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Abstract

:

In this study, the spatiotemporal variation of water pollution near a municipal solid waste landfill in Chorzow (southern Poland) was investigated. For this purpose, analyses of electrolytic conductivity, sulfates, chlorides, nitrates, ammonium ion, and boron were performed. The landfill water pollution index (LWPI) and Nemerow Pollution Index (NPI) were calculated on the basis of groundwater monitoring results for the study area. The results indicated very high pollution in each piezometer. The value of the LWPI index for the piezometer located at the groundwater outflow from the landfill exceeded 320, and values exceeding five indicate a high risk to groundwater. In the case of the NPI index, the value reached nearly 44, which also indicates a high risk. The structure of both indices allows for the assessment of the level of threat to groundwater in areas of pollution sources. However, the NPI index highlights the contribution of parameters other than main ions to total water pollution. The use of indexes in assessing the quality of groundwater around pollution hotspots is very helpful in waste management, as it allows for determining the degree of threat to water, and thus can help in implementing additional preventive solutions.
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1. Introduction


Landfilling is one of the most common means of disposing of municipal waste [1,2], but this carries a risk of groundwater contamination by leachate migration [3,4,5,6,7]. In this context, it is extremely important to conduct monitoring studies as well as to have a well-developed method for assessing the level of risk to water [8]. The quality of groundwater is determined by the content of inorganic and organic substances. Conducting monitoring studies and determining the content of these parameters in water is very important, especially regarding landfills, waste sorting plants, composting plants, and coking plants [9]. Due to the fact that pollution sources may have a negative impact on the quality of groundwater, it is necessary to conduct representative monitoring of the quality and quantity of groundwater in the area of such facilities [10,11,12]. Conducting reliable monitoring around facilities such as landfills guarantees a reliable assessment of changes in the quality of groundwater and also influences rational water management.



The scope of parameters necessary for monitoring is determined by legal acts for each country. In Poland, the Notice of the Minister of Climate and Environment of 6 August 2022, on the publication of the uniform text of the regulation of the Minister of the Environment on waste landfills (Journal of Laws of 2022, item 1902) is in force.



The regulation requires measurements of specific electrical conductivity (EC), pH, total organic carbon (TOC), copper, zinc, lead, mercury, cadmium, chromium and the sum of polycyclic aromatic hydrocarbons. Some of these parameters (mercury and cadmium) are particularly emphasized in environmental studies [13]. This regulation also specifies the minimum number of observation holes, i.e., at least one at the groundwater inflow to the landfill and at least two at the groundwater outflow [14]. In addition to typical inorganic parameters, more and more attention is being paid to the content of herbicides and pesticides that are used in agricultural activities [15]. Depending on the decision of the landfill manager, it is also possible to perform measurements in an extended range, adding main ions to the basic range. The additional range of parameters allows for a better assessment of the quality of groundwater in the area of pollution sources [16]. Moreover, such information may provide the basis for creating a risk analysis for groundwater or assessing the vulnerability of groundwater to pollution [17,18,19,20].



The selection of appropriate measures for assessing water quality changes that could be applied to many different facilities may improve the sustainability of water risk assessment, as well as help managers and legislators make appropriate decisions regarding landfills. Index methods are one example of methods used to determine the risk to groundwater [21]. The first method using an index was proposed by Horton [22,23]. Then, other indices were created, such as the Landfill Water Pollution Index, Groundwater Index, Nemerow Index, Backman Index, and Canadian Index [24,25,26,27,28,29,30,31,32]. The formulas needed to calculate individual indicators differ, but each of them suggests that increased indicator values may indicate a negative impact of the facility on groundwater and pose a health risk [33]. Most indicators are designed to be able to select the parameters that are currently being measured in the water. Indices are not limited to the need to calculate their values only for metals.



Waste landfills always constitute a potential source of threats to the soil and water environment due to the possibility of leachate migration to aquifers. This article uses the Landfill Water Pollution Index and the Nemerow Pollution Index to assess the risk to groundwater around the landfill in Chorzów (southern Poland). The following parameters were taken into account: sulfates, chlorides, nitrates, ammonium ion and boron. For the area of southern Poland, research has already been carried out at various municipal waste landfills, such as in Tychy, Poczesna, Sosnowiec and Dąbrowa Górnicza. The choice of the research area for analyzing the quality of groundwater in the area of municipal waste landfills was dictated by the fact that no such research has been carried out for this facility so far. Attention should be paid to the location of the described landfill in a highly urbanized and anthropogenically transformed area, for which it is necessary to show the impact of such facilities on the soil and water environment.




2. Study Area


In administrative terms, the landfill is located in the central part of the Silesian Voivodeship, in the north-eastern region of Chorzów, southern Poland (Figure 1). This area is very urbanized and anthropogenically transformed. There are many industrial plants and factories nearby. The largest of them are Nitrogen plants Chorzów Inc. located to the south and a closed mine located southwest of the landfill. The area around the landfill is not densely populated and is dominated by single-family buildings and arable fields.



The analyzed waste landfill is located within the Upper Silesian depression [34]. The geological profile includes Carboniferous, Triassic and Quaternary deposits [35]. The Upper Carboniferous is represented here by the Upper Silesian sandstone series, which consists of sandstones and conglomerates with interlayers of claystones and mudstones, as well as hard coal, the thickness of which is highly variable. In this area, the Lower Triassic consists of sands, clays and sandstones. Above, there are rhet formations composed of limestones, dolomitic marls and dolomites [36]. The entire layer is characterized by red-colored sediments and its maximum thickness is approximately 80 m [37]. The Middle Triassic is represented here by the Gogolin layers divided into the upper and lower series. It contains limestones in a crystalline form that are pinkish and grey yellow in color and characterized by an organodetrital structure (they contain fragments of shells and crinoids), ranging in color from gray to beige to brown beige [36]. The thickness of the Gogolin layers in the area of the landfill is approximately 40 m [35]. There are also ore-bearing dolomites here, characterized by a fine-crystalline structure, strong cracks and porosity, with a gray, sometimes brown, or yellowish color. The ore-bearing dolomites contain deposits of zinc and lead ores [36]. The thickness ranges from approximately 20–25 m [38]. Another type of sediments is diplopore dolomites that are yellow or yellow brown in color, characterized by a porous structure and remains of green algae, with fragments of crinoids and cyanobacteria occurring on the rock surface [36]. The thickness of the diplopore layers does not exceed 15 m. The Quaternary is composed of brown and yellow weathered sands and clays. In the area of the landfill, the thickness ranges from 1.5 to 2 m.



There are three aquifers in the analyzed research area [39]. These are the Quaternary, Triassic and Carboniferous aquifers. The Quaternary aquifer is of a discontinuous nature. These are suspended waters with an unconfined water table in sandy formations located above impermeable clay sediments. The thickness of this layer, depending on the place of occurrence, is 1.7–16.8 m. The discontinuity indicates the variable lithology and thickness of this level [40]. It reaches its greatest thickness in the Rawa Valley area and decreases towards the north. In the scale of the entire Chorzów, the Quaternary aquifer is not a usable level because it was degraded as a result of mining activities [34]. The Triassic aquifer occurs only in the northern part of Chorzów and consists of levels of musky limestone and Rhaetian limestone as well as middle and lower variegated sandstone [40]. The Muschelkalk and Rhaetian levels have an unconfined water table, which is located at depths between 40 and 60 m below ground level. The aquifer has a fissure-karst-porous character, which allows for the accumulation of water in the rock voids. It is replenished by precipitation when it infiltrates deeper [34]. The middle and lower variegated sandstone levels are layers and lenses of weakly compact sandstones or arkosic and quartz sands. They lie directly on the Upper Carboniferous formations [40]. The flow of groundwater from the Triassic aquifer is towards the south (Figure 1). The Carboniferous aquifer is located in sandstones and is fed by atmospheric precipitation through infiltration, whereas the Poręba layers contain reserves of relict water. In many places, Carboniferous waters mix with each other [34].



The non-hazardous and neutral waste landfill has an area of 7.9 ha, of which only 2.4 ha were used for waste storage [40]. It was active in the years 1997–2007. The landfill, in accordance with its intended purpose, stores waste from households, infrastructure facilities, building construction and renovation, parks and gardens, the cleaning of streets and squares, as well as bulky waste. The sealing of the bottom and slopes of the landfill is made of layers of clay. The main seal is two separate layers of clay with a minimum thickness of 0.25 m and a permeability ranging between 1 × 10−7 m/s and 69 × 10−9 m/s. The next sealing layer is plasticized clay with a maximum hydraulic conductivity of 5.46 × 10−9 m/s. The top layer was sealed with 0.25 m thick mineral aggregate, a 0.25 m high impermeable clay layer and a 0.15 m thick soil layer [41]. Leachate is discharged from the landfill using a drainage system located at the very bottom of the landfill. The drainage system is placed on a sand bed and protected against silting. Leachate water is collected in a tank, flows there by gravity and is then transported to the sewage treatment plant. There are three degassing wells at the landfill that release gas directly into the atmosphere.



Local monitoring in the landfill area includes monitoring of groundwater, monitoring of leachate water, monitoring of land surface subsidence and monitoring of landfill gas emissions. Three piezometers PT-1, PT-2, PT-3 are used to monitor groundwater. Piezometers PT-1 and PT-2 are located at the water inflow to the landfill, and piezometer PT-3 is located at the outflow from the landfill. Measurements have been performed since 1998. In the operational phase until 2007, water samples were taken from piezometers 3–4 times a year. In the post-exploitation phase, measurements were performed every 6 months. The scope of groundwater monitoring included total dissolved substances, mineral dissolved substances, volatile dissolved substances, electrolytic conductivity, pH, oxidability, total organic carbon, Fe, Mn, Kjeldahl total N, N, NH4, NO3, NO2, Cl, SO4, PO4, Pb, Cd, Cr, Cu, Ni, B, Zn, Hg, and PAHs.




3. Methodology


The results of monitoring studies from 1997 to 2023 for three piezometers located in the area of the landfill in Chorzów were used to determine the risk to groundwater. The following parameters were taken into account for the analysis: sulfates, chlorides, nitrates, ammonium ion, boron and PAHs. The risk was determined by taking into account two indices, i.e., the Landfill Water Pollution Index and the Nemerow Pollution Index.



The first index takes into account the relationship between the values of individual parameters measured in the piezometer and the values for piezometers beyond the influence of the object (upstream groundwater). The general formula is as follows:


    S   i   =     C   p       C   b      








where Cp is the concentration of the i-th parameter in each sample and Cb is the concentration of the i-th parameter from the piezometer located upstream of the groundwater flow.



Ultimately, the formula for calculating the ratio is as follows [42,43]:
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where wi is the weight of the i-th pollutant variable and n is the number of groundwater pollutants.



The weight values of the LWPI were made based on the literature [30] and hydrogeological knowledge. Detailed values of weight are presented in Table 1.



An LWPI value ≤ 1 describes water under no landfill impact, Section 2 (1 < LWPI ≤ 2) describes moderately polluted water, and Section 3 (2 < LWPI ≤ 5) describes poor water with a highly visible landfill impact; an LWPI > 5 is connected with strongly polluted water [30].



The Nemerow Pollution Index (NPI) is a measure that involves the relationship between the measured value of a given parameter and the limit value [32]. The value of this index was calculated from the following formula:
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where



	
Ci—is the measured value of the i-th parameter.



	
Li—is the allowable limit of the i-th parameter.






The values for groundwater quality class I were adopted on the basis of the Regulation of the Minister of Maritime Economy and Inland Navigation of 11 October 2019, using the criteria and method of assessing the state of groundwater bodies (Journal of Laws 2019, item 2148). As Li in the formula above, the following values were adopted (Table 2).



All index methods have limitations in the form of the need to select the number of parameters, the hydrochemical background value, the selection of weights for some indicators, the appropriate selection of data and the need to verify the data. In most cases, the results obtained from such analyzes will be incomparable between different studies.




4. Results


Within the landfill, the chemical composition of the waters of the Muschelkalk aquifer showed large fluctuations in values. Selected parameters were analyzed for variability based on data from 1998 to 2010 for chemical parameters and from 2003 to 2017 for EC values. Some information is not complete due to the lowering of the water table and the inability to take a sample from the piezometer or a change in the method of determining parameters. In addition to the variability of the parameters used to determine the LWPI and NPI, the variability of specific electrolytic conductivity was presented as a parameter reflecting mineralization and the size of contaminants.



The specific electrolytic conductivity ranged from 260 μS/cm in water from the PT-2 piezometer to 4778 μS/cm in water from the PT-3 piezometer. In 2003 and 2004, the values for electrolytic conductivity increased in all piezometers. In later years, a downward trend is observed (Figure 2). The values in the water from the PT-3 piezometer, which is located at the outflow, are twice as high as in the water from the piezometers at the inflow. Taking into account individual piezometers, the waters in the PT-1 piezometer showed the greatest fluctuations, but they were within the limit of waters with good chemical status. PT-2 showed relative stability in the electrolytic conductivity level and was also below the limit. However, the water in the PT-3 piezometer presented the highest values, which were often beyond the limit value for good chemical status of water. This is related to the location of the piezometer at the groundwater outflow from the landfill (Figure 2).



The highest values for the ammonium ion were repeatedly found in water from the PT-1 piezometer, where the average value was 14.52 mg/L, whereas in the remaining water samples from the piezometers, the average NH4 concentration was 4.5 mg/L in PT-2 and 1.85 mg/L in PT-3. In the inflow piezometer waters, the concentration of ammonium ion in most cases exceeded 1.5 mg/L for good chemical status of water, whereas in the outflow, the limit was exceeded twice (Figure 3). The minimum and maximum NH4 values were recorded in PT-2. These concentrations were 0.02 mg/L and 47.39 mg/L.



Nitrates in water from piezometers at the inlet were characterized by lower averages than in water at the outflow from the landfill (Figure 4). In PT-1, they were 26.4 mg/L and in PT-2, they were 7.29 mg/L, whereas in PT-3, the average value was much higher and amounted to 86.45 mg/L. The lowest measurement of 0.18 mg/L was recorded in PT-2 and the highest was 133.25 mg/L in PT-3. A decreasing tendency was observed in the water from piezometers at the inlet, but at the measuring point at the outflow, the values remained at a high level. Since 2004, the results of monitoring nitrates in waters at the inflow from PT-1 have been within the limit for good chemical status of waters, with PT-2 it has been the case since mid-2001. In the case of outflow waters, most measurements were more than 50 mg/L and were above the permissible concentration for good chemical status of water.



The chloride content in groundwater ranged from 9.22 mg/L to 1132 mg/L. The lowest value was recorded at the water inlet zone, whereas the highest was recorded in the water in the PT-2 piezometer. The analysis of the average chloride concentration values showed that the results in the water inflow to the landfill were lower than in the outflow, where the average was twice as high and amounted to 615.07 mg/L. In Figure 5, which shows the variability of the chloride content in water from individual piezometers, it can be seen that a large number of measurements significantly exceeded the value for good chemical status of water. In particular, water in piezometers PT-2 and PT-3 showed increased values. Water results in the PT-1 piezometer since mid-2005 were within the limit of 250 mg/L for good chemical status of water.



Analyzing the concentration of sulfates, it can be seen that the lowest value of 19.76 mg/L was recorded in the water from the piezometer at the inflow of water to the landfill, and the highest—1158 mg/L—in the water at the outflow. The average concentrations in water in piezometers at the inflow were 291.73 mg/L and 302.88 mg/L. However, in the outflow of water from the landfill they amounted to 761.37 mg/L. The limit value for good chemical status of water has been exceeded many times (Figure 6). Most often, water in the PT-3 piezometer showed values above 250 mg/L. Since 2004, the sulfate content in water in the inflow piezometers has decreased, with exceptions in 2005, 2006, 2007 and 2010.



The boron concentration did not show much variability. The value <0.005 mg/L was observed as the lowest in water in piezometers PT-1 and PT-3, whereas the highest was observed in water in piezometer PT-2 and was equal to 0.77 mg/L. The average concentrations in the inflow waters were 0.19 mg/L and 0.28 mg/L, respectively, and in the landfill outflow waters, the concentration was 0.28 mg/L. The boron concentration did not exceed the limit value of good chemical status of waters (Figure 7).



In the analysis of changes in the quality of selected physicochemical parameters, seasonal variability is visible for most of the analyzed parameters. Increased ammonium ion values were observed in the summer and autumn periods. In other cases, higher values were observed in the spring months. Based on the results of chemical analyses, it is not possible to determine whether changes in water quality over time were influenced by potential failures or changes in neighboring facilities. It should be noted that various biological, chemical and physical processes take place in the landfill body, which cause quality changes, such as gradual changes from oxidizing to reducing conditions or the gradual washing out of pollutants from the waste.



The LWPI was calculated based on average values from the monitoring data. The final values for this index were 164.64, 118.29 and 320.58 for piezometers PT-1, PT-2 and PT-3, respectively. The classification of values for the LWPI index indicates that moderately polluted waters are waters for which the index is between one and two, waters with a very visible landfill impact are waters for which the index is greater than two but less than or equal to five, and heavily polluted waters are characterized by an index greater than five [43]. Based on the calculations for this index from the analyzed three piezometers, it is clear that the waters are heavily polluted. The largest share in water pollution in the PT-1 piezometer, using calculations for this index, is the sulphate content. This is approximately 41% of the total value. Approximately 54% of the index value is due to the chloride content. This is related to the high importance of these parameters for water and the content in water itself. In the case of water from the PT-2 piezometer, approximately 55% of the total LWPI value is due to sulphates and 42% to chlorides. In the PT-3 piezometer the situation is similar, because sulfates account for 53% and chlorides, 43%. The remaining parameters are of secondary importance.



The construction of the NPI index does not take into account weights for individual parameters. Therefore, the values of this indicator are lower compared to LWPI. For water from the analyzed piezometers, the values were 43.82, 19.91 and 35.76 for piezometers PT-1, PT-2 and PT-3, respectively. The classification for this index suggests that when the values of the indices for individual parameters are lower than or equal to one, it means that the water is within the acceptable range for class III water quality and there is no visible impact of the landfill. The index values for these piezometers exceed one many times.



In the case of the PT-1 piezometer, the ammonium ion content has the largest share in the final index value (approximately 66%). In this case, the share of chlorides and sulfates is comparable—15 and 11%, respectively. For the PT-2 piezometer, 45% of the total index value falls on the ammonium ion. Chlorides constitute approximately 19% and sulfates, 24%. The share of individual components for water in the PT-3 piezometer is the most diverse. About 35% of the content is sulfates, 29% chlorides, 24% nitrates, and only about 10% ammonium ion. In all piezometers, boron is the least important.



NPI values have already been calculated for landfills in Tychy and Dąbrowa Górnicza [14,43]. In the case of the first research area, the values of this index even exceeded the value of 2000. However, this value is difficult to compare with the results obtained in this analysis due to the fact that the result concerned one piezometer located on the top of an inactive landfill with a different range of analyzed parameters. In the case of the second landfill, the values of this index exceeded 100, but here the limit values for the first class of water quality were considered as the hydrochemical background value, and the range of analyzed parameters was also different.



The LWPI index values indicate that the most polluted waters occur in the area of the PT-3 piezometer, which is also confirmed by the high conductivity value (as an indicator reflecting pollution), which for the years 2003–2017 always remained at a level higher than 1000. In the case of the NPI index, the highest the value was recorded for the PT-1 piezometer. In this piezometer, water with a conductivity of less than 600 was observed. If the values of this index were related to the value of specific electrical conductivity, the first index would be more reliable.



The LWPI index was used in the works [44,45]. In the first case, changes in the quality of groundwater in the area of the municipal waste landfill in Sosnowiec were investigated. Five physicochemical indicators were used to monitor quality, including conductivity, sulfates, chlorides, sodium and iron from 2014 to 2019. The values of these indicators were comparable to those obtained in this study (approximately 300). It should be noted that in the case of the landfill in Sosnowiec, the observation network was much larger.



The second article was based on the assessment of water quality based on 23 different parameters. The results obtained in this study cannot therefore be compared in any way. However, the highest LWPI value was approximately 42.



However, there may be doubts as to the final value of this indicator regarding the weights used. Due to the fact that the share of chlorides and sulfates will always be greater than the content of ammonium ion, it is impossible to obtain a large share of this parameter in the final value of the indicator.



The value of the NPI shows that the main ions have a significant impact on high index values, and what is more, it highlights the contribution of other selected ions. The ammonium ion is one of the most important pollution indicators in the area of municipal waste landfills [46]. In this context, it is important to emphasize the increased content of this parameter in groundwater. This, in turn, gives grounds to believe that the NPI is more reliable.




5. Conclusions


The non-hazardous and neutral waste landfill in Chorzów is located in an area of strong anthropopressure. There are many pollution hotspots within the landfill that may affect the environment. To analyze the course of variability of the chemical composition of the shell limestone level, the following parameters were selected: electrolytic conductivity, ammonium ion, nitrates, chlorides, sulphates and boron. Most parameters in the monitored mussel limestone waters significantly exceeded the permissible value of a given concentration for good chemical status of water. Only the boron content did not exceed the permissible limit throughout the entire test period. Chemical parameters were taken into account to determine the values of LWPI and NPI.



The obtained index values ranged from approximately 118 to approximately 320 in the case of LWPI and from approximately 20 to 44 in the case of the NPI index. The results obtained revealed that the quality of the groundwater in the region of the landfill in Chorzów has been impacted by this pollution source. However, these values are much lower than the analyzes performed for similar waste landfills located in the southern part of Poland.



The research results indicate that both indices can be used to assess the quality of groundwater in the vicinity of this landfill, but they give a different assessment of the degree of threat to water in different piezometers. In the case of the indicator taking into account weights for individual parameters, the most polluted waters are in the PT-3 piezometer, whereas for the NPI indicator, the worst water quality was recorded in the PT-1 piezometer. The first index emphasizes the importance of the main ions and their concentration in groundwater. The NPI index indicates other sources of pollution, such as ammonium ion.



LWPI values exceeding 320 suggest a very high threat to groundwater in this region. It is also worth mentioning that only a few parameters were taken into account for the threat assessment. Adding further indicators would increase the value of the indices and thus highlight the threat more. In addition to typical inorganic parameters, more and more attention is being paid to the content of herbicides and pesticides that are used in agricultural activities to combat agricultural pests, increase productivity and prevent financial losses, and which may enter the aquatic environment. Therefore, when conducting extended monitoring of water or soil quality, these parameters should be added.



In the current study, limit values for water quality class III were considered as a hydrochemical background. In order to be able to compare the obtained results with other values for other facilities, it would be necessary to create a database for municipal waste landfills and refer the results to the same hydrochemical background for identical parameters.
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Figure 1. Study area. 
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Figure 2. Changes in EC values in piezometers. 
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Figure 3. Changes in NH4 values in piezometers. 
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Figure 4. Changes in NO3 values in piezometers. 
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Figure 5. Changes in Cl values in piezometers. 
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Figure 6. Changes in SO4 values in piezometers. 
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Figure 7. Changes in B values in piezometers. 
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Table 1. Weights of parameters required to calculate Landfill Water Pollution Index (LWPI).
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	Parameter
	Weight (wi)





	SO4
	4



	Cl
	4



	NO3
	3



	NH4
	4



	B
	3



	Sum of weights
	18










 





Table 2. Background values for the used parameters.
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	Parameter
	Li Value [mg/L]





	SO4
	60



	Cl
	60



	NO3
	10



	NH4
	0.5



	B
	0.5
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