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Abstract

:

This paper explores how the chemistry of the Wilga River is affected by the sedimentation ponds at the former Soda “Solvay” Plant in Krakow. Despite the revitalization of the sedimentation ponds about 30 years ago, the chemistry of the samples was characterized by high EC (from 845 to 3000 µS cm−1), high concentration of Cl− (up to 800 mg L−1), Ca (up to 270 mg L−1), and SO42− (up to 115 mg L−1), and a high value for Na (up to 270 mg L−1) was noted—surface water quality standards were exceeded. The effect of high mineralization by those elements, generated in wastewater during soda waste production, were noted to have seasonal and vertical variability. We concluded that, despite the industrial shutdown and revitalization processes, the drainage of industrial water can have serious and long-term negative effects on quality of water and the Wilga River ecosystem. The Wilga River is one of the most important examples of important environmental problems in urban areas.
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1. Introduction


Mine drainage is the process of generating wastewater as a result of industry and mining, and it has a huge influence on the environment. Particularly harmful are the acidification of water (AMD, which results in a pH below 3.5) and concentrations of iron (in the forms of Fe2+ and Fe3+) and trace elements, especially Mn2+, Zn2+, Cd2+, Pb2+, Cu2+, Ni2+ [1,2,3]. The AMD phenomenon is mostly connected with open strip lignite mining sites made of Miocene sands with high carbon content, areas with processing plants, and at sites where minerals have been mined using the Frasch method [3,4,5]. In the areas where polymetallic ores are found, ground and surface water contain large amounts of residual metals such as Ag, Au, Cu, Fe, Mn, Pb, Sb, Sn, W, Zn (from direct mining) and Cd and As (from ore paragenesis) [6]. The pollution of surface waters by AMD is still a global problem [7,8,9]. Water pollution occurs in other industrial areas besides mines. It is also connected with areas near landfills for municipal and post-production waste, high traffic routes, and non-channeled urban and rural areas [6,10,11]. The most common cause of ground and surface water pollution is improper insulation for areas surrounding post-industrial sites. There, leachates from various post-production landfills are the most common sources of pollution [11,12]. The opposite trend to AMD is excessive salinity of surface waters caused by natural processes like seepage from geological formations that contain salt, drought [13,14], or anthropogenic influences such as seepage of water from salinized agricultural fields [15] and industry. One of the most important industrial causes of increased soil and water salinity is related to the generation of byproducts from the Solvay process. The Solvay process is a method of obtaining sodium carbonate (Na2CO3), also known as soda ash, from the ground. Soda ash is a major commodity used in many industrial applications, such as the production of glass, and even in household applications like synthetic detergents [16]. In 2000, around 60% of the worldwide soda ash production used the Solvay process, 30% was produced by processing natural sodium carbonate, and about 10% came from other methods [16].



The main environmental concern associated with the Solvay process is the leaching of chloride salts into groundwater and surface waters [12]. The waste generated by the method is NaCl, CaCl2, Ca(OH)2, CaCO3, CaSO4, and SiO2. CaCO3 precipitation and the deposition of these wastes can be of fundamental importance for the biogeochemistry of lake ecosystems, since they link with cycles of other components, such as dissolved organic carbon, P, and suspended particles. In such cases, the rate of lake sedimentation often increases [17]. Soil and water salinization can lead to different environmental problems including negative impacts on plant growth and survival. This can then result in increased soil erosion and reduction of water quality [12]. High levels of salinity in water can render it unsuitable for agriculture (with negative implications for crop production) and households (non-potable water and corrosion of pipes and damaged pipe fixtures as well as problems with water supply, public health, and ecosystems) [15]. An example of high water salinity in Central Europe is the section of the Wilga River that flows through the sedimentation ponds of the former Soda “Solvay” Plant in Krakow. That plant constitutes a major threat to the quality of the nearby environment. The site is a reclaimed landfill of so-called sedimentation ponds, which were created as part of soda ash production. Potential threats to the environment posed by such sedimentation ponds include leachate to varying degrees of salinity, mules and lime deposits filling the ponds (which are strongly alkaline), and municipal waste deposited improperly and hidden during land reclamation [18].



The aim of this study is to examine: (i) the chemical state of the Wilga River along and surrounded by the sedimentation ponds (i.e., at the entry point before the ponds and the exit point after the area of sedimentation ponds); (ii) the dynamics of biogeochemical transformations as necessary monitoring elements; and (iii) the possible risk of long-term negative effects of soda ash production in the revitalized post-industrial area in the highly populated urban ecosystem (Krakow city).




2. Materials and Methods


2.1. Study Site


Monitoring studies were carried out on the fragment of the Wilga river flowing around the sedimentation ponds of the Soda “Solvay” Plant in Krakow (Figure 1 and Figure 2). The Solvay landfill was established on Quaternary alluvial deposits consisting mainly of sands and gravels interlayered with clay. These formations are located in Miocene clays with gypsum inserts, and they do not have an insulating layer (impermeable layer), so it is suspected that the sedimentation ponds may pollute surface and underground waters through leachate [18].



The Wilga River is 26.7 km long, with its source in the Lesser Poland Voivodeship (southern Poland; Figure 1). The catchment area of the Wilga River is about 100 km2. The Wilga River flow ranged from 0.93 to 1.35 m3 s−1 (reference data, no current measurement data) [19]. The Wilga is a submontane river characterized by two outflow maxima: spring and summer, and one autumn–winter minimum [19]. More than half of the Wilga River flows through Kraków, where it empties into the Vistula River (the right tributary of the Vistula).



In Krakow, part of the Wilga River flows past the reclaimed area of the former soda plants, the so-called sedimentation ponds. These sedimentation ponds, where the waste from processing soda was stored, were created in 1906. Due to the heavy contamination of the environment caused by the storage of post-production waste, the Environmental Protection Commission decided in 1989 to close the plants, and they ceased operation in 1996 [18]. The sedimentation ponds contain mostly post-production waste, including calcium carbonate CaCO3 (which comprises around 70% of the dry matter). The rest are silicon oxides SiO2, phosphorus oxides P2O5, calcium sulfate CaSO4, magnesium sulfate MgSO4, barium sulfate BaSO4, sodium chloride NaCl, and calcium chloride CaCl2 [18]. The sedimentation ponds were formed as a by-product of the production of sodium carbonate (Na2CO3) using the Solvay method developed in 1861 [16,18]. The height of the sediments ranges from several meters to about 30 m above the bottom of the valley. The slopes range from 1:1 to 1:1.5. The total amount of accumulated waste is estimated at about 5 million tons. The sedimentation ponds are separated from each other by a watercourse (Wilga River, Figure 2) [18].




2.2. Methods


A monitoring study of the chemical state of the water in the Wilga river was conducted in 2018 and 2019 (see supplementary). Eight measurement points were determined on a 3-km section of the river (Figure 2) The points were stabilized (the place of sampling in the field was marked by inserting a bar with the number of the point) and their GPS locations were saved (Table 1). Water samples were collected in the summer (July), autumn (October), winter (January), and spring (March) to determine the impact of seasons on the chemistry of the surface water in the contamination area. The samples were collected with a 2-m pole, placed in 100 mL polyethylene bottles, and transported to the laboratory where they were stored at 4 °C within 48 h.



Before laboratory analyses water samples was filtered using quantitative hard, cellulose filters (type: 390; grammage: 84 g m−2). The following characteristics of the samples were determined: pH; electrical conductivity (EC) at a temperature of 21 °C using a multifunction device, CX-741; the concentrations of cations (Ca2+, Mg2+, K+, NH4+, Na+) and anions (NO3−, SO42−, Cl−) using Dionex ion Chromatography 5000 (Thermo Fisher Scientific, Waltham, MA, USA); concentrations of Al, Zn, Cd, Pb, Cr, and Ni using an ICP OES ICAP 6000 Series, and inorganic carbon (IC) on TOC Shimadzu. Measurement points 1 and 8 were comparative points that allowed observation of the chemical state of the water before entering the section along the settling tank and the state after flowing out of the range of influence by the settling tank (Figure 2).





3. Results


The mean pH values of the samples ranged from 7.4 (sampling point 8) to 7.6 (sampling point 2) (Table 2, Figure 3a). pH values were significantly higher in the spring and winter than in the summer and autumn (Table 3). The pH value at each point was the lowest in the summer. There was no significant difference in pH between measuring points 1 and 8.



Mean EC values in the researched section ranged from 845 to 2888 µS L−1 (Table 2, Figure 3b). The highest value of EC (5370 µS cm−1) was in the water from sampling point 7 in the autumn (Figure 4). It was observed that each season, the EC increased at subsequent measuring points, from the lowest value at sampling point 1 to the highest at sampling point 8 (along the river, flowing through the sedimentation pond—EC in each season is the lowest in 1 sampling point, and the highest in 8 sampling point; Figure 4a).



The EC value at each point was the highest in the autumn (Figure 4b). According to the Regulations of the Ministry of Environment in Poland (RME) [20], the permissible EC value qualifying water as having good quality is ≤ 677 µS cm−1. However, a high EC value (i.e., EC > 1500 µS·cm−1, indicating salinity) was found in every season at sampling points 7 and 8. This level was more than twice the acceptable limit (Table 2).



The values for sodium (Na+), chlorine (Cl−), and calcium (Ca) followed a trend similar to that of EC. They increased at subsequent measuring points as the river passed the sedimentation ponds (Figure 5a–c and Figure 6a and Table 2). Moreover, the values for all of them (Na+, Cl−, and Ca) were always significantly higher in autumn than in the other seasons (Figure 6b, Table 3). The value for Cl− was 44.8 mg L−1 at points 5, 6, 7, and 8, which was 12 to 18 times the level allowed by the RME. The value for Ca was 89.5 mg L−1 at those points, as much as three times the limit (Table 2).



The mean content of SO42− ions ranged from 95.96 mg L−1 to 116,44 mg L−1 (Table 2). Significantly higher SO42− content was found in the autumn and winter than in the spring and summer (Table 3). According to RME (2016), the permissible sulfate content of 79.8 mg L−1 was exceeded at each research point (Table 2).



The mean Mg content ranged from 10.39 to 11.78 mg L−1 (Table 2). The highest Mg content was found in the autumn and the lowest in the summer. According to RME regulations (2016), these values indicated the water was of good quality (Table 2).



The values for inorganic carbon (IC) ranged from 36.96 mg L−1 at sampling point 1 to 40.71 mg L−1 at sampling point 8 (Table 2). There were 2 homogeneous groups, where the IC content was significantly higher in winter and autumn than spring and summer (Table 3).



The content of trace elements, Cd, Ni, Cr, and Pb, were below the detection level of the device.



From among the trace elements researched, the standards took into account only aluminum, the concentration of which was exceeded at two testing points (6 and 8; Table 2).



The total mineralization of the Wilga River was from 600 mg L−1 to 1700 mg L−1 (Table 4). Mineralization at that level means medium-mineralized waters. It was observed that total mineralization increased significantly as the water passed the sampling points (Table 4). Chloride ions comprised the biggest share of the mineralization, and it dominated in the water sampled at most of the research points (Table 4). The contents of calcium and sodium ions were similarly high. Sulfate and hydrocarbon ions also had a significant share (above 20% mval) in the mineralization. The high level was observed at the initial sampling points (points 1–2-SO42− points 1–4-HCO3−). All ions of high importance in mineralization (Cl−, Ca+, Na+, HCO3−, SO42−) were associated with products and waste from the production of caustic soda by the Solvay method.




4. Discussion


The water chemistry properties (EC, Na+, Cl−, and Ca) changed noticeably as the Wilga River flowed through the area of the sedimentation ponds. Increased values of these indicators resulted from the specific geochemical composition of the landfill—sedimentation ponds formed as a by-product of the production of sodium carbonate (Na2CO3) using the Solvay method. The products obtained by the Solvay method include calcium carbonate and sodium chloride, with ammonia as an auxiliary material. The waste generated by the method includes: NaCl, CaCl2, Ca(OH)2, CaCO3, CaSO4, and SiO2. These sedimentation ponds constitute a serious ecological problem, causing strong salinity in the surrounding groundwater and contaminating natural water reservoirs and soil [18]. Moreover, as Womble [17] reported, the precipitation and deposition of waste from the Solvay method may be fundamental to the biogeochemistry of aquatic ecosystems, as they are linked to cycles of other components such as carbon and phosphorus. According to Polish standards (Regulation of the Ministry of Environment of 21 July 2016) [20], the water quality of the Wilga River was assessed to be poor on the basis that it exceeded EC, Cl−, Ca, SO42− and Al values at two of eight sampling points. Moreover, comprehensive studies for water status monitoring (biological, physicochemical, morphological elements and chemical status of rivers) have been carried out in Poland by the Chief Inspectorate for Environmental Protection [21]. The studies carried out in 2017 showed that the waters of the Wilga River examined just at the estuary of the Vistula (50.04341, 19.93393; a dozen km from the pollution emitter) still showed high EC values (2834 µS cm−1), SO42− (120.77 mg L−1), Cl− (922.5 mg L−1), and Zn (0.050 mg L−1) concentration [21]. The European Water Quality Standards Regulation (Directive 2008/105/EC) sets environmental quality standards in the field of water policy [22]. The US government sets standards for priority substances of trace metals and their compounds, benzene, PAHs and pesticides (Federal Regulation for Water Quality Standards, 40 CFR 131) [23]. These standards were set because of the significant risk these substances may pose in the aquatic environment. However, these standards do not take into account the researched elements. Therefore this water quality assessment was based on the Polish standards. The highest levels of precipitation in 2017 (according to https://en.tutiempo.net/climate/poland.html [24] were recorded in July (142.76 mm) and August (73.15 mm), and the lowest were recorded in the February–April period (average 13 mm) and November (7.1 mm). In the June–August period, no measurements were taken, but it can be seen that in the autumn season (measurement done at October) following the rainy summer (July–August), there is a much higher value of products stored in the sedimentation pond (EC, HCO3−, Cl, Na, Ca, SO42−) in the water of Wilga River, which may be the result of direct surface runoff from the sedimentation pond to river.



In the United States, Onondaga Lake (located in Central New York, immediately northwest of and adjacent to Syracuse, New York) is one of the most polluted lakes, a condition that was probably caused by the high industrialization of the region—waste is still entering it that resulted from the Solvay process (the production of caustic soda) beds located along Nine Mile Creek) [12,15,25]. Onondaga lake (researched in 1990s) was extremely saline (450-500 mgL−1 Cl−; the value was especially high after the development of the salt industry). It was also rich in calcium carbonate and trace elements [26]. In addition to the problem of the high salinity of Lake Onondaga, there was also an unnaturally high level of CaCO3 connected with soda ash production (0.35 kg of Ca2+ waste was discharged for each 1 kg of Na2CO3 produced) [17]. Eliminating the salt pollution that continues to come from the waste beds would reduce the chloride concentrations of the lake to less than 250 milligrams per liter. Without this loading, the total salt content of Onondaga Lake could approach 0.05%, which is close to the levels of other freshwater lakes in the area [25]. The Solvay method was also used in Austria, in the Solvay quarry in Karbach on the eastern side of Lake Traunsee [16].



Most factories using this technology are located on the coasts of seas and oceans, thanks to which the pre-treated brine can be discharged directly into the sea, and there is no need to create sedimentation ponds. This is how, for example, Sunshield Chemicals Solvay in India operates [27]. However, there are very few publications that clearly show the water contamination or salinity resulting from the Solvay process. However, the salinity of the water is a common phenomenon. It also occurs in African countries [15] and in the east (e.g., in Saudi Arabia and Bangladesh) [28,29], and its causes include drought and geological conditions. Kitheka [15] noted significant seasonal variations of salinity in the Athi River basin in Kenya. He showed that salinity levels progressively increased during the dry season (January–March and July–October), but declined rapidly during the rainy seasons (April–June and November–December) [15]. In the Wilga River, it was observed that Cl−, Na+, and Ca concentrations were the highest in autumn. This might then be followed by the flushing of salt from the sedimentation ponds and its subsequent conveyance into the river. The pH value was also observed in the summer and autumn seasons, when the precipitation was higher than in other seasons. A correlation analysis was performed, for which pH was used, along with the obtained weather data (as precipitation) at the times when water samples were collected. The correlation analyses indicated connections between pH and precipitation (r = −0.6985, p < 0.005)—this means, the lower the precipitation (rainfall), the higher the pH. Less rainfall means low water level (however, this has not been tested in studies and is only a hypothesis, but the phenomenon was noticed by Kitheka [15]), and therefore a higher concentration of basic elements from waste deposited in sedimentation ponds in less water.



The high concentration of sodium carbonates and sodium sulfates in New South Wales appears in groundwater brines, and is usually found in tertiary or quaternary evaporite deposits or in brines [30]. Sodium carbonate (soda ash) and sodium sulfate also occur under natural conditions (e.g., Thermonatrite, Trona, Thenardite, Hanksite, Burkeite Green River, Wyoming, USA, Lake Magadi, Kenya; Nahcolite Searles Lake, California, USA, Goodenough Lake, Canada, Tanzania and Wadi el Natrun, Egypt) [30]).




5. Conclusions


Observation of chemical changes in the Wilga River is all the more important because the sedimentation ponds of the former Soda “Solvay” Plant are in Krakow, where the population density is particularly high (780,000 people) and the need to use recreational areas (green zones) is particularly important.



The pH of the Wilga River in the researched area was at an appropriate level according to the standard for human consumption (Regulation of the Minisry of Health of 7 December 2017 on the quality of water intended for human consumption). That is, it was in the range of 6.5–9.5 [30]. However, the EC value exceeded the standards for human consumptions (range according to 2.500 µS cm−1), so the water was classified as unsuitable for consumption on that basis.



The concentration of Cl−, Na+, and EC significantly increased along the flow of river (points 7 and 8 compared to point 1—control). The highest content of Cl−, Na+, Ca and the highest EC values occurred after passing the sedimentation ponds. With respect to seasonal variation, it was observed that the highest content of Cl−, Na+, and Ca occurred in the autumn. This may be due to significant atmospheric precipitation and runoff of sediment into the waters of the Wilga River.



The quality of the water in the Wilga River is classified as being below acceptable levels, mainly because of the very high values of EC, SO42−, Ca, and locally Al (in two out of eight research points). Other parameters that seem to be at a high content level, i.e., Na−, are not included in the Polish and international standards: RME [20], The European Environmental Water Quality Standards [22], and the US Federal Regulation for Water Quality Standards (40 CFR 131) [23]. We conclude that despite revitalization in the 1990s, the long-term effect of industrial water drainage remains dangerous in terms of the chemical and biological quality of water in the Wilga River. Many years after the cessation of soda production, sludge deposition, and the reclamation process, there are still long-term, adverse impacts on the environment and the pollution of the Wilga River. This is particularly evident in the increase of EC, Na+, Cl−, and Ca, the concentration of which increased along the river, indicating the important impact of the sedimentation ponds being in contact with the river waters on the chemistry of the researched waters. A huge load of sodium, calcium, and chlorine is discharged (leachates draining) into the river system because of a lack of good insulation.



The high salinity of the Wilga River could be dangerous in the long term, because the distance from the sedimentation ponds to the place where the Wilga flows into the Vistula—one of the main Polish rivers—is only 5 km. Moreover, it is very important to arouse interest in such problems and build an understanding of the long-lasting process of restitution of sedimentation ponds and adjacent areas, including the river ecosystem.
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Figure 1. The location of the Wilga River on a map of Poland (a), and in the Lesser Poland Voivodeship (b). 
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Figure 2. Fragment of the Wilga River on the plan of sedimentation ponds (a), and on the Krakow city plan (b) with locations of sampling points. 
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Figure 3. Values and range of variation in sampling points for pH (a) and electrical conductivity (EC) (b). 
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Figure 4. Values for electrical conductivity (EC) at sampling points (1—before entering the sedimentation ponds area and 8—after flowing through the premises of the former soda factories) (a) and the EC values by season (b). 
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Figure 5. Chloride (a), sodium (b) and calcium (c) values and range of variation at sampling points. 
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Figure 6. Na, Cl, Ca values at sampling points (a), and by season (b). 
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Table 1. Locations of sampling points.
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Sampling Point No

	
Coordinates

	
Short Description of Localization






	
1

	
50.001281 N, 19.935144 E

	
Before entering the sedimentation ponds area




	
2

	
50.004980 N, 19.935918 E

	
Between the sedimentation ponds




	
3

	
50.009018 N, 19.936852 E




	
4

	
50.010905 N, 19.937221 E




	
5

	
50.013738 N, 19.941125 E




	
6

	
50.015905 N, 19.939702 E




	
7

	
50.019201 N, 19.933157 E




	
8

	
50.024140 N, 19.927871 E

	
After flowing through the premises of former soda factories
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Table 2. The mean pH, EC, and concentrations of elements in the Wilga River by sampling point.
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Sampling Point

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
RME Standards (MAC-EQS) 1




	

	

	
Very Good Quality Class

	
Good Quality Class






	
pH

	
Mean

	
7.5

	
7.6

	
7.5

	
7.5

	
7.5

	
7.5

	
7.5

	
7.4

	
7.4–8.0

	
6.5–8.0




	

	
SD

	
0.29

	
0.24

	
0.25

	
0.27

	
0.35

	
0.34

	
0.25

	
0.42

	

	




	
EC [µS cm−1]

	
Mean

	
845↑

	
960

	
1399

	
1434

	
2123

	
2211

	
2811

	
2888

	
542

	
677




	

	
SD

	
259

	
322

	
766

	
746

	
1371

	
1340

	
1732

	
1658

	

	




	
Na+ [mg L−1]

	
Mean

	
57.98

	
70.91

	
110.50

	
113.32

	
178.63

	
186.23

	
254.95

	
271.90

	
n.d.

	
n.d.




	

	
SD

	
19.45

	
23.50

	
59.12

	
54.59

	
117.52

	
111.25

	
162.76

	
162.45

	

	




	
K+ [mg L−1]

	
Mean

	
6.00

	
5.96

	
6.24

	
6.27

	
7.02

	
7.23

	
8.04

	
7.75

	
n.d.

	
n.d.




	

	
SD

	
2.54

	
2.17

	
2.60

	
2.60

	
3.45

	
3.31

	
3.91

	
3.14

	

	




	
Cl− [mg L−1]

	
Mean

	
105.62

	
160.01

	
310.09

	
318.67

	
528.36

	
583.44

	
758.55

	
799.98

	
29.9

	
44.8




	

	
SD

	
42.73

	
58.16

	
222.50

	
194.14

	
397.98

	
428.17

	
527.48

	
506.34

	

	




	
NH4+ [mg L−1]

	
Mean

	
0.06

	
0.05

	
0.07

	
0.05

	
0.12

	
0.12

	
0.30

	
0.15

	
0.377

	
1.205




	

	
SD

	
0.02

	
0.03

	
0.07

	
0.03

	
0.098

	
0.13

	
0.44

	
0.12

	

	




	
NO3− [mg L−1]

	
Mean

	
10.54

	
11.08

	
12.51

	
12.80

	
13.62

	
13.32

	
11.64

	
7.33

	
8.86

	
22




	

	
SD

	
4.74

	
4.74

	
6.75

	
5.05

	
4.04

	
5.29

	
5.14

	
4.92

	

	




	
SO42− [mg L−1]

	
Mean

	
95.96

	
92.61

	
96.86

	
96.13

	
100.17

	
105.20

	
113.70

	
116.44

	
49.5

	
79.8




	

	
SD

	
24.74

	
23.43

	
26.76

	
27.17

	
31.13

	
33.72

	
24.66

	
25.35

	

	




	
Ca [mg L−1]

	
Mean

	
88.3

	
105.5

	
148.5

	
155.3

	
215.6

	
224.1

	
263.4

	
269.0

	
80.1

	
89.5




	

	
SD

	
25.2

	
33.0

	
76.0

	
73.9

	
131.1

	
119.2

	
134.9

	
121.6

	

	




	
Mg [mg L−1]

	
Mean

	
10.39

	
10.44

	
10.43

	
10.60

	
10.77

	
11.09

	
11.32

	
11.78

	
6.6

	
12




	

	
SD

	
2.60

	
2.66

	
2.83

	
3.11

	
3.39

	
2.99

	
2.32

	
2.35

	

	




	
IC [mg L−1]

	
Mean

	
36.96

	
36.51

	
38.53

	
38.45

	
37.41

	
37.56

	
38.69

	
40.71

	
n.d.

	
n.d.




	

	
SD

	
7.73

	
8.40

	
13.01

	
13.37

	
13.18

	
12.74

	
12.11

	
10.59

	

	




	
Zn [mg L−1]

	
Mean

	
0.03

	
0.03

	
0.04

	
0.03

	
0.04

	
0.03

	
0.04

	
0.03

	
n.d.

	
n.d.




	

	
SD

	
0.04

	
0.03

	
0.05

	
0.041

	
0.05

	
0.04

	
0.05

	
0.04

	

	




	
Al. [mg L−1]

	
Mean

	
0.037

	
0.021

	
0.033

	
0.024

	
0.029

	
0.041

	
0.038

	
0.05

	
0.04

	
0.04




	

	
SD

	
0.022

	
0.015

	
0.015

	
0.004

	
0.0

	
0.02

	
0.01

	
0.02

	

	








Explanation: 1 under this standard, water quality is bad; n.d.-no data avaliable; bdl—below detection level; SD—standard deviation; green—very good quality class; blue—good quality class; red—values exceeding standards.
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Table 3. Values and variability of the most important selected water parameters in the sampling seasons.
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Season

	
pH

	
EC [µS cm−1]

	
Cl− [mg L−1]

	
HCO3− [mg L−1]

	
SO42− [mg L−1]

	
Na [mg L−1]

	
Ca [mg L−1]

	
IC [mg L−1]






	
spring

	
7.7

	
a

	
1134.63

	
a

	
234.51

	
a

	
140.94

	
a

	
89.01

	
a

	
91.9575

	
a

	
162.24

	
a

	
27.73

	
a




	
summer

	
7.2

	
b

	
1252.13

	
a

	
317.34

	
a

	
152.37

	
a

	
74.40

	
a

	
109.16

	
a

	
123.43

	
a

	
29.97

	
a




	
autumn

	
7.4

	
c

	
3288.63

	
b

	
871.40

	
b

	
250.33

	
b

	
250.33

	
b

	
279.75

	
b

	
309.41

	
b

	
49.25

	
b




	
winter

	
7.8

	
a

	
1660.00

	
a

	
359.11

	
a

	
231.08

	
b

	
231.08

	
b

	
141.35

	
a

	
139.78

	
a

	
45.46

	
b








Explanation: a, b, c—significant differences (according to NIR post hoc test);













[image: Table] 





Table 4. Changes in the content (share of total mineralization) of the most important ions, and mineralization of the water in the Wilga River as it flowed past the sedimentation ponds from the former soda plants.
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Sampling Point

	
Cl− [%mval]

	
HCO3− [%mval]

	
SO42− [%mval]

	
Na+ [%mval]

	
Ca2+ [%mval]

	
Total Mineralisation [mg L−1]






	
Mean

	
1

	
35.57

	
a

	
37.78

	
a

	
24.92

	
a

	
25.74

	
a

	
43.65

	
a

	
601

	
a




	
SD

	

	
5.85

	

	
5.08

	

	
4.48

	

	
6.20

	

	
6.38

	

	
131

	




	
Mean

	
2

	
46.26

	
b

	
31.71

	
a

	
20.43

	
ab

	
27.70

	
ab

	
45.82

	
a

	
680

	
a




	
SD

	

	
4.12

	

	
3.71

	

	
3.04

	

	
5.41

	

	
5.56

	

	
175

	




	
Mean

	
3

	
58.66

	
c

	
24.16

	
b

	
15.78

	
bc

	
31.43

	
abc

	
47.33

	
a

	
931

	
ab




	
SD

	

	
8.30

	

	
4.59

	

	
3.71

	

	
5.33

	

	
6.15

	

	
461

	




	
Mean

	
4

	
60.61

	
c

	
23.08

	
b

	
14.99

	
cd

	
31.50

	
abc

	
48.19

	
a

	
948

	
ab




	
SD

	

	
6.11

	

	
3.52

	

	
2.94

	

	
4.90

	

	
5.78

	

	
427

	




	
Mean

	
5

	
70.53

	
d

	
16.86

	
c

	
11.64

	
cde

	
35.42

	
bcd

	
48.61

	
a

	
1283

	
ab




	
SD

	

	
6.88

	

	
4.18

	

	
3.00

	

	
4.99

	

	
4.83

	

	
754

	




	
Mean

	
6

	
72.33

	
d

	
15.61

	
c

	
11.20

	
cde

	
35.51

	
bcd

	
48.89

	
a

	
1360

	
ab




	
SD

	

	
6.38

	

	
3.91

	

	
2.95

	

	
4.87

	

	
4.18

	

	
767

	




	
Mean

	
7

	
76.05

	
d

	
13.24

	
c

	
10.13

	
de

	
38.94

	
cd

	
47.12

	
a

	
1659

	
b




	
SD

	

	
7.29

	

	
4.33

	

	
3.47

	

	
5.33

	

	
3.90

	

	
917

	




	
Mean

	
8

	
76.73

	
d

	
13.23

	
c

	
9.72

	
e

	
39.93

	
d

	
46.51

	
a

	
1735

	
b




	
SD

	

	
6.99

	

	
4.14

	

	
3.16

	

	
5.68

	

	
4.46

	

	
871

	








Explanation: a, b, c, d—significant differences (according to NIR post-hoc test); min.—minimum value; max.—maximum value; SD—standard deviation.
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