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The change in soil-forming processes and, as a result, in the ecosystem due to nearly 300-year long outflow of highly saline waters from ancient brine wells is considered for Perm Krai in Russia for the first time. The study area is located in the high floodplain of the Usolka River valley. Sodium-chloride ancient brine wells with mineralization of about 30 g/L flow in streams over the soil surface and enter the Usolka River. The paper considers three soil types at various distances from a saline stream. The main pedogenic processes are the sod-forming process and gleying in alluvial soils. Soils in Gleyic Fluvisols (background)—Gleyic Fluvisols (Sulfatic) (transition)—Solonchak (affected by sodium-chloride brines) series were studied in terms of occurring soil-forming processes. All studied soils are formed under hydromorphic conditions. It is evidenced by gleization. However, the morphological and physicochemical properties of the soils differ. The presence of water-soluble ions in the solonchak suggests that salinization is occurring. The sum of toxic salts was 0.94% which was several times higher than in the transition and background soils. The sodium adsorption ratio (SAR) ranged from 10.4 to 21.6, with a рН of 8.3–9.1. The saline soils were more alkaline (pH average 8.8 and 9.3) than the background soil (pH 8.1). SAR decreased significantly in the Solonchak—transition—background soil series from 16.9 to 0.7. The aforementioned observations, as well as physical properties of the saline soil, clearly show the entry of sodium into the solonchak adsorption complex, indicating the solonization process. The study area is characterized by the presence of salt-tolerant species of herbaceous plants and an obligate halophyte. Salicornia perennans Willd, a halophyte, was discovered in the wells’ discharge area at a distance of 0.2–1.5 m from saline streams. The analysis of the long-term impact of highly mineralized waters on the natural environment will aid in revealing and forecasting ecosystem changes caused by potash mining in Perm Krai for environmental risk assessment for new and existing potash enterprises.
Keywords: solonchak, alluvial soil, brine wells, halophyte, salinization, gleization
INTRODUCTION
Soil salinization of alluvial valleys with groundwater is a widespread process (Kovda, 1937; Pankova and Yamnova, 1993; Salama et al., 1999; Shishov and Pankova, 2006; Rodikova, 2007; Özcan et al., 2018). The depth from which groundwater can make the surface saline is determined by the dryness of the climate, mechanical composition of the soil, and its structure. The main indicator of solonchak is the constant presence of readily soluble salts in the profile of the surface horizon in an amount that suppresses plant growth (Kovda, 1937; Shishov and Pankova, 2006). In the 0–20 cm layer, the critical level of toxic salts that stops plant growth is 1% (Pankova and Yamnova, 1993). Solonchaks belong to the intrazonal soil type and can form in different natural areas. The main condition for the formation of solonchaks is inflow of salts from the groundwater or parent rock to the upper part of a profile (Kovda, 1937; Pankova and Yamnova, 1993; Everest and Özcan, 2019). For natural solonchaks, the quantitative results of salt accumulation are determined by groundwater mineralization, evaporation, and the time during which the ascending solutions move (Kovda, 1937; Pankova and Yamnova, 1993; Shishov and Pankova, 2006). The formation of solonchaks with chloride and sulfate salinization is associated with the accumulation of salts formed as a result of weathering of sedimentary rocks, aeolian salt supply, and deluvial salt supply (Pankova and Yamnova, 1993; Rodikova, 2007; Hulisz et al., 2013). The degree of salinity can range from moderate to very strong. The chemistry of salinity is determined by the composition of rocks and groundwater and is distinguished by the predominant anions and cations. Among natural solonchaks with anionic composition, chloride, sulfate, chloride-sulfate, sulfate-chloride, and sodic soils are distinguished. Among natural solonchanks with cationic composition, sodium, calcium, and magnesium soils are distinguished (Kovda, 1937; Pankova and Yamnova, 1993; Shishov and Pankova, 2006). The impact of highly mineralized waters of different chemical composition on the ecosystem is a relevant issue for many regions and countries (Hulisz et al., 2013; Lapinskaya and Basalay, 2014; Akpan et al., 2015; Hulisz et al., 2017; Kulizhskiy et al., 2017; Xie et al., 2019; Ditz et al., 2020; Yin et al., 2022). Changes in the chemical composition of surface water and groundwater affect the composition of vegetation species (Khayrulina, 2014; Khayrulina et al., 2017; Simonova et al., 2018; Simonova et al., 2020a). Soils are negatively affected, as evidenced by changes in their physical and chemical properties (Akpan et al., 2015; Hulisz et al., 2017; Simonova et al., 2018; Özcan et al., 2018). The formation of solonchaks in a humid zone with a leaching water regime is induced by the inflow of sodium chloride brines into the soil, which is normally caused by human activity (Khayrulina, 2014; Simonova et al., 2018). Groundwater and surface water redistribute accumulated salts in the soil profile, which leads to the emergence of solonchaks or secondary solonchaks in landscapes with a leaching water regime. Solonchaks formed under these conditions show the spatial variability of salinity, which is associated with soil heterogeneity and changes in the groundwater level (Salama et al., 1999; Rodikova, 2007; Khayrulina, 2014; Simonova et al., 2018).
Perm Krai (Russia) is famous for its huge salt deposit and ancient salt extraction via brine wells that have been influencing the environment until now. Most of the ancient brine wells are flooded by the waters of the Kama Reservoir, and their discharge occurs directly at the bottom of it (Kharitonov, 2015; Khayrulina et al., 2017). In the Usolka River valley, single brine wells remain. They act as the hydrodynamic channel, allowing groundwater to circulate from the overlying freshwater aquifers of the terrigenous-carbonate stratum.
The purpose of this paper is to study the transformation of soil properties in the direction of soil formation and changes in the plant community of the Usolka River valley where ancient brine wells have been discharging over 300 years. The research objectives are to study the chemical and morphological properties of alluvial soils in the Usolka River valley, to examine transformations in vegetation as a result of soil changes, and to identify dominant processes of soil formation due to prolonged exposure of soils to salt water.
The scientific novelty lies in the study of saline landscapes in a humid climate with a leaching water regime. The patterns of formation and transformation of taiga soil systems under the conditions of Na-Cl water influx are of particular interest. An examination of the long-term impact of highly mineralized waters on the environment, as well as changes in the direction of soil-forming processes, can help in identifying and forecasting ecosystem changes caused by the potash production at one of the largest deposits, the Verkhnekamskoe Potash Deposit.
MATERIALS AND METHODS
Study Area
The study area is located in the north-east of the central part of Perm Krai on the territory of Yayvinsky ostrozhok, one of the first Russian settlements with salt production (59.140290°N, 57.170782° E). Yayvinsky ostrozhok was founded in 1570. This territory was a settlement until the 19th century. Now the lands in the study area are classified as agricultural lands. This area is used by the locals as hay meadows. The floodplain where the research points are located is not used for agriculture. Nowadays, the nearest settlement—Ust-Igum village with population of 450 people—is located downstream of the study area and has no effect on its hydrochemical parameters. The study area is remoted from any industrial enterprises.
Salt mining was carried out on the south-eastern periphery of the salt deposit and outside the potash deposit’s outline, within the Cl–Na water distribution zone of the Cis-Ural foredeep (Shestov et al., 1986). Sodium chloride waters are widespread in this area. They are most commonly found on the eastern edge of the Verkhnekamskoe salt deposit, among the Upper and Lower Permian deposits (Figure 1). The occurrence of salt stratum in some areas of the halogenic formation distribution is relatively shallow, especially in river valleys, and ranges between 30 and 50 m (Lepikhin and Miroshnichenko, 2008). With shallow occurrence of salt stratum, brines naturally come to the surface in the form of springs or karst springs (Shestov et al., 1986; Beltyukov, 2006).
[image: Figure 1]FIGURE 1 | Distribution of potash and salt deposits of the Verkhnekamskoe potassium–magnesium salts deposit according to Shestov et al. (1986) and location of observation objects (photo by E. A. Khayrulina).
Since the 16th century, natural saline water outlets have contributed to the active development of the salt industry in Perm Krai. Initially, brine extraction was carried out from a depth of 30–40 m using brine pipes (Figure 1). The pipes were usually put in river valleys or depressions. The choice of wells location was based on salty taste of the water (Shestov et al., 1986). According to G. V. Beltyukov (Beltyukov, 2006), there were more than 200 wells with brine mineralization of 100–300 g/L within the deposit from 1430 to 1970. The brines were evaporated in large salt pans inside a special room where the salt was boiled out. These rooms were used for producing high-quality edible salt. The active development of salt production has led to salinization of pure water and soils (Beltyukov, 2006). The salt production was stopped in the 18th century.
The study area belongs to the East Russian landscape-geochemical province, specifically to the area of the denudation plain of the Cis-Urals and to the area of the Solikamsk plain, to the group of natural-technogenic floodplain-meadow landscapes (Gavrilov, 1992; Beltyukov, 2006). Currently, the study area is not under any anthropogenic influence. According to Kopylov (2014), the study area is characterized by increased geochemical values of Pb, Cr, Mn, Zn, Ni, Cu, Cd, and Zr. As a result of previous long-term industrial development (salt mining from the 16th to the 18th centuries), artificial geochemical anomalies have formed, including salt elements that are not characteristic of the previously existing natural landscapes of this territory.
The climate of the area is moderately continental, with an uneven distribution of precipitation and river water regime. The average annual precipitation is 600 mm; the average January temperature is −15, −16°C; the average July temperature is +17°C (Tartakovsky, 2012).
The relief of the territory is plain and low. The study area is located on the high floodplain of the Usolka River, which is lined with mantle loess-like loams and clays. In terms of geomorphological zoning, the boundaries of the study area are part of the Cis-Ural depression. According to hydrological zoning, the Usolka River belongs to the Kama-Vishera region, which has the following characteristics: lowland rivers, extensive forestry area, swampiness and karsting of basins, thick strata of easily eroded alluvial accumulations, small elevation differences, low river banks, wide valleys, and river bed meandering.
Geologically, the study area is located in the Cis-Ural foredeep, in the southern part of the Solikamsk depression, within the Ust–Igumsky salt swell. Lower Permian deposits of the Ufimian stage, represented by the Sheshmian and Solikamsk horizons, and the Kungurian horizon of the Filippovsky stage, lie directly under the quaternary deposits (Kudriashov, 2001) (Figure 2).
[image: Figure 2]FIGURE 2 | Geological section of the study area (Kudriashov, 2001).
The upper part of the Solikamsk horizon at the Verkhnekamskoe potassium salt deposit is presented by the terrigenous-carbonate stratum (an average thickness of about 110 m) (Kudriashov, 2001); its rocks have low permeability and low water content (Kopylov and Konoplev, 2013). The terrigenous-carbonate stratum is underlain by a salt-marl stratum in the lower part of the Solikamsk horizon, which is composed of marls and clays with anhydrite, gypsum, and rock salt interbeds in the lower part of the section. The lower part of the salt-marl stratum that contains rock salt beds is called the transition member. The top of the transition member is a salt table, which is the top of the first rock salt bed from the surface. The average thickness of the salt-marl stratum is 80 m, including the thickness of the transition member, which is 20 m (Kudriashov, 2001). According to Kopylov and Konoplev (2013), underground waters in the upper part of the salt-marl stratum have mostly sulfate-calcium chemical composition and mineralization of up to 3 g/L. Locally widespread brine horizon belongs to the transition member. The horizon is located on a salt table and contains sodium chloride brines with mineralization of up to 300 g/L. The waters of the brine horizon can be extremely pressurized. In some places, they discharge to the daylight surface in the form of highly mineralized springs through karst and tectonic cracks (Kopylov and Konoplev, 2013).
Water and Soil Sampling
A group of ancient brine wells is located on the right bank of the Usolka River (left tributary of the Yayva River). Four wells are located on a floodplain terrace at a distance of 80–120 m from the Usolka River. Wells form two streams that flow into the Usolka River. Some wells still have the remains of wooden structures (Figure 1). Water samples were collected from five brine wells and the Usolka River from 2015 to 2021. The studied territory has a total area of about 5 km2.
Samples of surface water, springs, and infiltration were collected four times a year in polymeric bottles during low-water levels in December and July and high-water levels in May and October. Water samples were collected in other polymeric bottles to determine the Fe total. HCl was added to each bottle to achieve a final concentration of 0.2–0.3 mol/L HCl for conservation, according to PND F 14.1: 2: 3.2–95 (PND F 14.1: 2: 3.2-95, 1995).
The soil was sampled in 2021 in the Usolka River floodplain under halophytes at the distances of 1 and 5 m from a saline stream bed, under salt-tolerant plant species, and on the Usolka River bank outside the impact area of saline stream water as a background Figure 3. In order to find and characterize soil properties, three soil sections up to 100 cm deep were made in 2021. The location coordinates of the sections are 59.140375°N 57.170823°E.
[image: Figure 3]FIGURE 3 | Soil sampling scheme.
Laboratory Analyses
The pH of the water was determined by the potentiometric method; [image: image] was determined by the titration method according to GOST 31957–2012 (GOST 31957-2012, 2012); [image: image] was determined by the photometric method with the formation of colored complexes using sulfosalicylic acid; [image: image], [image: image], [image: image], [image: image] [image: image] were determined by capillary electrophoresis using Kapel-104 (Russia); dry residue was determined by the gravimetric method according to PND F 14.1:2:4.261–10 (PND F 14.1:2:4.261-10, 2010); mineralization was determined by the calculation method; specific electrical conductivity was determined by using conductometer Hanna HI 8733 (Germany).
In the soil samples, the following properties were determined: soil organic matter—by the wet combustion method using chromic acid and photometer, according to Tyurin (Vorobevа, 2006); pH-H2O and pH-KCl—by the potentiometric method using рН meter, according to GOST 26483–85 (GOST 26483-85, 1985a); hydrolytic acidity—by the Kappen method based on the treatment of a soil sample with sodium acetate at a concentration of 1 mol/L followed by titration of the soil extract with an alkali solution (Vorobevа, 2006); exchangeable cations—by the Kappen-Gilkowitz method based on the treatment of soil samples with a certain amount of 0.1 mol/L HCl followed by titration of the soil extract with 0.1 mol/L NaOH (Vorobevа, 2006); cation exchange capacity (CEC)—by the barium chloride method (Vorobevа, 2006); mobile compounds of phosphorus and potassium—by the Kirsanov method (Vorobevа, 2006) based on the extraction of mobile compounds of phosphorus and potassium from soil with 0.2 mol/L HCl solution; mobile phosphorus compounds in the form of a blue phosphorus-molybdenum complex—by the photoelectric colorimetric method; potassium compounds—by flame photometry (Workshop on agrochemistry and Mineev, 2001); exchangeable sodium—in the ammonium acetate extract using a flame photometer, according to GOST 26950–86 (GOST 26950-86, 1986); exchangeable calcium and exchangeable (mobile) magnesium—by complexometric titration with an acid chrome dark-blue indicator, according to CINAO methods (GOST 26487–85) (GOST 26487-85, 1985b); mobile iron—by the photometric method using o-Phenanthroline in sulfuric acid extract, according to GOST 27395–87 (GOST 27395-87, 1987); water soluble ions Na+ and K+—by flame photometry (Workshop on agrochemistry and Mineev, 2001); Cl−—by titration with silver nitrate (Workshop on agrochemistry and Mineev, 2001); Ca2+ and Mg2+—by the trilonometric method (Workshop on agrochemistry and Mineev, 2001); sulfates—by the turbidimetric method by means of precipitation with barium chloride (GOST 26426–85) (Workshop on agrochemistry and Mineev, 2001); the sum of toxic salts—by the calculation method (Bazilevich and Pankova, 1968).
In order to indicate sodium soils, we used the sodium adsorption ratio (SAR) which can also be used as an alternative to the exchangeable sodium percentage of cation exchange capacity. SAR is defined as the ratio of the Na+ concentration to the square root of the sum of Ca2+ and Mg2+; if SAR is greater than 13, the horizons are classified as solonetzic (Van Reeuwijk, 2006).
Ground vegetation was described in the area of brine wells outflow. We identified plant species using the herbarium of the Laboratory of Botany of Perm State National Research University. When studying the biodiversity of terrestrial ecosystems, we looked for salt tolerant plant species.
We used the soil-geochemical and landscape approaches to characterize natural components of the study area. Changes in the qualitative composition of interconnected landscape elements—surface water, groundwater, and relief—are inextricably linked to soil transformation processes.
We used the STATISTICA 7 and MC Excel software to calculate statistical indicators such as mean, coefficient of variation, and coefficient of determination. We used the Student’s t-test to estimate the statistical significance of a difference. In order to find dependencies between the indicators, we found the coefficients of correlation and determination; the coefficient of variation showed the variability of the studied values and properties.
RESULTS
Chemical Composition of Water
Surface water bodies have a unique hydrochemical background due to highly mineralized waters erupting from brine wells. Currently, the mineralization of well waters is 30–34 g/L (Table 1); chloride and sodium ions prevail; the flowrate of the wells is 0.009–0.011 m3/s. The chemical composition of brine well water is stable. The [image: image] content in brines exceeds the MAC (maximum allowable concentration) 60 times and reaches 19 g/L, while the Na content exceeds the MAC 111 times and reaches 13 g/L (Table 1). Well outflows create hydromorphic conditions in the floodplain terrace area and flow into the Usolka River in the form of two streams.
TABLE 1 | The chemical composition of the waters of ancient brine wells at the site of the ancient settlement of Yayvinsky ostrozhok, 2015–2017.
[image: Table 1]The inflow of brines contributes to the Na–Cl composition of the river water. Mineralization of water in the Usolka River is much lower due to dilution with fresh water (1.2–1.3 g/L). The predominance of Na and Cl in the chemical composition of the Usolka River waters upstream of the brine wells confirms the presence of yet unknown salt springs (Table 1). The coefficient, defined as the ratio of the sodium ions to chloride ions (Na/Cl), indicates that halite dissolution is responsible for the chemical composition of brines.
Plant Species Composition
The vegetation cover of the study area is represented by species that are specific to floodplain meadow landscapes. Floodplain tallgrass of the study area includes meadow fescue Festuca pratensis Huds., alsike clover Trifolium hybridum L., common yarrow Achillea millefolium L., meadow vetchling Lathyrus pratensisL., cock’s-foot Dáctylis glomerata L., timothy-grass Phleum pratense L., meadow buttercup Ranunculus acris L., autumn hawkbit Leontodon autumnalis L., smooth meadow-grass Poa pratensis L., garden angelica Angelica officinalis Hoffm., meadowsweet Filipendula ulmaria (L.) Maxim, and parsnip Pastinaca sylvestris Mill. The plant community is represented mainly by salt tolerant plant species.
Salicornia perennans W. has appeared due to the high salinity of soils along the saline stream (Figure 4). This species was found in Perm Krai for the first time and was described only in the area of brine wells (Khayrulina et al., 2017). It is one of the obligate halophytes with the highest salt resistance, growing and developing well on saline soils and absorbing large amounts of salt from the soil. As a result of the high salt accumulation in the cell sap, the water potential of the cells is greatly reduced, and water enters the plants even from saline soil. The salt that is accumulated in vacuoles has no effect on the physiological processes of the plant (Ivanishchev, 2019).
[image: Figure 4]FIGURE 4 | Overgrowth of the banks of a salt brook with saltwort Salicornia perennans W. (photo by E.A. Khayrulina).
[image: Figure 5]FIGURE 5 | Studied soils (photo by N. V. Mitrakova): (A) Chloridic Gleyic Fluvic Solonchak (Humic, Loamic), (B) Gleyic Fluvisols (Humic, Loamic, Sulfatic), and (C) Gleyic Fluvisols (Humic, Loamic).
Halophytes typically grow on highly saline soils along sea coasts, along the shores of salt lakes, and in washes and gullies. Halophytes form red “glades” and “paths” in areas where highly mineralized waters are discharged. In this case, they grow along the banks of a stream formed by the waters of ancient brine wells. Typically, halophytes appear on saline soils (Lavrinenko et al., 2012; Sommer et al., 2020). In humid climate with leaching water regime, the appearance of halophytes is possible due to long-term impact of saline waters on soils. Typically, this process has anthropogenic origin.
Morphology, Agrochemical, and Chemical Properties of Soils
The soil types were determined according to the Classification and Diagnostics of Russian Soils (2004) (Classification and diagnostics of Russian Soils, 2004) and IUSS-WRB (2014) (World Reference Base for Soil Resources, 2015).
As a result of long-term inflow of highly mineralized groundwater onto the soil following its outflow from brine wells of Yayvinsky ostrozhok, a Chloridic Gleyic Fluvic Solonchak (Humic, Loamic) was formed in the floodplain of the Usolka River, on the bank of a saline stream (Figure 4) (secondary gley humus solonchak with sulfate-chloride sodium type of salinization (Classification and diagnostics of Russian Soils, 2004)). The studied Chloridic Gleyic Fluvic Solonchak (Loamic) was formed from the Gleyic Fluvisols (Humic, Loamic) (alluvial humus gley soil) that are typical for floodplains of taiga landscapes. The upper horizon is characterized by heavy granulometric composition, weakly acidic or neutral reaction of the soil medium, and low adsorption capacity (Classification and diagnostics of Russian Soils, 2004). Morphological properties of soils are shown in Table 2.
TABLE 2 | Morphological properties of soils.
[image: Table 2]The content of organic matter in the topsoil of Chloridic Gleyic Fluvic Solonchak (Humic, Loamic) was the highest along the profile, at 3.56% (Table 3). Up to 70 cm depth, the content decreased slightly to a minimum value of 2.39% and then increased. The coefficient of variation showed an insignificant degree of data dispersion. The inflow of mineralized waters containing carbonates and sodium bicarbonates from brine wells explains the alkaline reaction of the soil. The value of cation exchange capacity depends on several factors, including the type of soil, cation composition of the soil adsorption complex, and granulometric composition (Rodikova, 2007). The studied Chloridic Gleyic Fluvic Solonchak (Humic, Loamic) had an average CEC of 23–31 mmol/100 g. The CEC value is associated with the content of organic matter and clay soil texture. We found no significant differences in the content of exchangeable calcium and sodium (with average content of 9.64 and 10.8 mmol/100 g, respectively). However, a coefficient of variation of about 35% for both indicates that the values vary along the soil profile. The exchangeable magnesium and mobile iron values were not greater than 2.3 mmol/100 g and 2.3 per mille, respectively. Starting at a depth of 20 cm, the sodium adsorption ratio (SAR) was more than 13, indicating a solonetz-formation process in the soil. The 70–80 cm layer had the highest SAR and exchangeable sodium values; these indicators can prove soil salinity (Klopp et al., 2020; Gharaibeh et al., 2021). The sum of toxic salts indicated severe soil salinization. The salinity increases with depth. NaCl, Na2SO4, and Na2CO3 are considered as predominant hypothetical salts.
TABLE 3 | Agrochemical properties.
[image: Table 3]The topsoil organic matter content in Gleyic Fluvisols (Humic, Loamic, Sulfatic) was 5.28%; it decreased with depth 1.5–2 times; the soil had an alkaline reaction and the average CEC according to Valkov (Valkov, 2004), which decreased with depth 1.2–1.7 times from 24 mmol/100 g, and it reached a minimum value of 14 mmol/100 g in the middle layers (Table 3). The content of exchangeable calcium ranged from 7.25 mmol/100 g in deep layers to 17.1 mmol/100 g in topsoil. At a depth of 70–100 cm, the value of exchangeable sodium increased with depth from 3 mmol/100 g to 7–8 mmol/100 g. We found that the content of exchangeable sodium increased, while the content of exchangeable calcium decreased. The impact of sodium chloride waters allowed exchangeable sodium to enter the soil adsorption complex. The average content of exchangeable magnesium was 1.89 mmol/100 g, ranging from 1.44 mmol/100 g in the 50–60 cm layer to 2.75 mmol/100 g in the topsoil. The coefficient of variation of mobile iron content was approximately 45%, showing the heterogeneity of the soil layers regarding this indicator. It could be associated with the redox environment. The SAR increased with depth from 3.3 to 10.3. These values indicate that the formation of solonetz has not occurred. The exchangeable sodium percentage of CEC indicated soil salinization. The sum of toxic salts in the topsoil was 0.13%, and it increased three times with depth. The soil was not saline up to 60 cm depth, and the salinity level was low.
The average content of organic matter in Gleyic Fluvisols (Humic, Loamic) was 4.7% up to 40 cm depth; the amount of Corg decreased slightly with depth. The coefficient of variation was 22.1%, indicating the heterogeneity of the Corg content along the profile (Table 3). The reaction of the soil varied from neutral in the upper 10 cm layer to slightly alkaline along the profile. The CEC varied insignificantly and was approximately 25 mmol/100 g. Up to 70 cm depth, the average amount of exchangeable calcium was 21 mmol/100 g. From a depth of 80 cm, the amount of calcium decreased by two times. The coefficient of variation (27.1%) reflects uneven calcium content. The exchangeable magnesium content was unevenly distributed along the profile as well, ranging from 3 mmol/100 g in the upper layer to 1.19 mmol/100 g in the lower layer. The amount of exchangeable sodium did not exceed 0.6 mmol/100 g. The SAR was less than 1.3, indicating the absence of exchangeable sodium in the soil adsorption complex, no salinity, and the transformation of the physical properties of the soil. The sum of toxic salts was less than 0.01%.
The sum of toxic salts indicated salinization of Chloridic Gleyic Fluvic Solonchak (Humic, Loamic) according to the criteria of N. I. Bazilevich and E. I. Pankova (Bazilevich and Pankova, 1968); sulfate-chloride sodium salinity was observed throughout the soil profile, which increased with depth (Figure 6A). Gleyic Fluvisols (Humic, Loamic, Sulfatic) had chloride-sulfate sodium salinity (Figure 6B) due to a change in the prevailing anions in the soil water extract. It appeared that in the transitional type of soil, at a distance of 5 m from the saline stream, sulfate ions accumulated in the profile, and chlorides were washed out, facilitating a non-toxic level of soil salinity. In general, the chemistry of the soil profile was determined by the waters of brine wells with sulfate-chloride salinity. Gleyic Fluvisols (Humic, Loamic) lacked salinity (Figure 6C), and the anions and cations content did not exceed 10–30 mg/100 g.
[image: Figure 6]FIGURE 6 | Salt profile of: (A) Chloridic Gleyic Fluvic Solonchak (Humic, Loamic), (B) Gleyic Fluvisols (Humic, Loamic, Sulfatic), and (C) Gleyic Fluvisols (Humic, Loamic).
The chlorides and sodium content increased with depth in Chloridic Gleyic Fluvic Solonchak (Humic, Loamic) (Figure 6A). We noted the highest content of Cl− and Na+ in the 70–80 cm layer, at 408 and 350 mg/100 g of soil, respectively. The 0–10 cm layer had the lowest amounts of chlorides and sodium—200 and 172 mg/100 g, respectively. In comparison to the topsoil, the content of chlorides and sodium increased 1.5–2 times with depth. The sum of calcium, magnesium, and potassium did not exceed 30 mg/100 g. The hydrocarbonate content was heterogeneous along the profile but did not exceed 50 mg/100 g of soil. The 10–20 cm layer had the highest sulfate content (350 mg/100 g), while the 0–10 cm layer had the lowest (130 mg/100 g).
The chloride content in Gleyic Fluvisols (Humic, Loamic, Sulfatic) did not exceed 35 mg/100 g. The sulfate content increased 3–4 times with depth; the lowest amount (40 mg/100 g) was in the 10–20 cm layer, and the highest amount (210 mg/100 g) was in the 40–50 cm layer. The content of hydrocarbonates and sodium also increased with depth, peaking in the 80–90 cm layer at 100 and 160 mg/100 g of soil, respectively.
Chloridic Gleyic Fluvic Solonchak (Humic, Loamic) contained 6–30 times less chlorides and slightly more hydrocarbonate ions than Gleyic Fluvisols (Humic, Loamic, Sulfatic). The content of sulfate ions at 40 cm depth was practically the same in both soils. The amount of sodium in the Solonchak was three times lower than in Fluvisols (Humic, Loamic, Sulfatic). In both solonchak and alluvial soil, the content of ions increased with depth. The content of calcium and magnesium in both soils did not exceed 10 and 5 mg/100 g of soil, respectively.
Gleyic Fluvisols (Humic, Loamic, Sulfatic) was characterized as the transitional type of soil between Chloridic Gleyic Fluvic Solonchak (Humic, Loamic) and Gleyic Fluvisols (Humic, Loamic).
Depending on the climatic conditions, the mineralization of well water ranged from 15 to 38 g/L. Sulfates (approximately 3,000 mg/L), chlorides (approximately 13,000 mg/L), and sodium ions (approximately 7,500 mg/L) were the most abundant ions in the water. The increased content of ions in water ensured their elevated content in the soil water extract and its salinity. The low filtration capacity of rocks and the clayey granulometric composition of soils contributed to significant salinization of the territory only along a 1.5–2 m wide saline stream. The high content of sodium sulfates and sodium chlorides in soil water extract explains the significant portion of exchangeable sodium in the soil adsorption complex. Spearman’s correlation coefficient revealed a positive correlation between the sodium content in the water extract and exchangeable sodium in saline soils, indicating the influence of mineralized waters on soil salinity.
Statistical analysis by means of the t-test showed differences in the properties of the studied soils. Thus, Chloridic Gleyic Fluvic Solonchak (Humic, Loamic) and Gleyic Fluvisols (Humic, Loamic, Sulfatic) had lower organic matter content and more alkaline soil reaction than background soil Gleyic Fluvisols (Humic, Loamic). The content of exchangeable calcium was 1.3–2 times lower; the content of exchangeable sodium was 6–24 times higher; the SAR value varied by an order of magnitude or more. The occurrence of the solonetz formation process is indicated by 1) the change in the percentage of exchangeable cations in the soil adsorption complex, resulting in the predominance of exchangeable sodium, 2) alkalization of the soil solution, and 3) the SAR value above 13. The level of toxic salts in Chloridic Gleyic Fluvic Solonchak (Humic, Loamic) and soil salinization with water-soluble salts indicates that sodium chloride brines affect the transformation of background soils and contribute to the formation of a new type of soil (solonchak) during the salinization process.
According to Shishov and Pankova (2006), the method of assessing soil salinity by the content of individual ions was used to obtain information on soil salinity. Depending on the composition of salts, different ions can carry the most accurate information on salinity. Thus, in our study, in the case of sodium chloride salinization of soils, chloride ion and sodium ion served as such ions. To assess soil salinity by individual ions, a correlation was found between the content of toxic salts and the content of chloride ions and sodium ions through the coefficient of determination (Figure 7). A very close link was found between the sum of toxic salts and the content of sodium ions in soil water extracts (R2 = 0.92; p = 0). For chloride ions, the bond was weaker (R2 = 0.58; p = 0.0155). We found no relationship between sulfate ions and the sum of toxic salts, indicating the sodium chloride type of salinity in the studied soil.
[image: Figure 7]FIGURE 7 | Dependence of the sum of toxic salts on the content of: (A) chloride ions and (B) sodium ions in the water extract of soils. R2 = coefficient of determination.
The regression coefficient, found between the chloride ions of the brine wells and the soil water extract, was 0.55 (p = 0.025). For sodium, the regression coefficient was 0.38 (p = 0.025). No regression relationship was found between the content of calcium ions and magnesium ions in water and soil.
DISCUSSION
The forming streams with salinity levels of more than 30 g/L, flowing from the wells to the Usolka River, created a special geochemical background of this landscape. Highly mineralized brines entered the soil profile. An increase in sodium chlorides and sodium sulfates in soils has led to the appearance of salt-tolerant plants and the obligate halophyte instead of native vegetation.
Salinization negatively affects plant biochemical and physiological processes such as photosynthesis, stomatal activity, neutralization of reactive oxygen species, enzyme activity, and plant height and weight (Tavakkoli et al., 2010; Khudyaev and Banaev, 2012; Ivanishchev, 2019; Yin et al., 2021). Salt stress in plants suppresses the formation of proteins and increases the breakdown of already formed protein complexes (Vargas et al., 2017; Ivanishchev, 2019; Chaudhry et al., 2022). A decrease in protein synthesis shows itself in a noticeable decrease in growth and development rates of plants and disruption of metabolic processes. An increase in the degree of salinity leads to disruption of homeostatic water balance (Ivanishchev, 2019; Chaudhry et al., 2022). Numerous studies have shown that toxicity occurs at lower concentrations in the case of chloride salinity than in the case of sulfate salinity (Khudyaev and Banaev, 2012). Plants can withstand salt stress up to a certain level of salinity. However, once the salt concentration threshold is exceeded, cell death and plant death occur. The functioning, growth, and development of plants on saline soils suggest that they have special mechanisms of adaptation. The stability of phytocenosis during salinization is ensured by the replacement of plants with salt-tolerant species. The appearance of the obligate halophyte Salicornia perennans W. indicates a high degree of long-term salinization. Similar processes were found in Hulisz et al. (2013).
In Perm Krai, due to the humid type of climate and leaching water regime, the formation of saline soils is associated only with natural discharge of saline springs in floodplains of rivers in areas of salt mass bedding as well as with consequences of industrial extraction of potash salts.
The studied solonchak has a more alkaline reaction compared to the background alluvial soil from which it has formed (Figure 8). Due to the long-term effect of sodium chloride brines on soils, the content of exchangeable sodium increased many times over in comparison with the background soil. The content of water-soluble sodium and the sodium adsorption ratio (SAR) in solonchak indicated the transition of sodium into the soil adsorption complex. Sodium, displacing other cations, mainly calcium and magnesium, from the soil adsorption complex, contributed to the deterioration of the physicomechanical properties of the soil, which caused its viscosity, stickiness, lack of structure in the wet state, and firmness in the dry state.
[image: Figure 8]FIGURE 8 | Schematic model of the transformation of soil characteristics under the influx of Cl–Na water.
The organic matter content of Chloridic Gleyic Fluvic Solonchak (Humic, Loamic) is significantly lower than that of Gleyic Fluvisols (Humic, Loamic). This is associated with the absence of herbaceous vegetation on solonchak and with a decrease in the solubility of carbon dioxide and oxygen in sodium chloride waters, according to Bogashova (2011). This entails a decrease in the mineralization of organic matter.
In the studied Chloridic Gleyic Fluvic Solonchak (Humic, Loamic), the chloride type of salinization predominates, which is associated with the inflow of brines from the wells. In natural solonchaks, the sulfate type of salinization predominates (Yamnova and Pankova, 2013), which is associated with the composition of underlying rocks. Gypsum was not found in the studied saline soils, but it was found in sulfate-type solonchaks, where its amount in the profile reaches 30% or more.
In arid saline soils, the content of sodium, chlorides, and sulfates is higher due to the underlying saline rocks and exudational water regime. In the studied solonchaks, the content of these ions is lower due to the rocks being alluvial and not saline. The humid climate contributes to the dilution and removal of salts. The main salinity factor is brines rising to the surface.
In Perm Krai, existing enterprises for the extraction of potassium–magnesium salts greatly affect the landscapes in addition to old brine wells (Baturin, 2012; Maksimovich and Pervova, 2012; Aleynikov et al., 2018; Khayrulina and Maksimovich, 2018; Mitrakova et al., 2020). The processes of transformation of alluvial soils into solonchaks were described in Siberia (Svanidze et al., 2014; Kazantseva and Svanidze, 2016), where the influence of old and abandoned exploration wells on floodplain soils was studied. The influx of sodium chloride water from the Artesian wells’ activated salinization process. This led to the transformation of soddy-ground-gley and alluvial soils into chloride-sodium solonchaks. In the Upper Volga basin, in a temperate climate in the area of salt sources discharge (the former center of salt formation), with a change in climatic conditions, saline soils with chloride-sulfate sodium-calcium salinity were formed (Simonova et al., 2020b). Sodium chloride chemical quality defines the alluvial soils in the impact area of highly mineralized water sources from artesian wells in the Yaroslavl Volga region (Yaroslavskoe Povolzhye). In a humid climate, soils accumulate water-soluble salts (Simonova et al., 2020a). This indicates that when chloride sodium waters enter the soil, saline soils with sodium chloride chemistry (solonchaks) are formed in a temperate climate.
The studied Chloridic Gleyic Fluvic Solonchak (Humic, Loamic) differed in the content of water-soluble ions from natural Mollic Solonchak (Loamic) of the Western Caspian region that formed under hydromorphic conditions of the arid zone (Saidov, 2008). The chloride ion and sodium ion content in natural Mollic Solonchak (Loamic) is 1.5 and 2 times higher than their content in Chloridic Gleyic Fluvic Solonchak (Humic, Loamic), respectively. It should be noted that the content of chlorides and sodium tends to decrease with depth in the compared soils, while the content of sulfates increases with depth. The chloride type of salinity prevailed in both soils. The gypsum content in Mollic Solonchak ranged from 0.2 to 3.7% from layer to layer. No gypsum was found in the Chloridic Gleyic Fluvic Solonchak (Loamic).
The Mollic Solonchak of the Eastern Siberia of the Tyva Republic has the sulfate type of salinity (Shishov and Pankova, 2006), as evidenced by the composition of the water extract. Chloridic Gleyic Fluvic Solonchak (Humic, Loamic), formed in the area of brine well outflow, has lower content of water-soluble ions, especially sulfates, calcium, magnesium, and gypsum. It is associated with the continuous flow of highly mineralized sodium chloride water to the soil, whereas salinization in natural solonchaks (Mollic Solonchak) is associated with salt accumulation caused by weathering of sedimentary rocks.
In humid climate, solonchaks are formed under similar conditions, mainly due to the influence of saline springs or wells. The Gleyic Gypsic Calcic Solonchak has formed in the Upper Volga basin in the depression of Lake Nero in the area of salt springs discharge—the former center of salt production, which was terminated several centuries ago (Simonova et al., 2020b). Gleyic Gypsic Calcic Solonchak, characterized by hydrogenic salt accumulation, undergoes significant salinity fluctuations depending on episodic salt rise. The sum of toxic salts in the upper layer of the Gleyic Gypsic Calcic Solonchak was twice as high as in the Chloridic Gleyic Fluvic Solonchak (Humic, Loamic). The indicator did not differ with soil depth. Formed as a result of the influence of ancient salt mining in humid climate, Gleyic Fluvic Solonchak (Loamic) differs in the type of salinity and the content of predominant ions and gypsum. It should be noted that the waters pouring out onto the surface in both cases had sodium chloride composition. Halophytes and salt-tolerant species (Juncus gerardii, Triglochin maritimum) found on the site are typical to moist saline meadows and solonchaks.
Thus, salinization of the studied soils occurs as a result of the inflow of highly mineralized sodium chloride waters into the soil via ancient brine wells. Wells act as the hydrodynamic channel for groundwater enriched in sodium chloride brines. The Chloridic Gleyic Fluvic Solonchak (Humic, Loamic) is formed from mature alluvial soil. Saline water, relief, climate, and the duration of the brine impact on the soil were the main soil-forming factors in solonchak formation in the Usolka River valley in the brine outlet area. These factors determined the occurrence of salinization in background alluvial soils, as well as solonization and soil gleization, which resulted in the formation of ferrous iron under reducing conditions. Rusty spots on the soil profile wall indicate the presence of ferric iron (Fe3+). The content of organic matter along the soil profile indicates the occurrence of humification processes. Taken together, environmental factors such as brine influx to the surface and active soil-forming processes led to the emergence of Chloridic Gleyic Fluvic Solonchak (Humic, Loamic). Despite the fact that saline waters are classified as eventual soil-forming factors (Kudejarov and Ivanov, 2015), they were the main cause of solonchak emergence in our study. Despite genetic and chemical changes in the soil, with the limitation or complete absence of brine influence, the soil evolution can go the opposite way, with desalinization of solonchaks occurring and the soil becoming alluvial humic once more.
CONCLUSION
Long-term discharge of ancient brine wells in the Usolka River floodplain in the area of Gleyic Fluvisols (Humic, Loamic) resulted in the formation of Chloridic Gleyic Fluvic Solonchak (Humic, Loamic) and Gleyic Fluvisols (Humic, Loamic, Sulfatic).
The studied solonchaks are characterized by sodium chloride salinization. The SAR and the amount of exchangeable sodium indicate that it has replaced exchangeable calcium and magnesium in the soil adsorption complex. The outflow of brines has led to soil alkalization. In its wet state, the soil has a viscous structure. In general, the physical and mechanical properties of the soil have deteriorated.
Salinization of the soil led to a change in plant species to more salt-tolerant ones. In the immediate vicinity of the streams flowing from the wells, the obligate halophyte Salicornia perennans W. appeared.
The formation of Chloridic Gleyic Fluvic Solonchak (Humic, Loamic) from Gleyic Fluvisols (Humic, Loamic) under the influence of brines is considered in the analysis of the transitional soil and the background soil.
The major soil-forming processes are solonization (based on the entry of exchangeable sodium into the soil adsorption complex), salinization (identified by the accumulation of water-soluble salts in the upper part of the profile due to the inflow of brines onto the surface), and gleization (which leads to the formation of clayey materials containing ferrous iron). The exchangeable sodium and alkaline reaction of the soil lead to mechanical destruction followed by crushing of the colloidal-silty part of the soil, implying a deterioration in the physical properties of the soil.
Future research will focus on the trace element composition in saline and background soils. Migration of trace elements, which have a high correlation with salt accumulation and are actively leached from soils and rocks in chloride brines, is not considered. The issue of biogeochemical accumulation of trace elements is of great interest. These studies have already begun and will be published in the near future.
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Chloridic Gleyic Fluvic Solonchak (Humic, Loamic)
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70-80 300 8.4 80 <023 230 80 1.94 153 068 216 094
80-90 323 8.4 80 <023 31.0 7.4 1.56 138 1.68 17.0 080
90-100 338 88 80 <023 26,0 83 2.06 1.3 121 198 0.80
Mean 295 88 78 - 26.1 96 178 10.8 1.40 16.9 074
o, % 136 34 35 - 12.4 345 158 366 427 204 16.7
Gleyic Fluvisols (Humic, Loamic, Sulfatic)
0-10 528 7.7 6.1 1.90 240 17.4 27 30 090 33 013
10-20 248 a1 73 051 240 14.9 22 2.1 085 37 0.14
20-30 282 93 75 033 18.0 130 16 27 084 45 0.18
30-40 204 95 75 031 180 108 1.8 40 076 45 021
40-50 282 9.1 76 035 14.0 123 16 46 1.12 5.4 034
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Gleyic Fluvisols (Humic, Loamic)

0-10 468 75 64 123 15.0 211 35 058 102 07 <001
10-20 5.00 L d 6.4 1.23 26.0 219 31 0.50 1.16 06 <0.01
20-30 488 77 65 118 220 228 29 045 126 05 <001
30-40 4.39 78 6.6 1.26 30 226 28 0.25 97 04 <0.01
40-50 379 8.4 69 084 260 220 25 032 100 07 <001
50-60 240 8.4 70 0.67 320 20.8 241 0.20 0.95 04 <0.01
60-70 403 83 70 064 260 19.4 30 032 1.00 07 <001
70-80 345 85 74 058 260 175 19 035 136 09 <001
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"X t.s—sum of toxic salts.
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Chloridic gleyic fluvic
solonchak (humic, loamic)

In the profie of this soil (Figure 5A), we identified three
horizons

1) Azn—2-12 em, humus horizon of russet brown color
with blocky subangular structure; dense, loamy, with
plant roots present

2) ACzng—12-37 cm, transitional horizon of biue-grey
color; marshy, dense, loamy, damp, without clear
structure but can break down into big lumps; with black
and rusty spots

3) Czng—37 om and further until the end of the pit, salty
gley rock of almost black color; loamy, with inclusions of
grey sand, with a faint smell of hydrogen sulfide,
structureless. Stratification was noted along the profil.
On the soil surface, a single species—Salicomia
perennans W.—was found

loamic, Sulfatic)

This sol (Figure 5B) comprises three horizons

1) Azn—2-24 cm, humus horizon of dark brown color
with blocky subangular structure, loose (2-12 cm) and
dense (12-24 cm), dry, loamy, with inclusions of
herbaceous plant roots

2) Czn—24-52 cm, horizon of brown color, loamy,
dense, with ochre spots while wet and pale-yellow
spots while dry; structureless

3) Czng—52 om and further until the end of the pit,
horizon of grey-black color with blue-grey spots; gleyic,
loamy, dense, cold, with a faint smell of hydrogen
sulfide. Stratification was noted along the profie

Gleyic fluvisols (humic,
loamic)

The profile of this soil consists of three horizons
(Figure 5C)

1) A—2-40 cm, humus horizon of dark brown color with
blocky subangular structure; loose, loamy, dry, with
abundance of herbaceous plant roots; rusty spots
appear starting from a depth of 27 cm

2) C—mineral layer (44-82 cm); divided into two layers
by color: up to 66 cm depth—russet brown layer
without clear structure but can break down into big
lumps, loamy; from a depth of 66-82 cm—russet
brown layer with black spots, structureless, dense, with
blue-grey and rusty spots, loamy, with sand inclusions
3) Cg—82 cm and further until the end of the pit, gley
parent rock of grey-black color with blue-grey spots;
gleyic, sandy, wet, structureless. This soil was
considered background soil for the study area









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Environmental Science





OPS/images/fenvs-10-858742-g005.gif





OPS/images/fenvs-10-858742-g006.gif
ateating

Coeinaifed

TR e

6311888528

231

KX

AN RN

—





OPS/images/fenvs-10-858742-g003.gif





OPS/images/fenvs-10-858742-g004.gif





OPS/images/fenvs-10-858742-t001.jpg
sampling
Site

Well No.1

Well No.2

Well No.3

Well No.4

Well No.5

The Usolka River, upstream from the
wells

The Usolka River, downstream from

the wels
MACisery”

*CV, coefficient of variation, %.

Stat.
Characteristics

Mean
V2%
Mean
V2%
Mean
CV2.%
Mean
CV2.%
Mean
V2%
Mean
V2%
Mean
V%

pH

74
14
71
14
T
0.8
7.0
14
6.1
209
8.1
<10
82
<5
6.5-8.5

HCO,™

2847
13
283.7
27
276.7
59
280.7
5.8
169.1
138.8
202.0
<10
216.0
<5

80,*

31843
92
29427
1.3
29197
75
3,629.0
71
24055
27.0
167.0
<10
164.0
<5
100

cr

14,4353
28.0
13917.0
227
13,632.3
265
17,605.7
120
7,039.5
0.2
462.0
<10
491.0
<5
300

Ca?*

mg/L

1137.7
125
1089.7
4.6
1186.0
16.0
1293.3
201
703.0
223
94.0
<10
88.0
<5
180

Mg?*

95.3
80.7
109.3
76.4
154.0
10.5
163.3
15.9
89.1
42.7
16.0
<10
17.0
<5
40

8,993.7
755
75333
72.07
89133
71.21
8,994.0
744
42785
0.8
310.0
<10
358.0
<5
120

bStandards of maximum allowable concentrations of harmful substances in the waters of water bodies of fishery significance were used.

K+

93
167.6
8.9
166.7
47
159.7
<05

05
734
09
<10
05
<5

Na/
cl

09
282
08
39.5
0.9
16.5
08
40.7
09
08
1.0
<10
1.0
<5

Mineralization.
Mg/L

26,474.3
404
25,932.7
179
27,087.7
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31,956.7
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12,568.6
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1342.0
<10
1229.0
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