to 57% in
comparison with the control variant (Table 5). The highest
sums of base cations were found in variant Il (from 19.40
cmol kg™ to 26.23 cmol kg™ of soil). In the control variant,
the sums of base cations ranged from 7.55 to 20.23 cmol kg
of soil and they were significantly lower than the values in
variants I and II. According to the distribution per soil layers,
the sums of base cations increase with depth, almost
invariably in all variants.

Soil pH

The values of soil pH (in 1M KCl) differed in the examined
variants and soil layers (Table 6). The soil reaction varied
from slightly acid, over neutral, to alkaline. The surface
layers of all examined variants had lower pH values than the
deeper layers. According to Thun's (1955) classification, the
surface layer (0 - 10 cm) in the control variant had a slightly
acid to neutral reaction (pH 6.5). The soil reaction increased
with depth, with all the deeper layers becoming alkaline.
Compared with the control variant, the pH value decreased in
almost all layers of the treated variants. In variant I, the
layers from O to 20 cm were neutral (pH 6.68-6.88) and from
20 to 50 cm alkaline (pH 7.36-7.91). In variant II, the lowest
pH value (pH 5.41) was in the surface layer, the highest (pH
7.13) in the layer from 40 to 50 cm.

ESpP

Compared with the values of CEC, the exchangeable sodium
percentage was below 15% in almost all layers of the treated
variants, except in the layer 40 to 50 cm in variant I and
variant II (23.88% and 18.72%, respectively). The
reclamation measures decreased the values of ESP from
6.02% to 15.55 % in all analyzed layers (Table 7).

Cation exchange

A primary goal of solonetz reclamation is to decrease the
exchangeable sodium percentage below 15% of CEC (WRB,
2006; Agar 2011; Voropaeva et al., 2011). Soil cation content
is variable due to specific properties of soil colloids, which
are typically negatively charged and have the ability to
adsorb and desorb cations. The energy of adsorption depends
on the charge of individual cations and the thickness of the
layers of water molecules. Hydrophilic Na* ions have lower
adsorption energy than K*ions. When in soil, ions are placed
in the following order according to their adsorption energy:
Ca®* > Mg” > K* > Na*. It is characteristic for cations that,
beside the adsorption in the diffuse and adsorptive layer, they



Table 1. The values of exchangeable calcium (Ca”*) in the treated variants and the control.

Ca”™ (cmol kg Ca (%)
Depth . . . Differenc
(cm) Control Variant I Variant 11 Difference Difference Difference
I I I I

0-10 1.85aA 8.85 aB 13.34 bcC +7.00 +11.49 +478 +721
10-20 1.91 aA 9.21 aB 14.22 ¢C +7.30 +12.31 +482 +745
20-30 2.40 aA 9.35aB 12.97 abcB +6.95 +10.57 +390 +540
30-40 4.21 bA 9.34 aB 11.25 abB +5.13 +7.04 +222 +267
40-50 4.31 bA 8.47 aB 10.27 aB +4.16 +5.96 +197 +238

Control - natural pasture, variant I - PG 25 t ha + soil loosening down to 50 cm of depth, drain spacing of 20 m, variant II - PG 50 t ha™ + soil
loosening down to 50 cm of depth, drain spacing of 20 m. Means in the same column followed by different small letters are significantly different at P
< 0.05 using Fisher’s LSD test. Means in the same row followed by different capital letters are significantly different at P < 0.05 using Fisher’s LSD

test.
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Fig 1. Percentages of Mg** and Na* compared with the sum of base cations.

can be bonded in the interlaminar space of clay minerals with
the 2:1 grid structure, and they are excluded from cation
exchange. For example, this is the case with ions of K* (ion
radius 0.13 nm), which enter the hexagonal apertures in
tetrahedrons. Only the three-layered minerals, for example
smectites, have the ability of bonding cations. Cations enter
the interlaminar space when it is expanded (Vozbuckaja,
1968) and they bond with both negative oxygen surfaces.

Sum of exchangeable cations

Examining a solonetz soil under irrigated alfalfa, Szabolcs
(1971) found that the sum of exchangeable cations in the
surface layer (0 - 20 cm) increased from 28.0 cmol kg™ to
31.94 cmol kg'. Typical steppe solonetz soils in various
regions of Russia were found to be similar in the sum of
exchangeable cations (Ca®*, Mg®*, Na* and K*). The sum of
exchangeable cations in the surface horizon is typically very
low and it varies from 5 to 10 cmol kg™'. This value increases
with depth and in the Bt,na horizon it varies from 10 to 20
cmol kg"l. In the C-horizon, the value decreases back to the
level of 5 to 10 cmol kg’1 (Pak, 1975). The increased sums of
exchangeable cations in the Bt,na horizon are connected with
high contents of clay fraction and exchangeable sodium and a
high alkaline reaction. Mozheiko (1966) reported that the
sum of exchangeable cations in a solonetz soil was increased
by reclamation measures from 22.4 to 30.38 cmol kg in the
surface horizon and from 20.06 to 23.93 cmol kg™ in deeper
horizons.
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Contents and relationships between exchangeable cations

The results presented in Tables 1 to 7 show that the applied
reclamation measures changed the quantitative and
qualitative composition of exchangeable cations. Compared
with the control variant, the content of exchangeable calcium
was increased in all treated variants. Highest contents of
exchangeable calcium were found in the soil layers in variant
II (50 t ha PG). Oborin (1958) wrote that, 12 years after
gypsum application to solonetz soils, the content of
exchangeable sodium was decreased from 38.5% to 16.4% in
the illuvial Bt,na horizon while the content of calcium was
increased. Slevkova (1991) reported that, ten years after
phosphogypsum application to solonetz soils, the content of
exchangeable calcium was increased from 32.8-41.6% to
72.8-77.6%, and the content of exchangeable sodium was
decreased from 9.7-19.8%, to 3.9-4.6%. A single application
of the complete rate of phosphogypsum (32 t ha, the
optimum rate for the top 20 cm layer) considerably decreased
the sodium content (from 18.8 meql00g” of soil in the
control variant to 12.7 meq100g™ of soil by the end of the
first year after reclamation, and to 2.2, 2.7, and 2.9 meq100g"
1 of soil in the fourth, seventh, and twentieth year after
reclamation, respectively (Voropaeva et al., 2011). Changes
in the relations among exchangeable cations significantly
improved the chemical, physical and production
characteristics of solonetz soils (Sahin et al., 2003, Kruzhilin
and Kazakova, 2011). A study of the content of exchangeable
cations in typical solonetz soils in various regions of Russia



Table 2. The values of exchangeable magnesium (Mg**) in the treated variants and the control.

Mg**(cmol kg™ Mg (%)
Depth . . . Differenc
(cm) Control Variant T Variant I Difference Difference Difference

I I 1 o

0-10 0.71 aA 1.42 aA 0.87 aA +0.71 +0.16 +200 +123
10-20 1.01 abA 2.14 abA 1.14 aA +1.13 +0.13 +212 +113
20-30 1.90 cA 3.53 cA 2.30 bA +1.63 +0.40 +186 +121
30-40 1.67 cA 4.05cB 3.51¢cB +2.38 +1.84 +243 +210
40-50 1.47 bcA 3.17 bcB 4.26 cC +1.70 +2.79 +216 +290

Control - natural pasture, variant I - PG 25 t ha” + soil loosening down to 50 cm of depth, drain spacing of 20 m, variant II - PG 50 t ha" + soil
loosening down to 50 cm of depth drain, spacing of 20 m. Means in the same column followed by different small letters are significantly different at P
< 0.05 using Fisher’s LSD test. Means in the same row followed by different capital letters are significantly different at P < 0.05 using Fisher’s LSD

test.
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Fig 2. Relationship between pH in KCI and cation exchange capacity (CEC).

showed that calcium and magnesium had highest contents
regardless of the bioclimatic characteristics of the region,
characteristics of the native substrate and soil texture. This
feature was characteristic for all solonetz soils subject to the
steppe climate. According to the results of this study, the sum
of exchangeable Na* and Mg** was over 50% of the sum of
base cations in all soil layers of the control variant (Fig 1). In
the treated variants, the shares of Na™ and Mg2+ decreased in
all examined layers due to the increased contents of
exchangeable Ca® and K*, especially in variant IL If the sum
of exchangeable sodium and magnesium is higher than 50%
of the sum of exchangeable base cations, the features of
solonetz soils are less favorable. In the soils with a low level
of sodium and a high level of magnesium, gypsum placement
lessens the risk of formation of toxic Mg-humates (Pak,
1975). High magnesium level in solonetz soils is a
consequence of a change in the structure of montmorillonites.
AP** changes from tetrahedron to octahedron position,
substituting Mg*. This weakens the stability of mineral
structure and increases the chances of its disintegration and
the release of the Mg* ion. The above mechanism is
considered to be a possible explanation for a high level of
magnesium in solonetz soils from the crystallochemical point
(Pak, 1975). In our study, increased contents of exchangeable
Mg”* in the treated variants resulted from changes in the
mineralogical composition of the treated soil, as confirmed
by positive correlations between the content of exchangeable
Mg2+ on one side and smectite and vermiculite on the other, r
= 0.82 and r =0.76, respectively. Based on a study of the
composition of clay fractions, CiZikova (1973) concluded
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that Na,CO; influences disintegration of mixed-layer
phyllosilicates. Under the influence of Na,CO; and NaHCO;
the mixed-layer mica-montmorillonite becomes highly
dispersed. Also, it partially decomposes and due to the
substitution in the structure of Mg**- and Al**-containing
minerals (Kellerman, 1972). Based on laboratory studies, he
concluded that chloride salts and sodium or magnesium
sulphates decompose aluminosillicates more effectively than
carbonates. High contents of NaCl and Na,SO, in the solution
significantly increase CaCOj; solubility. CaCOj; solubility is
also affected by increased contents of CO, in the soil air that
had formed as a result of biochemical processes. Ca®*
released from CaCO; may have a reclamation role: CaCO; +
H,0— Ca®* + 20H" + CO,, although the solubility of CaCO;
is very low (0.00014 moles L") when compared with
CaS0,*2H,0 (0.0154 moles L) (Seelig, 1991). According
to Sigmond (1933), 16 t ha” of CaCOj5 applied to the non-
calcareous solonetz soil in Hungary decreased the content of
exchangeable sodium from 34 to 6 cmol kg after three
years. In our study, the increased content of exchangeable K*
in the treated variants resulted from the application of
mineral and organic fertilizers and changes in the
mineralogical composition. It is believed that a share of K*
ions is bound inside the interlaminar space of the illite lattice,
and it is less responsive to ionic exchange. The small size of
the interlaminar space of illite (0.35 nm) slows down the
entry of water molecules (0.27 nm) and cations which may
substitute K* ions in the lattice. With time, however, under
the influence of water and the present cations (H*, Ca** and
Mg“), the chemical content of illite changes, via the



Table 3. The values of exchangeable sodium (Na*) in the treated variants and the control.

Na*(cmol kg™ Na (%)
Depth . . . Differenc
(cm) Control Variant T Variant I Difference Difference Difference

I I 1 o

0-10 4.62 aB 3.30 aB 1.94 aA -1.32 -2.68 -71 -42
10-20 9.66 bC 4.12 aB 2.20 aA -5.54 -7.46 -43 -23
20-30 12.55 cC 5.60 abB 2.92 abA -6.95 -9.63 -45 23
30-40 13.19 ¢cC 8.26 bB 4.80 bA -4.93 -8.39 -63 -36
40-50 13.79 ¢cB 8.34 bA 8.81 cA -5.45 -4.98 -60 -64

Control - natural pasture, variant I - PG 25 t ha” + soil loosening down to 50 cm of depth, drain spacing of 20 m, variant II - PG 50 t ha" + soil
loosening down to 50 cm of depth, drain spacing of 20 m. Means in the same column followed by different small letters are significantly different at P
< 0.05 using Fisher’s LSD test. Means in the same row followed by different capital letters are significantly different at P < 0.05 using Fisher’s LSD

test.

M -0

-

ST - catt
Comedanion r=-5T43

Na' e chimpeable (cmo kg ')

C&* enchang esbils (copl kg™

"|_S5% confidence

Fig 3. Relationship between exchangeable Ca®* and Na*.

expanded illite, to montmorillonite or vermiculite. Potassium
is present in soil in several forms. It may be present in soil
solution or in minerals, or it may be adsorbed or bound. Low
levels of potassium in soil solution and significantly high
levels of adsorbed and bound potassium can be explained by
the fact that K™ ions have higher binding capacity that the
other cations (Jakovljevi¢ and Pantovi¢, 1991; Al-Zubaidi
and Bashour, 2008; Najafi and Abtahi, 2012). In the alkaline
environment caused by a high level of exchangeable Na*,
calcium and magnesium form less soluble compounds, which
tend to decrease the solubility of phosphogypsum. The
previous statement is further confirmed by a high negative
correlation between the content of exchangeable sodium on
one side and the contents of calcium and magnesium in soil
solution on the other (r = -0.66 and r = -0.60, respectively).
Krupskij et al. (1983) found high correlations between
exchangeable calcium and calcium content in soil solution in
both, the surface horizon (r 0.83), and in the illuvial
horizon (r 0.88) of solonetz soils. A high positive
correlation (r = 0.68) between the exchangeable Ca** and
Ca®* in soil solution was also found in our study. Based on
this correlation, it could be concluded that calcium is more
strongly adsorbed in the divalent form, which has a thin layer
of water molecules and which decreases the zeta potential of
colloid particles. Unlike calcium, sodium is more readily
desorbed from the surface of colloid particles to the diffuse
layer, as confirmed by a low correlation between the content
of exchangeable Na* and Na* in the soil solution (r = 0.18).
As desorbed sodium ions pass into the diffuse layer, the zeta
potential of colloid particles increases, and they begin to
repulse each other. At the same time, the thickness of the
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water layer around sodium ions and colloid particles
increases. The increased zeta potential and the thicker water
layer lead to peptization of colloids (Atinut et al., 2004).
Apart from cations in the surface layer of colloid particles,
the colloid potential is also affected by electrolytes in the soil
solution. For example, if, due to poor drainage, the soil has a
high content of exchangeable sodium and there is a high
content of sodium ions in the soil solution, it lowers the rate
of dissociation and the zeta potential decreases (Ilyas et al.,
1997). This may explain the low correlation between the
content of exchangeable sodium and the content of sodium in
water solution. Similarly to sodium, magnesium, but only if
present in a high content, can also cause the peptization of
colloids. In the case of reclamation of solonetz soils, the
drainage practice serves to remove the desorbed sodium from
soil profile. If there is no sufficient water supply, the
substitution of exchangeable sodium ions by calcium ions is
not complete, calcium from the adsorptive complex is
partially desorbed into the soil solution, and sodium from the
solution becomes adsorbed into the adsorptive complex
(Rizova, 1975). The balance between exchangeable cations
and cations in soil solution is shown by SAR. The SAR
values determined in this study were in a high positive
correlation with the content of exchangeable sodium (r =
0.70). Several authors (Jakovljevi¢ and Pantovi¢, 1991;
Zivkovié, 1991; Miljkovié, 1996) claimed that, in the alkaline
soil, adsorption of base cations increased because the content
of acidoid was increased during the previous desorption of
H* ions from mineral and organic colloids. In the alkaline
soil, cations from soil solution substitute not only H* ions
from all COOH groups, but also H ions from OH" groups in



Table 4. The values of exchangeable potassium (K*) in the treated variants and the control.

K* (cmol kg'") K (%)
Depth . . . Differenc
(cm) Control Variant T Variant I Difference Difference Difference

I I 1 o

0-10 0.38 aA 2.45 aAB 3.24 aB +2.07 +2.86 +645 +853
10-20 0.71 abA 2.28 aA 3.30 aA +1.57 +2.59 +321 +465
20-30 0.83 bA 2.34 aA 2.93 aA +1.51 +2.10 +282 +353
30-40 0.73 abA 2.40 aA 2.88 aA +1.67 +2.15 +329 +395
40-50 0.65 abA 2.08 aA 2.89 aA +1.43 +2.24 +320 +445

Control - natural pasture, variant I - PG 25 t ha™ + soil loosening down to 50 cm of depth, drain spacing of 20 m, variant II - PG 50 t ha™ + soil
loosening down to 50 cm of depth, drain spacing of 20 m. Means in the same column followed by different small letters are significantly different at P
<0.05 using Fisher’s LSD test. Means in the same row followed by different capital letters are significantly different at P <0.05 using Fisher’s LSD

test.
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Fig 4. Relationship between pH (in KCI) and exchangeable Na*.

humic acids as well as those from OH™ groups in clay
minerals. The value of CEC depends on the mechanical and
mineralogical content, quantity and quality of cations and
anions, content and quality of organic matter, chemical
reaction, physical, water/air and other properties of the soil
(Beli¢, 2005). According to Bresler et al. (1982), in arid
regions, the active soil surface depends primarily on the
contents of minerals (smectites and/or vermiculites) and
organic colloids (organic matter), pH value, and the content
and quality of salts in soil solution. The same author claimed
that the value of CEC increased significantly with the rise in
pH value, which was also confirmed in our study (r = 0.61).
Curtin and Rostad (1997) also determined a high dependence
between pH and CEC (r = 0.86).

Materials and methods

Phosphogypsum is a byproduct in the process of phosphoric
acid production by a so-called wet procedure, when natural
phosphates are treated with sulfuric acid. It is commonly
stored in dump areas close to the factories of phosphoric acid,
which frequently present ecological problems. Depending on
the origin of phosphates, phosphogypsum contains around 1-
1.25% P,0s, 0.25-1.0% F, 2-3% SiO,, 0.05-0.4% AlL,O;, 0.1-
0.2% Fe,05, 0.01-0.2% Na,O, and 0.01-0.07% organic
matter. Due to favorable chemical and mineralogical contents
and the acid chemical reaction (pH 2.8-3.0), phosphogypsum
provides good results in reclaiming highly alkaline soils.
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Gypsum requirement is estimated on the basis of the status of
the cation exchange complex in the soil, cation exchange
efficiency and the initial and final ESP, i.e., using the formula
described in USSL Staff (1954) as follows:

E qwtEypsum

xmg Na mmol ! kg_1 soil
E qwt Na

GR =Na X

exch

where, GR is gypsum requirement (g kg'); Na exch is
exchangeable Na (mmol kg'1 soil); Eqwt is Equivalent
weight.

When phosphogypsum containing CaSO,*2H,0-dihydrate is
applied, calcium ions are adsorbed and they replace sodium
ions in the adsorptive complex, thus forming sodium sulphate
(Na,SO,). an easily soluble salt which is then leached from
the soil profile through drainage pipes. After the application
of gypsum or phosphogypsum, the content of Ca** increases,
the alkaline reaction decreases, improving the content and
stability of structural aggregates, water and air properties,
thermal and nutrient status, and the effective fertility of
solonetz soils (Amstrong and Tanton, 1992; Gharaibeh et al.,
2009). In the first years of ameliorations, the surface layer of
solontez soil is disked in order to achieve good incorporation
of phosphogypsum, its mixing with the soil and the formation
of a mealy layer for sowing. Ploughing would extract Bt, na
horizon on the surface, and therefore it is not applied. Apart



Table 5. The sums of base cations in the treated variants and the control.

Sum of base cations (cmol kg")

Sums of base cations

Depth (%)

(cm) Control Variant T Variant II })1fference glfference })1fference glfference
0-10 7.55 aA 16.02 aB 19.40 aB +8.47 +11.85 +212 +257
10-20 13.29 bA 17.75 abAB 20.86 aB +4.46 +7.57 +134 +157
20-30 17.68 cA 20.83 abcA 21.12 aA +3.15 +3.44 +118 +119
30-40 19.81 cdA 24.05 dA 22.44 abA +4.24 +2.63 +121 +113
40-50 20.23 dA 22.05 cdA 26.23 bA +1.82 +6.00 +109 +130

Control - natural pasture, variant I - PG 25 t ha™ + soil loosening down to 50 cm of depth, drain spacing of 20 m, variant II - PG 50 t ha™ + soil
loosening down to 50 cm of depth, drain spacing of 20 m. Means in the same column followed by different small letters are significantly different at P
<0.05 using Fisher’s LSD test. Means in the same row followed by different capital letters are significantly different at P <0.05 using Fisher’s LSD

test.

Table 6. Soil pH in the treated variants and the control.

Depth pH in KC1 pH in KCI (%)
. . Difference Difference Difference Difference

(cm) Control Variant [ Variant I1 I I I I

0-10 6.51 aB 6.68 aB 5.41 aA +0.17 -1.1 +103 -83

10-20 7.45 bB 6.88 abB 5.43 aA -0.57 -2.02 -92 -73

20-30 7.75 bcB 7.36 bcB 5.93 abA -0.39 -1.82 -95 =77

30-40 7.89 cB 7.64 cB 6.43 bcA -0.25 -1.46 -97 -81

40-50 7.91 cB 7.91 cB 7.13 cA 0.00 -0.78 +100 -90

Control - natural pasture, variant I - PG 25 t ha™' + soil loosening down to 50 cm of depth, drain spacing of 20 m, variant II - PG 50 t ha + soil
loosening down to 50 cm of depth, drain spacing of 20 m. Means in the same column followed by different small letters are significantly different at P
<0.05 using Fisher’s LSD test. Means in the same row followed by different capital letters are significantly different at P < 0.05 using Fisher’s LSD

test.

from the regular agrotechnical measures, ameliorative
amounts of organic and mineralogical fertilizers are inserted,
and in the first years crops which can handle alkali reaction
(wheat, barley, sunflower, sorghum, ricinus) are grown, and
after improving the features of solonetz soils, other crops as
well (Dimitrijevi¢ et al., 2011).

Site location and sampling

The study of the effect of reclamation practices on the
content and qualitative composition of exchangeable base
cations of the solonetz soil was conducted at Kumane
experimental field (N - 45° 31° 207, E - 20° 11’ 43”, 75 m
asl, area 2 ha) in Serbian Province of Vojvodina, established
on a solonetz soil. A total of 75 soil samples were collected
from all treated variants, from 0-10, 10-20, 20-30, 30-40 and
40-50 cm soil layers. The analyzed soil belongs to the order
of halomorphic soil, the class - solonetz soils (Aoh/E-Bt,na-
C), the type - solonetz soils, the subtype - typical, the variety
- non-saline, the form - medium deep (§korié et al., 1985).

Soil treatment

During the amelioration of solonetz, complex physical-
chemical processes occur, such as: dissolution of
phosphogypsum,  adsorption,  desorption, substitution,
retention of ions, forming and leaching of the products of
chemical reactions. Amounts of rainfall and air temperatures
have a high impact on the course and intensity of these
processes. The impact of the applied reclamation practices on
the adsorption complex of the solonetz soil was studied in
conditions of natural rainfall, without irrigation. As the
ground water table was below 2 m, the rainfall (Table 8) was
the only source of water to the studied soil. Complex
chemical and cultural reclamation measures were applied
within the following variants: control variant - natural
pasture, variant I - drainage pipes 20 m apart + 25 t ha™ PG +
trenching to 50 cm, variant II - drainage pipes 20 m apart +
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50 tha™' PG + trenching to 50 cm. The mineralogical analysis
of the phosphogypsum applied showed that its composition
was: gypsum (CaSO,* 2H,0) - 80-95%; calcium
hydrophosphate (CaHPO,*2H,0) - 10-15%; apatites, illites,
smectites, quartz, feldspars, and gaotaiite - 3%; and other
trace minerals - 1% (Rajkovi¢ et al., 1995, Beli¢, 1999).

Laboratory analyses

Soil texture was determined by the pipette method. Samples
were prepared for analysis using sodium pyrophosphate
according to Thun (1955). Soil pH was measured in a soil
suspension with potassium chloride (IM KCl) 1:2.5,
potentiometrically in an InoLab pH meter (Chapman and
Pratt, 1961). Samples were saturated with deionized water
and used for preparation of soil paste. The paste was vacuum
filtered in order to obtain a saturated water extract for
analyses of Ca>*, Mg?*, Na* and K* contents. Ca** and Mg**
contents were determined by atomic adsorption
spectrophotometry; Na* and K* contents were determined by
atomic emission spectrophotometry. An atomic absorption
spectrophotometer Varian 600. The mineral composition of
phosphogypsum and soil was determined using an X-ray
powder diffractometer (XRPD) (Chung, 1975; JCPDS,
2009). Sodium adsorption ratio was calculated as follows:

Na

JCa+Mg/2

Cation exchange capacity was determined by extraction with
IM NaOAc solution of sodium acetate (pH 8.2) and 1M
NH4OAc solution of ammonium acetate (pH 7.0). Na*
content in the extract was then measured by an Evans flame
photometer. Total cations (Ca**, Mg?*, Na* and K*) were
extracted with a neutral solution of 1M NH;OAc and
determined by atomic absorption and emission

SAR =



Table 7. Exchangeable sodium percentages (ESP) in the treated variants and the control.

Depth (cm) . . ESP% . .
Control Variant I Variant I1 Difference | Difference II
0-10 17.56 aC 9.53 aB 6.22 aA -8.03 -11.34
10-20 19.22 abC 10.21 aB 6.79 aA -9.01 -12.43
20-30 22.75 bcB 10.64 aA 7.20 aA -12.11 -15.55
30-40 26.66 cdB 14.99 abA 11.92 aA -11.67 -14.74
40-50 29.90 dA 23.88 bA 18.72 bA -6.02- -11.18

Control - natural pasture, variant I - PG 25 t ha™ + soil loosening down to 50 cm of depth, drain spacing of 20 m, variant II - PG 50 t ha™ + soil
loosening down to 50 cm of depth, drain spacing of 20 m. Means in the same column followed by different small letters are significantly different at P
<0.05 using Fisher’s LSD test. Means in the same row followed by different capital letters are significantly different at P < 0.05 using Fisher’s LSD

test.

Table 8. Mean annual rainfall, air temperatures and water deficit in the examined location in the period 1964-2010.

Mean annual rainfall Mean annual air temperature Mean Mean Mean annual water
(mm) (°C) ETo (mm) ETa (mm) deficit (mm)
569 11.0 713 511 202

ETo - reference evapotranspiration, ETa — actual evapotranspiration.

spectrophotometry using an atomic absorption spectro-
photometer Varian 600.

Contents of exchangeable cations (Ceyp) (Ca®*, Mg*, Na*
and K*) were calculated separately for each cation using the
following equation:

C . =C -Cye

exch

where C, is total cation content and C,,. is the cation content
in water extract. Exchangeable Na percentage was estimated
by direct determination of exchangeable Na* and CEC and
calculated as follows:

N
ESP:%XIOO

where ESP is the exchangeable sodium percentage and CEC
is the cation exchange capacity (Richards, 1954; Thomas,
1982). To determine rainfall deficit and excess in individual
months, we made a soil water balance sheet. The reference
evapotranspiration (ETo) was calculated by Thorntwaite's
method (Thorntwaite et al., 1955). Peji¢ et al. (2011) claimed
that the above method is acceptable for calculating ETo in the
climatic conditions of Vojvodina.

Statistical analysis

The collected data were analyzed statistically using the one-
way ANOVA. The analysis was performed using Statistica
(2007) StatSoft Inc., Tulsa, OK, USA. Where the f-value was
significant, Fisher’s least significant difference was used to
compare treatment means at P < 0.05.

Conclusion

Following conclusions were drawn on the content and
qualitative composition of exchangeable base cations of the
solonetz soil subjected to reclamation practices for 15 years.
The content and qualitative composition of the cations
changed under the effect of the reclamation measures
applied. The content of exchangeable calcium was
significantly increased and that of sodium was decreased.
The sum of base cations in the treated soil was increased. The
exchangeable sodium percentage decreased below 15% in
almost all layers of the treated variants. When compared with
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the sum of base cations, the sum of magnesium and sodium
was below 50% in the treated soil variants. The applied
reclamation measures decreased the pH value in all treated
variants.
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