

  minerals-12-01475




minerals-12-01475







Minerals 2022, 12(11), 1475; doi:10.3390/min12111475




Article



Assessment of Potentially Toxic Element Contamination in the Philippi Peatland, Eastern Macedonia, Greece



Ioannis Zafeiriou 1, Dionisios Gasparatos 1[image: Orcid], Ifigeneia Megremi 2,*, Dafni Ioannou 1, Ioannis Massas 1,* and Maria Economou-Eliopoulos 2[image: Orcid]





1



Laboratory of Soil Science and Agricultural Chemistry, Agricultural University of Athens, GR-11855 Athens, Greece






2



Department of Geology and Geoenvironment, National and Kapodistrian University of Athens, GR-15784 Athens, Greece









*



Correspondence: megremi@geol.uoa.gr (I.M.); massas@aua.gr (I.M.)







Academic Editor: Eric D. van Hullebusch



Received: 21 October 2022 / Accepted: 19 November 2022 / Published: 21 November 2022



Abstract

:

The Philippi peatland is considered the biggest peat deposit in the Balkan Peninsula and one of the deepest in the world. The purpose of this study was to access the impact of eight potentially toxic elements (PTEs), i.e., As, Se, Pb, Cr, Ni, Zn, Mn and Cu, on the local environment. PTE content was determined in corn grains and surface soil samples collected from 16 sites in the peatland, and pollution indices were calculated to evaluate the environmental risks. Soil organic matter ranged between 93 and 557 g kg−1 soil, whereas the soil pH was >7, classifying the soils as neutral to slightly alkaline. Mean PTE contents in soil samples were 24.6 mg kg−1 soil for As, 1.68 mg kg−1 soil for Se, 113 mg kg−1 soil for Pb, 32 mg kg−1 soil for Cr, 36.3 mg kg−1 soil for Ni, 141.4 mg kg−1 soil for Zn, 35.5 mg kg−1 soil for Cu and 845 mg kg−1 soil for Mn. In corn grain samples, 0.06 mg kg−1 grain for As, 0.14 mg kg−1 grain for Se, 1.34 mg kg−1 grain for Cr, 0.69 mg kg−1 grain for Ni, 27 for Zn, 8.4 mg kg−1 grain for Cu and 3.2 mg kg−1 grain for Mn were recorded. No Pb was detected in the corn grains. The bioaccumulation factor (BF) was high for Cu, Zn and Se, indicating increased mobility of these elements in the soils and preferential plant uptake. For most soil samples, the geoaccumulation index (Igeo) and single pollution index (PI) showed low to moderate contamination. However, Igeo and PI values of Se in many sampling sites and of Pb and Zn in few were substantially increased, pointing to heavily contaminated soils. According to potential ecological risk (RI), the PTE content in the peat soils of Philippi imposes low to moderate risk on the environment.
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1. Introduction


One of the most severe threats to natural and environmental resources around the world is the contamination of soils with potentially toxic elements (PTEs) [1,2]. As a more acceptable phrase to include all metals, metalloids, non-metals and other inorganic elements in the soil–plant–animal system with the potential for toxicity depending on their content, the term “PTEs” is now used instead of the often-used term “heavy metals” [1,3]. Although the source of PTEs in soils can be either lithogenic (occurring naturally in the soil environment as a result of parent material weathering) or anthropogenic, high PTE contents are typically linked to human activities [2]. The primary sources of PTE inputs into soils regarding anthropogenic activities are atmospheric deposition (coal and gasoline combustion, smelting, metal mining, industrial activities, and tire wear dust), the land application of organic wastes (sewage sludge, livestock manure), the use of agrochemicals (fungicides, fertilizers) and the careless land disposal of industrial waste [4,5]. Understanding the origin, content and chemical forms of PTEs in soils is a key prerequisite for their rational management, either in cases of planning phytoremediation strategies or shifting to the exploitation of contaminated zones with the cultivation of non-edible plant species [4,5,6]. This has led the scientific community to conduct numerous studies on the presence of PTEs in different soil types and the application of various indices to understand their impact on the environment and human health [4,7]. However, there is a paucity of studies in the literature dealing with the presence and geochemical behavior of PTEs in agricultural peatland soils.



Peatlands serve crucial hydrological, ecological, and biogeochemical functions as transitional habitats between terrestrial and aquatic ecosystems [8,9,10]. Peatlands store between 10% and 30% of all freshwater and land-based organic carbon worldwide [11], despite only making up around 3% of the world’s continents [11]. Understanding and predicting how peatland soil processes will react to anthropogenic pressures such as resource extraction, changing land use and global climate change are becoming more and more important [11,12].



Currently, two major lignite-mining districts are in operation: Ptolemais–Amynteon (N. Greece) and Megalopolis (S. Greece) [13,14]. The mineralogical and geochemical data on fly and bottom ash from lignite combustion have shown that many trace elements, including Se, Cr, Cu, Pb, Zn, Cd, Mo, Ag, As, Au, Te, U and W, are associated with minerals in the peat and the organic matter [15,16]. Previous research has found high levels of various PTEs, including arsenic and selenium, in the surrounding area of Kavala’s Philippi peatland, where the current study was conducted [15,17]. The Philippi peat basin is part of a tectonic graben which formed due to Miocene tectonic activity. It has been suggested that the peat accumulated in a sub-basin around 700,000 years ago. The Philippi peatland is considered to be among the thickest known peatland in the world and the largest fossil fuel deposit in the Balkan Peninsula, and since 1931, the mainland has been used for agricultural activities [15]. According to these authors, a salient feature of the Philippi peat is the elevated content of Cr, Cu, Mo, Pb, Sc, Sn, T, V, Y and Zn in comparison with typical fen peats, as well as in Se, As, Cr, Mo and U in comparison with typical coals [18].



Nickel (Ni) is the 24th most abundant element in Earth’s crust and recently has been recognized as an essential microelement to plants [19]. Elevated concentrations of Ni have a negative effect on physiological functions such as photosynthesis and respiration, decreasing plant growth [20]. Chromium (Cr) may be present in several oxidation states, from −2 to +6. The most toxic form of Cr for living organisms is the Cr(VI) form due to its high solubility and mobility and strong oxidation ability [19,20].



Lead (Pb) is a widespread pollutant on a global scale with a long residence time [21]. It is not sensitive to soil redox reactions, and its geochemistry is dominated by the divalent cation Pb2+. Lead is a priority pollutant with emerging concerns due to adverse health effects caused by different exposure pathways such as Pb-contaminated soils [21,22].



Arsenic (As) is a hazardous metalloid that possesses both metallic and nonmetallic characteristics that may be found in the following oxidation states: elemental arsenic (0), arsine (-III), arsenite (III) and arsenate (V) [3,23]. It is typically ranked as the 12th most abundant element in the human body, the 20th most abundant element on the surface of the earth and the 14th most abundant element in seawater [3,23]. A tentative maximum daily consumption of inorganic arsenic has been set by the World Health Organization at 2 μg As/kg body weight [3,23].



Selenium (Se), at low concentrations, is an essential element for the healthy growth and development of living organisms because of its crucial participation in several metabolic processes [24,25]. It regulates a variety of bodily functions in both humans and animals, such as antioxidant activity, thyroid gland health and the prevention of carcinogenesis [24,25]. However, both Se excess and deficiency, due to the consumption of Se-rich or Se-deficient food, can cause various health risks [26]. Generally, in Europe, including Greece and other countries in the Balkan Peninsula, soils are deficient in Se [27,28]. In the Philippi peat depositions, E. Macedonia, Greece, high contents of PTEs were found, and the Se content is much higher than the high-baseline value for soils in Greece [15].



Although copper (Cu), zinc (Zn) and manganese (Mn) are essential micronutrients for plants, high concentrations in soil can be toxic to most plant species and consequently may have detrimental effects, including reducing crop yield and affecting soil microbial biomass [29,30].



Considering that available data regarding the pollution status in peat soils are limited and that much of the peat basin of Philippi is agricultural land, the aims of the present study were to (a) determine the physicochemical properties of the soils and Ni, Cr, Pb, As, Se, Cu, Zn and Mn total content in topsoil samples; (b) record the same PTEs in corn grains collected from plants grown on these peat soils in order to calculate the bioconcentration factor and discuss possible toxicity hazards; and (c) apply pollution indices to assess soil enrichment in the studied PTEs and evaluate environmental risk.




2. Materials and Methods


2.1. Study Area


The research was carried out within the agricultural region of the Philippi peatland basin (41°10′ N, 24°20′ E; 40 m above sea level) located in the interior plain of Drama, Eastern Macedonia, Greece (Figure 1). The main part of this area is covered with peat deposits alternating with other limnic and limnotelmatic sediments that reach a thickness of nearly 190 m [31]. The Philippi peatland is among the thickest known peat-dominated succession in the world with an estimated dry weight of nearly 1 Gt. Peatland management started at the beginning of 20th century, and artificial drainage and land reclamation projects were constructed in the 1930s to facilitate the agricultural use of the peatland [15]. This project affected the hydrological conditions in the site, leading to subsidence of more than 7m in the central part of the peatland [31].



The mean annual air temperature and mean annual precipitation in this region are 14.4 °C and 459 mm, respectively. According to the US Soil Taxonomy classification [32], the study soils belonged to the soil orders of Histosols (sites 1, 2, 3, 4, 5, 9, 10, 13, 14, 15, 16) and Entisols (sites 6, 7, 8, 11, 12).




2.2. Collection of Soil Samples and Corn Grains


The collection of soil samples for laboratory analyses took place on October 2021 from the surface horizons (0–20 cm) consisting of well-developed mursh material as a result of a drained histic horizon [33] (Figure 1). At every sampling site, using a soil auger, three subsamples from 100 × 100 cm surface area were obtained and mixed to make a composite soil sample. The soil samples were transferred to the laboratory in polyethylene bags. The main crops are maize (Zea mays L.), sugar beets (Beta vulgaris L.), tomatoes (Lycopersicon esculentum Mill.) and wheat (Triticum turgidum L.) covering about 7000 ha of the area. Corn grain samples were collected from the same soil sampling sites in the respective agricultural zones after harvest.




2.3. Soil and Corn Grain Analysis


The soil samples were air-dried, crushed, sieved through a 2 mm mesh and analyzed for the following parameters: equivalent calcium carbonate percentage was estimated using a digital calcimeter [34]; pH was measured in a suspension with a 1:1 ratio of soil to distilled water with a pH meter; electrical conductivity (EC) was determined in the soil paste extract [35], soil organic matter (SOM) was determined by the loss on ignition method (LOI) [36]; exchangeable cations K+, Na+, Ca2+, and Mg2+ were extracted using CH3COONH4 1M, pH = 7 [35]; available P was determined using the 0.5 N NaHCO3 extraction method [37]; the total contents of the potentially toxic elements extracted with aqua regia were determined in an atomic absorption spectrophotometer (Varian—spectra A300 system), except for the Se and As contents, which were determined by inductively coupled plasma mass spectroscopy (ICP–MS; Thermo iCAPQc, Thermofisher SCIENTIFIC).



Plant samples were dried in an oven at 60 °C until a constant weight was obtained and ground to <0.5 mm in a stainless-steel mill (Retsch, ZM 1000). To extract potentially toxic elements from corn grains, samples of 1 g were digested on a hot plate (80 °C) by adding ultrapure concentrated HNO3 and drops of 30% (v/w) H2O2 until the digestion solution became colorless or white, indicating the end of the digestion process [38]. Then, the digest was diluted to 25 mL with deionized water and analyzed for the PTE content as described for soil samples.




2.4. Quality Control and Assurance


At all stages of sample preparation and analysis, stringent precautions were taken to minimize contamination issues. Quality control methods including replication, use of standards for each potentially toxic element investigated and determination of instrument accuracy were implemented. All measurements were conducted in duplicate. A control sample was analyzed for every 10 samples, and reproducibility was tested by re-analyzing 30% of the samples.



All reagents used in this study were of analytical grade and supplied by Merck Millipore (Darmstadt, Germany). With the 1000 mg L−1 standard for potentially toxic elements, a mean standard of 100 mg L−1 concentration was made, and then the working standards were prepared with 1% nitric acid.




2.5. Pollution Indices


To assess soil pollution degree, several pollution indices that have different scopes were applied.



Geoaccumulation Index (Igeo)


Muller [39] first established the geoaccumulation index, which has been used to measure soil heavy metal contamination in contemporary pollution studies [40]. The following equation was applied for the computation of Igeo:


Igeo = log2 (Cn/1.5Bn)



(1)







Cn is the total content of an element in the tested soil, and Bn is the corresponding element content in the Earth’s crust, according to Loska et al. [41]. In this study, the Bn values from GEMAS [42] and Kabata Pendias and Pendias [43] (mean content in organic soils) were applied. The 1.5 constant accounts for both tiny anthropogenic effects and a given metal’s natural oscillations. According to Muller [39], there are seven categories for the geoaccumulation index. They are as follows:




	
Igeo ≤ 0, uncontaminated;



	
0 < Igeo < 1, uncontaminated or moderately contaminated;



	
1 < Igeo < 2, moderately contaminated;



	
2 < Igeo < 3, moderately to heavily contaminated;



	
3 < Igeo < 4, heavily contaminated;



	
4 < Igeo < 5, heavily to extremely contaminated;



	
5 ≤ Igeo, extremely contaminated.









Single Pollution Index (PI)


The metals’ single pollution index (PI) values were calculated using the formula shown below [40,44]:


PI = Cit/Cref



(2)







PI values >1 may be considered as possible soil enrichment.



In this study, Cref values were obtained from GEMAS [42] and Kabata Pendias and Pendias [43] (mean content in organic soils).




Bioaccumulation Factor (BF)


The bioaccumulation factor (BF) is defined as the content of an element in a plant divided by the element’s content in the soil [45]:


BF = (Metal content) plant/(Metal content) soil



(3)




and it depends on the element’s content in the soil and the factors that affect its mobility. It is indicative of the accumulation of potential metals/metalloids in plants in relation to the corresponding content in soils, and it can be used to assess the possibility of potentially toxic elements entering the food chain through the consumption of plants either by humans or by animals on site.




Potential Ecological Risk (RI)


By evaluating each metal’s potential risk and representing the biota’s sensitivity to the polluting metals, the potential ecological risk index (RI) [40,44] is used to depict the cumulative environmental impact of the researched metals. Based on the total risk index (RI) computation published by Hakanson [46] and used by numerous researchers, RI was evaluated as follows:


  RI = ∑  E r i   



(4)







   E r i    is the ecological risk factor for single metal pollution, and RI is the sum of all the ecological risk factors for all analyzed metals. The formula used to calculate    E r i    was as follows:


   E r i   =  T r i    × PI   



(5)




where PI is the single pollution index for the particular metal and    T r i      is the toxic response factor for single metal poisoning. The classification of the ecological risk factor (   E r i   ) for single metal pollution and the potential ecological risk are shown in Table 1 along with the toxic response factors for the analyzed metals that were adopted from Kusin et al. [47]. No    T r i      value is found in the literature for Se.





2.6. Statistical Analysis


Descriptive statistics, coefficient of variation, Pearson’s correlation and comparisons using sample t-test were performed using STATISTICA (StatSoft, lnc. 2011, v.10, Tulsa, 74104 OK, USA).





3. Results and Discussion


3.1. Soil Properties


Soil characteristics showed that, with the exception of pH, the variability was medium to large based on calculated CV levels. Significant differences between the properties among sampling points that can affect PTE dynamics such as CaCO3 and organic matter content were observed (Table 2). Soil pH ranges from levels close to neutrality to slight alkalinity. The alkaline soil environment can affect PTE sorption capacity since these elements’ mobility and availability decrease as the pH approaches neutrality. Based on the calculated CV, the variation in CaCO3 content in soil samples is large. A much higher CaCO3 content was recorded in the samples from the northeast compared to those from the northwest. Organic matter contents in all the soils (except for soils 11 and 12) are over 250 g kg−1 and range from 280 g kg−1 to 550 g kg−1 (Table 2). Organic matter governs PTE availability because, depending on its molecular composition, it tends to form soluble or insoluble complexes with the PTEs. In the pH values of the studied soils, the carboxylic groups of humus ionize and form more stable metal complexes [50,51]. The basic cations of the soil samples varied substantially. The Na+ content was low to medium for all soils and ranged from 0.3 cmol kg−1 to 1.37 cmol kg−1. Due to the cultivation, the soils preserved high soil K+ levels as a result of the fertilizer inputs in the maize crop. High levels of Ca2+ content were observed as supported by the presence of carbonates in the studied soils. Our results are in line with the observation of Karyotis et al. [52], who report that the exchangeable cations in the organic soils of Philippi follow the order Ca2+ > Mg2+ > K+ > Na+. The content of available P varied widely due to the agronomic practices from 9.9 to 83.2 g kg−1, having an important effect on PTE bioavailability due to the formation of sparingly soluble salts [53] (Table 2).




3.2. PTE Content in the Studied Soils


Among the studied PTEs, Pb and Zn showed the highest content, while the lowest content was recorded for Se. The observed variability was different for each of the PTEs studied. Based on the calculated CV values, variation was medium to large for the Pb, Cr, Ni, Cu and Zn contents and relatively low for As and Se contents with CV values < 40% (Table 3).



Comparing our results with the mean content for the studied elements in organic soils globally [43], 2.5 to 3 times higher values in the peat soils of Philippi were observed for Pb, Cr, Ni, Zn, Cu, Mn and As, while the mean content of Se was almost 6 times higher. The chemical composition of peat results from the combination of many factors such as the type of peat, the geomorphology, the environmental conditions and the anthropogenic impact [54]. Considering that for decades the organic soils of Philippi have received appreciable quantities of pesticides, insecticides and fertilizers and that agricultural machinery and other vehicles operate in the area, it is expected that the soils of Philippi peat would at least partially be enriched in the studied PTEs. This is also supported by the lower Pb, Ni, Zn and Cr contents found by Christanis et al. [15] in core samples from approximately 2 to 7 m depth, indicating that the surface soils of the area are enriched in these elements, most probably due to agricultural activities. Recently, Giuri et al. [17], in riverbed sediments of the Kavala–Philippi area, measured mean Zn and Cu contents of 171.1 and 51.9 mg kg−1, values higher than but close to the respective mean Zn and Cu contents of Philippi peat soils (Table 3).



The evaluation of data for peat soils from other areas of Europe supports that the surface soils of Philippi peat are highly enriched in the studied PTEs even when compared to organic soils close to industrial activities [55,56,57].




3.3. PTE Content in the Corn Grains


Table 4 presents data on the content of PTEs in corn grains of the study area. Since it is difficult to find data on element content in corn plants grown in organic soils in the literature, our findings were compared to mean values of PTE content in corn grains from plants grown in mineral soils. Content values of As, Se, Mn, Cr and Zn seem to be consistent with those in comparative studies of corn grains by other authors [58,59,60,61]. However, Antoniades et al. [58] recorded much higher median content for As and Se (0.21 and 0.26 mg kg−1, respectively) in maize grains from plants grown in an industrial area, while Liu et al. [62] reported a 0.17 mg kg−1 As median content in corn grains. In the review conducted by Rosas-Castor et al. [63], median As content values up to 0.32 mg kg−1 are presented. Considering the content of As in Philippi corn grains, all values, except sample 1, and median content were below the threshold limit (0.15 mg kg−1) proposed by the EPA [64] for corn grains. Regarding Se, an element that in the greater part of the world is provided as a supplement in human and animal diets, the median Se content (0.03 mg kg−1) is elevated compared to those presented by other authors for corn grains [65]. Given the fact that Se translocation factor values for the different parts of corn are in the order of stem > leaf > grain [65], it could be reasonably assumed that stems and leaves, consumed mainly as silage by animals such as cattle, pigs and poultry [66], would be more enriched in Se than grains. The high Cu content in corn grain samples from Philippi, which are all higher than the upper limit proposed by the FAO/WHO [67], can be attributed to high application rates of Cu substances for plant protection, and measures should be applied to protect the health of both animals and land workers.



According to the study of Kabata Pendias and Pendias [43] and references therein, the content ranges and/or the mean contents of the studied elements in sweet corn grains are 30–400 and 30 μg kg−1 for As, 11 μg kg−1 for Se, <0.3–3 mg kg−1 for Pb, 0.15 mg kg−1 for Cr, 0.22–0.34 mg kg−1 for Ni, 25–31 mg kg−1 for Zn, 3.6 mg kg−1 for Mn and 1.4–2.1 mg kg−1 for Cu. As, Zn, Mn and Ni median contents in Philippi peat soils are more or less like these values, whereas the respective values for Se, Cr and Cu are higher by approximately x3, x5 and x5, respectively. The decreasing order of the mean element contents (Zn > Cu > Mn > Cr > Ni > P > As > Se) in corn grains almost coincides with the order of these element contents in the soil samples (Mn > Zn > Pb > Cu > P>Ni > As > Se).




3.4. Relationships between Soil/Corn Grain PTE Contents and the Soil Characteristics


The significant correlations between PTE content in soils and corn grains and soil characteristics are shown in Table 5. Organic matter was correlated positively with As soil content but negatively with Se content in corn grains, indicating that As in the studied soils mainly forms organo-metal compounds and at the same time suggesting that Se availability for plant uptake is limited, possibly due to the predominance of soil Se in colloidal-sized organic Se [68]. Available P is negatively and weakly associated with As in soils but negatively and strongly relates with Se, probably as a result of antagonism between these elements for sorption sites, indicating that these elements share similar sorption sites in the studied soils [3,69]. Pokhrel et al. (2020) [70] report significant suppression of As uptake by rice plants due to the presence of Se in the studied paddy soil. Inter-element relationships between PTEs provide information on their sources and pathways. According to Table 5, the positive correlation between As and Se in soils suggests a common origin of both elements. As content in soils significantly and negatively correlates to Se content in corn grains, implying that increased As soil content either restricts Se uptake by maize and/or suppresses Se translocation to corn grains or both. Ali et al. [71] emphasize the similar chemical behavior of As and Se as well as the complex antagonistic interactions between the two elements. Se is positively but not strongly related to Pb, Cr, Ni and Cu contents. This might be an indication of common origin or association with common soil constituents. The recorded correlations between Se and those elements may reflect the effect of pH, Eh, organic matter and metals on the adsorption of Se or its bioaccumulation. Se mobility can be expected to be high in neutral and alkaline soils and low in acidic soils since the predominant species are selenate (SeO42-) and selenite (SeO32-), respectively. Nevertheless, this is valid for inorganic soils, whereas the conditions in organic soils that are periodically flooded may alter Se speciation and behavior [26]. The positive correlations, strong in many cases, between Pb, Ni, Cr, Zn and Cu contents in soils suggest a common origin, in accordance with the results reported by Giouri et al. [17] for Cu and Zn in sediments from an area close to the Philippi peatland.




3.5. Bioaccumulation Factor (BF)


The calculated ratio of the element content in corn grains to the total element content in the related soil (rhizosphere) is presented in Figure 2. According to mean BF values, the order of reduced accumulation of the elements studied was Cu > Zn > Se > > Cr > Ni > Mn = As, with Cu exhibiting the highest bioaccumulation factor in most corn grain samples. Nevertheless, in most corn grain samples, Cu and Zn showed the highest BFs (Figure 2). Samples 11 and 12, on the other hand, showed different orders of element accumulation (Se > Cu > Zn > Cr > As > Mn > Ni and Se > Cu > Zn > Cr > Mn > As > Ni, respectively), with Se exhibiting a medium to extremely high degree of BF, greater than those of copper and zinc. Clearly, the transfer and accumulation of Cu, Zn and Se in most corn grain samples was easier compared to that of As, Mn, Cr and Ni. It is known from the literature that Zn and Cu can also easily accumulate in other crops, such as rice and rapeseed [45,62]. The observed order of BF values was very different from those observed for corn grain and soil samples, which, as already mentioned, were almost identical. This, along with the lack of significant correlations between the elemental contents in corn grains and those in soil (except for Zn), suggests that As, Se, Cr, Ni, Mn and Cu contents in corn grains are more related to soil properties that regulate the mobility and availability of the elements in the soil ecosystem than to their total content in soil. Noticeably, Se and Cu BFs showed a very strong negative correlation (p < 0.001), possibly due to antagonism between the two elements for plant uptake or during their translocation between the plant compartments as previously suggested by Yusuf et al. [72].




3.6. Pollution Indices and Potential Ecological Risk (RI)


To assess the level of pollution and the origin of PTEs in soils, the geo-accumulation index (Igeo) and single pollution index (PI) are frequently used [73]. To further evaluate the health of the soil ecosystem and the related risk for toxic effects in the environment, the potential ecological risk (RI) may provide useful information. However, the application of pollution indices to distinguish sources of pollution in peatland soils is very scarce, and thus any conclusion based on their assessment should be utilized with skepticism. The main drawback of this process is that, in most cases, the background levels of the elements under consideration are missing and the corresponding values for the mineral soils must be used [57]. Attempting to overcome the above limitations, the reference values of the studied elements for the agricultural soils of southeastern Europe obtained from GEMAS [42] and from Kabata-Pendias and Pendias [43] for the organic soils of the world were used. This dual approach enabled comparisons of pollution indices and RI values calculated using different background contents of the metal(loid)s studied.



3.6.1. Geoaccumulation Index (Igeo) and Single Pollution Index (PI)


Mean, median, minimum and maximum Igeo and PI values, denoted by letters K and G when reference content for organic soils of the world and GEMAS background for agricultural soils were used, are presented in Figure 3 and Figure 4. In general, both pollution indices provide a similar picture and show that the surface soils of Philippi peat are moderately to moderately heavily contaminated with Se and As. As discussed in Section 3.2, Se and As contents in the soils of the study area are considerably higher compared to those in peat soils of Europe, and this is mirrored by the pollution indices. Considering Se, this high soil enrichment is reflected by the relatively high Se content in corn grains (Table 4) and the high BF values obtained for Se (Figure 2). The optimistic approach of these results supports the hypothesis that the maize crop parts from plants grown in Philippi soils used to produce silage for animal feeding might be highly enriched in Se and thus the administration of Se supplements can be substantially reduced. Because As content in corn grains is below the WHO/FAO threshold [67] and the transfer of the element from soil to plant is limited, soil enrichment in As cannot be considered capable of causing alarming toxicity problems. However, our results should be treated with caution because As is an element that can be highly toxic and the conducted study was focused only on corn grains. Depending on the set of background values utilized for the calculation of pollution indices, soils’ enrichment in the other metals, with few exceptions, is generally low to moderate (Figure 4 and Figure 5). Compared to the Igeo values of our study, Gouri et al. [17] report considerably lower Cu and similar Zn Igeo values for sediments collected from sites in the vicinity of Philippi peatland.



To further evaluate the results, soil samples were grouped according to the level of contamination (Table 6 and Table 7). In the following text, numbers in parentheses are the respective sums of soil samples grouped based on Igeo_G and PI_G values. Igeo_K values were found to be <1 for 13 (6), 1 (1), 12 (9), 10 (15), 10 (14), 14 (11), 14 (16) and 11 (14) soil samples for As, Se, Pb, Cr, Ni, Zn, Mn and Cu, respectively, suggesting uncontaminated to moderately contaminated soils. Igeo_K values showed that only 1 (4), 1, 2 and 1 (1) soil samples are moderately to heavily contaminated by Pb, Cr, Ni and Zn. For Se, Igeo_K values between 2 and 3 were obtained for 7 (7) soil samples, indicating high enrichment (Table 6). According to PI_K 16 (14), 4 (4), 12 (9), 12 (16), 12 (14), 15 (15), 16 (16) and 14 (15) soil samples showed values <4 indicating soils uncontaminated to moderately contaminated by As, Se, Pb, Cr, Ni, Zn, Mn and Cu, respectively. Again, few soil samples can be classified as heavily contaminated by Pb, Cr, Ni and Zn (Table 7).



Following on from the preceding results, both pollution indices (i.e., organic and mineral) show that most soil samples are either uncontaminated or only moderately contaminated by the studied PTEs. Nevertheless, the high to extremely high Igeo and PI values for some of the elements and in some soils suggest enrichment in Pb and Zn and to a lesser extent in Cr and Ni. Few references can be found regarding Igeo and PI values for PTEs in organic soils. Glina et al. [57] estimated both the organic and the mineral geological background levels for Cd, Cr, Cu, Ni, Pb and Zn for fen peatland soils in Poland and then calculated the organic and mineral Igeo and PI values. For Pb, Cr, Ni, Cu and Zn, our results are comparable to the results of those authors only in the case of organic Igeo and PI but differ considerably from the respective mineral values. Koziol et al. [56] report much lower Igeo and EF values than those found in the present study for Pb, Cr and Ni in surface peat soils.



When GEMAS reference values were used for the calculation of Igeo and PI, significantly higher values emerged for Cr, Ni, Mn and Cu (Igeo) and Cr, Ni and Mn (PI) compared to the respective Igeo and PI values produced with the use of mean element contents in the organic soils of the world (t-test, p < 0.05). The opposite was observed for As, while no difference occurred for Se, Pb and Zn (Igeo) and Se, Pb, Zn and Cu (PI). Hence, for the peat soils of Philippi, both sets of background content can be applied to assess the degree of soil enrichment in Se, Pb, Zn and Cu and to estimate the original source of these elements.




3.6.2. Potential Ecological Risk (RI)


The calculated RI values for the surface soils of the Philippi peat basin are presented in Figure 5. No significant difference between the RI values produced by using the two sets of background content, denoted as RI_K and RI_G, was observed. This outcome suggests that both mineral and organic reference values can be applied to determine RI and assess the environmental risk for the area.



Only two soil samples and one soil sample, respectively, exhibited RI_K and RI_G below 50, indicating low environmental risk. Hence, for most of the soils, the risk for the environment was moderate as the RI values ranged between 50 and 150. The percentage contribution of the studied PTEs in the RI_K values was from 13.98 to 52.69 (average of 37.79) for As, 6.23 to 28.86 (average of 15.40) for Pb, 3.23 to 11.80 (average of 6.20) for Cr, 8.07 to 30.88 (average of 17.87) for Ni, 2.23 to 6 (average 3.40) for Zn, 1.37 to 8.09 (average of 3.22) for Mn and 12.30 to 21.52 (average of 16.07) for Cu. The corresponding ranges and averages for RI_G were from 18.22 to 64.43 (average of 46.45) for As, 9.38 to 44.85 (average of 23.64) for Pb, 1.38 to 6.1 (average of 2.81) for Cr, 4.24 to 19.82 (average of 9.94) for Ni, 2.24 to 6.3 (average 3.62) for Zn, 1.1 to 5.32 (average of 2.18) for Mn and 8.37 to 15 (average of 11.34) for Cu. Thus, the average contributions of the studied elements to the RI_K and RI_G values of Philippi peat soils decrease in the orders of As > Ni > Cu > Pb > Cr > Zn > Mn and As > Pb > Cu > Ni > Zn > Cr > Mn, respectively. It is apparent that in either case, the main contributor is As followed by Pb, Ni and Cu. Nevertheless, the low BF values of As for corn grains suggest low As availability for plant uptake despite the high As contribution to RI values. To avoid further degradation of the peatland ecosystem and considering that the surface soils of Philippi peatland are found to impose a moderate risk to the environment, precautionary measures regarding the agricultural practices followed by the local farmers should be deployed. Glina et al. (2021) [57], studying the contents of Cr, Ni, Pb, Ni, Zn and Cd in peat soils of Poland, reported low and moderate to strong potential ecological risk when the organic and mineral background contents, respectively, were used.






4. Conclusions


This study provides information regarding PTE content in peat soils and in corn grains from maize plants grown on these soils, adding to the relatively limited literature on the pollution indices for these soils. By assessing various parameters, an attempt was made to determine the level of soil contamination by eight PTEs in the Philippi peatland, evaluate the environmental risk, distinguish between the potential sources of the elements and produce data regarding the accumulation of the studied elements in the grains of corn plants grown on these soils. In most soil samples, As, Se, Pb, Cr, Ni, Zn, Mn and Cu contents were higher than the respective values reported in the literature for organic soils. With some exceptions, pollution indices showed that the soils were uncontaminated to moderately contaminated. However, high soil enrichment in Se was observed, classifying the soils as moderately to heavily contaminated by this element. Potential ecological risk (RI) suggests a moderate risk for the environment. The bioaccumulation factor was high for Cu, Zn and Se, pointing to the high availability of these elements in the peat soils of Philippi, whereas the As BF was very low and in line with low As content in corn grains, providing signs of no toxicity effects via the food chain. Nevertheless, As distribution within the maize plants should be of future consideration. Since Se concentration in corn grains was high, future work should also focus on Se allocation within maize to clarify if the produced fodder is enriched in Se.
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Figure 1. Location map of the study area and sample collection sites. 
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Figure 2. Bioaccumulation factor of As, Se, Cr, Ni, Zn, Mn and Cu for corn grains from maize plants grown in Philippi peat soils (N = 16). 
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Figure 3. Geoaccumulation index (Igeo) values; K: background values for world organic soils [43]; G: background values from GEMAS [42]. Horizontal lines, from bottom to top, indicate the limits for uncontaminated to moderately contaminated (0–1), moderately contaminated (1–2) and moderately to heavily contaminated (2–3) soils. N = 16. 
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Figure 4. Single pollution index (PI) values; K: background values for world organic soils [43]; G: background values from GEMAS [42]. Horizontal lines, from bottom to top, indicate the limits for uncontaminated (0–2), uncontaminated to moderately contaminated (2–4), moderately contaminated (4–6) and moderately to heavily contaminated (4–6) soils. N = 16. 
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Figure 5. RI values for the soils of the Philippi peat. K: background values for world organic soils [43]; G: background values from GEMAS [42]. Horizontal line indicates the border between low and moderate risk. 
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Table 1. Classification of environmental risk factor (   E r i   ), potential ecological risk index (RI) and toxic response factors (   T r i   ) for the studied metals.    E r i      and RI risk evaluation adopted from Kusin et al. [47] and    T r i      values from Wei et al. [48] and Okonkwo et al. [49].
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	     E r i     
	Risk Classification
	RI
	Risk Classification
	     T r i     





	   E r i     < 40
	Low
	RI < 50
	Low
	Ni: 5



	40 ≤    E r i     < 80
	Moderate
	50 ≤ RI < 200
	Moderate
	Cr: 2



	80 ≤    E r i     < 160
	Considerable
	200 ≤ RI < 300
	Considerable
	As: 10



	160 ≤    E r i     < 320
	High
	RI ≥ 300
	High
	Zn: 1



	   E  r    i    ≥ 320
	Very high
	
	
	Cu: 5



	
	
	
	
	Pb: 5



	
	
	
	
	Mn: 1










[image: Table] 





Table 2. Basic properties of the studied soils.
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Soil Sample

	
CaCO3

(%)

	
pH

	
Organic Matter (g kg−1)

	
Exchangeable Cations

	
Available P

(mg kg−1)




	
Na+

	
K+

	
Ca2+

	
Mg2+




	
(cmolc kg−1)






	
1

	
33.2

	
7.12

	
401

	
0.36

	
0.57

	
65.1

	
4.48

	
43.6




	
2

	
35.7

	
7.50

	
363

	
0.49

	
1.73

	
62.5

	
4.78

	
83.2




	
3

	
31.6

	
7.48

	
383

	
0.51

	
0.37

	
63.2

	
4.76

	
42.3




	
4

	
28.3

	
7.61

	
387

	
1.37

	
0.61

	
106.2

	
14.80

	
29.7




	
5

	
30.3

	
7.51

	
310

	
0.49

	
0.60

	
94.1

	
8.62

	
26.5




	
6

	
36.1

	
7.61

	
290

	
0.43

	
0.32

	
64.3

	
2.80

	
35.4




	
7

	
8.6

	
7.51

	
280

	
0.37

	
0.72

	
59.3

	
2.41

	
9.9




	
8

	
16.4

	
7.51

	
310

	
0.56

	
0.72

	
61.7

	
2.39

	
29.5




	
9

	
20.5

	
7.38

	
463

	
0.79

	
0.49

	
83.1

	
4.08

	
40.3




	
10

	
23.8

	
7.61

	
393

	
1.30

	
1.56

	
76.2

	
5.69

	
21.5




	
11

	
1.4

	
7.61

	
150

	
0.57

	
1.26

	
46.7

	
2.75

	
29.9




	
12

	
2.1

	
7.46

	
93

	
0.32

	
2.04

	
27.9

	
2.23

	
30.0




	
13

	
0.2

	
7.20

	
423

	
1.10

	
1.00

	
60.2

	
2.95

	
11.9




	
14

	
0.1

	
7.10

	
410

	
0.55

	
1.12

	
75.1

	
2.96

	
17.8




	
15

	
1.7

	
7.35

	
473

	
0.39

	
1.03

	
125.2

	
13.70

	
12.7




	
16

	
3.7

	
7.47

	
557

	
0.50

	
1.46

	
117

	
8.36

	
18.8




	
CV

	
83

	
2

	
330

	
53

	
53

	
34

	
72

	
59
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Table 3. Potentially toxic elements’ mean contents (mg kg−1).






Table 3. Potentially toxic elements’ mean contents (mg kg−1).





	Soil Sample
	Pb
	Cr
	Ni
	Zn
	Cu
	Mn
	As
	Se





	1
	49
	10.6
	19.5
	106
	17.6
	1020
	21.1
	1.09



	2
	46
	12.8
	8.5
	144
	18.3
	1415
	18.8
	0.73



	3
	72
	18.4
	21.4
	101
	18.6
	842
	21.9
	1.20



	4
	62
	10.6
	14.4
	141
	32.7
	779
	21.9
	1.09



	5
	31
	14.2
	18.3
	83
	22.0
	1517
	27.7
	1.11



	6
	65
	19.7
	27.9
	94
	23.5
	628
	26.1
	1.22



	7
	121
	88.1
	92.2
	182
	63.1
	681
	27.7
	2.38



	8
	125
	44.8
	39.3
	132
	37.6
	765
	25.8
	2.11



	9
	65
	11.4
	17.3
	68
	21.9
	957
	26.1
	1.50



	10
	66
	22.2
	25.6
	128
	31.7
	544
	26.5
	1.60



	11
	329
	64.5
	88.5
	372
	79.6
	926
	18.6
	1.81



	12
	210
	40.9
	43.4
	158
	46.0
	544
	12.2
	1.35



	13
	185
	50.3
	54.1
	163
	49.1
	926
	31.3
	2.82



	14
	181
	55.7
	52.6
	162
	47.9
	861
	31.4
	2.66



	15
	118
	22.8
	30.1
	116
	32.3
	562
	29.0
	2.10



	16
	78
	25.7
	27.1
	107
	26.5
	548
	27.3
	2.04



	Mean
	113
	32.0
	36.3
	141
	35.5
	845
	24.6
	1.68



	Median
	75
	22.5
	27.5
	131
	32.0
	811
	26.1
	1.55



	Min
	31
	10.6
	8.5
	68
	17.6
	544
	12.2
	1.09



	Max
	329
	88.1
	92.2
	373
	79.6
	1517
	31.5
	1.82



	CV
	70
	72
	68
	49
	50
	34
	21
	37
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Table 4. PTE content in corn grains of the study area (mg kg−1). BDL: below detection limit.






Table 4. PTE content in corn grains of the study area (mg kg−1). BDL: below detection limit.
















	Corn Grain Sample
	As
	Se
	Pb
	Cr
	Ni
	Zn
	Mn
	Cu





	C_1
	0.20
	0.17
	BDL
	0.51
	BDL
	33
	2.2
	8.4



	C_2
	0.09
	0.03
	BDL
	0.59
	BDL
	28
	BDL
	9.4



	C_3
	0.07
	0.08
	BDL
	0.58
	0.22
	21
	2.6
	9.2



	C_4
	0.06
	0.08
	BDL
	0.43
	BDL
	31
	0.4
	11.0



	C_5
	0.04
	0.08
	BDL
	0.82
	0.74
	29
	2.4
	11.3



	C_6
	0.06
	0.03
	BDL
	1.31
	0.27
	31
	2.2
	9.4



	C_7
	0.08
	0.37
	BDL
	0.96
	0.51
	47
	8.4
	13.0



	C_8
	0.04
	0.07
	BDL
	1.55
	BDL
	39
	0.4
	12.1



	C_9
	0.08
	0.04
	BDL
	1.07
	BDL
	25
	3.2
	8.8



	C_10
	0.04
	0.02
	BDL
	BDL
	BDL
	22
	3.0
	11.2



	C_11
	0.06
	0.39
	BDL
	1.28
	0.10
	42
	2.6
	11.0



	C_12
	0.03
	0.95
	BDL
	0.69
	BDL
	31
	4.6
	9.4



	C_13
	0.06
	0.05
	BDL
	BDL
	BDL
	31
	4.0
	9.4



	C_14
	0.02
	0.04
	BDL
	0.50
	BDL
	18
	2.2
	12.2



	C_15
	0.02
	0.03
	BDL
	0.82
	0.54
	25
	4.2
	13.0



	C_16
	0.01
	0.03
	BDL
	1.34
	0.69
	27
	3.2
	8.4



	Mean
	0.06
	0.14
	
	0.83
	0.44
	30
	2.9
	10.4



	Med
	0.06
	0.32
	
	0.75
	0.51
	30
	2.6
	10.1



	Std
	0.04
	0.25
	
	0.40
	0.24
	8
	2.0
	1.6



	Min
	0.01
	0.02
	
	0.43
	0.10
	18
	0.4
	8.4



	Max
	0.20
	0.95
	
	1.55
	0.74
	47
	8.4
	13.0



	CV
	74
	181
	
	50
	56
	25
	68
	15
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Table 5. Pearson’s correlation matrix for the PTE contents in soil and corn samples.
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	CaCO3
	O.M. 1
	P
	As
	Se
	Pb
	Cr
	Ni
	Mn
	Zn
	Cu





	Soil
	
	
	
	
	
	
	
	
	
	
	



	CaCO3
	
	
	
	
	
	
	
	
	
	
	



	O.M.
	
	
	
	
	
	
	
	
	
	
	



	P
	+/**
	
	
	
	
	
	
	
	
	
	



	As
	
	+/**
	−/*
	
	
	
	
	
	
	
	



	Se
	−/***
	
	−/***
	+/**
	
	
	
	
	
	
	



	Pb
	−/***
	−/*
	
	
	+/*
	
	
	
	
	
	



	Cr
	−/**
	
	−/*
	
	+/**
	+/**
	
	
	
	
	



	Ni
	−/**
	
	−/*
	
	+/**
	+/***
	+/***
	
	
	
	



	Mn
	
	
	−/*
	
	
	
	
	
	
	
	



	Zn
	
	−/*
	−/*
	
	
	+/***
	+/**
	+/***
	
	
	



	Cu
	−/**
	−/*
	−/*
	
	+/*
	+/***
	+/***
	+/***
	
	+/***
	



	Corn
	
	
	
	
	
	
	
	
	
	
	



	P
	
	
	
	
	
	
	
	
	
	
	



	As
	+/*
	
	
	
	
	
	
	
	
	
	



	Se
	
	−/***
	
	−/**
	
	+/*
	
	
	
	
	+/*



	Cr
	
	
	
	
	
	
	
	
	
	
	



	Mn
	
	
	−/*
	
	
	
	+/*
	+/*
	
	
	



	Cu
	
	
	−/*
	
	
	
	+/*
	
	
	
	



	Zn
	
	−/*
	
	
	
	
	+/*
	+/*
	
	+/*
	







1 O.M.: organic matter; −: negative correlation; +: positive correlation; *: p < 0.05; **: p < 0.01; ***: p < 0.001.
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Table 6. Numbers of soil samples grouped in levels of contamination according to the Igeo values. K: background values for world organic soils [43]; G: background values from GEMAS [42].
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As

	
Se

	
Pb

	
Cr

	
Ni

	
Zn

	
Mn

	
Cu






	
Igeo_K

	
No of samples




	
<0

	
1

	

	
6

	
5

	
3

	
1

	
4

	
3




	
0–1

	
12

	
1

	
6

	
5

	
7

	
13

	
10

	
8




	
1–2

	
3

	
8

	
3

	
5

	
4

	
1

	
2

	
5




	
>2

	

	
7

	
1

	
1

	
2

	
1

	

	




	
Igeo_G

	

	

	

	

	

	

	

	




	
<0

	

	

	
1

	
10

	
10

	
1

	
10

	
7




	
0–1

	
6

	
1

	
8

	
5

	
4

	
10

	
6

	
7




	
1–2

	
10

	
8

	
3

	
1

	
2

	
4

	

	
2




	
>2

	

	
7

	
4

	

	

	
1
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Table 7. Numbers of soil samples grouped in levels of contamination according to the PI values. K: background values for world organic soils [43]; G: background values from GEMAS [42].






Table 7. Numbers of soil samples grouped in levels of contamination according to the PI values. K: background values for world organic soils [43]; G: background values from GEMAS [42].





	

	
As

	
Se

	
Pb

	
Cr

	
Ni

	
Zn

	
Mn

	
Cu






	
PI_K

	
No of samples




	
0–2

	
2

	

	
9

	
9

	
6

	
6

	
8

	
7




	
2–4

	
14

	
4

	
3

	
3

	
6

	
9

	
8

	
7




	
4–6

	

	
5

	
3

	
3

	
2

	
1

	

	
2




	
>6

	

	
7

	
1

	
1

	
2

	

	

	




	
PI_G

	

	

	

	

	

	

	

	




	
0–2

	
1

	

	
3

	
13

	
12

	
4

	
14

	
11




	
2–4

	
13

	
4

	
6

	
3

	
2

	
11

	
2

	
4




	
4–6

	
2

	
5

	
3

	

	
2

	

	

	
1




	
>6

	

	
7

	
4

	

	

	
1
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