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Abstract


Railway sites are characterized by the frequent occurrence of soil and groundwater pollution by oil. The primary reason for pollution is usually the handling of large volumes of fuels and lubricants and, to a lesser extent, other hazardous substances, which represent an increased likelihood of potential spills due to inattention and accidents. The second factor is spills due to inadequate (aged) process equipment. In the Slovak Republic, a network of locomotive depots, strategically located throughout the country, has been operated in the past. In 2008, a pilot project was implemented to survey groundwater quality at 45 sites, followed by monitoring of the quality status until 2014. The levels of petroleum hydrocarbons in groundwater were determined by spectrophotometric methods (NEC-IR and NEC-UV). The NEC-IR parameter documented very-high pollution at 14 sites, while the NEC-UV parameter documented the same very-high pollution degree at 23 sites. Statistical evaluation using Kruskal–Wallis test followed by Dunn’s post hoc test revealed a significant effect of the size of the site as well as activity status on the presence and intensity of pollution. The presence of light non-aqueous phase liquids (LNAPLs) was observed at almost half of the sites. Based on the evaluated data, railway sites represent a specific type of site with frequent occurrence of severe oil pollution, posing a significant environmental and health risk.
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1. Introduction


In the past, railway transport was the preferred way of transporting important raw materials in Czechoslovakia. In the 1950s, raw materials such as coal, iron and oil were primarily imported from the Soviet Union. Transport volumes decreased only with the development of road transport in the 1970s. However, railway transport remained one of the important modes of transferring raw materials and products [1]. The Railways of the Slovak Republic (ŽSR) currently manage approximately 3600 km of lines, of which approximately 1500 km are electrified. The main lines, which handle the highest volume of transportation, are electrified (Bratislava—Žilina—Košice; Bratislava—Levice—Banská Bystrica) [2]. On non-electrified lines, transportation services are provided by independent traction (diesel locomotives), which is economically justified in this context. However, the use of diesel locomotives also entails certain risks. These arise from the need for service circuits to supply fuel (filling points with tanks and dispensing points), lubricants (oil storage) and other maintenance requirements in depots (for example, fire safety measures when handling flammable substances). The volumes of hazardous substances handled at railway sites have historically been and continue to be substantial. During the transition of independent traction from steam to diesel traction, which has been taking place since the 1960s, new facilities have been built in existing stations and depots (or entirely new depots have been built). These primarily included diesel and oil storage tanks, located either underground or aboveground, handling areas for filling and dispensing points, as well as the associated pipeline network. The design and construction of these facilities between 1960 and 1980 complied with the legislation and technical standards of the time. The technical installations were not sufficiently secured against unwanted leaks. The underground tanks were single-walled, pipeline systems lacked protective casings and other similar deficiencies were present. Due to the intensity of railway traffic in the past, a relatively dense network of petrol filling stations and maintenance centers for rolling stock had been built in Slovakia. Field experience indicates that significant petroleum product leaks have occurred in areas apart from the expected sources, for example, in the area of the railway track [3]. Therefore, rail transport does not only pose a risk of pollution of the soil surface layer with metals and polycyclic aromatic hydrocarbons (PAHs), but also with oil-based substances [4,5,6].



Detection and Regulatory Limits of Petroleum Hydrocarbons in Groundwater


Historically, spectrophotometric determination of non-polar extractable compounds in the infrared spectrum (NEC-IR) and non-polar extractable compounds in the ultraviolet spectrum (NEC-UV) was used in Czechoslovakia, and later in the Slovak Republic, for the detection of petroleum hydrocarbons. Both methods are non-selective; the resulting value provides an indication of the total quantity of pollution, but not its qualitative composition. The principle of non-polar extractable compound determination involves extraction from the sample using an organic non-polar solvent followed by the removal of co-extracted weakly polar organic substances through sorption on silica gel. The NEC-IR method (corresponding to the US EPA 418.1 method) captures mainly aliphatic hydrocarbons, whereas the NEC-UV method (Slovak Technical Norm 83 0540-4) is more sensitive to aromatic hydrocarbons [7].



The NEC-IR method has been applied more frequently in the past, particularly prior to the ban of the extraction reagent Freon 113 in the late 1990s. Currently, it is considered advantageous in terms of cost and time efficiency for field analysis of soil samples [8,9,10,11,12]. Its applicability for the detection of petroleum hydrocarbons in groundwater samples has been described, for example, by Almeida et al. and Simion et al. [13,14]. However, a review by Crompton showed that most of the literature documenting the method’s use originates from studies published in the 1970s [15]. Zemo et al. highlighted difficulties in identifying volatile compounds; Okparanma and Mouazen also pointed out the insensitivity of the technique to unsaturated compounds of weathered hydrocarbons [16,17].



Due to the technical limitations of the laboratory procedure, the NEC-UV method is not suitable for the detection of petroleum pollution. Although the shapes of the pollution spectra are similar, the intensity of the maximum absorption varies according to the type of pollution, and the result of the analysis is often neither accurate nor specific [15]. The potential application of the NEC-UV method for groundwater pollution detection has been reported but is based solely on differences in analytical results from a single site and without the ability to further characterize the pollutant [18]. Despite these limitations, a groundwater pollution assessment based on the NEC-UV parameter remains necessary. In this paper, an extensive dataset is presented, from which it is possible to obtain suggestive outputs for future work. Moreover, the evaluation of groundwater pollution using the NEC-UV parameter remains part of the current legislation of the Slovak Republic. Detailed analysis of the results and their inherent limitations will enable their more effective use in practice or replacement by methods with more reliable results.



An overview of the threshold limits for concentrations of petroleum substances in groundwater, expressed as NECs, valid from 1997 to the present, is provided in Table 1. The table includes limit concentrations, the exceedance of which requires a risk assessment to be conducted. For the Instruction of the Ministry for the Administration and Privatization of National Property of the Slovak Republic (MAPNP SR) and the Ministry of the Environment of the Slovak Republic (ME SR) from 1997, the relevant value corresponds to category C. In the case of the Methodological Instruction of the ME SR No. 1/2012-7 dated 27 January 2012 and Directive of the ME SR No. 1/2015-7 dated 28 January 2015; the relevant value corresponds to the intervention criterion (IT).



The intervention criterion (IT) is a critical value of pollutant concentration established for soil, rock environment and groundwater. The criterion value for NEC (IR and UV) is 1.0 mg.L−1. Exceeding this threshold under the given land-use scenario assumes a high probability of risk to human health and the environment. In such cases, a detailed geological survey of the environment, including risk analysis of the polluted area, is required. The second limit value defined by current legislation is the indication criterion (ID). The criterion value for NEC (IR and UV) is 0.5 mg.L−1. It represents the limit value for the concentration of a pollutant established for soil, rock environment and groundwater, the exceedance of which may endanger human health and the environment. In such situations, monitoring of the polluted area is required.





2. Materials and Methods


In the years 2008–2014, a site survey project was conducted at 45 locations operated by ZSSK CARGO Slovakia, JSC, in response to the adoption of new European Union environmental legislation. ZSSK CARGO Slovakia, JSC, Tomášikova 28B, 821 01 Bratislava, Slovakia, is the Slovak state-owned company providing freight transport and rolling stock maintenance services. Most of the investigated sites (41) were locomotive depots, while the remaining 4 sites were of a different nature (railway station, railway terminal, transshipment yard and warehouse). The survey was divided into 3 stages. The geological work was carried out on the same methodological basis. Sampling followed the currently valid technical standards. Groundwater pollution by petroleum hydrocarbons was assessed based on NEC-UV and NEC-IR concentrations.



2.1. Stage I 2008 [19]


The first stage of the project focused on the initial identification of the presence of pollution in soil and groundwater, followed by the classification of sites based on the degree of pollution and the need for remediation. At 9 sites, light non-aqueous phase liquid (LNAPL) was present at the groundwater table. The thickness of the LNAPL layer ranged from 2 to 30 cm. Groundwater pollution by dissolved petroleum hydrocarbons was confirmed at 27 sites through NEC-UV and NEC-IR parameters, with both parameters exceeding concentrations of 1 mg.L−1. Based on the results, the sites were categorized into four groups: category A (low pollution, no remediation required), category BI (moderate pollution, high probability of remediation), category BII (moderate pollution, low probability of remediation) and category C (high pollution, remediation required).




2.2. Stage II 2008 [20]


The second phase aimed to verify the classification of sites into pollution categories established during the first phase. At 12 sites, LNAPL was observed with thicknesses ranging from 0.5 to over 30 cm. At 16 sites, dissolved petroleum hydrocarbon concentrations in groundwater exceeded the IT for both parameters. At 4 sites, the ID for NEC-IR and the IT for NEC-UV were simultaneously exceeded, while at 3 sites only the IT for NEC-UV was exceeded. A risk assessment was performed for 23 sites.




2.3. Stage III 2009–2014 [21,22,23,24,25,26]


The results of site monitoring conducted between 2009 and 2014 confirmed the levels of pollution detected during the first and second stages. In 2009, LNAPL was identified at 18 sites and in 42 wells, in 2010 at 17 sites and in 61 wells, and in 2011 at 18 sites and in 57 wells. In 2012, 10 sites were transferred to Železničná spoločnosť Slovensko, JSC, Rožňavská 1, 832 72, Bratislava, Slovakia (ZSSK, Slovak state-owned company providing personal transport services). At these sites, only the spring sampling cycle was carried out at the request of ZSSK CARGO Slovakia a.s., whereas two sampling campaigns were conducted at the remaining sites. In 2012, the presence of LNAPL was observed at 19 sites and in 44 wells. In 2012, category A and BII sites were assessed separately as part of the completion of groundwater quality monitoring. In 2013 and 2014, groundwater quality monitoring continued at 14 category C sites. At 11 sites, LNAPL was observed in 26 wells in 2013 and in 27 wells in 2014.



Following the completion of Stage III, monitoring of selected sites continued as separate geological tasks, with monitoring activities still ongoing at some locations in 2024. Geological surveys and remediations were carried out at 16 railway sites between 2009 and 2020. Between 2018 and 2023, 14 sites where the presence of environmental and/or health risks had been identified, were remediated. The authors of the article have been involved in the monitoring, surveys and remediation of selected railway sites. The presented work represents a starting point for assessing the development of pollution at individual sites. Since 2015, only selected sites, the number of which has changed continuously, have been monitored. For example, in the fall of 2015, there were 14 sites, in the winter of 2020 there were 6 sites and in the spring of 2024, there were 11 sites. Until 2022, pollution levels were monitored exclusively using the NEC-IR and NEC-UV parameters. From 2023, the NEC-UV parameter was replaced by the TPH parameter (total petroleum hydrocarbon, US EPA 8015 method). At a small number of sites (usually 1–2 sites from the set), BTEX and chlorinated aliphatic hydrocarbons concentrations (CAHs) were occasionally also monitored.



The main objective of this work was to assess the presence of groundwater contamination at a specific type of railway site (locomotive depot). The final concentrations obtained from the laboratory analyses of collected groundwater samples enabled the categorization of the sites into several groups and allowed for their mutual comparison. The first evaluation criterion was the identified degree of pollution (dissolved concentration of the pollutant), the second was the size of the site and the third was its activity status. Additionally, the presence of LNAPL was evaluated as a supplementary parameter, which cannot be ignored in this type of study. Light non-aqueous phase liquids in the rock environment act as a long-term source of pollution from which individual substances are gradually released and migrate further into the environment.



The results of geological surveys carried out in the period 2008–2014 were evaluated. Due to the extent of the processed documents, it was not possible to address the pollution at individual sites in detail. Pollution is evaluated only in terms of presence, but not its spatial extent. If NEC-IR or NEC-UV pollutants were detected at a site at concentrations exceeding the legislative criteria (ID and IT) in even a single sampling point, the site was classified as polluted. Nearly all samples were subjected to dual analysis, with both NEC-IR and NEC-UV measurements performed on the same sample. The total number of NEC-IR analyses (3400) was higher than the number of NEC-UV analyses (3250) due to variations in subproject methodologies. A limited subset of samples was analyzed solely using the NEC-IR method. Depending on the site, the number of samples evaluated ranged from 14 to 674. The highest number of groundwater samples collected over the reporting period originated from the following sites: Čierna nad Tisou (ČNT)–Transshipment Yard (674), Leopoldov (283), Košice (199) and Trenčianska Teplá (162). Two sites were excluded from the assessment due to the absence of groundwater samples, as the drilling did not reach the aquifer. A total of 42 sites were assessed. An important aspect was the exclusion of wells with a measurable LNAPL layer. In such cases, no groundwater sample was collected, and the well was not included in the assessment. If no LNAPL was detected and the concentrations of the monitored contaminants were low, the site was classified as free of LNAPL occurrence. The contamination of the sites was assessed according to the currently applicable Slovak legislation—Directive No. 1/2015-7 of the ME SR dated the 28 January 2015.



In this paper, the evaluation of site pollution is assessed based on three criteria, listed in Table 2. To examine differences between sites based on NEC-IR and NEC-UV concentrations in groundwater, the following statistical methods were used: the Mann–Whitney test and the Kruskal–Wallis test followed by Dunn’s post hoc test. These non-parametric tests were chosen because the data did not follow a normal distribution, as determined by the Kolmogorov–Smirnov test, and consisted of independent samples.





3. Results


3.1. Pollution in the Form of Measurable LNAPL Layer in Wells


The results of the work are particularly noteworthy due to the extensive dataset documenting groundwater pollution and the applicability of two different laboratory methods. The evaluated data represent analyses of groundwater samples, but they do not include wells in which a measurable layer of LNAPL was present. These wells were not sampled; however, the presence of LNAPL, as defined by the ME SR Directive No. 1/2015-7, poses an environmental risk and a reason for remedial action. Table 3 shows the changes in the number of wells containing LNAPL at each site over the reporting period. Data from sites that were transferred to the administration of ZSSK in the second half of 2012 are not available (Brezno, Humenné, Kraľovany, Nové Zámky, Prievidza and Vrútky). Similarly, data from sites where monitoring was terminated in 2012 (Nitra, Trnava and Zvolen) are also unavailable.



The presence of LNAPL at each site at the beginning and end of the assessment period is interpreted in Figure 1 and Figure 2. The presence of LNAPL in the monitored wells indicates a pollution over the residual saturation volume [27]. In addition to accidental releases, seasonal effects of groundwater level fluctuations on the presence/absence of LNAPL in the well can also be observed. An increase in the unconfined groundwater level will cause a decrease in the thickness of the LNAPL. Conversely, in a confined aquifer, the trend is reversed [28]. Light non-aqueous phase liquids may even completely recede from the observation well, although this does not necessarily mean the substances are absent from the pore environment of the surrounding area.




3.2. Pollution in the Form of Dissolved Petroleum Hydrocarbons


The values of the basic statistical parameters for the individual sites for the period 2008–2014 are presented in Table 4.



The site-specific averages were strongly influenced by rare extreme concentrations. For the NEC-IR parameter, 24 average values were below 0.5 mg.L−1, 6 values were in the range 0.5–0.99 mg.L−1 and 12 values exceeded 0.99 mg.L−1. For the NEC-UV parameter, the abundances in each interval were reversed. Only 7 mean values were below 0.5 mg.L−1, 8 values were in the interval 0.5–1 mg.L−1 and 27 values were above 1 mg.L−1. Median values, which were unaffected by outliers, provided a more reliable indication of the actual conditions. For the NEC-IR parameter, the maximum median value was 0.3 mg.L−1. For the NEC-UV parameter, 33 values were lower than 0.5 mg.L−1, 7 values were in the interval 0.5–0.99 mg.L−1 and 2 values were higher than 0.99 mg.L−1, with a maximum value of 1.69 mg.L−1. The maximum median values for both parameters were found in Lučenec. This was attributed to both the low number of wells (2) and samples (17), as well as the exceptionally high levels of pollution. Maximum mean concentrations for both parameters were found in Kraľovany.



Low pollution levels were detected at sites where all four parameters (means and medians for NEC-IR and NEC-UV) were below 0.5 mg.L−1 (seven sites). We consider the median NEC-IR to be the most reliable pollution indicator. Out of 17 sites where its value was 1 mg.L−1 or higher, 14 were classified as heavily polluted, which was also confirmed by the results of further geological works. An average NEC-IR value above 1 mg.L−1 was identified at 12 sites, 9 of which were remediated between the period 2014 and 2023.



Based on the criterion that the presence of pollution at concentrations higher than 25 mg.L−1 essentially indicated the presence of LNAPL, the sites were divided into two groups that were separately evaluated for NEC-IR and NEC-UV, resulting in a total of four datasets (Table 5).



3.2.1. Sites with NEC-UV or NEC-IR Concentrations > 25 mg.L−1


Figure 3 and Figure 4 show the results from sites that, based on groundwater sample analysis, were classified in the category indicating the presence of LNAPL (NEC-UV or NEC-IR > 25 mg.L−1). The number of sites with high and very-high levels of pollution for both monitored parameters is shown in Table 6. For the NEC-IR parameter, the highest degree of pollution was recorded in Kraľovany (36% of samples in the H and VH categories), while for the NEC-UV parameter, the highest pollution was observed in Kraľovany and Brezno (49% of samples in the H and VH categories). At the Kraľovany site, the smallest difference within a single site between the ratio of NEC-UV- and NEC-IR-polluted samples was observed. Pollution at the site is thus very serious, indicated by both the large number of polluted samples and the relatively small difference between the numbers of exceedances for the two parameters.



The ČNT—Transshipment Yard site shows the highest number of evaluated groundwater samples (674 NEC-IR and 650 NEC-UV). The very-high pollution level at the site has been long-term (documented since the 1980s), and among all evaluated sites, was also the most spatially extensive (the area with the occurrence of LNAPL covers more than 5 ha). For the NEC-IR parameter, approximately 8% of samples were classified as heavily polluted (H and VH categories), while for the NEC-UV parameter, about 24% of the samples were in this category.



It is evident that, in terms of the NEC-UV parameter, the sites appear to be highly polluted, with 30.6% of the samples showing concentrations higher than the IT value, compared to 14.7% for the NEC-IR parameter.



The differences are also clearly visible in Figure 3 and Figure 4 for individual sites (sites that appear in both figures). On average, the number of highly contaminated samples (H and VH categories) based on the NEC-UV parameter was approximately two times higher than number of highly contaminated samples based on NEC-IR. At the Zvolen and Trnava sites, the number of highly contaminated samples for the NEC-UV parameter was more than five times higher than for NEC-IR. Therefore, based on the presented results, pollution at the Zvolen and Trnava sites appeared to be significantly overestimated when assessed using the NEC-UV parameter.



An interesting fact is that some sites where the presence of LNAPL was identified did not appear on the list of highly contaminated localities based on the more representative parameter, NEC-IR. This includes not only smaller sites (Komárno and Maťovce), but also larger ones (Čierna nad Tisou, Humenné, Leopoldov, Nitra, Prešov, Štúrovo and Trenčianska Teplá) as well as the largest one (Nové Zámky). At the same time, some sites without LNAPL occurrence were also identified as heavily polluted (Košice, Púchov and Spišská Nová Ves). The first finding indicates that, despite several wells where LNAPL was present (Štúrovo and Čierna nad Tisou), dissolved petroleum hydrocarbons did not spread significantly or their concentrations were low. Naturally, the results were affected by several uncertainties, the most important being the number and location of monitoring wells. The wells were situated to identify the presumed pollution sources; however, due to their limited number, the entire contaminated area might not have been fully covered by groundwater samples, or the samples might not accurately reflect the true extent of contamination at the site. In the case of the Prievidza site, the overestimation of the total pollution rate was caused by an accident in 2009, during which approximately 14,000 L of diesel were released. One of the consequences of the accident was the high number of wells with LNAPL occurrence (up to 20 wells in 2010).




3.2.2. Sites with NEC-UV or NEC-IR Concentrations < 25 mg.L−1


The number of sites with different pollution levels for both monitored parameters is presented in Table 7. For the NEC-IR parameter (Figure 5) the highest pollution degree was observed in Fiľakovo (high pollution in 29% of samples); for the NEC-UV parameter (Figure 6), it was Lučenec (high pollution in 65% of samples).



Also, in this group of sites, the number of above-limit concentrations for the NEC-UV parameter significantly surpasses that for the NEC-IR parameter, by almost 2.5 times. High concentrations of NEC-UV were identified at several sites, which were classified as category A in the first stage of the project, and at which the pollution with the NEC-IR parameter was found to be very low (all detected concentrations were lower than the ID value), or only a few concentrations were found to exceed the ID (0.5 mg.L−1) but remained below the IT value (1 mg.L−1). The degree of pollution was higher at all these sites for the NEC-UV parameter (as also observed in the group of sites with NEC concentrations higher than 25 mg.L−1). The assessment of pollution based on the NEC-UV parameter is therefore questionable. The number of samples with high pollution (NEC-UV ≥ 1 mg.L−1) greatly exceeded the number of samples with high pollution for the NEC-IR parameter (790 vs. 291 samples).



As noted above, the groundwater samples evaluated did not include wells where LNAPL was present during monitoring. This was most evident at the Štúrovo site. None of the groundwater samples (36 samples collected) showed pollution concentrations exceeding 25 mg.L−1; for the NEC-IR parameter only 1% of the samples had concentration higher than 1 mg.L−1 and for the NEC-UV parameter, this was 17%). The mean values were also low (NEC-IR 0.11 mg.L−1; NEC-UV 0.71 mg.L−1), as were the medians (NEC-IR 0.06 mg.L−1; NEC-UV 0.21 mg.L−1), which may give the impression of low levels of pollution. However, during the evaluation period, the wells where LNAPL was present were not sampled, representing a total of 29 omitted groundwater samples. The site was remediated in 2018–2021 due to the high level of pollution [29]. The success of the remediation was confirmed by post-remediation monitoring [30]. Štúrovo was the site where the largest volume of LNAPL was removed (6.5 m3) among 14 sites remediated in that period.




3.2.3. Effect of Site Size (A, B, C, and D) on Groundwater Pollution (NEC-IR/NEC-UV)


The effect of site size on groundwater pollution is shown in Figure 7.



For the NEC-IR parameter, the most statistically significant differences at p < 0.0001 were found between sites A and B, A and C, A and D, and C and D. For the NEC-UV parameter, the most statistically significant differences at p < 0.0001 were found between sites A and B, A and C, A and D.



The lowest mean concentrations of both NEC-IR and NEC-UV were found in samples from the smallest sites. In category A, NEC-IR concentrations were below 0.5 mg.L−1, indicating that no remediation is required at these sites. Sites classified in categories C and D, representing large and very large sites, respectively, exhibited moderate levels of contamination (ranging from 0.5 to 1 mg.L−1), requiring groundwater quality monitoring. The highest concentrations (more than 1 mg.L−1) were identified at category B sites, indicating the need for further geological work (survey and remediation).



The highest average concentrations observed in category B might be related to the fact that this category included the largest number of sites and also the highest number of samples with concentrations exceeding 25 mg.L−1 for both NEC-IR (23 samples) and NEC-UV (50 samples). In addition, at category B sites, underground storage tanks with a capacity of up to 100 m3 were mainly installed for diesel storage. At larger sites, above-ground storage tanks with a capacity of thousands of m3 were used for storage. Maintenance and leak detection from underground storage tanks was more complex than from above-ground storage tanks in the past. Given their limited lifespan, it is highly likely that they were the main reason for frequent pollution in category B sites. For the NEC-UV parameter, the concentrations in category A were higher than 0.5 mg.L−1, indicating that these sites need to be monitored. The need for further activities (geological surveys, for example) to refine the nature of pollution was identified in the remaining three categories, B, C and D.



Despite the differences among the evaluated datasets, it can be concluded that the size of the railway site has a significant impact on groundwater quality. All sites that included a maintenance and repair hall showed moderate to high levels of pollution for both parameters.




3.2.4. Impact of Site Activity Status on Groundwater Pollution (NEC-IR/NEC-UV)


The effect of activity at the site on groundwater pollution is shown in Figure 8.



For the NEC-IR parameter, statistically, the most significant differences at p < 0.0001 were found between sites out of service and sites in service, and between limited-service (fuel station only) sites and sites in service. For the NEC-UV parameter, the most statistically significant differences at p < 0.0001 were found between sites out of service and sites in service and between limited-service sites and sites in service.



For both parameters, it was evident that sites in service exhibited significantly higher levels of pollution compared to sites out of service or limited-service sites. For the NEC-IR parameter, this difference was more pronounced than for NEC-UV. The NEC-IR concentrations at the sites out of service and those used only for fueling purposes were below 0.5 mg.L−1 and did not require remediation. The results also indicated that fuel stations do not contribute to increased NEC concentrations in groundwater. In fact, for the NEC-IR parameter, the concentrations of petroleum hydrocarbons at the limited-service sites were statistically significantly lower (p < 0.01) than at sites out of service. Sites in service showed pollution concentrations higher than 1 mg.L−1, indicating a high level of pollution and the need for further investigation and remediation. For the NEC-UV parameter, concentrations in all three categories exceeded 1 mg.L−1, representing high pollution levels that require appropriate follow-up measures.






4. Discussion


A comprehensive evaluation of railway sites based on the above-defined parameters (pollution concentration and size of site) is currently not addressed in the available scientific literature. Several papers focus on large-scale spills of hazardous substances in locomotive depots and transshipment stations, as well as proposals for remediation measures, but most of them are site-specific. Pennington et al. reported severe contamination of the rock environment and groundwater and subsequent removal of nearly 45 m3 of LNAPL by various types of remediation methods [31]. Mitton and Pimblett described a high degree of pollution at a former locomotive depot and the removal of over 98 m3 of LNAPL [32]. Groundwater monitoring on a long-term abandoned railway site revealed elevated concentrations of naphthalene and low concentrations of benzene and 1,2-diboromethane [33]. Lee and Lee identified a high degree of petroleum hydrocarbon pollution in the rock environment (mainly at a depth of 0.0–3.0 m below the ground surface) around a railroad station with a 100-year history, while no petroleum hydrocarbon pollution was detected in the groundwater [34]. Several railway sites are included in US EPA monitoring, such as the post-remediation monitoring of chlorinated hydrocarbons at a large, 2000 ha rail terminal [35]. While individual cases pose major environmental protection challenges, a comprehensive comparison and assessment of existing pollution across multiple railway sites is lacking. Theoretical analysis of the risks of soil and groundwater pollution from railway transport has been addressed by Anand and Barkan [36]. Monitoring of railway sites is a standard component of national environmental programs [37,38,39].



The assessment of the degree of pollution was carried out on the basis of pollutant concentrations. More accurate data on the condition of the site can be obtained by quantifying the intensity of the source—by calculating the amount of pollutant in flowing groundwater per unit of time [27,40,41]. The literature provides several examples of mass flux determination to assess the degree of pollution and its development at individual sites. Mass fluxes were evaluated to assess monitored natural attenuation on a petroleum-polluted site. Laboratory bench-scale experiments and field data were used to identify soil-to-groundwater pollution transfer. Results demonstrated decreasing TPH concentrations and reducing contaminant plumes [42]. The use of mass flow rates obtained through integral pumping tests to assess natural attenuation seems to be appropriate in cases where the monitoring of the well network is insufficient. The method was shown to be more accurate for contaminant plumes than for data obtained from point-scale measurements [43]. Another paper evaluated differences in organic contamination in five sewage treatment plants based on mass flux [44].



For the evaluated sites, the spatial extent to which pollution spread outside the site and its relative intensity were not processed for several reasons. The first is the significant differences between individual sites (characteristics of the geological environment—porosity, hydraulic conductivity, number and location of monitoring wells and unknown number and volume of leaks) and the limited availability of necessary data. The nature of the LNAPL (weathered diesel oil with dominant constituents in the range of C9–C20) corresponds to contamination plumes of a limited extent. The solubility of even fresh diesel is low compared to gasoline (8 mg.L−1 compared to 150 mg.L−1) [45]. The influx of fresh pollution into the rock environment on sites in full/limited service is significantly lower for the current state of technological equipment than before 1990, and pollution plumes in the form of LNAPLs are likely to be stable given their age [46]. The presence of highly soluble monoaromatic hydrocarbons (BTEX), which pose the greatest problem in terms of risk and spread through groundwater, is unlikely [45,47,48]. In diesel fuel, BTEX are present only in small quantities [49].



The highest levels of groundwater contamination were identified at the Brezno, Kraľovany and ČNT—Transshipment Yard sites. These sites differ not only in terms of size, but also in terms of their hydrogeological properties. Brezno is located directly on the Hron River (approx. 50 m); Kraľovany is approx. 500 m from the Váh river, while there is no significant stream near ČNT—Transshipment Yard. The aquifer at the ČNT site consists of Quaternary sands with varying degrees of silting and fine gravel content. The average thickness of the aquifer is 7.0 m, and the groundwater level does not have a clearly defined slope and therefore no clear direction of groundwater flow. Hydraulic conductivity is approximately 4.8 × 10−4 m.s−1. The main groundwater aquifer at the Brezno site consists of Quaternary fluvial gravel deposits with a thickness of 2.5–3.5 m. The groundwater is in direct hydraulic connection with the Hron River (approx. 50 m from the site). Hydraulic conductivity ranges from 1.13 × 10−5 to 4.08 × 10−5 m.s−1. At the Kraľovany site, the aquifer consists of Quaternary sediments—clayey gravels or gravels mixed with redeposited deluvial sediments. The thickness of the gravel layer is approx. 5–6 m, and the hydraulic conductivity is approximately 8.74 × 10−6 m.s−1. Identifying the main direction of pollution spread is problematic at the above-mentioned sites. The direction of groundwater flow changes significantly over time—when the water level rises, groundwater flows away from the river; when the water level in the Hron River falls, groundwater is drained towards the river. This means that the dispersed pollution spreads in different directions. The leakage of contamination from primary sources created secondary sources of pollution, which released dissolved petroleum hydrocarbons even after the primary sources were removed. Monitoring wells are located mainly near the original sources of pollution and were used to identify leaks. The primary sources of pollution in Brezno and Kraľovany were underground oil tanks with related technological equipment (handling areas for filling and dispensing and product pipelines). There were several workplaces at the ČNT—Transshipment Yard site that were sources of pollution—transshipment and pumping stations for mineral oils, benzene, xylene, ethylbenzene, ethyl acetate, vinyl acetate and methanol. Massive leaks of hazardous substances occurred mainly in the past (the primary sources of pollution at the sites have been removed or were no longer in intensive use during the period under review), with the contaminated pore environment acting as a secondary source of pollution. Given the previous contamination of the rock environment and groundwater, it is now difficult to determine whether the currently operated facilities are active sources of contamination. High concentrations of pollution were observed mainly in wells located near the primary sources of pollution.



High percentage of polluted railway sites can be attributed to the fact that these are historic sites where underground single-walled storage tanks were used in the past, and where containment measures during handling and in the event of spills or accidents were generally of low effectiveness. The spread of pollution from the source is influenced by several factors, the most important of which are the properties of the rock environment (permeability and depth of the water table) and the properties of the pollutant (solubility and viscosity). The migration of hazardous substances in dissolved form to greater distances from the source is influenced by the direction and velocity of groundwater flow, the sorption capacity and the rate of degradation processes. These factors, along with others that cannot be precisely determined across the entire study area, introduce a degree of uncertainty into the obtained results.



The pollution load at numerous investigated sites remained high despite ongoing natural attenuation [50,51]. In 2018, remediation work began at 14 sites. The first step was a pre-remediation survey to confirm the presence of environmental or health hazards. The presence of LNAPL was verified at 12 sites, and concentrations of petroleum hydrocarbons (TPH and NEC-IR) higher than the regulatory criteria were found at two sites. The risk assessment of the contaminated site confirmed the need for remediation work at all sites, which took place between 2019 and 2023. The main remediation method was pump and treat, with additional in situ methods (biodegradation, washing and air sparging, etc.) used to increase efficiency. The volume of extracted LNAPL ranged from 0.1 to 6.5 m3. The effectiveness of the remediation work was subsequently verified by post-remediation monitoring of the sites, which is still ongoing.



The following text provides a brief description of the results of remediation work at two railway sites. Both sites were part of a set of 14 remediated sites. Large volumes of free product were removed from both sites, but there was no evidence of contamination spreading in dissolved form through groundwater to the surrounding areas. Dissolved hydrocarbon and LNAPL plumes were stable at both sites.



Large-scale contamination was identified at the abandoned Štúrovo railway site. LNAPL was identified in 31 wells on an area of approximately 3400 m2 and was removed by dual-phase pumping. The hydraulic conductivity was low, on average 9.45 × 10−4 m.s−1. Only trace concentrations of dissolved contamination (NEC-IR and TPH) were identified in groundwater samples from wells located approximately 15 m from the LNAPL plume. During remediation, the stability of not only the LNAPL plume but also of dissolved contamination was confirmed. In addition to TPH, concentrations of BTEX, CAHs and polycyclic aromatic hydrocarbons (PAHs) were also monitored. The concentrations of individual pollutants from the above-mentioned groups were below the detection limit of the analytical method in the vast majority of samples; no exceedances of legislative criteria were recorded. LNAPL was identified not only in the vicinity of hotspots (underground tanks, service pits and fuel-dispensing points), but also in the area of the railway track in front of the former roundhouse. An interesting sample of free product was also found, which, despite being at least 10 years old, showed no signs of weathering, with an n-alkane content comparable to that of fresh diesel fuel. More than 6.5 m3 of LNAPL was removed [29].



Two sources of contamination were identified at the Leopoldov site—an oil storage facility and above-ground fuel tanks. Remediation work focused on removing contamination around the above-ground tanks, where LNAPL was identified in seven wells over an area of approximately 1000 m2. It was removed by dual-phase pumping from wells and skimming from an excavation. Laboratory analyses determined the LNAPL as weathered diesel. Longer-chain hydrocarbons (C16–C35) dominated, accounting for up to 75% of the sample content. In addition to petroleum substances, concentrations of BTEX, CAHs, polychlorinated biphenyls and PAHs were also monitored. The concentrations of individual pollutants from the above groups were below the detection limit of the analytical method in the vast majority of samples and no exceedances of legislative criteria were recorded. The hydraulic conductivity was high, ranging from 1.4 × 10−3 to 2.5 × 10−2 m.s−1. Despite the high conductivity, the concentrations of contamination in the groundwater samples taken were low. More than 5.8 m3 of free product was removed [52].



The presented results document the significant impact of railway sites on groundwater quality in technical infrastructure areas in settlements. In most of the evaluated sites, free product was present as a dominant risk factor for groundwater quality, in others, pollution with petroleum hydrocarbons was identified in dissolved form. The presence of pollution is in most cases of a historical nature, but leaks of hazardous substances sporadically occur at this type of site even today.



The intensity of pollution naturally decreases over time, as proven by several publications evaluating natural attenuation processes. However, its positive impact will only be relevant if there is no new pollution input into the environment. The primary prerequisite for achieving this state is regular training of site workers, which will lead to a change in work habits. Many railway employees have been in their positions for decades, with their approach to work and particularly to handling hazardous substances being shaped back in the 1980s and 1990s. The second measure is to build a high-quality monitoring network that will enable the rapid identification of leaks of hazardous substances. The wells should be located mainly in the vicinity of potential sources of pollution (UST, warehouses, handling areas and dispensing points) and to a lesser extent, outside them. In large active operations, only a small number of wells are often used for monitoring, which is insufficient in terms of identifying pollution.




5. Conclusions


The outcome of the pilot project for the comprehensive survey of railway sites in the Slovak Republic, followed by monitoring of groundwater quality, was an assessment of the presence and extent of groundwater pollution. In total, the presence of pollution was assessed at 42 sites. Due to the high number of samples in which contamination was identified, the results of the groundwater quality monitoring are considered reliable—at least with respect to the NEC-IR parameter.



The results show that railway sites are characterized by a high degree of pollution. Based on the NEC-IR parameter, 14 sites were very heavily polluted, while NEC-UV indicated severe pollution at 23 sites. NEC-IR concentrations were significantly (up to an order of magnitude) lower than NEC-UV concentrations. Statistical analysis of site groups, classified on the basis of their size and activity, confirmed that both the size of the site itself and the maintenance and repair activities positively correlated with the occurrence and concentration of pollution. In a significant number of samples, exceedances of the regulatory limits were recorded only for the parameter NEC-UV. NEC-UV concentrations identified in groundwater samples are often not consistent with the results of NEC-IR analyses. This is confirmed by hundreds of parallel analyses performed during remediation at the Štúrovo and Leopoldov sites [29,43].



The long-term handling of petroleum products at the sites, coupled with the low level of technical equipment used in the past, has resulted in persistent and severe groundwater contamination. Technical measures to prevent unwanted leakages are currently at a sufficient level (for example, the use of double-walled storage tanks). To date, most of these sites are out of service, but this does not mean that they do not represent sites at risk. High levels of pollution, confirmed by the presence of LNAPLs, were identified at 21 of the 45 sites examined during the initial investigation conducted between 2008 and 2014.



The results of the statistical tests can be summarized as follows. The selected datasets showed similar trends for both parameters: pollution concentrations are lower at sites out of service compared to active ones, and likewise lower at small sites compared to large ones. However, concentrations measured using the NEC-UV parameter were significantly higher overall. From a regulatory point of view, six of the seven sets of sites would require further work to be carried out to obtain more information on the nature of the pollution. All except the small sites without a maintenance hall achieved pollution concentrations higher than 1 mg.L−1. For the NEC-IR parameter, the highest average concentrations were observed in site size category B, reaching nearly 1.5 mg.L−1. The same category also exhibited the highest concentrations in the NEC-UV parameter, with values approaching 3.0 mg.L−1.



Groundwater sample analyses have raised concerns regarding reliability of the NEC-UV parameter. The values of the parameter exceeded the regulatory limits even at sites where no pollution was recorded by the NEC-IR parameter. However, from a legal standpoint, such sites must still be subject to monitoring due to the detected concentrations. The use of the NEC-UV parameter for the detection of dissolved petroleum products (diesel and engine oils) appears to be inappropriate. The elevated NEC-UV concentrations are not only unreliable but also serve as the basis for remediation measures, raising questions about the cost-effectiveness of expenditures related to such activities.
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Figure 1. Light non-aqueous phase liquids presence at the sites in 2008. 
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Figure 2. Light non-aqueous phase liquids presence at the sites in 2014. 
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Figure 3. Frequency of polluted samples (NEC-IR) at sites with LNAPL. 
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Figure 4. Frequency of polluted samples (NEC-UV) at sites with LNAPL. 
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Figure 5. Frequency of polluted samples (NEC-IR) at sites without LNAPL. 
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Figure 6. Frequency of polluted samples (NEC-UV) at sites without LNAPL. 
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Figure 7. The mean NEC-IR (a) and NEC-UV (b) values; the error bars represent the standard error of the mean, and statistically significant differences at p < 0.05 or lower between site categories are shown by different lowercase letters. 
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Figure 8. The mean NEC-IR (a) and NEC-UV (b) values; the error bars represent the standard error of the mean, and statistically significant differences at p < 0.05 or below between site categories are shown by different lowercase letters. 
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Table 1. Overview of regulatory limits for the parameter NEC in groundwater.
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	Regulatory Document
	NEC (mg.L−1)





	Instruction of the MAPNP SR and the ME SR of 15 December 1997 No. 1617/97 min
	1.0 (NEC)



	Methodological Instruction of the ME SR No. 1/2012-7 of 27 January 2012
	1.0 (NEC-IR)



	Directive of the ME SR No. 1/2015-7 of 28 January 2015
	1.0 (NEC-IR, NEC-UV)










 





Table 2. Criteria for assessing the degree of pollution.
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Criterion

	
Parameters of Individual Criteria






	
Dissolved pollution concentration

	
X < 0.5 mg.L−1 (low—L)

	
0.5 mg.L−1 < X < 1 mg.L−1 (moderate—M)

	
1 mg.L−1 < X < 25 mg.L−1 (high—H)

	
25 mg.L−1 < X (very high—VH)




	
Site (maintenance hall) size

	
A—without hall

	
B—1 to 5 tracks

	
C—6 to 10 tracks

	
D—11 and more tracks




	
Activity status

	
out of service

	
limited service (fuel station only)

	
in service

	
-











 





Table 3. Evolution of the number of wells with LNAPL at individual sites.
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	Site
	Before 2008
	2008 Spring
	2008 Autumn
	2009
	2010
	2011
	2012
	2013
	2014





	Brezno
	Yes
	1
	3
	3
	3
	2
	2
	-
	-



	Čadca
	No data
	0
	0
	2
	2
	3
	2
	2
	2



	ČNT—transshipment yard
	Yes
	0
	4
	6
	6
	7
	6
	6
	5



	Čierna nad Tisou
	Yes
	1
	1
	2
	1
	1
	1
	2
	3



	Haniska
	No data
	0
	1
	1
	3
	2
	2
	2
	3



	Humenné
	No data
	0
	0
	1
	1
	2
	2
	-
	-



	Jablonica
	No
	1
	0
	2
	2
	1
	2
	2
	2



	Komárno
	No
	1
	1
	1
	1
	1
	1
	1
	1



	Kraľovany
	No data
	0
	0
	3
	7
	8
	8
	-
	-



	Leopoldov
	No data
	0
	0
	0
	0
	0
	1
	1
	1



	Maťovce
	Yes
	1
	3
	3
	3
	3
	3
	3
	3



	Nitra
	No data
	0
	0
	0
	0
	1
	1
	-
	-



	Nové Zámky
	Yes
	4
	4
	3
	3
	3
	3
	-
	-



	Plešivec
	No
	1
	1
	1
	1
	1
	1
	2
	2



	Prešov
	No data
	0
	1
	1
	1
	1
	1
	1
	1



	Prievidza
	No data
	0
	0
	5
	20
	14
	-
	-
	-



	Štúrovo
	Yes
	2
	3
	4
	4
	4
	4
	4
	4



	Trenčianska Teplá
	No
	1
	0
	1
	0
	0
	0
	0
	0



	Trnava
	No data
	0
	0
	1
	1
	1
	1
	-
	-



	Vrútky
	No data
	0
	2
	2
	2
	2
	2
	-
	-



	Zvolen
	No data
	0
	1
	0
	0
	0
	1
	-
	-










 





Table 4. Basic statistical parameters for individual sites.
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	Site
	NEC-IR Average (mg.L−1)
	NEC-UV Average (mg.L−1)
	NEC-IR Median (mg.L−1)
	NEC-UV Median (mg.L−1)





	Bratislava—Eastern
	0.20
	0.66
	0.07
	0.27



	Brezno
	4.48
	18.35
	0.24
	1.00



	Čadca
	1.58
	4.82
	0.11
	0.54



	Čierna nad Tisou
	0.46
	2.50
	0.08
	0.45



	ČNT transshipment yard
	0.63
	2.52
	0.07
	0.36



	Dobrá
	0.06
	0.19
	0.05
	0.16



	Fiľakovo
	2.40
	11.94
	0.17
	0.36



	Haniska
	7.42
	28.37
	0.13
	0.77



	Humenné
	0.70
	13.46
	0.12
	0.37



	Jablonica
	2.52
	10.62
	0.14
	0.56



	Komárno
	0.14
	0.53
	0.06
	0.18



	Košice
	1.54
	2.78
	0.15
	0.69



	Kraľovany
	41.38
	66.92
	0.18
	0.95



	Leopoldov
	0.17
	1.37
	0.07
	0.24



	Levice
	0.34
	0.65
	0.07
	0.20



	Liptovský Mikuláš
	0.47
	0.57
	0.07
	0.26



	Lučenec
	0.56
	3.13
	0.30
	1.69



	Margecany
	0.23
	0.83
	0.06
	0.21



	Maťovce
	0.45
	2.09
	0.08
	0.29



	Michaľany
	0.05
	0.18
	0.05
	0.17



	Moldava nad Bodvou
	0.05
	0.19
	0.05
	0.19



	Neded
	0.30
	1.51
	0.10
	0.27



	Nitra
	0.15
	1.23
	0.08
	0.28



	Nové Mesto nad Váhom
	0.08
	0.42
	0.06
	0.20



	Nové Zámky
	0.26
	1.40
	0.10
	0.30



	Plaveč
	0.05
	0.22
	0.05
	0.18



	Plešivec
	0.98
	4.54
	0.08
	0.26



	Púchov
	2.75
	13.85
	0.10
	0.44



	Prešov
	0.10
	0.54
	0.06
	0.25



	Prievidza
	1.47
	4.44
	0.13
	0.47



	Spišská Nová Ves
	2.55
	8.72
	0.10
	0.39



	Spišské Podhradie
	0.34
	1.74
	0.06
	0.20



	Štúrovo
	0.12
	0.72
	0.06
	0.21



	Trenčianska Teplá
	0.26
	1.15
	0.08
	0.27



	Trnava
	1.89
	9.58
	0.11
	0.44



	Vranov nad Topľou
	0.45
	3.27
	0.09
	0.51



	Vrútky
	4.00
	15.62
	0.12
	0.53



	Vrútky CW
	0.16
	0.34
	0.07
	0.19



	Zlaté Moravce
	0.13
	0.38
	0.06
	0.20



	Zohor
	0.80
	4.26
	0.16
	0.47



	Zvolen
	0.64
	2.26
	0.09
	0.23



	Žilina
	0.13
	0.69
	0.07
	0.24



	ALL SITES TOGETHER
	1.85
	5.43
	0.08
	0.32







Green—X < 0.5 mg.L−1 (low—L). Blue—0.5 mg.L−1 < X < 1 mg.L−1 (moderate—M). Red—1 mg.L−1 < X < 25 mg.L−1 (high—H). Yellow highlight—25 mg.L−1 < X (very high—VH).













 





Table 5. Number of sites classified into individual categories based on pollution concentrations.
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	LNAPL Not Present, NEC-IR
	LNAPL Not Present, NEC-UV
	LNAPL Present, NEC-IR
	LNAPL Present, NEC-UV





	Number of sites
	28
	19
	14
	23










 





Table 6. Number of sites with high and very-high levels of pollution.






Table 6. Number of sites with high and very-high levels of pollution.











	
	High Pollution (More Than 10% of Samples in H)
	Very-High Pollution (More Than 10% of Samples in VH)
	More Than 20% Highly Polluted Samples (H+ VH)





	NEC-IR (14 sites)
	9
	1
	3



	NEC-UV (23 sites)
	21
	8
	18










 





Table 7. Number of sites by selected pollution levels.






Table 7. Number of sites by selected pollution levels.












	
	Low Pollution (100% Samples in L)
	Moderate Pollution (More than 10% of Samples in M)
	High Pollution (More than 10% of Samples in H)
	More than 20% Highly Polluted Samples (H)





	NEC-IR (28 sites)
	6
	1
	6
	2



	NEC-UV (19 sites)
	2
	6
	10
	4
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