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Abstract

:

The present work was carried out to obtain and highlight the fifth comprehensive baseline dataset on atmospheric deposition of trace elements and to assess air quality in Macedonia. In the period from August to September 2020, a total of 72 moss samples were collected in accessible areas in the country. The content of 28 elements (Ag, Al, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, Ga, Hg, K, La, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, Sc, Sr, Ti, U, and Zn) was determined using inductively coupled plasma–mass spectrometry. Based on the data obtained on the content of the elements, a factor analysis was carried out to identify and characterise different sources of pollution. In addition, distribution maps were created for all elements to show the regions most affected by anthropogenic activities. The survey conducted in 2020 has shown that air pollution with potentially toxic elements (PTEs) has slightly decreased compared to the results of the previous survey from 2015. This is due to the fact that, despite the operation of all mining and smelting facilities with the same capacity, government regulations for the installation of cleaning systems and additional regulations to reduce pollution have been introduced in the last five years. Nevertheless, the fact remains that the highest anthropogenic air pollution with PTEs is still caused by the operation of the ferronickel smelter in Kavadarci (Ni and Cr) in the southern part and by the lead and zinc mines in Probištip, Makedonska Kamenica, and Kriva Palanka in the eastern part of the country (Cd, Pb, and Zn).
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1. Introduction


Air pollution is a serious problem that is constantly monitored and reported worldwide [1,2,3,4,5,6,7,8]. Potentially toxic elements (PTEs) represent only a portion of the many harmful compounds in the air. The extent of metals and their distribution in the air depends on the frequency of emissions [2,9,10]. However, the higher concentrations of certain potentially toxic elements (PTEs) in the air pose a threat to the population and the environment as a whole. Air pollution with PTEs is a global problem, but there are hotspots that affect local populations [11,12,13,14,15,16,17,18]. For this reason, monitoring programmes should be implemented. The programme should cover larger areas and locate the hotspots in the study region where the local emission sources of PTEs have a direct impact on the local population and their environment [2,7,19,20,21]. The analysis of atmospheric deposition of trace elements is usually based on classical chemical analysis (e.g., precipitation, extraction, distillation, and quantitative and qualitative analysis), for which expensive equipment is used and which is sometimes not sensitive enough to detect the low concentrations [22,23,24]. Such problems can be solved by the use of biomonitors, i.e., organisms that provide quantitative information about the environment in which they grow [15,25,26,27].



For air quality assessment, terrestrial mosses have been significantly used as biomonitors because they are geographically widespread species with no or poorly developed cuticles, no or poorly develop root systems, and a high cation-exchange capacity [13,24,26]. Mosses also have a high ability to bind particles on their surfaces.



Despite the efficiency and simplicity of this technique, moss biomonitoring still has its limitations. The limitation of using bioindication methods is that the results cannot be compared with legal pollution standards. Another disadvantage is that it is often difficult to find them throughout the study area.



In the study or monitoring for air pollution from PTEs in Macedonia, the moss biomonitoring technique was used for the first time in 2002 as part of the European programme for monitoring the effects of air pollution on natural vegetation and crops with heavy metals (ICP Vegetation) [4,11,13,28,29]. The first study found that the activities of mines and smelters are the main sources of emissions of PTEs in the country [30]. The results of the earlier surveys in 2005, 2010, and 2015 confirmed the results of the first survey [30,31,32,33].



The activities of mines and smelters are the main sources of emissions of PTEs in the country. Thus, one of the largest sources of air pollution with Cd, Pb, and Zn are the three existing mines and flotation plants for the processing of Pb and Zn ore, “Sasa”, “Zletovo”, and “Toranica”, and the copper mine “Bučim” and flotation near the town of Radoviš in the east of the country [34], especially due to dust emissions from the large amounts of flotation residues enriched with PTEs.



Metallurgical plants that process ores and concentrates for the extraction of metals and ferroalloys, as well as metallurgical waste from these processes, also contribute significantly to the elevated concentrations of some PTEs in dust emitted into the air. Metallurgical waste covers productive land in certain areas and reduces soil resources. The PTEs contained in these wastes, which cause contamination, pose a major threat to soils and the environment in general.



This applies to the smelter for the production of lead, zinc, and cadmium in the city of Veles (in the central part of the country) [35], the smelter for the production of ferronickel in the south of the country in the vicinity of the city of Kavadarci [36], the smelter for the production of ferrochrome and ferrosilicon in the northern part of the country near the village of Jegunovce, and the smelter for the production of pig iron and steel in the capital Skopje [35].



Thermal power plants produce large amounts of waste in the form of fly ash and slag, as they use lignite with a low calorific value and high ash content. The ash landfill on the site of the REK Bitola thermal power plant on fertile soil covers 10 ha. The wind-blown ash contains heavy metals, as well as traces of uranium and thorium [37].



The aim of this study was to (1) present the results of the 2020 survey on deposition in Macedonia based on the analysis of moss samples using inductively coupled plasma mass spectrometry (ICP-MS) as an analytical technique, (2) show temporal trends of PTE content in the country’s mosses between 2002 and 2020, and (3) classify the data and identify possible sources of the elements and their deposition patterns.




2. Materials and Methods


2.1. Study Area


Macedonia is located in the central part of the Balkan Peninsula (Figure 1). It covers an area of 25,700 km2 with a total population of 1,836,713 inhabitants (in 2021). The landscape is predominantly rugged and lies between the Šar and Osogovo Mountains, which frame the valley of the Vardar River. Macedonia has significant deposits of chromium and other non-ferrous metals (Cu, Pb, Zn, Ni, and Mn). The country also has gypsum, marble, and granite mines. Due to its characteristic natural and geographical features, Macedonia has two different climatic zones: a modified Mediterranean climate and a temperate continental climate [38].



Macedonia has a complex geology with many geological formations of different ages, which has resulted in a wide variety of soil types (Figure 2). It comprises six major tectonic units [39], including the Vardar Zone (VZ) in the central region, the Pelagonian Massif (PM), the West-Macedonian Zone (WMZ), and a small part of the Cukali-Krasta Zone (CKZ) in the west, as well as the Serbo-Macedonian Massif (SMM) and the Kraishtide Zone (KZ) in the east of the country [40].




2.2. Sampling, Sample Preparation and Analyses


Moss samples were collected from August to September 2020 at 72 sites across the country, with a grid of 17 × 17 km (Figure 3). The most common moss species are Camptothecium lutescens, Hypnum cupresifforme, Camptothecium lutescens, and Hypnum cupresifforme. Samples were taken according to the European ICP vegetation programme [26].



All collected moss samples were sent to the accredited laboratory ACME Ltd. in Vancouver, BC, Canada. For the analysis of the moss samples, approximately 1 g was placed in Teflon digestion vessels, which were digested in HNO3 followed by aqua regia and then analysed. All 37 elements (Ag, Al, As, Au, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, Hg, K, La, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, Sc, Se, Sr, Te, Th, Ti, Tl, U, V, W, and Zn) were determined using inductively coupled plasma mass spectrometry (ICP-MS). The detection limits ranged from 0.2 µg/kg for Au, 1 µg/kg for Hg, 3 µg/kg for Ag, 0.01 mg/kg for Cd, Co, Cu, La, Mo, Pb, and U, 0.02 mg/kg for Bi, Sb, Te, and Tl, 0.1 mg/kg for As, Ba, Cr, Ga, Ni, Sc, Se, Th, W, and Zn, 0.5 mg/kg for Sr, 1 mg/kg for B and Mn, 2 mg/kg for V, 10 mg/kg for Ti, 0.001% for Fe, Mg, and P, 0.01% for Al, Ca, K, and Na, and up to 0.05% for S. It was found that the contents for 9 elements (As, Au, Bi, Se, Te, Th, Tl, V, and W) were below the detection limit in most of the analysed samples and the data for these elements were excluded from further consideration. And for this reason, 28 elements were analysed in the moss samples.




2.3. Quality Control


Quality control was ensured by the analyses of moss standard reference materials M2 and M3 [41]. During the analysis, in addition to the routine calibration solutions, replicate and blank reference materials were also run at randomly assigned positions within each analysis. These QC materials provide a final check on the entire analytical process. The analysed concentrations of the moss standard reference materials were within the recommended values. The difference between the analysed and certified values was within 15%. The standard addition method was also used, and quantitative recoveries were obtained for most elements.




2.4. Statistical Methods


The statistical software Statistica 13 (StatSoft, Inc., Tulsa, OK, USA) was used to compare the results between different datasets and to perform parametric and nonparametric statistical methods simultaneously [42,43].



As the datasets were not normally distributed, a Box–Cox transformation was performed according to [44]. The Box–Cox-transformed values were later used in the analysis of variance. Initially, bivariate statistics were used to determine the correlation of chemical element contents between moss samples depending on the sampling campaign, which was then supported by statistical tests [45].



Pearson’s correlation coefficient was used to investigate the degree of association of the chemical elements in the moss samples [46]. The correlation coefficient was used to calculate the degree of correlation (linear dependence) between two random variables or groups of random variables.



The multivariate R-mode factor analyses were performed for 20 selected elements (Ag, Al, B, Ba, Ca, Cd, Co, Cr, Fe, Ga, Hg, La, Mo, Ni, Pb, Sb, Sr, Ti, U, and Zn). Some elements were excluded from the analysis because they had no meaningful relationship to other chemical elements. For the purpose of factor analysis, the variables were standardised to a mean of zero [47,48,49].



Universal kriging with the linear variogram interpolation method was used to create maps showing the spatial distribution of factor scores and maps showing the distribution of PTEs in the moss samples [47]. A grid cell size of 1 × 1 km was used for the interpolation. The visualisation (mapping) of the data was performed with different software packages: Statistica 13 (StatSoft, Inc., Tuls, OK, USA), QGIS (#), and Surfer 17 (Golden Software, Inc., Golden, CO, USA).





3. Results and Discussion


The statistics with all data of the 28 analysed elements (Ag, Al, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, Ga, Hg, K, La, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, Sc, Sr, Ti, U, and Zn) in the moss samples from the whole country (n = 72) are presented in Table 1. The values for Ca, K, Mg, P, and S are given in %; the values for the other elements (Al, B, Ba, Cd, Co, Cr, Cu, Fe, Ga, La, Mn, Mo, Na, Ni, Pb, Sc, Sr, Ti, and Zn) are given in mg/kg, while the contents for Ag, Hg, Sb, and U are given in µg/kg. Table 1 shows the descriptive statistics of the results for all 28 analysed elements. The results presented show that the median for some elements was lower than the P90 or the maximum values. This indicates a non-uniform distribution of elements with a large variation due to their increased content in the air in areas with anthropogenic pollution sources.



Table 2 shows comparative statistics of the average contents of the analysed elements by territorial regions (W-MK—western part, C-MK—central part, and E-MK—eastern part) and by tectonic units (Ng-Pg—Neogene and Paleogene, WMZ—West-Macedonian Zone, PM—Pelagonian Massif, VZ—Vardar Zone, and SMM—Serbo-Macedonian Massif). It can be seen that some elements have relatively similar mean content values in different parts of the country (Co, Cr, Ga, K, La, Mg, P, S, Sc, and Ti); some had higher values in the western part of the country (Mn and Na), some in the central part (Al, B, Ca, Cd, Mo, Ni, Pb, Sb, Sr, and Zn), and some in the eastern part (Ag, Al, Cd, Cu, Mn, Pb, Sb, Sr, and Zn). For some elements, these increased contents are due to a lithogenic origin, in some cases to an anthropogenic origin, and in some cases to both origins. All correlation coefficients between all elements for the elements determined by ICP-MS are listed in the matrix of correlation coefficients (Table 3).



The results of the factor analysis of the elements’ content values are shown in Table 4. Six factors were identified with a variability of 80.4% for the identified elements: F1 (Al, Fe, La, Ti, U, Ga, and Co), F2 (B, Ca, and Hg), F3 (Ag and Pb), F4 (Ba and Sr), F5 (Cr, Mo, and Ni), and F6 (Cd, Sb, and Zn). The factor analysis revealed two geogenic associations (F1 and F4), two anthropogenic associations (F3 and F6), and two mixed geogenic and anthropogenic associations (F2 and F5).



The resulting cluster analysis, which includes 20 elements, produces 7 subclusters, leading to the separation of 6 main clusters (Figure 4). The dendrogram contains 20 elements, while 8 elements were excluded from the dendrogram because they correlate poorly with other elements. The elements not included in the dendrogram are the same elements that are not included in the factor associations (Cu, K, Mg, Mn, Na, P, S, and Sc). Figure 4 shows that 7 subclusters were formed, leading to the separation of 6 main clusters comprising the remaining 20 elements. The first cluster comprises Al, Fe, Ga, Co, La, U, and Ti, elements that form Factor 1. The second cluster with B, Ca, and Hg corresponds to Factor 2; the third cluster corresponds to Factor 4 and includes Ba and Sr. The fourth cluster includes Cr, Ni, and Mo, and the fifth cluster includes Cd, Mo, and Zn. These clusters correspond to the associations of Factor 5 and Factor 6 with the difference that antimony from the fourth cluster is included in Factor 6 and molybdenum from the fifth cluster is included in Factor 6. Finally, the sixth cluster with Ag and Pb corresponds to the association of the elements from Factor 3.



The association of Al, Fe, La, Ti, U, Ga, and Co (Factor 1) represents the typical crustal components in the moss samples, which are significantly influenced by the mineral particles carried into the atmosphere by the wind and whose spatial distribution depends mainly on the urban activities not associated with industrial activities. It accounts for 26.59% of the total variability representing the strongest factor (Table 4, Figure 5 and Figure 6). High contents of elements from this association were found in moss samples from the areas of Paleogene and Neogene clastitic sediments of the Vardar tectonic zone located in the central part of the country. High contents of these elements are also found in moss samples from the eastern and western part of the country (Plačkovica and Golak Mountains), where Proterozoic metamorphic rocks and Paleozoic igneous rocks of the Serbian-Macedonian geotectonic massif predominate.



Higher contents of elements from F1 are also found in moss samples from the northeastern part of the country (southern part of the Šar Mountains and Korab Mountains) along the Radika River, where Paleozoic metamorphic and carbonate rocks from the West-Macedonian Zone and Mesozoic clastitic sediments from the Cukali-Krasta Zone predominate (Figure 5 and Figure 6) [40].



The increased content of elements of this factor are also found in the southern part of the city of Skopje (Al, Fe, Ti, and Ga) and near the city of Prilep (Co and Fe), in areas with Proterozoic metamorphic rocks from the Pelagonian Massif and in the samples from the vicinity of the Galičica Mountains and Dojran Lake, where Mesozoic carbonate rocks predominate. High contents of these elements are also known in the eastern part, the part between Kočani and Radoviš (Serbo-Macedonian Massif) [34].



The high uranium values in the samples collected in the Pelagonian Massif (Figure 5 and Figure 6) can be explained by the presence of metamorphic rocks from the Proterozoic of the Pelagonian Massif with increased uranium content in the soil [40]. The elevated U content in moss samples collected in the southwest of the country near the town of Bitola could also be related to fly ash emissions from a thermoelectric power plant in Bitola, which uses lignite as fuel, and to transboundary pollution from thermoelectric power plants in northern Greece [37]. The uranium-rich granite deposits in the eastern part of the country may also have an influence on the high uranium levels. During the mining of these granites, uranium-containing dust particles can enter the environment in considerable quantities, which are collected by the moss samples. The median value for U is 20 µg/kg, with the minimum value of 5 µg/kg and the maximum value of 110 µg/kg (Table 1). The highest values for U were found in the eastern region with 19 µg/kg and the highest uranium content in the Serbo-Macedonian Massif with 20 µg/kg (Table 3).



The geochemical association of the elements B, Ca, and Hg (Factor 2) represents a mixed geogenic and anthropogenic association. The elements B and Ca are naturally present on the whole territory of the country, and there is no pollution by them. However, the Hg content in the moss samples is a completely different case. The higher Hg content (Figure 7 and Figure 8) in the air is of both anthropogenic and geogenic origin. The anthropogenic origins are the soil pollution near the town of Veles and the presence of a slag deposit from the former operation of the Pb-Zn smelter in Veles [50], as well as the flotation waste dumps from the mines of Zletovo, Sasa, and Toranica in the central and eastern parts of the country. The influence of the thermoelectric power plant near Bitola can also be seen in the dust emissions, which contain Hg due to the use of large quantities of lignite.



The high enrichment of moss samples collected near the capital Skopje is partly related to mercury-contaminated areas of the former “Organic Chemical Industry in Skopje—OHIS” factory in the city (in operation from 1964 to 1995). It is assumed that part of the mercury-containing waste generated during chlorine production (using mercury cell electrolysis) was disposed of in the mixed landfill near the factory and that 400 tonnes of mercury were released into the environment [51]. In the northwestern part of the country, the main source of pollution in the village of Jegunovce in the Tetovo region is the ferrosilicon smelting plant “Silmak” and the landfill near the plant. High levels of Hg have been detected in this part of the country, probably from steel production, i.e., ferrosilicon from scrap metal.



The statistical values for the elements from F2 are shown in Table 1. The median value for Hg is 52 µg/kg, with a minimum of 27 µg/kg and maximum of 96 µg/kg. The median value for B is 7 mg/kg, and the minimum value is 0.5 mg/kg, and the maximum value is 36 mg/kg. For Ca, the median value is 0.72%, and the range is from 0.38 to 1.3%.



The geochemical association of the elements Ag and Pb (Factor 3) is an anthropogenic factor and is related to the industrial activity in the country (Figure 9) with the highest levels in the samples from the central and northeastern part of the country (the vicinity of Skopje, Veles, Tetovo, Probištip, Makedonska Kamenica, and Kriva Palanka). More precisely, in the eastern region, the highest Ag and Pb levels were found in the Serbo-Macedonian Massif (19 µg/kg and 4.4 mg/kg) and in the Paleogene and Neogene basins (17 µg/kg and 4.2 mg/kg, respectively).



The elements contained in Factor 3 (Ag and Pb) are related to dust emission from the flotation residues of Pb-Zn flotation tailings (Figure 9 and Figure 10) [52]. The traffic density, district heating, and the steelworks in Skopje also contribute to increased pollution [33]. In region of the city of Veles, the main source of Pb pollution is the slag deposit of the Pb-Zn smelter [50]. Although the smelter has not been in operation since 2002, the open slag heap of this smelter in Veles (containing 1.5 million tonnes of slag) and the soil around it are polluted and contribute to the high levels of Pb in the air in this part of the country.



High contents of these elements were also detected in the eastern parts of the country, more specifically in moss samples from the vicinity of mines with flotation plants, which is due to the emissions of flotation waste, such as from the Pb-Zn mines: “Zletovo” near Probištip, “Sasa” near Makedonska Kamenica, and “Toranica” near Kriva Palanka. In the period from 2001/2002 to 2006/2007, the mines were not active, but from 2006 (Sasa) and 2007 (Toranica and Zletovo) they were reactivated. The weathering processes of the rock on site cause an increasing content of these elements in the air and soil. The dispersion of corpuscular dust from the surface layer of flotation waste and soil by the wind in the atmosphere contributes to the observation of high levels of these metals in moss samples collected in these areas [34]. Wind also contributes to pollution from these elements along the Vardar River (Figure 9 and Figure 10). The main source of pollution in the Tetovo region is the “Silmak” ferrosilicon smelter.



The geochemical associations of the elements Ba and Sr (Factor 4) are shown in Figure 11 and Figure 12. These elements are naturally distributed, which is not related to anthropogenic activities. Figure 11 shows that these elements are most abundant in the central region, shifting to the southern part of the country and to the eastern region and Povardarie, which is dominated by volcanic rocks [53]. The highest contents of these elements were found in the Paleogene and Neogene basins, followed by the Western Macedonian Zone and the Serbo-Macedonian Massif. The highest contents of Ba and Sr in the Ng-Pg basins were 36 mg/kg and 34 mg/kg, respectively.



The association of the elements Cr, Mo, and Ni (factor 5) is a geogenic and anthropogenic association. High contents of these elements (Table 1 and Figure 13 and Figure 14) are found in the central region of the country, in the Paleogene and Neogene basins such as the Vardar zone, which are of geogenic origin and are due to pollution from the ferronickel smelter “FENI” in the region of Kavadarci, which processes ores enriched with these elements. The highest contents of Cr and Ni in the central region were 3.6 mg/kg and 3.2 mg/kg, and in the Paleogene and Neogene basins, the content of Cr was 3.8 mg/kg and of Ni 3.2 mg/kg. The Mo content in the central region and in the Paleogene and Neogene basins was 0.17 mg/kg.



The content of nickel and chromium fluctuated, with the lowest values determined in 2002 and the highest in 2005. The higher content of these elements is related to the geogenic distribution associated with the Paleogene and Neogene sediments. High values were found in the Tetovo and Kavadarci areas, which were associated with former ferrochrome and ferronickel smelters, respectively. Nickel values were much higher in 2005 than in 2002, which is related to the reactivation and increase in the production capacity of the ferronickel smelter in Kavadarci in 2004 [36]. Since 2005, the plant has increased its ore processing capacity as it also mines material from Albania, Turkey, and Indonesia. However, the grades of Ni and Cr in the mosses collected in the period 2010–2020 have slightly decreased, which can be associated with a renewed reduction in the smelter’s production capacity.



The spatial distribution of this compound of Cd, Sb, and Zn is shown in Figure 15 and Figure 16. The highest values for these elements were found in the central and eastern regions of the country and in the Paleogene and Neogene basins of the Serbo-Macedonian Massif. The highest values for Cd and Zn in the central region were 0.21 mg/kg and 25 mg/kg, respectively, and for Sb the highest value of 71 µg/kg was found in the Paleogene and Neogene basins. In the Skopje region, the highest values for these elements were found in the collected moss samples, which can be attributed to the urban and industrial activities. In the Veles region, the source of dust with these elements is the slag dump of the former Pb-Zn smelter [50]. High values of these elements were also found in the eastern parts of the country (Figure 15), especially in the vicinity of mines with flotation plants (Zletovo, Sasa, and Toranica). The weathering processes of the rock on site increase the content of these elements in the air and soil. The dispersion of corpuscular dust from the flotation waste and soil contributes to the detection of high levels of these elements in moss samples collected from these regions [34]. In addition, high levels of Zn were detected in moss samples collected in the Kavadarci town area, which can be attributed to air pollution from the ferronickel smelter.



In Jegunovce, Zn particles and ferrochrome dust were detected in the atmosphere and soil as a result of dust deposition near the smelter. The identified risk of respiratory diseases is related to air pollution.



Due to the lack of correlation with other elements, eight elements were not included in a factor association (Cu, K, Mg, Mn, Na, P, S, and Sc). The distribution maps for the content of these elements are shown in Figure 17.



Comparative median values for micro- and macroelements in moss samples are presented in Table 5, starting with the data from 2002 [30] and those from the surveys in 2005, 2010, and 2015 [30,31,32,33], up to the last survey in 2020. These results show that the median values of all elements determined in the 2020 survey were lower than in the other years, with the exception of Cu.



The data presented in Table 5 show that the content of almost all PTEs (As, Cd, Co, Cr, Cu, Ni, Pb, and Zn) was increased in the moss samples from 2002 and 2005, while the content decreased in the samples collected in 2010, 2015, and 2020. In 2010 and 2015, the Hg content in the analysed moss samples increased (Table 5), and later, in 2020, the median values of Hg in the moss samples decreased again. The median levels of Cd and Pb were elevated in 2002 and 2005, probably due to the reactivation of lead and zinc mining in the east of the country, with large amounts of flotation residues being deposited in landfills [50]. Similarly, the higher mean of Ni content in the 2005 samples (5.8 mg/kg) was due to the increase in the capacity of the smelter for ferronickel near the town of Kavadarci, while in 2010 and 2015, these values were identical (decrease), but in 2020, the values for Ni were slightly decreasing [33]. This is due to the fact that there were government regulatory measures to prevent and/or reduce emissions. From 2010 to 2015, there were no significant variations in the values of elements that occur at high levels due to anthropogenic activities. The reason for this is that all mining and metallurgical activities operated continuously and at the same capacity during the five-year period. Moreover, the value of Hg as a global pollutant was relatively stable during the whole period (2002–2020) of the moss studies in Macedonia.




4. Conclusions


Moss biomonitoring is a valuable technique for air pollution with PTEs, mainly because it provides a low-cost and effective alternative to deposition analysis for specific areas at risk from high atmospheric deposition fluxes of PTEs and can play an important role in identifying spatial and temporal trends in atmospheric heavy metal pollution. The results presented refer to the application of this technique for monitoring air pollution in Macedonia with PTEs in 2020. A total of 28 elements (Ag, Al, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, Ga, Hg, K, La, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, Sc, Sr, Ti, U, and Zn) were determined by ICP-MS. The factor analysis revealed two geogenic associations (F1 and F4), two anthropogenic associations (F3 and F6), and two geogenic-anthropogenic associations (F2 and F5). However, the largest anthropogenic effects of air pollution with PTEs were found in the vicinity of a ferronickel smelter near Kavadarci (Ni and Cr) and lead and zinc mines near Probištip, Makedonska Kamenica, and Kriva Palanka (Cd, Pb, and Zn).



The moss survey carried out in 2020 points to the fact that the level of air pollution with PTEs is similar to in 2015, with a slight decrease in the levels of certain PTEs. This is due to the fact that all mining and smelting activities in this five-year period (2015–2020) operated at the same capacity, and pollution with PTEs was reduced due to the implementation of government measures to prevent and/or reduce emissions.
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Figure 1. The study area and the pollution sources. (1. Ferrochromium smelter in Jegunovce; 2. Steel plant in Skopje; 3. Oslomej thermoelectrical power plant; 4. Pb-Zn smelter in Veles; 5. Bitola thermoelectrical power plant; 6. Ferronickel smelter near Kavadarci; 7. Raduša ferrochromium mine; 8. Lojane As-Sb mine; 9. Toranica Pb-Zn mine; 10. Sasa Pb-Zn mine; 11. Zletovo Pb-Zn mine; 12. Bučim copper mine; 13. Allchar As-Sb mine.) The blue lines show the river courses. 
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Figure 2. Geological map of Macedonia: SMM—Serbo-Macedonian massif, VZ—Vardar zone, PM—Pelagonian massif, WMZ—West-Macedonian zone, CKZ—Cukali-Krasta Zone, and KZ—Kraishtide Zone [40]. 
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Figure 3. Sampling locations. The numbers indicate the numbering of the locations. The blue lines show the river courses. 
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Figure 4. Cluster analysis dendrogram–element relationship. 
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Figure 5. Spatial distribution of the factor scores of Factor 1 (Al, Co, Fe, Ga, La, Ti, and U) on the country level (a) and by regions and geological formations (b). 
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Figure 6. Spatial distribution of the content of the elements from factor 1 (Al, Co, Fe, Ga, La, Ti, and U). 
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Figure 7. Spatial distribution of the factor scores of Factor 2 (B, Ca, and Hg) on the country level (a) and by regions and geological formations (b). 
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Figure 8. Spatial distribution of the content of the elements from factor 2 (B, Ca, and Hg). 






Figure 8. Spatial distribution of the content of the elements from factor 2 (B, Ca, and Hg).



[image: Atmosphere 15 00297 g008]







[image: Atmosphere 15 00297 g009] 





Figure 9. Spatial distribution of the factor scores of Factor 3 (Ag and Pb) on the country level (a) and by the regions and geological formations (b). 
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Figure 10. Spatial distribution of the elements from Factor 3 (Ag and Pb). 
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Figure 11. Spatial distribution of the factor scores of Factor 4 (Ba and Sr) on the country level (a) and by regions and geological formations (b). 
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Figure 12. Spatial distribution of the content of the elements included in Factor 4 (Ba and Sr). 
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Figure 13. Spatial distribution of the factor scores of Factor 5 (Cr, Mo, and Ni) on the country level (a) and by regions and geological formations (b). 
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Figure 14. Spatial distribution of the content of the elements included in Factor 5 (Cr, Mo, and Ni). 
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Figure 15. Spatial distribution of the factor scores of Factor 6 (Cd, Sb, and Zn) on the country level (a) and by regions and geological formations (b). 
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Figure 16. Spatial distribution of the content of the elements included in Factor 6 (Cd, Sb, and Zn). 
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Figure 17. Spatial distribution of the content of Cu, K, Mg, Mn, Na, P, S, and Sc. 
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Table 1. Descriptive statistical analysis of the results.
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	Unit
	X
	Md
	XBC
	Min
	Max
	P10
	P90
	P25
	P75
	S
	MAD
	A
	E
	ABC
	EBC





	Ag
	µg/kg
	18
	15
	14
	7.0
	110
	8.0
	24
	11
	21
	17
	5.0
	4.29
	20.85
	0.00
	−0.01



	Al
	mg/kg
	500
	500
	470
	200
	1300
	300
	700
	400
	600
	180
	100
	1.55
	5.43
	0.01
	0.95



	B
	mg/kg
	9.6
	7.0
	7.6
	0.50
	36
	3.0
	19
	5.0
	13
	7.4
	4.0
	1.56
	2.46
	0.00
	0.05



	Ba
	mg/kg
	33
	28
	26
	6.2
	120
	11
	57
	16
	42
	22
	13
	1.64
	3.56
	−0.00
	−0.54



	Ca
	%
	0.75
	0.72
	0.73
	0.38
	1.3
	0.55
	1.0
	0.64
	0.85
	0.19
	0.10
	0.75
	0.70
	0.00
	0.18



	Cd
	mg/kg
	0.18
	0.15
	0.15
	0.060
	0.50
	0.090
	0.30
	0.1125
	0.20
	0.098
	0.045
	1.55
	2.28
	0.01
	−0.18



	Co
	mg/kg
	0.38
	0.37
	0.35
	0.16
	0.97
	0.21
	0.57
	0.27
	0.47
	0.15
	0.11
	1.09
	1.93
	0.00
	−0.60



	Cr
	mg/kg
	3.6
	3.5
	3.5
	2.6
	5.8
	2.9
	4.4
	3.2
	3.9
	0.66
	0.40
	1.20
	1.48
	0.05
	−0.36



	Cu
	mg/kg
	7.0
	6.3
	6.5
	3.9
	13
	4.4
	10
	5.5
	8.2
	2.3
	1.3
	0.92
	0.21
	0.04
	−0.72



	Fe
	mg/kg
	650
	620
	600
	260
	2000
	410
	890
	500
	780
	260
	130
	2.29
	9.65
	−0.01
	1.20



	Ga
	mg/kg
	0.14
	0.10
	0.13
	0.050
	0.40
	0.050
	0.20
	0.10
	0.20
	0.073
	0.050
	0.57
	0.53
	−0.08
	−1.06



	Hg
	µg/kg
	54
	52
	52
	27
	96
	36
	72
	43
	65
	15
	9.8
	0.61
	0.14
	−0.00
	−0.22



	K
	%
	0.60
	0.58
	0.57
	0.36
	1.3
	0.44
	0.74
	0.50
	0.67
	0.15
	0.080
	1.99
	8.13
	−0.02
	0.36



	La
	mg/kg
	0.58
	0.51
	0.48
	0.20
	3.6
	0.31
	0.89
	0.38
	0.63
	0.45
	0.13
	5.04
	31.96
	−0.07
	1.03



	Mg
	%
	0.18
	0.18
	0.18
	0.10
	0.32
	0.14
	0.23
	0.15
	0.20
	0.040
	0.024
	0.92
	2.09
	−0.00
	0.47



	Mn
	mg/kg
	133
	91
	100
	28
	400
	46
	260
	59
	190
	93
	45
	0.96
	−0.02
	0.04
	−1.17



	Mo
	mg/kg
	0.14
	0.13
	0.13
	0.040
	0.35
	0.07
	0.23
	0.090
	0.17
	0.066
	0.040
	1.30
	1.78
	0.00
	−0.05



	Na
	mg/kg
	36
	30
	29
	10
	160
	20
	60
	20
	40
	24
	10
	2.47
	9.39
	0.00
	−0.11



	Ni
	mg/kg
	2.7
	2.3
	2.2
	0.90
	12
	1.4
	3.7
	1.7
	2.9
	2.0
	0.65
	2.83
	8.08
	−0.04
	0.61



	P
	%
	0.17
	0.16
	0.17
	0.098
	0.25
	0.12
	0.22
	0.13
	0.20
	0.040
	0.034
	0.14
	−1.02
	−0.04
	−0.99



	Pb
	mg/kg
	2.5
	2.0
	2.1
	1.0
	10
	1.4
	4.0
	1.61
	3.2
	1.4
	0.57
	2.82
	12.64
	0.07
	−0.67



	S
	%
	0.11
	0.10
	0.11
	0.025
	0.19
	0.025
	0.15
	0.085
	0.13
	0.041
	0.020
	−0.18
	−0.02
	−0.09
	−0.05



	Sb
	µg/kg
	54
	40
	40
	10
	410
	10
	80
	30
	60
	59
	10
	4.50
	23.54
	−0.01
	1.15



	Sc
	mg/kg
	0.41
	0.40
	0.40
	0.30
	0.70
	0.30
	0.50
	0.40
	0.50
	0.088
	0.10
	0.92
	1.67
	0.01
	−0.32



	Sr
	mg/kg
	27
	23
	22
	8.0
	130
	12
	44
	16
	32
	18
	8.1
	3.33
	16.99
	−0.00
	0.04



	Ti
	mg/kg
	15
	15
	15
	8.0
	33
	11
	21
	12
	18
	4.4
	3.0
	1.45
	3.73
	−0.01
	0.23



	U
	µg/kg
	23
	20
	18
	5.0
	110
	10
	40
	10
	30
	19
	10
	2.76
	9.67
	−0.00
	0.25



	Zn
	mg/kg
	23
	21
	21
	13
	130
	15
	29
	18
	26
	14
	3.5
	6.80
	53.15
	−0.12
	0.90







X—mean; Md—median; XBC—mean (Box–Cox transformed data); Min—minimum; Max—maximum; P10—10 percentile; P90—90 percentile; P25—25 percentile; P75—75 percentile; S—standard deviation; MAD—median absolute deviation; A—skewness; E—kurtosis; ABC—skewness (Box–Cox transformed data); EBC—kurtosis (Box–Cox transformed data).













 





Table 2. Comparative statistics by territorial regions and major tectonic units.
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Territorial Units

	
Tectonic Units




	
Element

	
Unit

	
W-MK

	
C-MK

	
E-MK

	
Ng-Pg

	
WMZ

	
PM

	
VZ

	
SMM






	
N

	

	
30

	
17

	
25

	
15

	
20

	
13

	
11

	
13




	
Ag

	
µg/kg

	
12

	
14

	
17

	
17

	
13

	
12

	
13

	
19




	
Al

	
mg/kg

	
170

	
460

	
470

	
490

	
510

	
450

	
410

	
470




	
B

	
mg/kg

	
7.1

	
10

	
6.7

	
8.2

	
6.8

	
8.4

	
11

	
5.3




	
Ba

	
mg/kg

	
28

	
26

	
25

	
36

	
29

	
24

	
18

	
25




	
Ca

	
%

	
0.74

	
0.80

	
0.66

	
0.75

	
0.77

	
0.74

	
0.76

	
0.60




	
Cd

	
mg/kg

	
0.13

	
0.21

	
0.15

	
0.18

	
0.15

	
0.15

	
0.14

	
0.15




	
Co

	
mg/kg

	
0.33

	
0.39

	
0.35

	
0.38

	
0.35

	
0.30

	
0.35

	
0.37




	
Cr

	
mg/kg

	
3.4

	
3.6

	
3.5

	
3.8

	
3.3

	
3.3

	
3.5

	
3.6




	
Cu

	
mg/kg

	
6.0

	
6.4

	
7.2

	
6.9

	
6.4

	
6.0

	
6.2

	
7.0




	
Fe

	
mg/kg

	
580

	
640

	
610

	
650

	
620

	
560

	
560

	
620




	
Ga

	
mg/kg

	
0.12

	
0.14

	
0.13

	
0.15

	
0.13

	
0.12

	
0.11

	
0.12




	
Hg

	
µg/kg

	
50

	
58

	
50

	
54

	
52

	
49

	
56

	
49




	
K

	
%

	
0.58

	
0.55

	
0.58

	
0.54

	
0.59

	
0.55

	
0.57

	
0.61




	
La

	
mg/kg

	
0.50

	
0.47

	
0.47

	
0.48

	
0.53

	
0.49

	
0.40

	
0.50




	
Mg

	
%

	
0.17

	
0.19

	
0.17

	
0.17

	
0.16

	
0.20

	
0.18

	
0.17




	
Mn

	
mg/kg

	
100

	
73

	
130

	
92

	
130

	
66

	
69

	
180




	
Mo

	
mg/kg

	
0.11

	
0.17

	
0.12

	
0.17

	
0.10

	
0.13

	
0.15

	
0.10




	
Na

	
mg/kg

	
42

	
20

	
24

	
21

	
44

	
28

	
28

	
24




	
Ni

	
mg/kg

	
1.9

	
3.2

	
2.0

	
3.2

	
1.9

	
1.8

	
2.5

	
2.0




	
P

	
%

	
0.17

	
0.16

	
0.16

	
0.16

	
0.18

	
0.16

	
0.16

	
0.17




	
Pb

	
mg/kg

	
2.5

	
3.6

	
4.2

	
4.2

	
2.6

	
2.6

	
3.0

	
4.4




	
S

	
%

	
0.11

	
0.10

	
0.10

	
0.11

	
0.11

	
0.10

	
0.11

	
0.10




	
Sb

	
µg/kg

	
27

	
58

	
49

	
71

	
28

	
31

	
42

	
43




	
Sc

	
mg/kg

	
0.38

	
0.43

	
0.40

	
0.40

	
0.40

	
0.40

	
0.38

	
0.41




	
Sr

	
mg/kg

	
20

	
25

	
25

	
34

	
21

	
18

	
19

	
23




	
Ti

	
mg/kg

	
15

	
14

	
15

	
15

	
15

	
15

	
14

	
15




	
U

	
µg/kg

	
18

	
17

	
19

	
19

	
16

	
22

	
14

	
20




	
Zn

	
mg/kg

	
18

	
25

	
22

	
25

	
18

	
22

	
21

	
22








N—number of samples; W-MK—west regions; C-MK—central regions; E-MK—east regions; Pg-Ng—Paleogene-and Neogene basins; WMZ—West-Macedonian Zone; PM—Pelagonian Massif; VZ—Vardar Zone; SMM—Serbo-Macedonian Massif.













 





Table 3. Pearson correlation coefficient between element contents in mosses (n = 72). Values in the range of 0.5 to 0.7 (good association) are underlined, and the values in the range of 0.7 to 1.0 (strong association) are bolded; Box–Cox transformed values used.
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	Ag
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Al
	0.06
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	B
	−0.38
	0.05
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Ba
	0.18
	0.01
	−0.29
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Ca
	−0.32
	0.26
	0.77
	−0.20
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Cd
	0.34
	0.08
	−0.07
	0.09
	0.07
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Co
	0.16
	0.74
	−0.07
	0.01
	0.06
	0.19
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Cr
	0.17
	0.41
	0.10
	−0.12
	0.13
	0.14
	0.55
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Cu
	0.43
	0.14
	−0.05
	0.20
	0.05
	0.28
	0.12
	0.28
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Fe
	0.04
	0.92
	0.14
	0.08
	0.33
	0.15
	0.81
	0.46
	0.16
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Ga
	0.03
	0.82
	0.08
	0.01
	0.31
	0.17
	0.68
	0.42
	0.21
	0.84
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Hg
	0.23
	0.29
	0.43
	−0.11
	0.55
	0.28
	0.25
	0.26
	0.19
	0.32
	0.21
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	K
	−0.01
	−0.49
	0.19
	−0.01
	0.03
	0.14
	−0.47
	−0.21
	−0.01
	−0.46
	−0.35
	−0.00
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	La
	0.07
	0.76
	0.02
	0.32
	0.22
	0.07
	0.64
	0.22
	0.15
	0.80
	0.61
	0.21
	−0.48
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Mg
	−0.32
	−0.09
	0.46
	0.07
	0.22
	−0.20
	−0.18
	0.02
	−0.07
	−0.01
	−0.05
	0.07
	0.06
	0.03
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	



	Mn
	0.31
	−0.04
	−0.48
	0.42
	−0.49
	−0.00
	0.03
	−0.18
	0.06
	−0.08
	−0.13
	−0.12
	0.00
	0.08
	−0.22
	1.00
	
	
	
	
	
	
	
	
	
	
	
	



	Mo
	−0.10
	0.17
	0.31
	0.14
	0.36
	0.19
	0.20
	0.29
	0.19
	0.34
	0.28
	0.09
	−0.18
	0.27
	0.22
	−0.49
	1.00
	
	
	
	
	
	
	
	
	
	
	



	Na
	−0.01
	−0.24
	−0.42
	0.00
	−0.34
	−0.19
	−0.16
	−0.19
	−0.15
	−0.31
	−0.25
	−0.32
	0.10
	−0.19
	−0.19
	0.11
	−0.23
	1.00
	
	
	
	
	
	
	
	
	
	



	Ni
	0.19
	0.38
	0.01
	0.12
	0.08
	0.20
	0.67
	0.55
	0.24
	0.51
	0.35
	0.23
	−0.47
	0.39
	−0.08
	0.06
	0.59
	−0.26
	1.00
	
	
	
	
	
	
	
	
	



	P
	0.09
	−0.32
	0.21
	0.19
	0.08
	0.10
	−0.32
	−0.11
	0.09
	−0.26
	−0.22
	0.20
	0.72
	−0.20
	0.22
	0.19
	−0.23
	−0.07
	−0.26
	1.00
	
	
	
	
	
	
	
	



	Pb
	0.60
	0.40
	−0.19
	0.14
	−0.05
	0.44
	0.41
	0.42
	0.47
	0.45
	0.42
	0.32
	−0.19
	0.34
	−0.21
	0.18
	0.23
	−0.34
	0.40
	−0.10
	1.00
	
	
	
	
	
	
	



	S
	−0.11
	−0.21
	0.14
	−0.01
	0.11
	−0.03
	−0.19
	0.20
	0.19
	−0.18
	−0.18
	0.29
	0.37
	−0.21
	0.23
	−0.15
	0.05
	0.01
	−0.09
	0.33
	−0.03
	1.00
	
	
	
	
	
	



	Sb
	0.36
	0.49
	0.07
	−0.12
	0.13
	0.35
	0.38
	0.51
	0.41
	0.49
	0.48
	0.30
	−0.27
	0.30
	−0.18
	−0.12
	0.31
	−0.36
	0.48
	−0.24
	0.70
	−0.07
	1.00
	
	
	
	
	



	Sc
	0.19
	0.35
	−0.18
	0.12
	−0.12
	0.16
	0.38
	0.18
	0.08
	0.33
	0.38
	−0.01
	−0.05
	0.29
	−0.04
	−0.01
	0.12
	−0.04
	0.23
	−0.12
	0.19
	−0.03
	0.10
	1.00
	
	
	
	



	Sr
	0.11
	0.01
	−0.04
	0.63
	−0.01
	−0.14
	0.09
	0.05
	0.20
	0.10
	0.05
	−0.13
	−0.09
	0.29
	0.14
	0.27
	0.30
	−0.13
	0.27
	0.06
	0.13
	0.01
	−0.00
	0.17
	1.00
	
	
	



	Ti
	0.04
	0.76
	0.01
	0.19
	0.13
	0.10
	0.70
	0.43
	0.20
	0.78
	0.69
	0.21
	−0.38
	0.67
	0.04
	0.00
	0.15
	−0.13
	0.35
	−0.15
	0.38
	−0.06
	0.30
	0.37
	0.15
	1.00
	
	



	U
	0.07
	0.75
	−0.08
	0.25
	0.10
	0.07
	0.67
	0.34
	0.14
	0.79
	0.66
	0.13
	−0.51
	0.78
	0.02
	−0.01
	0.38
	−0.20
	0.42
	−0.34
	0.45
	−0.14
	0.41
	0.28
	0.22
	0.73
	1.00
	



	Zn
	0.37
	−0.06
	−0.06
	0.19
	−0.00
	0.58
	0.04
	0.16
	0.46
	0.07
	0.15
	0.22
	0.22
	−0.04
	0.03
	−0.09
	0.39
	−0.20
	0.25
	0.14
	0.49
	0.27
	0.55
	0.17
	0.15
	0.07
	0.15
	1.00



	
	Ag
	Al
	B
	Ba
	Ca
	Cd
	Co
	Cr
	Cu
	Fe
	Ga
	Hg
	K
	La
	Mg
	Mn
	Mo
	Na
	Ni
	P
	Pb
	S
	Sb
	Sc
	Sr
	Ti
	U
	Zn










 





Table 4. Matrix rotating load of the dominant factors.
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	F1
	F2
	F3
	F4
	F5
	F6
	Comm





	Al
	0.92
	0.22
	0.15
	−0.09
	0.05
	−0.03
	92.0



	Fe
	0.90
	0.22
	0.11
	−0.04
	0.20
	0.14
	93.7



	La
	0.87
	−0.09
	0.03
	0.17
	−0.03
	0.05
	80.0



	Ti
	0.81
	−0.04
	0.08
	0.21
	0.03
	0.03
	71.7



	U
	0.80
	−0.14
	−0.01
	0.21
	0.15
	0.17
	76.3



	Ga
	0.80
	0.34
	0.09
	0.00
	0.08
	0.15
	79.4



	Co
	0.72
	−0.05
	0.04
	−0.18
	0.53
	0.05
	84.4



	B
	−0.10
	0.91
	−0.08
	0.00
	0.14
	0.02
	86.5



	Ca
	0.19
	0.88
	−0.21
	−0.09
	−0.00
	0.08
	86.1



	Hg
	0.22
	0.69
	0.42
	−0.15
	0.11
	0.22
	78.0



	Ag
	−0.02
	−0.10
	0.87
	0.01
	−0.00
	−0.02
	77.1



	Pb
	0.24
	−0.06
	0.76
	0.15
	0.13
	0.27
	75.6



	Sr
	0.05
	0.04
	0.08
	0.89
	0.17
	−0.12
	84.2



	Ba
	0.22
	−0.23
	0.03
	0.81
	−0.09
	0.14
	78.6



	Ni
	0.01
	−0.02
	−0.07
	0.07
	0.89
	0.15
	82.4



	Cr
	0.25
	0.11
	0.37
	−0.02
	0.80
	−0.09
	85.7



	Mo
	0.11
	0.29
	−0.14
	0.38
	0.65
	0.39
	83.2



	Zn
	0.01
	0.09
	0.20
	0.26
	0.26
	0.77
	78.4



	Cd
	0.31
	0.14
	0.08
	−0.29
	0.03
	0.76
	78.6



	Sb
	0.25
	0.21
	0.22
	−0.03
	0.49
	0.65
	75.7



	Prp. Totl
	26.59
	12.78
	10.03
	9.81
	12.98
	8.19
	80.4



	Expl. Var
	5.32
	2.56
	2.01
	1.96
	2.60
	1.64
	



	Eigen Val
	6.69
	2.75
	2.37
	1.76
	1.41
	1.10
	







F1, F2, F3, F4, F5, and F6—factor loadings of Factors 1, 2, 3, 4, 5, and 6; Comm—communality (%); Prp. Totl—total amount of the explained system variance; Expl. Var—particular component variance; Eigen Val—Eigen value. Bold values signify the factor values for the chemical elements belonging to the corresponding factor.













 





Table 5. Comparison of average and median contents of analysed elements from each moss biomonitoring survey (2002, 2005, 2010, 2015, and 2020). The values are given in mg/kg.
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Average

	
Median




	
Year

	
2002

	
2005

	
2010

	
2015

	
2020

	
2002

	
2005

	
2010

	
2015

	
2020






	
Ag

	
-

	
-

	
-

	
-

	
0.018

	
-

	
-

	
-

	
-

	
0.015




	
Al

	
5100

	
4900

	
2800

	
2300

	
2000

	
3800

	
3600

	
2400

	
2000

	
1800




	
B

	
65

	
61

	
62

	
60

	
60

	
54

	
53

	
50

	
50

	
55




	
Ca

	
6300

	
9200

	
8400

	
6600

	
8600

	
5600

	
8500

	
8300

	
6600

	
8200




	
Cd

	
0.29

	
0.42

	
0.29

	
0.25

	
0.18

	
0.16

	
0.29

	
0.22

	
0.21

	
0.15




	
Co

	
1.8

	
1.5

	
0.92

	
0.89

	
0.84

	
1.1

	
1.1

	
0.83

	
0.78

	
0.76




	
Cr

	
14

	
11

	
8.5

	
7.1

	
5.7

	
7.9

	
6.8

	
6.5

	
5.7

	
4.8




	
Cu

	
28

	
7.4

	
4.0

	
4.7

	
7.0

	
24

	
6.7

	
3.5

	
4.6

	
6.3




	
Fe

	
3400

	
2800

	
2100

	
1700

	
1500

	
2400

	
2200

	
1900

	
1600

	
1400




	
Ga

	
-

	
-

	
-

	
-

	
0.14

	
-

	
-

	
-

	
-

	
0.10




	
Hg

	
0.068

	
0.080

	
0.11

	
0.085

	
0.054

	
0.056

	
0.068

	
0.093

	
0.084

	
0.052




	
K

	
8700

	
7700

	
6600

	
7000

	
9100

	
8400

	
7500

	
6600

	
6900

	
8800




	
La

	
3.7

	
2.9

	
1.8

	
1.6

	
1.6

	
2.3

	
2.3

	
1.4

	
1.3

	
1.3




	
Mg

	
2800

	
1500

	
2500

	
2200

	
2600

	
2400

	
1300

	
2400

	
2100

	
2500




	
Mn

	
260

	
220

	
180

	
170

	
160

	
190

	
190

	
140

	
130

	
110




	
Mo

	
0.23

	
0.21

	
0.16

	
0.39

	
0.24

	
0.19

	
0.16

	
0.15

	
0.27

	
0.23




	
Na

	
790

	
500

	
250

	
260

	
330

	
440

	
360

	
190

	
220

	
280




	
Ni

	
3.8

	
9.1

	
6.8

	
7.7

	
5.4

	
2.5

	
5.8

	
4.3

	
4.4

	
4.2




	
P

	
-

	
-

	
1100

	
-

	
1700

	
-

	
-

	
1100

	
-

	
1600




	
Pb

	
7.5

	
9.7

	
5.4

	
5.3

	
3.8

	
6.0

	
7.6

	
4.6

	
4.8

	
3.1




	
S

	
-

	
-

	
-

	
-

	
1000

	
-

	
-

	
-

	
-

	
1000




	
Sb

	
0.26

	
0.18

	
0.10

	
0.13

	
0.15

	
0.20

	
0.15

	
0.089

	
0.11

	
0.11




	
Sc

	
1.2

	
0.98

	
0.55

	
0.52

	
0.53

	
0.74

	
0.67

	
0.44

	
0.45

	
0.48




	
Sr

	
38

	
37

	
39

	
42

	
41

	
32

	
34

	
34

	
32

	
38




	
Ti

	
260

	
300

	
180

	
150

	
120

	
160

	
220

	
150

	
130

	
110




	
U

	
0.31

	
0.26

	
0.15

	
0.13

	
0.13

	
0.21

	
0.21

	
0.11

	
0.11

	
0.11




	
Zn

	
46

	
41

	
32

	
33

	
34

	
39

	
36

	
29

	
32

	
32
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