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Abstract: Correctly assessing the impact of waste landfills on groundwater quality requires the development 
and use of comprehensive tools that consider the content of individual components in water, as well as those 
relating to the hydrochemical background. The article presents a comparative analysis of selected water quality 
indices used around the world to assess the environmental threat caused by sources of pollution. The paper 
includes the following indicators: Water Quality Index, Landfill Water Pollution Index, Nemerow Pollution 
Index, Backman Index, Canadian Water Quality Index, Horizontal Ratio, Enrichment Factor and Fuzzy Water 
Quality. Attention was paid to the values of individual indices, their applicability in municipal and industrial 
waste landfills, and limitations in their use. A literature review has proven that some indices, such as the Landfill 
Water Pollution Index and Nemerow Pollution Index, are used very often as they provide reliable results. Index 
methods help conduct rational water management, complement groundwater quality monitoring, and serve 
as a tool for making decisions in various water protection areas.
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Introduction

Water is essential for the existence of humanity (Kumar, 2018), which requires mainta-
ining its best quality (Dąbrowska et al., 2023; Sitek et al., 2023). Surface and groundwaters 
are the most critical drinking water sources (Paun et al., 2016). Thus, it seems advisable 
to use solutions such as Managed Aquifer Recharge (MAR), i.e. the intentional recharge 
of water from various sources to a suitable aquifer under controlled conditions for later 
needs (Alam et al., 2021). These systems sustain and enhance groundwater quality and 
quantity (Dillon et al., 2019).
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Pollution sources such as landfills (Esmaeilian et al., 2018) and waste incineration 
and composting plants pose a real threat to surface and groundwater (Jousma and Ro-
elofsen, 2004; Bhuiyan et al., 2016; Dąbrowska et al., 2018B; Dąbrowska and Witkowski, 
2022; Dąbrowska and Rykała, 2021; Sołtysiak et al., 2018). This applies not only to closed 
landfills with no ground protection (Sołtysiak and Dąbrowska, 2016) but also to new 
landfills whose protection has been destroyed (Slack et al., 2005; Sun et al., 2019; Dąbrow-
ska, 2022). This is because waste contains heavy metals, persistent organic pollutants, 
sulphates, chlorides, and polycyclic aromatic hydrocarbons (Yin et al., 2017). The danger 
from waste increases when burned (Zhu et al., 2018) as the mobility of waste components 
in leachates from incinerated waste is greater (Gwenzi et al., 2016; Rykała et al., 2022).

Maintaining good water quality requires reliable monitoring (Nielsen, 2006; Quevau-
viller et al., 2009; Liu et al., 2012; Dąbrowska et al., 2016; Liu et al., 2023). The systems 
of groundwater monitoring and leachate disposal (Vilomet et al., 2001) are regulated 
by law. In Poland, this is the Minister of Climate and Environment Regulation of 19 March 
2021, amending the landfill regulation. However, the range of parameters and the number 
of observation points in the context of a reliable risk assessment for groundwater and 
human health may not be sufficient. Still, the basic parameters can be used to calculate 
water quality indices, which is particularly important in rational water management.

Predictive models (Blachnik et al., 2019; Baghanam et al., 2022), monitoring, isotopic 
research, laboratory tests, spatiotemporal variation analysis (Tanna et al., 2020), using 
artificial neural networks (Włodarczyk-  Sielicka and Połap, 2019) and various pollution 
indices (Shah and Joshi, 2017) are the most popular methods used for assessing changes 
in groundwater quality. The challenges in using water quality indices to assess the risk 
or vulnerability of water resources have been repeatedly addressed (Dooge, 2009; Lumb 
et al., 2011; Kurnaz et al., 2016; Kumar et al., 2019; Schreiber et al., 2022). However, they 
are still used, especially in water pollution sources.

The article presents the results of a review of indices used to assess surface and 
groundwater quality, with particular emphasis on those used in municipal and industrial 
waste landfills. The paper focuses on using indices in water pollution sources, showing 
limitations and necessary data. Eight different indices were taken into account.

Methodology

The suitability of water sources for human consumption, groundwater risk assessment 
(Rykala et al., 2022; Sitek et al., 2023) in pollution sources and groundwater quality as-
sessment can be described using different indices (Srinivasa et al., 2015; Zakhemand and 
Hafez, 2015; Sunny, 2023). The article focuses on indicators that can be used to assess 
the risk to groundwater in landfills. All indices have been described using the formula 
and data necessary to perform the calculations and the characteristics of the limit values 
for various classes of individual indices. First, each of the presented indices can be used 
to assess the risk to surface or groundwater in pollution hotspots, such as industrial 
or municipal waste landfills. The selection of the most appropriate index should take 
into account the purpose of the analysis, the scope of available monitoring data, and the 
type of water pollution, i.e. whether, for example, in the case of selecting an indicator 
based on the value of an immobile parameter, this parameter is not the primary source 
of pollution. The indices are assessed in terms of five criteria: the number and type 
of parameters necessary to be used in the calculations, the freedom to choose reference 
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values, the number of index value ranges and determining how much pollution is in a gi-
ven area, the need to use specialised software to calculate a given index, and the need 
to combine other methods to assess risk to water.

Water Quality Index (WQI)

The Water Quality Index (WQI) is one of the most effective ways to describe water 
quality. It summarises data in a single numeric expression to understand its quality for 
different purposes (La Mora-Orozco et al., 2017). First proposed by Horton (1965), the 
WQI involves assigning weights (wi) to different water quality parameters based on their 
health implications in potable water (Chegbeleh et al., 2020). Calculations of this index 
involve the following steps: (i) assigning weights to the physicochemical parameters, (ii) 
developing a rating scale, and (iii) computing WQI (Chandra et al., 2017).

The computation of relative weights (Wi) is as follows:

where wi is the weight values for parameters.

After that, calculating the quality rating scale (qi) is needed. It is obtained from the 
following formula:

where:
Ci is the concentration of parameters,
Si is the standard value of parameters.

After that, the calculation of the subindex SI is needed from the formula:

Finally, WQI is calculated using the formula:

This index can be calculated using any number of parameters. As a reference value, 
upper limit values of the hydrogeochemical background can be used (based on, e.g. regula-
tions or natural background). The index classifies water into five classes: excellent (0–25), 
good (26–50), poor (51–70), very poor (71–90), and unsuitable for drinking (91–100). 
No specialised software is required to calculate this index besides a simple spreadsheet. 
The index does not require the use of any additional methods to provide a water risk 
assessment. The main disadvantage of this indicator is the selection of weights. These 
may be literature data, but at the same time, additional mathematical methods to assess 
the value of the scales or hydrogeological knowledge can be used.
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Landfill Water Pollution Index (LWPI)

The Landfill Water Pollution Index considers the connection between the parameter 
values measured in water samples and the values of individual components in the water 
inflow in the landfill area. It is calculated using the following formula:

where:
𝐶𝑝 is the concentration of the 𝑖- 𝑡ℎ parameter in each of the polluted groundwater samples,
𝐶𝑏 is the concentration of the 𝑖- 𝑡ℎ parameter in the inflow groundwater sample.

The general formula is as follows (Talalaj and Biedka, 2016):

where:
𝑤𝑖 is the weight of the 𝑖- 𝑡ℎ pollutant variable,
𝑛 is the number of groundwater pollutants.

This index, like WQI, can be calculated using any number of parameters. As a refe-
rence value, upper limit values of the hydrogeochemical background can be used (based 
on, e.g. regulations or natural background). In the original approach, the concentration 
of the 𝑖- 𝑡ℎ parameter in the inflow groundwater sample was taken as the background
value. Theoretically, everything is correct, but in exceptional cases, even the groundwater 
inflow contains pollutants if the landfill is located in an area with other pollution sources. 
The index assigns weights to particular parameters. Determining the weights is rather 
important because it significantly affects the value of the final index. Weights can be as-
signed to individual parameters based on knowledge and data from other publications 
(Talalaj, 2014). For example, according to the assumptions of Talalaj (2015), parameters 
such as electrical conductivity and pH should have the lowest weights. This is because 
they are not components of groundwater but reflect its properties.

The LWPI classifies water into five classes: an LWPI value of ≤1 denotes water un-
der no landfill impact; (1 < LWPI ≤ 2) indicates moderately polluted water due to minor 
landfill impact; (2 < LWPI ≤ 5) is poor water with an evident impact of landfill; and LWPI 
> 5 signifies strongly polluted water (Baghanam, 2020; Dąbrowska, 2022). No speciali-
sed software is required to calculate this index besides a simple spreadsheet. The index 
does not require the use of any additional methods to provide a water risk assessment.

Nemerow Pollution Index (NPI)

The Nemerow Pollution Index (Łukasik and Dąbrowska, 2022; Yang et al., 2022) is a me-
asure considering the relationship between the value of a given parameter measured 
in groundwater and the hydrogeochemical background or selected value for this para-
meter calculated from the formula:
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where:
C1 is the measured value of each of parameter,
L1is the allowable limit of each of the parameter.

This index can also be calculated using any number of parameters. As a reference 
value, upper limit values of the hydrogeochemical background can be used (based on, e.g. 
regulations or natural background). The NPI classifies water into three classes: an index 
value < 1 suggests low pollution, a value from 1 to 3 indicates moderate pollution, and 
a value from 3 to 6 and the remaining values indicate very high pollution. In the case 
of this index, the scale of values is very narrow. Any index with a value between 3 and 
6 suggests high pollution.

The Nemerow Pollution Index is one of the easiest to use in assessing the risk to gro-
undwater and determining water quality since there is no need to apply weights for 
individual indicators (Dąbrowska et al., 2018A; Lalik and Dąbrowska, 2024). No specia-
lised software is required to calculate this index besides a simple spreadsheet. The index 
does not require the use of any additional methods to provide a water risk assessment.

Backman Index (Contamination Index)

The Backman (or Contamination) Index is based on chemical data from groundwater 
monitoring. This measure determines the amount of groundwater contamination relative 
to the natural hydrogeochemical background. The contamination index is calculated 
using the following formula (Backman et al., 1998; Christensen et al., 2001; Knopek and 
Dąbrowska, 2021):

where:

Cfi is the contamination factor for the ith component,
CAi is the analytical value of the ith component,
CNi is the upper range of natural hydrogeochemical background.

The formula for this index is similar to the WQI, but the total value is reduced 
by 1. This index can also be calculated using any number of parameters. As a reference 
value, upper limit values of the hydrogeochemical background can be used (based on, 
e.g. regulations or natural background). Along with the increase in the concentration 
of a given component relative to the natural hydrogeochemical background, the value 
of the contamination index grows. This index classifies water into three classes: the threat 
to groundwater is high in an area with an index value above 3, moderate with a value 
of 1–3, and low when the index value is below 1. Such a small number of intervals makes 
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interpreting the obtained index value challenging. No specialised software is required 
to calculate this index besides a simple spreadsheet. The index does not require the use 
of any additional methods to provide a water risk assessment.

Canadian Water Quality Index (CCME WQI)

The Canadian Council of Ministers of the Environment (CCME) has created their 
own Water Quality Index (CCME WQI). This communications tool tests multiple variable 
water quality data against specific user-  defined water quality benchmarks. This method 
combines three measures of variance (scope, frequency and amplitude) to produce a one- 
 unit smaller number representing the overall water quality at a given location relative 
to a selected reference point (Al Janabi et al., 2012). A final score is a single number witho-
ut a unit ranging from 0 to 100, where 100 means the variables were similar to or below 
the selected benchmarks. The general formula for calculating this index is as follows:

where:
F1 represents scope, i.e. the percentage of variables above the guideline,
F1= [no. of variables whose objectives are met/total no of variables]*100,
F2 represents frequency, i.e. the frequency by which the objectives are not met,
F2= [no of tests whose objectives are not met /total no of tests]*100,
F3 represents amplitude, i.e. the range to which the failed tests are above the guideline,
(a) Range/Excursioni = [failed test value/objectives ]-1,
(b) nse = ∑ /no of tests,
(c) F3= [nse/0.01nse+0.01].

The CCME WQI relies on measures of the scope, frequency and amplitude of ex-
cursions from objectives. Similarly to the previous ones, this indicator can support 
groundwater risk assessment and conduct rational water management. However, the 
disadvantage of this method is that the visibility of individual parameters is limited 
to the values F1, F2, F3.

The CCME WQI value can range from 0–100. Its advantage is the five score evalu-
ation categories: excellent (95–100), good (80–94), fair (65–79), marginal (45–64) and 
poor (0–44). The index can be used for any research area and any data. The calculations 
for this indicator are more complicated than those for previous measures. Therefore, 
it is recommended to use ready-  made macros in Excel to prepare the analysis (Wright 
et al., 1999). The index does not require the use of any additional methods to provide 
a water risk assessment.

Horizontal Ratio (HR)

The values of individual components in the water can be assessed using the Horizontal 
Ratio (HR) in the direction of groundwater flow (Olagunju et al., 2020; Dąbrowska and 
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Witkowski, 2022) at a certain distance from one piezometer (e.g. groundwater inflow). 
The Horizontal Ratio is calculated using the following formula:

where:
CfA is the concentration of the parameter on site A,
CfB is the concentration of the parameter on site B.

An indicator value greater than 1 for each parameter suggests no impact, while 
an indicator value less than 1 for a single parameter suggests anthropogenic impact 
on groundwater. No knowledge of any reference values is required for this index. Howe-
ver, the values used for calculations may be controversial. When calculating this index, 
it is essential to know the hydrodynamic conditions of the examined area to assess 
which observation point is located on the groundwater inflow to the pollution source. 
Additionally, it is necessary to consider that the composition of the water at that point 
should be similar to the hydrogeochemical background. In reality, this does not always 
occur. Additionally, the interpretation of the index value is based only on one value, i.e. 
smaller or greater than 1. It proves that this index is not the best measure for assessing 
the groundwater risk level. No specialised software is required to calculate this index 
besides a simple spreadsheet. The index does not require the use of any additional me-
thods to provide a water risk assessment.

Enrichment Factor (EF)

The Enrichment Factor (EF) is a measure that considers the relationship between the 
measured concentration of a given parameter and the concentration of an immobile 
parameter. This index is calculated using the formula:

where:
the numerator is the ratio of heavy metal to immobile element in the analysed sample,
the denominator is the ratio of heavy metal to immobile element in the background 
sample.

The EF index can be calculated using any number of parameters, and the values 
of the hydrogeochemical background can be used as a reference upper limit (based on, 
e.g., regulations or natural background). The higher the indicator’s value, the more pol-
luted the waters are. The index classifies water into five classes: its value of <2 suggests 
minimal enrichment, values of 2 to 5 suggest moderate enrichment, 5 to 20 significant 
enrichment, 20 to 40 very high enrichment and a value over 40 extremely high enrich-
ment. The examples of immobile parameters are Al, Fe, Mn, Sc, B or Ti (Childs, 1973; 
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Mishra et al., 2004; Dąbrowska and Witkowski, 2022). The index does not require the 
use of any additional methods to provide a water risk assessment.

For the EF index, it needs to be decided which parameter is used as the immobile 
parameter. Additionally, it is necessary to decide what values are used as the upper limit 
value of the hydrogeochemical background. Depending on the choice of these values, the 
final risk assessment for groundwater may vary. This is not the best solution for risk 
assessment in the area of, for example, steelworks, where metal contamination may 
be high, and it is challenging to select an immobile parameter.

Fuzzy water quality

Fuzzy variable set theory is the uncertainty analysis method introduced by Chen (1998). 
In the case of water resources, it was developed by Wang et al. (2014). Fuzzy Logic maps 
input to output using Fuzzy Inference System (FIS). It combines experts’ knowledge via 
four main components – fuzzification, fuzzy inference rules, aggregation and defuzzifi-
cation with fuzzy logic. The primary data on water resources generally has crisp values. 
Measured values are not essentially deterministic, and fuzzification is a mechanism 
by which observed crisp values are changed into fuzzy ones. Different methods, such 
as inference or rank-  ordering can be used here. The converted fuzzy values lie in the 
range of 0 and 1. This process can be described by the following equation:

where:
X is the universal set,
A is a given crisp set.

The last process of using fuzzy logic is defuzzification. It is the process of transfor-
ming fuzzy data into clear data. The output of a fuzzy system is fuzzy or linguistic variables, 
but real applications require explicit values for further processing. This method uses 
another index, such as WQI (Sivanandam et al., 2007). The final classification of the value 
of this indicator requires the use of the matrix theory. It is important to remember that 
if the fuzzy water method is used, the first stages of the analysis can be prepared using 
an Excel spreadsheet and GIS software. However, the final calculations require Matlab 
software or programming languages like Python. This is a different approach than simple 
calculations, as in the case of previous measures.

Results

The results below present selected applications of the described indices to assess the risk 
to water in waste landfills or surface waters subject to negative anthropogenic activity.

Water Quality Index (WQI)

The article by Ferreira et al. (2023), describes the research on groundwater quality 
near the Olusosun landfill in Lagos, Nigeria. Samples for testing were taken from wells 
and boreholes and analysed regarding their physicochemical parameters. Differences 
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between locations and seasons, as well as changes in the WQI values, were statistically 
calculated. The results concluded that heavy metals, such as Pb2+, Ni+, Mn2+, Fe2+, Cr6+, and 
cations, such as Ca2+, Mg2+, K+, and pH and total hardness, are the main water pollutants. 
It was also observed that water quality standards were exceeded during the rainy season, 
and some groundwater properties (e.g., Fe2+, Pb2+, NO3

−) were negatively related to the 
distance from the landfill. The WQI ranged from excellent (6–24% of sites during the 
study period) to unsuitable for drinking purposes (12–18%), but good quality prevailed 
in most sites (35–47%). It did not matter that in 2020, groundwater quality decreased 
in 24% of locations, and the results showed improvement compared to the previous ten 
years. Research has clearly shown a problem with good water quality, indicating a po-
tential threat to human health. In this case, mitigation strategies must be implemented 
to protect public health and sustainability of water resources.

The next article (Ravi et al., 2023) discusses samples collected from the Ghaghara 
River, Nepal, examined and analysed to determine their quality and suitability for dome-
stic, agricultural and industrial use. The article was not directly related to landfills but 
concerned anthropogenic pollutants that may migrate to groundwater due to contact 
between surface water and groundwater. In the Ghaghara River, cations were in the 
order Ca2+ > Mg2+ > Na+ > K+, while anions were in the order HCO3

– > SO4
2− > Cl− > NO3

– > 
F-. The high concentration of ions in the river was mainly caused by chemical weathering 
in the river basin. The weak acid anions dominated over the strong acids, indicating the 
type of water as Ca-  HCO3. Based on the WQI values, the water quality class ranged from 
19 to 49 during the pre-  monsoon season, 11 to 70 during the monsoon, and 53 to 142 
during the post-  monsoon season. The parameters of concern were pH and fluoride ion 
concentration, which exceeded the permissible limits during the post-  monsoon season 
and negatively affected the WQI values to an inappropriate category. The calculated value 
of agricultural indicators, including sodium absorption rate (SAR), sodium percentage 
(Na%), Kelly’s ratio (KR), permeability index (PI), magnesium absorption rate (MAR) and 
potential salinity (PS) showed that the water quality was suitable for use in agriculture. 
The Langelier saturation index values showed that 39% of the collected samples were 
unsuitable due to scale forming and corrosive properties of the source water. The Ryznar 
stability index values indicated that the water in the Ghaghara River was corrosive and 
unsuitable for industrial use. Proper water treatment is necessary and can be achieved 
by building more sewage treatment plants, limiting the discharge of untreated sewage 
into the river, and limiting the use of fertilisers and pesticides.

The article by Sunny (2023) analysed groundwater quality near abandoned landfills 
in Port Harcourt, an industrial city in Nigeria. Nine samples were collected from three 
abandoned landfills and analysed for physicochemical parameters and heavy metals. Wa-
ter pollution indicators, such as the Water Quality Index (WQI), Pollution Load Index (PLI), 
Heavy Metal Evaluation Index (HEI), and Heavy Metal Pollution Index (HPI), were used 
to analyse water quality. Studies showed that in all locations, only nickel (Ni-0.06 mg/l) 
exceeded the concentration of heavy metals. This study’s water quality index (WQI) was 
designed to measure human water consumption potential. Sample performance (WQI) 
was estimated based on Sahu and Sikdar (2008), where excellent water was about 35 
and good water was about 61. The PLI ranged from about 0.14 to 0.17, and the HEI 
from 4.9 to 5.1, meaning there was no pollution or its level was low. However, in two 
samples, the HPI was positive, while in one, it was negative, which meant the water was 
unsuitable for drinking.
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The article by Kareem et al. (2021) described studies of the water quality of a ri-
ver by calculating three types of water quality indicators in two ways, including and 
excluding the concentration of phosphates (PO4). This parameter best met the water 
quality standard. The water quality indicators used were the Arithmetic Weighted 
Water Quality Index (WAWQI), the Canadian Council of Ministers of the Environment 
Water Quality Index (CCME WQI), and the Oregon Water Quality Index (OWQI). Wa-
ter quality was tested using 15 parameters: pH, biological oxygen demand, turbidity, 
total hardness, orthophosphates, sulphates, nitrates, alkalinity, potassium, sodium, 
magnesium, chloride, dissolved oxygen, calcium and total dissolved solids. The average 
value of the results for the WAWQI index for three sites of Al-  Kufa, Al-  Manathera and 
Al-  Abbassia, including PO4, were 34, 44 and 38, respectively, which is a good result. 
However, after excluding PO4, the water quality was described as very poor depending 
on the values obtained, which were 87, 89 and 92. The CCME WQI values for the three 
sites were about 64, 60 and 56, including PO4, so the water quality was satisfactory. 
According to the OWQI, the water quality for the three sites was very poor in two cases, 
as its value was below 59.

The use of the WQI requires calculating weights for individual parameters. It is the 
only limitation to the applicability of this method. Additionally, it is worth conducting 
a comparative analysis of the results by determining seasonality or considering climatic 
conditions.

Landfill Water Pollution Index (LWPI)

The first example of using the LWPI is the assessment of spatiotemporal variability 
of water pollution near a municipal waste landfill based on analyses for heavy metals 
and 23 physicochemical parameters (Baghanam et al., 2020). The research was comple-
mented by comparing the results of principal component analysis and self-  organising 
map (SOM). In this study, contaminated samples ranged from 1 to 43. Clustering results 
showed that both methods divided surface and groundwater samples into five clusters, 
while the index classified them into three groups.

The article by Gorzelak and Dąbrowska (2021) describes water and leachate mo-
nitoring in the landfill in Poczesna, Poland, using the Landfill Water Pollution Index 
(LWPI). In the years 2015–2019, samples were taken from six piezometers and tested 
for such physicochemical parameters as pH, electrical conductivity (EC), total organic 
carbon (TOC), polycyclic aromatic hydrocarbons (PAH), Cd, Pb, Zn, Cu, Cr and Hg. The 
LWPI results in groundwater samples ranged from 1 to 3. This showed that the water 
quality was poor and that landfills impacted it. As the studies showed, the groundwater 
quality in the landfill area was higher in the Jurassic aquifer than in the Quaternary one.

The LWPI was also used in the article by Knopek and Dąbrowska (2021) to study the 
variability of groundwater contamination in the municipal waste landfill in Sosnowiec 
in southern Poland. Five physicochemical indicators were used to monitor water quality 
from 2014 to 2019: EC, SO4

2-, Cl-, Na and Fe. In addition, this study used the Backman 
Pollution Index (BPI). The results confirmed the negative impact of the landfill on the 
environment. A particularly negative impact was observed in the southern part of the 
study area, where the BPI values were as high as approximately 1400, while the LWPI 
reached 305.
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The LWPI was purposely created to assess the risk to water in landfills. In the first 
article describing it, weights for individual parameters were specified and then consi-
dered. However, they can be modified according to the individual authors’ knowledge. 
The weight selection used in Baghanam’s work certainly provides an alternative to the 
traditional approach to this task.

Nemerov Pollution Index (NPI)

In the article by Dąbrowska and Witkowski (2022), 32 groundwater samples from 1995, 
2003, 2010 and 2021 were used to assess the water quality near the municipal waste 
landfill in Tychy, Poland. Four water quality indicators, including the NPI, were used. 
Metals (Pb, Cd, Ni, Cu, Fe and Zn) were taken into account, as well as chlorides, sulphates 
and NH4

+, which had a significant impact on the final results of the indicators. In 1995, the 
NPI showed that the water in the piezometer at the groundwater outflow was five times 
higher than in the one between the landfills. With subsequent tests, these differences 
increased to over 50 times. The lowest index values were observed in the piezometer west 
of the closed landfill. This study shows how very high values of the NPI can be obtained.

Based on the article authored by Łukasik and Dąbrowska (2022), using the Neme-
rov Pollution Index (NPI) based on data from the five-  year monitoring of water quality 
at Lipówka I and Lipówka II municipal waste landfills in Dąbrowa Górnicza (southern 
Poland), a comprehensive assessment of the state of groundwater in this area was carried 
out. Seven key parameters were considered: pH, electrical conductivity, and concentra-
tions of chlorides, sulphates, ammonium ions, boron and Fe2+. The limits set for class III 
water quality were adopted as a reference point. It is not, however, the only possible 
variant of selecting the hydrochemical background. The results of the NPI calculations 
indicated that the highest values occured in piezometers PZ5 and T5, located at the 
outflow from Lipówka I landfill. For these piezometers, the values of specific electrical 
conductivity alone reached 2000 µS/cm. Particularly high values of the NPI were re-
corded for ammonium ions, reaching over 36 in the case of the PZ5 piezometer and 17 
in the case of T5. Nevertheless, the remaining parameters did not indicate a significant 
impact of landfills’ location on groundwater quality. Chlorides also contributed to the 
indicator’s high values. Apart from significant differences in the content of ammonium 
ions, the values of the NPI for electrical conductivity were twice as high for PZ5 as for 
the others and four times higher than for boron.

Backman Index

In the article by Karkocha (2021), the main aim of the research was to precisely determi-
ne groundwater quality in the landfill in Wojkowice (southern Poland). In this context, 
the Backman Index was used to provide a comprehensive assessment of the state of the 
aquatic environment. A novelty was the use of a much wider range of parameters compa-
red to those included in the original publication of the formula. The pollution index was 
calculated separately for each water sample, considering parameters such as EC, TOC, 
Cd, Pb, Zn, Cu, Cr6+, NO3

-, NO2
- and NH4

+. The index values ranged from -5 (the piezometer 
located in the groundwater inflow to the landfill) to 603, constituting a significant varia-
tion. The values exceeding 3 suggest the facility’s impact on groundwater.
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Another example of BI use is the article by Sołtysiak et al. (2018), in which a com-
prehensive attempt was made to determine the degree of sensitivity of groundwa-
ter in an industrialised area in the Dąbrowa Górnicza district (southern Poland). The 
Backman’s Index was calculated and supplemented with two dynamic leaching tests and 
two static tests, using different slag samples from one of the industrial waste landfills. 
The analysis of pollutants according to the Backman Index gave a result exceeding 30. 
This index considered chlorides, sulphates, sodium, potassium, magnesium, and calcium. 
In the case of this study, the values of the hydrogeochemical background were taken from 
the paper by Różkowska et al. (1972), based on the data from the 1960s. It is one of the 
examples where the background was not based on regulations but on the hydrogeological 
conditions before anthropogenic changes.

The BI is simple to use. It is important to note that the authors of the articles above 
based their calculations on different reference values. However, using the natural hy-
drogeochemical background data was possible in one of the studies.

Canadian Water Quality Index (CCME WQI)

The Canadian WQI was used, among others, by Ahmed et al. (2020). As part of the study, 
water quality tests were carried out in 65 samples in 2016. These samples were subjected 
to experiments during which physicochemical parameters were determined. The para-
meters were assessed by comparing their values with the standards set by the Bureau 
of Indian Standards (BIS). The analysis showed that the values of total hardness, total 
dissolved solids, chlorides and magnesium significantly exceeded (>50%) the permissible 
limits. Most samples had high levels of nitrates and chlorides. The Ca2+, Mg2+, Na+ and K+ 
sources were related to weathering processes. With ion exchange, agriculture and se-
wage disposal, complex weathering processes regulate water chemistry. The indicators’ 
values ranged from 1.9 to 82, which suggests differences between good and poor water 
status. As a complementary element of the study, a map of the distribution of this index 
in the analysed research area was created using Inverse Distance Weighting (IDW) one 
of types of deterministic method for multivariate interpolation.

A detailed assessment of groundwater quality for drinking and irrigation near the 
Rooppur Nuclear Power Plant in Bangladesh was described in the article by Uddin et al. 
(2023). The research area was subject to the water monitoring guidelines as landfills, 
so research conducted at such a facility can be considered a good example of using the de-
scribed index. In this study, nine groundwater samples were collected seasonally in both 
the dry and rainy seasons. Then, seventeen hydrogeochemical indicators were analysed 
(temperature, electrical conductivity, pH, total dissolved solids, total alkalinity, total 
hardness, total organic carbon, bicarbonates, chlorides, phosphates, sulphates, nitrites, 
nitrates, sodium, potassium, calcium and magnesium). The average index values ranged 
from 48 to 74 in the dry season and 40 to 65 in the wet season. These values suggested 
that groundwater quality needed to be classified as “poor” and “marginal” in the rainy 
season, indicating that the water was unsuitable for human consumption. Irrigation rates 
mostly confirmed that the water was suitable for growing crops during the dry season.

In the case of this index, attention should be paid to the final result of the calcula-
tions. The final value of the index is incomparable to other measures because increasing 
values show better water quality.
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Horizontal Ratio

The Horizontal Ratio index was used in two studies: by Olagunju et al. (2020) and Dą-
browska and Witkowski (2022). In the earlier, the indicator was used for soils in a landfill 
area in Nigeria. For a single component, the highest recorded value was 2.5 (Cu), while the 
total value for the parameters Zn, Ni, Pb, Cd, and Fe was approximately 10. In that case, 
the indicator was used for soil, difficult to compare with that calculated for groundwater. 
In the latter article, the index was used to assess the risk of groundwater and human 
health in the vicinity of the municipal waste landfill in Tychy, Poland, in 2003 and 2010. 
The index values for 2003 indicated that the water in all piezometers was more polluted 
at the start of the system operation than after flowing under the landfill. This would sug-
gest that the landfill did not impact the water quality, which was an incorrect conclusion 
considering groundwater monitoring results. The indicator’s total value, which was very 
high, resulted from identical low values of heavy metals in water both in the piezometer 
located at the groundwater inflow to the landfill and in the other piezometers. In 2010, 
the index values already indicated the impact of the landfill on groundwater. In one 
case, the value of the index was greater than 10, which was related to the low content 
of sulphates in the water of that specific piezometer. This result was related to the low 
content of sulphates in the piezometer waters, which showed the greatest contamina-
tion. The Horizontal Ratio indicator has not been used for groundwater in Poland, and 
its applicability is controversial.

Enrichment Factor

The Enrichment Factor (EF) was described in the abovementioned article by Dąbrowska 
and Witkowski (2022). A set of data, including Pb, Cd, Cr, Ni, Cu, Fe, Zn, chlorides, sul-
phates, and NH4, were used in this study. The EF values fluctuated significantly in diffe-
rent measurement years. The 1995 and 2003 years showed comparable values of most 
piezometers, except for the one located between the closed and active landfills. There 
very high values were recorded of about 18 000 in 1995 and almost 300 in 2003. During 
these two years, significant changes were observed, such as a six-  fold reduction in the 
water indicators values in the piezometer located west of the closed landfill and a more 
than four-  fold reduction in one of the points located at the outflow from the old landfill. 
Ammonium ion was an additional component that contributed to the increase of this 
indicator for most parameters. The Enrichment Factor, primarily used for soil contami-
nation, was used once in groundwater studies (Hakanson, 1980). The values mentioned 
there ranged from -61 to 43, which indicated a low risk for water. However, the values 
of this indicator for individual ingredients recorded in the 2022 study were over 4000.

It is important to note that the values for the immobile parameter should be used 
for this index. Additionally, the final results of the calculations may not be as objective 
as those obtained using indicators that refer to the hydrogeochemical background for 
all parameters.

Fuzzy water quality

The article by Zeng et al. (2022) uses the so-  called Pollution Scale Weighting Model 
(PSWM) based on improved fuzzy variable theory. This model was introduced in place 
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of the entropy weights model, which is considered an objective method of adjusting 
weights for individual parameters used to assess water quality. However, in the case 
of a pollutant that classifies waters as highly contaminated, the entropy model often 
neglects its significance due to its low degree of discrimination. In the new model, the 
higher the degree of pollution, the greater its weight, and vice versa. The model was ap-
plied to assess water quality in southeastern China, where the following levels for COD, 
NH3-N and phosphorus were obtained: 0.4, 0.3 and 1, respectively, their weights being 0.2, 
0.19 and 0.58. The water quality indices in the studied waters were 36.2, 28.6, 25.7 and 
21.1, all falling into the “poor” quality category. Using the new model highlights the role 
of parameters with higher concentrations that negatively impact overall water quality.

Furthermore, the article by Jha et al. (2020) used a combination of Geographic 
Information System (GIS) tools with water quality indices and presented an innovative 
hybrid structure that adds Fuzzy Logic to the whole. The article concerned the assessment 
of the quality of groundwater and its spatial variability. The proposed hybrid framework 
was applied in a case study conducted in the hard, rocky terrain of South India. The 
article used ten water quality parameters measured at different times of the year. Two 
conventional GIS-  based water quality index models were developed for ten and seven 
physicochemical parameters. Additionally, the results of the hybrid model for seven 
parameters were presented in the article. The content of calcium, magnesium, sulphates, 
sodium, chlorides, potassium, sodium, fluorine, nitrates, total dissolved substances and 
hardness were taken into account. Comparative analysis of the baseline models showed 
that the hybrid model predicted groundwater quality better than conventional models. 
The study also found that groundwater quality deteriorated during the monsoon se-
ason compared to the pre-  monsoon season, indicating an increased influx of pollutants 
from various anthropogenic sources. The entire study confirms that using advanced 
mathematical methods when assessing water quality gives much better results than 
traditional methods.

Water risk analysis based on the fuzzy water quality index is incomparable to pre-
vious indicators. The process involves several stages and requires using GIS tools and 
a programming environment. However, in the case of other measures, various sets 
of parameters subject to analysis can be considered in this approach.

Summary and Conclusions

This article reviewed the most common indices used to assess groundwater quality. The 
review concerned the Water Quality Index, Landfill Water Pollution Index, Nemerow 
Pollution Index, Backman Index, Canadian Water Quality Index, Water Quality Index, 
Horizontal Ratio, Enrichment Factor and Fuzzy water quality. Most indices can be used 
for any number of physicochemical parameters for which data is obtained by monitoring 
groundwater. These methods may be particularly applicable in areas of groundwater 
pollution sources, such as industrial and municipal landfills and incinerators. Among 
one group of indices, there are those for which the parameters have the same impact 
on the overall index value (indices without using weights), e.g. the Nemerow Pollution 
Index or Backman Index, and which use weights assigned to individual parameters, e.g. 
the Landfill Water Pollution Index. The second group is more challenging due to the 
need to adjust the weights based on hydrogeological knowledge or using mathematical 
methods. However, all indices use reference values to which the monitoring results are 
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related. The best solution is to determine the water quality relative to the natural hydro-
geochemical background, which is impossible in many cases, especially in industrialised 
areas. Hence, regulations regarding water quality, especially for human consumption, are 
applied. Additionally, an immobile parameter needs to be selected in the case of some 
indicators, such as the Enrichment Factor. This parameter should not be subject to va-
rious chemical processes, and the values of individual parameters should be related to it. 
In industrial waste landfills, selecting an immobile parameter may be difficult because 
such an area may be highly contaminated with metals, and this parameter is often chosen 
due to low redox potential. This causes further discussions on the appropriate selection 
of such an element. Another example of an index that may be controversial is the Hori-
zontal Ratio, which imposes the selection of an observation point for which the distances 
between other points are calculated and which constitutes the background. In the case 
of highly industrialised regions, even points located at the inflow of groundwater to, for 
example, a landfill may be subject to the influence of other pollutants.

To present the risk to water as simply as possible, the method should be limited 
to selecting indices that refer directly to the upper limit values of hydrogeochemical 
background, such as the Nemerow Index. However, this approach means each parameter 
similarly impacts the final index value. Parameters close to the background value lower 
the index value. The choice of indices that include weights for various components will 
always be controversial because the weights can be adjusted to highlight the impact 
of specific water components while concealing the importance of others. Using the 
Canadian Water Quality Index requires analysing additional explanations of how this 
index was calculated. Additionally, it should always be considered who the recipient 
of the prepared analysis is, how easy it will be to understand the results, and what impact 
of individual parameters on the index’s total value will be.

All indices are supporting tools for assessing the groundwater quality and can 
be used to assess risk to water. However, they should be used considering knowledge 
of the hydrogeological conditions of analysed areas and knowledge of, e.g. failures at lan-
dfills, the type of waste collected at the landfill, its amount, storage conditions, methods 
of leachate disposal and thermal conditions. Analysis of the possibilities of using the 
described indices does not guarantee the selection of the best one. However, considering 
the number of possible parameters used when calculating the index, the reference values 
that can be used for calculations, the number of intervals into which the index is divided, 
the need to use specialised software and the need to combine a given index with another 
method for unambiguous interpretation, the Water Quality Index seems to be the most 
optimal for assessing the risk to groundwater.
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