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Salinity and sodicity are the most agricultural challenges in arid and semi-arid regions. A pot experiment was undertaken, to evaluate the effect of Phosphogypsum (PG) and Gypsum (G), to remove salts, nutrients and trace elements in leached water from saline and saline-sodic soils. In order to determine the efficiency and safety of these amendments, as an affordable strategy, for overcoming salinity and sodicity stress. The PG at 0, 15, 30 and 45 t/ha and G at 15 t/ha were mixed with the upper 9 cm soil in the pot before being leached. The soils were collected from Sed El Masjoune and Sidi El Mokhtar areas of morocco with ECe of 140.6 mS/cm and 11.7 mS/cm respectively. The highest doses of PG (≥30 t/ha) removed significant amount of salts and nutrients. Calcium sulfate supplies calcium ions to replace salt ions (sodium, especially). The replaced salts are leached from the soil. The PG was more efficient compared to G in terms of salts leaching. Quantities of trace elements in the leachate, for most analyzed elements, were below the recommended limits of drinking and irrigation water. Because the experiment’s alkaline conditions (basic water and soil) reduce the solubility and mobility of trace elements. The amendment application did not affect saturation index (SI) of the main minerals. However, water passing through the soil increased the SI. which could result in groundwater mineral precipitation.
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INTRODUCTION
Soils are fundamental to life on Earth but human and environmental pressures on soil resources are reaching critical limits. Soil is one of the most important natural resources which can be subject to different forms of degradation (salinity, acidity, erosion...). Salinity and sodicity are among the ten threats to soils identified by FAO (FAO, 1999). Salinity is increasingly threatening agricultural production, especially in arid and semi-arid areas. The human-induced salinity through irrigating soils with salty (brackish/saline) water (2ndry salinity) is great threat to irrigated agriculture, whereby, we are losing 2,000 ha daily of farm land due to only soil salinization (UNU, 2014). Based on the electrical conductivity of saturated soil paste (ECe). The soil is classified as no-saline (0 < Ece (dS/m)≤2) to very strongly saline (Ece (dS/m) > 16) (Figure 1) (Lech et al., 2016). While sodic soil has a percentage of exchangeable sodium (ESP) higher 15% (FAO, 1988). The area of total land impacted by salts is about one billion hectares, and the trend is significantly increasing (Ivushkin et al., 2019). In Morocco, salinization affects 5% of agricultural soils (Antipolis, 2003). Which corresponds to 435,000 ha. In addition to saline soils, most of the groundwater is also saline in fact, 25% of Moroccan groundwater is characterized by a salts content of 1–2 g/L, and 27.5% has a salt concentration greater than 2 g/L (Hssaisoune et al., 2020).
[image: Figure 1]FIGURE 1 | Soil salinization classification standards (Lech et al., 2016).
Prolonged drought periods with low and erratic rainfall distribution and extreme temperatures, due to climate changes, cause, the increase of saline soils in arid, semi-arid, and coastal agricultural areas (Corwin, 2021). On the other hand, anthropogenic activities, especially irrigation management and low water quality induce significant soil salinization (Moharana et al., 2019). Salt affected soils usually generate physical, chemical and physiological disorders in soil-plant- water system. The presence of salts leads to the development of osmotic potential of soil water, which reduces plant transpiration thereby affecting crop yield (Lamsal et al., 1999). Whereas sodicity degrades soil structure and destroy its stability (El hasini et al., 2019) which subsequently affect water and air movement and root development. The reclamation of salt affected soils has been subject of numerous studies around the world. Many approaches were evaluated to mitigate soil salinity for example phytoremediation by using halophyte plants which have a capacity to tolerate saline conditions (Okur et al., 2020). Mu et al. (2021) reported that halophytes plants (Sedum aizoon L. and Sesbania cannabina Pers.) performed better at saline soil remediation. Devi et al. (2016) characterized Suaeda fruticosa and Atriplex lentiformis as salt hyperaccumulator species. Hirich et al. (2021) reported that the introduction of alternative crops, such as blue panicum, quinoa and sesbania, reduces the impacts of soil and water salinity. Moreover, the reclamation of saline and sodic soils can be achieved using integrated soil reclamation approach including physical, chemical, hydrological and biological methods, based on the scientific diagnostics of both the salinity and sodicity, such as PG (Smaoui-Jardak et al., 2017; El Mejahed et al., 2020), and G (Makoi and Verplancke, 2010; Zaman et al., 2018). The PG is a byproduct of phosphate industry according to the following reaction.
[image: image]
The world annual production of PG is about 300 Mt (Cuadri et al., 2021). However, only 15% of PG produced at the global level is recycled. The PG has been used in construction industry (Manal et al., 2012) and in agriculture as fertilizer and as amendment for reclamation of degraded soils such as saline, sodic, acidic and alkaline soils (Mesić et al., 2016).
Calcium sulfate can readily furnish soluble calcium (Ca) to substitute exchangeable sodium (Na), the reaction is as follows (FAO, 1988):
[image: image]
Reclamation process is illustrated in Figure 2.
[image: Figure 2]FIGURE 2 | Reclamation of saline and sodic soils by using calcium sulfate.
The use of 40 t/ha of PG for reclamation of a very strongly saline soil (ECe = 52 ds/m and ESP = 35.7%) using moderate saline water (EC = 2.2 ds/m and Sodium adsorption ratio (SAR) = 4.1 Meq/l) increased the relative removal of sodium (Na/Na0), which was 0.80 in the treated soil leachate compared to 0.42 in the control test (Gharaibeh et al., 2010).
 The PG showed its desalinization and desodification abilities by reducing soil EC and exchangeable sodium percentage (ESP) (Abdel-Fattah and EL-Naka, 2015). The application of PG reclaimed the soil which passes from saline-sodic situation to normal (Diop et al., 2019). On the other hand, Makoi and Verplancke (2010) indicated that leaching after gypsum application reduced exchangeable Na, Sodium adsorption ratio (SAR) and subsequently the ESP of the soil.
However PG contains several heavy metals and radioactive elements (Lütke et al., 2020; Qamouche et al., 2020). The agricultural PG use should examine the transferability of these elements to the soil, plant, and water systems. Gypsum has relatively low solubility, especially in saline water (EC > 2.2 dS/m), resulting in its precipitation (Porta, 1998).
Groundwater, a natural water resource, is mainly used for domestic and irrigation purposes (Jiang et al., 2009; Nagarajan et al., 2012). Groundwater quality is very much affected by anthropogenic activities, especially agriculture, which may be considered as one of the most important sources of groundwater contamination, mainly by nitrate (NO3) and trace elements leaching (Agostini, et al., 2010; Zhao et al., 2011; Adimalla and Qian, 2019), for these reasons, the evaluation of leached water quality is highly important. The use of PG for saline soils shows the tendency of sodium to be leached from the soil, and the accumulation of phosphorus and rare-earth elements in saline soils (Gorbunov et al., 1992). Because of alkaline conditions that decrease the leachability and mobility of the majority of heavy metals (Al-Masri et al., 2004). Several authors (Ismail et al., 2015; Walawalkar et al., 2016; Mashifana et al., 2019) have used different acids, such as nitric, hydrochloric, sulfuric and citric acids to leach rare elements from PG. In addition, Motalane and Strydom (2004) reported that the acidic nature of Phosphogypsum can increase heavy metal mobility and leachability.
Leaching of PG with distilled water shows that lead (Pb), selenium (Se), silver (Ag), zinc (Zn) and copper (Cu) were retained in soil surface and their contents in leached water were bellow recommended limits for drinking water, while arsenic (As), cadmium (Cd), chromium (Cr) and nickel (Ni) could present transfer risk to groundwater (Hassoune et al., 2017). Al-Hwaiti et al. (2010) concluded that As, Cd, Cr, Cu, uranium (U) and Zn were not leached from the Phosphogypsum in significant amounts, and they were not transferred easily to the aquatic environment. The PG leaching tests showed that Ca, fluoride (F), phosphorus (P), sulfur (S), silicon (Si), As, barium (Ba), Cr, Cu, nickel (Ni), Pb, strontium (Sr), Zn contents in leachate did not exceed the threshold limits. However, Zn, Cd and Se were above the allowed limits (Zmemla et al., 2020).
Soil nutrients losses, such as Ca, magnesium (Mg), potassium (K), and nitrogen (N) has been released by PG (Brien and Sumner, 2008) and gypsum (Alva and Gascho, 1991) applications.
Salinity is a growing threat to food security in arid and semi-arid regions. Phosphogypsum is an affordable saline soil amendment. In fact, Moroccan phosphate industry generates huge quantities of PG (around 25 MT/year) (Harrou et al., 2020). However, limited number of papers focus on the valorization of Moroccan PG in agriculture. The objectives of this study is to evaluate salts, nutrients, and trace elements removal in leachate of salt affected soils treated with G and different rates of PG, and to investigate the environmental impacts of G and PG on groundwater.
MATERIALS AND METHODS
Soil sampling and analysis
The bulk soil samples were collected at 0–20 cm soil depth from Sed El Masjoune (32°06′08.4″N 7°35′10.6″W), a well-known salt-affected region in Morocco (El hasini et al., 2019) and Sidi El Mokhtar (31°34′28.4″N 9°03′26.7 “W) region of Morocco (Figure 3).
[image: Figure 3]FIGURE 3 | Location of collected soils.
Sed el Masjoune is a seasonal lake, and more than 10,000 ha of saline land surround this lake. It corresponds to the final valley, where water runoff stored on the lake’s high plateaus evaporates during the hot seasons, causing the soil salinization (El hasini et al., 2019). It has a semiarid climate with an average annual precipitation of 200 mm/year and temperature ranges as min/max values of −3.6°C in winter and 48°C in summer (Zouahri et al., 2018).
Sidi El Mokhtar area is part of the large basin of the Tensift wadi. It is a semi-arid region with annual average precipitation of 180 mm and temperatures ranging from 15 to 20°C (Fathallah et al., 2021).
Soil samples were air dried, ground and passed through a 2 mm sieve to collect fine-earth fraction (<2 mm). Soil pH was measured in the 1:5 soil: water extract (ISO 10390). Soil salinity was determined by measuring EC of the extract (ECe) from saturated soil paste (Richards, 1954) and presented as mS/cm. Phosphorus content was determined by Olsen method (Olsen et al., 1954). Spectrophotometry (Agilent Technologies. Cary 60 UV-Vis) was used to determine, sulfate, ammonium (NH4), chlorine (Cl) and nitrate contents. The sodium, potassium, calcium and magnesium contents were determined by atomic absorption spectroscopy (Agilent Technologies. 200 Series AA). Total lime was analyzed using the method of Allison. (1960). Heavy metals were determined by ICP (Agilent Technologies. 5110 ICP-OES). The ESP was calculated using standard equation (Qadir et al., 2007)
[image: image]
with all the cations expressed as cmolc kg.−1
Soils, PG, G, water used for drainage and leached water analysis were carried out at the soil, plant, and water laboratory of the Agriculture Innovation Transfer Technololgy Center of the University Mohammed six Polytechnic at Ben Guerir, Morocco.
Based on the values of ECe and ESP (Table 1), the soil of Sidi El Mokhtar is classified as moderately saline soil and Sed El Masjoune soil is strongly saline-sodic soil (Qadir et al., 2007; Lech et al., 2016). Both the soils are categorized as moderately alkaline with respect to soil pH. Chemical characteristics of the soils used in this experiment are presented in Table 1.
TABLE 1 | Chemical characteristics of soils.
[image: Table 1]The pH and EC of amendments were measured in the 1:5 PG or G: water extracts. Nutrients and heavy metals contents were quantified by ICP-OES. The results show (Table 2) that PG is acidic and richer on Ca, S and P than natural gypsum. However, the G is richer in Mg and K relative to PG. In terms of heavy metals content, PG is more charged with Ba, Cd, Cr, Cu, boron (B), molybdenum (Mo), antimony (Sb) and Se, while Gypsum contains more of Zn, cobalt (Co), Iron (Fe), aluminium (Al), lithium (Li), As, manganese (Mn) and Ni.
TABLE 2 | PG and G chemical characteristics.
[image: Table 2]The pH and EC of water for drainage and leached water were measured by using calibrated pH (InoLab pH 7310) and conductivity meters (Mettler Toledo. SevenCompact) respectively. The Sulfate, Ammonium, Chlorine and Nitrate contents were quantified by Spectrophotometry. ICP-OES was used to determine the Phosphorus, Sodium, Potassium, Calcium, Magnesium and Heavy metals contents.
The SAR is calculated from the following equation (Qadir et al., 2007):
[image: image]
Na, Ca and Mg expressed as meq/l.
Nutrients and heavy metals contents of the water used for drainage are below the recommended limits for irrigation water, excluding sodium and molybdenum contents (Table 3).
TABLE 3 | Water for drainage chemical properties.
[image: Table 3]According to (Suarez et al., 2006), Irrigation water with values of SAR higher than 4 Meq/l, represents sodicity risks for the soils. For this reason, we used the PG also for the soil of Sidi El Mokhtar even if it was not initially sodic (sodicity problem prediction).
The saturation index is one of the crucial criteria that affect the thermodynamic stability of groundwater. Saturation index of mineral is calculated by using the following equation (Garrels and Mackenzie, 1967):
[image: image]
KIAP is the ion activity product. It is determined based on the chemical analysis of the water.
KSP is the mineral’s solubility product
SI was calculated using the PHREEQC software (Parkhurst and Appelo, 1999).
Trials installation
The pot experiment was conducted at the experimental farm of Mohamed six Polytechnic University (UM6P) in Ben Guerir Morocco. Moroccan PG is the first amendment used. The second one was is the natural Gypsum of agriculture grade commonly used to reclaim sodic and saline-sodic soils in agriculture fields. Different experimental treatments [Control (T1), 15 t/ha of G (T2), 15 (T3), 30 (T4) and 45 (T5) t/ha of PG] were used. Each pot was filled with 10 kg of the processed soil (<2 mm). The PG and G were mixed with the upper 9 cm of the soil. The base of pots was perforated and covered with stones to avoid soil leakage and to ensure water drainage; the leached water was collected in small basins under the pots for analyses.
The thickness and the diameter of the soil column were 19 and 22 cm, respectively (Figure 4). The water replenishment was intermittent.
[image: Figure 4]FIGURE 4 | Leaching experimental design.
Statistical analysis
The experiment was conducted in a complete randomized design (CRD), in which the treatments are entirely assigned randomly; indeed, each experimental unit has an equal probability of obtaining any treatment (FAO, 1999; Alkutubi 2012), with seven replications for Sidi El Mokhtar soil and eight replications for Sed El Masjoune soil. Data were analyzed statistically using IMB SPSS (Version 20, IBM SPSS Inc., Chicago, IL, USA). . One-way analysis of variance (ANOVA), tests were performed to relieve the effect of treatments on pH, Ec, salts, nutrients, heavy metals contents in leached water. If the differences between the treatment were significant (p < 0.05), the Student-Newman-keuls Test was used as a post hoc mean separation test to detect mean differences (Kucuk et al., 2016). All data are presented as mean ± standard deviation.
RESULTS AND DISCUSSION
pH of leached water
The amendment application did not significantly affect the pH of leached water (Figure 5). Several authors confirmed that PG (Gharaibeh et al., 2011) and G (Chaganti et al., 2015) did not influence soil pH after leaching.
[image: Figure 5]FIGURE 5 | pH of leached water for different treatments. In a column series, same letters indicate no significant differences among treatments.
Salts and nutrients leaching
Results of salts, and nutrients contents of leachate of Sidi El Mokhtar soil showed that PG application removed significant amounts of Na and Cl. The same trend was observed for EC of leached water. Indeed, the increase in salts concentrations in leachate results in an increase of its EC. Compared to the control, EC of leached water was increased by 23 and 28% with T4 and T5 respectively, and correspondingly, Cl content increased by 27 and 33%, and sodium content by 36 and 33% (Table 4). The increased salts in leachate can be reflected by soil salinity reduction. Diop et al. (2019) concluded that PG offered significant soil salinity reduction that is up to 45%.
TABLE 4 | EC, salts, and nutrients contents of leachate of Sidi El Mokhtar soil for different treatments. In a line series, same letters indicate no significant differences among treatments (p < 0.05, S-N-K ‘s test).
[image: Table 4]In addition to the removal of salts, the PG application contributed to substantial nutrients losses, such as Ca, Mg, K, and N. These elements play key role in plant development and soil fertility. Similar results were reported by (Brien and Sumner, 2008) who affirmed that the use of PG has improved Ca, Mg, K composition of the leachate. Shainberg et al. (1989) reported that the use of PG renders Mg and K prone to leaching and proposed post drainage fertilization to restore balanced nutrition. Because the saline and sodic soils fertility is typically low, the use of PG must be reasoned, mainly if it is applied frequently.
Even though the effect of 15 t/ha of natural gypsum and PG were not statistically different, the latter increased the EC of the leachate by 6% compared to the former. The same trend was observed for Cl, Na and Mg, this finding can be explained by the fact that PG was more acidic than G (Table 2). The acidic conditions favor salts solubilization and ameliorate their leaching (Phung et al., 1979).
The NH4, P2O5 and SO4 contents of the leachate were not statistically significant. The ammonium is known as a low mobile element in the soil (Li et al., 2003)and its initial soil content was low (6 ppm). Phosphorus has a limited mobility in the soil and tends to precipitate, particularly, in soils with alkaline pH range (Llanderal et al., 2021). Additionally, P has a high soil matrix fixation rate (Shen et al., 2011) Hence, low concentrations of ammonium and phosphorus in the leached water were recorded.
The EC, salts, and nutrients contents of the leachate from Sed El Masjoune soil are presented in Table 5. All amendments application rates significantly increased sodium concentration in the drainage water. The most significant rise of Na was recorded with T4 and T5 treatments with subsequent increase of EC of the leachates. Calcium sulfate furnishes soluble calcium to substitute exchangeable sodium, which results in sodium leaching from the saline-sodic soil (FAO, 1988). Increasing the PG rate induces the enhancement of soluble calcium in the soil. As a result, a large amount of sodium was substituted.
TABLE 5 | EC, salts, and nutrients contents of leachate of Sed El Masjoune soil for different treatments. In a line series, same letters indicate no significant differences among treatments (p < 0.05, S-N-K ‘s test).
[image: Table 5]The same trend was observed for NH4 content.
The amendments (PG and G) did not produce significant effect in terms of removing Cl, SO4, NO3, Mg, Ca, K and P2O5. These findings can be explained by the fact that one time drainage was not enough to produce significant effect, especially when the soil is more charged with salts. Sed El Masjoune’s soil is strongly saline-sodic, with an ESP of 62%, whereas Sidi El Mokhtar’s soil is saline with an ESP of 7% (Table 1). Goncalo Filho et al. (2020) Reported that Calcium ions must eliminate a significant portion of exchangeable sodium to improve sodic soil. Which explains that the PG used rates were more effective for the soil of Sidi El Mokhtar than Sed El Masjoune.
Abdel-Fattah (2012) reported that total soluble salts removal in the leachate was related to increased number of leaching performed. Moreover, Gharaibeh et al. (2010) affirmed that most Na removed was detected after three and four drainage sessions.
For both soils, the highest doses of PG (30 and 45 t/ha) are more efficient for removing the salts. A Similar finding was reported by Gharaibeh et al. (2014) who indicated that effluent sodium levels were higher with rising PG rates.
Heavy metals leaching
For the leachate of Sidi El Mokhtar soil. The amendment application did not result in significant differences on leachate concentrations of B, Co, Li, Ni, Zn, Sb and Mo (Table 6). Zn is a very mobile element in PG (Al-Masri et al., 2004; Al-Hwaiti et al., 2019) but it is affected by pH, indeed under alkaline conditions, Zn can be almost undetected (Zmemla et al., 2016). Arsenic, chromium, lead, and selenium leachate values were <0.01 mg/L regardless of treatments. Hassoune et al. (2017) Indicated that Phosphogypsum leachate had low values of Se and Pb. However, Zmemla et al. (2016) reported a potential release of Se and Cr from PG. The T4 and T5 have caused an increase of Al, Cd and Mn contents in the leached water. In addition, all amendments rates (G and PG) significantly affected Ba content mainly with T4 and T5 treatments. Copper and iron levels in leachate were significantly higher with T4 compared to the other treatments. Al-Hwaiti et al. (2005) reported that Cu had a highest mobility during the PG leaching experiments. While, Al and Fe have shown limited removal (Zmemla et al., 2016).
TABLE 6 | Heavy metals contents of leachate of Sidi El Mokhtar soil for different treatments. Same letters in a line series indicate no significant differences among treatments (p < 0.05, S-N-K’s test).
[image: Table 6]All heavy metals contents in the leachate of Sed El Masjoune soil have not shown any significant differences between the treatments (Table 7). Al-Masri et al. (2004) attributed the low removal of trace elements to alkaline conditions which strongly decrease their mobility and solubility.
TABLE 7 | Heavy metals contents of leachate of Sed El Masjoune soil for different treatments. Same letters in a line series indicate no significant differences among treatments (p < 0.05, S-N-K’s test).
[image: Table 7]The comparison of leachate trace element contents with irrigation water and drinking water guidelines standards is necessary to reveal the effects of PG and G applications on the environment. For all treatments, trace elements were conformed to irrigation water standards, except Mn, Cd and Mo for Sidi El Mokhtar and Li and Mn for Sed El Masjoune leachates (Tables 6 and 7). When comparing the drainage water with drinking water guidelines, the results showed that for Sidi El Mokhtar soil Cd and Mn and for Sed El Masjoune Pb and Mn contents exceeded the limits regardless of the treatments.
In the light of findings from the present study, for most heavy metals analyzed, the obtained values remained below the recommended limits of drinking and irrigation waters. Therefore, leachate of soils may not negatively affect groundwater quality. In fact, the alkaline conditions in Morocco for irrigation water and soils (Carle, 1930; El Oumlouki et al., 2014; Touhtouh et al., 2014) could lead to the safe use of PG and G in Morocco, considering, that heavy metals solubility and leachability decrease at high pH.
Saturation index
The saturation index determines the degree of chemical equilibrium between water and mineral in the aquifer matrix, and it identifies the dissolution or precipitation process regarding the water-rock interaction (Aghazadeh et al., 2017).
The mineral is in an equilibrium state when SI = 0. When SI exceeds zero, the mineral is oversaturated and tends to precipitate in order to attain equilibrium. SI less than zero indicates the undersaturation and the mineral will dissolve until the balance achievement (Reyes-Santiago et al., 2021).
In this study, the SI of minerals reveals three distinct groups in the initial water stat (Figures 6, 7):
[image: Figure 6]FIGURE 6 | Saturation index of Sidi El Mokhtar soil leached water.
[image: Figure 7]FIGURE 7 | Saturation index of Sed El Masjoune soil leached water.
Group A: Alunite, jarosite-K, halite, anhydrite, and gypsum were undersaturated.
(Bernis), 2015 reported similar findings, in fact halite, anhydrite, and gypsum were undersaturated in the alkaline water.
Group B: Hematite and goethite were oversaturated and tended to precipitate.
Group C: Barite, gibbsite and hydroxyapatite were close to the balanced state.
For Sidi El Mokhtar soil leached (Figure 6), except for hematite, and goethite, soil leaching generates an increase on the mineral’s saturation index for all treatment compared to the initial stat of water. Alunite was passed from undersaturation state (SI = -6.94) to saturation stat after drainage applying, especially with 30 and 45 t/ha of PG, respectively SI = 4.96 and 4.48. Anhydrite and gypsum moved from the undersaturated to equilibrium state due to drainage application. In addition, because of leaching, the saturation index of barite increased slightly, but it remains close to the balance state. Hydroxyapatite and gibbsite were transferred from the equilibrium to the oversaturation state. Although, Halite and Jarosite-K saturation indices increased after drainage, they remained in the undersaturation range. For goethite and hematite, a slight decrease in SI was observed when drainage was applied.
Halite, gypsum, and anhydrite were moved from an undersaturation, shape in the initial water, to a steady state in the leached water of Sed El Masjoune soil. The gibbsite was converted from equilibrium to oversaturation state whatever treatment. The application of leaching caused an increase in the saturation index of alunite and did not affect the barite SI (Figure 7).
The leaching of the component elements (Ca, SO4, K, Al, P, Na, Cl, Ba and Fe) of the studied minerals from the soil into the leached water results in minerals precipitation or saturation, which explains the augmentation of the SI (Maia, 2018). Water pH impacts significantly the saturation index (Gitari et al., 2011). We noticed a reduction in the leached water’s pH compared to the initial pH (Figure 5). Nordstrom and Ball (1989), reported the gibbsite index saturation increasing following the pH reduction from eight to 6.
The saturation index was not affected by the amendment application. Water passing through the soil has increased the saturation index of the main minerals, which will result in groundwater mineral precipitation (Zhang et al., 2020).
CONCLUSION
It was concluded that PG application to soil has increased salts significantly in the leachate. Compared to the control, two treatments (T4 and T5) have removed 36 and 33% of sodium in leachate of Sidi El Mokhtar soil, and 13 and 11% in leachate of Sed El Masjoune respectively. The PG application induced losses of beneficial nutrients from the soil, thus fertilization after leaching is recommended. The PG had high ability to leach salts compared to G. The majority of analyzed trace elements in the leachates were below the recommended limits for drinking and irrigation water quality. The saturation index was increased after applying drainage without being affected by amendment application. The present work suggested that PG can be used for reclamation of saline and saline-sodic soils with no negative environmental impacts.
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K (mg/L) 65£10b 81+ 18ab 74 £ 5ab 81+9ab §7+18a
S04 (g/L) 20£02a 224042 19£03a 24+04a 23%04a
NO; (g/L) 26+0.6b 27%07b 28+05b 38+07a 37£07a
P,0s (mg/L) 1210282 113 £045a 12240362 154049 a 1330304
NH, (mg/L) 72%07a 742152 79+04a 81+07a 87+12a
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Cl (gL) 15£2b 15£2b 15£1b 19%3a 20%2a
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pH 58 8.1 Ba (mg/kg) 544 15.6
EC (mS/cm) 24 23 Cd (mg/kg) 47 <0.003
Ca (%) 28 170 Zn (mg/kg) 85 99

S (%) 27 131 Co (mg/kg) 0.1 19

P (%) 08 002 Cr (mg/kg) 63 40
K (mg/kg) 869 969 Cu (mg/kg) 26 24
Mg (mg/kg) 259 7587 Fe (mg/kg) 126 2606
Al (mg/kg) 719 1328 Li (mg/kg) 07 328
As (mg/kg) 13 14 Mn (mg/kg) 1.8 50.3
B (mg/kg) 215 72 Mo (mg/kg) 10 <0.01
Sb (mg/kg) 07 <0.01 Ni (mg/kg) 1.8 42
Se (mg/kg) 04 <001 Pb (mg/kg) 19 14
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mokhtar mokhtar
pH (1:5) 8.1 81 Ba (mg/kg) 92 181
ECe (mS/cm) 1.7 140.6 Cd (mg/kg) 24 0.2
ESP 7% 62% Co (mg/kg) 7 11
P,0; (mg/kg) 67 43 Cr (mg/kg) 30 2
K20 (mg/kg) 308 697 Cu (mg/kg) 1 20
CaO (mg/kg) 7984 10923 Fe (mg/kg) 9038 14,536
Na,O (mg/kg) 759 26,628 Li (mg/kg) 18 51
MgO (mg/kg) 1067 249 Mn (mg/kg) 211 420
CaCO; (%) 84 75 Mo (mg/kg) <001 <001
SO, (mg/kg) 3211 2728 Ni (mg/kg) 17 20
NO; (mg/kg) 40 66 Pb (mg/kg) 74 8.8
NH, (mg/kg) 6 9 b (mg/kg) 13 09
Clay (%) 20 26 Se (mg/kg) <001 <001
Silt (%) 28 28 Zn (mg/kg) 50 39
Sand (%) 52 46 As (mg/kg) 6 6
OM (%) 1.86 161 B (mg/kg) 20 38
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