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Abstract

:

The focus of this work is on the evaluation of selected water quality indicators as per the applicable regulations, taking into account European and national legislation and the evaluation of the risk of contamination of surface waters with toxic elements using the contamination factor (   C f i   ) and the degree of pollution (   C d   ). The studied area of Slovinky is an important ore region, with rich deposits of copper and silver ores that have been mined for centuries. One of the most important remnants of mining activities in this area is the Slovinky tailing impoundment. The sludge pond area has an area of 15 ha, and the height of the dam is 113 m above sea level, which makes the sludge pond one of the tallest water structures in Slovakia. The Slovinský creek was monitored in the years 2010, 2011, and 2019 at five sampling points, which were selected to map the entire length of the water flow from the source to the estuary to the river Hornád. Risk elements (As, Cu, Cd, and Fe) and physicochemical parameters (such as temperature, dissolved oxygen concentration, conductivity, resistivity, salinity, total dissolved solids, NaCl, redox potential, and pH) were included in this study and evaluated according to applicable regulations, taking into account European legislation (Act No. 269/2010 Coll., guideline value WHO 2011). The results of the experimental studies showed that the highest values of As and Cu were measured at the site where drainage waters from the Slovinky tailing impoundment and mining water of the Alžbeta shaft flow into the creek. The concentration of As exceeded the limit value by up to 31 times and the concentration of Cu 16.8–134.5 times. At the same time, the highest values of conductivity, salinity, total dissolved solids, and NaCl were found, and there was no acidification of water at the site that had the highest pollution. Water contamination was assessed based on    C f i    and    C d   ; our findings showed that the surface water from the site of contamination, along the entire length of the stream, was very highly contaminated with risk elements in the order of As > Fe > Cu, and the level of contamination decreased with distance from the site of contamination. Our research shows that seepage of toxic substances from sludge ponds and abandoned mines has caused the requirements for the quality of surface water of the Slovinský creek not to be met. In connection with mining activities, surface streams act as a transport medium through which other components of the environment can be polluted.
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1. Introduction


The start of industrial production brought, at first, environmental pollution, which gradually led to the disruption of natural habitats; due to inadequate production technologies, contaminants were transmitted into the soil, water, and air. The mining and processing of natural resources were concentrated in large industrial sites, which were often situated in vulnerable natural environments [1]. Mining activity is considered one of the most significant sources of pollution by risk elements [2]. The mining industry results in the accumulation of large amounts of tailings [3], which occupies large amounts of soil resources and causes serious pollution of environmental components (soil, water, air, biota) [4]. Risk elements are the natural constituents of the earth’s crust, and some of them are essential for the growth and development of plants, humans, and animals. Risk elements are persistent toxic pollutants that are characterised by latent, long-term, cumulative, and irreversible characteristics [5,6].



The release of persistent toxic pollutants into the natural environment, whether from geogenic sources or as a result of anthropogenic activities [7,8,9], can be associated with many environmental problems (contamination of soil, water, and biota) [10,11], resulting from their toxicity, non-biodegradability, and persistence [12].



Waste rock, tailings, and mine waste directly discharged into the environment and water resources have the potential to pollute the environment [13] and pose a serious threat to public health [14]; the same toxic elements in tailings are prone to leaching into the surrounding environment by water and wind [15]. Numerous studies have pointed to an increase in total concentrations of trace metals, such as Hg, As, Cd, Cu, Pb, Zn, Cr and Sb, in the atmosphere, soils, sediments, waters, and biota near mining activities [16,17,18,19].



Acid mine runoff, a primary source of risk element contamination, is also a global environmental problem due to persistent toxic pollutants in both active and abandoned mining areas [20,21,22,23]. Acid mine waters are characterised by a low pH, high concentrations of transition metals (Fe, Cu, Zn), and the presence of highly valuable metals such as rare earth elements at lower concentrations [24].



The contamination of surface waters with acidic mining waters and lower pH values increases the concentration of sulphates and trace metals [25]. If trace metals are present as mobile and bioavailable forms, they can easily upset the ecological balance of aquatic ecosystems [26]. Different indices of geoaccumulation [27] and degrees of contamination [28] are used to analyse water quality in places with significant mining activity.



The current study was carried out in an area that was intensively influenced by mining activities for a long time. The studied area of Slovinky is a significant ore area with rich deposits of copper and silver ores, the subject of extraction for centuries. After the decline of mining focused on copper ores, the mining industry in Slovinky was redirected to the extraction of iron ores in the second half of the 19th century. One of the most significant remains of the mining activities in this area is the Slovinky tailing impoundment. The tailing impoundment has an area of 15 ha, and the height of its dyke is 113 m above sea level, which puts the tailing impoundment among the highest water structures in Slovakia. The surface of the tailing impoundment consists of a solid-consistency material that has been formed by the gradual evaporation of water from the liquid mud that was transported to the tailing impoundment. Towards the bedrock, there are liquid sand and water. The mud of the tailing impoundment contains elements of gold, silver, iron, copper, arsenic, and other metals. The tailing impoundment poses a threat to the environment for several reasons. At the sludge bed, dust particles are transmitted, which are transported over long distances, thereby reducing air quality and transferring toxic elements. Soaks of the contaminants into the groundwater are also dangerous. In the village of Slovinky and its surroundings, there are seven other tailing impoundments, which, due to the unsatisfactory state of the dam and drainage system, pose a threat, especially during torrential rains [29].



The aim of this study is to: (i) examine selected physicochemical properties and risk elements in the surface waters in a spatial and temporal dimension; (ii) evaluate selected water quality indicators according to applicable regulations, taking into account European and national legislation; (iii) assess the risks of the contamination of surface waters with toxic elements from the tailing impoundment as a remnant of mining activities.




2. Materials and Methods


2.1. Study Area Description


Slovinky (48°55’48.9’’N; 20°53’51,0’’E) originated as a mining settlement in the 14th century. The cadastre of the village is situated southwest of Krompachy at an altitude of 400 to 1081 m above sea level. The area of Slovinky and the surrounding area was characterised by a significant number of deposits of silver, copper, and iron ores. Mining activity was terminated in Slovinky in 1993.



The investigated area is located in the Spiš region, which represents an area of second environmental quality, i.e., a region with a slightly disturbed environment. It is also partially located in the Rudňany district, which has a significantly disturbed environment [30]. As a result of long-term and intensive mining and processing activities, the area has been polluted by risk elements, and the landscape has been deformed by extensive anthropogenic forms [29]. During the mining of mineral deposits, together with the utility component, large volumes of residual material were moved, which were subsequently stored in the form of mining landfills, heaps and sludge, which significantly disrupted the landscape structure and contaminated individual components of the environment. The limit values of Hg, Cu, Zn, As, Cd and Pb are exceeded in the soils in the investigated area [1,31].



According to geomorphological division, the investigated area belongs to the area of the Slovak Ore Mountains in the Inner Western Carpathians [32]; from the geological point of view, it consists mainly of metamorphic sandstone and quartz phyllites. The predominant soil types are cambium, with a shallow to medium depth. Fluvials have developed in a small area along the watercourse. The area of interest is moderately warm to cold, with an average annual temperature of 7.7 °C and an average precipitation angle of 625 mm [33].



Slovinský creek springs at an altitude of 1050 m above sea level. The catchment area of the Slovinský creek reaches 78.59 km2. In the town of Krompachy, the stream was partly artificially folded in the first half of the 20th century and regulated with stone paving. The specific runoff reaches the value of 6.23 l/s/km; the average flow rate is 0.49 m/s [30]. In the past, the groundwater regime was strongly influenced by mining activities, on the basis of which a special group of water and mining waters was also separated.



The Slovinky tailing impoundment is located in the northeastern part of the cadastral territory of the Slovinky municipality. The flotation sludge was weighed through the pipeline here, which was wasted after the ore treatment in the mines of Slovinky. Its activity was terminated after an accident in 1999, during which the drainage pipeline ruptured. At present, 4.8 million cubic metres of sludge of solid consistency are stored here. The slope of the dam was terraced using mining tailings, and, to stabilise the slope, trees and grass vegetation were planted. The surface of the body of sludge is made of a solid-consistency material; towards the subsoil, there are liquid sand and water. The two highest terraces of the tailing impoundment are not reclaimed and are without vegetation. The vegetation of the Slovinky tailing impoundment is characterised by a low representation and abundance of species. Substrates containing contaminants select the species composition of vegetation. The dam of the tailing impoundment consists of a planted shrubland, with a predominance of Betula pendula and Pinus sylvestris. We also recorded the infestation trees—Corylus avellana and Larix decidua—with accompanying species in the undergrowth of Agrostis capillaris, Fragaria vesca, Tussilago farfara, and Festuca rubra. Species near the air pollution field of the tailing impoundment manifest signs of degradation and are mainly dwarfed forms of woody plants, which are mostly in shrub form. The current state of the dam and drainage system of the tailing impoundment is not satisfactory, and there is a danger, especially during torrential rains [1].




2.2. Mapping and Sampling


Experimental works were carried out in the years 2010, 2011, and 2019 in the area of Central Spiš. Water samples were taken from a small stream from the Slovinský creek at five sampling points, which were selected to map the entire length of the watercourse, from the spring to the mouth of the Hornád, using glass bottle samples. The bottle samples were first washed and rinsed with demineralised water. The bottle samples were then put in a cool box and taken to the laboratory for further treatment. The locations of the sampling points are shown in Figure 1. The sampling was in accordance with STN EN ISO 5667 [34].




2.3. Laboratory Analysis, Pollution Indices, and Statistical Analyses


The analysis of the water samples was carried out directly at sampling points and in the Laboratory of Environmental Analysis of the Department of Environmental Management, University of Prešov, in Prešov and the accredited geoanalytical laboratory of the State Geological Institute Dionýz Štúr in Spišská Nová Ves.



Physical–chemical parameters (pH, temperature, dissolved oxygen concentration, conductivity, resistivity, salinity, and total dissolved solids) were monitored directly at the sampling points and evaluated using a WTW Multi 3410 SET 4 instrument (WTW Xylem Analytics Group, Weilheim, Germany). Using a Eutech CyberScan PC650 multimeter (Singapore), we measured the amount of NaCl in the water. The redox potential was measured by a METTLER TOLEDO instrument (Mettler-Toledo Group, Greifensee, Switzerland) with an InLab Redox electrode in the laboratory within 24 h of sampling.



In an accredited laboratory, the amounts of Cu and Fe in the samples were determined using atomic emission spectrometry with inductive bound plasma; the amount of As and Cd were determined using weight spectrometry with inductive bound plasma. The measured values were compared with the limit values according to Act No. 269/2010 Coll. [35], which is in line with European legislation.



Water contamination was evaluated using the contamination factor and the degree of contamination according to Hakanson [36]:


   C f i  =    C i     C n i    ,  








where Ci is the average risk element concentration and    C n i    is the background risk element concentration for the surface water of the Slovak Republic [37]. The following terminology may be used in this risk index approach to get a uniform way of describing the contamination factor by Hakanson [36]:    C f i    < 1, low contamination factor (indicating low sediment contamination of the substance in question); 1 ≤    C f i    < 3, moderate contamination factor; 3 ≤    C f i    < 6, considerable contamination factor;    C f i    ≥ 6, very high contamination factor.



The degree of total environmental contamination    C d    is defined as the sum of all    C f i   :


   C d  =  ∑  i = 1  n   C f i    ,  








where    C d    is the measure of the degree of overall contamination in a particular sampling site, defined as the sum of all    C f i   . The following terminology may be used to describe the degree of contamination:    C d    < 8, low degree of contamination; 8 ≤    C d    < 16, moderate degree of contamination; 16 ≤    C d    < 32, considerable degree of contamination;    C d    ≥ 32, very high degree of contamination, indicating serious anthropogenic pollution.



The obtained data were processed statistically by means of Statistica software (Ver. 13, 2015) and PAST 4.0. The data were log-transformed before the analysis.





3. Results


3.1. Risk Elements Pollution of Water


The main sources of pollution of the Slovinský creek are the surface and drainage waters of the Slovinky tailing impoundment and the outflows of the mining water of the Alžbeta shaft. In the central part of Krompachy, the source of pollution is the industrial enterprise Kovohuty Krompachy.



The amount of drainage water and the content of risk elements are monitored by the Ministry of the Environment and the State Geological Institute Dionýz Štúr within the partial monitoring system. According to the monitoring results, an average of 10.9 l/s of drainage water and 24.3 L/s of mining water flowed from the Alžbeta shaft in 2015 from the Slovinky tailing impoundment. This amount is indicative because the measurements were performed only twice a year. In the rainy season, the amount of drainage water is probably higher. The results of monitoring show that this water contains increased concentrations of As, Hg, Cu, Sb, Mn and SO4 [38]. The flow of the drainage water and the amount of risk elements from the tailing impoundment and the shaft are given in Table 1.



Figure 2 shows the concentrations of risk elements in water samples from five sampling points in the three monitored years. The greatest pollution of the Slovinský creek was witnessed in all the monitored years in the place where drainage waters from the Slovinky tailing impoundment and the mining water of the Alžbeta shaft (sampling point 3SL) flow into the creek. In this section of the watercourse, there is a long-term increase in the concentration of arsenic that does not meet the requirements for surface water quality according to Act No. 269/2010 Coll. [35]. The highest values were measured in 2011, when the concentration of arsenic exceeded the limit value for As up to 31 times. There were also high concentrations of As at the 4SL and 5SL sampling points in all these years. The measured As values at these localities were in the range of 14–27.9 μg/L, which exceeds the limit value by 2–4 times.



In 2011, the concentrations of risk elements changed significantly compared to 2010. As a result of logging and the increased movement of heavy machinery, the surface of the mining heaps deposited in the upper part of the stream was disturbed [1], which caused a significant increase in copper (a 74-fold increase compared to 2010), iron, and cadmium at the 2SL site. The iron concentration at this point exceeded the maximum allowable concentration by more than three times. The limit values for cadmium are set by the regulation in the range of 0.45–1.5 µg/L, depending on the hardness of the water determined by the CaCO3 concentration, which we did not determine, so we cannot say unequivocally whether the amount of Cd (1.2 μg/L) exceeded the limit values.



In 2019, compared to 2011, there was a decrease in the concentrations of risk elements, with the exception of copper at the 3SL site and arsenic at the 5SL site. Arsenic pollution at the 3SL site was also mitigated, but it significantly exceeded the recommended limit value set by Act No. 269/2010 Coll. [35] by 26.5 times. Arsenic pollution also persisted at the 4SL and 5SL sampling points, despite the fact that the pollution was diluted downstream. In comparison to the concentration of the monitored risk elements of Cu, Cd, and Fe with WHO [39] values for drinking water showed that most metals in the observed temporal and spatial dimension were below the detected limits, even though they were present in the water at very low concentrations. However, the As content was found to be well above the limit values set by the Drinking Water Directive [39]. In water, it is mostly present as arsenate (+5), but in anaerobic conditions, it is likely to be present as arsenite (+3). It is usually present in natural waters at concentrations of less than 1–2 μg/L [39]. Arsenic leaching occurs in both acidic and basic pH ranges, as indicated by studies by Guo et al. [40] and Al-Abed et al. [41]. Our research shows that seepage of toxic substances from sludge ponds and abandoned mines has caused the requirements for the quality of the surface water of the Slovinský creek not to be met. In connection with mining activities, surface streams act as a transport medium through which other components of the environment can be polluted.




3.2. Physicochemical Parameters of Waters


When assessing surface water quality, it is important to examine physicochemical parameters, the changes of which may indicate water pollution. Parameters such as pH and redox potential (Eh) affect the migration of risk elements. The solubility of hazardous elements and their mobility may increase due to reduced conditions, the lowering of pH values in the range of 2–6 and higher salt concentrations [42,43,44]. The analysis was performed for 9 water quality indicators and evaluated according to valid regulations, taking into account European legislation [35,39]. Table 2 and Figure 3 show the physicochemical parameters measured during the observed period. In general, all measured physicochemical parameters (i.e., temperature, dissolved oxygen concentration (mg/l), conductivity (Μs/cm), resistivity (kΩ cm), salinity (ppt), total dissolved solids (TDS; mg/l), NaCl (ppm), redox potential (Eh; mV) and pH) were within the acceptable values of WHO guidelines for drinking water [39] and Act No. 269/2010 Coll. [35], which sets the requirements for achieving good water conditions. The results of non-metric multidimensional scaling (NMDS) (Figure 4) have shown that above-the-limit concentrations of risk elements (Cu, As, Fe, Cd) have significantly affected (longer arrows indicate impact) the monitored environmental parameters (dissolved oxygen concentration, conductivity, resistivity, salinity, total dissolved solids, NaCl, redox potential and pH). The direction and length of the vectors of environmental parameters were computed by Bray–Curtis distances. Risk elements had a significant effect on resistivity and salinity in the investigated 3SL region.



In addition to the above parameters, we also monitored the pH of the water samples as one of the most important parameters influencing metal content in a bioaccessible form in the environment [1]. Act No. 269/2010 Coll. [35] sets a pH limit value in the range of 6 to 8.5. In the monitored years of 2010, 2011, and 2019, the water at most sampling points complied with the requirements set by the law, with the exception of 2019 at the 5SL site (pH 8.7). In the mining water represented by the outflow of drainage water from the sludge pond and from the shaft, the pH value reached 7.37 to 7.55 (Figure 5); at the same time, the sludge pond material had an alkaline character; this appears to be consistent with the study by Al-Abed et al. [41].




3.3. Assessment of Water Pollution and Statistical Analyses


The assessment of water contamination, calculated on the basis of Hakanson’s contamination factor (   C f i   ) and the degree of contamination (   C d   ) [36], for each toxic element and each sampling site in the observed watercourse profile is given in Table 3. Based on the mean contamination factor (   C f i   ), the surface waters were classified as very highly contaminated with risk elements, from the point of contamination to the mouth of the monitored stream (sampling points 2SL to 5SL). The 3SL sampling site was highly contaminated with toxic elements in the order As > Fe > Cu, resp. As > Fe. The level of contamination (   C d   ) was very high at sampling sites 2SL to 5SL (   C d    ≥ 63.6–509.4). These findings suggest that surface waters from the site of pollution, along the entire length of the stream, are very highly contaminated with risk elements, the level of pollution decreases with distance from the site of pollution, and the water contamination is the result of mining residues. Water quality deteriorates at high As levels, as pointed out in the study by Boateng et al. [27].



The dendrogram of the hierarchical cluster analysis (HCA) of the concentration of risk elements in relation to the time and space of the investigated water source is shown in Figure 6. Hierarchical algorithms find successive clusters following previously established clusters. These algorithms are usually either agglomerative (“bottom-up”) or divisive (“top-down”). The method for this study is by divisive “top-down” sequestering, utilising Euclidean distance and single linkage, beginning with the entire set and proceeding to divide it into successively smaller clusters. The HCA has identified three groups of metal associations: Group I includes the area above the pollution source; the areas under the sources of pollution, up to the mouth of the river Hornád, form Group II; Group III contains the site of the highest pollution in the observed period. The results of the HCA analysis confirmed that the contamination of the study area comes from anthropogenic sources. The high content of As, Cu, Cd, and Fe in the water source comes from the sludge pond and shaft as a remnant of mining activities and activities associated with different intensities of logging, in which the surface of old heaps is disturbed.





4. Conclusions


In the context of mining activity, surface water acts as a transport medium of pollution, thus expanding the area of impact of old mining activities on the environment. The examined area of Slovinky is a significant ore area with rich deposits of copper and silver ores, which have been the subject of extraction for centuries. One of the most significant remains of mining activities in this area is the Slovinky tailing impoundment. The tailing impoundment has an area of 15 ha, and the height of its dyke is 113 m above sea level, which puts the tailing impoundment among the highest water structures in Slovakia. The mud of the tailing impoundment contains elements of gold, silver, iron, copper, arsenic, and other metals. The tailing impoundment poses a threat to the environment for several reasons. At the tailing impoundment, dust particles are transmitted, which are transported over long distances, thereby reducing air quality and transferring toxic elements. The contaminants in the water resources are also a threat. The results of experimental studies have shown that the highest values of As and Cu were measured at the site where drainage waters from the Slovinky tailing impoundment and the mining water of the Alžbeta shaft flow into the creek. In this section of the watercourse, there is a long-term increase in the concentration of arsenic that does not meet the requirements for surface water quality according to Act No. 269/2010 Coll. and WHO guidelines. The concentration of As exceeded the limit value by up to 31 times and the concentration of Cu by 16.8-134.5 times. At the same time, the highest values of conductivity, salinity, total dissolved solids and NaCl were found, and there was no acidification of water at the site of the greatest pollution. Assessing water contamination, based on the contamination factor and the degree of contamination, our findings indicate that surface waters from the contamination site, along the entire flow length, are highly contaminated with risk elements in the order As > Fe > Cu; the contamination level decreases with distance from the contamination site. The water contamination is the result of the action of the remnants of mining activities. Our research shows that seepage of toxic substances from sludge ponds and abandoned mines has caused the requirements for surface water quality of the Slovinský creek not to be met. In connection to mining activities, surface streams act as a transport medium through which other components of the environment can be polluted.
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Figure 1. Locations of the research sites in the investigated area of the Slovinský creek (Slovakia). 
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Figure 2. The measured values of risk elements in the water samples of the Slovinský creek (Slovakia). (Notes: limit value Act No. 269/2010 Coll. of Laws: As—7.5 µg/L, Cu—1.1—8.8 µg/L, Cd—0.08–0.25 µg/L, Fe—2 mg/L; guideline value of WHO: As—10.0 µg/L, Cu—2000 µg/L, Cd—3.0 µg/L, Fe—2 mg/L, Fe—an allocation of 10% of this PMTDI (provisional maximum tolerable daily intake) to drinking-water gives a value of about 2 mg/L, which does not present a hazard to health). 
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Figure 3. The measured values of physicochemical parameters in the water samples of the Slovinský creek (Slovakia), expressed as descriptive statistics. (Note: TDS—total dissolved solids). 
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Figure 4. Graphic output of the NMDS ordination displaying localities and significant environmental vectors. (Notes: DOC—dissolved oxygen concentration, Con—conductivity, Res—resistivity, Sal—salinity, TDS—total dissolved solids, Eh—redox potential, 1SL–5SL—sampling sites). 
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Figure 5. The measured values of pH in the water samples of the Slovinský creek (Slovakia). 
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Figure 6. Dendrogram derived from the hierarchical cluster analysis (HCA) of risk elements in the water samples, in relation to time and space, of the Slovinský creek (Slovakia). 
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Table 1. Amount of drainage water (L/s) and content of risk elements (mg/L) of drainage water of the Slovinky tailing impoundment and mining waters of the Alžbeta shaft in 2015 [38].
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	Source of Pollution
	Q
	pH
	SO4
	Mn
	Zn
	Pb
	As
	Sb
	Cu





	Slovinky tailing

impoundment
	10.9
	7.37
	271.0
	0.2245
	0.0080
	0.0025
	0.0125
	0.0065
	0.0030



	Alžbeta shaft
	24.3
	7.55
	275.0
	0.2705
	0.0020
	0.0025
	0.3445
	0.0065
	0.0015







Notes: Q—water flow.
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Table 2. The measured values of physicochemical parameters in the water samples of the Slovinský creek (Slovakia).
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Parameter

	
Sampling Site

	
WHO Values [39]

	
Act No.269/2010 Values [35]




	
1SL

	
2SL

	
3SL

	
4SL

	
5SL

	

	






	
Temperature (°C)

	
9.6

	
8.2

	
10.6

	
7.7

	
6.7

	
<25

	
<26




	
Dissolved oxygen concentration (mg/L)

	
10.2

	
10.8

	
10.4

	
11.5

	
11.8

	
4.0–6.0

	
>5




	
Conductivity (μS/cm)

	
162

	
207

	
823

	
420

	
393

	
400

	
1100




	
Resistivity (kΩ cm)

	
6.2

	
4.8

	
12.1

	
2.3

	
2.6

	
-

	
-




	
Salinity (ppt)

	
0.0

	
0.0

	
0.3

	
0.1

	
0.1

	
-

	
-




	
Total dissolved solids (TDS) (mg/L)

	
162

	
208

	
824

	
417

	
391

	
500–1000

	
-




	
NaCl (ppm)

	
147.2

	
197.6

	
778.4

	
387.7

	
360.8

	
-

	
-




	
Redox potential (Eh) (Mv)

	
273

	
277

	
263

	
301

	
304

	
-

	
-




	
pH

	
7.2

	
7.6

	
8.5

	
8.3

	
8.7

	
6.5–8.5

	
6.0–8.5
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Table 3. Ranking order of water contamination of the investigated locality according to the    C d    value and the sequence of the contamination factors (   C f i   ).
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   Contamination   Factor   (  C f i  )   




	

	

	

	

	

	
Very High

	
Considerable

	
Moderate

	
Low




	

	

	

	
Locality

	
    C d    

	
    C f i  ≥   6   

	
   3   ≤    C f i  <   6   

	
   1   ≤    C f i  <   3   

	
    C f i  <   1   






	
Degree of contamination (   C d   )

	
Very high

	
   C d   ≥ 32

	
3SL 2011

	
509.4

	
As > Fe

	
Cu

	
Cd

	




	
2SL 2011

	
469.2

	
Fe > Cu

	
Cd > As

	

	




	
3SL 2019

	
420.5

	
As > Fe > Cu

	

	

	
Cd




	
3SL 2010

	
364.2

	
As > Fe

	

	
Cu > Cd

	




	
4SL 2011

	
78.2

	
As > Cu

	
Fe

	
Cd

	




	
4SL 2019

	
63.6

	
As

	
Cu > Fe

	

	
Cd




	
5SL 2019

	
63

	
As

	
Cu

	
Fe

	
Cd




	
5SL 2011

	
62.9

	
As

	
Cu > Fe

	
Cd

	




	
5SL 2011

	
38.1

	
As

	
Fe > Cu

	
Cd

	




	
4SL 2010

	
36.6

	
As

	
Fe > Cu

	
Cd

	




	
Considerable

	
16 ≤    C d   < 32

	
1SL 2011

	
16

	
Cu = As

	

	
Fe > Cd

	




	

	

	

	

	

	




	

	

	

	

	

	




	

	

	

	

	

	




	
Moderate

	
8 ≤    C d   < 16

	
1SL 2010

	
13

	
As

	

	
Cu > Fe > Cd

	




	
2SL 2019

	
12

	
Cu

	

	
Fe > As

	
Cd




	
2SL 2010

	
8.4

	

	

	
Fe > As = Cu > Cd

	




	

	

	

	

	

	




	
Low

	
   C d   < 8

	
1SL 2019

	
6

	

	
Cu

	
Fe > As

	
Cd
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