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Abstract

:

The ecotoxicological condition of soils around mining areas is most often unsatisfactory, which affects entire ecosystems and human health. This research sought to analyze the morphological, agrochemical properties, and content of heavy metals (Cd, Cu, Zn) and metalloids (As) of soils located in a floodplain. The study was conducted within the city of Sibay (Republic of Bashkortostan, Russia). The soil samples were collected from the floodplains of the rivers Karagayly and Khudolaz. According to morphological studies, the soil cover was represented by the Lithic Leptosols, Stagnic Phaeozems, and Fluvisols. The results showed that the soils were characterized by high values of organic matter, potassium, and low levels of phosphorus. Soils that were located away from the city in the Karagayly River were not contaminated. However, the floodplain areas pertaining to the urban district and located near the quarries were characterized by severe anthropogenic soil pollution, disrupted integrity of the soil cover, decreased vegetation, and accumulating labile forms of heavy metals and metalloids. The highest degree of pollution was observed in the floodplain soil of the river Khudolaz where all elements exceeded the maximum permissible concentration (MPC) level. Soils in the floodplain of the Karagayly river were marked by an increased degree of contamination of Zn: exceeding MPC by 1.6 times. With the trend toward an arid climate, the ecotoxicological condition of floodplain soils is an important challenge.
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1. Introduction


Environmental pollution by heavy metals from anthropogenic and natural sources has occurred in many cities around the world. Urban soils are especially vulnerable to contamination because they are an important sink for toxicants. The main cause of heavy metal pollution is industrial activity, especially from mining and metallurgical industries [1,2,3]. The Trans-Urals area of the Republic of Bashkortostan (Russia) is characterized by a well-developed mining production complex. In Sibay, the main source of harmful emissions is the enterprise for the extraction and enrichment of copper ores, the Sibay branch of the Uchalinsky mining and processing plant, which includes quarries, underground mines, stockpiles, tailing dumps, and a processing plant [4,5]. At the same time, the territory of the Trans-Ural plain, where this production is located, corresponds to areas with highly developed agriculture and the share of agricultural land is 60–75% [6]. Consequently, the region is faced with a number of environmental problems, including those that are associated with the contamination of agricultural land with heavy metals. Currently, vast research activities have been carried out to study the contamination degree of soils and water bodies in the area of mining operations in Sibay [5,7,8,9]. The main trends in the distribution and accumulation of heavy metals have been identified. For example, Opekunova et al. [10] showed that the soils of the Sibay ore province were marked by anomalously high natural concentrations of heavy metals—Cu, Zn, and Fe. In another study, Khasanova et al. [11] emphasized a high variability in the spatial distribution of heavy metal accumulation sites in soils in the vicinity of the Sibay quarry stockpiles. At the same time, it should be remembered that the content and distribution of heavy metals can be caused by the characteristics of parent rocks and soil types [12,13]. In an example in Nanjing (China), it was shown that the genesis of Pb and Zn were due to the parent rock, Cu was derived mainly from dumped metallurgical waste, and Cd and As came from agricultural pollution [14]. Similarly, Lv et al. [15] identified factors affecting the spatial distribution of Cd, Cr, Cu, Ni, Pb, and Zn in Wulian (Eastern China), including both natural and anthropogenic factors.



Despite the existence of numerous studies, most of them were aimed at analyzing water bodies and urban soils. The soils of river floodplains are becoming relevant objects of research in terms of sanitary and hygienic standards, since the ongoing climate change can lead to a reduction in the area of agricultural land, including that which is suitable for grazing. Considering the arid climate of the region and the tendency to increase the duration of dry periods [16], the floodplain areas of rivers are the main forage areas for livestock. Moreover, toxic metals can migrate through the soil profile [17]. Therefore, the ecological condition of soils in these areas may affect the quality of livestock products and public health.



The aim of this research was to assess the floodplain soils of the rivers Karagayly and Khudolaz located in the area of high anthropogenic load near Sibay (Republic of Bashkortostan, Russia). The objective set included studying the morphological and agrochemical characteristics, as well as assessing the content of labile forms of heavy metals (Cd, Cu, Zn) and As in the floodplain soils of the rivers Karagayly and Khudolaz.




2. Materials and Methods


The conducted research covered floodplains and valleys of the rivers Karagayly and Khudolaz within the urban area of Sibay (Republic of Bashkortostan, Russia) (Figure 1). According to the physico-geographical zoning, the study area is a part of the Urtazym-Uzunkul district. The district is located in the sub-province of the eastern ridges and dissected foothills of the Trans-Ural peneplain. This peneplain covering the hill-chained and ridged Kizil-Urtazym plain features the denudation-accumulative type of genetic relief in the watershed of the rivers Khudolaz, Ural, Urtazymka, and Karagayly.



The soil cover of region is represented mainly by chernozem soils (Haplic, Loamic) and Phaeozems with carbonate and alkaline inclusions on a calcareous, colluvial, and eluvial-colluvial deposits [18,19,20,21]. These soils are characterized by a predominantly low to medium content of organic carbon and pH values of 6–8 in the upper layer. Aliphatic structural fragments predominate in humic acids of chernozems. The granulometric composition of the upper horizons is clayey or heavy loam. There are many salt-affected soils here (solonchak, solonetz, and saline chernozems). Saline soils are low-humus and can reach pH values of 9–10. The salinity type is predominantly sulfate. The river valleys are represented by accumulative terraces that are composed of polymictic sand-pebble-gravel deposits, containing birch forests mixed with pines. Thin primitive stony organogenic-rubby, underdeveloped soils predominate on the slopes of banks, on the bends of slopes, and on the tops of high ridges. The lowland coasts of the river valleys are covered by soddy and meadow-chernozem-alluvial soils, having formed amidst high humidity and under meadow-steppe vegetation. The combined influence of the thick sod layer, reaching 10 cm, and moisture accumulation resulting from the surface runoff and/or the action of groundwater led to the formation of a semi-hydromorphic analogue of chernozem with a thick humus horizon up to 50 cm and high SOM content (8–10%).



The studied area is characterized by a continental climate. Winters are usually cold and snowy and summers are hot and dry, with most of the precipitation falling during the warm season (Table 1).



The vegetation cover is constituted by arable lands and steppe meadows. The grass stands of forbs-feather grass-fescue steppes is sparse and poor in herbs. The protruding elements of the relief are described by extremely sparse forbs. A fescue-wormwood steppe being quite well-developed. The bottoms of the river valleys and riverbanks contain meadows of mixed herbs and gramineous plants, sedge-grass swamplands, and intermittent bands of alder forests.



There are 5 soil pits were opened up in homogeneous areas of the floodplains and valleys of the rivers, which are experiencing varying degrees of anthropogenic impact (Figure 1). There were three sites that were located within the city near the Sibay quarry and stockpiles (3–2020), and between the tailing dump and lime quarry (4– and 5–2020). The remaining three sites were located outside the city in areas with a conditional natural background (profiles 1–, 2–, and 6–2020).



Soil samples for analysis were taken in triplicate according to genetic horizons. The research activities studying the area and sampling were carried out in the middle of summer during the dry period in 2020. The locations of soil profiles are provided in Figure 1.



Soil chemical analyses were carried out in accordance with the agrochemical methods of soil research that are generally accepted in soil science [22]. In particular, the SOM content was determined by the Tyurin titrimetric (wet combustion) method in Nikitin’s modification with spectrophotometric termination according to Orlov and Grindel (Walkley–Black’s analogue); the available phosphorus (P2O5) and exchangeable potassium (K2O) according to Chirikov; and the soil reaction by potentiometry (at 1 mol/L KCl suspension (1:2.5 soil/solution)). The content of available forms of ammonium (N-NH4) and nitrate nitrogen (N-NO3) were determined using a KCl potassium chloride solution. The gradation of SOM on categories was carry out according to the scale [23], where content >10% is characterized as “very high”, 6–10%–“high”, 4–6%–“average”, 2–4%–“low”, and <4%–“very low”. The phosphorus and potassium gradations were evaluated according to the guidelines [24].



The labile forms of heavy metals (Cd, Cu, Zn) and As were measured using atomic absorption spectrophotometry according to measurement procedures RD 52.18.289–90 and RD 52.18.721–2009. Measurements were taken in two repetitions. The limits of the detection (LOD) values were 0.1 mg/kg for Cd, Zn, Cu, and 0.05 mg/kg for As. The recovery percentages of elements ranged from 90 to 102%. Measurements were taken in two repetitions. The Russian National Reference Soils Standards GSO 2508-83 was used for quality control. To assess the content of labile forms of Cu and Zn, the values of the maximum permissible concentrations (MPC) under the hygienic standard 1.2.3685–21 of 28 January 2021 were applied.




3. Results and Discussion


The morphological description of the studied soils is provided below (Table 2). According to the description, the soil cover in the valleys of the rivers Karagayly and Khudolaz was represented by dark humus lithozem (Lithic Leptosols) (profile 3–2020), dark humus gley (Stagnic Phaeozems) (profiles 1– and 6–2020), and alluvial–humus soils (Fluvisols) (profile 4–2020); while within the mountainous parts, dark-humus lithozem soils (Lithic Leptosols) were observed (profiles 2– and 5–2020). The dark-humus-gley soil was characterized by a thick humus-accumulative horizon (up to 100 cm), a granular structure, and a light loamy structure. The alluvial-humus soil and dark-humus lithozem were characterized by a low thickness of the humus-accumulative horizon (up to 20 cm), a powdery-cloddy structure, and a light loamy granulometric composition.



The main agrochemical properties of the soils for each available genetic horizon are shown in Table 3. The pH values varied from slightly acidic (pH = 5.5) for profiles 2- and 5–2020 to alkaline (pH = 8) for profile 6–2020, which is typical for the soils of valleys and floodplains of the rivers in the studied area [18]. Earlier, Opekunova et al. [10] revealed that pH values ranged from 5.8 to 8.1 in the city of Sibay. However, we suggest that the weakly acidic reaction in profile 2–2020 may be due to the impact of acidic water from an upstream tailing dump. The processes of oxidation of ore minerals with subsequent hydrolysis led to an increase in the concentration of H+ ions and a sharp decrease in the pH values of waters, and consequently soils [25]. The soils were characterized by high SOM values (6–10%). The highest SOM content was found in plot 1-2020, where the upper horizon reached very high values (15.4%) and remained high to a depth of 20–40 cm (9%). The SOM content in the top layer of the profile 6–2020 had the lowest value among the top layers of other profiles (6%).



The values of mineral soil nitrogen in the top layers had great variability but they were within the limits for the respective soils, according to previous studies [26]. The high content of N-NH4 was found in sample plot 3–2020 (65.7 mg/kg), while the largest content of N-NO3 was found in the 0–11 cm layer of 4–2020 profile (30.2 mg/kg). The amount of nitrogen tends to decrease with the depth for both forms (according to profiles 1– and 6–2020).



The concentration of P2O5 was quite high in the soils of profiles 2–2020 and 5–2020 (100 and 141 mg/kg of soil, respectively) and very low (<25 mg/kg of soil) for all other areas, except for 1–2020, where the content of P2O5 changed from low in the upper horizon AU (27 mg/kg soil) to medium in the deeper layer AB (98 mg/kg soil). The availability of K2O was low in the profiles 1– and 2–2020 (43 and 40 mg/kg of soil, respectively), increased at profile 5–2020 (191 mg/kg of soil), and very high in profiles 6–, 3–, and 4–2020 (700, 1300, and 1300 mg/kg of soil, respectively). On the whole, the soils had a rather low content of microelements, coupled with a high availability of SOM. The high content of SOM that was observed in profile 1–2020 was probably due to the alluvial type of soil formation and the constant accumulation of silt residues in the floodplain. Profile 6–2020, also located in the floodplain, had a dark humus-gley soil type and was characterized by the presence of sandwash, carbonate mycelium, and pebbles on the surface. Such conditions most likely explain the lower SOM content in the upper layer compared to the lower layer, as well as the alkaline reaction combined with the high potassium oxide content.



The floodplain urban soils of sites 3– and 4–2020 had very high potassium content with a relatively high mineral nitrogen content. Such conditions were probably caused by leaching of elements from the waste dumps of mining and processing plants, animal grazing, and disturbance of the humus layer, which led to the exposure of the lower horizons with high salt content.



The profiles in the valleys of the river Karagayly (2–2020 and 5–2020) showed similar values of agrochemical indicators, although the urban samples (2-2020) had a higher level of accumulation of SOM and an increased content of K2O. In the meantime, both soil samples from the Karagayly valleys had an increased content of P2O5, which distinguished them from the samples that were taken in the floodplains of the rivers Karagayly and Khudolaz. However, according to Pankova et al. [27], such values corresponded to the characteristics of an area experiencing minor sulfate salinization.



A visual assessment of the studied areas within the city area of Sibay (profiles 3–, 4–, and 5–2020) showed that the soil cover in the floodplains of the rivers Karagayly and Khudolaz (profiles 3–2020 and 4–2020) experienced a powerful anthropogenic load that was caused by the storage of overburden rocks from the mining and processing plant and littering from household waste. Plot 3–2020 was also characterized by excessive grazing, which led to disturbance of the vegetation cover and contributed to water and wind erosion. No mechanical anthropogenic impact towards the soil cover in the area of profile 5–2020 (the valley of the river Karagayly) was observed.



The content of labile forms of heavy metals and metalloids is shown in Table 4. The highest degree of contamination with potentially toxic elements was noted in the soils of the Khudolaz floodplain. It was found that the content of all elements exceeded the permissible values in the profile 4–2020 (highway in the floodplain of the river Khudolaz), while the content of Zn exceeded these values several times. In the soil profile 6–2020, elevated values were found for the content of Zn and Cu. At the same time, the high Zn concentration was observed in the profile 3–2020, located near quarry dumps.



The pristine soils (1–, 2–, and 6–2020) that were located at a relative distance from the city were uncontaminated, indicating that the content of elements in these soils is due to internal factors (parent rocks). Meanwhile, the elevated values in the urban soils, especially near the mining enterprises (4 and 5–2020), were due to the anthropogenic impact of industrial activities. This insignificant exceeding of MPC values was expected for the study area and is consistent with the results of previous studies. A recent study reported that Zn values in soils around the quarries of Sibay City ranged from 38 to 142 mg/kg, while the Cd content ranged from 1.2 to 2.7 [11]. Opekunova et al. [10] identified that the average content of Cu and Zn in soils was two to three times higher than the background values of the region’s soils, while the Zn content was close to the permissible concentrations. At the same time, the authors emphasized that the content of mobile forms of elements that were affected by the proximity of the occurrence of heavy metal-rich bedrocks, the degree of development of the soil profile, and weather conditions. Similarly, in other parts of world, Lu et al. [28] reported, that soil contamination of As and Pb was due mainly to the soil parent materials in Shunyi (Beijing, China), while Cd, Cu, and Zn were mainly related to agricultural practices, and Hg was caused by the atmospheric deposits from Beijing. In another study, the authors concluded that mining activity was observed to affect the spatial variation of Cd, Cu, Pb, and Zn at the local scale [15].



Contamination of floodplain soils requires special attention because pollutants can migrate with streams and leach down the soil profile [29]. This is especially important for urban floodplain soils that are located near mining sources. Since we assume that some areas were exposed to acidic water from an upstream tailing dump, the contamination of soil and water resources is of particular concern. Moreover, soil acidification can lead to increased mobility and migration processes of cations and heavy metals [30]. Therefore, it is necessary to apply measures to remediate contaminated floodplain soils due to the threat to human health, living organisms, and ecosystems [31,32,33].




4. Conclusions


Toxicants from soils and water bodies through food chains can enter the human organism, creating a great danger to health. The conducted research showed that the floodplain soils of the Karagayly and Khudolaz rivers were represented by Lithic Leptosols, Stagnic Phaeozems, and Fluvisols. The studied soils had a high level of SOM content in the top and sub layers. The soils that were located in the valleys of the rivers were characterized by a high content of mineral nitrogen. A high content of phosphorus was found in the soils of the Karagayly River valley, while a high content of potassium was found in the soils of the Khudolaz River. The elevated and very high content of potassium was noted at all sites.



Among the studied soils, the one profile in the floodplain of the Khudolaz River had elevated values for all the heavy metals and metalloids. We found that soils in the floodplains of rivers that were located within the urban area suffered severe anthropogenic pollution due to the close proximity of the operating mining and processing plant and the storage of its overburden. Also, an additional load is caused by overgrazing and pollution by household waste. Such negative conditions lead to destruction of vegetation, disturbance of soil cover, changes in agrochemical properties, and the accumulation of heavy metals.
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Figure 1. Maps showing the location of the Republic of Bashkortostan (Russia), Sibay city, Karagayly and Khudolaz rivers, and sample points location. 
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Table 1. Climatic characteristics of the studied area [6].
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	Index
	Value





	Sunshine duration
	1950–2000 h per year



	Average air temperature
	2–2.5 °C per year



	Average air temperature in July
	18.5–19 °C



	Average number of days with atmospheric drought
	40–45 days per year



	Average wind speed
	3.5–more than 4 m/c per year



	Precipitation
	350–400 mm per year



	The amount of precipitation during the warm period
	250–300 mm



	The reserve of productive moisture in a meter layer of soil in spring
	less than 110 mm



	The amount of precipitation during the vegetative season
	160–200 mm



	Moisture coefficient
	less than 0.4



	Moisture deficit during the growing season
	100–115 mm



	The degree of moisture supply of the vegetation season
	insufficient










[image: Table] 





Table 2. Morphological description of the studied soils.
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Soil Genetic Horizon (depth, cm)

	
Morphological Properties






	
Profile 1–2020. Haying, floodplain of the river Karagayly. Virgin soil. Stagnic Phaeozems




	
Av 0–3

	
sod




	
AU 3–83

	
dark gray, dry, crumbly, granular, light loamy, smooth transition in color




	
AB 83–100

	
gray, moist, sticky, lumpy, heavy loamy, abrupt transition in color




	
Bg(ca) 100–127

	
blue-grayish and brown with albescent spots, sodden, sticky, lumpy-curdy, heavy loam




	
Profile 2–2020. The Karagayly River valley. Virgin soil. Lithic Leptosols




	
AU: 0–28

	
dark gray, dry, powdery-cloddy, crumbly, light loamy, fissured, covered with the material from the superincumbent horizon, very dense, impossible to dig into




	
Profile 3–2020 The floodplain of the river Karagayly. Urban area. Lithic Leptosols




	
AU: 0–15

	
dark gray, dry, powdery-cloddy, crumbly, light loamy, featuring pebble inclusions




	
R: 15–…

	
fragments of rock, powdered with a material from the superincumbent horizon, very dense, impossible to dig into




	
Profile 4–2020. The floodplain of the river Khudolaz. Urban area. Fluvisols




	
AU: 0–11

	
light gray, dry, powdery-cloddy, crumbly, light loamy, featuring inclusions of small pebbles, sandy powder




	
C~~, 11–…

	
densely packed pebbles, powdered with a material from the superincumbent horizon, very dense, impossible to dig into




	
Profile 5–2020. The Karagayly River valley. Urban area. Lithic Leptosols




	
AU: 0–22

	
dark gray, dry, powdery-cloddy, crumbly, light loamy, featuring inclusions of small pebbles




	
R: 22–…

	
fissured, covered with a material from the superincumbent horizon, very dense, impossible to dig into




	
Profile 6–2020. The floodplain of the river Khudolaz. Virgin soil. Stagnic Phaeozems




	
Av: 0–6

	
sod




	
AU: 6–76

	
dark gray, moist, crumbly, granular, light loamy, carbonate mycelium, featuring pebble inclusions, fine sand powder, smooth transition in color




	
AB: 76–92

	
gray, moist, sticky, lumpy, heavy loamy, featuring pebble inclusions, sharp transition in color




	
Bg(ca): 92–119

	
blue grey with albescent spots, damp, sticky, lumpy-curdled, heavy loamy, featuring inclusions of pebbles, powder of fine sand
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Table 3. Chemical properties of the soils. Values ± SE (n = 3).
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Profile, Depth, cm

	
pH

H2O

	
SOM, %

	
mg/kg Soil




	
Mineral Nitrogen

	
P2O5

	
K2O




	
N-NO3

	
N-NH4






	
1-2020, 0–20

	
6.1 ± 0.3

	
15.4 ± 0.6

	
4.1 ± 0.1

	
18.9 ± 0.4

	
27 ± 1.8

	
43 ± 1.5




	
1-2020, 20–40

	
5.5 ± 0.2

	
9.0 ± 0.4

	
2 ± 0.2

	
1 ± 0.2

	
98 ± 2.4

	
19 ± 0.8




	
2-2020, 0–28

	
5.5 ± 0.2

	
6.7 ± 0.3

	
2.3 ± 0.3

	
5.9 ± 0.3

	
100 ± 2.8

	
40 ± 1.4




	
3-2020, 0–5

	
7.2 ± 0.3

	
9.5 ± 0.2

	
16.2 ± 0.6

	
65.7 ± 1.4

	
7 ± 0.4

	
1300 ± 34.4




	
4-2020, 0–11

	
7.4 ± 0.3

	
8.0 ± 0.2

	
30.2 ± 0.4

	
21.7 ± 0.7

	
23 ± 2.4

	
1300 ± 29.8




	
5-2020, 0–22

	
5.5 ± 0.4

	
7.8 ± 0.1

	
6.8 ± 0.3

	
25.1 ± 0.7

	
141 ± 4.2

	
191 ± 5.1




	
6-2020, 5–20

	
8.0 ± 0.3

	
6.0 ± 0.4

	
9.1 ± 0.3

	
26.8 ± 0.6

	
4 ± 0.2

	
700 ± 13.4




	
6-2020, 20–40

	
7.7 ± 0.2

	
7.1 ± 0.3

	
6 ± 0.1

	
5.6 ± 0.3

	
3 ± 0.2

	
80 ± 5.4
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Table 4. The content of labile forms of heavy metals and arsenic in the soils. Values ± SE (n = 3).
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Profile. Horizon, Depth, cm

	
Cd

	
Zn

	
Cu

	
As




	
mg/kg Soil






	
1–2020. Floodplain of the river Karagayly

AU: 3–83 cm (Virgin soil)

	
0.3 ± 0.1

	
0.8 ± 0.1

	
0.3 ± 0.1

	
2.5 ± 0.3




	
1–2020. Floodplain of the river Karagayly

AB: 83–100 cm (Virgin soil)

	
0.1 ± 0.1

	
0 ± 0

	
0.2 ± 0.1

	
3.6 ± 0.3




	
2–2020. The river valley Karagayly.

AU: 0–28 cm (Virgin soil)

	
0.1 ± 0.1

	
0.2 ± 0.1

	
0.3 ± 0.1

	
2.8 ± 0.2




	
3–2020. Floodplain of the river Karagayly. Quarry dumps.

AU. 0–15 cm (Urban area)

	
0.6 ± 0.1

	
37.8 ± 3.4

	
2.6 ± 0.2

	
1.9 ± 0.2




	
4–2020. Floodplain of the river Khudolaz.

AU. 0–11 cm (Urban area)

	
1.2 ± 0.1

	
89.7 ± 5.1

	
10.2 ± 0.3

	
13.1 ± 0.5




	
5–2020. The river valley Karagayly. The middle part of the slope.

AU. 0–22 cm (Urban area)

	
0.5 ± 0.1

	
26.8 ± 3.1

	
1.2 ± 0.2

	
9.7 ± 0.3




	
6–2020. Floodplain of the river Khudolaz.

AU. 6–76 cm (Virgin soil)

	
0.6 ± 0.1

	
36.3 ± 2.4

	
3.1 ± 0.2

	
8.1 ± 0.4




	
6–2020. Floodplain of the river Khudolaz.

AB. 76–92 cm (Virgin soil)

	
0.1 ± 0.1

	
0.1 ± 0.1

	
0.2 ± 0.1

	
0.7 ± 0.1




	
MPC

	
1.0

	
23.0

	
3.0

	
15.0
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