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Abstract

:

The localization of pollution sources is one of the main tasks in environmental engineering. For this paper, models of spatial distribution of nitrate concentration in groundwater were created, and the point of highest concentration was determined. This point represents the assumed location of the pollution source and differs from the actual location, so there is a certain distance between the measured and assumed location. This paper puts forward a new hypothesis that the distance between the measured and the assumed location is a function of the variance of the estimation error. The scientific contribution of this paper is based on the fact that the interaction of statistical and geostatistical methods can locate the dominant point source of pollution or narrow down the search area. The above hypothesis is confirmed by the example of the Varaždin wellfield, which was closed due to an excessively high groundwater nitrate concentration. Seven different interpolation methods were used to create spatial distribution models. Each method provides a different model, a different variance of the estimation error, and estimates of the location of the pollution source. The smallest value of variance of the estimation error of 1.65 was obtained for the minimum curvature interpolation method and the largest value of variance (24.49) was obtained for the kriging with logarithmic variogram. Our results show a nonlinear and monotonic relationship between the distance and the variance of the estimation error, so logarithmic and rational quadratic models were fitted to the scatter point data. The models were linearized, a t-test was performed, and the results show that the models can be considered reliable, which is confirmed by the values of the coefficients of determination of the linearized models, which are around 0.50. The obtained results can be used in planning additional research work to determine the measured location of the pollution source. The research methodology we used is universal and can be applied to other locations where high concentrations of certain contaminants have been detected in groundwater in alluvial aquifers.
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1. Introduction


Groundwater is the most abundant source of readily available freshwater in the world, excluding glaciers and polar ice caps, accounting for 97% of all freshwater [1]. For this reason, groundwater is now the most important source of water for various human needs. In the countries of the European Union, groundwater is estimated to meet 55% of domestic water needs [2], and when it comes to drinking water, the percentage increases to 75% [3]. With improvements in quality of life, high quality water is one of the necessary prerequisites for sustainable development [4], but in recent decades, there has been an increased emission of pollutants into the environment due to the increasingly rapid development of industry and agricultural production [5,6]. In this regard, groundwater is no exception, and its degradation is almost inevitable [7,8,9]. Global water demand has also been steadily increasing over the last three decades, and this trend is expected to continue [10]. In view of this, it is expected that new wellfields will be developed or that the pumping capacity of existing wells will be increased. As recent research has shown, the quality of groundwater can deteriorate when the pumping rate is increased [11].



Until recently, it was believed that the aquifer top deposits would provide sufficient protection to groundwater, but scientific studies and monitoring have shown that pollutants can easily penetrate the unsaturated zone and enter groundwater [12,13]. For this reason, groundwater quality and its changes in space and time have become the subject of numerous scientific studies. The first studies in this regard have shown that an increase in nitrate concentration is positively correlated with an increase in agricultural production on a global scale [14]. Recent studies also show that human activities are the main source of pollution of groundwater with nitrates [15]. Specifically, in order to increase agricultural land and improve conditions for food production, various melioration measures are applied. Studies show that the use of mineral fertilizers in agricultural production increases the nitrate concentration in groundwater [16,17,18,19]. For ease of access, agricultural lands are mostly located in the lowland catchment, which is a sensitive ecosystem with slow flow and a high groundwater table [20,21,22]. Due to these hydrogeological conditions, pollutants can easily penetrate from the surface into the subsurface, where they can persist for a long period of time. This leads to a violation of the natural balance between water and nutrients [23], and a significant correlation between agricultural development and groundwater quality degradation has been found [24,25,26,27,28].



An increased concentration of nitrates in drinking water negatively affects human health [29,30], and the toxicity of nitrates is a consequence of reducing nitrogen to nitrites [31]. Moreover, a high concentration of nitrites in the human body causes vasodilatory and cardiovascular disorders, while even a low concentration of nitrites can lead to methemoglobinemia, a disease which children are especially at risk of [32].



In the total concentration of nitrates in groundwater, one part refers to the natural contribution, the so-called nitrate background level (nbl), while the other part is related to the anthropogenic contribution. In one of the first studies in this field [33], indicative limits for nitrate concentrations in groundwater were presented, and they can be used to determine anthropogenic influence. The results of this particular study show that nitrate concentrations below 1 mg/L NO3− can be attributed to the natural nitrates of the aquifer, concentrations in the range of 1–13 mg/L NO3− can be characterized as a transitional range, i.e., concentrations that may or may not indicate an anthropogenic influence, and nitrate concentrations above 13 mg/L NO3− prove an anthropogenic influence. More recent studies also support these findings. For example, the value of nbl in the area of Rajasthan in India was estimated to be 7.2 mg/L [34], and in the Bono East regions in Ghana, nbl can be expected to be 3.9 mg/L [35]. For the area considered in this paper (a location in Northern Croatia), the Lepeltier method was used to determine nbl values of 8.6 + 2MAD (median absolute deviation) and 8.7 + 2SD (standard deviation) mg/L; thus, the upper limits of the assessment were estimated to be 18.2 mg/L and 24.3 mg/L, respectively [36].



Anthropogenic pollution sources can be divided into point and non-point sources in terms of their dispersion. Non-point sources of pollution represent dispersed sources on the surface. The most common examples of this type of pollution are agricultural lands treated with mineral fertilizers, and the most common type are nitrates, which are very persistent and mobile in groundwater. Although the concentrations in groundwater caused by this type of pollution can be relatively low, such sources can affect a large volume of groundwater due to their dispersion [37]. Point sources of pollution, on the other hand, refer to a localized area from which pollution is emitted. The concentration of pollution near point sources is usually high, but this type of pollution affects a smaller volume of groundwater. As the distance from the point source of pollution increases, the concentration of pollution in space decreases relatively rapidly [37]. Numerous studies have aimed to quantify the sources of pollution. In Koprivnica-Križevci County in Croatia, Nemcic Jurec et al. [38] show the impact of agricultural production as a point and non-point source of nitrate pollution in groundwater. Three different sites were investigated for possible pollution. At one site, where no pollution was expected and which also served as a control group, a very low nitrate concentration of 4.6 mg/L NO3− was determined. At the other two sites, an area of intensive agricultural production and a suburban area, the nitrate concentrations were found to be statistically significantly higher, with values of 28.7 and 26.5 mg/L NO3−. As point sources of nitrate pollution in groundwater, some studies show increased nitrate concentrations in groundwater caused by poultry and livestock farming [39,40,41].



Interpolation methods are common techniques used in groundwater resource engineering and management. They can be used very effectively to determine groundwater levels, temperature variations, and the spatial distribution of certain types of pollution. There are several different methods, and the most commonly used are inverse distance weighting (idw), kriging, radial basis function, minimum curvature, and polynomial regression. The use of different interpolation methods can lead to different estimates regarding the parameter values at the interpolation points and, consequently, to the production of different maps presenting changes in the values of the analyzed parameters [42].



Kriging and idw methods were successfully used in the mapping of groundwater tables in the Erbil Basin in Iraq [43]. The authors processed data collected in 2004 and 2022 and concluded that the groundwater level dropped suddenly during this 18-year period. In a very recent study, a spatial interpolation method was used to detect the spatiotemporal dynamic patterns of groundwater level and salinity in the Yellow River delta in China [44]. The results showed that the risk of seawater intrusion into the local shallow aquifers in this region is high, as the mean groundwater level is lower than the local sea level in 42% of the region.



In a very recent study, interpolation methods were successfully used to determine the spatial distribution of temperature in shallow aquifers in Poland in the city of Wroclaw [45]. It was found that the spatial distribution of groundwater temperature for the analyzed period is characterized by higher temperatures in the city center. The best results were obtained using the Ordinary Kriging method. In other studies, interpolation methods based on point measurement data were also used to obtain groundwater temperatures for the analyzed areas [46,47], with particular emphasis on the kriging method [48,49].



As mentioned earlier, interpolation methods are used to map the distribution of pollution in groundwater. The inverse distance weighting method was used for the interpolation of heavy metals in groundwater in the Dehradun district in India [50], while the kriging method was used for the spatial interpolation of the water quality index in the Khyber Pakhtunkhwa province in Pakistan [51].



In this paper, statistical and geostatistical methods are presented to determine point source nitrate pollution in groundwater. Although numerical methods are being increasingly used nowadays, the advantage of the approach presented in this work is the simplicity and speed of the procedure. The development of a reliable numerical model requires detailed field research, which is often not possible due to time or cost constraints. For this reason, statistical and geostatistical methods remain an important tool in groundwater engineering and management. The location that is the focus of this article covers the narrow area of the Varaždin wellfield in the northern part of Croatia. This location was chosen because of the long-standing excessively high nitrate concentration in the groundwater, which is why the wellfield has been closed. Today, groundwater at this site is only used when other wellfields cannot meet the drinking water needs of the Varaždin water supply system. Recent investigations have shown that the majority of the pollution present in the area is attributable to the location being used as an illegal dumpsite for waste derived from poultry farms [41].



The very fact that the location of the dominant point pollution source is known provides an opportunity to test the hypothesis put forward in this work. This paper presents a novel hypothesis: the distance between the measured and assumed location (which can be determined via the use of interpolation methods) of the dominant point source of pollution is a function of the variance of the estimation error. Therefore, the scientific contribution of this paper is based on the fact that the dominant point source of pollution can be located and the fact that the search area can be narrowed down through the interaction of statistical and geostatistical methods. The results obtained have a very practical use, since the search area is narrowed down, which speeds up the search and reduces the associated costs. The method presented in this paper can be applied to other wellfields in alluvial aquifers where high concentrations of certain contaminants have been detected.




2. Materials and Methods


2.1. The Study Area


The study area is located in the north of the Republic of Croatia and includes the area of the Varaždin wellfield (Figure 1), which is located near the town of Varaždin. The Varaždin region is one of the most densely populated and economically developed areas in the Republic of Croatia. Groundwater for the Varaždin regional water supply system is pumped into the Varaždin, Bartolovec and Vinokovščak wellfields from the same alluvial aquifer, which is built of quaternary sand and gravel.



The Bartolovec and Vinokovščak wellfields are of good quality in terms of nitrate concentration, while the same does not apply for the Varaždin wellfield [52]. Therefore, in the Varaždin regional water supply network, the nitrate concentration was reduced by increasing the pumping rates in the Bartolovec and Vinokovščak wellfields [53]. Due to the high nitrate concentration, the Varaždin wellfield has not been active since 2004. For these reasons, the already existing problem in the water supply will soon become one of the main prerequisites for the sustainable development of the region and improvements to the quality of life of the region’s inhabitants.



The research scope of this work covers the period from 1993 to 2003 (until the closure of the Varaždin wellfield in 2004). Groundwater at the wellfield was regularly sampled from eight wells (B3–B10) and five piezometers (P23–P30) (Figure 1) from the upper aquifer layer during the observation period, so all results refer to this layer. A total of 3051 data points were collected, allowing for a reliable statistical analysis. Annual average values were calculated for each sampling point (well and piezometer), and these data were used in subsequent analyses (Table 1).



The geological structures of the aquifer consist of coarse-grained sediments of gravel and sand, while the underlying sediments consist of silt and clay. The thickness of the aquifer increases from west to east, and at the Varaždin wellfield it is about 75 m (Figure 2). The aquifer consists of two permeable gravel and sand layers, most of which are separated by a semipermeable aquitard of silt and clay [54]. The upper layer of the aquifer is composed of coarse-grained gravel and sand, while the lower part is mainly composed of fine-grained gravel with sand. The groundwater flows in a west–east direction, and it is parallel to the river Drava [55]. As previous investigations have shown, the quality of groundwater in the lower layer of the aquifer in the Bartolovec wellfield is significantly higher [56]. The values of hydraulic conductivity at the Varaždin wellfield were measured to be in the range of 185–241 m/day for the upper layer and 92.6 m/day for the lower layer [55].




2.2. Previous Research


For many years, the nitrate concentration in the Varaždin wellfield was higher than the maximum allowed concentration (MAC), according to the Ordinance on conformity parameters and analysis methods, monitoring and water safety plans for human consumption and according to the EU Nitrate Directive [57]. At the same time, the nitrate concentration in the groundwater at the other wellfields in the wider area of the town of Varaždin was much lower [56], which is adequately shown by the time series of the average annual nitrate concentrations of the wellfields (Figure 3). The curves represent the average annual nitrate concentration of all wells in the upper aquifer in each wellfield.



Several works have been written about the cause of such a high nitrate concentration in the Varaždin wellfield. The first works on this topic highlighted the application of mineral fertilizers as the main cause of such a high nitrate concentration in the groundwater [58]. Although this source of pollution contributes significantly to the total concentration of nitrates, in later works, through the use of numerical modeling methods, it was proved that the main cause of this problem is the illegal disposal of waste material from nearby poultry farms [39,41]. This source of pollution was classified as a point source of pollution.



As can be seen from Figure 3, the nitrate concentration varies significantly in terms of time and space. The construction of the Čakovec and Varaždin hydroelectric power plants (HPP) affected the quality of the groundwater. The influence of these power plants on the nitrate concentration was most evident. After the Varaždin HPP was put into operation in 1975, the groundwater level raised upstream. As a result, the nitrates deposited in the soil were washed away, which contributed to the increase in nitrate concentration in the groundwater [59]. The nitrate concentration in the groundwater increased steadily until 1982, when the reservoir of the Čakovec HPP was filled. The annual average curves at the Varaždin and Bartolovec wellfields then reached their maximum (Figure 3). Thereafter, the nitrate concentration at the wellfields decreased, and a constant decrease was recorded at the Bartolovec wellfield. The initial influence of HPPs gradually decreased, and today, it has completely disappeared [56].



However, as can be seen in Figure 3, the downward trend in the Varaždin wellfield was relatively short lived. The reason for this is the appearance of a new source of groundwater pollution, which had a dominant influence on nitrate concentrations. Since 1984, the average annual nitrate concentrations in the Varaždin wellfield have been in the range of 60 mg/L NO3− to 95 mg/L NO3−, which is higher than MAC [56,60].



For this reason, the nitrate concentration at all of the groundwater sampling points in the wellfield (wells B3–B10 and piezometers P23–P30) was analyzed, and it was found that there are significant differences in nitrate concentration in the wells in the Varaždin wellfield: in some wells, the concentration is always higher (e.g., well B10), while in others (e.g., B3), it is always lower than the average value of the whole wellfield (Figure 4) [39]. This relationship was observed in all wells throughout the observation period. Since the nitrate concentration in the wells has such a regular relationship, we felt that our use of average nitrate concentrations in subsequent analyses was justified.




2.3. Aim of the Paper


One of the main tasks of environmental engineering is to determine the main sources of pollution. Therefore, in order to prevent further groundwater degradation, it is necessary to locate and eliminate them. Based on experimental data, it is possible to create a map with iso-lines of pollutant concentration in space by applying various interpolation methods. Such a map represents a 2D model of the spatial distribution of pollutants. The application of different interpolation methods leads to different results. Based on such a map, it is possible to assume the location of the pollution source, i.e., the point where the concentration is highest. However, any assessment may contain some error, i.e., the measured and the assumed location do not completely coincide, and there is a possibility that there is some difference between them. This difference was assumed to be proportional to the variance of the estimation error, and on this basis, the following null hypothesis was established:



The distance between the measured and the assumed location of the pollution source d is a function of the variance of the estimation error     σ   e r r o r   2    :


    H   0   :                 d = d     σ   e r r o r   2        



(1)







That is, the assumed location with the smallest variance of the estimation error will be the closest to the measured location of the pollution source. An alternative hypothesis was also put forward:


    H   1   :                 d ≠ d     σ   e r r o r   2        



(2)







Given that it is possible to obtain different models of the distribution of pollutants in space for the same experimental data, the goals of this work were as follows:




	-

	
Based on the value of the variance of the estimation error, choose the interpolation method that gives the best estimate.




	-

	
Based on the selected interpolation method, create a model that most closely approximates the actual spatial distribution of groundwater nitrate concentrations.




	-

	
Use the created model to assume the location of the pollution source.




	-

	
Determine the dependence of the distance between the measured and the assumed location on the variance of the estimation error and prove the hypothesis H0.









If the null hypothesis is correct, further investigation begin with the assumed location with the smallest error estimation. In this way, it is possible to reduce the area that must be investigated to find the measured location of the pollution source. The above hypothesis was tested at the Varaždin wellfield. In this wellfield, as mentioned above, the location of the point source of pollution has already been determined [41]. Therefore, this location was deemed suitable for testing the presented hypothesis.




2.4. Nitrate Field Analysis


Based on the spatial distribution of sampling locations and the corresponding average nitrate concentrations during the observed period, 2D models of the spatial distribution of nitrate concentration were created using several interpolation methods: (1) kriging, (2) minimum curvature, (3) polynomial regression, (4) radial basis function, (5) inverse distance to a power, (6) nearest neighbor, and (7) moving average. Since the kriging method is very commonly used for such purposes [61,62,63,64,65], an additional experimental variogram was constructed for this interpolation method, in which the following theoretical variograms were fitted: (a) linear, (b) linear with nugget, (c) power, (d) power with nugget, (e) logarithmic, (f) logarithmic with nugget, (g) gaussian, and (h) exponential (Figure 5). Hence, 14 different models were created. For each 2D model, the location of the point source of pollution was assumed, and the distances between the assumed and measured location d were determined. Golden Software Surfer 8.0 was used for this purpose.



Furthermore, for each interpolation method and theoretical variogram, the variance of the estimation error     σ   e r r o r   2    , which represents the average square of the difference between the measured and estimated values, was determined via a cross-validation procedure:


    σ   e r r o r   2   =   1   N     ∑  i = 1   N          z   i   −     z  ^    i       2        



(3)








	
    z   i    —measured i-th value



	
      z  ^    i    —estimated i-th value



	
N—total number of measured values








For each model, the values of the variance of the estimation error and the corresponding distance between the measured and assumed location of the pollution source were determined. Based on these results, a dispersion diagram was created. With the models previously linearized, mathematical models were incorporated into this diagram and tested using the t-test:


  t = r ⋅    d f   1 −   r   2         



(4)








	
r—correlation coefficient for the linearized model



	
df = N − 2, number of degrees of freedom








The obtained t values were compared with the critical value tα, which was determined based on the total number of data with a significance level of 5%. If t > tα, the model is considered reliable and the hypothesis H0 can be accepted:


  t >   t   α   →   H   0    



(5)









3. Results and Discussion


The arithmetic mean nitrate concentrations at each sampling location in the observed period and the associated deviations obtained from each model are shown in Table 1. The smallest deviations were obtained for the radial basis function, kriging with linear and power variogram, and minimum curvature. Slightly larger deviations were obtained for kriging with logarithmic variogram and polynomial regression, while the largest deviations were obtained for inverse distance to a power.



The distances between the measured location of the point source of nitrate pollution according to [41] and the locations assumed by the interpolation methods used can be clearly seen in Figure 6. The results of all models show an increase in concentration in the northwest–southeast direction. However, for some methods, the highest concentration is within the model domain (kriging–linear variogram, kriging–linear variogram with nugget, kriging–power, kriging–power with nugget, kriging–logarithmic, kriging–logarithmic with nugget and radial basis function), while for others, this point is located at the very edge of the domain or, more precisely, at its origin (minimum curvature and polynomial regression). Moreover, the four methods used did not give good results (kriging–gaussian variogram, kriging–exponential variogram, nearest neighbor, and moving average) and it was not possible to determine the point with the highest nitrate concentration. Therefore, they can be characterized as methods that are not suitable for this type of analysis. For this reason, the results of these methods were not considered in subsequent analyses.



As expected, each of the interpolation methods and tested variograms resulted in a different spatial distribution of nitrate concentration and, accordingly, in a different value of the variance of the estimation error     σ   e r r o r   2     and the distance d between the measured and assumed location of the point source of nitrate pollution (Table 2). In other words, it can be recognized that the distance d is a function of the variance of the estimation error     σ   e r r o r   2    . As the value of the variance of the estimation error     σ   e r r o r   2     increases, the distance d also increases and vice versa. The smallest values of     σ   e r r o r   2     and d were obtained for the interpolation method minimum curvature, while the largest values were obtained for the kriging method with logarithmic variogram. In order to prove the hypothesis H0, a functional dependence     σ   e r r o r   2    (d) was interpolated using the data from Table 2, and the resulting approximation is shown in Figure 7. For this purpose, the program Statistica 13.5.0.17 TIBCO Software Inc. was used.



Figure 7a shows the fitted linear model, which calculated a coefficient of determination of only 0.36, indicating a low correlation between the two variables. In fact, from the distribution of the points with coordinates (  d ,   σ   e r r o r   2    ), it can be seen that there is a non-linear and monotonic relationship between the mentioned variables. For this reason, the scatter point data (  d ,   σ   e r r o r   2    ) were interpolated using the logarithmic model (Figure 7b):


  d = a   ln  ⁡      σ   e r r o r   2       + b    



(6)




with parameters a = 78.76 and b = 188.31, and the modified rational quadratic model (Figure 7c):


  d = a     σ   e r r o r   2     b +   σ   e r r o r   2        



(7)




with parameters a = 655.66 and b = 10.81. In order to prove hypothesis H0 using the t-test, the models given in Equations (6) and (7) need to be linearized. For this purpose, the functional dependency     σ   e r r o r   2     d     for the logarithmic model can be expressed as follows:


    σ   e r r o r   2   =   exp  ⁡      d − b   a          



(8)




and for the modified rational quadratic model, the same value can be expressed as follows:


    σ   e r r o r   2   =    d b   a − d       



(9)




which yields the linear models illustrated in Figure 8 and characterized by coefficients of determination of R2 = 0.503 and R2 = 0.498, respectively.



Since the amount of available data points from Table 1 is 10, the number of degrees of freedom in the t-test is 8. Accordingly, the t-value for the linearized logarithmic model was determined to be 2.846, and for the modified rational quadratic model, the t-value was 2.818. These values should be considered with respect to the established critical value tα = 2.306. Since the obtained t values are higher than the critical value tα, the functional dependence     σ   e r r o r   2     d     can be considered reliable for both models, confirming the assumption that the distance d between the measured and the predicted location of the point source of pollution is a function of the variance of the estimation error     σ   e r r o r   2    . In other words, it can be concluded that the following implication holds:


  t >   t   α   ⟹     H   0   : d = f     σ   e r r o r   2      



(10)







Interpolation methods are very commonly used to evaluate groundwater level [66,67,68], temperature variations [45], and the spatial quality of various parameters. Kriging and idw are cited as the most commonly used methods [48,49]. Thus, the idw method has been used for the interpolation of heavy metals in groundwater in the Dehradun district in India [50], while the Kriging method has been used for the spatial interpolation of the water quality index in the Khyber Pakhtunkhwa province in Pakistan [51]. The results in this paper show that different spatial interpolation methods yield different maps from the same data, which is consistent with previous studies [69]. The results of previous studies also indicate that the Kriging interpolation method usually gives better results than the inverse distance to a power [70,71], and the results in this work confirm what has been said, which can clearly be seen from the deviation values shown in Table 1. The radial basis function method is also mentioned as a good method for determining the spatial distribution of nitrogen compounds in groundwater [42], and this is confirmed by the results obtained in this work, where the value of the variance of the estimation error was 2.94, while the deviation values at the control points were minimal.



Based on the smallest value of the variance of the estimation error, the minimum curvature method can be chosen as the best estimation method for a given data set. However, each site should be considered individually, and it is necessary to conduct studies at other sites to determine if this method provides the best results or if other methods would provide better results at other sites. However, the obtained result can be very useful to minimize the area where the source of pollution is suspected. Indeed, it is often the case that this source of pollution is not clearly visible at the surface of the considered aquifer, so the presented methodology can be used to reduce the search area. Since the smallest value of the variance of the estimation error is an indicator of the smallest distance d between the predicted and the measured (but unknown) location of the pollution source, the interpolation model with the smallest variance of the estimation error can be assumed to be the one that most closely resembles the actual spatial distribution of the pollution concentration, and the predicted location of the pollution source (with maximum pollution concentration values) can be used as a starting point for further investigations.




4. Conclusions


Based on measurements of groundwater pollution, our analysis showed that there is a functional dependence between the distance d between the measured and assumed locations of the point source of pollution, which were determined via the use of different interpolation methods, and the variance of the estimation error     σ   e r r o r   2    . The smallest value of the variance of the estimation error (1.65) was obtained for the minimum curvature interpolation method, which makes it the best estimate for a given dataset. On the other hand, the largest value, 24.49, was obtained for the kriging method–logarithmic variogram. Through using the three interpolation methods (moving average, nearest neighbor, kriging with gaussian and exponential variogram), it was not possible to determine the assumed location of the point source of pollution; therefore, these methods can be considered unsuitable for the given dataset. Each site should be considered individually because it is possible that, at other sites, a different interpolation method will give better results. To prove this, it is necessary to conduct this type of research at other locations. To verify the established hypothesis, the distance d between the maximum concentration in the model domain (assumed location of the nitrate pollution source) and the measured location of the nitrate pollution source was determined for each model. In addition, the variance of the estimation error     σ   e r r o r   2     was calculated for each of the tested methods, and the functional dependencies     σ   e r r o r   2     d     were approximated by the logarithmic and modified rational quadratic models. Furthermore, the statistical t-test was used to confirm the established hypothesis. The results of the coefficients of determination of the linearized models are 0.50, and the obtained t values are higher than the critical value tα, so the models can be considered reliable at a 95% significance level. The results in this paper show that the interaction of statistical and geostatistical methods can successfully locate or reduce the search area of point sources of pollution. The obtained conclusion has a direct practical application. If the source of the groundwater pollution is not known in advance, considering that it is usually difficult to find on the aquifer surface (or even not located on the surface), a procedure to reduce the search area is necessary. The obtained conclusion can be used to define the origin of the search area as the point with the maximum pollutant concentration (obtained via an interpolation method that gives the minimal variance of the estimation error     σ   e r r o r   2    ). Accordingly, the search area can be narrowed down, and the search time can be shortened, which also leads to a reduction in the associated costs. Regarding future research, it is necessary to determine the influence of anisotropy on the spatial distribution of nitrate concentration in groundwater. If this influence is present, it is reasonable to assume that the variance of the estimation error could be further reduced. Consequently, the distance between the measured and predicted location of the pollution source would be reduced.
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Figure 1. Geographical position of the Varaždin wellfield and spatial arrangement of wells and piezometers. 
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Figure 2. Three-dimensional model of the wider area of the Varaždin wellfield [41]. 
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Figure 3. Time series of the annual average nitrate concentrations in the wellfields in Bartolovec, Varaždin, and Vinokovščak. 
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Figure 4. Annual average nitrate concentration curves in groundwater at the Varaždin wellfield in wells B3, B10, and the wellfield annual average. 
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Figure 5. Experimental variograms in kriging interpolation method. 
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Figure 6. Maps of isolines of nitrate concentration in groundwater made based on various interpolation methods and the assumed location of the source of pollution. 
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Figure 7. The approximated functional dependency     σ   e r r o r   2     d     based on (a) a linear model, (b) a logarithmic model, and (c) a modified rational quadratic model. 
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Figure 8. Graphical representation of the linearized logarithmic and modified rational quadratic models given by Equations (8) and (9). 
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Table 1. Numerical means regarding nitrate concentration at control points and deviation values obtained via the use of interpolation methods.
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	B3
	B4
	B5
	B6
	B7
	B8
	B9
	B10
	P23
	P25
	P26
	P29
	P30
	∑Δ2
	        Δ   2    ¯     





	Average

[mg/L NO3−]
	74.14
	75.35
	76.7
	80.04
	76.71
	81.42
	85.92
	87.80
	65.03
	71.67
	77.4
	68.62
	87.00
	
	



	Kriging–linear
	0.06
	0.01
	−0.05
	−0.02
	−0.02
	0.02
	0.10
	0.02
	−0.03
	−0.05
	−0.06
	−0.04
	0.04
	0.03
	0.00



	Kriging–linear nugget
	0.06
	0.01
	−0.05
	−0.02
	−0.02
	0.03
	0.10
	0.02
	−0.03
	−0.05
	−0.06
	−0.04
	0.03
	0.03
	0.00



	Kriging–power
	0.12
	0.03
	−0.09
	−0.01
	−0.05
	0.05
	0.21
	0.08
	−0.12
	−0.12
	−0.14
	−0.11
	0.11
	0.15
	0.01



	Kriging–power nugget
	0.12
	0.03
	−0.10
	−0.03
	−0.04
	0.06
	0.20
	0.08
	−0.12
	−0.11
	−0.13
	−0.11
	0.10
	0.14
	0.01



	Kriging–logarithmic
	−0.07
	−0.18
	−0.28
	0.61
	−0.40
	0.69
	2.16
	1.43
	−2.70
	−1.29
	−0.56
	−1.99
	1.90
	24.68
	1.90



	Kriging–logarithmic nugget
	−0.02
	−0.14
	−0.25
	0.52
	−0.34
	0.56
	1.86
	0.98
	−2.20
	−1.06
	−0.46
	−1.68
	1.51
	16.53
	1.27



	Minimum curvature
	−0.01
	−0.10
	−0.10
	0.06
	0.03
	−0.04
	0.01
	0.00
	−0.25
	0.03
	0.08
	0.24
	0.01
	0.15
	0.01



	Polynomial regression
	1.72
	−0.24
	−1.84
	−1.56
	−0.33
	1.14
	2.52
	1.25
	1.67
	−0.21
	−2.52
	−1.87
	0.27
	30.92
	2.38



	Radial basis function
	0.00
	0.00
	−0.01
	0.00
	0.00
	0.00
	0.01
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	Inverse distance to a power
	−5.50
	−7.79
	−7.90
	−2.87
	−0.95
	−0.77
	1.05
	4.46
	−9.21
	−1.78
	4.81
	−16.25
	3.65
	572.63
	44.05










 





Table 2. Values of the variance of the estimation error     σ   e r r o r   2     and the distance d between the measured and predicted location of the point source of nitrate pollution.






Table 2. Values of the variance of the estimation error     σ   e r r o r   2     and the distance d between the measured and predicted location of the point source of nitrate pollution.










	Interpolation Method
	

     σ   e r r o r   2     








[(mg/L)2]
	

   d   








[m]





	Kriging–linear variogram
	4.13
	466.61



	Kriging–linear variogram with nugget
	4.12
	463.41



	Kriging–power variogram
	5.66
	594.50



	Kriging–power variogram with nugget
	5.62
	594.35



	Kriging–logarithmic variogram
	24.49
	596.12



	Kriging-logarithmic variogram with nugget
	23.44
	595.81



	Kriging–gaussian variogram
	51.87
	not applicable



	Kriging–exponential variogram
	51.87
	not applicable



	Minimum curvature
	1.65
	0.00



	Polynomial regression
	2.38
	0.00



	Radial basis function
	2.94
	309.88



	Inverse distance to a power
	22.33
	594.74



	Nearest neighbor
	22.26
	not applicable



	Moving average
	23.01
	not applicable
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