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Abstract 

Mosses are ideal biomonitors as they do not have roots and all the nutrients and the 

water they need are taken through wet and dry deposition. They are a useful tool for 

monitoring the air quality, without requiring any special instrumentation. Due to their 

unique morphological and physiological characteristics, mosses are able to accumulate 

airborne pollutants such as trace elements, organic compounds and radionuclides.  

Since the 80’s, different surveys have been conducted using mosses as biological 

indicators of trace elements and radionuclides. Ever since, and in a five years’ interval 

a European moss survey is conducted under the framework of the ICP Vegetation, 

providing data on the elemental concentrations in naturally growing mosses. The latest 

moss survey was conducted in 2015/2016, coordinated by the Joint Institute of Nuclear 

Research, under the auspice of the ICP Vegetation Programme. Greece participated in 

this European moss survey with our team consisted by Professor Dr Alexandra 

Ioannidou and Dr Evdoxia Tsakiri. It’s the first time that the levels of trace elements 

deposited in mosses in the Greek territory are included in the European moss data base.  

In the middle of 2016 summer, ninety-five (95) samples of Hypnum cupressiforme 

Hedw. moss species were collected from the vicinity of Northern Greece. They were 

cleaned manually and were prepared for Epithermal Neutron Activation Analysis 

(ENAA) and gamma ray measurements for the determination of trace elements and 

radionuclides concentrations respectively. 

The elemental concentrations of forty-four (44) trace elements (Al, As, Ni, V, Cr, Zn, 

Fe, Br, Cl, I, Mg, Na, K, Sc, Ti, Mn, Co, Se, Rb, Sb, Au, Th, U, Si, Sr, Ca, Zr, Cs, Ba, 

La, Ce, Nd, Sm, Gd, Tb, Dy, Tm, Yb, Lu, Hf, Ta, In, Mo, Ag) were defined. The 

concentrations of Al, As, Ni, V, Cr, Zn and Fe range between 1350-46100 μg g-1, 0.52-

17.90 μg g-1, 1.72-90.20 μg g-1, 2.61- 33.4 μg g-1, 2.04- 222 μg g-1, 14.60-282 μg g-1 

and 1010-28700 μg g-1 respectively. Additional to these 95 moss samples, ten more 

moss samples from the region of Skouries were studied, close to active mining 

activities. The same trace elements were defined and the concentrations of most of them 

are higher than the rest moss samples of Northern Greece, highlighting the impact of 

the mining activities on the surrounding environment.  

The PMF 5 model was run for the determination of the sources of the trace elements. 

Five sources are identified: The Soil Dust, the Aged Sea Salt, the Road Dust, the Lignite 

Power Plant and the Mn-rich source. The areas of W. Macedonia and Skouries are 

distinguished and characterized by the lignite power plant source, the Mn-rich source 

and the road dust source respectively. The soil dust source contributes more than 50% 

to the majority of the moss samples, indicating that the majority of trace elements are 

transferred to mosses, through the resuspended soil. 

The elemental concentrations in soil samples collected from the same sampling sites 

were also determined. The elements Al, K, Si and Ti have similar concentrations in 

almost all sites, proving the negligible impact of anthropogenic activities on them. The 

areas that present high concentrations of Ni, Mn, Fe, Mg and Cr in mosses correspond 

to those in soil, indicating the same sources.  



[7] 
 

The activity concentrations of 7Be, 210Pbuns, 
40K, 232Th, 226Ra and 137Cs in mosses are 

also studied. 7Be ranges from 69 to 1280 Bq kg-1, while 210Pbuns ranges from between 

147 to 2049 Bq kg-1. The terrestrial nuclides 40K, 232Th and 226Ra range between 120 to 

1060 Bq kg-1, 0 to 66 Bq kg-1 and 0 to 126 Bq kg-1 respectively. The artificial nuclide 
137Cs is found between 0 to 590 Bq kg-1. There is no correlation between the 

radionuclides and the altitude, temperature and precipitation. 

The cosmogenic 7Be ends up in mosses through wet and dry deposition of aerosols to 

which it was attached right after its formation in the troposphere. 210Pbuns comes from 

the decay of 222Rn in the atmosphere. 232Th and 226Ra are transferred to mosses both 

through soil particles and aerosol deposition. The terrestrial nuclide 40K, is placed on 

mosses via the soil dust particles that are dispersed in the atmosphere through the wind. 

The same pattern is followed by the artificial nuclide 137Cs, which is deposited on 

mosses through the resuspended soil particles.  

Mosses were collected from different substrate types (rocks, branches, surface soil and 

near roots). Slight differences are observed in the radionuclides concentrations based 

on the substrate surface. 7Be presents higher activities in mosses collected from the 

ground surface, than those that were collected near roots. The nuclides 210Pb, 226Ra, 
232Th do not present any significant difference between those collected from surface 

and near roots. There is a homogeneity for the concentrations of the artificial 

radionuclide 137Cs, while 40K is found in higher concentrations in those mosses that 

were picked up mostly near roots.  

Radionuclides were also measured in soil samples. The concentrations of 137Cs range 

between 0.34 to 2569 Bq kg-1, of 40K between 52.79 to 1148 Bq kg-1, and of 210Pb from 

11.46 to 1381 Bq kg-1. No special fit is identified between the concentrations of 40K and 
210Pb in mosses and the corresponding soil samples. On the other hand, there is a match 

between the areas that present high concentrations of 137Cs in soil and in mosses, with 

those areas that were characterized as the most influenced after the Chernobyl accident. 

Finally, the resuspended soil is the main source of almost all the trace elements and 

radionuclides in mosses. 
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Περίληψη 

Τα βρύα αποτελούν ιδανικούς βιοϊχνηθέτες. Δε διαθέτουν ριζικό σύστημα, οπότε όλα 

τα θρεπτικά συστατικά καθώς και το νερό που χρειάζονται τα παίρνουν κατευθείαν από 

την υγρή και ξηρή εναπόθεση. Αποτελούν ένα χρήσιμο εργαλείο για τη μέτρηση της 

ποιότητας του αέρα, χωρίς να απαιτείται κάποιος ειδικός εξοπλισμός. Χάρη στη 

μορφολογία και φυσιολογία τους, έχουν τη δυνατότητα να συσσωρεύουν τους αέριους 

ρύπους όπως ιχνοστοιχεία, οργανικές ενώσεις και ραδιονουκλίδια. 

Από το 1980 τα βρύα έχουν χρησιμοποιηθεί σε διάφορες έρευνες για τον προσδιορισμό 

των ιχνοστοιχείων και των ραδιονουκλιδίων. Από τότε, και κάθε 5 χρόνια διεξάγεται 

μια Ευρωπαϊκή έρευνα στο πλαίσιο του ICP Vegetation Programme σε σχέση με τις 

συγκεντρώσεις των ιχνοστοιχείων σε φυσικά αναπτυσσόμενα βρύα. Η τελευταία 

έρευνα πραγματοποιήθηκε το 2015/2016. Η Ελλάδα συμμετείχε για πρώτη φορά με 

την ομάδα μας, που αποτελείται από τις Καθηγήτριες Δρ. Αλεξάνδρα Ιωαννίδου και 

Δρ. Ευδοξία Τσακίρη. Είναι η πρώτη φορά που οι συγκεντρώσεις των ιχνοστοιχείων 

στα βρύα στην Ελλάδα καταγράφονται στην Ευρωπαϊκή βάση δεδομένων. 

Στα μέσα του καλοκαιριού του 2016, ενενήντα πέντε (95) δείγματα βρύων Hypnum 

cupressiforme Hedw. συλλέχθησαν από την περιοχή της Βορείου Ελλάδος. Αφού 

καθαρίστηκαν, προετοιμάστηκαν για τη μέτρησή τους με τη μέθοδο της Νετρονικής 

Ενεργοποίησης και της γαμμα- φασματοσκοπίας, για τον προσδιορισμό των 

συγκεντρώσεων των ιχνοστοιχείων και των ραδιονουκλιδίων αντίστοιχα. 

Μετρήθηκαν οι συγκεντρώσεις 44 ιχνοστοιχείων (Al, As, Ni, V, Cr, Zn, Fe, Br, Cl, I, 

Mg, Na, K, Sc, Ti, Mn, Co, Se, Rb, Sb, Au, Th, U, Si, Sr, Ca, Zr, Cs, Ba, La, Ce, Nd, 

Sm, Gd, Tb, Dy, Tm, Yb, Lu, Hf, Ta, In, Mo, Ag). Οι συγκεντρώσεις των Al, As, Ni, 

V, Cr, Zn και Fe κυμαίνονται μεταξύ των 1350-46100 μg g-1, 0.52-17.90 μg g-1, 1.72-

90.20 μg g-1, 2.61- 33.4 μg g-1, 2.04- 222 μg g-1, 14.60-282 μg g-1 και 1010-28700 μg 

g-1 αντίστοιχα. Εκτός από αυτά τα 95 δείγματα βρύων, συλλέχθησαν ακόμη 10 

δείγματα από την περιοχή των Σκουριών, κοντά στα μεταλλεία. Προσδιορίστηκαν οι 

συγκεντρώσεις των ίδιων ιχνοστοιχείων, οι οποίες είναι μεγαλύτερες από αυτών της 

υπόλοιπης Βορείου Ελλάδας, υπογραμμίζοντας έτσι τον αντίκτυπο που έχουν οι 

εργασίες εξόρυξης στο περιβάλλον. 

Για τον προσδιορισμό των πηγών των ιχνοστοιχείων, εφαρμόστηκε το μοντέλο PMF5, 

σύμφωνα με το οποίο αναγνωρίστηκαν 5 πηγές: η σκόνη από το χώμα, το παλαιωμένο 

θαλασσινό αλάτι, η σκόνη από τον δρόμο, τα εργοστάσια καύσης λιγνίτη και τέλος η 

πλούσια σε Mn πηγή. Οι περιοχές της Δυτ. Μακεδονίας και των Σκουριών είναι αυτές 

που ξεχωρίζουν και συνδέονται με τα εργοστάσια καύσης λιγνίτη, την πλούσια σε Mn 

πηγή και τη σκόνη από τον δρόμο αντίστοιχα. Η σκόνη από το χώμα συνεισφέρει στα 

περισσότερα δείγματα των βρύων σε ποσοστό πάνω από 50%, υποδεικνύοντας ότι η 

πλειοψηφία των ιχνοστοιχείων μεταφέρεται στα βρύα μέσω της επαναιώρησης του 

χώματος. 

Μελετήθηκαν ακόμη οι συγκεντρώσεις των ιχνοστοιχείων στο χώμα. Τα στοιχεία Al, 

K, Si και Ti βρίσκονται σε παρόμοια επίπεδα σε όλα τα δείγματα, δείχνοντας έτσι ότι 

δεν οφείλονται σε ανθρωπογενείς πηγές. Οι περιοχές που παρουσιάζουν υψηλές 
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συγκεντρώσεις των Ni, Mn, Fe, Mg και Cr στα βρύα, αντιστοιχούν με αυτές του 

εδάφους, υποδεικνύοντας επομένως την ύπαρξη των κοινών πηγών τους. 

Μελετήθηκαν ακόμη οι συγκεντρώσεις των εξής ραδιονουκλιδίων: 7Be, 210Pbuns, 
40K, 

232Th, 226Ra και 137Cs οι οποίες κυμαίνονται ως εξής: 69- 1280 Bq kg-1, 147 - 2049 Bq 

kg-1, 120- 1060 Bq kg-1, 0- 66 Bq kg-1, 0- 126 Bq kg-1 και τέλος 0- 590 Bq kg-1 

αντίστοιχα. Δεν βρέθηκε κάποια συσχέτιση μεταξύ των συγκεντρώσεων των 

ραδιονουκλιδίων και του ύψους, της θερμοκρασίας και των υγρών κατακρημνίσεων. 

To 7Be αφού δημιουργηθεί στην τροπόσφαιρα, προσκολλάται στα διάφορα αεροζόλ, 

οπότε καταλήγει στα βρύα μέσω της εναπόθεσής (υγρή, ξηρή) τους. Ο 210Pbuns 

προέρχεται από την αποδιέγερση του 222Rn στην ατμόσφαιρα, την προσκόλληση του 

στα αεροζόλ και τέλος την εναπόθεση τους μέσω της υγρής και ξηρής εναπόθεσης στα 

βρύα. Τα ραδιονουκλίδια 232Th και 226Ra τοποθετούνται στα βρύα τόσο μέσω της 

εναπόθεσης αεροζόλ όσο και σωματιδίων χώματος. Το 40K προέρχεται από τα 

σωματίδια χώματος που αιωρούνται στην ατμόσφαιρα. Το ίδιο μοτίβο ακολουθεί και 

το τεχνητό ραδιονουκλίδιο 137Cs, το οποίο καταλήγει στα βρύα μέσω της 

επαναιώρησης των σωματιδίων του εδάφους.  

Τα βρύα συλλέχθησαν από διάφορες επιφάνειες (πάνω από πέτρες, στο έδαφος, σε 

κλαδιά και κοντά στις ρίζες). Παρατηρούνται μικρές διαφορές στις συγκεντρώσεις 

τους, ανάλογα με την επιφάνεια συλλογής τους. Το 7Be παρουσιάζει μεγαλύτερες 

συγκεντρώσεις στα δείγματα που συλλέχθησαν από το έδαφος από ότι κοντά στις ρίζες. 

Τα νουκλίδια 210Pb, 226Ra και 232Th δεν παρουσιάζουν καμιά ιδιαίτερη διαφορά. 

Παρουσιάζεται μια ομοιογένεια στις συγκεντρώσεις του 137Cs, ενώ το 40K, εμφανίζει 

μεγαλύτερες συγκεντρώσεις στα βρύα που βρίσκονταν κοντά στις ρίζες.  

Οι συγκεντρώσεις των ραδιονουκλιδίων μελετήθηκαν επιπλέον στα αντίστοιχα 

δείγματα χώματος και κυμαίνονται ως εξής: για το 137Cs από 0.34 μέχρι 2569 Bq kg-1, 

για το 40K από 52.79 μέχρι 1148 Bq kg-1, και για τον 210Pb από 11.46 μέχρι 1381 Bq 

kg-1. Δεν παρατηρείται καμία συσχέτιση μεταξύ των συγκεντρώσεων των 40K και 210Pb 

στα βρύα και στα χώματα. Αντίθετα, υπάρχει μια ταύτιση μεταξύ των περιοχών που 

παρουσιάζουν υψηλές συγκεντρώσεις 137Cs στα βρύα, στα χώματα και αυτών που είχαν 

χαρακτηριστεί ως οι πιο επιβαρυμένες ακριβώς μετά το ατύχημα στο Τσέρνομπιλ. 

Τελος, η επαναιώρηση του χώματος είναι η κύρια πηγή της πλειοψηφίας των 

ιχνοστοιχείων και των ραδιονουκλιδίων στα βρύα. 
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Chapter 1   Introduction 

Air pollution is one of the most serious problems nowadays. Since industrial revolution 

and due to the increasing human activities and urbanization, the chemical composition 

of the atmosphere has changed over time and the air quality has deteriorated (Seinfeld 

& Pandis, 2006; Gerdol et al; 2014; González Ortiz et al., 2019). The increase of 

atmospheric pollutants in urban and industrial areas consists one of the main European 

scientific concerns since the 1970’s and currently is considered to be the most important 

environmental risk to human health and ecosystems (Gerdol et al., 2014; Di Palma et 

al., 2016).  

Some of the most important pollutants of the atmosphere are the particulate matter 

(PM), the trace elements and the persistent organic compounds. Trace elements are 

those pollutants of the atmosphere which are going to be studied in the current survey. 

They can enter in all ecosystems while they are emitted to the atmosphere in different 

forms, gas or even in particulate matter (Herpin et al., 1996; Cucu-Man, 2004). There 

are different sources of the atmospheric emitted trace elements, such as housing and 

commercial properties, industrial processes and oil combustion (Cr, Ni, V, Cu), 

metallurgy (Mn, Zn, Pb, Cd), sea spray (Cl, Na, Mg), soil and road dust (Fe, Ca, Al, 

Si), traffic emissions (such as brake abrasion: Cu, Ba, Sb, combustion of lubricating 

oil: Zn, Ca) and agriculture (atmospheric ammonia) (Pio et al., 1989; Marenco et al., 

2006; Almeida et al., 2005; Yin et al., 2005; Shauer et al., 2006; Zabalza et al., 2006; 

Viana et al., 2008; Harmens et al., 2008; 2011).  

Trace elements can be transported over long distances and can be deposited many 

kilometers away from their emitting sources, impacting on human health and the 

environment (Meyer et al., 2015). The exposure to elevated concentrations of trace 

elements have significant impacts on human health, particularly in urban areas 

(González Ortiz et al., 2019). They have been associated with different health problems 

such as respiratory, cardiovascular and immunological problems (Metzger et al., 2004; 

Meng et al., 2007; Bell et al., 2008; Vuković, 2015; Mirabelli et al., 2020). They can 

influence all the ecosystems. They have several environmental impacts, and can affect 

the vegetation, fauna and the quality of water and soil (González Ortiz et al., 2019).  

It is crucial for humans to deal with this global thread by recognizing all the pollutants, 

understanding how they are transformed in the atmosphere and how they can affect 

human health and ecosystems. As a result, monitoring the air quality is considered 

necessary. During the last 20 years, different instructions (1999/30/ EC, 2002/3/EC, 

2004/107/EC and 2008/50/EC) have been officially followed by the European 

Community for air quality assessments related to trace elements, nitrogen and sulphur 

dioxides, and ozone concentrations in the atmosphere (Di Palma et al., 2016). The 

international cooperation for controlling and reducing the air pollution during this 

period, has significantly contributed to the decrease of trace elements emissions in 

Europe (Meyer et al., 2015; Ilyin et al., 2013). For example, during the period 1990 to 

2012, there was a decline in the total deposition of the elements Pb, Cd, and Hg of the 

order of 78%, 53% and 23% respectively (De Wit et al., 2015).  

For monitoring the quality of air, different complementary modelling techniques have 

been used and they are mostly based on physico-chemical measurements of different 
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air pollutants (2008/50/EC; Adamo et al., 2011). Monitoring the quality of ambient air 

is a complex procedure, as it requires expensive analytic instrumentations which need 

power supply and permanent maintenance, large number of potentially dangerous 

substances and finally temporal and spatial variations in the input rates of different 

pollutants (Boubel et al., 1994; Adamo et al., 2011; Tørseth et al., 2012; Gerdol et al., 

2014). Due to these difficulties, different alternatives were examined and finally the 

idea of biomonitoring became a reality in the late 1960’s by Rühling and Tyler (1968).  

Biomonitoring is a technique that gives the possibility to detect spatial and temporal 

variations in the atmospheric deposition of different pollutants and to define their 

possible sources (Pott & Turpin, 1998; Bargagli, 1998; Markert et al., 2003; Lehto et 

al., 2008; Schröder et al., 2008; 2010; Holy et al., 2009; Harmens et al., 2010; Adamo 

et al., 2011; Gerdol et al., 2014). This technique uses living organisms as biomonitors 

either passively or actively, based on their sensitivity to air pollution or their capacity 

of accumulating pollutants in their tissues (Falla et al., 2000; Wolterbeek, 2002; Gerdol 

et al., 2014).  

During the recent decades and among the different living organisms (vascular plants, 

mosses and lichens) that can be used as bioaccumulators of airborne pollutants (Paatero 

et al., 1998; Conti et al., 2001; Onianwa, 2001; Malizia et al., 2012; Gerdol et al., 2014), 

mosses and lichens have been systematically chosen for environmental monitoring. 

Mosses are special living organisms- one of the earliest land plants in evolutionary 

terms (Decker et al., 2006), and they have reasonably attracted the interest of the 

researchers as they present very unique characteristics that have not been noticed in 

other plants (Czarnowska et al., 1974). 

The idea of using mosses as biomonitors in order to measure the atmospheric 

depositions of metals was originally established in 1980 as a Swedish initiative under 

the leadership of Åke Rühling in Sweden (Harmens et al., 2015). Using mosses as 

bioindicators of atmospheric fallout, is based on the fact that elemental concentrations 

in mosses are closely related to atmospheric deposition (Rühling & Tyler, 1968; Little 

& Martin, 1974; Gjengedal &Steinnes, 1990; Steinnes et al., 1992). Mosses are able to 

accumulate airborne pollutants such as trace elements (Rühling & Tyler, 1968; Little & 

Martin, 1974; Herrmann, 1976; Tomassini et al., 1976; Thomas, 1986; Tyler, 1990; 

Bargagli et al., 1995; Schröder et al., 2008) and organic compounds (Harmens et al., 

2013) due to their morphological and physiological characteristics (Gerdol et al., 2014).  

Mosses are non-vascular plants and they have no roots; they develop only rhizoids for 

anchoring on the substrate and all the nutrients and water are obtained mainly from wet 

and dry deposition (Schwartzenberg, 2006; Glime, 2017). The uptake of trace elements 

from the ground is not significant (Harmens et al., 2010). Due to the fact that they do 

not grow very fast, they are able to accumulate trace elements over a large time period. 

The elemental concentrations accumulated every year in mosses can be revealed by 

studying each annual growth segment of mosses (Chakrabortty & Paratkar, 2006). 

Some moss species are appropriate for assessing the quality of air on large geographic 

scale due to the fact that they compose extensive populations (Gerdol et al., 2014; 

Harmens et al., 2012). The elemental concentrations in mosses which cover a large 

geographic scale may vary. This is due to the fact that the accumulation of elements in 
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moss tissues can be seriously influenced by local pollution sources and different 

environmental factors (Schröder et al., 2008; Tørseth et al., 2012; Gerdol et al., 2014).  

The moss analysis technique is an easy and less expensive method than the conventional 

deposition analysis as no special deposition collectors are required and a high sampling 

density can be carried out (Berg et al., 1995; Gusev et al., 2009; Harmens et al., 2010). 

Information about trace elements deposition can be obtained even in remote places, 

covering a big spatial grid during the same period. Mosses do not provide direct 

quantitative measurements of elements deposition. However, relating the information 

from different moss surveys to deposition monitoring data for each country, 

information about elemental concentrations can be extracted and the areas that are at 

risk from air pollution can be identified at a high spatial resolution (Berg & Steinnes, 

1997; Berg et al., 2003; Harmens et al., 2010; Schröder et al., 2010). 

The first European moss survey on trace elements was conducted in 1990 and since 

then it has been repeated every five years (Harmens et al., 2013). The first two moss 

surveys (1990 and 1995) were coordinated by the Nordic Working Group on 

Monitoring and Data, Nordic Council of Ministers (Harmens et al., 2015). Since 2000, 

the International Cooperative Programme on Effects of Air Pollution on Natural 

Vegetation and Crops (ICP Vegetation) handed over the coordination of moss 

biomonitoring at the Centre for Ecology & Hydrology (CEH) in Bangor, UK. The 

European moss survey provides data on concentrations of As, Al, Sb, Cd, Cr, Cu, Fe, 

Hg, Ni, Pb, V, Zn elements in naturally growing mosses (Harmens et al., 2015).  

According to the latest ICP Vegetation results, the lowest elemental concentrations in 

mosses have been found in Scandinavia, in the Baltic states and in northern parts of the 

UK, while the highest ones are found in Belgium and south-eastern Europe, resulting 

in a more or less declining gradient from south-east to north-west. There is a general 

decline in emission and deposition of metals across Europe which has also resulted in 

a decrease in the elemental concentrations in mosses for the majority of metals. Since 

1990, the median concentration in mosses across Europe has declined the most for lead 

(77%), followed by vanadium (55%), cadmium (51%), chromium (43%), zinc (34%), 

nickel (33%), iron (27%), arsenic (21%, since 1995), mercury (14%, since 1995) and 

copper (11%). The decline of the concentrations of Cd, Pb and Hg in mosses are also 

positively correlated and verified by the declines in atmospheric deposition modelled 

by the European Monitoring and Evaluation Programme across Europe (EMEP: Co-

operative Programme for monitoring and evaluation of the long-range transmission of 

air pollutants in Europe) (Harmens et al., 2015). 

The latest moss survey was conducted in 2015/2016, coordinated by the Joint Institute 

of Nuclear Research (JINR; Dubna, Russian Federation), under the auspice of the ICP 

Vegetation Programme (United Nations Economic Commission for Europe Convention 

on Long-Range Transboundary Air Pollution. Monitoring of Atmospheric Deposition 

of Heavy Metals, Nitrogen and POPs in Europe using Bryophytes) (Frontasyeva et al., 

2015). Greece participated in this European moss survey with our group consisted by 

Professor Dr. Alexandra Ioannidou and Dr. Evdoxia Tsakiri. It’s the first time that the 

levels of trace elements deposited in mosses in the Greek territory are included in the 

European moss data base. For Greece there is only one previous related report available; 
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an attempt that aimed to monitor cross-border mapping of metals and toxic elements 

accumulated in mosses reflecting wet and dry deposition, covering a small area in 

Northeastern Greece and the adjacent area of Southern Bulgaria (Yurukova et al., 

2009). 

Mosses except of being great bioindicators of trace elements can also be a very good 

tool for the detection of different radionuclides. During the last thirty years, they have 

been successfully used as monitors of different radionuclides such as 210Pb, 210Po, 137Cs, 
7Be and 40K (Papastefanou et al., 1989; Papastefanou & Manolopoulou, 1992; Godoy 

et al., 1998; Delfanti et al.,1999; Uğur et al., 2003; Krmar et al., 2007, 2009, 2016; 

Cevik & Celik, 2009; Sert et al., 2011; Ziembic et al., 2013; Boryło et al., 2017). Mosses 

accumulate and retain radionuclides through passive processes and thus their spatial 

and temporal deposition patterns can be recorded (Loppi et al., 2003; Sawidis et al., 

2009). More specifically, mosses due to their widespread occurrence, slow growth, 

morphology and their continuous exposure to radionuclides deposition, they are able to 

preserve all the previous deposited activity providing the history of the radionuclide 

supply in the environment (Sawidis et al., 2009; Krmar et al., 2009, 2016). These 

characteristics of mosses favor the study of different atmospheric processes which are 

correlated with the airborne radionuclides, such as 7Be and 210Pb. The study for example 

of the cosmogenic radionuclide beryllium, which is accumulated in mosses, helps 

understanding and tracking the aerosols in the atmosphere. This is due to the fact that 

beryllium, after its formation, is attached to aerosols particles and the fate of Be 

becomes the fate of the carrier aerosols (Papastefanou & Ioannidou, 1995a). 

Additionally, useful information about any local processes and depositional 

characteristics concerning the 137Cs and 40K nuclides can be provided by the mosses 

analysis (Krmar et al., 2007).  

The main aim of the current survey is to study the bioaccumulation of trace elements 

and radionuclides in mosses from Northern Greece. Until now, in Greece no other 

research has used mosses as bioindicators in order to describe simultaneously the 

elemental and radionuclides concentrations coming from the atmospheric deposition in 

such a big scale, covering the whole region of Northern Greece.  

For this purpose, at the end of summer till middle of autumn of 2016, moss samples of 

Hypnum cupressiforme Hedw. were collected from the Regions of West, Central and 

East Macedonia & Thrace. The fact that Hypnum cupressiforme Hedw. is a species that 

could be found and collected in all the phytogeographical areas of Greece (Tsakiri, 

2009), gave the possibility of performing an overall overview of the atmospheric 

deposition of trace elements and radionuclides in mosses during a five years’ period, 

according to the ICP Vegetation ‘Moss Survey Protocol’. Furthermore, by investigating 

the spatial distribution of trace elements in mosses, including the areas that are closer 

to the boarders, leads to track and understand any transboundary transport of them and 

identify any possible source not located in the Greek territory but may be associated to 

the neighboring countries activities.  

For the purposes of this research, the ‘Epithermal Neutron Activation Analysis’ 

technique (ENAA), in combination with gamma spectrometry analysis are the tools that 

were used for the determination of trace elements and radionuclides concentrations in 
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mosses, while the ‘Source Apportionment’ technique is the statistical tool that was used 

for the identification of their sources. 

This thesis consists of five more chapters. The theoretical background and the 

methodology for the moss survey are described in Chapter 2 and 3 respectively, 

followed by a summary of spatial distributions of different trace elements presented in 

maps (Chapter 4). In Chapter 5, the radioactive nuclides accumulated in mosses are 

discussed and finally the conclusions are drawn in Chapter 6. 
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Chapter 2   Theoretical Background 

This chapter provides the basic concepts of γ-ray spectroscopy. The modes of 

radioactive decay, mechanisms of gamma-ray photon interaction with matter and how 

these relate to γ-ray spectrometry are discussed. A brief summary is provided about X-

ray fluorescence (XRF) spectroscopy. In the end, a short description about trace 

elements, mosses and their use as biomonitors is provided. 

 

2.1 Gamma ray emission 

The nucleus is characterized by discrete energy levels (Leo et al., 1994). The stability 

of the nucleus depends on the neutron-proton ratio (N/Z). An unstable nucleus may 

undergo several decay processes in order to reach stability. If there is a slight imbalance 

of the neutron-proton ratio, the radionuclide will undergo beta (β) decay, whereas if 

there is a large imbalance, alpha (α) decay will occur. Both the α and β decay modes 

may produce a daughter nucleus in an excited state (Gilmore, 2008; Kaniu, 2017).  

The excited nucleus will go from the excited state to another state of lower energy 

(ground state) instantly (~10−12 s), via internal conversion or γ emission processes. 

Concerning the γ emission process, the energy difference between these two states is 

released in the form of a photon (Leo et al., 1994; Gilmore, 2008; Kaniu, 2017). In 

internal conversion process, the nucleus de-excites by transferring its nuclear excitation 

energy directly to an atomic electron, rather than emitting a photon. The electron is 

ejected with a kinetic energy equal to the excitation energy minus its atomic binding 

energy (Leo et al., 1994). The internal conversion process is not going to be studied in 

the present work. 

The gamma decay is described in equation 2.1: 

𝑋∗𝑍
𝐴 → 𝛸𝛧

𝛢 + 𝛾         (2.1) 

where, 

𝑋∗𝑍
𝐴 indicates the excited nucleus which de-excites to a lower energy state nucleus 𝑋𝑍

𝐴 , 

accompanied by the emission of γ- ray (Tsoulfanidis & Landsberger, 2010). The half-

lives of gamma emissions are usually between 10-9 s till hours or days. 

 

 

2.2 Radioactivity 

Radioactivity is a spontaneous process during which an unstable nucleus (parent) emits 

a particle and it is transformed into another nucleus (daughter) that may or may not be 

stable. During the transition, the nucleus (parent) loses energy. This energy (decay 

energy) is emitted in the form of electromagnetic radiation or kinetic energy of the 

reaction products. Radioactivity is traditionally measured in units Curies (Ci), which is 

defined as the activity of 1 g of pure radium-226. For laboratory-scale radioisotope 

sources, its submultiples are more suitable (mCi and μCi), as well as the unit of 
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Becquerel (Bq), which means one disintegration per sec. One Curie is equivalent to 3.7 

x 1010 Bq (Leo et al., 1994; Gilmore, 2008). 

Radioactivity is divided into two types, natural and artificial radioactivity, depending 

on the anthropogenic or not origin of it. The radioactive nuclides (natural or artificial), 

which have atomic number Z>82 (the elements that are above 208Pb), tend to gradually 

decay via alpha, beta and gamma emission. The radioactive nuclides have been created 

during different processes such as the Big Bang, different cosmic processes (e.g. 

supernova) and nuclear reactions that occur on Earth (Gilmore, 2008; Papa, 2018).  

Natural radioactive nuclides can be found in a lot of materials in the surrounding, such 

as in the terrestrial environment (rocks and minerals), but also in the atmosphere due to 

nuclear reactions that occur there such as 3H, 7Be, 14C. Natural radioactivity of the 

terrestrial environment originates from long-lived primordial radionuclides, namely 

potassium (40K), actinium (235U and its daughters), uranium (238U and its daughters) 

and thorium (232Th and its daughters). Terrestrial materials i.e. soil, rocks, minerals that 

contain these radionuclides are referred to as naturally occurring radioactive materials 

(NORM) (Gilmore, 2008). The three natural radioactive series of 238U, 235U and 232Th 

are presented in Figure 2.1 (Mermier & Seldon, 1969).  

 

 

Figure 2.1. The three natural radioactive series of 238U, 235U and 232Th (Ferreira et al., 2015). 
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2.2.1 The Radioactive Decay Law 

The radioactive decay law was firstly established experimentally by Rutherford and 

Soddy. It states out that the activity of a radioactive sample decays exponentially in 

time (Leo et al., 1994). According to the decay law, each nuclear decay process is 

characterized by a transition probability per unit time λ. The decay rate (
𝑑𝑁

𝑑𝑡
) is 

proportional to the present number of atoms (N) of radionuclide in the sample (equation 

2.2), assuming that no new nuclei are introduced into the sample (Gilmore, 2008).  

𝐴 = −
𝑑𝑁

𝑑𝑡
= 𝜆𝑁        (2.2) 

where, 

A is the activity of the radionuclide in Bq and λ is the decay constant in s-1. 

The number of radionuclides N(t) follows the exponential behavior: 

𝑁(𝑡) = 𝑁0𝑒
−𝜆𝑡        (2.3) 

where, 

N0 is the number of radionuclides at t=0 s. Thus the exponential decrease in the activity 

of a radioactive sample is governed by the decay constant λ (Leo et al., 1994). The 

decay equation describes also the radioactivity A(t), as it is proportional to the number 

of radionuclides. 

The probability that a nucleus will not decay in time t- is given by the ratio of  

𝑎𝑡𝑜𝑚𝑠 𝑛𝑜𝑡 𝑑𝑒𝑐𝑎𝑦𝑖𝑛𝑔 𝑖𝑛 𝑡𝑖𝑚𝑒 𝑡

𝑎𝑡𝑜𝑚𝑠 𝑎𝑡 𝑡=0
=
𝑁(0)𝑒−𝜆𝑡

𝑁(0)
= 𝑒−𝜆𝑡     (2.4) 

The probability that a nucleus will decay between t and t+dt is p(t) dt= λe-λtdt. The mean 

lifetime (𝑡̅) which represents the needed time for a sample of radionuclides to decay to 

1/e of its initial activity is defined as: 

𝑡̅ = 𝜆 ∫ 𝑡𝑝(𝑡)𝑑𝑡
∞

0
= 𝜆 ∫ 𝑡𝑒−𝜆𝑡𝑑𝑡

∞

0
=
1

𝜆
     (2.5) 

The half-life t1/2 is defined as the time it takes for the sample to decay to one half of its 

original activity (Leo et al., 1994; Tsoulfanidis & Landsberger, 2010).  

𝑁(𝑡1/2)

𝑁0
=
1

2
⇒ 𝑒−𝜆𝑡1/2 =

1

2
⇒ 𝜆 =

𝑙𝑛2

𝑡1/2
      (2.6) 

Finally, in the case of samples with big volumes, in order to describe the activity of a 

radionuclide per unit mass of the sample (Bq kg-1), it should be assumed that the activity 

is distributed in the whole sample in a uniform and homogeneous way (Tsoulfanidis & 

Landsberger, 2010; Pappa, 2018).  
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2.2.2 The Radioactive Decay Chains 

It is very often for a nuclide to decay to a daughter nucleus, which will also decay to 

another unstable nucleus and so on. As a result, a radioactive decay chain is generated. 

The first nucleus is called “parent” nuclide, while the produced radioactive products are 

referred as “daughters” or “progenies” of the parent nuclide. The decay chains can be 

very complex especially when the granddaughter and several of its progenies are also 

radioactive (Gilmore, 2008; Kaniu, 2017). 

The decay kinetics can be described in equation 2.7. The radioactive parent nuclide P, 

decays with a decay constant λP into a daughter nuclide D, that in turn will decay into 

a stable granddaughter nuclide G, with a decay constant λD.  

𝑃
𝜆𝑃
→ 𝐷

𝜆𝐷
→ 𝐺         (2.7) 

After applying the radioactive decay law, the following equations come up: 

𝑑𝑁𝑃

𝑑𝑡
= −𝜆𝑃𝑁𝑃         (2.8) 

𝑑𝑁𝐷

𝑑𝑡
= −𝜆𝐷𝑁𝐷         (2.9) 

𝑑𝑁𝐺

𝑑𝑡
= −𝜆𝐺𝑁𝐺         (2.10) 

Then, the number of P atoms at time t and the number of daughter nuclei D present at 

time t are given by equations (2.11) to (2.13). 

𝑁𝑃(𝑡) = 𝑁𝑃(0)𝑒
−𝜆𝑃𝑡        (2.11) 

𝑁𝐷(𝑡) = 𝑁𝑝(0)
𝜆𝑃

𝜆𝐷−𝜆𝑃
[𝑒−𝜆𝑃𝑡 − 𝑒−𝜆𝐷𝑡]     (2.12) 

𝑁𝐺(𝑡) = 𝑁𝑝(0) {1 +
1

𝜆𝐷−𝜆𝑃
[𝜆𝑃𝑒

−𝜆𝐷𝑡 − 𝜆𝐷𝑒
−𝜆𝑃𝑡]}    (2.13) 

where Np(0) is the number of P atoms at time t=0. 

Then the activity of D at time t (AD(t)) is given by equation (2.14). 

𝐴𝐷(𝑡) = 𝜆𝐷𝑁𝐷(𝑡) = 𝐴𝑃(𝑡)
𝜆𝑃

𝜆𝐷−𝜆𝑃
[1 − 𝑒−(𝜆𝐷−𝜆𝑃)𝑡]    (2.14) 

where AP(t)= λPNP(t) and it’s the activity of P at time t (Leo et al., 1994; Gilmore, 2008; 

Kaniu, 2017). 

Using the Bateman equation (equation 2.15), the general chain of decaying nuclei can 

be described. More specifically, the Bateman’s equation describes the number of atoms 

of the ith isotope Ni(t) of the series (Ni(0)) at time t=0 and Ni(0)=0 for i >1). 

𝑁𝑖(𝑡) = 𝜆1𝜆2⋯𝜆𝑖−1𝑁1(0)∑
𝑒−𝜆𝑖𝑡

∏ (𝜆𝑘−𝜆𝑗)𝑘≠𝑗

𝑖
𝑗=1      (2.15) 

There are three types of equilibrium:  

a) secular equilibrium (λi<<λi+1) - the daughter nuclide is decaying in the same rate at 

which it is produced) 
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b) transient equilibrium (λi<λi+1)- the daughter nuclide decays with the characteristic 

decay constant of its parent) 

c) non equilibrium (λi>λi+1) the parent nuclide decays quickly and the daughter activity 

rises to a maximum and then decays with its characteristic decay constant) 

(Tsoulfanidis & Landsberger, 2010). 

In the natural decay series, radioactive decay and emissions from the daughter products 

of 238U and 232Th are used to estimate their (238U and 232Th) activity concentrations with 

the assumption that secular equilibrium exists (Kaniu, 2017). However, disequilibrium 

especially in the uranium decay series occurs due to escape of radon gas (222Rn) and 

removal or addition of members of the series by processes such as dissolution or 

precipitation e.g. leaching of 230Th and 226Ra (IAEA, 2003). 

 

 

2.3 Gamma ray detection 

Gamma-ray photons interact with matter either with the nuclei or orbital electrons of 

the absorbing medium (Knoll, 2000). The photon-orbital electron interactions are 

between the photon and either (i) loosely bound electron in Thomson and Compton 

scattering processes or (ii) tightly bound electron via photoelectric absorption and 

Rayleigh scattering processes. Interactions between the photon and electrostatic field 

of the nucleus occur via the pair production process. The three primary and most 

relevant interactions described in this section are the photo-electric absorption, the 

Compton scattering and the pair-production (Kaniu, 2017). 

 

2.3.1 The Photoelectric Effect 

During the photoelectric effect (Figure 2.2) a photon (gamma ray) interacts with a 

bound atomic electron, resulting in the disappearance of the photon and the ejection of 

the atomic electron from the atom. The free electron is called photoelectron and its 

kinetic energy is given by equation (2.16). 

𝐸𝑒 = 𝐸𝛾 − 𝐸𝑏         (2.16) 

where, 

Ee is the kinetic energy of the photoelectron, Eγ is the photon energy and Eb is the 

binding energy of the electron to the atomic orbit. 

The photoelectric effect always occurs on bound electrons, in order the momentum to 

be conserved. As a result, the nucleus absorbs the recoil momentum (Knoll, 2000; 

Gilmore, 2008; Pappa, 2018). 
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Figure 2.2. The photoelectric effect (Gilmore, 2008). 

 

 

2.3.2 The Compton scattering 

In the Compton scattering (Figure 2.3) process, a photon scatters from a free or nearly 

free atomic electron, resulting in a less energetic photon and a scattered electron 

carrying the energy lost by the photon. The kinetic energy of the scattered electron is 

given by equation 2.17. 

𝐸𝑒 = 𝐸𝛾 − 𝐸𝛾′         (2.17) 

where, Ee is the kinetic energy of the scattered electron, Eγ is the photon energy and Eγ΄ 

is the energy of the scattered photon. 

 

 

Figure 2.3. The Compton Scattering (Gilmore, 2008). 

 

 

2.3.3 The Pair Production 

Unlike the photoelectric absorption and Compton scattering, the pair production is a 

result of the interaction of the gamma-ray with the atom as a whole. The process takes 

place within the Coulomb field of the nucleus, resulting in the conversion of a gamma-

ray into an electron–positron pair. In order this process to take place, the gamma-ray 

must carry an energy at least equivalent to the combined rest mass of the two particles 
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– 511 keV each, making 1022 keV in all (Gilmore, 2008). Thus, according to the 

conservation of energy, the kinetic energy of the electron and the positron is given by 

equation 2.18. 

𝐸𝑒− + 𝐸𝑒+ = 𝐸𝛾 − (𝑚𝑐
2)𝑒− − (𝑚𝑐

2)𝑒+ = 𝐸𝛾 − 1.022𝑀𝑒𝑉  (2.18) 

where, 

Ee- is the kinetic energy of the electron, Ee+ is the kinetic energy of the positron, Eγ is 

the photon energy and mc2 is the rest mass of electron or positron (Pappa, 2018). During 

pair production the original photon is eliminated, however two photons are created 

when the positron is annihilated (Figure 2.4). 

 

 

Figure 2.4. The mechanism of pair production (Gilmore, 2008). 

The dependence of the above gamma ray interaction processes, with Eγ and Z is 

described in Figure 2.5. The line at the left represents the energy at which photoelectric 

absorption and Compton scattering are equally probable as a function of the absorber 

atomic number. The line at the right represents the energy at which Compton scattering 

and pair production are equally probable. Three areas are thus defined on the plot within 

which photoelectric absorption, Compton scattering, and pair production each 

predominate (Knoll, 2000). 

 

 

Figure 2.5. The dependence of the photoelectric absorption, Compton scattering and pair production 

with Eγ and Z (Knoll, 2000).  
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2.3.4 Principles of Detectors: HPGe Detector 

After describing the interactions of gamma ray photons with matter the basic principles 

of semiconductor detectors and specifically of Ge and HPGe detector follow. 

Semiconductors are crystalline materials which can be considered as a sum of 

interacting atoms. When the atoms approach each other close enough to form a solid, 

the valence electrons interact with each other and their atomic levels are broadened into 

wider regions, the energy bands. This energy band structure is consisted of three 

regions: the valence band, the "forbidden" energy gap and the conduction band (Figure 

2.6). 

 

Figure 2.6. The energy band of an insulator, semiconductor and conductor (Betsou, 2015). 

The valence band corresponds to the outer-shell electrons which are tightly bound to 

specific lattice sites in the crystal and it is totally occupied by electrons. In the 

"forbidden" energy gap there are no available energy levels and its size determines 

whether the material is classified as a conductor, an insulator or a semiconductor. The 

conductivity band is the region where the electrons are detached from their parent atoms 

and they are free to traverse the entire crystal (Leo, 1994; Knoll, 2000).  

In the semiconductors the energy gap between the valence and conduction bands is a 

small one (0.67 eV in Ge). At low temperatures, most electrons are fixed in the valence 

band of the crystal. Electrons are able to move since they gain energy (e.g. via 

interaction with ionizing radiation). That additive energy moves electron from the 

valence band to the conduction band and they can move freely in the crystal. An equal 

number of holes (positively charged ions) is created in the valence band, so as the gap 

of the missing electrons to be filled. Under the influence of the electric field the 

electrons-hole pairs travel to the electrodes (to the positive and negative contact, 

respectively). By collecting the electron-hole pairs, the detection signal is formed and 

it is sent to the Multi-Channel Analyzer (MCA) (Vagena, 2016). 

The semiconductor detectors are divided into two types: a) the intrinsic detectors and 

b) the impurity or extrinsic detectors. In a pure semiconductor (intrinsic 

semiconductor), the number of electrons in the conduction band is equal to the number 

of holes in the valence band. This balance can be destroyed by the introduction (doping) 

of a small amount of impurity atoms, which have one more or one less valence electron 

in their atomic shell. For example, for the silicon semiconductor, which is tetravalent, 

the dopant may be pentavalent or trivalent (Leo, 1994; Knoll, 2000).  
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In case of extrinsic semiconductors, the detectors are doped with other materials to 

increase the number of charge carrier and thus the possibility of conduction. When the 

doping process leads to an increment of the number of electrons, an n-type (negative 

type) semiconductor is formed. In case the doping process leads to an excess of the 

holes in the valence band, a p-type semiconductor is formed. For example, doping a 

silicon detector with small amounts of antimony (Sb) constructs an n-type detector 

(donor), while doping boron (B) creates a p-type detector (acceptor) (Vagena, 2016). 

The semiconductor detectors are based on the formation of a junction between the n-

type and the p-type semiconductors. Due to the different concentrations of the electrons 

and the holes in the two regions of the junction, there is a diffusion of holes to the n-

region, as well as a diffusion of conduction electrons towards the p-region (Figure 2.7). 

Thus, the p-region has a negative charge, while the n-region becomes positive. This 

effect creates an electric field across the junction which finally stops the further 

diffusion and an immobile charge distribution is presented. The region over which the 

charge imbalance exists is called as depletion region and is presented in both the p and 

the n sides of the junction (Leo, 1994; Knoll, 2000). This region corresponds to the 

active volume and it is sensitive to detect X-rays and gamma rays. This depletion region 

can get larger depending on the voltage that creates the electric field. This voltage is 

called “reverse bias”. On the available semiconductor materials, silicon (Si) detectors 

are mostly used for charged particle detectors, whereas germanium (Ge) detectors are 

used for gamma spectrometry (Vagena, 2016). 

 

 

Figure 2.7. The p-n junction. The electrons 

from the n-region are diffused to the p-region 

while the holes from the p-region are diffused 

to the n-region (Betsou, 2015).  

 

 

Figure 2.8. The n-type intrinsic germanium 

closed end co-axial detector (Vagena, 2016). 

 

High density of the semiconducting germanium (Ge) in combination with the good 

intrinsic energy resolution and the possibility of large active volumes make HPGe the 

most preferred material for γ-ray spectrometry.  

There are two main types of HPGe detectors: a) the coaxial and b) the well type. For 

the purpose of decay counting, a coaxial dipstick detector is used. The dipstick system 

(Figure 2.8) includes a rod made of copper that results to the cooling of the Ge detector. 

These types of detector present a more uniform, efficient cross section of the active 

detector volume to samples that are counted at a short distance from the detector. When 

a γ-ray interacts in the active volume, it creates electrons which are collected on the n+ 

contact, while the holes are collected on the p+ contact, and the current that occurs as 
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the electrons and holes move toward the electrodes, once integrated, constitutes the γ-

ray energy signal. Due to the narrow bandgap, the main characteristic of the 

semiconductor materials, Ge detectors need to be cooled so as to reduce the electrical 

noise that is caused by the charge carriers due to temperature. The width of the bandgap 

is reduced when the temperature is increased. The detector is mounted in a vacuum 

chamber, which is attached to or inserted into a LN2 Dewar. For the cooling, liquid 

nitrogen is used and the system is cooled to a temperature of 77 K (-196˚C). Finally, 

for the reduction of the background radiation, lead (Pb) shielding is needed in Ge 

gamma spectroscopy systems (Figure 2.9) (Vagena, 2016). 

 

 

Figure 2.9. A p-type Ge detector followed by representation of the cryostat and the liquid nitrogen 

reservoir (Canberra, 2003; Vagena, 2016) 

 

 

2.4 X-ray emission 

The X-ray emission is the result of the atomic electron rearrangement, after the electron 

capture and internal conversion. The electron during e.g. the excitation process, is 

ejected from the bound state having a kinetic energy equal to the excitation energy 

minus the electron’s atomic binding energy. The excited atom or an electron from 

another state will move preferentially to the lowest possible energy state so as to fill the 

vacant spot (Ei), emitting X-rays. The electron transitions are characterized by the 

letters K, L, M, etc. which represent the final energy state (Ef). Therefore, transitions to 

the L state, from other initial state, are called L X-rays. These discrete characteristics 

X-rays, can be used as atom’s fingerprints (Gilmore, 2008; Pappa, 2018). The emitted 

electromagnetic radiation (X-ray) during an electron transition is characterized by the 

frequency described in equation 2.19. 

𝑣 =
𝛦𝑖−𝐸𝑓

ℎ
         (2.19) 

where, 
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Ei is the energy of the initial orbit (state), Ef is the energy of the final orbit (state) and h 

is Planck’s constant. 

According to Moseley’s law the energy of the X-ray depends on the atomic number 

(equation 2.20) and it may range from a few eV (light elements) to few hundreds of 

keV (heaviest elements).  

𝐸𝑥 = ℎ𝑣 = 𝐸𝑖 − 𝐸𝑓 = 𝑘(𝑍 − 𝑎)
2      (2.20) 

where, 

Z is the atomic number, k is a constant for a particular spectral series and α is a screening 

constant for the repulsion correction due to other electrons in the atoms (Van Grieken 

& Markowicz, 2002; Pappa, 2018). 

 

 

2.5 X-ray detection 

The X-rays are photons of lower energy than gamma rays. They can interact with matter 

through the main processes of photoelectric effect and Compton scattering. As it was 

already mentioned the emission of the characteristic X-rays comes before the ionization 

of the inner atomic shells as a result of the photoelectric effect and Compton scattering. 

The K shell electrons, as the most tightly bound to the atom orbit, are the most important 

for the photoelectric effect in the energy region considered in X-Ray spectrometry. 

However, the photoelectric effect cannot occur in the case of photon energy below the 

binding energy of a given shell.  

Another mechanism with which X-rays interact with matter is the elastic or coherent 

scattering called Rayleigh. During the Rayleigh scattering the incident X-ray photon 

interacts with the whole atom and the electrons oscillate in the X-ray photon frequency, 

while the photon scatters without changing its energy and no energy is transferred to 

the atom (Gilmore, 2008; Pappa, 2018).  

Finally, by detecting and measuring the X-rays, information about the elements which 

are involved in a matrix can be obtained and makes the XRF analysis a useful tool for 

the determination of the elemental concentrations of different matrices. 
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2.6 Trace Elements 

2.6.1 Definition of the term “trace elements” 

Until now, there is no precise definition for the description of the term “trace elements” 

by any authoritative institution such as the International Union of Pure and Applied 

Chemistry (IUPAC). Generally speaking, the word “trace” is usually related to elements 

that are present in a matrix in very low concentrations, ppm or less (Bargagli, 1998; 

Duffus, 2002; Vuković, 2015). It is a fact that some elements can be characterized like 

trace elements when it’s about biological materials, but they cannot be characterized 

like that when it’s about environmental mediums such as water, soil and air (Vuković, 

2015).  

Although the term “trace elements” is often replaced by the term “heavy metals”. This 

misuse of the term “heavy metals” instead of the term “trace elements”, is a very often 

mistake in the literature. It is known that heavy metals consist a large group of chemical 

elements (more than 40) with atomic mass higher than 50 carbon units. Most of them 

are important nutrients for all the living organisms (human, animals, plants) when they 

occur in small amounts (Zn, Cu, Mn, Cr, Ni, V), whereas some others cause toxic 

effects when they occur excessively (Pb, Cd, Hg) (Spiegel, 2002; Duffus, 2002; 

Hoodaji et al., 2012). The degree of the toxicity of the elements varies, depending on 

the element and on the organism which is involved (Vuković, 2015). 

Based on the chemical characteristics that they present, such as their specific density, 

the term “heavy metals” include those metals or metalloids (semi-metals) that have a 

density greater than 4.5 g cm-3. In addition, some “lighter” metals such as Al (2.7 g cm-

3) and Be (1.85 g cm-3), along with the metalloids As (5.72 g cm-3) and Sb (6.68 g cm-

3) and the non-metal Se (4.8 g cm-3), can be characterized as “heavy metals” due to their 

high toxicity (Markert, 1993; Vuković, 2015). The term “heavy metals” is additionally 

based on the relative atomic mass, the atomic number, as well as other chemical 

properties (Duffus, 2002; Vuković, 2015). Additionally, there is another term, the 

“major elements”, which is related to Al, Ca, Fe, K, Na, Mg, and Zn elements.  

It should be also mentioned that in the literature, there are some other terms that are 

used instead of the term “trace elements”, such as the terms “micronutrients” or 

“essential elements” or “toxic elements”. Although, in this dissertation, only the term 

“trace elements” is going to be used. It indicates all these elements whose 

concentrations in the analyzed moss samples are lower than 1000 μg g-1 (Bargagli, 

1998; Vuković, 2015), irrespective of how essential or toxic these elements might be to 

the specific organisms.  

 

 

2.6.2 Sources of trace elements 

There are two different sources of trace elements in the environment, the natural and 

the anthropogenic ones. The natural source of the trace elements is from crustal material 

that is either dissolved or eroded from the Earth’s surface or is injected into the 

atmosphere due to volcanic activities. For example, some trace elements that have 
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natural origin are the elements Mg, Al, Ti, Si, Ca, Th, Ba, La, K, Fe, Cl, Br, Na. The 

different particles that are present in the atmosphere are released not only through the 

windblown dust, but also by vegetation too (Hoodaji et al., 2012).  

Except of the natural source of trace elements, there are also the anthropogenic ones. 

There are multiple anthropogenic emissions of trace elements in the environment. They 

can enter into the environment mainly via three routes:  

1)the deposition of the atmospheric particulates (road transport, industrial and 

mining activities, metallurgical processes, fossil fuel combustion, cement 

production) 

2)the disposal of sewage sludge and effluents, fertilizers and animal waste, 

which are enriched with trace elements 

3)the by-products created during different metal mining processes (Shrivastav, 

2001; Hoodaji et al., 2012).  

For example, some trace elements (such as Ni, V, Cr, Co, As, Sb, Hg, Pb, Cd) that come 

from anthropogenic activities, are released into the atmosphere mainly through the 

deposition of particulates.  

A general characteristic of all the trace elements is that they do not remain only near 

the source of emission but they can spread over long distances due to the wind and the 

local meteorological circumstances that are present in each area. After their possible 

spread (even through boarders) they are deposited to the environment through wet or 

dry deposition (Hoodaji et al., 2012). 

The exposure to trace elements may have a serious health impact on humans, and it 

emphasizes the importance of monitoring them in terms of air pollution. For this 

purpose, different approaches can be used. The technique of biomonitoring is among 

them, and it’s the one that is being studied in this dissertation. More specifically the use 

of mosses as biomonitors of trace elements is the approach that is being discussed in 

this study. 

 

 

2.7 Bryophytes  

2.7.1 General information 

Bryophytes are generally considered to be the first plants that invaded land 450 million 

years ago consisting the second largest group of plants. Bryophytes are plants that 

produce chlorophyll a and b (like flowering plants), but they lack of lignin and do not 

have true roots and leaves nor true conducting tissues (Glime, 2017a b). Despite their 

small size (the majority are only a few centimeters tall) they can be found all over the 

world, in a variety of habitats, from the sea level to high altitudes, with only exception 

being the sea water. The great variety of microhabitats where they can grow is due to 

their ability to exploit even small differences in the ecological conditions of the 

substrate and the environment (water and light availability, nutrients, etc.). They can 
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grow in almost all the substrates, on the ground, on rocks as epiphytes, on tree logs and 

branches, in streams, lakes and even on different man-made constructions such as roofs, 

etc. They have a major impact on the ecosystem as they could affect the nutrient 

cycling, water retention and water availability, especially in water related habitats such 

as peatlands, etc. (Smith, 1982; Shaw & Goffinet, 2000; Glime, 2017a).  

Bryophytes consist of three Phyla (Divisions): 

1.Anthocerotophyta (hornworts) with a limited number of only 100 species (or 

ca 200 species according to other authors), 

2.Marchantiophyta (liverworts), which are estimated 6000 to 8000 thallose and 

leafy liverwort species, and 

3.Bryophyta (mosses), being the biggest and most common Division including 

more than 10.000 species; they are distinguished into acrocarp and pleurocarp 

mosses (Figures 2.10 & 2.11) based upon the orientation and branching of the 

stems and the position of gametangia (Shaw & Goffinet, 2000).  

The life cycle of a typical moss (Division Bryophyta) begins with the spore germination 

that leads to the growth of a green, leafy gametophyte that represents the dominant 

generation of the moss (i.e. the part of the plant that is the most conspicuous and the 

most long-lived during the life cycle). The gametophyte is what we recognize as a moss 

species; it has a stem with small green-colored leaves (but not typical) and rhizoids 

(also not typical) which serves only for anchoring to different substrates, without being 

able to absorb water from it (Figure 2.10). On the gametophyte, after fertilization, the 

sporophyte is being formed which is totally depended for its growth on the gametophyte 

(Figure 2.11). For the completion of the life cycle, water presence is essential in order 

the sperm to be able to reach the egg for the fertilization (Glime, 2017c).  

The main sources of water for bryophytes are through wet deposition (rainfall, dew, 

mist, snowmelt), but not groundwater (due to lack of true roots). Since bryophytes lack 

the cuticle (in contrast with flowering plants) they can absorb water by their whole 

surface (stem and leaves). The majority are relying on external transport of water 

(ectohydric mosses), although there are species that also have the ability of internal 

water movement (via a central cylinder; endohydric mosses). (Glime, 2017b; d). There 

are extreme bryophyte examples, like Sphagnum species known to be able to absorb up 

to 22 times their mass (water capacity equals 2.200% of their dry mass); a property for 

which they were used as bandages during the World War I, as they could absorb 5-6 

times more than the cotton pads, in addition of also having antibacterial activity (Glime, 

2017e). Bryophytes ability to act like sponges, in order to cover their own water needs, 

affects also specific aquatic, bryophytes dominated, habitats (such as peatlands where 

Sphagnum species are the dominant plants of the habitat) and generally the ecosystem.  

Bryophyte species are also poikilohydric, i.e. they depend on the external 

environmental conditions to regulate their water content; thus they dry out when 

temperature is increasing and there is no water available and they are re-hydrated and 

slowly gain physiological activity when water is available again. How much tolerant 

can a bryophyte species be to desiccation depends on the species, but its microhabitat’s 

and habitat’s structure are also important for providing adequate hydration state. For 
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example, aquatic mosses seem to be less tolerant to dehydration comparing to dry 

habitat mosses which can withstand more extended periods of desiccation and resume 

photosynthesis easier. There are species that seems to avoid drought by using special 

structural adaptations and others that complete their life cycle in a way to avoid the 

vegetative plant getting dehydrated. When they are dry, bryophytes can survive months 

to even some years depending on the species (Glime, 2017b, e). 

 

 

2.7.2 Bryophytes growth and nutrients requirements  

For the growth of bryophytes, a number of factors play an important role (water, 

nutrients, light, temperature), with the availability of water being the most important. 

After covering the water requirements, moderate temperatures are also required for the 

growth of bryophytes (usually less than 25˚C), thus during summer, especially in dry 

climates their growth is being reduced. In temperate climates, as is the situation in the 

sampling area of Northern Greece, growth generally seems to occur during spring and 

autumn but it slows down and even stops in summer (depending on the area where the 

moss species grow), while during winter they remain relatively dormant. Many moss 

species survive winter and are ready for photosynthesis when the snow disappears, 

using the snowmelt water to rehydrate their tissues. There are also bryophyte species in 

warmer climates that grow best during winter when moisture is available, whereas in 

Polar regions summer growth is observed (Glime, 2017f). 

Bryophytes seem to require the same nutrients (macro-nutrients and trace elements) as 

do the angiosperms (flowering plants) but in lower concentrations and are used almost 

for the same purposes. The major nutrient sources that bryophytes use are the soil, the 

stream water, the atmospheric dust, the precipitation (including throughfall) and the 

leaf litter, depending on both the species and its growth habitat. Bryophytes receive all 

the necessary elements through wet and dry deposition. All the elements are absorbed 

by bryophytes through their entire surface; they are either dissolved first in rainwater 

(or stream water) or they are accumulated as dust on the mosses or the leaf litter and 

then dissolved by rainfall and absorbed by the moss plants. The absorbed nutrients 

(elements) are used for different purposes and this is why they are located in different 

parts in the moss body and in the cells, in order to cover structural needs (as compounds 

of membranes and cell walls) or they are stored in the cells and used when they are 

needed (e.g. as defense compounds). Also, based on the fact that the needs in nutrients 

of the younger shoots are greater than those of the older shoots, the elements can be 

moved from the older to younger tissues in the moss plant (Glime, 2017f).  

Bryophytes have seasonal differences in their nutrient needs, with the elements uptake 

and movement also to differ seasonally. Younger shoots have greater needs for 

elements than older shoots; thus N, P, and K are found in younger shoots in their highest 

concentrations. Also, not all of the elements are absorbed in the same rate by all mosses. 

Each species presents a different rate of absorption with the most important factors 

influencing the uptake of elements being the season, the moisture, the pH and the 

habitat where they grow. 
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Elements (such as Fe, Ca, Mg, Cu, Mo, N, P, S, B, Cl) are essential for mosses and play 

an important role concerning the species composition and diversity. For example, 

nitrogen (N) and phosphorus (P) are essential in making proteins and in DNA, while P 

is also needed to maintain energy. Magnesium (Mg) is vital for chlorophyll, though 

calcium (Ca) acts as a messenger and is needed to maintain the integrity of the mosses 

cell walls and membranes. Iron (Fe) is collected by bryophytes by the dust fall, but may 

also be taken in from water that goes into the moss or can be obtained from the rock 

substrata and is important in moss plants as consists part of many enzymes and of 

chlorophyll.  

Elements and particularly heavy metals, in bigger concentrations than trace amounts, 

are probable to have toxic effects on bryophytes, but many species counteract in ways 

that heavy metals won’t be toxic for their survival (Glime, 2017f). Bryophytes ability 

to absorb considerable large quantities of heavy metals made them suitable for use as 

biomonitors, for monitoring heavy metal pollution. 

 

 

2.7.3 Hypnum cupressiforme Hedw. moss species used as bioindicator in this study 

Hypnum cupressiforme Hedw. is a pleurocarpous moss species (Figure 2.10 and 2.11) 

that belongs to the largest Class of the ‘Division Bryophyta’ which includes ca 98% of 

the moss species; Class: Bryopsida, Family: Hypnaceae. (Glime, 2017c).  

In the current survey, Hypnum cupressiforme Hedw. moss species was used as 

bioindicator of trace elements and radionuclides and moss samples were collected in 

the Regions of West, Central and East Macedonia & Thrace. 

As already mentioned, bryophytes can receive the necessary elements from the 

substrate, precipitation and dust. The bryophyte species that form thick, horizontal mats 

are more likely to depend mainly on precipitation (Glime, 2017f). Hypnum 

cupressiforme Hedw., is a pleurocarpous moss which is most often found living in 

forests, forming thick mats on the forest floor. Is considered to receive the necessary 

elements for its growth mainly from the atmosphere (dust and precipitation), as it can 

easily get wet due to the fact that it grows horizontally on the substrate. This is one of 

the characteristics that led Hypnum cupressiforme to be used as biomonitor in the 

current study. In addition, the moss species is widespread in Northern Greece (Tsakiri, 

2009) and is also the most studied and analyzed moss species in the ICP Vegetation 

Programme (United Nations Economic Commission for Europe Convention on Long-

Range Transboundary Air Pollution. Monitoring of Atmospheric Deposition of Heavy 

Metals, Nitrogen and POPs in Europe using Bryophytes) (Frontasyeva et al., 2015). 
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Figure 2.10. Hypnum cupressiforme Hedw. pleurocarpous moss species. Photo by Dr. Evdoxia Tsakiri, 

with permission. 

 

 

Figure 2.11. Hypnum cupressiforme Hedw. pleurocarpous moss species, with sporophytes. The arrows 

indicate the abundant spore capsules of the sporophytes. Photo by Dr. Evdoxia Tsakiri, with permission. 
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Chapter 3   Experimental Details 

3.1 Study area  

Greece is located in the Southern and Southeast Europe (Figure 3.1), situated on the 

southern tip of the Balkan Peninsula. It shares land boarders with Albania to the 

northwest, North Macedonia and Bulgaria to the North, and Turkey to the Northeast. 

The Aegean Sea lies to the east of the mainland, the Ionian Sea to the west, the Cretan 

Sea and the Mediterranean Sea to the south. Almost 80% of Greece is mountainous. 

The climate in Greece is predominately Mediterranean, but due to the country’s unique 

geography, it has a remarkable range of micro-climates (Figure 3.2). The area under 

study is the North part of Greece, and, more specifically, the prefectures of West, 

Central, East Macedonia and Thrace. The climate of these regions are mostly 

Mediterranean and in the mountainous regions almost continental. 

 

 

Figure 3.1. The map of Europe and the location 

of Greece (dark green). 

 

Figure 3.2. Map of Greece and the different 

micro-climates that can be found. 

 

 

3.1.1 Sampling methodology 

During the end of the summer 2016, ninety-five (95) samples of Hypnum 

Cupressiforme Hedw. and Pseudoscleropodium purum mosses were collected from the 

vicinity of Northern Greece in compliance with the UNECE ICP Vegetation Moss 

Manual (Frontasyeva and Harmens, 2020). The distribution of the sampling sites from 

where the samples were collected, were located from 39.97° North to 41.65° North and 

from 20.97° East to 26.26° East covering a grid of 30 m x 30 m (Figure 3.3). The 

elevations where mosses were found, ranged between 30 m to 1450 m above the mean 

sea level.  
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Figure 3.3. The sampling sites from which moss and soil samples were collected during the summer of 

2016, from the area of Northern Greece. 

Samples were collected from different surface types: from rocks, from branches, from 

soil surface and near roots. All fresh plant material was collected according to the 

guidelines of the standardized Protocol of the European Survey ICP Vegetation 

(Frontasyeva and Harmens, 2020). There was no rain during the sampling. Therefore, 

there was no exposure to additional precipitation. The accumulation of the extra 

airborne radionuclides originating from the rain washing of the atmosphere was limited 

(Krmar et al., 2013). Each sampling site was located at least 300 m from main roads 

and populated areas, and at least 100 m from any road or single house. In forests, most 

of the samples were gathered in small open regions, avoiding contact with surface water 

and the canopy drip. Each sample was a composite of three sub-samples. Extraneous 

materials and litter were removed from the samples, and only the last three years’ 

growth segments (the green part) were used for the analysis. Samples were frozen and 

stored under those conditions until further preparation and analysis. The further 

preparation procedure of the moss samples, is described in the following paragraphs in 

details.  

Except of moss samples, soil samples were also collected simultaneously with mosses 

from the same sampling sites. All the samples were surface soil samples, taken from 

maximum 5 cm depth and from a square surface of 100 cm x 100 cm. Gamma 

spectrometry of soil samples allowed determination of radionuclides content and the 

content of trace elements was determined by means of XRF. More details are given in 

the next paragraphs. 
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3.2 Sample preparation  

After sampling and identification of the moss species, mosses were cleaned manually 

from extraneous material very carefully, and they were put into plastic bags and 

transferred at the Aristotle University of Thessaloniki. Then they were put into 

refrigerator and frozen until further treatment. The preparation of the samples differed 

depending on the kind of measurements that they were going to have. So one part of 

each moss sample was prepared for the gamma measurements, while the rest of the 

moss sample was prepared for ENAA in Dubna, Russia.  

 

 

3.2.1 Moss sample preparation for gamma-spectrometry 

For those mosses that were chosen for gamma spectrometry, the following procedure 

was performed. It should be mentioned that no chemical treatment was performed, and 

mosses were not washed at all. Before analysis mosses were air-dried at 105 C° for 2 

hours to a constant weight. After the preparation of the samples, mosses were put into 

two cylindrical plastic containers (Figure 3.4), diameter 7.2 cm and height 6.4 cm. The 

average mass of the dry mosses was around 27 g. All moss samples from the 2016 

sampling, were subjected to gamma spectrometry in the Nuclear Lab of the Physics 

Department, Faculty of Sciences, University of Novi Sad, in Serbia.  

 
Figure 3.4. The moss sample placed in plastic cylindrical container for measurement of gamma spectra.  

 

 

3.2.2 Moss sample preparation for ENAA 

The rest of mosses that were collected during the 2016 sampling, were prepared in a 

slightly different way before they subjected to ENAA. Again, no chemical treatment 

was performed after the sampling. Mosses were air-dried at 40 Co for 3 to 5 hours till 

to reach a constant weight. After that, a quantity of 5 gr has been selected and well 

homogenized in a ball mill (agate mortar) (Figure 3.5). From the homogenized material 

samples were weighted using balance (Figure 3.6) (weight of 0.3 g) and pelletized by 

means of a pneumatic press and ceramic matrices. The pills were then packed in two 

separate ways: in plastic bags for short irradiation and in aluminum foil cups for long-

term irradiation (Figure 3.7 and 3.8). Epithermal Neutron Activation Analysis (ENAA) 
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was performed in the radio-analytical complex REGATA of the Frank Laboratory of 

Neutron Physics, Joint Institute for Nuclear Research (JINR) in Dubna, Russia 

(Frontasyeva, 2008). 

 

 

 

Figure 3.5. The chemical laboratory of Frank 

Laboratory in Dubna. The ball mill (agate 

mortar) which was used for homogenization of 

the moss samples. 

  

Figure 3.6. The balance where the pills of 

mosses were weighted. Only 0.3 g of moss 

material is required for the ENAA. 

 

 

Figure 3.7. Preparing the aluminum foil cups 

for long-term irradiation. 

 

Figure 3.8. The plastic bags where the pills 

were put for short-term irradiation and the 

aluminum foil cups for long-term irradiation. 

 

 

3.2.3. Soil sample preparation 

For the soil samples, a preparation procedure was different: both for gamma and XRF 

measurements. There was no need in chemical treatment of the samples both for gamma 

spectrometry and XRF measurements. 

After sampling, soil samples were put into plastic bags, and they were transferred to the 

Aristotle University. Then they were dried at 80 C˚, sieved with an 800 μm plastic sieve 

in order to remove pebbles and organic material. After the sieving, the soil samples 

were stored into plastic cylindrical containers with dimensions of 1.8 cm height and 
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diameter 5.8 cm for gamma ray measurements. The average mass of the dry soil was 

around 65 g. 

For the XRF measurements, a small portion of the sieved dried soil powder (around 16 

g) was used. The soil powder, after sieving, was mixed with a binding additive (2 wax 

powder pills of 0.6 g total weight) and it was pressed using a manual hydraulic press 

system (Figure 3.9 and 3.10). Pressure of 15 tons was performed for each soil sample. 

The pressed pellets that were prepared, they were of ~ 4 cm diameter and ~ 0.6 cm 

width. (Figure 3.11). The pellet’s surface was free from cracks and wrinkles. This 

smooth surface and the stability of the pellets provided accurate XRF measurements 

and finally the determination of the concentrations of trace elements in soil samples. 

 

 

Figure 3.9. The sieved soil 

with the wax, before the 

homogenization and the 

creation of the pressed 

pellet. 

 

Figure 3.10. The manual 

pneumatic press system that 

was used for the creation of 

the pellets. Pressure of 15 

tons was performed for each 

soil sample. 

 

Figure 3.11 The pressed 

pellet that was used for the 

XRF measurements. 

 

 

 

 

 

 

3.3 Gamma ray measurements 

3.3.1 Detector set-up for γ-ray measurements 

The moss samples were measured for radioactive nuclides by gamma spectrometry at 

the Nuclear Lab of the Physics Department, Faculty of Sciences, University of Novi 

Sad in Serbia, immediately after the sampling. Two HPGe detectors were used for the 

measurements of gamma spectra from the moss samples for the determination of the 

concentrations of the radioactive nuclides. 

The first one (Figure 3.12) was a low-background extended range HPGe detector 

equipped with a Be window. The Be window was used in order to determine the 

concentrations of 210Pb. The relative efficiency of the detector was 32%. The 

background count was reduced using a passive shield (18 cm of lead, 1 mm of tin and 

1.5 mm of copper) which did not interfere with gamma photons that were emitted from 
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samples. For each gamma spectrum, the statistical uncertainty of the 477.6 keV 7Be line 

was up to 5%, the same as the statistical uncertainty of 46.5 keV 210Pb line. The 

detection efficiency was established using the following reference materials prepared 

by IAEA: Irish Sea Sediment –IAEA 385, Moss-Soil (IAEA-447), Thorium Ore 

(IAEA-RGTh-1) and Uranium Ore (IAEA-RGU-1). All the reference materials were 

packed in the same geometry as the samples. The source self-attenuation due to 

different chemical composition and density of sample was corrected using a computer 

program based on Moens et al. (1981). The accuracy of the efficiency calibration was 

tested using IAEA source made from dry grass (Krmar et al., 2013).  

The second detector that was used (Figure 3.13) was an HPGe detector (GX10021) 

equipped with a carbon window, suitable also for low energy measurements. The 

relative efficiency of this detector was 100%. The diameter and the length of the 

detector were 80 mm and 77.5 mm respectively, while the resolution was 2.1 MeV at 

1.33 MeV of 60Co and 1.2 MeV at 122 keV of 57Co.  

 

Figure 3.12. The low-background extended 

range HPGe detector equipped with a Be 

window. 

 

Figure 3.13. The HPGe detector with 100% 

relative efficiency.

The rest of the gamma measurements took place in the Nuclear Lab of the Aristotle 

University of Thessaloniki. Three different detector systems were used. A high purity 

germanium detector (HPGe) of 42% relative efficiency (Canberra GC4018), an HPGe 

detector of 20% relative efficiency (Canberra GC2018) and a Ge planar detector (GL 

2020R) (Figure 3.14 and 3.15). Details about the detectors are presented in Table 3.1. 

All of them were used for the determination of the activities of soil and moss samples 

collected during the present study. All the samples were measured for 2 105 seconds, 

for minimizing the statistical uncertainties. Before the analysis of the samples, energy 

and efficiency calibration of the detectors were performed in order to enable the 

identification and the quantification of the radionuclides in each sample. 
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Table 3.1. Characteristics of the three different gamma detectors that are used in the AUTh Nuclear 

Physics Lab. 

characteristics HPGe (42%) HPGe (20%) Ge planar 

Diameter 61 mm 61 mm 50.5 mm 

Length 61 mm 31 mm 20 mm 

Relative efficiency 42% 20% - 

Resolution at 1.33 MeV 

of 60Co 

1.8 keV 1.8 keV - 

Resolution at 122 keV 

of 57Co 

0.875 keV 0.850 keV 700 eV 

Peak/Compton 63:1 51:1 - 

Shielding 4˝ Pb Steel 4”Pb 

 

 

 

Figure 3.14. The HPGe 20% relative efficiency 

detector. 

 

Figure 3.15. The HPGe 42% relative efficiency 

detector. 

The detector set-up of each gamma spectroscopy system can be seen in Figure 3.16. 

Each detector system comprises a Germanium detector which was coupled to a 

preamplifier, an amplifier, a high voltage supply (HV), a multichannel analyzer (MCA) 

and an analog to digital converter (ADC). 
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Figure 3.16. Schematic diagram of the detector set-up in γ-ray spectrometer.  

After the detection of photons, a pulse output was created, with an amplitude 

proportional to the energy of the incident photon. The pulse output was integrated by a 

charge sensitive preamplifier, producing a slow decaying exponential pulse, which was 

digitized by the Analog to Digital Converter (ADC) and processed by the Multichannel 

Analyzer (MCA). All the pulses that were measured are recorded into a gamma ray 

spectrum. Finally, the analysis of the data is the last step of the gamma ray 

measurement. 

 

 

3.3.2 Energy calibration 

In order the gamma-ray spectrum to be interpreted in terms of energy and not in terms 

of channel or voltage, and amount of radionuclides rather than number of pulses, the 

calibration of the detector should have been performed. The main calibration tasks that 

were performed, were the energy calibration and the efficiency calibration. 

The object of the energy calibration is to extract a relationship between peak position 

in the spectrum and the corresponding gamma-ray energy. It is normally performed 

before measurements in a preliminary manner, but it can be performed later by 

spectrum analysis programs. 

The energy calibration can be accomplished by taking the spectrum of a measured 

source emitting gamma-rays of precisely known energy and comparing each measured 

peak position with energy. The measurement lasts long enough in order to achieve a 

good statistical precision of the peaks. The identification of the peaks can be done 

manually or automatically. The computer searches first for the peaks, measures the peak 

position to a fraction of a channel and deduce the energy/channel relationship like 

below: 

𝐸(𝑘𝑒𝑉) = 𝑎 ∗ 𝐶ℎ𝑎𝑛𝑛𝑒𝑙 + 𝑏(𝑘𝑒𝑉)      (3.1) 
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where a is the gradient of the calibration line, b is the intercept and channel is the 

channel position (Gilmore, 2008). 

In this study all the spectra of mosses and soil samples were calibrated peak to peak 

automatically, one by one, using the GENIE2000 software and the SPECTRW software 

(Kalfas et al, 2016), respectively, according to the formula 3.1. 

 

 

3.3.3 Efficiency calibration of gamma detectors 

There are different definitions that characterize the detector’s efficiency: the relative 

efficiency, the absolute full peak energy peak efficiency, the absolute total efficiency, 

the intrinsic efficiency and the geometric efficiency. 

The relative efficiency is a general performance measure relating the efficiency of 

detection of the 60Co gamma-ray at 1332 keV of the detector to that of a standard 

sodium iodide scintillation detector. 

The absolute full energy peak efficiency is used to relate the peak area in the spectrum 

to the amount of radioactivity that it represents.  

The absolute total efficiency is used to relate the number of gamma-rays that are emitted 

by the source to the number of counts that are detected in the spectrum. It is factored 

into two parts: the intrinsic efficiency εint and the geometrical efficiency εgeom. (equation 

3.2). 

𝜀𝑡𝑜𝑡 = 𝜀𝑖𝑛𝑡 ∗ 𝜀𝑔𝑒𝑜𝑚        (3.2) 

The intrinsic efficiency relates the counts in the spectrum to the number of gamma-rays 

that are incident on the detector. It is a function of the type of radiation, its energy and 

the detector material.  

The geometric efficiency is that fraction of the source radiation which is geometrically 

intercepted by the detector. It depends on the geometrical configuration of the detector 

and source (Leo, 1994; Gilmore, 2008). 

The most significant parameter in gamma spectrometry is the full energy peak 

efficiency. It can be defined as the probability that a photon which strikes the detector, 

will produce a pulse in the full energy peak of the spectrum (Gilmore, 2008; Challan, 

2013).  

The efficiency ε is the ratio between the corrected number of pulses that were registered 

in the full absorbed energy peak versus the number of photons that were emitted by the 

sample. The efficiency values can be easily calculated by a fitted curve when the 

intensity of the peak Pγ and activity A are well known, as well as the N (net counts) are 

well determined by the gamma measurement.  

More specifically, the efficiency can be calculated by the formula (3.3). 
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𝜀 =
𝛮
𝑡⁄

𝛢∗𝑃𝛾
        (3.3) 

where 

ε: counting system efficiency at the energy E for the specific geometry 

N: peak net counts corresponding to the Energy E 

t: counting time of the gamma-measurement in seconds 

Pγ: intensity of the gamma-ray peak 

A: activity of the radionuclide in Bq 

The error of the efficiency can be calculated according to uncertainty propagation as it 

can be seen in the below equations (3.4 to 3.6): 

𝜎𝜀 = √(
𝜕𝜀

𝜕𝛢
𝜎𝛢)

2

+ (
𝜕𝜀

𝜕𝑅
𝜎𝑅)

2

+ (
𝜕𝜀

𝜕𝑃𝛾
𝜎𝑃𝛾)

2

⇒      

𝜎𝜀 = √(
𝑅

𝐴2𝑃𝛾
𝜎𝐴)

2

+ (
1

𝐴𝑃𝛾
𝜎𝑅)

2

+ (
𝑅

𝐴𝑃𝛾
2 𝜎𝑃𝛾)

2

     (3.4) 

 

where R is the number of counts per second after they are corrected with the half-life 

of each isotope. More precisely: 

𝑅 =
𝑁

𝑡
𝑒+𝜆𝑡         (3.5) 

and λ is the decay constant and is expressed as follows: 

𝜆 =
𝑙𝑛2

𝑡1 2⁄
         (3.6) 

 

In the Nuclear Lab, the efficiency calibration was performed for each detector system 

including soil and moss matrices. 

 

 

3.3.4 Soil samples efficiency calibration 

All the gamma detectors of the AUTh laboratory were calibrated for soil matrices using 

multinuclide reference standard materials that were supplied by the IAEA. More 

specifically three different standard materials were used for the efficiency calibration 

of soil samples: the IAEA-444 spiked soil sample (2007), the IAEA CU-2006-03 Soil 

Sample-01 (2006) and the IAEA TEL 2015-3 Proficiency Test Syrian Soil. The first 

two reference materials contained four radionuclides with five well resolved peak 

energies while the last one reference material contained only one radionuclide (137Cs) 
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with one well defined peak of 661.65 keV. Also the first two reference materials 

contained some radionuclides that are not referred below. This is due to the fact that a 

long period had passed since the creation of these materials by IAEA, and as a result 

these radionuclides were already totally disintegrated, so they could not be identified 

during the current measurements. Details about the activities of each reference material 

and the radionuclides that were used in the efficiency calibration are given in Table 3.2. 

 

Table 3.2. Details about the standard materials that were used for the efficiency calibration (the IAEA-

444 spiked soil sample (2007), the IAEA CU-2006-03 Soil Sample-01 (2006) and the IAEA TEL 2015-

3 Proficiency Test Syrian Soil). The Activities and their uncertainties are given in Bq kg-1 as they were 

defined by IAEA. 

isotope 

IAEA CU-2006-03 Soil 

Sample 

IAEA-444 spiked soil sample IAEA TEL 2015-3 

Proficiency Test  

A σA  Ref. date A  σA  Ref. date A  σA  Ref. date 

241Am 96.6 2.78 01/06/2006 55.6 1.6 15/10/2007 - - - 

210Pb 259.5 12.53 01/06/2006 55.6 1.6 15/10/2007 - - - 

137Cs 52.6 1.08 01/06/2006 48.0 1.5 15/10/2007 715 30 01/01/2015 

60Co 56.1 1.37 01/06/2006 68.5 1.4 15/10/2007 - - - 

 

Two different geometries were used for the soil samples. The first one was a plastic 

cylindrical container (small box) with dimensions 1.8 cm height and diameter 5.8 cm 

(Figure 3.17), while the second one was a cylindrical container (big box) with 

dimensions 4 cm height and diameter 5.9 cm (Figure 3.18). So, for each detector, 

different efficiency values were calculated, for each different container.  

 

 

Figure 3.17. The small box that was used for 

gamma measurements. 

 

Figure 3.18. The big box that was used for 

gamma measurements. 
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The 42% efficiency HPGe detector 

The soil samples of IAEA-444 spiked soil sample (2007), IAEA CU-2006-03 Soil 

Sample-01 (2006) and of IAEA TEL 2015-3 Proficiency Test Syrian Soil were used for 

the calculation of the efficiency values for the small box geometry. The efficiencies of 

the energies 604.7 keV (134Cs), 661.6 keV (137Cs), 1173.24 (60Co) and 1332.5 (60Co) 

were calculated according to the equation 3.3 and the error of each efficiency was based 

on the uncertainty propagation (equation 3.4). The final efficiency of each energy was 

calculated as the weighted mean value of the efficiencies of the above three reference 

materials. The calculation of the weighted mean and its error was based on the equations 

3.7 and 3.8 and the results are presented in Table 3.3. 

𝜀̅ =
∑ (

𝜀𝑖

𝜎𝑖
2)

𝑁
𝑖=1

∑ (
1

𝜎𝑖
2)

𝑁
𝑖=1

         (3.7) 

𝜎𝜀̅ =
1

∑ (
1

𝜎𝑖
2)

𝑁
𝑖=1

         (3.8) 

Table 3.3. The calculated weighted mean values of the efficiencies for the energies of 604.7 keV, 661.6 

keV, 1173.24 keV and 1332.5 keV for soil samples using the small box geometry at the 42% relative 

efficiency HPGe detector. In parenthesis the corresponding uncertainties (%) are presented. 

isotope E (keV) ε (%) 

134Cs 604.70 0.0247(4) 

137Cs 661.60 0.0238(2) 

60Co 1173.24 0.0139(3) 

60Co 1332.50 0.0127(2) 

 

The same reference materials were used for the calculation of the efficiencies 

concerning the big box geometry of the same detector. The efficiencies of the energies 

604.7 keV (134Cs), 661.6 keV (137Cs), 1173.24 (60Co) and 1332.5 (60Co) were found. 

The final efficiency of each energy was calculated as the weighted mean value of the 

efficiencies of the above three reference materials (Table 3.4). 

Table 3.4. The calculated weighted mean values of the efficiencies for the energies of 604.7 keV, 661.6 

keV, 1173.24 keV and 1332.5 keV for soil samples using the big box geometry at the 42% relative 

efficiency of HPGe detector. In parenthesis the corresponding uncertainties (%) are presented. 

isotope E (keV) ε (%) 

134Cs 604.70 0.0175(2) 

137Cs 661.60 0.0170(2) 

60Co 1173.24 0.0106(3) 

60Co 1332.50 0.0098(3) 
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The 20% efficiency HPGe detector 

For the calculation of the efficiencies of the small box geometry, the same reference 

soil samples were used. The weighted mean values of the efficiencies accompanied by 

their uncertainties are presented in Table 3.5. 

 

Table 3.5. The calculated weighted mean values of the efficiencies for the energies of 604.7 keV, 661.6 

keV, 1173.24 keV and 1332.5 keV for soil samples using the small box geometry at the 20% relative 

efficiency HPGe detector. In parenthesis the corresponding uncertainties (%) are presented. 

isotope E (keV) ε (%) 

134Cs 604.70 0.0227(9) 

137Cs 661.60 0.0205(3) 

60Co 1173.24 0.0117(3) 

60Co 1332.50 0.0098(3) 

 

The weighted mean efficiency values with the uncertainties concerning the big box 

geometry of the same detector based on the aforementioned reference materials are 

presented in Table 3.6. 

 

Table 3.6. The calculated weighted mean values of the efficiencies for the energies of 604.7 keV, 661.6 

keV, 1173.24 keV and 1332.5 keV for soil samples using the big box geometry at the 20% relative 

efficiency HPGe detector. In parenthesis the corresponding uncertainties (%) are presented. 

isotope E (keV) ε (%) 

134Cs 604.70 0.0145(13) 

137Cs 661.60 0.0144(5) 

60Co 1173.24 0.0080(4) 

60Co 1332.50 0.0072(3) 

 

The Ge planar detector 

For the determination of the efficiencies of the small geometry only the soil samples of 

IAEA-444 spiked soil sample (2007) and IAEA CU-2006-03 Soil Sample-01 (2006) 

were used. The weighted mean values of the efficiencies were calculated and are 

presented in Table 3.7. In Figure 3.19, a gamma spectrum of the reference material 

IAEA-CU-2006-03 Soil sample is presented, and the peaks of 26.34 keV (241Am), 59.54 

keV (241Am) and 46.5 keV (210Pb) can be identified.  
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Table 3.7. The calculated weighted mean values of the efficiencies for the energies of 26.34 keV, 59.54 

keV and 46.5 keV for soil samples using the small box geometry for the Ge planar detector. In parenthesis 

the corresponding uncertainties (%) are presented. 

isotope E (keV) ε (%) 

241Am 26.34 0.0322(60) 

210Pb 46.50 0.0659(47) 

241Am 59.54 0.0760(63) 

 

 

Figure 3.19. Gamma spectrum of IAEA-CU-2006 reference material. The peaks of 26.34 keV (241Am), 

59.54 keV (241Am) and 46.5 keV (210Pb) are presented. 

 

For the big box geometry, the same reference materials were used and the weighted 

mean values of the efficiencies with their uncertainties are presented in Table 3.8. 

Table 3.8. The calculated weighted mean values of the efficiencies for the energies of 26.34 keV, 59.54 

keV and 46.5 keV for soil samples using the big box geometry for the Ge planar detector. In parenthesis 

the corresponding uncertainties (%) are presented. 

isotope E (keV) ε (%) 

241Am 26.34 0.0200(60) 

210Pb 46.50 0.0478(47) 

241Am 59.54 0.0525(6) 

 

The efficiency calibration of soil samples was also performed in the Nuclear Lab of the 

University of Novi Sad, for two detector systems: one for the low background 

Germanium detector with Be window and 32% relative efficiency and the second one 

for the Germanium detector of 100% efficiency with carbon window.  
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The geometry that was used for both the detectors included two identical plastic 

cylindrical containers packed together with dimensions 6.4 cm height and 7.2 cm 

diameter in total (Figure 3.21). For quality control the Irish Sea Sediment –IAEA 385, 

Moss-Soil (IAEA-447), Thorium Ore (IAEA-RGTh-1), and Uranium Ore (IAEA-

RGU-1) were used as reference materials. For those gamma lines that did not exist in 

the reference materials, but they were necessary for the current measurements, the 

interpolation method using the efficiency curve was performed. The software ANGLE 

(Advanced Gamma Spectroscopy Efficiency Calibration) by Ortec was also used to get 

efficiency for some arbitrary geometry. Just by having some experimental data for one 

sample size and shape, the software could recalculate the efficiencies for different 

sample geometries and matrices. 

The measured efficiencies with the uncertainties for both the detectors are presented in 

Table 3.9.  

 

Table 3.9. The efficiencies of the energies of 46.5 keV, 477.6 keV, 661.6 keV and 1460.8 keV for soil 

samples measured at the 32% and 100% efficiency detectors in the University of Novi Sad. In parenthesis 

the corresponding uncertainties (%) are presented. 

Radionuclide/energy 
Detector (32%) Detector (100%) 

ε (%) ε 

Pb-210 (46.5 keV) 0.0235(7) 0.0258(10) 

Be-7 (477.6 keV) 
0.0143(3)* 

(calculated) 

0.029(7)* 

(fitted value) 

Cs-137 (661.6 keV) 0.0097(2) 0.0248(3) 

K-40 (1460.8 keV) 0.0049(2) 0.0143(3) 

 

 

3.3.5 Moss samples efficiency calibration 

The first efficiency calibration for moss samples was performed at the Nuclear Lab of 

the University of Novi Sad. Two detector systems were used, the same ones that were 

used for the soil measurements. The first one was the low background Ge detector with 

Be window and 32% relative efficiency and the second one was the Germanium 

detector of 100% efficiency with carbon window. The efficiencies for both the detectors 

were obtained using reference materials produced by IAEA such as IAEA-372 (grass), 

IAEA-330 (spinach) and IAEA-447 (soil). The measured efficiencies with their 

uncertainties for both the detectors are presented in Table 3.10.  
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Table 3.10. The efficiencies of the energies of 46.5 keV, 477.6 keV, 661.6 keV and 1460.8 keV for moss 

samples measured at the 32% and 100% efficiency detectors in the University of Novi Sad. In parenthesis 

the corresponding uncertainties (%) are presented. 

Radionuclide/energy 
Detector (32%) Detector (100%) 

ε (%) ε (%) 

Pb-210 (46.5 keV) 0.0301(6) 0.0565(5) 

Be-7 (477.6 keV) 0.0118(3) 0.0293(7) 

Cs-137 (661.6 keV) 0.0110(2) 0.0278(3) 

K-40 (1460.8 keV) 0.0040(2) 0.0164(3) 

 

Based on the measurements of moss samples at the University of Novi Sad, an 

efficiency calibration of the Ge detectors of the AUTh lab was carried out. More 

specifically, moss samples whose activities were determined at the University of Novi 

Sad, were used as reference materials at the AUTh Nuclear Lab. The efficiency curve 

was built using the four well resolved peaks of 7Be, 210Pb, 137Cs and 40K radionuclides, 

and more specifically the peaks of the energies of 477.6 keV, 46.5 keV, 661.6 keV and 

1460.8 keV respectively. 

For the moss samples measurements, two different geometries were used. The first one 

was a plastic cylindrical container with dimensions 3.2 cm height and 7.2 cm diameter 

(Figure 3.20), while the second geometry included 2 containers of the above geometry 

(6.4 cm height and 7.2 cm diameter) (Figure 3.21).  

 

  

 
Figure 3.20. The one box geometry for the moss 

measurements. 
 

 

Figure 3.21. The two boxes geometry for the 

moss measurements. 

 

The 42% efficiency HPGe detector 

For the 42% relative efficiency HPGe detector, two different efficiency curves were 

built, one for each geometry separately. For the geometry of one box, three peaks were 

analyzed: the 477.6 keV, 661.6 keV and 1460.8 keV peaks. The efficiency for each 
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energy and its uncertainty were calculated according equations 3.3 and 3.4. The 

weighted mean values of the efficiency for each energy were calculated and are 

presented in Table 3.11. 

 

Table 3.11. The measured efficiencies of the energies of 477.6 keV, 661.6 keV and 1460.8 keV for 

mosses using the one box geometry at the 42% efficiency detector. In parenthesis the corresponding 

uncertainties (%) are presented. 

isotope E (keV) ε (%) 

7Be 477.6 0.0275(32) 

137Cs 661.6 0.0235(18) 

40K 1460.8 0.0122(21) 

 

For the two boxes geometry, the counts of three peaks were analyzed (477.6 keV, 661.6 

keV, and 1460.8 keV peaks). The efficiency for each energy and its uncertainty were 

calculated according to the equations 3.3 and 3.4. The weighted mean values of the 

efficiencies for each energy were calculated and presented in Table 3.12. 

 

Table 3.12. The measured efficiencies of the energies of 477.6 keV, 661.6 keV and 1460.8 keV for 

mosses using the two boxes geometry at the 42% efficiency detector. In parenthesis the corresponding 

uncertainties (%) are presented. 

isotope E (keV) ε (%) 

7Be 477.6 0.0159(19) 

137Cs 661.6 0.0146(11) 

40K 1460.8 0.0053(21) 

 

The 20% relative efficiency HPGe detector 

For the geometry of one box, the same peaks were analyzed and the calculated are 

presented in Table 3.13. 

Table 3.13. The measured efficiencies of the energies of 477.6 keV, 661.6 keV and 1460.8 keV for 

mosses using the one box geometry at the 20% efficiency detector. In parenthesis the corresponding 

uncertainties (%) are presented. 

isotope E (keV) ε (%) 

7Be 477.6 0.0311(26) 

137Cs 661.6 0.0197(13) 

40K 1460.8 0.0034(20) 
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The efficiency values for the two boxes geometry follows. The 661.6 keV and 1460.8 

keV peaks were analyzed. The peak of 477.6 keV was not analyzed for this geometry 

in this detector, due to the long period that had passed after the decay of 7Be. The 

efficiency for each energy and its uncertainty were calculated according to equations 

3.3 and 3.4. The weighted mean values of the efficiencies are shown in Table 3.14.  

 

Table 3.14. The measured efficiencies of the energies of 661.6 keV and 1460.8 keV for mosses using 

the two boxes geometry at the 20% efficiency detector. In parenthesis the corresponding uncertainties 

(%) are presented. 

isotope E (keV) ε (%) 

137Cs 661.6 0.0131(11) 

40K 1460.8 0.0005(22) 

 

So the most convenient geometry that is also suggested to be used for moss samples for 

the 20% relative efficiency detector, is the one box geometry. 

 

The Ge planar detector 

The peak of 46.5 keV was analyzed for the geometry of one box and two boxes 

geometry for the planar detector. The weighted mean values of the efficiency are 

presented in Table 3.15 and 3.16.  

Table 3.15. The measured efficiencies of the energies of 46.5 keV for mosses using the one box geometry 

at the Ge-planar detector. In parenthesis the corresponding uncertainty (%) is presented. 

isotope E (keV) ε (%) 

210Pb 46.5 0.0572(48) 

 

Table 3.16. The measured efficiencies of the energies of 46.5 keV for mosses using the two boxes 

geometry at the Ge-planar detector. In parenthesis the corresponding uncertainty (%) is presented. 

isotope E (keV) ε (%) 

210Pb 46.5 0.0370(48) 

 

For the planar detector, the geometry that is suggested for moss samples measurements 

is the one box geometry again. 

After the determination of the efficiencies of the detectors and the energy calibration of 

the gamma spectra, samples (moss and soil) were subjected to gamma spectrometry to 

determine the content of radionuclides using the already mentioned detectors in the 

Nuclear Lab of the University of Novi Sad and the Aristotle University of Thessaloniki. 

Details about the measurements are presented later in the Chapter 5. 
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3.4 Epithermal Neutron Activation Analysis (ENAA) Measurements 

As it was already described, ninety-five moss samples were collected from Northern 

Greece. After the sampling and the preparation of samples, mosses were subjected to 

ENAA, which is the most sensitive method for the multi-element analysis. ENAA was 

performed at the Pulsed Fast Reactor IBR-2 in the radio-analytical complex REGATA 

of the Frank Laboratory of Neutron Physics, at the Joint Institute for Nuclear Research 

(JINR) in Dubna, in Russia during 2017. Details about the technique and the analysis 

are given below. 

More specifically, the dried material of mosses was firstly homogenized and a small 

quantity (0.3 g for each pill) was taken and formed into pills using simple press forms. 

Then half of these moss pills were packed into polyethylene foil bags for short term 

irradiation in order to determine the short lived isotopes. The rest ones were put into 

aluminum foil cups for long term irradiation, in order to determine the long lived 

isotopes. After the preparation of the moss pills, samples were sent through a pneumatic 

rabbit system, for irradiation to the Pulsed Fast Reactor IBR-2 of the JINR 

(Frontasyeva, 2011). 

The Pulsed Fast Reactor IBR-2 is one of the best modern facilities in this class (Figure 

3.22) (Frontasyeva and Steinnes, 1997; Frontasyeva, 2008). It’s a fast neutron pulsed 

reactor with narrow neutron pulse (240 μs) and small repetition rate of pulses (5 Hz) 

(Pavlov et al., 2016). The average heat power was 2 MW and its peak pulse power was 

1500 MW. The average density of the thermal neutron flux at the moderator surface 

was 1013 neutrons cm2 s–1, and its pulse density was 1016 neutrons cm2 s–1 (Frontasyeva, 

2011).  

 

Figure 3.22. The IBR-2 Pulsed Fast Reactor and the Radioanalytical complex REGATA. 

More specifically, the Pulsed Fast Reactor IBR-2, was equipped with the pneumatic 

system REGATA for NAA (Figure 3.23), which provided activation with thermal, 

epithermal and fast neutrons (Peresedov, 1996). It consisted of four channels for 
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irradiation (Ch1-Ch4), the pneumatic transport system (PTS) and three gamma-

spectrometers which were located at three special rooms on the ground floor of the 

reactor IBR-2. Channel Ch1, which was intended for ENAA, was equipped with a 

cylinder shaped 0.7 mm thick cadmium shield. The main parameters of all the 

irradiation channels are presented in Table 3.17 (Frontasyeva and Pavlov, 2000; 

Frontasyeva, 2011). 

 

Table 3.17. The main characteristics of the irradiation channels at 1.5 MW. 

Irradiation 

site 
Neutron flux density (n/cm2 s) ×1012 T (˚C) 

Channel, 

diam., 

(mm) 

Channel, 

length, 

(mm) 

 Thermal Resonance Fast    

Ch1 Cd-coated 3.31 4.32 70 28 260 

Ch2 1.23 2.96 4.10 60 28 260 

Ch3 Gd-coated 7.50 7.70 30-40 30 400 

Ch4 4.2 7.60 7.70 30-40 30 400 

 

There was a unique three-loop cooling system that ensured the appropriate conditions 

for irradiation of biological and environmental samples at the temperature of 60–70°C. 

The channels Ch3, Ch4 were cooled by water, and the channels Ch1, Ch2, were cooled 

by air. That was the reason why the temperature in channels Ch3 and Ch4 was lower 

than the temperature in channels Ch1 and Ch2 in spite of the greater neutron flux 

density (Frontasyeva, 2011). 

 

Figure 3.23. The REGATA experimental set-up at the IBR-2 Pulse Fast Reactor. Ch1-Ch4 –irradiation 

channels, S- intermediate storage, DCV- directional control valves, L- Loading unit, RCB- radiochemical 

glove-cell, U- unloading unit, SU- separate unit, SM- storage magazine, R- repacking unit, D- HPGe 

detector, AA- amplitude analyzer, CB- control board, CCCAMAC controller, R1 -R3- the rooms where 

the system is located. 
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The channels Ch1, Ch2 were air tightly connected with the REGATA pneumatic 

transport system (PTS) through tubes of ~50–60 m long and the delivery time was 3 to 

20 s. The transport containers (Figure 3.24 and Figure 3.25) of polyethylene, teflon and 

aluminum were used to deliver samples to the irradiation position and back. In special 

cases containers of fluoro-plastic or pure carbon were also used. Up to seven containers 

could be loaded simultaneously into each channel for long-term irradiation. The neutron 

flux density was controlled by monitors (Au, Zr, etc.). The reduction of the neutron flux 

density along the channel length, could be 30 to 50%, so it was taken into consideration 

during the data analysis. The pneumatic system (PTS) transported the containers by 

compressed air (at 3-6 atm. pressure). All its units were located far away from the 

reactor core (50-60 m). The polyethylene containers were transported to irradiation site 

for 7-20 s, while the aluminum containers were transported much faster (3-7 s). 

Acoustic detectors were placed on the «flight pipe», which was used for the 

transportation of the samples at the irradiation channels, behind the first ring of the 

biological shield. They provided the time of the container arrival and the departure time 

accurately. There were a lot of noise pulses during the flight of the container in the 

«flight pipe». Each noise pulse cleared the irradiation timer. The knock of the capsule 

at the bottom of the channel formed the last clearing pulse. After this last clearing pulse, 

the timer started counting, and the irradiation of the container began. Such positioning 

of acoustic detectors protected the containers from radiation damage and therefore 

extended their lifetime. 

 

 

Figure 3.24. Polyethylene transport container 

and inner capsule for a sample. 

 

 

Figure 3.25. Transport capsules for irradiation. 

 

The irradiation time of the polyethylene containers depended on the temperature 

resistance of the polyethylene and could be equal to 30 minutes, both for channels Ch1 

and Ch2. The irradiation channels Ch1 and Ch2 were the same, with the difference that 

Ch1 was Cd-coated, as already said. The teflon containers could be used for irradiation 

up to 5 hours. The aluminum containers were used for longer irradiation, due to the fact 

that the polythelene material (tubes, containers) had low resistance to radiation 

especially in the IBR-2 reactor, where the flux of gamma-rays and fast neutrons was 

very high. That was the reason why 80–90 samples could be irradiated simultaneously 

during 3–4 days in the aluminum transport containers After the irradiation, the activity 

of the aluminum containers was very high and it requested long cooling time before 
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manual repacking of the samples into clean polyethylene containers for measurements 

(Pavlov et al., 2016). The internal volume of the polyethylene container was equal to 

approximately 4 cm3, and the volume of the aluminum container was 1.5 times larger. 

The time of sample irradiation in channels Ch3, Ch4 depended on the operation cycle 

duration of the reactor and it was equal to 10-12 days (Frontasyeva and Pavlov, 2000; 

Frontasyeva, 2011).  

The cadmium-screened irradiation channel Ch1 was used for the determination of the 

long lived isotopes. The aluminum packed samples were irradiated for 4-5 days with a 

neutron flux density of 3.6 x 1011 n (cm2 x s)-1. The long term irradiated samples were 

measured twice, once 3 days after the irradiation for 5 hours, and then a second time, 

20 days after the irradiation for 20 hours respectively.  

The polyethylene foil packed samples were irradiated for 180 seconds through the 

conventional irradiation channel Ch2, in order to activate short lived isotopes (Mg, Al, 

Cl, Ca, V, Mn, I). Samples were irradiated for 3 min and measured two times for 5–8 

min after three to five delays and for 15 min after 20 min delay (Frontasyeva and 

Pavlov, 1999). The elements with a short half-life (seconds) were determined by cyclic 

ENAA with the possibility of automatic transportation of the irradiated sample to the 

detector through a pneumatic transport system. 

More specifically, when short-lived isotopes were studied, a small polyethylene capsule 

was placed into the transport container. There was a special unit (R) to extract a small 

capsule from the transport container. PTS had loading (L) and unloading (U) units to 

load and to extract containers from the system. All the mechanical operations, including 

the removal of the capsules with the samples from the transport containers, were 

performed automatically by the control system signals. For radiation safety reasons, the 

unloading unit was placed into a glove-cell. All devices of the pneumatic system were 

equipped with photo sensors and end-switches for indicating the container’s position in 

the system and for the correct operation of all mechanisms.  

An intermediate storage (S), which could fit up to 15 containers, was used for the 

reduction of the activity of the aluminum containers after the long term irradiation. It 

was located between the two rings of the biological shield of the reactor. For the storage 

of highly activated samples, a magazine with 32 cells (SM) was used. It was surrounded 

by a biological shield which was made of lead and concrete blocks. There were three 

hot cells for material sciences studies equipped with a set of instruments and devices to 

measure the mechanical characteristics of samples. One of these three hot chambers 

was connected through the lock with the unloading unit of extracting the irradiated 

samples from the system (Frontasyeva and Pavlov, 1999). 
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Figure 3.26. The diagram of the automation system for gamma-spectrum measurements. 

Personal computer controlled the pneumatic transport system and amplitude 

spectrometers. After the unloading of the transport containers, samples were repacked 

from there and gamma-radiation measurements were performed. All the units of 

gamma-spectrometers and counting electronics were made in CAMAC at JINR. More 

details about the automation system for measurement of γ-ray spectra of induced 

activity are given below. 

REGATA had four spectrometric circuits for gamma measurements. Three of them 

were equipped with sample changers and each of them used their own controller. All 

controllers were connected to the same PC via USB ports. Each sampler (Figure 3.27) 

consists of one disk with 45 slots (Figure 3.28) for containers with samples that were 

prepared at the JINR lab. The movement of the containers from the disk to the detectors 
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(Figure 3.28) and back, was carried out by a device M202A which was manufactured 

by the DriveSet company. This device comprised horizontal and vertical linear 

positioning modules and was controlled individually for each sampler.  

 

Figure 3.27. View of the sample changer. 

 

Figure 3.28. The disk with the slots for 

containers. 

 

Each container which was selected from the disk, was transferred to the detector and 

was held above it, in one of the three fixed height positions for measurement. The 

control of the container position during the measurement of the spectra was performed 

by incremental encoders. After the measurement was completed, the container was 

returned to the same location on the disk, which then rotated and selected the next 

sample (Pavlov et al., 2016). The detectors that were used were three HPGe 

superconductor detectors with a resolution of 1.74 keV for the 60Co 1332.4 keV γ-line 

and the detection efficiency 40% in comparison to the efficiency of a 3˝x 3˝ NaI detector 

for the same line.  

 

Figure 3.29. The grab of container. 

For processing the amplitude spectra (peak search, peak fitting and nuclide 

identification routines and calculation of the concentrations of the elements), a software 

package which was developed at FLNP JINR was used (Frontasyeva and Pavlov, 2000; 

Frontasyeva, 2011; Dmitriev et al., 2013; Pavlov et al., 2014; Pavlov, 2016). It was the 

program Measurements that was developed in order to automate the measurements of 

gamma-spectra of induced activity by Genie-2000, to control the sample changers of 

the spectrometers during the measurements simultaneously and to exchange the 

information with the ENAA database both in automatic and semi-automatic modes 
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(Figure 3.26). This program was written in Visual Basic. The Genie-2000 software by 

Canberra, as already mentioned, was used for the analysis of the gamma spectra (Figure 

3.30-3.32). Also the Genie-2000 software, before the measurement, it processed a test 

measurement of the spectra for each detector during a period of 10 s, in order to 

determine the dead time. If the dead time was more than 20 %, the program changed 

the position of the samples in the detectors. In Table 3.18-3.20, information (half life, 

energy) about the gamma lines that were analyzed are provided. Spectrum for each 

separate element produced after irradiation are presented in Appendix Aa. 

Each sample changer was equipped with an Ethernet video camera, which allowed 

controlling the operation of the system in a remote mode, making a picture of the sample 

during the measurement and saving this picture in the database. So possible human 

mistakes during the installation of the samples to the discs were avoided. Simultaneous 

measurements were conducted at the three detectors as required by the mass analysis 

of the samples. 

The placement of the samples on the disc and the spectra measurement was carried out 

according to the list of the measured samples that were received automatically from the 

database. During the whole process, there was a permanent exchange of information 

with the ENAA database, and the last ones could be seen in the spectrum. Some initial 

settings were necessary every time before the program started. After the beginning of 

the spectra all the necessary data for the calculation of the concentrations were taken 

from the database, according to the name of each sample. These included: the batch 

code and code of the sample to be measured, the measurement type, the date and time 

of the beginning of irradiation, the date and time of the end of irradiation, the weight of 

the sample, the sample height above the detector and the name of the experimenter. 

Depending on the number-code of the detector which was used in the measurements, 

the program automatically found the necessary energy and efficiency calibration files 

for the selected position of the sample above the detector and recorded the calibrations 

in the spectra. 

Every time when the spectra measurements ended, the program stored the spectra to the 

hard disc of PC and the file names of the measured spectra were transferred to the 

ENAA database. Then the measured samples were returned to the same cells on the 

disc and the samples from the next cells were moved to the detectors. The maximum 

number of the spectrometers and the sample changers that were controlled by this 

program was four. 

For the visualization of the obtained information, the program automatically found each 

specific file with the areas of interest and displayed them in a Genie-2000 window. 

While the spectrum was processed, the areas of interest were automatically found by 

the program which performed graphical peak intervals. The Genie-2000 program with 

an additional interactive peak fitting module S506 was used for processing the obtained 

spectra. These treatment results were stored into a file with the values of the activities 

of the identified isotopes in the sample and the minimal detectable activity of these 

isotopes (Frontasyeva and Pavlov, 2000; Frontasyeva, 2011; Dmitriev et al., 2013; 

Pavlov et al., 2014; Pavlov, 2016). This file was going afterwards to be used by the 

“Concentration” program for the determination of the elements in the samples. 
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More specifically, the calculation of elemental concentrations in the samples was 

performed by a relative method using the program “Concentration” (Pavlov et al., 

2014; Pavlov et al., 2016). The “Concentration” program was based on the fact that the 

moss samples were irradiated and measured under the same exactly conditions with 

high quality standards materials of identical weight with well-known elemental 

concentrations and calculated activities. The element contents were calculated by the 

relative method using different certified reference materials (Frontasyeva, 2011).  

 

 

Figure 3.30. A gamma spectrum for the determination of the long lived isotopes. 

 

 

Figure 3.31. Another gamma spectrum for the determination of the long lives nuclides, after a long term 

irradiation of the samples. 
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Figure 3.32. A gamma spectrum from the analysis with the Genie-2000 software for the determination 

of the short lived isotopes. 

More specifically, high quality certified reference materials (SRM) were used for the 

quality control of the ENAA results, such as peach leaves-1547, coal fly ash-1633b and 

1633c, coal-1632c, Montana soil-2710, San Joaquin Soil-2709 and Calcareous soil-

ERM-CC690. All the reference materials were provided by the National Institute of 

Standards & Technology (NIST) and the Institute for Reference Materials and 

Measurements (ERM). The SRMs were packed and irradiated together with the moss 

samples under the same conditions in each transport container. The results that were 

obtained were compared with the certified values (Table 3.21). The reference material 

that presented the least deviation between the measured and the certified values of each 

elemental concentration was chosen. 

Thereby, the concentrations of the analyzed elements were defined by the simple 

formula 3.9: 

𝐶𝑠𝑎𝑚𝑝𝑙𝑒 = 𝐶𝑠𝑡𝑎𝑛𝑑 ∗
𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑠𝑡𝑎𝑛𝑑
       (3.9) 

Where the Csample is the elemental concentration of the moss sample, Cstand is the well-

known elemental concertation of the standard material, Asample is the calculated activity 

of the moss sample, and Astand is the calculated activity of the standard materials. So, 

the program “Concentration” used the values of the radionuclide activities that were 

recorded in the output files of the Genie-2000 analysis of the spectra of the samples and 

of standards, and calculated the values of the elemental concentrations in the samples. 

Finally, the values of the calculated concentrations of the elements with uncertainties 

of calculations and minimal detectable concentrations for the given experimental 

conditions were stored into the ENAA database (Frontasyeva, 2011; Pavlov et al., 2014; 

Pavlov et al., 2016). The elemental concentrations of the moss samples and their 

uncertainties were afterwards extracted from the database. Details about the elemental 

content of the moss samples and their analysis are presented in Chapter 4.  
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Table 3.18. Information about the measured short lived isotopes after 180 sec irradiation. In 

parenthesis the intensity of each peak is presented. 

Isotope Half life Energy (keV) Energy (keV) 

Ti-51 5.76 min 320.08 (93.1%)  

I-128 24 min 442.9 (18.1%)  

Mg-27 9.46 min 843.76 (71.8%) 1014.4 (28.0%) 

Mn-56 2.58 h 846.76 (98.9%) 1810 (27.2%) 

I-116m 54 min 1293.54 (84.4%)  

V-52 3.74 min 1434.06 (100%)  

Cl-38 37.24 min 1642.71 (31.9%) 2167.41 (42.4%) 

Al-28 2.2 min 1778.85 (100%)  

Ca-49 8.72 min 3084.4 (92.1%)  
 

Table 3.19. Information about the measures long-lived isotopes after 4 days irradiation. In parenthesis 

the intensity of each peak is presented. 

Isotope Half life Energy (keV) Energy (keV) 

Se-75 119.79 d 136.0 (58.3%) 264.66 (58.9%) 

Ce-141 32.50 d 145.44 (48.2%)  

Cr-51 27.7 d 320.08 (9.92%)  

Hf-181 42.39 d 345.93 (15.12%)  

Sr-85 64.84 d 514.0 (96.0%)  

Sb-124 60.20 d 602.73 (98.3%) 1690.98 (47.79%) 

Cs-134 2.0 y 604.7 (97.62%) 795.86 (85.53%)   

Ag110m 249.79 d 884.68 (73.19%) 937.49 (34.60%) 

Zr-95 64.02 d 724.19 (44.17%) 756.73 (54.56%) 

Sc-46 83.79 d 889.27 (99.98%) 1120.54 (99.99%) 

Tb-160 72.3 d 879.38 (30.1%)  

Fe-59 44.5 d 1099.25 (56.5%) 1291.59 (43.2%) 

Co-60 5.27 y 1173.2 (99.97%) 1332.5 (99.99%) 

Ta-182 114.43 d 1121.3 (34.9%)  

 

Table 3.20. The measured long lived isotopes after their irradiation for 4 days. In parenthesis the 

intensity of each peak is presented. 

Isotope Half-life Energy (keV) Energy (keV) 

Na-24 (14.8 h) 1368 (100%) 2754 (99.9%) 
K-42 (12 h) 1524 (18.08%)  
Zn-65 (244 d) 1115 (50.6%)  
As-76 (1.07 d) 559 (45%)  
Br-82 (35 h) 776 (83.5%) 554 (70.8%) 
Rb-86 (18 d) 1077 (8.64%)  
Mo-99 (65 h) 739 (12%)  
Ba-131 (11.5 d) 496 (46.8%) 123 (28.9%) 
La-140 (1.6 d) 1596 (95.4%)  
W-187 (23 h) 685 (100%)  
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Table 3.21. The measured and certified values for different elements in (μg g-1) and their uncertainties (%) that were used for quality control purposes of the ENAA results. 

The subscription of each element shows the standard reference material that was used for the calculation of the elements: 1 SRM 2709, 2 SRM 1547, 3 SRM 1633c, 4 SRM 

1632c, 5 SRM 2710, 6 SRM 1633b, 7 ERM CC690. 

Elements Certified value Determined Value  Elements Certified value  Determined Value  

Na1 11600.0 (2.6) 11599.9 (3.1) Mn5 10100.0 (4.0) 10096.4 (6.1) 

Mg2 4320.0 (3.5) 4306.1 (2.3) Fe6 77800.0 (3.0) 76890.7 (5.4) 

Al3 132800.0 (6.1) 132820.3 (4.9) Cu5 2950.6 (4.4) 2951.2 (29.1) 

S3 1100.0 (19.0) 1100.7 (36.1) As6 136.2 (1.9) 135.9 (6.8) 

Cl4 1139.0 (4.1) 1140.9 (9.0) Sb1 7.9 (7.6) 7.91 (7.80) 

K1 20300.0 (3.0) 20300.5 (8.3) Ba1 968.0 (4.1) 967.7 (13.6) 

Ca2 15590.0 (1.02) 15577.9 (7.9) La7 24.4 (7.0) 24.4 (7.1) 

TI3 7240.0 (3.0) 7237.4 (5.7) Sm7 3.5 (11.4) 3.49 (11.60) 

V3 286.2 (2.8) 286.0 (4) Dy3 18.7 (1.6) 18.73 (16.40) 
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3.5 X-ray fluorescence spectrometry measurements 

X-ray fluorescence (XRF) spectrometry can be applied for qualitative analysis as it can 

recognize a majority of elements between beryllium and uranium. The XRF analysis is 

based on the fact that the irradiated surface using primary X-rays, represents the whole 

sample. As a result, the preparation of both of the samples and the standards should be 

performed very carefully. The XRF technique is a very sensitive technique and requests 

clean samples, e.g. fingerprints on a sample can affect the result of the analysis.  

Ninety-five soil samples were prepared into pellets, as it was described earlier, for trace 

elements measurements via the X-ray fluorescence analysis. The X-ray Spectrometry 

S4-Pioneer (Bruker-AMS, Deutschland) in the Geology Department of the Aristotle 

University was used (Figure 3.33 and 3.34).  

The samples were irradiated by an intense X-ray beam, known as incident beam. Some 

of the energy was scattered, but some was also absorbed within the sample in a manner 

that depended on its chemistry. The incident X-ray beam was produced from a Rh 

target, with a system of 5 crystals (LIF200, LIF220, LIF420, XS-55 and PET) and two 

detectors: one gas proportional counter and one scintillation counter for the detection 

of the emitted X-rays.  

More specifically, when the incident X-ray beam irradiated the sample, the sample was 

excited. Then, the excited sample emitted X-rays along a spectrum of wavelengths 

characteristic of the types of the atoms that were present in the sample. The atoms in 

the sample absorbed the X-ray energy by ionizing, ejecting electrons from the lower 

(usually K and L) energy levels. The ejected electrons were replaced by electrons from 

an outer, higher energy orbital. When this happened, energy was released due to the 

decreased binding energy of the inner electron orbital compared with an outer one. This 

energy that was released and detected, was in the form of emission of characteristic X-

rays indicating the type of atom present.  

The intensity of the energy that was measured by the detectors was proportional to the 

abundance of the element in the sample. The exact value of this proportionality for each 

element was derived by comparison to the reference materials of GSN (granite), MAN 

(granite), JG-2 (granitoidete), RGM-1 (rhyolite), JR-1 (rhyolite), JG-3 (granitoidete), 

ACE (granite), G2 (granite) that were used for the calibration of the spectrometry. 
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Figure 3.33. The X-ray Spectrometry S4-

Pioneer (Bruker-AMS, Deutschland) was used 

for the determination of trace elements content 

in 95 soil samples. 

 

 

Figure 3.34. The X-ray Spectrometry. 

 

Each detector could measure specific intensity of the emitted beams. The gas 

proportional counter, which used a P10 gas (a mixture of 90% Ar and 10% CH4 gases), 

could measure long wavelength (>0.15 nm) X-rays that were typical of K spectra of 

elements lighter than Zn. The scintillation counter was used to analyze shorter 

wavelengths in the X-ray spectrum (K spectra of element from Nb to I; L spectra of Th 

and U). X-rays of intermediate wavelength (K spectra produced from Zn to Zr and L 

spectra from Ba and the rare earth elements) were generally measured by using both 

detectors in tandem. Finally, the oxides of the elements Si, Ti, Al, Fe Mn, Mg, Ca, K, 

Na, P were analyzed during the measurements, while voltage of 60 kV and bias of 45 

mA, was applied. More details about the results that came up after the measurements 

are given in the fourth chapter. 
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Chapter 4    Trace Elements 

4.1 Trace elements concentrations in mosses 

Ninety-five moss samples were collected from the region of Northern Greece (Figure 

4.1). The moss sampling was followed by the preparation of the samples in the 

laboratory according to the instructions of the ICP Vegetation Protocol, and then 

mosses were analyzed by means of Neutron Activation Analysis as described in details 

in section 3.2.  

The elemental concentrations of forty-four (44) trace elements (Al, As, Ni, V, Cr, Zn, 

Fe, Br, Cl, I, Mg, Na, K, Sc, Ti, Mn, Co, Se, Rb, Sb, Au, Th, U, Si, Sr, Ca, Zr, Cs, Ba, 

La, Ce, Nd, Sm, Gd, Tb, Dy, Tm, Yb, Lu, Hf, Ta, In, Mo, Ag) were measured and are 

presented with details in Tables A1 and A2 in the Appendix. The descriptive analysis 

(mean, median, min, max, standard deviation, kurtosis and skewness) of the above 

elemental concentrations was also performed. In Table 4.1 the descriptive analysis of 

the first twenty-three (23) elements, the most frequently analyzed and published 

elements in studies, is presented, while in Table 4.2 the descriptive analysis of the rest 

twenty-one (21) elements is also presented.  

 

 

Figure 4.1. The sampling sites of mosses in the region of Northern Greece. 
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Table 4.1. The descriptive analysis of the 23 most frequently analyzed and published in studies elements that were determined in the moss samples, by means of Neutron 

Activation Analysis (NAA). 

 Na Mg Al Cl K Sc Ti V Cr Mn Fe Co Ni Zn As Se Br Rb Sb I Au Th U 

Mean 1730 4432 7886 145 6360 2.12 440 10.08 24.04 269 5974 3.02 12.83 56.56 2.45 0.23 6.48 21.59 0.27 2.64 0.00123 2.07 0.55 
Median 751 3600 5840 130 5670 1.44 327 8.17 11.50 219 3770 1.69 7.26 37.60 1.44 0.23 5.85 15.50 0.20 2.30 0.00073 0.99 0.3 
Min 184 705 1350 47 2160 0.30 97 2.61 2.04 34 1010 0.43 1.72 14.60 0.52 0.02 1.69 5.11 0.02 1.03 0.00004 0.28 0.07 
Max 9210 17800 46100 380 17200 8.92 1760 33.4 222 1090 28700 20.30 90.20 282 17.90 0.48 15.00 82.90 3.23 7.36 0.0172 13.6 3.38 
Range 9026 17095 44750 333 15040 8.63 1663 30.79 219.96 1056 27690 19.87 88.48 267.4 17.38 0.45 13.31 77.79 3.21 6.33 0.01716 13.32 3.31 
St. Dev. 2266 2813 6812 68 2956 1.90 327 6.12 35.60 200 5182 3.25 12.77 52.74 2.99 0.08 2.90 17.20 0.39 1.20 0.00216 2.44 0.6 
Kurt. 3.6 5.8 10.8 2.2 4.0 3.30 3.8 2.3 17.02 4.8 4.6 10.47 13.66 5.98 11.53 0.16 0.90 3.20 42.18 2.78 33.41952 6.03 6.31 
Skew. 2.1 2.1 2.8 1.4 1.9 1.90 1.9 1.5 3.90 1.9 2.0 2.90 2.90 2.40 3.20 0.30 1.10 1.80 6.15 1.58 5.26292 2.34 2.31 

 

 

Table 4.2. The descriptive analysis of the rest 21 elements that were determined in the moss samples, by means of Neutron Activation Analysis (NAA). 

 Si Sr Ca Zr Cs Ba La Ce Nd Sm Gd Tb Dy Tm Yb Lu Hf Ta In Mo Ag 

Mean 78458 52.13 8900 35.18 0.88 104.71 5.42 11.07 4.68 0.237 0.441 0.126 0.62 0.06 0.34 0.097 0.903 0.196 0.06 0.28 0.06 
Median 62200 38.20 8170 21.50 0.68 65.90 3.22 9.11 3.19 0.009 0.318 0.076 0.44 0.03 0.20 0.062 0.552 0.115 0.04 0.23 0.06 
Min 11500 12.70 3960 3.29 0.17 15.90 0.50 1.87 0.59 0.003 0.068 0.022 0.06 0.01 0.02 0.001 0.129 0.03 0.01 0.02 0.02 
Max 340000 197.0 23400 219 5.08 519.0 35.2 46.10 28.90 3.680 3.23 0.567 3.93 0.38 2.83 0.474 4.700 1.09 0.23 2.31 0.16 
Range 328500 184.3 19440 215.7 4.91 503.1 34.7 44.23 28.32 3.677 3.162 0.546 3.87 0.38 2.81 0.473 4.571 1.06 0.22 2.29 0.14 
St. Dev. 64318 38.10 3236 38.91 0.79 94.16 5.40 7.86 4.61 0.495 0.424 0.120 0.54 0.06 0.41 0.091 0.938 0.209 0.05 0.25 0.02 
Kurt. 7.2 4.05 3.1 6.95 8.09 5.52 9.77 4.98 8.07 25.582 20.181 3.550 14.86 10.6 15.86 3.588 4.776 6.664 2.80 46.48 2.62 
Skew. 2.5 2.00 1.4 2.39 2.42 2.18 2.63 1.73 2.48 4.347 3.741 2.000 3.18 3.02 3.51 1.832 2.127 2.476 1.98 5.90 1.33 
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4.1.1 Spatial distributions of trace elements in mosses 

The elemental concentrations of moss samples are visualized using the ArcGIS 

software. Only the spatial distributions of the twenty-three (23) most frequently 

analyzed elements (Al, As, Ni, V, Cr, Zn, Fe, Br, Cl, I, Mg, Na, K, Sc, Ti, Mn, Co, Se, 

Rb, Sb, Au, Th and U) are presented in Figures 4.2-4.24.  

 

Aluminum 

Aluminum (Al) is a natural component of the Earth’s crust and can be easily transferred 

through the windblown soil dust (Berg and Steinnes, 1997; Zechmeister, et al.,2003, 

Harmens et al., 2008).  

The distribution of the Al concentrations in mosses is presented in Figure 4.2. The areas 

which present high values of Al are the ones on the east direction of Kozani, on the 

south-east direction of Thessaloniki, and close to Bulgarian borders. The lowest 

concentration of Al has been measured close to the borders with Republic of North 

Macedonia and Bulgaria.  

 

 

Figure 4.2. The concentrations of Al (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  

 

Arsenic 

Arsenic (As) is a natural occurring element and occurs in many minerals (Eliopoulos et 

al., 2012). It is often related to copper and gold mines, to coal combustion and to “non-

ferrous metals industries” and other manufacturing industries and constructions 

(Harmens et al., 2008; Marinova et al., 2010).  

In Figure 4.3 the concentrations of As are presented. High concentrations of As are 

measured mostly on the southeast direction of the city of Thessaloniki, close to the 

borders with Bulgaria and the Republic of North Macedonia, and on the north-west 
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direction of the city of Alexandroupoli, in Thrace Region. Lower concentrations of As 

were found around the city of Kozani, in the Region of West Macedonia. 

 

Figure 4.3. The concentrations of As (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  

 

Nickel 

Nickel (Ni) is an element that can be found mixed with a lot of metals in nature. It is 

associated with anthropogenic activities such as coal and lignite burning, petroleum 

refining, public electricity, heat production, manufacturing industries and construction 

(Foscolos et al., 1989; Filippidis et al., 1996; Harmens et al., 2008).  

The concentrations of Ni element are displayed in Figure 4.4. High values of Ni are 

found mainly in the Region of West Macedonia, north of the city of Thessaloniki, and 

close to borders with the Republic of North Macedonia and Bulgaria. 

 

 

Figure 4.4. The concentrations of Ni (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  
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Vanadium 

Vanadium (V) is an element found combined in various minerals (carnotite, vanadinite, 

patronite), in phosphate rocks, coal and petroleum. It is usually connected with 

anthropogenic activities such as the combustion of fuel oils (Harmens et al., 2008). 

The spatial distribution of V is presented in Figure 4.5. As presented in the map, high 

concentrations of V have been found in the Region of West Macedonia-around the city 

of Kozani and Florina, on the southeast from the city of Thessaloniki, and close to the 

borders with the Republic of North Macedonia and Bulgaria. 

 

 

Figure 4.5. The concentrations of V (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  

 

Chromium 

Chromium (Cr) is an element that is usually connected with anthropogenic activities 

such as the fossil fuel burning, iron and steel mills (Harmens et al., 2008). The 

distribution of Cr in Northern Greece is presented in Figure 4.6. According to this 

distribution, Cr shows elevated concentrations both in the Regions of West and Central 

Macedonia, and specifically close to Kozani Prefecture, east of the city of Thessaloniki, 

and close to the borders with the Republic of North Macedonia. 
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Figure 4.6. The concentrations of Cr (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  

 

Zinc 

Zinc (Zn) is an essential element to all organisms as a constituent of many 

metalloenzymes and of several other proteins. It can be affected by different 

anthropogenic emissions such as from the road transportation (tires), the metal 

production, steelworks, metal smelters and the coal mining areas (Harmens et al., 2008). 

The highest concentrations of Zn that were measured during this survey are on the 

Eastern part of Northern Greece, in the Region of Thrace. According to the spatial 

distribution of Zn in Figure 4.7, around the city of Alexandroupoli till the borders with 

Turkey and especially towards the borders with Bulgaria the majority of the sampling 

sites have the most elevated concentrations of Zn. 

 

 

Figure 4.7. The concentrations of Zn (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  
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Iron 

Iron (Fe) is found in great abundance in the Earth’s crust. It is usually connected with 

the windblown soil dust and the iron and steel industry. Iron concentrations are 

displayed in Figure 4.8. The sites which present high concentrations are those around 

the cities of Kozani and Thessaloniki and close to the Bulgarian borders. 

 

Figure 4.8. The concentrations of Fe in (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  

 

Additional elemental distributions are presented in Figures 4.9-4.24. More specifically, 

the elemental concentrations of Br, Cl, I, Mg, Na, K, Sc, Ti, Mn, Co, Se, Rb, Sb, Au, 

Th and U are presented, with no special remarks provided. 

 

 

Figure 4.9. The concentrations of Br (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  
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Figure 4.10. The concentrations of Cl (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  

 

Figure 4.11. The concentrations of I (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  

 

Figure 4.12. The concentrations of Mg (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  
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Figure 4.13. The concentrations of Na (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  

 

Figure 4.14. The concentrations of K (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  

 

Figure 4.15. The concentrations of Sc (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  
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Figure 4.16. The concentrations of Ti (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece. 

 

Figure 4.17. The concentrations of Mn (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  

  

Figure 4.18. The concentrations of Co (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  
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Figure 4.19. The concentrations of Se (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  

 

Figure 4.20. The concentrations of Rb (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  

 

Figure 4.21. The concentrations of Sb (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  
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Figure 4.22. The concentrations of Au (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  

 

Figure 4.23. The concentrations of Th (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  

 

Figure 4.24. The concentrations of U (μg g-1) in the 95 moss samples collected in the region of Northern 

Greece.  
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4.1.2 Correlation analysis between the trace elements in moss samples 

After performing the spatial distributions of the most frequently analyzed trace 

elements, the next step is to examine any correlation between different trace elements 

and determine their natural or anthropogenic origins (Qarri et al., 2015). Correlation 

between different trace elements (Sc-Fe, Nd-La, V-Ti, Ti-Al, Cr-Ni, Al-V, Co-Fe, Th-

U, K-Rb and Ba-La) are given in Figures 4.25 (a)-(j).  
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Figure 4.25. The correlations between the different trace elements measured in moss samples. 

 

 

The strong positive correlation between the above elements verifies the quality of the 

measurements and points out the common origin of the elements (either naturally 

existing or due to human activities such as industry, transportation, heating, mining 

activities, smelters etc.).  

For example, the strong positive correlation between the elements Sc-Fe, Nd-La, V-Ti, 

Ti-Al, Al-V, Th-U, K-Rb and Ba-La, reveals one common source, the windblown soil 

dust source. On the other hand, the relative high correlation between Cr and Ni is an 

indicator of industrial activities (Saitanis et al., 2012; Qarri et al., 2015).  

The positive correlation between Co-Fe, is an indication of common source. They can 

be connected either with the soil dust or with the industrial activities. When the 

concentration of Co is higher than Fe this means that Co comes mostly from industrial 

use, while Fe can be characterized as an earth component (personal conversation with 

Professor Krmar). One characteristic example is the area of West Macedonia, where a 

lot of industrial activities take place, such as the coal fired power plants. In this area, 

the Co concentrations were found to be higher than Fe (Table A1). 
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4.1.3 The influence of the surface type on elemental concetrations 

Moss samples were colleted from different surface types (on rocks, surface,branches 

and near roots). Differences can be observed in the elemental concentrations depending 

on the surface type from where mosses were collected and some representative box 

plots of them (Al, As, Cr, Fe, Mg, Ni) are presented (Figures 4.26 (a)-(f)). The ratio of 

the elemental concentrations between mosses collected from the surface and those 

collected near roots (
𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝐶𝑟𝑜𝑜𝑡𝑠
) for almost all the elements are above 1, indicating that 

the majority of the elements were deposited on mosses through the soil resuspension, 

which is favored by the arid climate of Greece. 

 

  

 

  

 

  

 

Figure 4.26 (a)-(f). “Box/whisker” plots of the elemental concentrations of Al, As, Cr, Fe, Mg and Ni 

based on the different surface types from where mosses were collected. 
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4.2. Case Study – Mosses collected near a gold mine in Skouries (Chalkidiki 

Prefecture, Central Macedonia Region) 

4.2.1 History of the gold mining in Skouries 

Skouries gold mine is an interesting to study area in the North part of Greece (Figure 

4.27). It is located in the Northeastern Chalkidiki peninsula (Lon.: 23,698 and Lat.: 

40,479) and has a long mining history since ancient times; some brief details about the 

historical path of the gold mining are given below. 

The earliest mining activities in Chalkidiki date back to the 6th century B.C. However, 

the mines flourished during the time of Philip II (Macedonian Kingdom), and they 

continued their operation during the Roman, Byzantine and Ottoman Empire. After the 

era of Ottoman Empire, the interest in mining investment was increased rapidly, 

especially in the late 19th century. Since then, the mining ores that are located in 

Skouries region, are being exploited intensively by different companies. More 

specifically, after the Ottoman Empire, the Greek State took ownership of the 

Cassandra Mines in 1913, and leased them to the Anonymous Greek Company of 

Chemical Products and Fertilizers until 1992 (Hovardas, 2017; Tsavdaroglou et al., 

2017; https://www.miningreece.com/mining-greece/mining-projects/kassandras-mines/).  

 

 

Figure 4.27. The location of the Skouries in Northern Greece (Prefecture Chalkidiki).  

 

Three years later (1995), mining was taken over by the Canadian ‘TVX Gold’ and its 

Daughter Company ‘TVX Hellas’ till 2003. In 2004, the ‘Hellas Gold Company’ 

bought all the mining rights and facilities from the Greek State and started exploiting 

the mining ores (Tsavdaroglou et al., 2017). In 2011, a new mining project was 

approved for the Skouries area, which involved open-pit mining and on-site ore 

processing. The project which was firstly taken over by ‘Hellas Gold’, has been 

controlled by ‘Eldorado Gold’ since 2012 (Hovardas, 2019). 

The mining activities and especially the open-pit mining cause a series of landscape 

alterations of a considerable climax, involving tree-felling to create the open-pit mine, 

https://www.miningreece.com/mining-greece/mining-projects/kassandras-mines/


[84] 
 

removal and processing of soil to extract the ore, and change in drainage basins for the 

creation of tailings ponds. The open-pit mining is also accompanied by other 

environmental side effects, like the soil dust from the extractions, which contains 

different trace elements and can be easily transferred, deposited in the surrounding area 

and being absorbed by the biota (Hovardas, 2017). 

Based on all the previous mentioned data, a lot of public concerns and movements have 

been arisen about the impact of the current mining activities on the local environment 

and the potential hazard for the public health. For these reasons, during the last years, 

different studies have been performed, investigating the environmental pollution of the 

area due to the mining activities (Lazaridou-Dimitriadou et al., 2004; Papa et al., 2016; 

Chantzi et al., 2016; Argyraki et al., 2017). In this study, it is the first time that moss 

samples are used as indicators of trace elements originated to the mining activities. 

The metal mining activities that are being expanded even more during the last years 

motivated us to perform a special case study including moss samples collected from 

the area of Skouries. More specifically, different species of moss samples were 

collected in the surroundings of the mining facilities and were analyzed for trace 

elements concentrations, in order to check the impact of the mining activities in the 

area. 

 

 

4.2.2 Sampling and Analysis 

Ten samples of different moss species were collected from the area of Skouries, next to 

the mining facilities. More specifically the moss species of Antitrichia curtipendula, 

Dicranum scoparium, Hypnum cupressiforme, Homalothecium sericeum, Isothecium 

alopecuroides, Plagiochilla poreloides and Pterogonium gracile were collected, all 

species that were found growing in abundance in the area. Sampling of different moss 

species allows to study and understand any difference in the accumulative efficiency of 

trace elements of each different moss species of the different moss species. 

Moss samples were cleaned manually from impurities in the field. Then, they were 

prepared for NAA measurements, analyzed using NAA technique, following the same 

procedures and conditions as described earlier for the other moss samples of this survey 

and finally, the elemental concentrations of 44 trace elements were determined (the 

same elements as described earlier for the rest of the moss samples in this study). The 

elemental concentrations are presented in Table C1 and C2 in the Appendix and the 

descriptive analysis is presented in Tables 4.3 and 4.4. 
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Table 4.3. The descriptive analysis of the 23 most frequently analyzed and published in studies elements that were determined in the moss samples from the Skouries area, by 

means of Neutron Activation Analysis (NAA). 

 Na Mg Al Cl K Sc Ti V Cr Mn Fe Co Ni Zn As Se Br Rb Sb I Au Th U 

Mean 1079 10094 11595 599 7078 2.73 670 21 118 652 9866 6.8 86 48 11.4 0.50 18 26 0.69 6.9 0.0097 1.91 0.41 
Median 901 11350 12050 353 6195 2.48 636 20 102 538 8955 6.4 77 47 10.7 0.48 14 26 0.65 7.0 0.0069 1.76 0.40 
Min 668 1880 7170 271 4910 1.74 352 14 66 338 6350 4.5 52 35 7.5 0.38 5 19 0.32 3.8 0.0043 1.27 0.16 
Max 1710 16400 17300 2070 14800 4.12 1230 30 200 1760 14300 10.6 138 72 15.4 0.72 59 34 1.03 9.8 0.0319 2.92 0.67 
Range 1042 14520 10130 1799 9890 2.38 878 16 134 1422 7950 6.1 86 37 7.9 0.34 54 15 0.71 6.0 0.0276 1.65 0.52 
St. Dev. 401 4353 3449 549 2827 0.94 268 6 46 408 3256 2.4 30 12 3.1 0.10 16 5 0.24 2.4 0.0083 0.59 0.16 
Kurt. -1.7 -0.14 -1.12 7.04 7.92 -1.9 1 -1 -1 8 -2 -1.6 -1 1 -1.8 0.88 7 -1 -1.28 -2.2 6.9600 -1.3 -0.83 
Skew. 0.5 -0.54 0.18 2.55 2.71 0.33 1 0 1 3 0 0.4 1 1 0.1 1.08 2 0 -0.10 -0.1 2.5700 0.5 0.15 

 

Table 4.4. The descriptive analysis of the rest 21 elements that were measured in the moss samples from the Skouries area, by means of Neutron Activation Analysis (NAA). 

 Si Sr Ca Zr Cs Ba La Ce Nd Sm Gd Tb Dy Tm Yb Lu Hf Ta In Mo Ag 

Mean 65120 57 10088 28.88 1.01 151 5.53 11.14 4.43 0.80 0.53 0.13 0.72 0.09 0.14 0.100 0.91 0.14 0.15 0.22 0.09 
Median 56050 49 9270 25.05 1.04 123 5.19 10.34 4.36 0.88 0.52 0.13 0.67 0.09 0.14 0.108 0.82 0.14 0.18 0.24 0.09 
Min 40400 35 6090 16.60 0.74 75 3.65 7.39 1.59 0.01 0.45 0.08 0.46 0.04 0.07 0.001 0.54 0.08 0.04 0.05 0.06 
Max 168000 104 16800 50.70 1.28 367 8.78 17.50 7.08 1.42 0.64 0.18 1.15 0.13 0.20 0.156 1.71 0.27 0.30 0.33 0.14 
Range 127600 69 10710 34.10 0.54 292 5.13 10.11 5.49 1.41 0.19 0.11 0.69 0.08 0.13 0.155 1.17 0.19 0.26 0.27 0.08 
St. Dev. 37186 24 3064 11.70 0.18 87 1.80 3.65 1.69 0.49 0.07 0.04 0.23 0.02 0.05 0.050 0.38 0.06 0.10 0.08 0.03 
Kurt. 9 1 2 -0.71 -1.44 4 -1.05 -1.30 -0.67 -0.60 -0.78 -1.84 -0.52 0.24 -2.04 -0.113 0.56 2.37 -1.30 0.96 -1.09 
Skew. 3 1 1 0.69 -0.10 2 0.54 0.45 -0.12 -0.69 0.54 0.11 0.73 0.04 0.01 -0.739 1.01 1.36 0.12 -0.72 0.36 
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4.2.3 Distributions of the elemental concentrations of the different moss species 

In Table 4.5 the moss species collected from the ore mining area in Skouries are given. 

In Figures 4.28 (a)-(l), the distributions of the elements Ag, As, Al, Au, Co, Cr, Fe, Mg, 

Mn, Ni, Sb and V are presented. Τhe Hypnum cupressiforme species is the one that is 

the most frequently found in Greece and the most studied by the ICP Vegetation ‘Moss 

Survey Protocol’. However, based on the above figures it is noticed that the moss 

species Isothecium alopecuroides (Figure 4.29) and Dicranum scoparium (Figure 4.30) 

present the highest elemental concentrations of As, Al, Co, Fe, V and Cr, Mg, Ni, Sb 

respectively.  

 

Table 4.5. The moss species samples that were collected from the area of Skouries. 

Sample Moss species 

b-01 Hypnum cupressiforme 

b-02 Isothecium alopecuroides 

b-03 Isothecium alopecuroides 

b-04 Pterogonium gracile 

b-05 Plagiochilla poreloides 

b-06 Dicranum scoparium 

b-07 Dicranum scoparium 

b-08 Homalothecium sericeum 

b-09 Antitrichia curtipendula 

b-10 Antitrichia curtipendula 
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Figure 4.28. The distributions of trace elements in moss species collected in the area of Skouries (a) 

Ag, (b) Al, (c) As, (d) Au, (e) Co, (f) Cr, (g) Fe, (h) Mg, (i) Mn, (j) Ni, (k) Sb and (l) V. 
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Figure 4.29. The Isothecium alopecuroides 

moss species. 

 

Figure 4.30. The Dicranum scoparium moss 

species.

 

 

 

4.2.4 Correlation between the trace elements concentrations determined in the 

moss samples 

The correlation between different pairs of elements has been examined (Figures 4.31 

(a)-(h). According to the correlation figures, linear correlations between the elements 

Sc and Fe, Cr and Ni, Ce and La, Fe and Ce, Co and Fe, U and Th, Ni and Fe, Sc and 

V were observed. The plots of the less strongly correlated elements (Ni-V, Ti-Al, Al-

V, Nd-La, Si-Ti, Si-Fe, Fe-Ti, Zn-Fe, Ti-V, Cl-Br) are presented in the Appendix D.  
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Figure 4.31. The correlation between the different trace elements determined in the moss samples 

collected in the area of Skouries. 

The strong positive correlation that exists between the pairs of elements (Sc-Fe, Cr-Ni, 

Ce-La, Fe-Ce, Co-Fe, U-Th, Ni-Fe, Sc-V) verifies the quality of the measurements and 

points out the common origin of the specific elements (natural or anthropogenic such 

as industry, transportation, heating, mining activities, smelters etc.) (Qarri et al., 2015). 

The strong correlations between Sc and Fe, Ce and La, Ce and Fe, Th and U, Sc and V, 

as well as the correlations between Ti and Al, Al and V, Nd and La, Ti and V, Ti and 

Fe, Ti and Si, Si and Fe, are indicators of the windblown soil dust source (Saitanis et 

al., 2012).  

The positive correlations between Cr and Ni, as well as Ni and V elements are indicators 

of the anthropogenic activities (Qarri et al., 2015) in the mining facilities.  
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The positive correlation between Co and Fe, as well as Ni and Fe, is an indication of 

the anthropogenic activities that take place in the mining facilities.  

The positive correlation between Zn and Fe is an indication of the resuspended soil dust 

from the mining activities.  

The Source apportionment analysis that follows, reveals the exact origins of the 

elements (section 4.4).  

 

 

4.2.5 “Skouries” elemental concentrations vs the rest Northern Greece 

concentrations 

The ten (10) moss samples collected from the Skouries area, were collected very close 

to the ore mine. Among the ninety-five (95) samples collected in this survey in Northern 

Greece, the one closest to the area of Skouries is the sample “ID: x-88”. However, the 

moss sample x-88 has been collected a few kilometers away from the gold mining 

facilities. This distance between the two sampling sites (‘Skouries site’ and ‘x-88’) 

explains the higher observed values of the elemental concentrations in the moss samples 

that were collected very close to the mine (Tables C1, C2, 4.3, 4.4). The concentrations 

from ‘Skouries site’ are two to ten times higher than the concentrations of the moss 

sample x-88. More specifically, the concentrations of the elements Au, Fe, Sb and Sc 

are two times higher, while the concentrations of V, Al and Co are three times higher 

than in the sample x-88. Also, the elements Cr and Mn are seven times higher, while 

the concentration of Ni is almost ten times higher in the “Skouries” samples. Finally, 

for the elements As and Zn were determined concentrations more than 10% higher in 

“Skouries” moss samples than in the sample x-88.  

Most of the times, the element As is related to copper and gold mines (Marinova et al., 

2010) which can explain the higher observed concentration in Skouries.  

The elements Au, Fe and Mn are found in higher concentrations due to the metal ore 

mining activities in the area.  

The elements Ni, V, Cr and Co which are usually connected with anthropogenic 

activities (Harmens et al., 2008), have higher concentrations due to anthropogenic 

activities held in the mine.  

The high observed values of the elements Al, Zn and Sc can be explained as a result of 

the windblown soil dust that is more intense and dispersed close to the mining facilities. 

Finally, the elemental concentrations of Au, Mn, and Ni determined in these ten (10) 

moss samples in Skouries, are much higher than the concentrations of all ninety-five 

(95) samples collected from Northern Greece (Tables A1, A2, 4.1, 4.2). More 

specifically, the concentrations of the elements Au, Mn and Ni exceed those of the rest 

of Northern Greece, since Au in “Skouries” mosses ranges between 0.0043 to 0.039 μg 

g-1, Mn ranges between 338 to 1760 μg g-1 and Ni ranges between 52 to 138 μg g-1. All 

these elements are clearly associated with the activities that occur in the gold mine of 

Skouries. Detailed analysis follows in the 4.4 section. 



[91] 
 

4.2.6 Other studies related with the area of “Skouries” 

Several studies concerning the elemental concentrations in different matrices (water, 

seaweeds, fish, sediments, soil) have been conducted in the area of Skouries (Prefecture 

Chalkidiki).  

For example, sediment samples were collected close to the coastal mining facilities 

(Ierissos Gulf) and showed that As concentrations ranged between 320 to 4100 μg g-1, 

Zn ranged between 940–4100 μg g-1 and Mn ranged from 3840 to 26000 μg g-1 (Pappa 

et al., 2016). The concentrations of Cu, Pb and Zn in surface sediments samples from 

the Ierissos Gulf were also studied and their highest values were measured in the area 

near the load-out facility of the mining operations in Stratoni Bay. Chromium and Ni 

had been also measured and were considered as results of the weathering action of the 

rivers that flew into the Gulf (Stamatis et al., 2001; 2019).  

The chemistry of water samples was also studied in Ierissos Gulf and the main 

conclusion that extracted was that the surface water samples exceeded the limit of WHO 

especially for the elements As, Sb, Cr, Ni, Cd, Pb, Mn and Fe (Chantzi et al., 2016). 

In another research, different kind of samples from water streams (surface water, 

sediments, edible fish) from the area of Skouries and Olympias were collected, and it 

was determined that the bioaccumulation of trace elements affected a lot the higher 

trophic levels and mostly fish (Lazaridou-Dimitriadou et al., 2004). High Pb, Zn and 

Cu concentrations were also determined in limpet samples from Stratoni area, while the 

concentrations of Mn, Ni and Cr were comparable to those reported for other non-

polluted geographical regions of the Mediterranean area (Kelepertsis, 2013). 

In the Stratoni area, soil samples were collected and the average concentration of Zn 

was found 712 μg g-1, of Mn 2900 μg g-1and of As 296 μg g-1 (Argyraki et al., 2017). 

Finally, in another study concerning the area of Stratoni (Kelepertsis et al., 2006), soil 

samples were also collected and studied for Pb, Zn, Cu, As, Cd, Mn, Fe, Ni, Co and Cr 

concentrations. All these elemental concentrations were above the global soil mean 

values, and especially As and Ni concentrations exceeded the tentative guidelines set 

by the UK and the Netherlands regulations (Alloway, 1995).  

In addition to the above studies, this moss survey will add useful data in the literature 

concerning the elemental concentrations in the area of Skouries using a different matrix. 

Finally, it could also be the basis for future moss bioindicator studies in the area. 

 

 

4.3 Comparison with data in literature 

As already mentioned, the moss sampling and analysis of the samples of this study was 

performed under the framework of the ICP Vegetation Programme (United Nations 

Economic Commission for Europe Convention on Long-Range Transboundary Air 

Pollution. Monitoring of Atmospheric Deposition of Heavy Metals, Nitrogen and POPs 

in Europe using Bryophytes) (Frontasyeva et al., 2015). During the last decades, more 

and more countries from Europe and recently from Asia (almost 40 countries in the last 
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survey report) took part in this ‘Moss survey’ providing data for the levels of trace 

elements in their territories. The general trend of some elements in Europe during the 

last years is also provided through the reports of the ICP Vegetation Task Force 

Meetings (Harmens et al., 2008). The comparison of the current elemental 

concentrations observed in Northern Greece with results from previous studies in 

Greece, as well as with the data from other European countries is given below. 

 

 

4.3.1 Other studies in Greece 

In Greece, only a limited number of studies exist that use mosses for the determination 

of trace element concentrations. This survey is the first attempt of studying the 

atmospheric deposition of trace elements by using mosses collected in such a big 

territory in Greece, during a five years’ period.  

A previous study has been conducted close to Athens, in a limited area close to a highly 

polluted area, where moss bags were used for investigating the elemental atmospheric 

deposition (Saitanis et al., 2012). According to this study, the concentrations of the 

elements Al, Zn, Fe, Cr, Ni and V were higher in the sites that were closer to the 

industrial zone, but there was not clear association between the anthropogenic activities 

and the observed elements. Another interesting outcome of this study was that the main 

source of Mn element was not an anthropogenic one, but it was supported that Mn was 

originally present in the moss as an essential element and that it could be easily replaced 

by other elements during the exposure and through leaching. These results do not agree 

to the estimations of the current study, where Mn is probably connected with mining 

activities in the regions enriched with Mn.  

A more detailed, relevant, biomonitoring study, was conducted in Northern Greece, 

covering the area of east Central Macedonia Region and the Region of East Macedonia 

and Thrace. The study concerned the transboundary transport of trace elements between 

Bulgaria and the Northeastern part of Greece (Yurukova et al., 2009). According to this 

study, in the Greek territory, the relative high concentrations of the elements As, Cr, 

Fe, Ni and V were due to old mines, soil contamination by windblown dust and road 

transportation. The same study showed that, the Pb-Zn complex close to Kardzahali 

town in Bulgaria was responsible for the rise of the concentrations of Cr, Fe, Ni and As 

in the territory of Bulgaria.  

The present study verifies the results of the previously mentioned investigation (Figures 

4.32-4.37) regarding the pollutants’ chemical composition in the region of Northeastern 

part of Greece, next to the Bulgarian borders. Areas that are characterized by high 

concentrations of Al, As, Fe and V are observed in both of the studies, with some 

differences concerning the concentration levels of each element. For example, the 

concentration of As close to ‘Kerkini Lake’, presents a reduction of almost 30% from 

the previous study, while Al remains in similar levels. In specific areas close to the 

Bulgarian borders, the concentrations of Zn, Cr, Fe, Ni and V are two to three times 

higher than the previous observed concentrations. The reasons of this rise, ten years 

after the previous study, can be partially clarified. It might be due to the windblown 
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dust coming from manufacturing and metals industries, motorway constructions (Fe 

and Zn) or from coal mining activities and even from the ophiolitic rocks (Cr and Ni) 

that are present in the Greek territory (Betsou et al., 2019). However, it might be due to 

transboundary transport from sources in Bulgarian borders and further investigation 

needs to be done especially after the publication of the Bulgarian data of the current 

moss survey 2015/2016. 

 

 

 

Figure 4.32. The concentrations of Zn 

according to Yurukova et al. (2009). 

 

Figure 4.33. The concentrations of As 

according to Yurukova et al. (2009). 

 

 

Figure 4.34. The concentrations of Cr 

according to Yurukova et al. (2009). 

 

Figure 4.35. The concentrations of Fe 

according to Yurukova et al. (2009). 

 

 

Figure 4.36. The concentrations of Ni 

according to Yurukova et al. (2009). 

 

Figure 4.37. The concentrations of V according 

to Yurukova et al. (2009). 

 

Another study that was performed in the framework of Tsikritzis thesis (2002), was 

about the concentrations of trace elements and radionuclides in vegetation (moss, 

lichens, leaves of trees) and soil in West Macedonia. According to this study, the 

concentrations of the trace elements in mosses are higher than in lichens, and they 

followed the order Fe>Mn>Cr>Ni>Pb>Cu>Cd. Moreover, the values of Cr ranged 
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between 26.3 μg g-1 and 147.4 μg g-1, of Mn between 203.3 μg g-1 and 496.3 μg g-1, of 

Fe from 4565 μg g-1 to 30492 μg g-1 and of Ni from 7.7 μg g-1 to 74.1 μg g-1.  

Looking at the minimum and maximum values of the current survey for the whole part 

of Northern Greece, someone can observe that the maximum values of Cr, Mn and Ni 

are higher in this present study than in the previous one. But by looking specifically at 

the concentrations of the above elements only in the region of West Macedonia and 

close to the coal power plants (Agios Dimitrios and Kardia) where the samples of 

Tsikritzis were collected, the conclusion that may be conducted is that the 

concentrations in the present study are eventually lower than the previous one.  

The reason for this decline (more than 30%) might be that after 2002 some regulations 

about the reduction of the air pollutants have been taken into account both from the 

lignite power plants and the lignite mining ores, thus the region from where the samples 

were collected might be not so affected anymore. Also the distance between the current 

sampling sites and the coal power plants is higher than the previous study. So, as the 

farther someone moves from the source, the less elemental concentrations are detected 

and it is reasonable in this case to have decreased elemental concentrations. Finally, the 

different species of mosses that were used in these two studies might play a role in the 

accumulation of the above elements. 

In the framework of another doctoral thesis (Tsigaridas, 2014), different vegetation 

species, water and microorganisms were used as biomonitors of heavy metals. Samples 

were taken around the coal power plants of Agios Dimitrios, Kardia and Ptolemaida 

and in the directions of North, South and East. The highest mean values of Cr and Ni 

were found in the south direction of the Agios Dimitrios coal power plant (56.3 μg g-1 

for Cr and 33.4 μg g-1 for Ni), while the general mean values of all the directions were 

measured at 95.43 μg g-1 for Cr and 60.99 μg g-1 for Ni. Comparing the results of the 

current thesis with the previous data, a reduction of more than 50% can be observed.  

In Northern Greece, there are no other surveys that used mosses as biomonitors for the 

accumulation of trace elements or radionuclides for such a large region like in the 

present survey. There are some studies that used lichens samples for the determination 

of the radionuclides concentrations or trace elements in specific only areas like the 

previous ones and like the surveys of Chettri et al., 1997a,b; Chettri and Sawidis, 1997; 

Chettri et al., 1998; Riga-Karandinos and Karandinos, 1998; Sawidis et al., 2009; 

Sawidis et al.,2010. Although, the data they provide cannot be compared with the 

current elemental concentrations due to the different kind of bioindicators that were 

used (different ability of accumulation and absorption of the elements) and due to the 

different under study areas. 
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4.3.2 Other international studies 

According to Table 4.6, differences can be observed between the concentrations of trace 

elements in the present study in Northern Greece and the data from the other countries 

that participated in the 2005/2006 and 2010/2011 moss surveys (Harmens et al., 2008; 

2013). More specifically, data from countries that are close to the vicinity of Greece, as 

well as far from Greece (either in Central or North Europe) were chosen to be compared 

with the data of the present study.  

Greece presents lower maximum concentrations of Zn, Mn, Co than Norway, in 

contrast to the max elemental concentrations of Bulgaria and Switzerland. Maximum 

concentrations of Ni are almost in the same levels like in Bulgaria, but lower than in 

Norway, Poland and Albania. The Greek median value of As is similar to the Serbian 

one, but higher than Republic of North Macedonia and Albania. Chromium median 

value in Greece is higher than almost all the countries, but the maximum Cr value in 

Poland is 30% higher than in the Greek territory. Vanadium and Zinc are in the same 

levels in the Greek, Serbian and Croatian territory according to the 2005/2006 moss 

survey results.  

On the other hand, the minimum concentrations of Ni and Zn that were measured in 

Greece were lower than the minimum concentrations that were detected in Belgium and 

Republic of North Macedonia. Moreover, Greek Cr minimum concentration is almost 

similar with that one that was measured in Republic of North Macedonia, in contrast to 

Al and Sb concentrations (which were measured 5% and 50% times higher than in 

Greece respectively). 

An additional interesting notice about the elemental concentrations close to the Greek- 

Republic of North Macedonian borders is the following one. In these areas, the elements 

Fe, V, Zn, As, Co, Ni and Cr show lower concentrations than in the Kavadarci region 

(Baradonvski et al., 2008; Bačeva et al., 2012) in Republic of North Macedonia. The 

Kavadarci region is a region known for the ferronickel mining and other metallurgical 

activities. These elemental concentrations in mosses verify the correlation of the above 

elements with the ferronickel mining, and maybe indicate a possible transboundary 

transfer of elements from the Republic of North Macedonia to the Greek territory.  

Another possible transboundary transfer of elements (especially of Zn) is noticeable in 

the region between Bulgarian and Greek borders. In Bulgaria there are active zinc mines 

and two big smelters in the region of Rhodope Mountains (in the cities of Kardzahali, 

Madan, Madjarovo and Ada Tepe). These regions are known for the non-ferrous 

metallurgy and specialize in the production of Pb and Zn. The open way of ore mining, 

combined with the former mines and the ongoing mines are directly connected with the 

high concentrations of Pb and Zn concentrations in Bulgaria but also in Greek sites. 

Thus, they are possible indicators of the transboundary transfer of zinc particles through 

the air to the Greek territory (Yurukova, 2007; Harmens et al., 2008; Thöni et al., 2011; 

Tsirampides and Filippidis, 2016). 

Except of the previous comparisons including mosses collected directly from nature, 

comparisons might be performed with the results of other surveys where moss bags 

were used as biomonitors. In different countries like, in Italy, Romania, Russia, Serbia 
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several studies specializing in moss bags technique, have been performed through the 

last decade (Culicov et al., 2005; Aničić et al, 2007; Aničić et al, 2009b, Giordano et 

al., 2009; 2013; Lazić et al., 2016, Goryainova et al., 2016; Capozzi et al., 2016a,b; 

Aničić et al, 2017; Di Palma et al., 2017).  

For instance, moss bags were placed in the city of Naples, in Italy and they were 

exposed for at least 6 weeks. The conclusions that were derived were that even during 

their min exposure, all the elemental concentrations were elevated more than 30% than 

before the placement of the moss bags (Giordano et al., 2009).  

Finally, another survey, where moss bags were used was conducted in Belgrade (Aničić 

et al, 2009a). The concentrations of the elements As, Al, Ni, V, and Zn of the current 

survey are at least 20% lower than the corresponding concentrations measured in the 

moss bags in Belgrade. 
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Table 4.6 The concentrations of seven trace elements (As, Cr, Fe, Ni, V, Zn, Al) in moss samples (mg kg1) from the current survey and from other European countries derived 

from the 2005/2006 and 2010/2011 moss survey. 

As 

Median 

(min-max) 

Cr 

Median 

(min-max) 

Fe 

Median 

(min-max) 

Ni 

Median 

(min-max) 

V 

Median 

(min-max) 

Zn 

Median 

(min-max) 

Al 

Median 

(min-max) 

Sb 
Median 

(min-max)  

1.44 11.5 3770 7.26 8.17 37.6 5840 0.20 Current study 

(0.52-17.9) (2.04-222) (1010-28700) (1.72-90.2) (2.61-33.4) (14.6-282) (1350-46100) (0.02-3.23)  

- 2.43 1399 2.99 3.88 27.9 1495 - Bulgaria, 2005 
- (0.79-57.8) (186-9493) (0.92-90) (0.77-24.3) (9.38-366) (426-10394) - (Thöni et al., 2011) 

0.63 2.06 1101 2.61 3.07 22.2 1245 - Bulgaria, 2010 
(0.15-10.8) (0.72-38.1) (307-8546) (0.84-82.1) (0.96-22.4) (8.22-286) (402-8886) - (Harmens et al., 2013) 

0.68 6.79 2239 5.82 6.38 35.6 3600 0.15 F.Y.R. Macedonia, 2005 

(0.18-4.32) (2.09-82) (999-8130) (1.8-43.1) (2.5-31.9) (16.4-91.3) (1466-25860) (0.044-0.92) (Barandovski et al., 2012) 

0.48 6.46 1900 4.3 3.8 29 2400 
- 

F.Y.R. Macedonia, 2010 
(0.23-1.9) (2.46-35) (890-5400) (1-55) (1.5-14) (13-94) (1100-6800) - (Baradonvski et al., 2015) 

0.12 0.58 273 1.24 1.40 31.4 255 0.070 Norway, 2005 
(0.004-4.61) (0.099-65.5) (50.4-9972) (0.055-1016) (0.25-22.1) (8.04-694) (58.3-12121) (0.015-0.94) (Steinnes et al., 2007) 

0.13 0.59 278 1.16 1.41 30.7 283 - Norway, 2010 
(0.02-4.84) (0.16-47.9) (27-24684) (0.15-857) (0.29-25.9) (7.4-368) (46-4581) - (Steinnes et al., 2011) 

1.41 6.44 2267 4.43 5.76 29.0 3946 0.24 Serbia, 2005 
(0.22-21.6) (2-78.8) (670-16100) (1.7-23.8) (1.94-32.7) (13.2-259) (117-31180) (0.059-1.37) (Frontasyeva et al., 2004) 

0.305 4.75 1618 5.85 3.51 13.8 1638 - Albania, 2010 

(0.05-2.86) (1.62-31.8) (469-5488) (1.56-131) (1.15-16.9) (1-68.1) (535-6974) 
- (Qari et al., 2014; Bekteshi 

et al., 2015) 

0.37 2.8 1000 2.7 3.1 29 1350 0.15 Croatia, 2005 
(0.1-6) (0.76-33) (320-12140) (0.66-18) (0.91-32) (12-283) (398-21460) (0.046-1.39) (Špirić et al., 2012) 

0.36 1.94 789 3.16 2.55 24.8 878 - Croatia, 2010 
(0.05-1) (0.41-8.55) (85-4028) (1.04-14.66) (0.23-37.3) (11.6-77.1) (112-4493) - (Špirić et al., 2013) 

0.15 1.2 261 1.59 0.67 31.4 - - Switzerland, 2005 
(0.053-1.07) (0.33-7.96) (95.4-2380) (0.5-7.77) (0.21-3.55) (10.1-179) - - (Thöni et al., 2011) 
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0.22 1.0 320 1.0 1.30 24 347 0.16 Austria, 2010 

(0.065-1.78) (1.62-31.8) (97-2800) (0.31-4.50) (0.34-17.0) (13-81) (81.9-3024) (0.04-1.60) (Harmens et al., 2013) 

0.12 3.21 416 0.23 1.19 34.1 557 0.096 Belarus, 2010 
(0.006-0.34) (0.66-5.23) (194-1030) (0.086-1.21) (0.59-1.68) (21.5-94.7) (267-1650) (0.026-0.34) (Harmens et al., 2013) 

0.15 1.20 394 1.25 1.33 31.3 758 0.11 Belarus, 2005 

(0.052-0.49) (0.18-11.60) (167-2243) (0.55-5.65) (0.40-9.57) (17.6-65.1) (194-9200) (0.039-0.23) (Harmens et al., 2008) 

0.16 0.92 365 1.41 1.14 44.2 242 - Belgium, 2010 

(0.052-0.89) (0.54-3.89) (171-1109) (0.72-22.7) (0.41-2.76) (16.6-132) (114-696) - (Harmens et al., 2013) 

0.68 4.47 967 3.97 4.52 77.4 - - Belgium, 2005 

(0.21-2.34) (1.44-18.5) (290-4172) (2.04-7.23) (2.31-15.30) (35.1-151) - - (Harmens et al., 2008) 

0.26 1.01 348 1.15 1.18 33.9 435 0.096 Czech Rep., 2010 

(0.068-1.08) (0.46-4.35) (150-2072) (0.37-4.47) (0.44-6.10) (20.1-105) (184-3227) (0.001-0.82) (Harmens et al., 2013) 

0.29 1.15 409 1.42 1.47 33.3 477 0.16 Czech Rep., 2005 

(0.10-1.82) (0.51-4.54) (187-2570) (0.52-4.94) (0.68-7.18) (20.9-98.8) (208-2862) (0.041-1.73) (Harmens et al., 2008) 

- 0.68 180 0.82 1.07 30.9 188 - Estonia, 2010 

- (0.36-2.40) (93-617) (0.43-2.10) (1.05-2.85) (19.3-55.6) (79-492) - (Harmens et al., 2013) 

0.10 0.80 209 1.24 1.00 29.5 187  Finland, 2010 

(<0.1-0.38) (0.34-14) (53-2230) (0.42-88.2) (<1-14.2) (11.5-102) (44-958)  (Harmens et al., 2013) 

0.18 1.43 343 1.75 1.24 30.7 286 0.11 France, 2010 

(<0.05-2.46) (0.52-5.91) (86-3540) (0.55-10.2) (0.42-6.35) (14.1-97.3) (62-2020) (0.03-0.58) (Harmens et al., 2013) 

0.22 1.59 431 1.69 1.37 37.1 - - Italy, 2010 

(0.14-0.95) (0.78-3.37) (232-646) (0.89-3.36) (0.91-1.90) (17.7-68.4) - - (Harmens et al., 2013) 

0.29 1.46 520 1.44 1.21 31.5 511 0.069 Spain, 2010 

(0.086-2.69) (0.43-4.77) (171-1449) (0.58-3.94) (0.55-4.2) (12.7-156) (173-1459) (0.04-0.15) (Harmens et al., 2013) 

0.26 1.56 548 2.12 2.30 29.0 - 0.12 Slovenia, 2010 

(0.13-0.83) (0.72-13.7) (243-1391) (0.85-8.16) (1.0-7.0) (14.7-66.7) - (0.06-0.76) (Harmens et al., 2013) 

- 1.27 344 1.15 0.65 47.5 - - Poland, 2010 

- (0.2-293) (110-2618) (0.14-108) (0.11-4.69) (7.46-211) - 
- (Harmens et al., 2013) 



[99] 
 

4.4 Source apportionment analysis 

4.4.1 Positive Matrix Factorization (PMF) model 

Different source apportionment methods and tools could be applied in order to identify 

the sources of the trace elements detected in moss samples (Figure 4.38) such as Factor 

analysis, Chemical mass balance (assumption: the source profile is constant-data base 

of standard profiles for gasoline vehicles) and Positive Matrix Factorization (PMF). 

In the current study, the identification of the sources was performed using a 

mathematical receptor model, the PMF (Positive Matrix Factorization) model, which 

can be applied without the need for data on source emission compositions  

The PMF model was developed by Dr. P. Paatero (University of Helsinki) in the middle 

of the 90’s (Paatero and Taper, 1993; 1994; Paatero, 1997). The PMF model was 

developed in order to determine the source profiles and the source contributions based 

on the ambient data (Paatero et al., 2005; Paatero et al., 2014). During the last two 

decades, the PMF model has been successfully applied in many areas of environmental 

data analysis, such as in air pollution and source apportionment studies (Polissar et al., 

1998;1999; Lee et al., 1999; Begum et al., 2004; Raman et al., 2010; Manousakas et 

al., 2017a; Diapouli et al., 2017), in precipitation studies (Anttila et al., 1995; Juntto 

and Paatero, 1994; Comero et al., 2009), in lake sediments studies (Bzdusek et al., 

2006), in soil studies (Vaccaro et al., 2007; Lu et al., 2008) and in the assessment of the 

ozone networks (Rizzo and Sheff, 2004). Recently, the PMF model has been used in 

moss studies (Christensen et al., 2018) with the current study being among the first ones 

which applied it in moss biomonitoring. 

 

 

Figure 4.38. The schematic representation of the different methods for source identification (Olivier et 

al., 2019).  

 

The PMF model is widely used in source apportionment, especially because it does not 

require any prior knowledge about the chemical profiles of the sources. It is a specified 

mathematical procedure for identifying and quantifying the sources of the different 

trace elements at a receptor (mosses in this case) based on the concentration 

measurements at the receptor (Paatero et al., 2005). It is actually a diagnostic model, 

rather than a prognostic one, as it describes the past and not the future. It can also be 
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characterized as a variant of Factor Analysis with no-negative factor elements, as it 

does not implement any negative constraints (hence the use of the term “positive” can 

be explained) and only physically valid results are obtained (Vaccaro et al., 2007).  

The fundamental principle of the PMF model is that a mass conservation between the 

emission source and the study site can be assumed and a mass balance analysis can be 

used to identify and apportion the sources of the atmospheric pollutants (Belis et al., 

2014; Olivier et al., 2019). So, the identification of the sources is performed through 

the mass balance equation (equation 4.1). 

 

𝑐𝑖𝑗 = ∑ 𝑔𝑖𝑘 ∗ 𝑓𝑘𝑗 + 𝑒𝑖𝑗
𝑝
𝑘=1        (4.1) 

 

where 

cij is the concentration of a chemical species j measured during a time period in the 

sample that can be expressed as the sum of the contributions of its different emission 

sources. It is a matrix having a dimension of n rows and m columns, where n and m are 

the number of samples and species. 

p is the number of factors (sources) that contribute to the samples 

gik is the relative contribution of the source k to the i sample 

fkj is the concentration of the j species in the k source (the mass fraction of species j in 

the chemical profile of source k) 

eij is the residual (the difference between the measured and the fitted value)- actually it 

is the error of the PMF model for the j species measured on the i sample 

 

 

Figure 4.39 The schematic representation of the mass balance equation for the identification of the 

sources. Source “k” contribute by “g” to the final concentration. Each source “k” has a specific fraction 

“f” of a chemical species. 

In other words, the concentration cij of a chemical species j that was measured during a 

time period in an i sample can be expressed as the sum of the contributions of its 
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different emission sources (Manousakas et al., 2017a; Olivier et al., 2019). More 

specifically, each source k is constituted of different chemical species, in different 

fractions (e.g. fAl, fZn, fMg, etc). When a chemical species is detected in an i sample, this 

means that each source contributes to the concentration of the specific species a gik 

factor (Figure 4.39). So, by summing up all the contributions of the sources for the 

specific chemical species gik, multiplying them with the concentrations of the species 

in each source fk j and taking into account the residual, the concentration of this specific 

element comes up. 

The source types can be identified by comparing them to already measured profiles. No 

data on specific emission compositions are required. Each source contributes to each 

sample in a specific proportion. This relative contribution is given by the gik value as 

already mentioned. 

In order to find the sources, a dataset with a large amount of data (elemental 

concentrations) gathered from a number of samples is required. The larger the data 

matrix, the higher the chances that the model will identify distinct factors that can be 

identified as sources (Raman et al., 2010; Olivier et al., 2019). In the data matrix, except 

of the observed values (concentrations), the uncertainties of each individual 

concentration are also included. 

In addition, the PMF model takes into account the errors of the data points, by using 

them as point‐by point weights in order to obtain the most physically explainable factors 

(Comero et al., 2009; Dutton et al., 2010; Manousakas et al., 2017b). It also permits 

individual weighting, which increases the model's ability to handle outliers, missing 

values, and below detection limit values (Lu et al., 2008). 

The most important feature of the PMF model is that the number of factors or sources 

is chosen initially, before it runs. The choice of factors- sources is always a compromise 

as the PMF model is a descriptive model and there is no objective criterion to choose 

the ideal solution. If only few factors are used in the model, the sources which have 

different nature might be combined together, whereas if too many factors are used, there 

is a possibility of a real factor to be separated into two or more unreal sources 

(Manousakas et al., 2015). 

After the model runs, two products- matrices are obtained. One that gives the 

contribution of each of the source factors to each measurement and another one that 

gives the contribution of each independent measurement (elemental concentration) to 

each of the sources. 

The aim is to find the appropriate gik, fkj and p values that best reproduce the cij 

concentration. For the achievement of this goal different tools are used. First of all, the 

values of gik and fkj are adjusted until a minimum value of Q for a given p-factor is 

found. Q value is defined as follows (equation 4.2): 

 

𝑄 = ∑ ∑
𝑒𝑖𝑗
2

𝑠𝑖𝑗
2

𝑛
𝑖=1

𝑚
𝑗=1         (4.2) 

where 
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sij is the uncertainty of the j species concentration in the sample i 

n is the number of samples  

m is the number of species 

eij is the residual (the difference between the measured and the fitted value) 

(Manousakas et al., 2017a) 

Usually, different Q values for different solutions resulting from a range of p number 

of sources are examined. If p approximates the number of underlying factors in the data, 

then Q should be approximately equal to the number of data points in the matrix. If this 

solution lacks physical validity, then other solutions are examined until the most 

physically valid solution is found (Manousakas et al., 2015). 

Except of the Q value interpretation for the choice of the best solution, there is the 

problem of the rotation of the matrices. This rotational ambiguity of matrices is solved 

through the Fpeak tool of the model. The Fpeak tool investigates the possibility that the 

solution is a rotation. The uniqueness of the solution is examined through the parameter 

“Fpeak”, assigning both positive and negative values. Positive Fpeak values mainly 

impact the factor profiles and negative values impact the factor contributions 

(Manousakas et al., 2017a). 

Finally, in the choice of the most appropriate solution the GPlots are involved. GPlots 

of the sources are the plots of the contributions of each source gik against one another, 

and they are an additional measure to determine the existence of rotations The G space 

plots illustrates the so-called edges, such as the well-defined straight borders between 

regions densely occupied by points and regions where no points occur. If there are 

unrealistic rotations in the solution, then some of the edges are oblique. The oblique 

edges may act as an indication that the rotations should be modified (Manousakas et 

al., 2015). 

 

 

4.4.2 PMF Analysis Results 

In the current study, the Positive Matrix Factorization (PMF) analysis was performed 

by means of the PMF 5.0 model (the newest version of USEPAPMF model). The 

number of the samples that were included in the dataset used for the PMF source 

apportionment were 105. The number of the chemical species that were inserted in the 

model were 30 (Na, Mg, Al, Si, Cl, K, Ca, Cd, Ti, V, Cr, Mn, Fe, Co, Ni, As, Br, Rb, 

Sr, Mo, Sc, Sb, Cs, Ba, La, Ce, Tb, Hf, Ta and Th).  

Based on the Signal-to-Noise ratio (S/N), for each chemical species over all samples, 

some species were defined as “weak” species such as Mg, Al, Cd, Th, while some others 

species were defined as the strong ones such as Na, Si, Cl, K, Ca, Sc, Ti, V, Cr, Mn, 

Fe, Co, Ni, As, Br, Rb, Sr, Mo, Sb, Cs, Ba, La, Ce, Tb, Hf, Ta. The weak species (when 

S/N ratio is between 0.2 and 2) were not fit well by the model, giving higher 

uncertainty-3 times their original one, while their impact on the final PMF solution was 

extremely low (Diapouli et al., 2017). The rest of the chemical species that were 
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detected in mosses and whose S/N ratio was lower than 0.2 were excluded from the 

analysis. 

The uncertainties of the concentrations of all chemical species were calculated based 

on the sampling and analytical uncertainties and depending on the method of analysis. 

The PMF5 model was run on the robust mode, where the uncertainties were 

dynamically readjusted through an iterative reweighting. The robust mode was used to 

reduce the influence of extreme points (defined as these point that exceed four times 

the error estimate in the process of model irritations) by suitably down-weighting them. 

For example, a measured concentration value was processed as an outlier if the residual 

exceeded 4 times the data point uncertainty. In that case the uncertainty was increased 

in order to decrease the influence of this data point (Diapouli et al., 2017). Extra 

modelling uncertainty was put in the model to account for modelling errors. It was 

typically set at 10%. 

In order to determine the number of factors, the model run 100 times for each possible 

number of sources. The model run multiple times in order to ensure that the solution 

which was achieved was based on a universal minimum and not a local minimum. The 

minimum referred to the fact that the aim of the PMF model was the minimization of 

the residual. So only the solution with the minimum residuals would be accepted. 

Solutions with different number of factors (ranging from 4 to 10) were examined. The 

basic criteria for choosing the best solution of the model were the distributions of the 

residuals, the G-space plots and the Q values. Additionally, the rotational ambiguity of 

the solutions was assessed through the use of different Fpeak values, which ranged 

between -1.0 to 1.5. 

 

Figure 4.40. The schematic representation of the contribution of the five factors in each chemical species 

measured in mosses. 

 

After taking into account all the above criteria, the model resolved five factors 

presenting a physical meaning. The uniqueness of this solution was also verified by the 

Fpeak value, which was equal to -0.5. Only in this case the minimum correlation 

between the contributions of the different sources was performed. Thus, this solution 
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included the following five sources: The Soil Dust, the Aged Sea Salt, the Road Dust, 

the Lignite Power Plant and the Mn-rich source (Figure 4.40). 

The source profiles obtained for Northern Greece, as well as the species’ relative mass 

(%) apportioned to each factor/source are presented simultaneously in Figures 4.41.-

4.45. In each of these figures, the blue bars, which correspond to the left axis, represent 

the concentrations as mass fractions of (
𝜇𝑔 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑠𝑝𝑒𝑐𝑖𝑒𝑠

𝑡𝑜𝑡𝑎𝑙 𝜇𝑔 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑢𝑟𝑐𝑒
).The red dots, 

which correspond to the right axis, represent the percentage of each species’ mass that 

is assigned to this source. In other words, the identification of each source is also based 

on the percentage of the species’ mass assigned to each source (red dots).  

The first source profile is attributed to soil dust (Figure 4.41). Mainly elements that are 

abundant in the Earth’s crust and soil (crustal components) contribute to this source, 

such as the elements Mg, Al, Ti, Si, Ca, Th, Ba, La, K and Fe. More than 40% of the 

mass of Si, Ca, Cl, K, and Mg is assigned to the Soil dust source. All these elements 

were transferred to mosses through the resuspension of the soil from fields by local 

winds. It should be mentioned that the dry climate of Greece favors the soil 

resuspension even in long distances (Manousakas et al., 2017b). Although, the mass 

fractions of the crust components (blue bars) are high in all the source profiles figures. 

This happens due to the fact that these elements contribute a lot to the total elemental 

concentrations that were measured in moss samples.  

 

Figure 4.41. The chemical profile of the soil dust source. 

 

The Aged sea salt factor is presented in Figure 4.42. It is represented by the elements 

Na, Rb, Sr, Hf and Ta. Sodium is the element that contributes the most in this source. 

Chlorine is present in the factor but in much lower concentration than expected for sea 

salt by stoichiometry. That is an indicator of the depletion of Cl. This Cl depletion in 

the factor points out that the sea salt cannot be characterized as fresh but rather as aged. 

The ratio Cl/Na is much lower than 1.8 which is the value of the fresh sea salt. Fresh 

sea salt is mainly found on fresh particles and has no seasonal trend (Eleftheriadis et 

al., 2014; Manousakas et al., 2017b). In this case, the sea salt particles that were 

deposited in mosses are not fresh and probably they had previously interacted with other 

chemical species such as crustal minerals and other urban pollutants (Diapouli et al., 

2017).  
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Figure 4.42. The chemical profile of the Aged sea salt source. 

 

The third factor contains high loadings of Sb and As. It could be characterized as the 

dispersed Road dust (Figure 4.43). This source is related to vehicular traffic and can be 

identified by common traffic tracers such as Sb and Fe. More than 70% of the mass of 

Sb is assigned to the dust from the traffic network. It should be mentioned that most of 

the times, the atmospheric Sb’s main source are the brake pads in cars, so it is connected 

with the dispersed road dust (Harmens et al., 2008). 

 

Figure 4.43. The chemical profile of the Road dust source. 

 

The fourth factor is identified as the Lignite power plant source (Figure 4.44). There is 

high contribution of Ni, Cr and Co. More than 60% of the masses of Ni and Cr are 

assigned to the Lignite power plant factor. This factor could also be related to heavy oil 

combustion emmisions. Ni is a good tracer of this source as well. Heavy duty vehicles 

used in the mining processes of the lignite power plants and for the lignite transfer are 

highly likely to contribute to this source by enchancing the dust resuspension. 
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Figure 4.44. The chemical profile of the Lignite power plant. 

 

In addition, Cr originates among other sources from fossil fuel burning. Vanadium and 

Magnesium are also present in this factor but in lower concentrations. Both of them are 

usually included in the fly ash produced by the burning process. The fly ash might 

escape the filters of the power plants and thus is emitted in the air (Diapouli et al., 

2017). Cobalt is also connectd with the heavy oil combustion source and has similar 

behavior like Ni element. High contribution of this source is found in samples named 

b-01 to b-10, which were collected from areas close to mining activities. Additionally, 

it is linked with the prefecture of Western Macedonia, where the complex of the lignite 

power plant Ptolemaida-Amyntaio is located,  

The last factor that was produced by the model, is characterized as the Mn-rich source. 

It is not an artifact of the program. It is possibly connected with mining activities. 

Around 60% of the mass of Mn is correlated to this source according to the chemical 

profile in Figure 4.45. This source is strongly associated with the samples named as b-

01 to b-10 which were collected from areas close to mining activities in Chalkidiki. 

Figure 4.45. The chemical profile of the Mn-rich source. 

 

Except of the chemical profiles of each source, it is useful to display how much each 

source contributes to each moss sample. In Figure 4.46 the relative source contributions 

for each sample are presented. The soil dust and the sea salt sources contribute more 

than 60% to many of the moss samples. Similar relative contributions of the road dust 

source occur to almost all mosses. 
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Figure 4.46. The relative source contribution for each sampling site. 

Two regions can be distinguished according to Figure 4.46. The first one is the Region 

of Western Macedonia (sites x-30 to x-42). It is an area characterized mostly by the 

Lignite power plant factor. In this region, as already mentioned, the Ptolemaida-

Amyntaio complex Lignite power plants are located. In these mosses, the elements Ni, 

V, Cr and Co were found in high concentrations and could be directly linked with the 

Lignite power plant source (Lignite mining and burning in the power plants). 

The second area that is distinguished is the one with ID b-01 to b-10. This area 

corresponds to the area of Skouries (described in Section 4.2) which is characterized by 

the mining activities. In this area there are high contributions of the Mn-rich source, the 

lignite power plant source as well as the road dust source. These sources contain the 

elements Mn, Ni, V, Co, Sb and Cr which were found in elevated concentrations, and 

could be linked directly to the mining procedure and the dust that is dispersed in the 

surroundings through the traffic network. These contributions can also be seen from the 

diagram with the average source contributions (Figure 4.47). The road dust source 

among with the Mn-rich and Lignite power plant sources are the ones that contribute 

the most in the elemental concentrations of the Skouries samples.  

 

Figure 4.47. The average source contribution for the region of Skouries. The Road dust among with the 

Lignite power plant and the Mn-rich sources have the biggest influence in the elemental concentrations. 
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Except of the average source contribution for the Skouries area, the average 

contribution of sources for the whole vicinity of Greece is displayed in Figure 4.48. 

According to this diagram, the soil dust source contributes the most in mosses (52%), 

with the Aged sea salt and the road dust being the next ones that influence the elemental 

concentrations in mosses. It should be mentioned that one of the main reasons that could 

explain the high contribution of the soil dust source in Northern Greece, is the dry 

climate of Greece. The arid climates, favor the resuspension of the dust and in 

combination with the aid of the local winds, the soil particles can easily travel in even 

further distances, increasing the different elemental concentrations in mosses. 

 

Figure 4.48. The average source contribution for Northern Greece. The soil dust source is the most 

prominent enrichment source of elements in mosses.  

In conclusion, after applying the PMF model in the elemental concentrations of mosses, 

five factors were identified: The Soil dust source, the Aged sea salt, the Road dust 

source, the Lignite power plant source and finally the Mn-rich source. Among them, 

the soil dust source is the one that has the highest contribution in all the moss samples 

of Northern Greece. Therefore, the majority of the elements are deposited on mosses 

through the reuspended soil. 

 

 

4.5 Trace elements concentrations in soil 

4.5.1 Distribution of elements in soil samples 

Ninety-five surface soil samples were collected from the same sampling sites where 

moss samples were collected from. Soil samples were prepared appropriately and they 

were measured through XRF analysis technique. The concentrations of 19 elements 

were determined and are presented with details in Tables E1 and E2 in the Appendix E. 

The descriptive analysis (mean, median, min, max, standard deviation, kurtosis and 

skewness) of the above elemental concentrations in soil samples was also performed 

and is presented in Tables 4.7 and 4.8. The elemental distributions of As, Cr, Fe, Mg, 
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Mn and Ni (the most frequently studied elements) are presented in Figures 4.49 (a)- (f) 

while the distributions of the rest 13 elements are presented in Appendix E. 

Table 4.7. The descriptive analysis of the first 10 elements that were measured in soil samples using the 

XRF analysis technique. The concentrations are given in wt %. 

 Si Al Fe Ca Mg Na Ti K Mn Sr 

Mean 24.12 4.53 2.40 4.84 1.88 0.51 0.47 1.16 0.12 0.03 

Median 24.67 4.70 2.21 1.86 1.15 0.46 0.46 1.11 0.11 0.01 

Min 5.53 0.97 0.59 0.13 0.23 0.03 0.11 0.21 0.01 0.00 

Max 34.86 8.45 7.70 50.30 14.91 1.51 1.00 2.85 0.65 0.10 

Range 0.61 0.13 0.12 0.88 0.23 0.04 0.02 0.05 0.01 0.002 

St.Dev. 29.32 7.47 7.10 50.17 14.68 1.48 0.89 2.64 0.64 0.10 

Kurt. 5.94 1.28 1.20 8.58 2.25 0.36 0.19 0.53 0.09 0.02 

Skew. 1.03 0.70 2.87 13.73 17.84 0.02 0.09 0.23 15.86 4.32 

 

Table 4.8. The descriptive analysis of the rest 9 elements that were measured in soil samples using the 

XRF analysis technique. The concentrations are given in wt %. 

 S Cr Zr Zn Ni Cu As Cl Co 

Mean 0.05 0.02 0.02 0.01 0.01 0.003 0.001 0.002 0.001 

Median 0.03 0.01 0.02 0.01 0.00 0.000 0.000 0.000 0.000 

Min 0.00 0.00 0.00 0.00 0.00 0.000 0.000 0.000 0.000 

Max 0.34 0.17 0.05 0.03 0.20 0.041 0.031 0.104 0.011 

Range 0.01 0.002 0.001 0.001 0.003 0.001 0.001 0.001 0.0002 

St.Dev. 0.34 0.17 0.05 0.03 0.20 0.041 0.031 0.104 0.011 

Kurt. 0.06 0.03 0.01 0.01 0.03 0.006 0.005 0.013 0.002 

Skew. 10.37 16.02 1.37 1.14 15.18 18.55 26.663 47.664 6.397 
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Figure 4.49 (a)- (f). The distributions of the elements As, Cr, Fe, Mg, Mn and Ni in soil samples collected 

from Northern Greece.  

 

 

Figure 4.50. The areas of Northern Greece from where soil samples were collected. The names of the 

regions in which some elements were found in high concentrations are presented in the red circles. 

According to the distribution diagrams (Figure E in Appendix), the elements Al, K, Si 

and Ti have similar concentrations in almost all sites, proving that there is no impact of 

anthropogenic activities on them and the majority are just typical components of the 

soil.  

On the other hand, the concentrations of some elements (Cr, As, Cl, Mn, Zn, Ni, Mg) 

in soil samples do not present any homogeneity, but they vary across Northern Greece 

(Figure 4.50), indicating that these elements are not exclusive constituents of the soil 

but they might be connected with some other anthropogenic sources (e.g. lignite power 

plants, transportation, mining activities, fuel burning, industrial activities,).  

For instance, some samples from the Region of Thrace present high concentrations of 

As, Cl and Mn, while some other sites in the Region of West Macedonia have elevated 

concentrations of Cl, Cr, Mg and Ni. The area of Serres in the Region of Central 
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Macedonia include some samples with elevated concentrations of As, Ca, Cl, S and Zn 

elements. Pieria and Hmathia are two other areas of Northern Greece which include 

samples characterized by higher levels of Ca, Cl, Co, Cr, Fe, Ni, S than the rest ones, 

whereas in Chalkidiki the levels of Mn in some sites are also elevated.  

The first step for the identification of the origins of these elements is to normalize their 

concentrations to the concentrations of Al. The normalization to the Al concentrations 

was chosen based on the fact that Al, as a component of the Earth’s crust, can be used 

as a marker of the soil source (Bargagli et al., 1995a,b; Sardans & Peňuelas., 2005). 

Then, comparing the normalized elemental concentrations of the samples with the 

chemical composition of a reference soil sample (in this case the “Mason-Zucc” soil is 

used), the elements that are associated to the soil can be distinguished. The profile of 

this soil reference material describes a general soil composition, not a specific Greek 

soil composition, that’s why there is not a total match between them. 

 

 

Figure 4.51. The diagram where the mean ratios of the different elements over Al are presented both for 

the current study’s samples and the reference soil sample “Mason- Zucc”. 

 

According to Figure 4.51, in most of the cases, the chemical composition of the soil 

samples is similar to the reference’s chemical composition, indicating that the role of 

anthropogenic activities is not so big in the majority of them. Although, there are some 

samples in which particular elements (As, Cu, Ni, Zn and Cl), are measured in high 

concentrations and might be connected with “anthropogenic factors”. In addition, 

attention should be given to the concentrations of the elements Fe, Mn and Mg, which 

are in some cases higher than the majority of the samples. In order to have a clearer 

view and recognize the possible anthropogenic sources of the aforementioned elements, 

the elemental concentrations in soil are compared with the corresponding 

concentrations in mosses. 
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4.5.2 Comparison of the elemental concentrations in soil and moss samples 

The elemental concentrations in soil samples are compared with the elemental 

concentrations in the corresponding moss samples. Taking into advantage the source 

apportionment results of mosses, the origin of the elements As, Ni, Zn, Cl, Cr, Fe, Mg 

and Mn in soil samples can be estimated. 

To begin with, comparing the distributions of Ni in mosses and soil, there is a match 

between the sites where the concentrations of Ni are high. The source of Ni in mosses 

according to the source apportionment analysis are the heavy combustion oil and the 

Lignite Power Plants. This fit between the concentrations of Ni both in soil and mosses 

could indicate the above anthropogenic activities as their common sources. 

Arsenic and zinc are two other elements that were found in high concentrations in moss 

and soil matrices in the same areas. According to the PMF model, both of them are 

associated to the road dust source, which could also be the same reason of their elevated 

concentrations in soil samples. Arsenic in the area of Thrace could also be connected 

with the presence of arsenopyrites in the area, and might be deposited on mosses 

through the windblown road dust source. 

Chromium in mosses comes from the fossil fuel burning (Diapouli et al, 2017) and it 

has traveled to mosses through the fly ash that was produced during the burning process 

in the lignite power plants. The sites where Cr levels are elevated in mosses suit with 

the sites characterized by elevated Cr in soil. This fit declares that Cr in the soil comes 

from the same source as in mosses (the fly ash from the fuel burning). 

Checking the concentrations of Fe in soil and moss samples, the conclusion that could 

be made is that, Fe, which is an Earth’s component, is definitely coming from the soil 

dust in mosses. But in some cases, soil dust is not the only factor that is responsible for 

its high concentration in mosses. This is verified by the enrichment in Fe of some soil 

samples, which could only be explained through the road dust that is dispersed from 

the traffic. So, elevated Fe concentrations in both matrices are also due to the dispersion 

of the road dust through the wind, but the resuspension of soil remains its main source.  

Magnesium high concentrations in moss samples match with those of the soil samples. 

Soil dust is the main source for both of them, but in some cases the Mg enrichment of 

both matrices might be due to the lignite burning in the power plants that is scattered in 

the surroundings. 

The high concentrations of Cl in soil do not match exactly with the corresponding high 

concentrations in mosses. Cl according to the source apportionment results is associated 

with the Aged sea salt. Indeed, the sea salt particles that were deposited in mosses could 

also have been deposited in soil but due to the fact that some possible interactions with 

other chemical species and other pollutants had occurred (Diapouli et al., 2017), its 

concentration in soil could be affected. 

Finally, the elevated concentrations of Mn in soil samples match with the corresponding 

concentrations in mosses. The Mn-rich source is the one that is responsible for these 

elevated concentrations including anthropogenic activities such as the mining ones. 
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4.5.3 Transfer of resuspended soil to mosses 

Another tool to understand the level of the influence of the soil on plants is the 

efficiency called “transfer factor”. In general, the soil to plant transfer factor is a factor 

that shows the uptake of the elements from the soil to plants (Puschenreiter and Horak, 

2000; Kabata-Pendias, 2004; Bitterli et al., 2010; Laţo et al., 2012; Chackrabortty et al., 

2013; Ogoko, 2015; Mirecki et a., 2015; Papaioannou et al., 2018; Antoniadis et al., 

2019). The term transfer factor is used in the radioecology too (Freytang, 1986; 

Puschenreiter and Horak, 2000; Uchida et al., 2007; Dragović et al., 2010; Kadovic et 

al., 2011) and will be used in the fifth chapter of this study too.  

In the case of mosses, the transfer of resuspended soil to mosses reveals the transfer of 

the elements from the resuspended soil to mosses, not through the uptake from roots 

(as mosses do not have roots), but through the soil dust that is carried by the wind and 

is placed on mosses, especially in arid climates. The transfer of trace elements from soil 

to mosses is defined as the ratio of the elemental concentration in moss to the elemental 

concentration in soil equation (4.3).  

 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑟𝑎𝑐𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 𝑚𝑜𝑠𝑠 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑟𝑎𝑐𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 𝑠𝑜𝑖𝑙
    (4.3) 

 

The transfer of resuspended soil to mosses for fifteen (15) elements (Al, Si, Fe, Ca, Mg, 

Na, Ti, K, Mn, Sr, Cr, Zr, Zn, Ni, Co) were calculated and are presented in Table F1 in 

the Appendix. The elemental concentrations units of both matrices were expressed in 

μg g-1.  

The highest values are determined in the cases of Ca (6.23), Zn (2.95), Mn (2.96), K 

(2.95) and Mg (3.06), while the lowest in the cases of Mg (0.01), Ti (0.01) and K (0.01). 

However, the transfer of resuspended soil to mosses for some elements (Sr, Cr, Zr, Zn, 

Ni and Co) could not be calculated for all samples, due to the negligible elemental 

concentrations detected in some of them. 

The mean value of transfer varies between 0.1 and 0.7 for all the elements (Figure 4.52). 

More specifically, the mean value of Ti and Cr is 0.1, while the mean of Al and Zr is 

0.2. The elements Fe, Si, Mn and Sr have a mean transfer value around 0.3, while the 

elements Mg, Na and Zr around 0.4. Finally, the average transfer value of Ca and K is 

0.7. Only the elements Ni and Co have very low transfer values (< 0.1) and this is due 

to their very low concentrations in soil samples.  

The fact that the mean values of the transfer of resuspended soil to mosses of Ca and K 

are the highest ones, verifies that these two elements come entirely from the windblown 

soil dust according to the source apportionment results of mosses. The same conclusion 

about the rest elements (except of Ni, Co, Cr) can be extracted, verifying also the fact 

that the soil dust source is the source that contributes the most to many of the moss 

samples. 



[114] 
 

 

Figure 4.52. The mean transfer factors for the elements Al, Si, Fe, Ca, Mg, Na, Ti, K, Mn, Sr, Cr, Zr, 

Zn, Ni and Co. 

 

 

4.5.3.1 Transfer of resuspended soil to mosses and different substrate type of 

mosses 

There are different parameters that may influence the transfer factor of elements from 

soil to plants such as the climate, the plant species, the part of the plants (leaves and 

other organs), the soil characteristics and the physico-chemical form in the soil (Uchida 

et al., 2007; Bitterli et al., 2010; Mbong et al., 2014).  

In this study only the influence of the substrate where the mosses were collected from 

is studied. This is the only parameter that was chosen based on the fact that mosses do 

not take any element from the roots, but only from the atmospheric deposition. Thus, 

the percentage of exposure to soil dust deposition is the one that might play a role in 

the accumulation of metals in mosses.  

Mosses, as it is already said, were collected from different substrate types (surface, 

rocks, branches and near roots). The relationship between the transfer of resuspended 

soil to mosses and the types of the substrate from where they were collected is presented 

in Figures 4.53 (a)-(h). In the Appendix F, the transfer relationships with the elements 

Mn, Na, Sr and Zn are also presented. 
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Figure 4.53. The relationships between the transfer of resuspended soil to mosses for the elements Al, 

Ca, Fe, K, Mg, Si, Ti, Zr and the type of substrate from where mosses were collected (surface, rocks, 

branches, roots). 

 

The higher the transfer of resuspended soil to mosses is, the higher amount of soil dust 

is deposited on mosses through the air and the higher the accumulation of the elements 

in mosses is. This means that mosses that were entirely exposed to the atmospheric 

deposition in open areas (Figure 4.54) have the privilege of receiving and accumulating 

higher amounts of elements that are associated to the soil dust source. So, concerning 

the “soil-dust source” elements, mosses collected from surface and rocks should have 

higher transfer coefficients than those collected from branches and roots (the last ones 

might have been influenced by the canopy tree effect-where it was not possible to be 

avoided during the sampling). 
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Indeed, the transfer of Al, Ca, Fe, Mg, Si, Ti, K, Zn and Zr elements reveal the strong 

relationship between the surface and rocks with the high percentage of the soil dust that 

was received by mosses and verify the source apportionment results concerning the 

“soil dust source” elements.  

No plots about the Co, Cr and Ni elements are presented due to the fact that their 

concentrations in soil were so low that could not give representative transfer factors 

plots. Concerning the plots of Mn and Sr (Appendix F), there are no big differences in 

the transfer values based on the type of substrate. Finally, Na plot shows that there is a 

strong correlation between Na and soil dust, although according to the source 

apportionment analysis, Na is connected with the Aged Sea Salt factor. Probably, Na 

particles react with other particles in the atmosphere and are deposited on mosses like 

the “soil dust” elements. 

 

 

Figure 4.54. The atmospheric deposition of the soil dust on mosses. There is no uptake from the roots, 

so the only way the elements that are associated with the soil dust source to be placed on mosses is 

through the atmospheric deposition. 

 

To conclude, the transfer of resuspended soil to mosses is a useful tool for the 

identification of the “soil dust” elements, verifying simultaneously the PMF model that 

was run for the elemental concentrations in mosses.  

 

 

4.5.4 Comparisons with data from other studies in Greece 

There are data from various studies (Pentari et al., 2006; Papastergios et al., 2011; 

Skordas et al., 2013; Nikolaidis et al., 2013; Argyraki-Kelepertzis, 2014; Sofianska and 

Michailidis, 2015; Botsou et al., 2016; Noli and Tsamos, 2016; Argyraki et al., 2017; 

Topalidis et al., 2017; Kelepertzis et al., 2018; Antoniadis et al., 2019) occurred in 

different areas of Greece concerning the levels of trace elements in soil of rural and 

urban areas during the last two decades. The samples that were collected in most of the 

cases were soil samples from urban areas (through the city, close to roadsides and 

highways, abandoned mines and industrial areas), as well as from agricultural areas 

(apple, cotton and wheat cultivated areas, vineyards). The results of the above studies 

are presented in Table 4.9. Differences can be observed between the concentrations of 

trace elements determined in the present and the previous studies.  
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More specifically, the current data present lower min concentrations of all the elements 

compared to the data provided by almost all the previous studies. The mean values of 

the elements Fe and K of the current study are similar to those of Argyraki-Kelepertzis 

results (2014), in contrast to Ca which is three times lower. In addition, Na mean value 

is found in 50 % lower concentration than in Noli and Tsamos (2016) research (in 

Filotas area), whereas Mn and Sr mean concentrations are 50 % higher than in the 

studies of Argyraki-Kelepertzis, 2014 and Pentari et al. (2006) respectively. 

On the contrary, the majority of the max concentrations of all the elements (except of 

Zn, Cu and As) of the current study are higher than the max values determined in all 

the other studies. Zinc max values of this research are three to sixty times lower than 

the researches of Argyraki-Kelepertzis (2014) and Nikolaidis et al. (2013). In addition, 

As max concentrations are two times to two order of magnitude lower than the 

corresponding max concentrations measured in the studies of Nikolaidis et al. (2013) 

and Antoniadis et al. (2019). Finally, the max levels of Cu of the current study are in a 

good agreement with the results of the previous studies performed in the Greek 

territory. According to all the previous studies, the majority of the measured elements 

derive from anthropogenic activities such as industry, traffic, fertilizers, fossil fuel 

burning and agricultural activities, but also from natural processes such as the 

weathering of parent rocks like (Mn, Cu, Al, Fe) in Papastergios et al. study (2011). 

Extra comparisons can be performed based on common regions where the samples were 

collected from. For example, the concentrations of Mn and Zn of the current study in 

the area of Stratoni are two and eight times lower than it was reported by Argyraki-

Kelepertzis (2014), highlighting the impact of the mining activities on the area. The 

levels of Zn close to Thessaloniki city are similar to those described by Topalidis et al. 

(2017), while they are almost two times higher compared to those mentioned in Drama 

area by Sofianska and Michailidis (2015). Moreover, Mn and Zn concentrations in the 

industrial area of Kavala are two times higher than those reported by Papastergios et al. 

(2011). The human activities occurred in the above areas are those that influence the 

most the elemental concentrations.  

In the area of Kirki, the levels of Zn and As are found in much lower concentrations 

(around two and one orders of magnitude respectively) than those cited by Nikolaidis 

et al. (2013). The main reason of these high concentrations is the influence of the old 

zinc mine that operated in the area. Finally, in the basin of Ptolemaida and close to 

Lehovo area, the concentrations of Fe are similar to those described by Noli and Tsamos 

(2016), of Na, Co, Cr are two and nine times lower, whereas Zn is one order of 

magnitude higher, indicating that the anthropogenic activities of the area (lignite power 

plants and road dust) are the main sources of them.  
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4.5.5 Comparison with data from other studies around the world 

The elemental concentrations reported by different studies worldwide during the last 

two decades are presented in Table 4.10. The mean concentrations of the elements Mn, 

Cr, Zn, As and Ni are higher than the worldwide average soil concentrations (Kabata-

Pendias; 2011). More specifically, Zn and As are 1.5 times higher, Mn and Cr are 2.5 

times higher, while Ni is almost 5 times higher than the values reported by Kabata-

Pendias (2011). In contrast, the levels of Sr, Cu and Co are similar to the global ones. 

Kabata-Pendias (2011) give also the European mean values of trace elements in 

topsoils, which are slightly different than the international ones. Still there are some 

differences between the data of the current survey and the European ones. For example, 

Mn and Cu of the current survey are more than 2 times higher, while Sr, Zn and Cr are 

approximately 1.5 higher than the European mean levels. Cobalt is found in similar 

concentrations whereas As is 14% lower than in Europe. These differences can be 

explained due to the different soil properties and anthropogenic activities that occur in 

each country. 

The max concentrations of almost all the elements of the current study are higher than 

those reported in Table 4.10. For instance, the max concentrations of Al, Fe and Ca are 

2 to 13 times higher than the rest studies, while the max levels of Mg, K and Na 

overcome these differences (more than 4 times at least higher). Moreover, the max 

concentrations of Zn and Cu are two order of magnitudes lower than those recorded in 

the industrial area of Berlin, while of As and Ni are two times higher (Birke and Raugh; 

2000). These differences are based on the industrial activities that take place in the area. 

Finally, comparing the max concentration of Zn with this of the Oslo city (Tijhuis et 

al., 2002), it seems that Zn concentration in Greece is 70% lower than in Oslo city, 

indicating the high impact of the road traffic factor in Oslo.  

In conclusion, there are differences between the elemental concentrations in soil around 

the world, and it is reasonable if someone thinks about the natural processes from where 

most of the elements come (so as the soil properties), as well as the anthropogenic 

activities which have a great impact on their concentrations depending on the 

development of each country.  

The most important conclusion of this chapter that could be made, is that by combining 

and measuring the elemental concentrations in soil and mosses, it’s easier to identify 

and understand their sources and take the appropriate measures for their control. 
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Table 4.9. Data from studies occurred in Greece. The range, the mean values (in parenthesis) and the median values [in brackets] of the elemental concentrations in soil (μg g-1) are presented.  
 

 

study 
Area of study Al Fe Ca Mg Na K Mn Sr Cr Zn Ni Cu As Co 

This study 
(Northern 

Greece) 

9175-84454 

(241223) 

5936-76966 

(23956) 

1307-503000 

(48435) 

2262-149100 

(18761) 

338-15147 

(5134) 

2070-28478 

(11644) 

101-6473 

(1214) 

0-989 

(184) 

0-1721 

(156) 

0-339 

(98) 

0-1982 

(140) 

0-414 

(39) 

0-306 

(10) 

0-112 

(10) 

Pentari et al., 2006 
(near abandoned 

coal mine- 

Mavropigi) 

- - - - - - - (63.3) (169) (79) (125) (47.1) (6.9) (41.8) 

Pentari et al., 2006 
(abandoned coal 

mine- 

Mavrodendri) 

- - - - - - - (86.4) (876) (110) (655) (44.4) (11.7) (80) 

Papastergios et al., 

2011 

(industrial area 

in Kavala) 
(4500) (6350) (27980) (2830) (1880) (1380) (524.2) (35.59) (16.08) (147.7) (14.9) (22.3) (55.06) (6.83) 

Skordas et al., 

2013 

(apple cultivated 
area-Central 

Greece) 

- - - - - - - - - 
..-190 

[94.6] 

..-480 

[165.3] 

..-430 

[94] 

..-242 

[17.1] 
- 

Nikolaidis et al., 

2013 

(abandoned mine 

in Kirki) 
- - - - - - - - - 

..-22292 

[9514] 
  

..-634 

[209] 
- 

Argyraki & 
Kelepertzis, 2014 

(Athens city 
areas) 

10000-82000 
(45000) 

6000-48000 
(24000) 

12000-380000 
(135000) 

  
3000-19000 

(11000) 
168-2731 

(587) 
 

43-1586 
(163) 

18-1089 
(122) 

27-727 
(111) 

11-410 
(48) 

6-204 
(29) 

- 

Sofianska 

&Michailidis, 2005 
(plain in Drama) - - - - - - - - - 

..-207 

[90.6] 
- 

..-77 

[33] 

..-65 

[18.8] 
- 

Botsou et al., 2016 
(roadside 

Athens) 
- - - - - - - - - 

51.3-169 

(81.6) 

90.6-620 

(247) 

23.3-48 

(30.8) 
- - 

Botsou et al., 2016 (off roadside-) - - - - - - - - - 
29.2-166 

(71) 
106-656 

(246) 
14.5-41.3 

(26.8) 
  

Noli &Tsamos, 
2016 

(Filotas-
W.Macedonia) 

- 
32940-38830 

(36968) 
- - 

11120-12150 
(11683) 

12100-15870 
(13990) 

- 
210-302 

(259) 
328-836 

(521) 
82.9-150 

(117) 
- - 

1.8-5.6 
(4.5) 

16.4-23.2 
(20.7) 

Argyraki et al., 
2017 

(sulfide ore 

mining village 

Stratoni) 

- - - - - - (2900) - - (712) - - (296) - 

Topalidis et al., 
2017 

(close to 

highway 

Thessaloniki) 

- - - - - - - - - ..-103 - ..-62 - - 

Argyraki et al., 

2018 

(urban area of 

Athens) 
- [22600] - - - - - - - [173] - [86] - - 

Kelepertzis et 

al.,2018 

(vineyard area in 

Nemea) 
7300-25400 11700-37500 48700-276500 3100-10100 - - 481-3489 - 31-145 28-92 56.7-232 33.1-291 4.9-14.3 10-44.7 

Antoniadis et al., 
2019 

(industrial area 
of Volos) 

20722-66152 
(39230) 

18520-54299 
(31488) 

- - - - 
484-1309 

(762) 
- 

133-1169 
(438) 

52-89 
(69) 

101-1159 
(327) 

20-60 
(40) 

42-66152 
(100) 

17-71 
(35) 
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Table 4.10. Results from other studies occurred worldwide. The range, the mean values (in parenthesis) and the median values [in brackets] of the elemental concentrations in soil (μg g-1) are 

presented.  
 

 

study 
Area of study Al Fe Ca Mg Na K Mn Sr Cr Zn Ni Cu As Co 

This study 
(Northern 
Greece) 

9175-84454 

(241223) 

[47038] 

5936-76966 

(23956) 

[22099] 

1307-503000 

(48435) 

[18571] 

2262-149100 

(18761) 

[11484] 

338-15147 

(5134) 

[4637] 

2070-28478 

(11644) 

[11057] 

101-6473 

(1214) 

[1108] 

0-989 

(184) 

[139] 

0-1721 

(156) 

[62] 

0-339 

(98) 

[100] 

0-1982 

(140) 

[0] 

0-414 

(39) 

[0] 

0-306 

(10) 

[0] 

0-112 

(10) 

[0] 

 (Kabata Pendias, 

2011) 

World soil 

average 
 

- - - - - - (488) (175) (59.5) (70) (29) (38.9) (6.83) (11.3) 

FOREGS, 2005 

Kabata-
Pendias,2011 

(top soils of 

Europe) 
- - - - - - (524) (130) (94.8) (68.1) (37) (17.3) (11.6) (10.4) 

CEC, 1986 (EU soil limits) - - - - - - - - - 150-300 30-75 50-140 - - 

Paterson et al., 
1996 

(rural soil, 
Scotland) 

(21843) (18613) (3579) (3781) (859) (3605) (385) (21.9) (29.4) (392) (11.5) (4.8) - (5.3) 

Birke & Rauch, 

2000 

(urban soil, 

Berlin) 
- - - - - - - - 

..-1840 

(35) 

..-25210 

(243) 

..-769 

(119) 

..-12300 

(79.5) 

..-126 

(5.1) 
- 

Manta et al., 2002 
(soil from parks, 

Palermo) 
- - - - - - [519] - [34] [138] [17.8] [63] - [5.2] 

Tijhuis et al., 2002 
(urban soil, 

Oslo) 

2080-43200 

(17468) 

2200-50200 

(21852) 

1330-37900 

(7375) 

698-24700 

(6145) 

..-1040 

(328) 

638-6960 

(3258) 

71.4-2230 

(486) 

9.23-243 

(45.2) 

2.85-224 

(32.5) 

22.9-1150 

(160) 

2.23-232 

(28.4) 

4.76-437 

(31.7) 

..-69.6 

(5.48) 

..-29.5 

(9.98) 

Romic & Romic, 

2003 

(agricultural soil,  

Zagreb) 
- 

5850-51782 

(27041) 
- - - - 

79.2-1282 

(613) 
- - 

15.2-277 

(77.9) 

1-282 

(49.5) 

4.3-183 

(20.8) 
- - 

Li et al., 2004 
(urban soil, 

Hong Kong)  
- - - - - - - - [21.6] [92.1] [11.2] [16] - [3.02] 

Zhang, 2006 
(urban soil, 

Ireland) 
11400-80800 

(39600) 
4400-56100 

(17000) 
2700-222000 

(40200) 
900-10500 

(3600) 
1500-17500 

(7900) 
3600-33000 

(14200) 
69-6902 

(674) 
50-365 
(129) 

8-129 
(33.3) 

23-656 
(99.3) 

2-86 
(20.7) 

9-272 
(33.2) 

..-30 
(8.6) 

0.5-14 
(5.6) 

Morton et al., 2009 
(urban soil, 

Mexico city) 
- - - - - - - - 

50-265 

[116] 

36-1641 

[219] 

20-146 

[39] 

15-398 

[54] 
- - 

Bi et al., 2018 
(suburban soil, 

Shanghai) 
- - - - - - - - - 

79-223 

(131.9) 
- 

5.9-94.2 

(27.8) 

3.3-17.1 

(7.8) 
- 

Varol et al., 2020 
(Harran plain, 

Turkey) 

23850-85916 

(42692) 

21859-65237 

(37505) 
- - - - 

420-1409 

(679) 
- - 

40-197 

(68) 

5.8-16.5 

(89) 

15-47 

(27) 

0.13-18.31 

(6.36) 

9-34 

(16) 
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Chapter 5   Radionuclides 

5.1 Radionuclides concentrations in mosses 

Ninety-five (95) moss samples were collected from Northern Greece (Figure 5.1). After 

the sampling preparation in the lab according to the instructions of the ICP Vegetation 

Protocol, mosses were analyzed by means of gamma spectrometry for the determination 

of the radionuclides (natural and artificial) activities.  

During the analysis of the gamma spectrums, several peaks were identified and the 

concentrations of six radioactive nuclides were determined. More specifically the 

activities of natural (7Be, 40K, 226Ra, 232Th, 210Pbuns) and artificial (137Cs) nuclides were 

calculated and are presented with details in Table G1 in the Appendix G.  

The peaks that were used for the determination of the radionuclides are the following 

ones: the 477.6 keV gamma line (7Be), the 661.6 keV (137Cs) and the 1460 keV (40K). 

In addition, assuming the existence of the radioactive equilibrium, the activity of 226Ra 

was specified using the weighted mean activity of the progenies 214Pb and 214Bi. The 

unsupported 210Pb (210Pbuns) was calculated by subtracting the intensity of the supported 
210Pb (which was calculated from the decay of 214Bi and 214Pb) from the intensity of 45 

keV gamma line (from the decay of 210Pb) under the assumption of secular equilibrium. 

Finally, the intensity of gamma lines from the decay of 228Ac, 212Pb, and 212Bi were 

used to define the activity of 232Th.  

 

 

Figure 5.1. The sampling sites where the moss samples were collected from. 

 

The study of the above radionuclides activities consists a useful tool for understanding 

the different environmental processes and can improve the knowledge about monitoring 

the radionuclides that are released into the environment. Finally, illustrating the spatial 

distributions of the radionuclides across Northern Greece, will reveal areas of interest 

giving a clue for their deposition processes in mosses. 
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5.1.1 Spatial distributions of radionuclides in mosses 

Beryllium-7 

Beryllium-7 is a naturally occurring radionuclide of cosmogenic origin with a relative 

short half-life (T1/2=53.3 d). It is formed in the upper troposphere and lower stratosphere 

by spallation reactions among cosmic rays and light atmospheric nuclei of nitrogen and 

oxygen (Lal et al., 1958; Brost et al., 1991; Papastefanou and Ioannidou, 1995b; 1996; 

Masarik and Beer, 1999).  

The flux of 7Be to the Earth’s surface depends on the latitude (Lal and Peters, 1958; 

Ioannidou et al., 2005; Ioannidou and Paatero; 2014), while its production has 

negligible dependence on season and longitude. The production rate of 7Be is two times 

higher in the stratosphere than in the troposphere (Masarik and Beer, 1999; Ioannidou 

et al., 2019). Additionally, it is modulated by the 11-year solar cycle and the 

atmospheric depth (Hötzl et al., 1991; O’Brien et al., 1991; Ioannidou and 

Papastefanou, 2005; Papastefanou, 2009; Ioannidou and Paatero, 2014). The calculated 

global average production rate of 7Be per unit surface area of the earth is 810 atoms/m2/s 

and the average concentration of 7Be in the troposphere is 12.5 mBq/m3 (UNSCEAR 

2000; Papastefanou, 2009). 

Once 7Be (inorganic ion) is formed in the troposphere, it rapidly attaches to atmospheric 

aerosol particles and participates in the formation and growth of the accumulation mode 

(from 0.07 to 2 mm) aerosols which consist a major source of pollutants in the 

atmosphere (Bondietti et al. 1987; Porstendörfer et al., 1991; Papastefanou and 

Ioannidou, 1995a; Papastefanou and Ioannidou, 1996a; Ioannidou and Paatero, 2014). 

As soon as 7Be is attached to the aerosols, the fate of 7Be will become the fate of the 

carrier aerosols (Bondietti et al. 1988; Papastefanou and Ioannidou, 1996a; Ioannidou 

et al., 2019). So, it can be used as a tracer in atmospheric science taking into advantage 

its short half-life and the relatively easy determination. Its life-time is long enough to 

enhance long-distance transport (both horizontally and vertically) but not so long to 

permit long-term accumulation of the isotope in large reservoirs (Usoskin et al., 2009; 

Ioannidou and Paatero, 2014). The residence time of 7Be in the troposphere is of the 

order of a week (Papastefanou and Ioannidou, 1995a; Ioannidou, 2011). Finally, 7Be, 

while being attached to aerosols, can enter the marine and the terrestrial environment 

as well as the vegetation through wet and dry deposition (Papastefanou and Ioannidou, 

1991; 1996a). 

Beryllium-7 was identified in all the moss samples that were collected during the 

current study. It ranges between 69 and 1280 Bq kg-1, while its mean value is 388 Bq 

kg-1. Its spatial distribution is presented in Figure 5.2. The areas that present higher 

activity concentrations are those close to the city of Thessaloniki and in the west 

direction of it (towards Pella Region). No connection of 7Be with the altitude as well as 

with the precipitation has been found. It should be noted that during the sampling 

period, the precipitation rate was very low (the usual dry Greek summer), and there 

weren’t any remarkable rainfall events recorded that would influence its concentration. 

Thus, 7Be was deposited on mosses mainly through the dry deposition and less through 

precipitation events. Finally, no season variability could be estimated, as all the samples 

were collected during a specific time interval (summer 2016). 
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Figure 5.2. The activity concentrations of 7Be across Northern Greece. 

 

Lead-210 

Crust minerals which contain U, are the main source of 226Ra, as it comes from the 238U 

decay chain. 226Ra has a half-life of 1620 years and decays with alpha decay to 222Rn 

(half-life: 3.8 d) in soil. 222Rn as a noble gas escapes from all the chemical bounds and 

diffuses in the atmosphere. Then, after some subsequent decays (three alpha and two 

beta decays) the long-living nuclide Pb-210 is formed (Ioannidou et al., 2005; Krmar 

et al., 2013; 2014; Wattanavatee et al., 2017; Stoulos and Ioannidou, 2020). Lead-210 

is chemically more active than the noble radon gas and has a 22.6 years’ half-life. After 

it is formed in the atmosphere, it is usually attached to aerosol particles, and is 

transported and deposited together with them. Therefore, 210Pb can be used as a tracer 

for investigation of certain atmospheric processes like atmospheric transport and 

deposition processes (Koch et al., 1996; Baskaran, 2011; Ioannidou et al., 2012a; Krmar 

et al., 2016). 

The presence of 210Pb and other radon daughters in the lower atmosphere depends on 

the rate of 222Rn emanation. Τhe geological properties of the ground; the ability of radon 

to leak from the crust and enter the atmosphere; the conditions of the ground surface 

layer (soil wetness, the presence and thickness of snow cover, the thickness of the 

frozen soil layer etc.) and finally the distribution of underground water reservoirs, are 

the factors that may influence the emanation rate of 222Rn (Koch et al., 1996; Stoulos 

et al., 2004; Ioannidou et al., 2012a; Krmar et al., 2014). The concentrations of 210Pb 

are higher near the land surface, while they decrease with both altitude and distance 

from the ground surface (Ioannidou et al., 2012a). So the main source of 210Pb in the 

atmosphere is the emanation of 222Rn from the ground. However, 210Pb can also be 

released to the environment through industrial processes such as the sintering of ores 

containing some amount of 238U, the burning of coal (Delfanti et al., 1999) or the 

production and use of agricultural phosphate fertilizers (Krmar et al., 2013) and 

volcanic eruptions (Lambert et al., 1982; Ioannidou et al., 2012a). 
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Lead-210 (210Pbtot) can be distinguished to Pb supported (210Pbsup) and Pb unsupported 

(210Pbuns). If 
222Rn decays within solid or liquid environmental media, its short-lived 

progeny (comprising Po-218, Pb-214, Bi-214, and Po-214) do not have time to migrate 

far from their site of production. Thus, they can generally be treated as being present in 

secular equilibrium with 222Rn and the decay goes on till 210Pbsup is formed (Mitcell et 

al., 2013). However, due to the fact that 222Rn is an inert gas and can easily escape from 

soils and the surfaces of water bodies, it often decays in the above-ground atmosphere, 

forming the unsupported Pb (210Pbuns) which subsequently is attached to ambient 

aerosol particles and they are subsequently subjected to dry or wet deposition (Mitcell 

et al., 2013). In this thesis, the concentrations of the unsupported Pb are being studied 

and reported as we are only interested in the atmospheric deposition of the different 

elements and radionuclides on mosses.  

Lead was measured in all samples and its activity concentration ranges between147 and 

2049 Bq kg-1, with an average value of 829 Bq kg-1. The distribution of 210Pb is also 

presented in Figure 5.3. The same site like in the 7Be case at the north-west direction 

of Thessaloniki, presents high activity concentration of 210Pbuns, indicating that they 

both ended up in mosses through the aerosol deposition. Although, no correlation has 

been observed between the natural radionuclides 7Be and 210Pbuns activities, despite the 

fact that the atmospheric deposition is the main way of their transfer to mosses. 

Moreover, it should be noticed that the soil structure is one factor that can influence the 

concentration of 210Pbuns in the atmosphere, through the emanation of 222Rn. This 

indicates that there are different mechanisms that govern the levels of the 

concentrations of 210Pbuns and 7Be in the surface air which are not related to each other.  

Furthermore, no temperature or altitude dependence of 210Pbuns is noticed, as well as 

there is no connection with the precipitation or any other meteorological factor. It is 

reasonable that the influence of precipitation on the activity concentrations of 210Pb (as 

well as of 7Be) in mosses cannot be identified (no-linear correlation), as mosses 

accumulate radionuclides over time. Thus, their concentration variability can’t be 

explained based on individual precipitation events, but on cumulative values of 

precipitation and activities in mosses collected on a regular basis from the same location 

(Krmar et al., 2016), which was not possible during this study, but may be investigated 

in a future study. 

In order to understand better the origin of 210Pb measured in mosses (supported or 

unsupported), the correlation between 210Pbtot, 
210Pbuns and 210Pbsup is studied. The 

unsupported lead (210Pbuns) present a linear relationship with the total lead (210Pbtot) 

(R2=0.99), whereas the supported lead (210Pbsup) has no correlation with the 210Pbtot. 

This proves that most of the 210Pb in mosses comes from the decay of radon in the air 

and not in the soil. Thus, 210Pb after it is released into the atmosphere, it follows the 

path of the aerosols to whom it is attached and it returns to the earth surface mainly 

through sedimentation, and in some cases through rainfall.  
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Figure 5.3. The activity concentrations of 210Pb across Northern Greece. 

 

Radium-226 

Radium-226 activity concentration in mosses ranges from 0 to 126 Bq kg-1 and its mean 

value was measured in 18 Bq kg-1. The spatial distribution of 226Ra is presented in 

Figure 5.4. The same lack of correlations among 226Ra, altitude, rainfall events and 

temperature exist here too. In addition, 226Ra nuclide is not correlated with 7Be nuclide 

and it is weakly correlated with 210Pbuns nuclide. This indicates that 226Ra and 210Pb in 

mosses do not have exactly the same origin. The majority of 210Pb that was measured 

in mosses comes from the decay of 222Rn in the atmosphere (Krmar et al., 2009; Krmar 

et al., 2013; Wattanavatee et al., 2017), while 226Ra is deposited on mosses mainly 

through the soil dust particles and the aerosol deposition of 214Bi and 214Pb. Therefore, 
226Ra and 210Pb do not follow the same procedure before they are deposited on mosses. 

The first one is due to a mixture of soil dust particles and 214Bi and 214Pb aerosol 

deposition on mosses, while the second one is only due to the decay of 222Rn in the air, 

which afterwards is deposited through aerosols on mosses. 

 

Thorium-232 

Thorium-232 is a natural occurring radionuclide with half-life 1.4 x 1010 y. It decays to 

different progenies (such as 228Ac, 212Pb and 212Bi); whose activities helped to 

determine the activity of 232Th assuming the equilibrium existence. 232Th nuclide was 

not measured in all samples, while its max and mean activities are 66 Bq kg-1 and 15 

Bq kg-1 respectively. The spatial distribution of the 232Th activity is shown in Figure 

5.5. Thorium is deposited on mosses through the windspread soil particles and the 

aerosol deposition of 212Pb and 212Bi. 
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Figure 5.4. The activity concentrations of 226Ra across Northern Greece. 

 

 

Figure 5.5. The activity concentrations of 232Th across Northern Greece. 

 

Potassium-40 

Potassium-40 is a natural occurring radionuclide with half-life 1.28 x109 years. It is a 

natural component of the Earth’s crust and its abundance in soil reaches 2.59% of the 

Earth’s crust (Mason, 1966; Papastefanou et al., 1999a). Potassium is also necessary 

for the metabolism of the plants (Krmar et al., 2017; Zhong et al., 2019). 40K was 

measured in all samples and it ranges between 120 and 1060 Bq kg-1. The mean value 

of 40K is 278 Bq kg-1.  

In Figure 5.6 the distribution of the activity concentrations of 40K is presented. It seems 

that 40K follows a similar distribution like those of 226Ra and 232Th nuclides, indicating 
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that it attends similar deposition processes on mosses like 226Ra and 232Th nuclides. Its 

activity concentrations are mainly influenced by the geological properties of each area. 

Although, due to the fact that 40K is an element that is found in all plants, its 

concentration in mosses might be affected also by the leaves’ leaching and the decayed 

plant matter that could have covered the mosses. Furthermore, there is no correlation 

between 40K and any meteorological parameter, or the nuclides 7Be and 210Pbuns, as they 

have different origins. Therefore, 40K was transferred to mosses through the deposition 

of soil dust particles from the surrounding area. The arid climate of Greece favors the 

transfer of soil dust particles even in far distances.  

 

 

Figure 5.6. The activity concentrations of 40K across Northern Greece. 

 

 

Caesium-137 

Caesium-137 is an artificial radionuclide with a 30 years’ half-life. It is associated with 

nuclear fission and was released into the environment through atmospheric deposition 

(Ritchie et al., 1990; De Court et al., 1998; Stoulos et al., 2014; Krmar et al., 2017). 

More specifically, 137Cs was mostly deposited in the atmosphere during nuclear weapon 

tests and the Chernobyl nuclear power plant accident (Petropoulos et al., 2001; 

Ioannidou and Papastefanou, 2006; Krmar et al., 2013; Courtier et al., 2017; Savino et 

al., 2017). The prevailing atmospheric conditions of each area affected the deposition 

pattern of 137Cs during the first weeks right after the nuclear accident and the weapons 

tests (Figure 5.7).  

In Greece, the radioactive cloud from Chernobyl, arrived in the beginning of May 1986; 

on 2 May 1986 it was detected in Thessaloniki (Papastefanou et al., 1988; Ioannidou 

and Papastefanou, 2005). Heavy rainfall was coincident with the passage of this 

radioactive cloud over the Greek territory and as a result highly-radioactive deposits of 
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137Cs occurred. This fallout of radionuclides on the ground and their capacity to be 

transported into the ecosystem lead to their use as tracers in the ecological cycle for a 

long time now and especially of the long-lived 137Cs (Papastefanou et al., 2005).  

After the Chernobyl accident, there were not any other significant 137Cs emissions and 

the atmospheric 137Cs was exposed to physical decay, as well as to wet and dry 

deposition (Papastefanou et al., 1995b; Alonso Hernández et al., 2004; Papastefanou et 

al., 2005; Krmar et al., 2013; Beresford et al., 2016). In addition, the soil resuspension 

and the atmospheric transport favored the subsequent deposition of 137Cs (Todorović et 

al., 1999; Pham et al., 2011; Krmar et al., 2013) into the environment. In recent years, 

the Fukushima nuclear accident followed and contributed to the release of 137Cs in the 

atmosphere but with minor influence in areas that are far from Japan (Manolopoulou et 

al., 2011; Ioannidou et al., 2012b; Steinhaouser et al., 2014; Oguri and Deguchi, 2018).  

 

 

Figure 5.7. The total deposition of 137Cs (nuclear weapons tests, Chernobyl accident, …) in Europe 

according to De Cort et al. (1998). Heavy rainfalls enhanced the 137Cs fallout after the Chernobyl accident 

in Greek territory too.  

 

Since the Chernobyl accident a lot of studies have taken place around the world 

regarding the activity concentrations of 137Cs in different matrices (soil, air, water, food, 

vegetation, mosses, lichens, e.t.c) (Misaelides et al., 1987; Sawidis, 1988; Simopoulos, 

1989; Smith, 1989; Smith and Ellis, 1990; Raes et al., 1990; Steinnes and Njảstad, 1993; 

De Court et al., 1998; Petropoulos et al., 1996, 2001, Papastefanou et al., 1989, 1995b, 

1999b, 2001; 2005; Kulan, 2006; Marović et al., 2008; Popovic et al., 2008; Cevik and 

Celik, 2009; Celik et al., 2009; Sawidis et al., 2009; Zhiyanski et al., 2010; Pham et al., 

2011; Stoulos et al., 2014; Konoplev et al., 2016; Papadakos et al., 2017; Savino et al., 

2017; Andrović et al., 2017). Regarding this research, the sampling of mosses was 
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coincident with the anniversary of the three decades since the Chernobyl accident (one 

half-life of 137Cs), thus it was considered very important to study the 137Cs activity 

concentrations in mosses and its distribution across Northern Greece.  

137Cs nuclide was not detected in all of the moss samples. Some of the them show really 

low and even zero concentrations while others show much higher concentrations, 

depending on the area and how much it was affected mostly during the radioactive 

cloud thirty years ago. More specifically, the activity of 137Cs in moss samples ranges 

from 0 to 590 Bq kg-1, with a mean value of 41 Bq kg-1. The spatial distribution of 137Cs 

activity concentrations is presented in Figure 5.8. The most remarkable observation 

about this map, is that there is a match between the areas that present high 

concentrations of 137Cs in mosses and those that had accepted highly-radioactive 

deposits of 137Cs after the Chernobyl accident and the prior above-ground weapons 

testing (Figure 5.9). This indicates that the origin of 137Cs which was accumulated in 

the body of mosses is the soil dust particles that were resuspended, redeposited and 

transferred to mosses through the wet and dry deposition process.  

 

 

Figure 5.8. The activity concentrations of 137Cs across Northern Greece. 

 

There is no correlation between the manmade nuclide 137Cs and the natural nuclides 
40K, 210Pbuns, 

226Ra and 232Th, which is reasonable as they have different emission 

sources (natural and artificial ones). Furthermore, no correlation between 137Cs activity 

concentrations and precipitation is recorded. Therefore, the resuspended and 

redeposited soil is responsible for the activity concentrations of 137Cs in moss samples. 
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Figure 5.9. The total deposition of 137Cs (nuclear weapons tests, Chernobyl accident, …) in Northern 

Greece according to De Cort et al. (1998). The photo was published by Stoulos et al. (2014).  

 

 

5.1.2 General statistic of the radionuclides activities 

The results of the descriptive statistical analysis of 137Cs, 7Be, 40K, 210Pbuns, 
226Ra and 

232Th radionuclides concentrations in mosses (mean, median, min, max, standard 

deviation, kurtosis and skewness) are presented in Table 5.1. The uncertainties (1σ) of 

the max and min values are also shown.  

 

Table 5.1. The descriptive analysis of 7Be, 137Cs,210Pbuns, 232Th, 226Ra and 40K radionuclides in 

mosses. The min and max values and their uncertainties are given in Bq kg-1. 

 Be-7 Cs-137 Pb-210 Th-232 Ra-226 K-40 

Min 69±14 0 147±19 0 0 120±11 

Max 1280±100 590±40 2049±80 66±10 126±4 1060±60 

Median 350 15.7 796 13 14 256 

Mean 388 41 829 15 18 278 

Std Dev. 196 81 341 11 16 137 

Kurtosis 4.02 26.89 2.14 6.29 24.54 11.71 

Skewness 1.52 4.81 1.18 2.20 3.98 2.73 
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The highest measured values of 40K is within a 3σ interval about the mean value, of 
7Be, 232Th, 210Pbuns are within 4σ interval about the mean values and finally of 226Ra 

and 137Cs are within 7σ interval about the mean values. All the nuclides have positive 

skewness and kurtosis, indicating a non-linear distribution (Cramer, 1998; Cramer & 

Howitt, 2004; Doane & Seward, 2011). Only 210Pbuns seems to be less skewed than the 

other nuclides, but still its distribution cannot be characterized totally as normal. A 

Shapiro-Wilk’s test (Shapiro &Wilk, 1965; Razali &Wah, 2011) and a visual inspection 

of their histograms and normal Q-Q plots (Appendix I) confirm the previous 

observations about the non-normality of the distributions. The frequency distributions 

of the aforementioned nuclides in mosses are presented in Figure 5.10 (a)-(f). All the 

above statistical analysis, as well as the Pearson analysis that follows, were carried out 

using the IBM SPSS statistics 23 software. 
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Figure 5.10 (a)-(f). The frequency distributions of 7Be, 137Cs, 40K, 210Pbuns, 226Ra and 232Th radionuclides. 

 

Pearson correlation analysis was performed in order to study the degree of the linear 

relationship between the above radionuclides. The correlation coefficients (r values) 

and their statistical significance levels (p-values- in parenthesis) are shown in Table 

5.2. According to Evans (1996), the strength of correlation can be defined by the 

absolute value of the correlation coefficient r. More specifically, when: 

0<r<0.19 is a very weak correlation 

0.2<r<0.39 is a weak correlation 

0.4<r<0.59 is a moderate correlation 

0.60<r<0.79 is a strong correlation 

0.80<r<1.0 is a very strong correlation 

In addition, the p-values give the significance level between two nuclides. When they 

are lower than 0.01, it indicates that, statistically speaking, the correlation between two 

nuclides (weak, moderate, strong) does exist on the studied population of mosses. 

The Pearson correlations between the terrestrial nuclides 232Th, 40K and 226Ra as well 

as the atmospheric radionuclides 7Be and 210Pbuns show a moderate behaviour. 232Th 

and 226Ra radionuclides present a strong relationship, while the rest ones show a weak 

or even a very weak correlation. Only 210Pbtot and 210Pbuns are very strongly correlated. 

The significance of all these correlations is also confirmed by the p-values. The results 

from the Pearson analysis additionally verify some of the earlier expressed observations 

about the radionuclides relationships and their origins. 

More specifically, according to Pearson analysis, 226Ra has a very weak correlation with 
210Pbtot and with 210Pbuns. This probably means that the majority of the 210Pb that was 

measured in mosses is unsupported, coming possibly from the decay of radon in the 

atmosphere (Wattanavatee et al., 2017; Krmar et al., 2013; Krmar et al., 2009). This 

can also be explained based on the fact that, if the source of 210Pbtot was the soil dust or 

even the substrate (bedrock) on which mosses were lying, then 210Pbtot should be 

deposited on mosses following the same procedure as 226Ra. And if the previous 
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assumption had occurred, then 226Ra and 210Pbtot would have a strong correlation. The 

same would have happened with 210Pbuns. But in this case, they do not have any 

correlation, while 210Pbtot and 210Pbuns do have a very strong one, so most of 210Pbtot in 

mosses comes from the decay of radon in the air. 

 

Table 5.2. Pearson correlation analysis of 7Be, 210Pbuns, 210Pbtot, 137Cs, 232Th, 226Ra and 40K radionuclides 

in mosses. The correlation coefficients and the p-values (in italics in brackets) give the significance level 

between two variables.  

 7Be 137Cs 210Pbuns 210Pbtot 
232Th 226Ra 40K 

7Be 
1 

 
0.252 
(0.014) 

0.453 
(<0.01) 

0.462 
(<0.01) 

0.095 
(0.363) 

0.253 
(0.013) 

0.005 
(0.962) 

137Cs 
0.252 
(0.014) 

1 

 
0.488 
(<0.01) 

0.490 
(<0.01) 

0.287 
(0.005) 

0.116 
(0.262) 

0.366 
(<0.01) 

210Pbuns 
0.453 
(<0.01) 

0.488 
(<0.01) 

1 

 

0.999 
(<0.01) 

0.147 
(0.155) 

0.100 
(0.334) 

-0.020 
(0.844) 

210Pbtot 
0.462 
(<0.01) 

0.490 
(<0.01) 

0.999 
(<0.01) 

1 

 
0.177 
(0.086) 

0.145 
(0.160) 

-0.002 
(0.981) 

232Th 
0.183 
(0.075) 

0.287 
(0.005) 

0.147 
(0.155) 

0.177 
(0.086) 

1 

 
0.669 
(<0.01) 

0.577 
(<0.01) 

226Ra 
0.253 
(0.013) 

0.116 
(0.262) 

0.145 
(0.160) 

0.091 
(0.381) 

0.669 
(<0.01) 

1 

 
0.421 
(<0.01) 

40K 
0.005 
(0.962) 

0.366 
(<0.01) 

-0.020 
(0.844) 

-0.002 
(0.981) 

0.577 
(<0.01) 

0.421 
(<0.01) 

1 

 

 

Finally, the strong correlation between 232Th and 226Ra indicates that both nuclides are 

deposited on mosses with the same process, mostly through the deposition of soil dust 

particles, but also through the aerosol deposition. The activity concentrations of these 

nuclides depends also on the kind of substrate (bedrock) where the mosses were 

situated. For example, in some samples 226Ra could be higher than thorium, due to 

granite substrate, while thorium is risen when the bedrock is sedimentary (Wattanavatee 

et al., 2017; Krmar, 2013).  

In addition, the Principle Component Analysis (PCA) with VARIMAX rotation is 

applied for the determination of the relationship between the aforementioned studied 

radionuclides. The PCA analysis results that were extracted are presented in Table 5.3 

and verify on their turn the Pearson correlations analysis results that were performed 

earlier. More specifically, the total variances of seven components are presented by 

applying Kaiser’s criteria with accepted eigenvalues higher that unity. The first three 

are selected and explained 82.25% of the total variance of the dataset.  

The factor loading of the radionuclides were also calculated and are presented in Table 

5.4. High positive loading values of the variables in each component are observed. The 

first component (PC1), which accounts for 41.97% of the variance, includes the 

radionuclides, 7Be, 210Pbuns and 210Pbtot with high positive loadings of 71.5%, 92.4% 

and 92.6%. The second component (PC2) accounts for 27.15% of the variance and 

includes the terrestrial radionuclides with high positive loadings of 89.6% (226Ra), 

85.2% (232Th) and 62.1% (40K). Finally, the third component (PC3), accounts for the 

13.3% of the variance. The major contributor to this component is the 137Cs 
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radionuclide, with a high positive loading of 78.6%. The PCA solution which includes 

three components can also be seen in Figure 5.11. The component plot reveals three 

different groups that have been distinguished during the analysis. Each axis represents 

one component, and the closest to the axis are the variables, the more are associated to 

this component. Thus, the radionuclides 7Be, 210Pbuns and 210Pbtot seem to hang together 

(PC1). This indicates that all of them are deposited on mosses following similar 

processes and that the majority of lead that is measured in mosses comes mainly from 

the decay of 222Rn in the atmosphere. The nuclides 226Ra, 232Th and 40K are loading 

quite nicely on the second component, while 137Cs characterize the last component.  

 

Table 5.3. The Total Variance Explained from the Principle Component Analysis Extraction Method. 

Four Components are identified concerning the studied radionuclides in mosses. 

Total Variance Explained 

Compo

nent 

Initial Eigenvalues Extraction Sums of Squared 
Loadings 

Rotation Sums of Squared 
Loadings 

Total % of 

Variance 

Cumulative 

% 

Total % of 

Variance 

Cumulative 

% 

Total % of 

Variance 

Cumulative 

% 

1 2.938 41.969 41.969 2.938 41.969 41.969 2.459 35.126 35.126 
2 1.901 27.152 69.121 1.901 27.152 69.121 2.017 28.815 63.941 

3 .919 13.131 82.252 .919 13.131 82.252 1.282 18.311 82.252 

4 .596 8.520 90.772       
5 .357 5.106 95.877       

6 .289 4.122 100.000       

7 6.282E-6 8.975E-5 100.000       

 

Table 5.4. The Factor Loadings extracted from the PCA analysis in moss samples. The rotation method 

that was used is the VARIMAX with Kaiser Normalization. 

 Component 

 1 2 3 
210Pbuns .924 -.036 .270 
210Pbtot .926 .005 .264 
226Ra .137 .896 -.071 
232Th .089 .852 .265 

40K -.191 .621 .620 
7Be .715 .305 -.250 

137Cs .416 .090 .786 

 

The PCA results are also verified by the Cluster Analysis results, performed by the 

SPSS software as well. The Cluster Analysis results are illustrated in a dendrogram 

(Figure 5.12). Three statistically significant separated clusters are distinguished. The 

first one (Cluster 1) includes the radionuclides 7Be, 210Pbuns and 210Pbtot. In the second 

branch (Cluster 2), the radionuclides 226Ra, 232Th and 40K are grouped together, while 
137Cs belongs to the last branch (Cluster 3). The first Cluster 1 reveals the atmospheric 

origin of the radionuclides which are placed on mosses through wet and dry deposition. 

The second cluster concerns the nuclides which are accumulated into mosses through 

the dispersed soil dust particles (226Ra and 232Th may also come from the aerosol 

deposition of their daughters 214Pb, 214Bi, 212Pb, 212Bi respectively). Finally, the last 

cluster has manmade characteristics, and is expressed only by the 137Cs nuclide which 

traveled through the resuspended soil particles to mosses. 
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Figure 5.11. Plot representing the component solution extracted by the PCA.  

 

 

 

Figure 5.12. A dendrogram obtained by Cluster Analysis, revealing the correlation between the different 

radionuclides measured in mosses. The distance between the branches expresses the correlation between 

the radionuclides. 

 

As it was previously said, till the end of this thesis the concentrations of 210Pb nuclide 

correspond only to the concentrations of the 210Pbuns nuclide, as we are interested only 

in the amount of lead that comes from the atmosphere. 



[136] 
 

5.1.3 The role of the substrate surfaces in radionuclides concentrations 

Moss sampling took place in the whole territory of Northern Greece. The collected 

mosses were grown naturally under different environmental features. Based on the 

different characteristics of the environment, such as the substrate type where mosses 

grew and collected (rocks, branches, near roots, ground surface), some plots describing 

the radionuclides activities distributions are made and presented in Figure 5.13(a)-(f).  

Slight differences can be observed in the activity concentrations of the studied 

radionuclides. For example, the cosmogenic nuclide 7Be presents higher activities in 

mosses collected from the ground surface and rocks, than those that were collected near 

roots. The nuclides 210Pb, 226Ra, 232Th do not present any significant difference between 

those collected on surface and near roots. There is a homogeneity for the concentrations 

of the artificial radionuclide 137Cs, while 40K is found in higher concentrations in those 

mosses that were picked up mostly near roots.  

The above remarks are reasonable if someone thinks that 7Be and 210Pb come from the 

aerosol deposition on mosses, while 40K and 137Cs come from the resuspension of soil 

and its deposition on mosses. These observations are also verified by the ratio of the 

activity concentrations between mosses collected from the surface and near roots. The 

ratio of the activity concentrations between mosses taken from the surface versus roots 

are higher than 1 for 7Be, around 1 for 210Pb, 232Th and 226Ra, and lower than 1 for137Cs, 

indicating the association of the last one to the dispersed soil dust particles.  
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Figure 5.13 (a)-(f). “Box/whisker” plots of the radionuclides activities (7Be, 137Cs, 40K, 210Pb, 226Ra and 
232Th) based on the different surface types from where mosses were collected. 

 

 

5.1.4 Results from other Greek studies  

In the literature a few studies are found about the activities concentrations of 

radionuclides in mosses in Greek territory. All of them concern some specific areas of 

the vicinity of Northern Greece, and mostly the area of Thessaloniki and Ptolemaida in 

West Macedonia. Their results are shown in Table 5.5.  

According to Table 5.5, the activity concentrations of 137Cs are much lower than in 

most of the studies, and in some cases even 1 order of magnitude lower. This is 

reasonable, as most of these studies were performed some years right after the 

Chernobyl accident in 1986, while this research occurred 30 years later- after the 

passage of one half-life time. Additionally, the concentrations of 137Cs that are now 

measured in mosses concern the concentrations due to the atmospheric deposition of 
137Cs during the last three years, which was deposited on mosses through the 

resuspended soil particles of the surrounding area.  

Furthermore, the max concentrations of 40K of this study are 3-18 times higher than 

those from the other studies, while its mean concentration is 1.5 times higher than 

Tsikritzis (2002) results. Finally, 226Ra in mosses was only measured by Tsikritzis 

(2002) and Tsigaridas (2014). The max concentration of 226Ra of the current study is 

30% higher than Tsikritzis concentration, and it’s two times higher than Tsigaridas max 

concentration. These differences can be explained due to the different geological 

characteristics of each area, as well as to the possible leaching of decayed plant matter 

on mosses.  
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Table 5.5. The results of other studies performed in Greece compared to the results of the current study. 

Mostly the activities of 137Cs, 40K and in some cases 226Ra were measured. The min, max values are 

presented accompanied by the mean values (in parenthesis). All the concentrations are given in Bq kg-1. 

study place 137Cs 40K 226Ra 

(Current study) 
Northern 

Greece 

0-590 

(41) 

120-1060 

(277) 

0-126 

(18) 

(Sawidis, 1988) 
Thessaloniki 

(2612) - - 

(Papastefanou et 

al., 1989) 

Thessaloniki 

Grevena 
2390-4500 

803-2457 

61-128 

43-56 

- 

- 

(Papastefanou & 

Manolopoulou, 

1992) 

Thessaloniki 

Grevena 
(8040) 

(8150) 
- - 

(Tsikritzis, 2002) 
W. Macedonia 

(Kozani basin) 
512-4182 

(2213) 

0-352 

(178) 

0.3-97.6 

(56.7) 

(Sawidis et al., 

2009) 

W. Macedonia 

(Mt. Vermio) 
227-2050 - - 

(Sawidis et al., 

2010) 

W. Macedonia 

(Mt. Vermio) 
(954.4) - - 

(Tsigaridas, 2014) 
W. Macedonia 

Ptolemaida 
(1660) (412) (69.7) 

 

 

5.1.5 Results from other studies around the world 

The concentrations of radionuclides in mosses were being studied since the 90’s across 

the world. The results of different surveys performed worldwide are presented in Table 

5.6. Differences can be observed between the radionuclide concentrations of the current 

study and the other ones.  

More specifically, the max concentrations of 7Be are 2 times to 1 order of magnitude 

higher than the concentrations of most of the studies, while there is a 20% difference 

with the results of Karunakara et al. (2003) in India and Krmar et al (2009; 2017) in 

Serbia. Additionally, the mean values of 7Be present differences in the range of 7- 40% 

among the other studies results. The latitude of each sampling site affects the 

concentrations of 7Be in mosses and explains the differences that are noticed among 

different surveys. 

The activity concentrations of 137Cs present also a variance according to Table 5.5. In 

most of the cases, the concentrations of 137Cs are higher in the Greek samples (2 times 

to 1 order of magnitude higher) than in the other studies, with some exceptions like in 

the studies of Dragović et al. (2004; 2010), Marović et al. (2008), Celik et al. (2009), 

Ziembik et al. (2013), Aleksiayenek et al. (2017) and Andrović et al. (2017). These 

differences could be explained based on the fact that as a) each study refers to a different 
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period of measurement of 137Cs deposited from the atmosphere to mosses and b) the 

resuspension of the soil particles especially in dry climates is a factor that should be 

seriously taken under consideration. 

Lead-210 concentrations were referred in a lot of studies around the world. In some 

cases, like in Krmar et al. (2013; 2014), Sert et al. (2011) and Aleksiayenek et al. (2017) 

studies, the max concentrations of the Greek results are 2 to 4 times higher compared 

to them. On the other hand, 210Pb is 40% lower than in China as it was reported by 

Zhong et al. (2019). Lead as it was already reported, depends on the emanation rate of 
222Rn. Additionally, the geological characteristics of each area consist a major factor 

that influences its concentrations. Thus, the fact that the values of 210Pb reported in the 

literature differ between each other is justified based on the above reasons. 

Pottasium-40 is a radionuclide that was quite often announced in moss samples. The 

max value of the current dataset is almost twice those reported in Serbia by Dragović 

et al. (2010) and in Norway by Dowdall et al. (2005), while it’s 40% lower than those 

announced by Egili et al. (2003) in Turkey. The mean value of 40K is similar to those 

published by Krmar et al. (2007), Popović et al. (2008), Ziembik et al. (2013). 

Therefore, 40K as a natural component of the Earth’s crust can be found everywhere in 

the world, but in different proportions depending on the geology of each area. Finally, 
232Th and 226Ra nuclides are higher than in most of the studies, except of those published 

by Krmar et al. (2013) and Wattanavatee et al. (2017). 

 

Table 5.6. The results of other international studies performed around the world. The min, max values 

are presented accompanied by the mean values (in parenthesis). All the concentrations are given in Bq 

kg-1. 

Studies 

(Bq kg-1) 

place 7Be 210Pb 40K 226Ra 232Th 137Cs 

(Current 

study) 

(Northern 

Greece) 

69-1280 

(388) 

147-2049 

(829) 

120-1060 

(277) 

0-126 

(18) 

0-66 

(15) 

0-590 

(41) 

(Kwalpuski & 

Sarosiek., 

1988) 

(Poland) - - 187-247 181-1303 - 65-98 

(Nifontova, 

1995) 

(Russia) - - - - - 80-410 

(Godoy et al., 

1998) 

(Archipelagos) - 17-150 32.5-138 - - 6.3-43.7 

(14) 

(Oğur et al., 

2003) 

(Turkey) - 200-650 - - - - 

(Eğilli et al., 

2003) 

(Turkey) - - 170-1471 - - 43-139 

(Karunakara et 

al., 2003) 

(India) 235-1061 

(680) 

- 12-40 

(22) 

0-2.2 

(1.5) 

- - 

(Dragović et 

al., 2004) 

(Serbia) - - - - - 1000-6954 

(Dowdall et 

al., 2005) 

(Norway) - - 42-369 6-42 4-21 11-292 

(Popović et 

al., 2008) 

(Serbia) (228) (210) (298) - - (226) 

(Marović et 

al., 2008) 

(Croatia) - - - - - -955 

(172) 
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(Krmar et al., 

2009) 

(Serbia) 201-920 347-885 - - - (8.9) 

(Celik et al., 

2009) 

(Turkey) - - - - - 67-1396 

(362.3) 

(Cevik & 

Celik, 2009) 

(Turkey) - - 345-1435 

(814) 

- - 31-469 

(122) 

(Belivermiş & 

Çotuk, 2010) 

(Turkey) - - 17-181 - 1.5-6.2 0.36-8.13 

(Dragović et 

al., 2010) 

(Serbia)   44-692 0.9-25.8 0.8-13.7 112-1248 

(Sert et al., 

2011) 

(Turkey) - 113-490 - - - - 

(Krmar et al., 

2013) 

(Serbia) 217-494 

(314) 

526-881 

(695) 

- 2.2-36 

(24) 

0-17 - 

(Krmar et al., 

2013) 

(Thailand) 130-340 

(226) 

199-660 

(351) 

- 0-300 2.5-327 

(67) 

- 

(Park et al., 

2013) 

(South Korea) - - - - - 15-41 

(Ziembik et 

al., 2013) 

(Croatia) - 475-1245 170-364 - - 44-1115 

(Aleksiayenak 

et al., 2013) 

(Belarus) - 163-575 

(312) 

- - - 5-4833 

(34) 

(Aleksiayenak 

et al., 2013) 

(Slovakia) - 330-1521 

(771) 

- - - - 

(Thinova et 

al., 2014) 

(Chech) - - - - - 3.8-263.1 

(Krmar et al., 

2014) 

(Serbia) - 280-850 - - - - 

(Čučulović et 

al., 2014) 

(Serbia) 41-122 - 100-500 5-50 5-50 - 

(Krmar et al., 

2016) 

(Serbia) 277-590 (556) - - - - 

(Mitrović et 

al., 2016) 

(Serbia) - - 104-386 0-39 0-37 9.4-228 

(Wattanavatee 

et al., 2017) 

(Thailand) 0-1220 

(295) 

135-1630 

(660) 

34-1157 

(385) 

9-432 

(145) 

4-422 

(95) 

- 

(Andrović et 

al., 2017) 

(Bosnia and 

Herzegovina) 

- - - - - 4-1612 

(Konstantinov

a et al., 2017) 

(Lithuania) - - - - - 1.06-43.16 

(Krmar et al., 

2017) 

(Serbia) 260-1170 

(542) 

256-1480 

(744) 

- - - - 

(Zhong et al., 

2019) 

(China) 13-1442 47-2897 26-284 - - 2-144 

(Malikova et 

al., 2019) 

(Siberia) - - - - - 0-216 
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5.2 Radionuclides concentrations in soil 

During the moss sampling, from the exact same locations (Figure 5.14), ninety-five 

(95) surface soil samples were collected, prepared and measured in the AUTh 

laboratory using gamma spectrometry for the determination of the radionuclides 

concentrations. The intensities of the 46.5 keV (210Pb), 661.6 keV (137Cs) and the 1460 

keV (40K) peaks were used for the determination of the activities of the above natural 

and artificial radionuclides. 

The study of the radionuclides activities in soil samples in combination with their 

activities in mosses, consists a useful tool for understanding the different environmental 

processes. and monitoring the radionuclides that are released into the environment. 

Moreover, by performing the spatial distributions of the radionuclides in soil across 

Northern Greece, and by achieving any possible fit between the corresponding spatial 

distributions in mosses and soil, will give additional information about the deposition 

processes of specific radionuclides in mosses. 

 

 

Figure 5.14. The sampling sites where the moss samples were collected from. 

 

 

5.2.1 Spatial distributions of radionuclides in soil 

The origin of the radionuclides 137Cs, 40K and 210Pb has already been mentioned with 

details in the paragraph 5.1. The concentrations of the above radionuclides with their 

uncertainties are presented in Appendix, in Table J1. The descriptive analysis of the 

radionuclides activities in soil was performed and is presented in Table 5.7. The spatial 

distributions of the under studied radionuclides are shown in Figures 5.15- 5.17. 
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Table 5.7. The results of the descriptive analysis of the radionuclides concentrations in soil (Bq kg-1). 

 Cs-137 Pb-210 K-40 

Min 0.34±0.26 11.46±1.00 52.79±2.61 

Max 2568.8±64.5 1380.87±55.45 1148.30±43.85 

Median 17.57 80.47 479.23 

Mean 72.96 123.54 512.45 

Std Dev. 270.08 165.11 250.74 

Kurtosis 79.69 37.32 -0.09 

Skewness 8.63 5.46 0.45 

 

 

Figure 5.15. The spatial distribution of 40K (Bq kg-1) in soil samples across Northern Greece. 

 

 

Figure 5.16. The spatial distribution of 210Pb (Bq kg-1) in soil samples across Northern Greece. 
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There is a variance in the activity concentrations of 40K in soil, but according to its 

spatial distribution, no specific sampling sites are highlighted. On the other hand, 210Pb 

spatial distribution does not present such a wide variance, despite the fact that some 

sites show much higher concentrations than the rest ones (e.g. the area of Kavala and 

Olympus). The different concentrations of both 40K and 210Pb in soil samples are based 

on the geological characteristics and the soil structure of each area. Although, there is 

no correlation between these two radionuclides. No special fit is identified between the 

concentrations of 40K or 210Pb in mosses and the corresponding soil samples (Figures 

5.3 and 5.6).  

The last radionuclide that was measured in soil samples is 137Cs. Cesium, as it has been 

mentioned in the previous paragraph, is an artificial radionuclide and was released in 

the environment due to the nuclear weapon tests and the Chernobyl accident. It is 

known that when 137Cs is deposited on soil, it becomes strongly absorbed by clay 

fractions, clay minerals and organic matter, and can migrate quite slowly in soil. Its 

mobility and thus its migration rate can be decreased by increased contents in clay 

fraction, organic matter and Fe and Mn contents (Arapis et al., 1997). Moreover, the 

soil organic matter, and especially this characterized by high molecular weight, is likely 

to accumulate a large proportion of 137Cs and therefore it influences its relative low 

mobility (Grytsyuk et al., 2006).  

The spatial distribution of 137Cs is presented in Figure 5.17. Some areas present really 

high concentrations of 137Cs while others have very low concentrations. The areas with 

high concentrations of 137Cs in soil in the current study match with the areas that were 

characterized as the most influenced after the accident, and are confirmed by the study 

of Petropoulos et al. (2001) (Figure 5.19). The distribution of 137Cs across the Greek 

territory was affected by the precipitation events and the dry depositions of 137Cs that 

followed during the passage of the radioactive cloud through our country after the 

Chernobyl accident. 

Except of this agreement between the sites characterized by high 137Cs concentrations 

of the current study and the previous one, there is a similar fit between the 

concentrations of 137Cs in soil and moss samples across Northern Greece. By looking 

at both their spatial distributions (Figure 5.17 and 5.18), someone can observe a match 

between these sites. This indicates that the origin of 137Cs in mosses is the dispersed 

and resuspended soil particles from the surrounding area of mosses, and their deposition 

on them is favored by the arid climate that characterizes Greece. Finally, there is no 

correlation between the radionuclides 137Cs, 40K and 210Pb measured in soil samples. 
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Figure 5.17. The spatial distribution of 137Cs (Bq kg-1) in soil samples across Northern Greece. 

 

 

Figure 5.18. The spatial distribution of 137Cs (Bq kg-1) in moss samples across Northern Greece. 
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Figure 5.19. The total deposition of 137Cs (nuclear weapons tests, Chernobyl accident, …) in Greece 

according to Petropoulos et al. (2001).  

 

 

5.2.2 Transfer of resuspended soil to mosses 

Radionuclides that occur naturally in soil are incorporated metabolically into plants. 

The artificial ones have the same behavior. In addition to root uptake, direct deposition 

may occur on foliar surfaces, and when this happens the radionuclides may be absorbed 

metabolically by the plants (Papastefanou et al., 1999a). In the case of mosses, where 

no roots exist, the root uptake of radionuclides is impossible, but radionuclides can be 

transferred to mosses through the atmospheric deposition. Thus, the determination of 

the transfer of the radionuclides from soil to mosses is considered important. 

The transfer of radionuclides from soil to plants is measured by the Transfer Factor 

(Papastefanou et al., 1999a; Jalil et al., 2002; Tsikritzis, 2002; IAEA 2006; Eslava-

Gomez and Brown, 2013; Elywa et al., 2016; Tuo et al., 2017; Ivanić et al., 2019; Li et 

al., 2019; Ibikunle et al., 2019), which reveals the relationship between the radionuclide 

contents in soil and plant (Sarap et al., 2014). In the case of mosses, the transfer of 

resuspended soil to moss bodies for radionuclides is calculated according to the ratio:  

𝐴𝑀𝑜𝑠𝑠
𝐴𝑆𝑜𝑖𝑙

 

where  

AMoss is the radionuclide’s activity concentration in moss sample in Bq kg-1 

ASoil is the radionuclide’s activity concentration in soil in Bq kg-1. 
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The transfer of resuspended soil to mosses and their uncertainties concerning all the 

sampling sites are presented in Appendix in Table K1. In Table 5.8, the descriptive 

analysis of the transfer values is shown.  

 

Table 5.8. The results of the descriptive analysis of the radionuclides transfer values of resuspended soil 

to moss are presented. 

 Cs-137 Pb-210 K-40 

Min 0 0.8±0.08 0.16±0.01 

Max 531±209 86.73±8.73 4.51±0.47 

Median 0.92 9.85 0.56 

Mean 8.93 11.92 0.74 

Std Dev. 55.2 10.73 0.69 

Kurtosis 87.89 24.68 14.66 

Skewness 9.25 3.96 3.44 

 

The transfer of resuspended soil to mosses of the radionuclides 137Cs and 210Pb were 

found to be high in the majority of the studied samples with a mean value in the order 

of 8.93 and 11.92 respectively. High values of 210Pb transfer values are observed in the 

cases where the corresponding concentrations in moss samples are higher than in soil 

samples, indicating that the majority of lead that was deposited on mosses came from 

the decay of 222Rn in the atmosphere. High values of 137Cs transfer values correspond 

to sites where 137Cs concentrations in soil are low, while 40K concentrations are high. 

These sites reveal that these two radionuclides are inversely proportional (Papastefanou 

et al., 1999a; Tsikritzis, 2002; Tsigaridas, 2014) and this kind of relationship can also 

be observed in their transfer factor values. 

The relationship between each radionuclide concentration in soil and their transfer 

values is presented in the following scatter plots (Figure 5.20-5.21). There is an 

exponential relationship between 210Pb and 40K nuclides and the transfer value which 

points out that the transfer of resuspended soilto mosses decreases with increasing soil 

activity concentration. Thus, the results show that the soil-to-plant transfer values are 

higher at low soil concentrations, and decrease with an increasing soil concentration. 

For 137Cs, no special relationship could be extracted between its activity and transfer 

factor values.  

Finally, as it was already said, there is no relationship between the radionuclides in soil 

and mosses. The lack of any kind of relationship between the activities in soil and 

mosses points out that the existence of different factors (moisture, organic content 

matter, soil structure) that influence the “uptake” from soil to mosses (no rooting 

system-just through the atmospheric deposition).  
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Figure 5.20. The scatter plot between 210Pb in 

soil and its transfer value of resuspended soil to 

mosses. 

 

Figure 5.21. The scatter plot between 40K in soil 

and its transfer value of resuspended soil to 

mosses. 

 

 

 

5.2.3 Comparison with other data in the literature 

In the literature there are a lot of studies concerning the activity concentrations of 

radionuclides in soil. In the Greek territory and since the Chernobyl accident a lot of 

studies have been conducted (Simopoulos, 1989; Antonopoulos-Domis et al., 1990; 

Papastefanou et al., 1999a; Petropoulos et al., 2001; Anagnostakis et al., 1996; 

Tsikritzis et al., 2002, 2008; Manolopoulou et al., 2003; Arapis and Karandinos, 2004; 

Papaefthymiou et al., 2004; Florou et al., 2007; Psichoudaki and Papaefthymiou, 2008; 

Kritidis et al., 2012; Tsigaridas et al., 2014; Kourtidis et al., 2015).  

The mean value of 40K is around 1.5 times higher than the values reported by Tsikritzis 

(2002) and Anagnostakis et al. (1996) results for the Greek soils, while they are similar 

to those announced by Psichoudaki and Papaeuthymiou (2008). Cesium mean value 

and its transfer factor from soil to mosses are 4 times to one order of magnitude lower 

than those recorded by Tsikritzis (2002) and Sawidis et al. (2010), whereas the max 

value is almost 10% higher compared to Arapis and Karandinos results (2004). So, the 

levels of 137Cs nowadays is one order of magnitude lower than it was reported 

immediately after the accident, due to radioisotope decay as well as to the resuspension 

factor, movement in soils due to chemical or biological processes and other physical 

processes, such as erosion. 

Across the world, there are many studies investigating the radioactivity in soil and with 

which the results of the current study can be compared (Dragović et al., 2004; Fujiyoshi 

and Sawamura, 2004; Dowdall et al., 2005; Popovic et al., 2008; Celik et al., 2009; 

Cevik and Celik, 2009; Matissof et al., 2011; Park et al., 2013; Krmar et al., 2014; 

Mitrović et al., 2016; Ivanić et al., 2019; Zhong et al., 2019). In the current study, the 

mean 40K concentration in soil is 17% higher than the mean concentration reported by 

UNSCEAR 2000, 1.5 higher than those from Dragović et al. (2010) and Popovic et al. 

(2010) studies, whereas it is 10 and 30% lower than Mitrović et al., (2016) and Celik et 

al. (2009) respectively.  
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Lead-210 max concentration is one order of magnitude higher than those reported by 

Krmar et al. (2014), while it is 3 times lower compared to Zhong (2019) measurements. 

The soil structure and its geological characteristics influence the terrestrial 

radionuclides concentrations and explain these variances. The mean concentration of 

the artificial nuclide 137Cs is 2 to 6 times lower than the corresponding activities 

published by Popovic et al. (2008;2010), Celik et al. (2009), Dragović et al. (2010) and 

Ivanić et al. (2019). The differences that are observed in the cesium concentrations, are 

based on how much each area was influenced by the Chernobyl accident and the nuclear 

weapon tests that occurred in the previous century. Finally, based on the possible 

erosion and resuspension events, the climate of each area and other factors that may 

influence the horizontal and vertical distribution of 137Cs, a fluctuation in its 

concentration is totally justified. 
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Chapter 6   Conclusions 

Mosses are ideal bioindicators of trace elements and radionuclides. They are widely 

used for monitoring their deposition from the atmosphere, as they do not have roots and 

all the nutrients and water they need, are taken directly from wet and dry deposition. 

They can grow up in all the environments but not all the moss species are found 

everywhere.  

In Northern Greece, the most widespread moss species is Hypnum cupressiforme 

Hedw., a pleurocarpous moss which is usually found living in forests, forming thick 

mats on the forest floor (Tsakiri, 2009). It can get easily wet due to the fact that it grows 

horizontally on the substrate. Moreover, Hypnum cupressiforme Hedw. moss species, 

is the most studied and analyzed moss species in the ICP Vegetation Programme 

(Frontasyeva et al., 2015), in which Greece participates for the first time with our group 

consisted by Professor Dr. Alexandra Ioannidou and Dr. Evdoxia Tsakiri. These 

characteristics made it ideal for biomonitoring in the 2015/2016 moss survey 

coordinated by the Joint Institute of Nuclear Research (JINR; Dubna, Russian 

Federation), under the auspice of the ICP Vegetation Programme.  

The current survey was conducted at the end of summer till middle of autumn of 2016. 

Ninety-five moss samples of Hypnum cupressiforme Hedw. were collected from the 

Regions of West, Central and East Macedonia & Thrace. After sampling, mosses were 

cleaned manually and were prepared for ENAA and gamma ray measurements for the 

determination of trace elements and radionuclides respectively.  

The elemental concentrations of forty-four (44) trace elements (Al, As, Ni, V, Cr, Zn, 

Fe, Br, Cl, I, Mg, Na, K, Sc, Ti, Mn, Co, Se, Rb, Sb, Au, Th, U, Si, Sr, Ca, Zr, Cs, Ba, 

La, Ce, Nd, Sm, Gd, Tb, Dy, Tm, Yb, Lu, Hf, Ta, In, Mo, Ag) were measured and 

consist the first concentrations that are recorded in mosses in the Greek territory and 

are included in the European moss data base. The concentrations of Al, As, Ni, V, Cr, 

Zn and Fe range between 1350-46100 μg g-1, 0.52-17.90 μg g-1, 1.72-90.20 μg g-1, 2.61- 

33.4 μg g-1, 2.04- 222 μg g-1, 14.60-282 μg g-1 and 1010-28700 μg g-1 respectively. 

Higher elemental concentrations are observed in mosses collected from the surface and 

not near roots, indicating that most of them are transferred to mosses though the 

resuspended soil. 

Additional to the study of ninety-five moss samples collected from the vicinity of 

Northern Greece, a special case study was also performed, including trace elements 

measurements in ten moss samples collected from the area of Skouries, close to active 

mining facilities. The elemental concentrations of Al, As, Ni, V, Cr, Zn and Fe range 

between 7170- 17300 μg g-1, 7.5- 15.4 μg g-1, 52- 138 μg g-1, 14- 30 μg g-1, 66- 200 μg 

g-1, 35- 72 μg g-1 and 6350- 14300 μg g-1 respectively. The moss species Isothecium 

alopecuroides and Dicranum scoparium present the highest elemental concentrations 

of As, Al, Co, Fe, V and Cr, Mg, Ni, Sb respectively. The concentrations of Au, Mn, 

and Ni in Skouries mosses, are much higher than the concentrations of all ninety-five 

(95) samples collected from Northern Greece, highlighting the impact of the activities 

that occur in the gold mine of Skouries. 
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Different studies have been occurred in the area of Skouries using different kind of 

samples: sediment (Papa et al., 2016), surface water (Chantzi et al., 2016), edible fish 

(Lazaridou- Dimitriadou et al., 2004), limpets (Kelepertsis, 2013) and soil (Kelepertsis 

et al., 2006; Argyraki et al., 2017). In most of these studies, the elemental 

concentrations that were determined were high enough and sometimes they exceeded 

the global mean values (Kelepertsis et al., 2006; Chantzi et al., 2016). Although, there 

is no study in the literature that uses moss as a matrix for the determination of the 

elemental concentrations in the area. Therefore, this moss survey will add useful data 

in the literature and it could also be the basis for future moss bioindicator studies in the 

area. 

In the rest part of Greece only a limited number of studies exist concerning the 

atmospheric deposition of trace elements in mosses. This survey is the first attempt of 

studying the atmospheric deposition of trace elements by using mosses collected in such 

a big territory in Greece, during a five years’ period. The present study verifies the 

results of Yurukova et al. (2009) investigation regarding the pollutants’ chemical 

composition in the region of Northeastern part of Greece, next to the Bulgarian borders. 

Areas that are characterized by high concentrations of Al, As, Fe and V are observed in 

both of the studies, with some differences concerning the concentration levels of each 

element.  

Furthermore, the concentrations of Cr, Mn and Ni elements in the region of West 

Macedonia and close to the coal power plants in the basin of Ptolemaida are around 

30% lower than the concentrations reported by Tsikritzis (2002) study. The same 

reduction of the order up to 50% is noticed between the results of the current study and 

those announced by Tsigaridas (2014). Our results do not agree with the conclusions of 

the study conducted by Saitanis et al. (2012) regarding the origin of Mn in mosses. In 

our research, Mn is associated to antropogenic activities like mining activities in the 

regions enriched in Mn, while in Saitanis study, Mn is assumed to be originally present 

in mosses as an essential element. 

According to the 2005/2006 moss survey results, Greece presents lower maximum 

concentrations of Zn, Mn, Co than Norway, while Ni levels are lower than Norway’s, 

Poland’s and Albania’s and similar to the Bulgarian’s ones. Chromium in Greece is 

higher than almost all the countries, except of Serbia which has similar median value 

and Poland which is 30% higher. Al and Sb min values are 5% and 50% times lower in 

Greece than Republic of North Macedonia. Finally, the levels of V and Zn are 

comparable to those in Serbia and Croatia. 

A possible transboundary transfer of the elements Fe, V, Zn, As, Co, Ni and Cr is 

observed close to the Greek- Republic of North Macedonian borders (around the 

Kavadarci region), as well as in the region between Bulgarian and Greek borders 

(transfer especially of Zn element). 

In order to identify the possible sources of the elements in mosses, the Positive Matrix 

Factorization (PMF) analysis was performed by means of the PMF 5.0 model. Based 

on different criteria, and after running the model for 100 times for different number of 

factors (4 to 10) each time, five different factors-sources were extracted: The Soil Dust, 

the Aged Sea Salt, the Road Dust, the Lignite Power Plant and the Mn-rich source.  
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The first source is the Soil Dust source and includes the elements Mg, Al, Ti, Si, Ca, 

Th, Ba, La, K and Fe. More than 40% of the mass of Si, Ca, Cl, K, and Mg is assigned 

to this Soil dust source. All these elements were transferred to mosses through the 

resuspension of the soil from fields by local winds. The Aged sea salt factor is the 

second source and it is represented by the elements Na, Rb, Sr, Hf and Ta, with Na 

contributing the most. The third factor contains high loadings of Sb and As and is 

characterized as the dispersed Road dust source. The fourth factor is identified as the 

Lignite power plant source where there is high contribution of Ni, Cr and Co. This 

factor could also be related to heavy oil combustion emmisions. The last factor that was 

produced by the model, is characterized as the Mn-rich source and it is possibly 

connected with mining activities. The soil dust and the sea salt sources contribute more 

than 60% to many of the moss samples. Similar relative contributions of the road dust 

source occur to almost all mosses.  

Two areas can be distinguished according to the relative source contribution for each 

sampling site. The first one is the region of W. Macedonia. where the Ptolemaida-

Amyntaio complex Lignite power plants are located and are characterized by high 

concentrations of Ni, V, Cr and Co. The second one is the area of Skouries, where there 

are high contributions of the Mn-rich source, the lignite power plant source as well as 

the road dust source. Th majority of the elements is deposited on mosses through the 

resuspended soil, which is also verified Finally, the soil dust source contributes the most 

in all mosses (52%). 

The elemental concentrations in soil samples collected from the same sampling sites 

like mosses, were also determined. The elements Al, K, Si and Ti have similar 

concentrations in almost all sites, proving that there is no impact of anthropogenic 

activities on them and the majority are just typical components of the soil. This is also 

verified by the comparison of the chemical composition of the soil samples with the 

one of a reference’s chemical composition. The areas that present high concentrations 

of Ni, Mn, Fe, Mg and Cr in mosses correspond to those with high concentrations in 

soil, indicating that the origins of the trace elements in both of the matrices are the same. 

These results are also verified by the calculation of the Transfer Factor of resuspended 

soil to mosses, which is a useful tool for the identification of the “soil dust” elements. 

In Greek territory, the elemental concentrations of Zn, Cu and As in soil are found in 

lower levels than those provided by Nikolaidis et al. (2013) and Argyraki-Kelepertzis, 

(2014), while the elements Al, Ca, Fe, Mg, Si, Ti and K present higher concentrations 

than those reported by Pentari et al. (2006), Papastergios et al. (2011), Skordas et al. 

(2013) and Botsou et al. (2016). On the other hand, the mean concentrations of the 

elements Mn, Cr, Zn, As and Ni are higher (1.5 to 5 times) than the worldwide average 

soil concentrations (Kabata-Pendias; 2011), while they are similar to the European 

mean values of the topsoils. The different natural processes and the anthropogenic 

activities are those which influence the elemental concentrations in soil of each area.  

The activity concentrations of 7Be, 210Pbuns, 
40K, 232Th, 226Ra and 137Cs in mosses are 

also studied. The cosmogenic nuclide 7Be ranges from 69 to 1280 Bq kg-1, while 210Pbuns 

ranges from between147 to 2049 Bq kg-1. The terrestrial nuclides 40K, 232Th and 226Ra 

range between 120 to 1060 Bq kg-1, 0 to 66 Bq kg-1 and 0 to 126 Bq kg-1 respectively. 
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The artificial nuclide 137Cs is found between 0 to 590 Bq kg-1. There is no correlation 

between the altitude, the temperature and the above radionuclides, as well as between 

precipitation or any other meteorological characteristics and their activities. No 

seasonal variability could be estimated for 7Be and 210Pbuns, as all the samples were 

collected during a specific time interval (summer 2016). 

The cosmogenic nuclide 7Be ends up in mosses through wet and dry deposition of 

aerosols to which it was attached right after its formation in the troposphere. The 

radionuclide 210Pbuns in mosses comes from the decay of radon in the air and not in the 

soil and after its release into the atmosphere, it follows the path of the aerosols to which 

it is attached and it is deposited on mosses mainly through sedimentation, and in some 

cases through rainfall. 40K, is placed on mosses via the soil dust particles that are 

dispersed in the atmosphere through the wind, while 232Th and 226Ra are deposited on 

mosses both through soil particles and aerosol deposition. The artificial nuclide 137Cs 

is deposited on mosses through the resuspended soil particles. The arid climate of 

Greece favors the transfer of soil dust particles even in far distances. 

The correlations between the radionuclides is also studied. According to Pearson 

Correlation and to Principle Component Analysis, the aforementioned radionuclides 

could be distinguished into three groups- components, based on their origin and 

correlations. The first component includes the radionuclides 7Be, 210Pbuns ,
210Pbtot which 

are deposited on mosses through dry deposition and precipitation. The nuclides 226Ra, 
232Th and 40K are loading quite nicely on the second component, while 137Cs 

characterize the last component. The Cluster Analysis results reveal the same three 

groups- clusters as the previous analysis.  

Mosses were collected from different substrate types (rocks, branches, surface soil and 

near roots). The substrate type influences their activities. Slight differences can be 

observed in the activity concentrations of the studied radionuclides. For example, the 

cosmogenic nuclide 7Be presents higher activities in mosses collected from the ground 

surface than those that were collected near roots. The nuclides 210Pb, 226Ra, 232Th do 

not present any significant difference between those collected from surface and near 

roots. There is a homogeneity for the concentrations of the artificial radionuclide 137Cs, 

while 40K is found in higher concentrations in those mosses that were picked up mostly 

near roots. The ratio of the activity concentrations between mosses taken from the 

surface versus roots are higher than 1 for 7Be, around 1 for 210Pb, 232Th and 226Ra, and 

lower than 1 for137Cs, indicating the association of the last one to the dispersed soil dust 

particles. 

In the literature a few studies are found about the activities concentrations of 

radionuclides in mosses in Greek territory. The concentrations of 137Cs are much lower 

than in most of the studies (up to 1 order of magnitude lower). However, the 

concentrations of 40K and 226Ra are higher (more than 3 times higher) than those 

reported by Tsikritzis (2002) and Tsigaridas (2014). Concerning other international 

studies, 7Be and 210Pb nuclides are found more than 2 times higher than in Serbia’s and 

India’s mosses (Krmar et al. 2017; Karanakura et al. (2013), while 210Pb is 40% lower 

than in China (Zhong et al., 2019). 137Cs concentrations are more than two times higher 

than in the other studies with some exceptions like in the studies of Dragović et al. 



[153] 
 

(2004; 2010), Marović et al. (2008) and Celik et al. (2009). The concentrations of 40K 

vary in most of the countries depending on the soil properties of each area. 

Additionally, the radionuclides concentrations in surface soil samples are also studied. 

The concentrations of 137Cs range between 0.34 to 2569 Bq kg-1, of 40K between 52.79 

to 1148 Bq kg-1, and of 210Pb from 11.46 to 1381 Bq kg-1. No special fit is identified 

between the concentrations of 40K or 210Pb in mosses and the corresponding soil 

samples. On the other hand, there is a match between areas that present high 

concentrations of 137Cs in soil and mosses of the current survey with those areas that 

were characterized as the most influenced after the Chernobyl accident (Petropoulos et 

al., 2001). This indicates that the origin of 137Cs in mosses is the dispersed and 

resuspended soil particles from the surrounding area of mosses. Moreover, there is no 

correlation between the radionuclides 137Cs, 40K and 210Pb measured in soil samples. 

The calculation of the Transfer Factor of resuspended soil to mosses verifies the above 

results.The resuspension of the soil is the main source of trace elements and nuclides in 

mosses, which is also verified by the PMF model. 

The data in soil of the current study are compared with other results in Greece and 

around the world. 40K is higher than the mean value reported for Greek soils 

(Anagnostakis et al., 1996) as well as the international levels announced by UNSCEAR 

2000. 137Cs nowadays is one order of magnitude lower than it was reported immediately 

after the accident (both in Greece and around the world), due to radioisotope decay as 

well as to the resuspension factor and other physical processes, such as erosion. Finally, 

lead-210 max concentration is one order of magnitude higher than those reported by 

Krmar et al. (2014), while it is 3 times lower compared to Zhong (2019) measurements. 

The soil structure and its geological characteristics influence the terrestrial 

radionuclides concentrations and explain these variances. 

To sum up, moss and soil samples were collected from the vicinity of Northern Greece. 

The determination of trace elements and radionuclides concentrations in both matrices 

was simultaneously achieved. Their detailed spatial distributions reveal the areas of 

interest. The PMF model was run for the determination of the origins of trace elements 

in mosses, while the Principle Component Analysis in combination with the Cluster 

Analysis grouped together the radionuclides of the same origins deposited on mosses. 

Attention should be given to the area of Skouries where the impact of the mining 

activities on the area is revealed.  

This thesis consists the basis for future research on trace elements and radionuclides 

concentrations on mosses in the Greek territory. Also, gives the possibility of 

comparing data between the different countries in Europe and around the world, while 

putting a small piece in the puzzle of the European moss database concerning the 

accumulation of trace elements in mosses. Some suggestions for the future are: the 

collection of mosses in the whole territory of Greece for the same purposes, covering 

areas that couldn’t be afforded during this study and the use of mosses in perforated 

bags or in other mediums for measurements in areas where mosses cannot grow up 

naturally.  
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APPENDIX 

Aa.Spectra of elements produced after irradiation 

Some gamma spectra and decay shemes of different elements (Al, As, Ca, K, Mg) after 

irradiation of samples are presented (Figures Aa1-10). In reality, the spectra that are 

produced after the irradiation of samples include plenty of gamma lines and some 

examples are presented in the main part of this thesis, in Chapter 3. 
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Ab.Trace elements concentrations in mosses 

In Table A1 the most frequently analyzed and announced in studies elemental 

concentrations are presented. while in Table A2 the rest twenty one elemental 

concentration are shown. The uncertainties of all the elemental concentrations are 

presented in parenthesis. next to each concentration. and they range from 3% to 44%. 

The reason why some elemental concentrations have such high uncertainties like those 

from Rb. Au. Zr. Lu. Cs. I. Br and others is due to the big uncertainties of the standard 

materials that were irradiated simultaneously with the samples. measured by gamma 

spectrometry. and involved in the calculation of the elemental concentrations of the 

samples. 
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Table A1.The concentrations (μg g-1) and the uncertainties (%) of the 23 most frequently analyzed and announced in studies elements. that were measured in mosses collected 

in Northern Greece determined using Epithermal Neutron Activation Analysis (ENAA). 

Sampl
ing 
site  

Na Mg Al Cl K Sc Ti V Cr Mn Fe Co Ni Zn As Se Br Rb Sb I Au Th U 

x-01 9210(3) 11000(3) 25200(5) 140(10) 7590(8) 4.7(12) 1190(8) 25.6(5) 33(6) 374(6) 10600(5) 3.9(5) 17(5) 28(5) 5.3(5) 0.09(16) 5(30) 23(34) 0.28(8) 1.9(36) 0.0010(40) 4.17(6) 1.31(9) 

x-02 902(3) 2320(3) 3270(5) 151(10) 4720(8) 1.4(12) 201(8) 5.5(5) 11(6) 162(6) 3480(5) 1.7(5) 9(5) 34(5) 1.4(5) 0.25(16) 7(30) 13(34) 0.25(8) 1.8(36) 0.0007(40) 0.99(6) 0.25(9) 

x-03 4500(3) 7790(3) 2855(5) 164(10) 5850(8) 8.6(12) 200(8) 5.4(5) 33(6) 386(6) 19400(5) 8.5(5) 14(5) 41(5) 2.1(5) 0.14(16) 6(30) 16(34) 0.18(8) 1.8(36) 0.0003(40) 1.85(6) 0.54(9) 

x-04 2110(3) 2480(3) 3830(5) 176(10) 4960(8) 2.3(12) 229(8) 8.2(5) 9(6) 160(6) 8190(5) 3.9(5) 5(5) 32(5) 1.6(5) 0.24(16) 6(30) 15(34) 0.34(8) 1.7(36) 0.0008(40) 0.72(6) 0.22(9) 

x-05 549(3) 2760(3) 2530(5) 200(10) 4790(8) 0.9(12) 188(8) 5.0(5) 8(6) 44(6) 2470(5) 1.2(5) 5(5) 25(5) 1.8(5) 0.31(16) 9(30) 8(34) 0.36(8) 2.3(36) 0.0005(40) 0.63(6) 0.15(9) 

x-06 341(3) 2120(3) 4870(5) 112(10) 3190(8) 0.8(12) 351(8) 7.8(5) 7(6) 70(6) 2250(5) 0.9(5) 5(5) 22(5) 1.3(5) 0.25(16) 6(30) 7(34) 0.17(8) 2.2(36) 0.0003(40) 0.82(6) 0.16(9) 

x-07 3690(3) 5010(3) 12100(5) 108(10) 8510(8) 3.2(12) 810(8) 14.2(5) 17(6) 286(6) 7900(5) 2.7(5) 11(5) 46(5) 8.3(5) 0.14(16) 5(30) 42(34) 0.47(8) 1.8(36) 0.0007(40) 2.88(6) 1.13(9) 

x-08 320(3) 2410(3) 3190(5) 260(10) 3990(8) 0.6(12) 201(8) 6.3(5) 8(6) 110(6) 1730(5) 0.8(5) 6(5) 37(5) 1.0(5) 0.21(16) 5(30) 6(34) 0.28(8) 1.8(36) 0.0007(40) 0.48(6) 0.10(9) 

x-09 207(3) 1730(3) 1810(5) 236(10) 5260(8) 0.3(12) 104(8) 3.3(5) 2(6) 733(6) 1010(5) 0.5(5) 3(5) 19(5) 0.5(5) 0.26(16) 4(30) 8(34) 0.08(8) 1.5(36) 0.0001(40) 0.35(6) 0.07(9) 

x-10 606(3) 2560(3) 3610(5) 172(10) 4230(8) 1.5(12) 225(8) 5.4(5) 25(6) 269(6) 3760(5) 2.7(5) 14(5) 26(5) 1.4(5) 0.33(16) 8(30) 15(34) 0.20(8) 1.6(36) 0.0003(40) 1.51(6) 0.23(9) 

x-11 569(3) 2170(3) 3200(5) 80(10) 4690(8) 1.7(12) 237(8) 5.6(5) 11(6) 183(6) 3450(5) 1.4(5) 6(5) 174(5) 1.0(5) 0.36(16) 6(30) 11(34) 0.27(8) 2.1(36) 0.0012(40) 0.69(6) 0.21(9) 

x-12 507(3) 2070(3) 4050(5) 308(10) 4870(8) 1.1(12) 219(8) 6.4(5) 7(6) 142(6) 2600(5) 1.4(5) 6(5) 247(5) 1.1(5) 0.34(16) 7(30) 7(34) 0.20(8) 2.2(36) 0.0005(40) 0.53(6) 0.20(9) 

x-13 567(3) 2440(3) 4590(5) 203(10) 4060(8) 1.0(12) 266(8) 6.5(5) 6(6) 111(6) 2310(5) 0.9(5) 4(5) 144(5) 1.7(5) 0.28(16) 5(30) 17(34) 0.17(8) 2.8(36) 0.0005(40) 0.68(6) 0.12(9) 

x-14 363(3) 2680(3) 4030(5) 85(10) 3790(8) 1.1(12) 162(8) 5.3(5) 11(6) 149(6) 2470(5) 1.3(5) 13(5) 124(5) 0.9(5) 0.26(16) 4(30) 15(34) 0.22(8) 1.9(36) 0.0003(40) 0.47(6) 0.15(9) 

x-15 386(3) 2760(3) 4110(5) 111(10) 4130(8) 1.0(12) 274(8) 6.5(5) 7(6) 294(6) 2190(5) 0.9(5) 5(5) 154(5) 0.7(5) 0.24(16) 5(30) 10(34) 0.15(8) 2.0(36) 0.0003(40) 0.51(6) 0.16(9) 

x-16 724(3) 2450(3) 4030(5) 230(10) 3380(8) 1.4(12) 264(8) 8.2(5) 6(6) 89(6) 2710(5) 1.1(5) 4(5) 142(5) 1.2(5) 0.29(16) 5(30) 6(34) 0.15(8) 2.1(36) 0.0005(40) 0.49(6) 0.14(9) 

x-17 1020(3) 3260(3) 5190(5) 118(10) 4440(8) 3.1(12) 349(8) 11.1(5) 8(6) 438(6) 4970(5) 2.4(5) 5(5) 181(5) 15.1(5) 0.18(16) 7(30) 12(34) 0.33(8) 2.0(36) 0.0025(40) 0.55(6) 0.17(9) 

x-18 624(3) 3260(3) 5490(5) 164(10) 4290(8) 1.2(12) 304(8) 8.3(5) 8(6) 438(6) 2590(5) 1.9(5) 7(5) 192(5) 1.2(5) 0.34(16) 8(30) 10(34) 0.16(8) 3.0(36) 0.0006(40) 0.77(6) 0.23(9) 

x-19 653(3) 4690(3) 9970(5) 271(10) 5820(8) 4.5(12) 529(8) 14.4(5) 28(6) 491(6) 8600(5) 4.7(5) 22(5) 282(5) 17.9(5) 0.16(16) 6(30) 30(34) 2.20(8) 2.4(36) 0.0015(40) 4.08(6) 0.99(9) 

x-20 833(3) 3910(3) 6100(5) 193(10) 4800(8) 1.5(12) 385(8) 9.8(5) 9(6) 512(6) 3510(5) 1.3(5) 6(5) 243(5) 1.1(5) 0.33(16) 8(30) 13(34) 0.21(8) 3.3(36) 0.0013(40) 0.85(6) 0.40(9) 

x-21 3260(3) 4670(3) 12900(5) 111(10) 7640(8) 4.1(12) 860(8) 18.2(5) 20(6) 167(6) 10200(5) 3.1(5) 11(5) 80(5) 3.1(5) 0.33(16) 6(30) 30(34) 0.26(8) 2.8(36) 0.0012(40) 4.92(6) 0.75(9) 

x-22 7780(3) 6440(3) 19600(5) 135(10) 9440(8) 5.4(12) 876(8) 18.9(5) 47(6) 324(6) 12100(5) 5.9(5) 30(5) 112(5) 3.7(5) 0.20(16) 10(30) 50(34) 0.58(8) 2.5(36) 0.0013(40) 7.86(6) 1.31(9) 

x-23 679(3) 3110(3) 6100(5) 233(10) 5720(8) 1.2(12) 305(8) 9.3(5) 5(6) 276(6) 2690(5) 1.0(5) 3(5) 39(5) 0.8(5) 0.28(16) 4(30) 10(34) 0.13(8) 2.4(36) 0.0004(40) 1.17(6) 0.34(9) 

x-24 5630(3) 7600(3) 20800(5) 147(10) 10200(8) 6.6(12) 1570(8) 14.9(5) 15(6) 1090(6) 16500(5) 3.7(5) 5(5) 88(5) 2.0(5) 0.27(16) 8(30) 49(34) 0.29(8) 2.3(36) 0.0003(40) 5.79(6) 1.30(9) 

x-25 848(3) 3770(3) 6520(5) 219(10) 5580(8) 2.9(12) 507(8) 12.6(5) 15(6) 610(6) 6950(5) 3.0(5) 10(5) 76(5) 1.7(5) 0.24(16) 9(30) 19(34) 0.34(8) 2.9(36) 0.0017(40) 1.42(6) 0.47(9) 

x-26 7850(3) 8350(3) 30800(5) 91(10) 15300(8) 3.7(12) 873(8) 16.5(5) 12(6) 524(6) 10100(5) 2.8(5) 6(5) 90(5) 5.4(5) 0.33(16) 9(30) 79(34) 0.03(8) 3.6(36) 0.0013(40) 8.93(6) 2.58(9) 

x-27 7060(3) 7670(3) 19700(5) 87(10) 16000(8) 6.7(12) 984(8) 20.2(5) 28(6) 361(6) 15300(5) 5.6(5) 13(5) 67(5) 3.6(5) 0.18(16) 5(30) 66(34) 0.21(8) 3.0(36) 0.0013(40) 7.35(6) 1.93(9) 

x-28 577(3) 1720(3) 3080(5) 119(10) 3830(8) 0.6(12) 127(8) 3.3(5) 3(6) 66(6) 1470(5) 0.4(5) 2(5) 23(5) 0.9(5) 0.14(16) 4(30) 5(34) 0.08(8) 1.8(36) 0.0002(40) 0.52(6) 0.15(9) 

x-29 2170(3) 3010(3) 6890(5) 86(10) 6240(8) 1.5(12) 219(8) 5.7(5) 8(6) 389(6) 3780(5) 1.2(5) 4(5) 53(5) 1.6(5) 0.19(16) 5(30) 25(34) 0.16(8) 2.7(36) 0.0004(40) 1.85(6) 0.45(9) 

x-30 3630(3) 2150(3) 3790(5) 47(10) 6370(8) 2.5(12) 174(8) 4.2(5) 22(6) 104(6) 7090(5) 2.7(5) 13(5) 49(5) 1.8(5) 0.19(16) 8(30) 35(34) 0.32(8) 1.8(36) 0.0009(40) 5.01(6) 0.97(9) 



[186] 
 

x-31 854(3) 3670(3) 6600(5) 107(10) 5430(8) 1.4(12) 463(8) 11.4(5) 15(6) 541(6) 4810(5) 2.3(5) 12(5) 39(5) 1.2(5) 0.35(16) 8(30) 31(34) 0.22(8) 4.0(36) 0.0005(40) 1.45(6) 0.48(9) 

x-32 625(3) 3780(3) 8310(5) 56(10) 5670(8) 1.0(12) 471(8) 10.6(5) 8(6) 216(6) 2990(5) 1.4(5) 6(5) 20(5) 1.2(5) 0.13(16) 3(30) 13(34) 0.07(8) 2.8(36) 0.0003(40) 0.88(6) 0.30(9) 

x-33 513(3) 2780(3) 3640(5) 90(10) 4870(8) 0.6(12) 198(8) 4.9(5) 7(6) 146(6) 1880(5) 0.9(5) 5(5) 17(5) 0.7(5) 0.20(16) 3(30) 6(34) 0.08(8) 1.8(36) 0.0001(40) 0.51(6) 0.19(9) 

x-34 7180(3) 6340(3) 21200(5) 65(10) 14500(8) 8.9(12) 1480(8) 29.3(5) 68(6) 511(6) 28700(5) 13.7(5) 24(5) 40(5) 3.3(5) 0.38(16) 3(30) 76(34) 0.07(8) 3.8(36) 0.0006(40) 9.54(6) 2.31(9) 

x-35 1830(3) 871(3) 12500(5) 122(10) 5040(8) 2.2(12) 871(8) 19.6(5) 64(6) 473(6) 6670(5) 4.0(5) 31(5) 37(5) 1.7(5) 0.34(16) 13(30) 16(34) 0.16(8) 7.4(36) 0.0003(40) 1.89(6) 0.83(9) 

x-36 932(3) 11300(3) 7830(5) 125(10) 4290(8) 2.9(12) 478(8) 16.4(5) 174(6) 179(6) 10600(5) 10.4(5) 25(5) 30(5) 1.6(5) 0.31(16) 11(30) 14(34) 0.17(8) 3.9(36) 0.0003(40) 1.55(6) 0.93(9) 

x-37 643(3) 4670(3) 4730(5) 145(10) 5830(8) 1.2(12) 304(8) 7.6(5) 19(6) 251(6) 3770(5) 1.8(5) 12(5) 19(5) 0.9(5) 0.28(16) 12(30) 14(34) 0.15(8) 3.8(36) 0.0002(40) 0.93(6) 0.27(9) 

x-38 327(3) 2450(3) 2870(5) 75(10) 4740(8) 0.6(12) 180(8) 4.6(5) 13(6) 158(6) 2090(5) 1.1(5) 9(5) 16(5) 0.6(5) 0.17(16) 3(30) 15(34) 0.08(8) 1.8(36) 0.0002(40) 0.47(6) 0.15(9) 

x-39 1590(3) 705(3) 7010(5) 87(10) 5970(8) 1.0(12) 393(8) 7.8(5) 16(6) 709(6) 3320(5) 1.5(5) 10(5) 29(5) 0.9(5) 0.26(16) 5(30) 23(34) 0.10(8) 3.0(36) 0.0003(40) 1.62(6) 0.65(9) 

x-40 344(3) 3080(3) 5560(5) 130(10) 5760(8) 1.1(12) 323(8) 9.3(5) 29(6) 356(6) 3700(5) 2.3(5) 23(5) 22(5) 1.1(5) 0.27(16) 5(30) 24(34) 0.02(8) 3.6(36) 0.0000(40) 0.90(6) 0.80(9) 

x-41 1540(3) 5120(3) 7170(5) 100(10) 7740(8) 2.0(12) 447(8) 11.1(5) 35(6) 280(6) 6370(5) 2.9(5) 23(5) 28(5) 0.9(5) 0.16(16) 4(30) 26(34) 0.22(8) 2.5(36) 0.0003(40) 1.67(6) 0.43(9) 

x-42 3580(3) 12000(3) 15100(5) 69(10) 6590(8) 3.7(12) 941(8) 23.7(5) 190(6) 269(6) 11600(5) 8.1(5) 90(5) 30(5) 1.6(5) 0.12(16) 4(30) 31(34) 0.21(8) 2.6(36) 0.0001(40) 2.10(6) 0.60(9) 

x-43 1160(3) 3130(3) 3770(5) 369(10) 6390(8) 2.0(12) 199(8) 7.3(5) 31(6) 381(6) 5800(5) 3.2(5) 32(5) 51(5) 2.0(5) 0.31(16) 13(30) 16(34) 0.35(8) 6.0(36) 0.0003(40) 1.22(6) 0.08(9) 

x-44 366(3) 2490(3) 3730(5) 184(10) 3930(8) 0.9(12) 243(8) 7.2(5) 10(6) 74(6) 2790(5) 1.3(5) 7(5) 44(5) 1.4(5) 0.28(16) 5(30) 8(34) 0.18(8) 3.1(36) 0.0000(40) 0.65(6) 0.23(9) 

x-45 270(3) 3130(3) 5620(5) 196(10) 3760(8) 0.7(12) 420(8) 9.7(5) 8(6) 133(6) 2560(5) 0.9(5) 6(5) 35(5) 0.9(5) 0.44(16) 5(30) 8(34) 0.17(8) 5.5(36) 0.0001(40) 0.55(6) 0.19(9) 

x-46 1320(3) 13500(3) 7660(5) 105(10) 4620(8) 3.7(12) 498(8) 17.4(5) 222(6) 280(6) 13800(5) 15.0(5) 30(5) 38(5) 1.6(5) 0.21(16) 4(30) 14(34) 0.23(8) 2.6(36) 0.0007(40) 1.20(6) 0.42(9) 

x-47 270(3) 4950(3) 3210(5) 84(10) 3600(8) 0.6(12) 242(8) 6.6(5) 32(6) 109(6) 1870(5) 1.8(5) 26(5) 17(5) 0.8(5) 0.24(16) 2(30) 7(34) 0.09(8) 2.7(36) 0.0012(40) 0.28(6) 0.10(9) 

x-48 3470(3) 8690(3) 11700(5) 212(10) 6000(8) 4.2(12) 954(8) 21.8(5) 42(6) 285(6) 13900(5) 20.3(5) 40(5) 37(5) 1.0(5) 0.14(16) 5(30) 18(34) 0.02(8) 3.4(36) 0.0011(40) 1.77(6) 0.46(9) 

x-49 1750(3) 5420(3) 8110(5) 181(10) 5830(8) 2.5(12) 532(8) 13.2(5) 28(6) 262(6) 7410(5) 5.1(5) 30(5) 40(5) 3.2(5) 0.15(16) 4(30) 19(34) 0.24(8) 2.8(36) 0.0005(40) 1.90(6) 0.47(9) 

x-50 1270(3) 5720(3) 15100(5) 119(10) 8680(8) 2.3(12) 833(8) 16.4(5) 20(6) 170(6) 7470(5) 3.0(5) 13(5) 38(5) 6.1(5) 0.13(16) 6(30) 33(34) 0.34(8) 4.9(36) 0.0030(40) 3.55(6) 0.86(9) 

x-51 1590(3) 3320(3) 6920(5) 117(10) 5600(8) 1.6(12) 399(8) 8.1(5) 8(6) 166(6) 3470(5) 1.3(5) 3(5) 26(5) 1.7(5) 0.10(16) 4(30) 20(34) 0.15(8) 2.5(36) 0.0002(40) 2.39(6) 0.79(9) 

x-52 1610(3) 2770(3) 5840(5) 83(10) 5750(8) 1.7(12) 359(8) 6.7(5) 4(6) 117(6) 4200(5) 1.6(5) 2(5) 38(5) 0.7(5) 0.02(16) 3(30) 13(34) 0.10(8) 1.5(36) 0.0006(40) 2.79(6) 0.60(9) 

x-53 8290(3) 6140(3) 13800(5) 134(10) 11100(8) 6.0(12) 869(8) 13.3(5) 11(6) 243(6) 15500(5) 4.6(5) 5(5) 58(5) 1.6(5) 0.27(16) 6(30) 60(34) 0.02(8) 1.8(36) 0.0003(40) 13.60(6) 3.38(9) 

x-54 939(3) 3550(3) 6160(5) 226(10) 5610(8) 1.9(12) 432(8) 8.7(5) 8(6) 190(6) 4240(5) 1.7(5) 4(5) 44(5) 1.4(5) 0.16(16) 10(30) 14(34) 0.20(8) 5.2(36) 0.0007(40) 1.93(6) 0.42(9) 
x-55 791(3) 3410(3) 6320(5) 127(10) 5130(8) 2.3(12) 389(8) 10.0(5) 13(6) 188(6) 5270(5) 2.4(5) 10(5) 66(5) 4.8(5) 0.15(16) 15(30) 19(34) 0.44(8) 4.7(36) 0.0011(40) 1.87(6) 0.52(9) 

x-56 1980(3) 4510(3) 7460(5) 206(10) 8700(8) 1.9(12) 388(8) 9.2(5) 9(6) 515(6) 6950(5) 2.6(5) 4(5) 42(5) 0.9(5) 0.28(16) 6(30) 37(34) 0.19(8) 2.5(36) 0.0079(40) 3.19(6) 0.88(9) 

x-57 1250(3) 4550(3) 9450(5) 117(10) 6840(8) 1.2(12) 442(8) 9.1(5) 7(6) 247(6) 4970(5) 1.5(5) 4(5) 32(5) 0.8(5) 0.21(16) 6(30) 19(34) 0.16(8) 3.0(36) 0.0010(40) 0.99(6) 0.35(9) 

x-58 482(3) 2620(3) 3090(5) 113(10) 5820(8) 1.0(12) 186(8) 4.3(5) 8(6) 258(6) 3270(5) 1.2(5) 5(5) 28(5) 0.8(5) 0.25(16) 7(30) 15(34) 0.24(8) 2.1(36) 0.0011(40) 0.88(6) 0.26(9) 

x-59 391(3) 2410(3) 3660(5) 58(10) 4610(8) 0.9(12) 217(8) 5.2(5) 8(6) 274(6) 2950(5) 1.3(5) 5(5) 24(5) 0.9(5) 0.27(16) 8(30) 26(34) 0.17(8) 2.9(36) 0.0007(40) 0.87(6) 0.22(9) 

x-60 231(3) 4710(3) 4790(5) 133(10) 5050(8) 0.7(12) 305(8) 6.6(5) 6(6) 147(6) 2260(5) 0.9(5) 3(5) 39(5) 0.9(5) 0.22(16) 3(30) 13(34) 0.18(8) 3.6(36) 0.0023(40) 0.59(6) 0.15(9) 

x-61 878(3) 3600(3) 5850(5) 92(10) 6070(8) 1.0(12) 348(8) 6.8(5) 7(6) 271(6) 3540(5) 1.2(5) 4(5) 35(5) 0.9(5) 0.23(16) 5(30) 11(34) 0.16(8) 2.8(36) 0.0005(40) 0.98(6) 0.31(9) 

x-62 225(3) 3030(3) 3060(5) 137(10) 4060(8) 0.5(12) 178(8) 4.0(5) 5(6) 188(6) 1780(5) 0.7(5) 3(5) 33(5) 0.7(5) 0.21(16) 5(30) 9(34) 0.15(8) 2.1(36) 0.0004(40) 0.47(6) 0.12(9) 

x-63 184(3) 1980(3) 2410(5) 190(10) 6430(8) 0.3(12) 135(8) 3.6(5) 3(6) 46(6) 1060(5) 0.5(5) 2(5) 135(5) 1.3(5) 0.11(16) 2(30) 7(34) 0.11(8) 1.7(36) 0.0008(40) 0.36(6) 0.09(9) 

x-64 2370(3) 5120(3) 12200(5) 133(10) 10700(8) 1.5(12) 343(8) 5.7(5) 6(6) 216(6) 4870(5) 1.7(5) 4(5) 49(5) 1.3(5) 0.29(16) 5(30) 42(34) 0.20(8) 2.7(36) 0.0002(40) 6.18(6) 0.88(9) 

x-65 258(3) 1530(3) 2190(5) 65(10) 2920(8) 0.6(12) 123(8) 3.4(5) 6(6) 34(6) 2110(5) 0.8(5) 3(5) 18(5) 0.9(5) 0.18(16) 4(30) 8(34) 0.19(8) 1.9(36) 0.0009(40) 0.63(6) 0.15(9) 

x-66 1240(3) 6110(3) 9370(5) 156(10) 7870(8) 3.2(12) 803(8) 16.4(5) 24(6) 142(6) 9410(5) 4.4(5) 12(5) 42(5) 10.3(5) 0.19(16) 10(30) 23(34) 0.53(8) 4.2(36) 0.0019(40) 1.88(6) 0.63(9) 



[187] 
 

x-67 697(3) 7760(3) 7680(5) 125(10) 7860(8) 1.7(12) 514(8) 13.2(5) 41(6) 210(6) 5510(5) 5.8(5) 25(5) 58(5) 2.2(5) 0.36(16) 10(30) 13(34) 0.38(8) 6.4(36) 0.0017(40) 1.20(6) 0.37(9) 

x-68 8900(3) 9220(3) 16600(5) 108(10) 12000(8) 7.8(12) 1100(8) 24.9(5) 42(6) 358(6) 19900(5) 8.6(5) 18(5) 51(5) 5.7(5) 0.13(16) 7(30) 34(34) 0.28(8) 2.8(36) 0.0012(40) 3.41(6) 1.72(9) 

x-69 234(3) 1480(3) 1350(5) 71(10) 2160(8) 0.6(12) 97(8) 2.6(5) 5(6) 38(6) 1800(5) 1.3(5) 3(5) 15(5) 2.3(5) 0.26(16) 4(30) 5(34) 0.17(8) 1.3(36) 0.0007(40) 0.30(6) 0.11(9) 

x-70 3090(3) 6790(3) 14500(5) 164(10) 9580(8) 3.3(12) 700(8) 16.7(5) 22(6) 129(6) 9980(5) 4.4(5) 11(5) 62(5) 6.7(5) 0.12(16) 6(30) 44(34) 0.59(8) 3.0(36) 0.0051(40) 4.29(6) 1.92(9) 

x-71 292(3) 3840(3) 2800(5) 340(10) 6580(8) 0.7(12) 173(8) 4.6(5) 23(6) 47(6) 2420(5) 1.7(5) 19(5) 25(5) 1.7(5) 0.24(16) 7(30) 11(34) 0.17(8) 4.4(36) 0.0072(40) 0.48(6) 0.20(9) 

x-72 568(3) 4670(3) 7410(5) 140(10) 7360(8) 1.8(12) 528(8) 11.4(5) 28(6) 200(6) 6380(5) 3.4(5) 21(5) 82(5) 2.7(5) 0.28(16) 7(30) 41(34) 0.34(8) 4.9(36) 0.0019(40) 1.43(6) 0.54(9) 

x-73 9140(3) 17800(3) 46100(5) 140(10) 16500(8) 5.2(12) 1760(8) 33.4(5) 46(6) 566(6) 16000(5) 5.9(5) 25(5) 89(5) 2.7(5) 0.14(16) 8(30) 83(34) 0.20(8) 4.4(36) 0.0019(40) 0.50(6) 0.15(9) 

x-74 751(3) 3460(3) 3760(5) 99(10) 5270(8) 1.6(12) 253(8) 8.0(5) 61(6) 221(6) 4680(5) 4.3(5) 32(5) 33(5) 1.6(5) 0.22(16) 4(30) 8(34) 0.20(8) 2.9(36) 0.0008(40) 0.58(6) 0.24(9) 

x-75 327(3) 2180(3) 2060(5) 144(10) 6660(8) 0.6(12) 144(8) 3.6(5) 5(6) 156(6) 1860(5) 1.0(5) 4(5) 22(5) 0.8(5) 0.19(16) 3(30) 7(34) 0.10(8) 2.1(36) 0.0010(40) 0.30(6) 0.10(9) 

x-76 269(3) 2280(3) 2260(5) 98(10) 5930(8) 0.4(12) 167(8) 4.4(5) 6(6) 119(6) 1470(5) 0.8(5) 4(5) 32(5) 0.8(5) 0.24(16) 4(30) 9(34) 0.13(8) 1.7(36) 0.0004(40) 0.35(6) 0.09(9) 

x-77 327(3) 3680(3) 4480(5) 152(10) 4740(8) 0.7(12) 221(8) 6.0(5) 7(6) 280(6) 2430(5) 1.0(5) 7(5) 24(5) 1.7(5) 0.16(16) 6(30) 7(34) 0.14(8) 1.8(36) 0.0013(40) 0.56(6) 0.15(9) 

x-78 1140(3) 3280(3) 6140(5) 99(10) 7330(8) 1.0(12) 244(8) 6.2(5) 12(6) 219(6) 3200(5) 1.5(5) 13(5) 32(5) 1.1(5) 0.14(16) 5(30) 28(34) 0.19(8) 1.4(36) 0.0005(40) 3.51(6) 0.90(9) 

x-79 1760(3) 4430(3) 14500(5) 108(10) 10500(8) 2.3(12) 706(8) 15.7(5) 22(6) 759(6) 8310(5) 4.7(5) 14(5) 76(5) 6.2(5) 0.22(16) 10(30) 48(34) 3.23(8) 1.9(36) 0.0006(40) 6.37(6) 1.50(9) 

x-80 241(3) 2430(3) 4190(5) 86(10) 4770(8) 0.5(12) 219(8) 5.9(5) 5(6) 152(6) 1560(5) 0.8(5) 6(5) 20(5) 0.8(5) 0.21(16) 4(30) 10(34) 0.08(8) 1.3(36) 0.0009(40) 0.36(6) 0.09(9) 

x-81 478(3) 4390(3) 6510(5) 158(10) 4580(8) 1.1(12) 364(8) 9.7(5) 18(6) 323(6) 4010(5) 2.0(5) 18(5) 48(5) 1.6(5) 0.26(16) 9(30) 17(34) 0.23(8) 2.0(36) 0.0010(40) 1.04(6) 0.26(9) 

x-82 449(3) 4590(3) 5610(5) 98(10) 4400(8) 1.3(12) 310(8) 8.5(5) 57(6) 228(6) 4630(5) 3.4(5) 39(5) 28(5) 1.5(5) 0.17(16) 6(30) 18(34) 0.15(8) 1.4(36) 0.0011(40) 0.90(6) 0.22(9) 

x-83 322(3) 4020(3) 5230(5) 71(10) 4290(8) 1.0(12) 305(8) 8.0(5) 26(6) 131(6) 3480(5) 2.0(5) 20(5) 23(5) 1.3(5) 0.14(16) 4(30) 12(34) 0.13(8) 1.4(36) 0.0004(40) 0.86(6) 0.27(9) 

x-84 1240(3) 4180(3) 7200(5) 208(10) 17200(8) 8.2(12) 344(8) 10.6(5) 98(6) 118(6) 23600(5) 10.8(5) 47(5) 79(5) 8.0(5) 0.17(16) 8(30) 69(34) 0.48(8) 1.7(36) 0.0079(40) 6.80(6) 1.08(9) 

x-85 286(3) 2660(3) 4360(5) 117(10) 4570(8) 0.8(12) 243(8) 5.7(5) 8(6) 121(6) 2910(5) 1.1(5) 4(5) 30(5) 2.4(5) 0.25(16) 8(30) 16(34) 0.21(8) 2.1(36) 0.0007(40) 0.85(6) 0.23(9) 

x-86 4800(3) 7250(3) 17900(5) 149(10) 9070(8) 1.8(12) 642(8) 9.3(5) 12(6) 299(6) 5930(5) 1.7(5) 5(5) 32(5) 2.1(5) 0.34(16) 9(30) 37(34) 0.30(8) 1.5(36) 0.0011(40) 8.47(6) 1.76(9) 

x-87 300(3) 2920(3) 3230(5) 160(10) 4230(8) 0.8(12) 170(8) 4.7(5) 7(6) 189(6) 2590(5) 1.1(5) 5(5) 33(5) 2.5(5) 0.34(16) 14(30) 20(34) 0.26(8) 1.8(36) 0.0013(40) 0.66(6) 0.18(9) 

x-88 1870(3) 4010(3) 6300(5) 113(10) 6540(8) 2.6(12) 425(8) 9.3(5) 25(6) 235(6) 7720(5) 3.3(5) 14(5) 57(5) 13.3(5) 0.23(16) 5(30) 20(34) 0.67(8) 1.2(36) 0.0172(40) 2.02(6) 0.52(9) 

x-89 616(3) 3530(3) 5430(5) 196(10) 4920(8) 1.8(12) 282(8) 7.9(5) 18(6) 253(6) 5540(5) 3.0(5) 12(5) 49(5) 2.1(5) 0.48(16) 15(30) 16(34) 0.36(8) 1.8(36) 0.0017(40) 1.47(6) 0.37(9) 

x-90 420(3) 2990(3) 4980(5) 95.2(10) 3960(8) 1.0(12) 301(8) 6.5(5) 9(6) 72(6) 3130(5) 1.2(5) 5(5) 23(5) 0.9(5) 0.20(16) 6(30) 10(34) 0.15(8) 1.3(36) 0.0004(40) 0.92(6) 0.24(9) 

x-91 3210(3) 8220(3) 16400(5) 311(10) 7660(8) 2.5(12) 753(8) 20.0(5) 56(6) 313(6) 7120(5) 4.0(5) 27(5) 44(5) 1.4(5) 0.29(16) 15(30) 20(34) 0.24(8) 2.0(36) 0.0011(40) 2.95(6) 0.64(9) 

x-92 274(3) 3600(3) 6170(5) 92(10) 4230(8) 0.8(12) 322(8) 8.1(5) 8(6) 148(6) 2410(5) 1.3(5) 6(5) 22(5) 1.8(5) 0.19(16) 5(30) 8(34) 0.23(8) 1.0(36) 0.0011(40) 0.79(6) 0.18(9) 

x-93 687(3) 5370(3) 5380(5) 380(10) 6070(8) 1.0(12) 327(8) 8.3(5) 18(6) 81(6) 3110(5) 1.6(5) 11(5) 30(5) 0.8(5) 0.23(16) 7(30) 8(34) 0.12(8) 1.9(36) 0.0009(40) 0.68(6) 0.17(9) 

x-94 223(3) 2670(3) 4230(5) 136(10) 4170(8) 0.6(12) 252(8) 5.7(5) 6(6) 86(6) 2070(5) 0.8(5) 4(5) 22(5) 1.0(5) 0.20(16) 7(30) 14(34) 0.16(8) 1.5(36) 0.0007(40) 0.49(6) 0.16(9) 

x-95 777(3) 5830(3) 8250(5) 163(10) 5860(8) 1.1(12) 372(8) 9.7(5) 9(6) 1080(6) 3460(5) 1.5(5) 6(5) 31(5) 1.4(5) 0.42(16) 12(30) 24(34) 0.28(8) 2.6(36) 0.0010(40) 1.27(6) 0.30(9) 
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Table A2.The concentrations (μg g-1)and the uncertainties (%) of the rest 21 elements that were measured in mosses collected in Northern Greece determined using Epithermal 

Neutron Activation Analysis (ENAA). 

Sampl
ing 
site  

Si Sr Ca Zr Cs Ba La Ce Nd Sm Gd Tb Dy Yb Tm Hf Lu Ta In Mo Ag 

x-01 211000(20) 112(7) 14200(11) 69(30) 0.87(30) 224(5) 10.70(7) 22(7) 10.00(21) 0.010(12) 0.217(21) 0.293(14) 1.26(25) 0.57(18) 0.153(22) 1.69(30) 0.340(44) 0.406(30) 0.06(31) 0.26(31) 0.049(14) 

x-02 61000(20) 32(7) 6680(11) 18(30) 0.42(30) 59(5) 3.09(7) 6(7) 2.40(21) 0.005(12) 1.080(21) 0.087(14) 0.22(25) 0.15(18) 0.049(22) 0.51(30) 0.057(44) 0.135(30) 0.03(31) 0.37(31) 0.029(14) 

x-03 83700(20) 60(7) 9730(11) 68(30) 0.69(30) 123(5) 7.67(7) 15(7) 9.16(21) 0.010(12) 3.230(21) 0.438(14) 1.43(25) 0.89(18) 0.229(22) 1.63(30) 0.275(44) 0.253(30) 0.10(31) 0.46(31) 0.060(14) 

x-04 62400(20) 90(7) 6480(11) 13(30) 1.53(30) 55(5) 3.67(7) 8(7) 3.98(21) 0.006(12) 0.644(21) 0.110(14) 0.25(25) 0.19(18) 0.050(22) 0.36(30) 0.077(44) 0.084(30) 0.03(31) 0.24(31) 0.037(14) 

x-05 49300(20) 36(7) 7880(11) 4(30) 0.30(30) 31(5) 1.84(7) 4(7) 1.76(21) 0.004(12) 0.292(21) 0.055(14) 0.20(25) 0.07(18) 0.028(22) 0.24(30) 0.023(44) 0.065(30) 0.03(31) 0.14(31) 0.024(14) 

x-06 45100(20) 22(7) 8770(11) 13(30) 0.31(30) 33(5) 2.45(7) 5(7) 1.66(21) 0.005(12) 0.337(21) 0.061(14) 0.31(25) 0.09(18) 0.013(22) 0.31(30) 0.026(44) 0.081(30) 0.01(31) 0.15(31) 0.023(14) 

x-07 94400(20) 33(7) 7640(11) 103(30) 2.01(30) 104(5) 13.30(7) 27(7) 12.00(21) 0.012(12) 1.600(21) 0.458(14) 1.57(25) 0.94(18) 0.202(22) 2.25(30) 0.225(44) 0.517(30) 0.15(31) 0.09(31) 0.048(14) 

x-08 56500(20) 22(7) 10500(11) 3(30) 0.22(30) 27(5) 1.48(7) 3(7) 1.34(21) 0.004(12) 0.190(21) 0.037(14) 0.16(25) 0.04(18) 0.006(22) 0.21(30) 0.014(44) 0.066(30) 0.03(31) 0.26(31) 0.021(14) 

x-09 63000(20) 29(7) 9180(11) 5(30) 0.27(30) 72(5) 0.50(7) 2(7) 1.82(21) 0.003(12) 0.180(21) 0.022(14) 0.36(25) 0.03(18) 0.010(22) 0.14(30) 0.029(44) 0.038(30) 0.04(31) 0.10(31) 0.018(14) 

x-10 62900(20) 46(7) 6880(11) 29(30) 0.78(30) 149(5) 5.88(7) 12(7) 4.98(21) 0.007(12) 0.592(21) 0.154(14) 0.29(25) 0.27(18) 0.052(22) 0.71(30) 0.111(44) 0.141(30) 0.03(31) 0.02(31) 0.032(14) 

x-11 59400(20) 32(7) 5110(11) 5(30) 0.45(30) 61(5) 2.87(7) 6(7) 2.43(21) 0.006(12) 0.389(21) 0.065(14) 0.26(25) 0.05(18) 0.028(22) 0.41(30) 0.036(44) 0.098(30) 0.03(31) 0.21(31) 0.049(14) 

x-12 65500(20) 23(7) 4900(11) 10(30) 0.33(30) 62(5) 3.61(7) 7(7) 3.07(21) 0.006(12) 0.169(21) 0.066(14) 0.31(25) 0.03(18) 0.022(22) 0.31(30) 0.034(44) 0.081(30) 0.04(31) 0.25(31) 0.046(14) 

x-13 20300(20) 27(7) 6570(11) 12(30) 0.47(30) 60(5) 2.37(7) 5(7) 1.75(21) 0.006(12) 0.358(21) 0.052(14) 0.06(25) 0.11(18) 0.017(22) 0.34(30) 0.119(44) 0.111(30) 0.04(31) 0.22(31) 0.045(14) 

x-14 65400(20) 29(7) 5040(11) 5(30) 1.30(30) 49(5) 2.15(7) 4(7) 1.73(21) 0.005(12) 0.242(21) 0.050(14) 0.27(25) 0.04(18) 0.023(22) 0.25(30) 0.066(44) 0.066(30) 0.04(31) 0.13(31) 0.047(14) 

x-15 71500(20) 34(7) 7080(11) 11(30) 0.30(30) 76(5) 2.04(7) 4(7) 2.01(21) 0.005(12) 0.171(21) 0.046(14) 0.32(25) 0.19(18) 0.016(22) 0.26(30) 0.024(44) 0.064(30) 0.04(31) 0.18(31) 0.044(14) 

x-16 46600(20) 26(7) 6290(11) 5(30) 0.27(30) 25(5) 2.15(7) 5(7) 1.92(21) 0.006(12) 0.233(21) 0.064(14) 0.27(25) 0.07(18) 0.027(22) 0.25(30) 0.082(44) 0.059(30) 0.04(31) 0.22(31) 0.044(14) 

x-17 55700(20) 36(7) 6030(11) 6(30) 0.75(30) 56(5) 2.19(7) 5(7) 1.85(21) 0.006(12) 0.175(21) 0.081(14) 0.36(25) 0.13(18) 0.045(22) 0.35(30) 0.062(44) 0.065(30) 0.04(31) 0.13(31) 0.057(14) 

x-18 72500(20) 36(7) 7010(11) 12(30) 0.38(30) 49(5) 2.77(7) 6(7) 2.74(21) 0.006(12) 0.291(21) 0.061(14) 0.15(25) 0.11(18) 0.026(22) 0.34(30) 0.078(44) 0.079(30) 0.04(31) 0.25(31) 0.045(14) 

x-19 80300(20) 50(7) 6790(11) 9(30) 1.79(30) 135(5) 9.12(7) 19(7) 7.35(21) 0.011(12) 1.580(21) 0.183(14) 0.74(25) 0.24(18) 0.077(22) 1.31(30) 0.171(44) 0.289(30) 0.05(31) 0.71(31) 0.075(14) 

x-20 84200(20) 49(7) 8190(11) 16(30) 0.50(30) 150(5) 3.19(7) 7(7) 2.59(21) 0.007(12) 0.376(21) 0.069(14) 0.45(25) 0.12(18) 0.016(22) 0.47(30) 0.033(44) 0.130(30) 0.04(31) 0.26(31) 0.051(14) 

x-21 74600(20) 69(7) 6560(11) 57(30) 1.30(30) 188(5) 9.55(7) 15(7) 8.69(21) 0.007(12) 0.156(21) 0.185(14) 0.96(25) 0.15(18) 0.050(22) 1.64(30) 0.148(44) 0.384(30) 0.04(31) 0.36(31) 0.077(14) 

x-22 209000(20) 186(7) 10600(11) 108(30) 2.24(30) 204(5) 13.80(7) 15(7) 12.20(21) 0.009(12) 0.174(21) 0.242(14) 1.06(25) 0.28(18) 0.082(22) 3.08(30) 0.144(44) 0.487(30) 0.18(31) 0.48(31) 0.088(14) 

x-23 81200(20) 41(7) 7450(11) 22(30) 0.39(30) 41(5) 2.08(7) 14(7) 1.96(21) 0.004(12) 0.089(21) 0.060(14) 0.34(25) 0.13(18) 0.013(22) 0.60(30) 0.055(44) 0.084(30) 0.10(31) 0.31(31) 0.048(14) 

x-24 163000(20) 141(7) 10300(11) 96(30) 1.26(30) 284(5) 11.80(7) 14(7) 12.70(21) 0.009(12) 0.275(21) 0.313(14) 1.67(25) 0.45(18) 0.091(22) 2.65(30) 0.233(44) 0.492(30) 0.09(31) 0.48(31) 0.091(14) 

x-25 50300(20) 62(7) 9230(11) 22(30) 2.20(30) 89(5) 3.81(7) 14(7) 3.19(21) 0.005(12) 0.099(21) 0.115(14) 0.47(25) 0.10(18) 0.029(22) 0.69(30) 0.072(44) 0.160(30) 0.21(31) 0.35(31) 0.066(14) 

x-26 128000(20) 151(7) 8630(11) 100(30) 5.08(30) 352(5) 15.70(7) 14(7) 14.00(21) 0.010(12) 0.238(21) 0.255(14) 1.49(25) 0.26(18) 0.071(22) 2.77(30) 0.187(44) 0.539(30) 0.04(31) 0.59(31) 0.087(14) 

x-27 75400(20) 144(7) 6290(11) 100(30) 2.14(30) 397(5) 14.00(7) 15(7) 11.90(21) 0.009(12) 0.261(21) 0.251(14) 0.82(25) 0.35(18) 0.089(22) 2.68(30) 0.198(44) 0.491(30) 0.22(31) 0.40(31) 0.091(14) 

x-28 14500(20) 40(7) 6350(11) 10(30) 0.17(30) 46(5) 1.25(7) 13(7) 1.10(21) 0.003(12) 0.068(21) 0.040(14) 0.26(25) 0.08(18) 0.012(22) 0.31(30) 0.011(44) 0.051(30) 0.03(31) 0.10(31) 0.038(14) 

x-29 29800(20) 79(7) 6240(11) 24(30) 0.81(30) 108(5) 3.82(7) 14(7) 2.56(21) 0.005(12) 0.138(21) 0.080(14) 0.24(25) 0.05(18) 0.022(22) 0.65(30) 0.049(44) 0.151(30) 0.16(31) 0.33(31) 0.053(14) 

x-30 30700(20) 107(7) 5330(11) 69(30) 1.00(30) 163(5) 3.69(7) 14(7) 3.93(21) 0.006(12) 0.220(21) 0.097(14) 0.30(25) 0.09(18) 0.021(22) 1.78(30) 0.061(44) 0.294(30) 0.03(31) 0.32(31) 0.064(14) 
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x-31 15200(20) 64(7) 7000(11) 22(30) 0.71(30) 158(5) 4.06(7) 8(7) 3.76(21) 0.564(12) 0.114(21) 0.085(14) 0.47(25) 0.58(18) 0.033(22) 0.55(30) 0.169(44) 0.120(30) 0.19(31) 0.25(31) 0.061(14) 

x-32 37000(20) 27(7) 4700(11) 13(30) 0.47(30) 59(5) 2.37(7) 5(7) 2.22(21) 0.352(12) 0.098(21) 0.057(14) 0.53(25) 0.46(18) 0.029(22) 0.37(30) 0.053(44) 0.089(30) 0.03(31) 0.15(31) 0.049(14) 

x-33 30600(20) 37(7) 5450(11) 13(30) 0.23(30) 52(5) 1.80(7) 3(7) 1.36(21) 0.247(12) 0.086(21) 0.040(14) 0.31(25) 0.13(18) 0.016(22) 0.28(30) 0.039(44) 0.050(30) 0.03(31) 0.15(31) 0.041(14) 

x-34 82400(20) 74(7) 6320(11) 192(30) 2.61(30) 294(5) 21.00(7) 46(7) 17.90(21) 3.680(12) 0.232(21) 0.549(14) 1.79(25) 1.96(18) 0.213(22) 4.60(30) 0.474(44) 0.909(30) 0.23(31) 0.36(31) 0.129(14) 

x-35 54700(20) 39(7) 13500(11) 36(30) 0.71(30) 78(5) 5.23(7) 11(7) 4.01(21) 0.822(12) 0.126(21) 0.136(14) 1.07(25) 0.74(18) 0.062(22) 0.89(30) 0.149(44) 0.190(30) 0.15(31) 0.19(31) 0.068(14) 

x-36 29300(20) 43(7) 10800(11) 35(30) 0.68(30) 57(5) 4.03(7) 9(7) 3.36(21) 0.651(12) 0.119(21) 0.105(14) 0.39(25) 0.68(18) 0.040(22) 0.77(30) 0.121(44) 0.156(30) 0.16(31) 0.23(31) 0.074(14) 

x-37 37000(20) 61(7) 7580(11) 18(30) 0.43(30) 195(5) 2.37(7) 5(7) 2.76(21) 0.349(12) 0.105(21) 0.055(14) 0.28(25) 0.49(18) 0.022(22) 0.47(30) 0.091(44) 0.092(30) 0.04(31) 0.15(31) 0.052(14) 

x-38 28500(20) 21(7) 7440(11) 8(30) 0.41(30) 44(5) 1.26(7) 3(7) 0.86(21) 0.186(12) 0.082(21) 0.030(14) 0.31(25) 0.30(18) 0.013(22) 0.22(30) 0.020(44) 0.051(30) 0.03(31) 0.09(31) 0.044(14) 

x-39 49100(20) 30(7) 9640(11) 23(30) 0.39(30) 76(5) 2.36(7) 6(7) 2.88(21) 0.344(12) 0.120(21) 0.108(14) 0.91(25) 1.10(18) 0.068(22) 0.69(30) 0.172(44) 0.224(30) 0.04(31) 0.21(31) 0.056(14) 

x-40 39600(20) 27(7) 13900(11) 17(30) 1.00(30) 43(5) 2.14(7) 5(7) 1.43(21) 0.275(12) 0.101(21) 0.053(14) 0.26(25) 0.43(18) 0.021(22) 0.32(30) 0.044(44) 0.076(30) 0.04(31) 0.25(31) 0.053(14) 

x-41 43500(20) 37(7) 11400(11) 29(30) 0.85(30) 91(5) 5.02(7) 10(7) 3.84(21) 0.731(12) 0.426(21) 0.117(14) 0.62(25) 0.39(18) 0.048(22) 0.73(30) 0.064(44) 0.171(30) 0.05(31) 0.16(31) 0.072(14) 

x-42 65400(20) 42(7) 9750(11) 46(30) 1.37(30) 100(5) 6.32(7) 13(7) 4.87(21) 0.961(12) 0.481(21) 0.162(14) 0.88(25) 0.43(18) 0.093(22) 1.03(30) 0.128(44) 0.251(30) 0.04(31) 0.21(31) 0.094(14) 

x-43 28500(20) 38(7) 7910(11) 22(30) 0.69(30) 66(5) 4.43(7) 9(7) 3.78(21) 0.003(12) 0.389(21) 0.101(14) 0.12(25) 0.12(18) 0.082(22) 0.62(30) 0.001(44) 0.115(30) 0.03(31) 0.27(31) 0.070(14) 

x-44 19100(20) 26(7) 8370(11) 13(30) 0.38(30) 48(5) 2.38(7) 5(7) 2.03(21) 0.327(12) 0.306(21) 0.053(14) 0.34(25) 0.17(18) 0.033(22) 0.31(30) 0.079(44) 0.075(30) 0.04(31) 0.31(31) 0.049(14) 

x-45 38400(20) 19(7) 6180(11) 11(30) 0.34(30) 33(5) 2.30(7) 5(7) 2.06(21) 0.315(12) 0.305(21) 0.049(14) 0.31(25) 0.03(18) 0.024(22) 0.29(30) 0.036(44) 0.069(30) 0.04(31) 0.22(31) 0.113(14) 

x-46 34500(20) 38(7) 10000(11) 25(30) 0.71(30) 50(5) 4.06(7) 8(7) 3.86(21) 0.006(12) 0.414(21) 0.113(14) 0.42(25) 0.13(18) 0.062(22) 0.61(30) 0.055(44) 0.134(30) 0.04(31) 0.21(31) 0.095(14) 

x-47 30200(20) 15(7) 6170(11) 4(30) 0.17(30) 17(5) 0.99(7) 2(7) 1.41(21) 0.003(12) 0.245(21) 0.023(14) 0.32(25) 0.02(18) 0.012(22) 0.13(30) 0.014(44) 0.030(30) 0.03(31) 0.08(31) 0.041(14) 

x-48 32600(20) 89(7) 10500(11) 47(30) 0.84(30) 164(5) 11.60(7) 18(7) 11.60(21) 0.011(12) 0.512(21) 0.439(14) 2.11(25) 0.71(18) 0.327(22) 1.05(30) 0.256(44) 0.260(30) 0.21(31) 0.48(31) 0.107(14) 

x-49 30800(20) 53(7) 10100(11) 40(30) 1.03(30) 115(5) 5.55(7) 11(7) 4.66(21) 0.006(12) 0.421(21) 0.124(14) 0.46(25) 0.13(18) 0.055(22) 0.93(30) 0.054(44) 0.164(30) 0.04(31) 0.11(31) 0.078(14) 

x-50 94000(20) 42(7) 23400(11) 77(30) 1.30(30) 170(5) 9.97(7) 19(7) 7.87(21) 0.008(12) 0.519(21) 0.182(14) 0.99(25) 0.17(18) 0.067(22) 1.86(30) 0.087(44) 0.283(30) 0.04(31) 0.27(31) 0.083(14) 

x-51 61500(20) 44(7) 16200(11) 28(30) 0.62(30) 56(5) 3.83(7) 14(7) 4.19(21) 0.007(12) 0.294(21) 0.090(14) 0.40(25) 0.17(18) 0.040(22) 0.68(30) 0.071(44) 0.179(30) 0.04(31) 0.30(31) 0.074(14) 

x-52 60300(20) 46(7) 5000(11) 41(30) 0.45(30) 55(5) 9.21(7) 13(7) 6.40(21) 0.008(12) 0.286(21) 0.108(14) 0.60(25) 0.16(18) 0.036(22) 0.86(30) 0.049(44) 0.162(30) 0.17(31) 0.19(31) 0.071(14) 

x-53 129000(20) 178(7) 13100(11) 219(30) 2.19(30) 245(5) 35.20(7) 15(7) 28.90(21) 0.018(12) 0.433(21) 0.407(14) 0.53(25) 0.30(18) 0.091(22) 4.70(30) 0.202(44) 1.090(30) 0.05(31) 0.40(31) 0.127(14) 

x-54 57000(20) 72(7) 10300(11) 33(30) 0.53(30) 146(5) 5.64(7) 13(7) 4.53(21) 0.007(12) 0.278(21) 0.093(14) 0.54(25) 0.15(18) 0.043(22) 0.69(30) 0.053(44) 0.139(30) 0.15(31) 0.32(31) 0.074(14) 
x-55 58800(20) 41(7) 15500(11) 28(30) 1.31(30) 63(5) 5.67(7) 13(7) 5.50(21) 0.008(12) 0.281(21) 0.117(14) 0.60(25) 0.17(18) 0.019(22) 0.70(30) 0.058(44) 0.188(30) 0.04(31) 0.45(31) 0.082(14) 

x-56 67400(20) 75(7) 8170(11) 41(30) 1.16(30) 138(5) 9.58(7) 18(7) 6.36(21) 1.110(12) 0.222(21) 0.121(14) 0.72(25) 0.30(18) 0.051(22) 1.09(30) 0.115(44) 0.232(30) 0.04(31) 0.20(31) 0.075(14) 

x-57 66800(20) 95(7) 9090(11) 36(30) 0.49(30) 110(5) 2.81(7) 6(7) 3.33(21) 0.433(12) 0.343(21) 0.062(14) 0.58(25) 0.32(18) 0.038(22) 0.90(30) 0.175(44) 0.089(30) 0.04(31) 0.11(31) 0.058(14) 

x-58 11500(20) 36(7) 6100(11) 17(30) 0.42(30) 97(5) 3.22(7) 6(7) 2.98(21) 0.467(12) 0.387(21) 0.062(14) 0.22(25) 0.20(18) 0.034(22) 0.51(30) 0.058(44) 0.107(30) 0.08(31) 0.22(31) 0.055(14) 

x-59 47600(20) 32(7) 6270(11) 25(30) 0.47(30) 84(5) 3.13(7) 6(7) 2.57(21) 0.441(12) 0.291(21) 0.058(14) 0.55(25) 0.24(18) 0.033(22) 0.58(30) 0.055(44) 0.104(30) 0.03(31) 0.19(31) 0.055(14) 

x-60 32800(20) 26(7) 11400(11) 11(30) 0.26(30) 34(5) 2.09(7) 4(7) 1.61(21) 0.323(12) 0.496(21) 0.044(14) 0.46(25) 0.19(18) 0.023(22) 0.33(30) 0.095(44) 0.068(30) 0.03(31) 0.16(31) 0.048(14) 

x-61 58600(20) 117(7) 13700(11) 25(30) 0.41(30) 102(5) 3.08(7) 8(7) 2.99(21) 0.434(12) 0.322(21) 0.059(14) 0.61(25) 0.29(18) 0.028(22) 0.63(30) 0.115(44) 0.102(30) 0.04(31) 0.19(31) 0.054(14) 

x-62 44100(20) 33(7) 10800(11) 10(30) 0.29(30) 37(5) 1.66(7) 4(7) 1.55(21) 0.242(12) 0.765(21) 0.032(14) 0.52(25) 0.15(18) 0.020(22) 0.25(30) 0.026(44) 0.052(30) 0.03(31) 0.27(31) 0.043(14) 

x-63 37400(20) 13(7) 13300(11) 5(30) 0.17(30) 16(5) 1.04(7) 2(7) 0.88(21) 0.153(12) 0.201(21) 0.022(14) 0.41(25) 0.10(18) 0.015(22) 0.14(30) 0.026(44) 0.031(30) 0.03(31) 0.29(31) 0.037(14) 

x-64 106000(20) 61(7) 7960(11) 61(30) 0.68(30) 160(5) 9.12(7) 16(7) 6.25(21) 0.971(12) 0.249(21) 0.157(14) 0.92(25) 0.57(18) 0.101(22) 1.70(30) 0.156(44) 0.313(30) 0.08(31) 0.25(31) 0.120(14) 

x-65 36000(20) 33(7) 5960(11) 11(30) 0.26(30) 37(5) 1.89(7) 4(7) 1.80(21) 0.285(12) 0.592(21) 0.039(14) 0.40(25) 0.16(18) 0.022(22) 0.31(30) 0.063(44) 0.064(30) 0.03(31) 0.23(31) 0.043(14) 

x-66 42100(20) 60(7) 15300(11) 52(30) 1.67(30) 116(5) 6.41(7) 12(7) 3.29(21) 0.009(12) 0.318(21) 0.149(14) 0.87(25) 0.53(18) 0.080(22) 1.06(30) 0.071(44) 0.191(30) 0.05(31) 0.43(31) 0.065(14) 
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x-67 62200(20) 50(7) 9210(11) 25(30) 1.02(30) 86(5) 4.48(7) 9(7) 3.45(21) 0.005(12) 0.276(21) 0.101(14) 0.42(25) 0.34(18) 0.047(22) 0.51(30) 0.062(44) 0.130(30) 0.04(31) 0.54(31) 0.060(14) 

x-68 110000(20) 118(7) 14600(11) 113(30) 1.41(30) 264(5) 11.90(7) 24(7) 10.90(21) 0.013(12) 0.424(21) 0.339(14) 1.53(25) 1.23(18) 0.172(22) 2.03(30) 0.318(44) 0.425(30) 0.05(31) 0.35(31) 0.067(14) 

x-69 31000(20) 21(7) 5310(11) 7(30) 0.96(30) 32(5) 1.18(7) 3(7) 0.94(21) 0.003(12) 0.172(21) 0.029(14) 0.41(25) 0.10(18) 0.013(22) 0.15(30) 0.019(44) 0.043(30) 0.03(31) 0.13(31) 0.072(14) 

x-70 83100(20) 83(7) 10500(11) 59(30) 2.91(30) 171(5) 9.55(7) 22(7) 9.20(21) 0.012(12) 0.420(21) 0.231(14) 0.90(25) 0.68(18) 0.078(22) 1.14(30) 0.206(44) 0.408(30) 0.07(31) 2.31(31) 0.049(14) 

x-71 41500(20) 48(7) 14700(11) 13(30) 0.34(30) 24(5) 1.55(7) 3(7) 1.08(21) 0.003(12) 0.186(21) 0.031(14) 0.46(25) 0.11(18) 0.012(22) 0.21(30) 0.024(44) 0.049(30) 0.03(31) 0.23(31) 0.060(14) 

x-72 63000(20) 39(7) 11700(11) 33(30) 0.94(30) 69(5) 4.90(7) 10(7) 3.82(21) 0.005(12) 0.275(21) 0.096(14) 0.66(25) 0.32(18) 0.039(22) 0.67(30) 0.090(44) 0.176(30) 0.05(31) 0.23(31) 0.062(14) 

x-73 321000(20) 197(7) 11600(11) 133(30) 2.53(30) 451(5) 21.00(7) 42(7) 16.70(21) 0.028(12) 0.547(21) 0.392(14) 1.80(25) 0.81(18) 0.111(22) 2.70(30) 0.336(44) 0.919(30) 0.16(31) 0.55(31) 0.063(14) 

x-74 49000(20) 23(7) 6510(11) 21(30) 0.36(30) 45(5) 1.07(7) 4(7) 1.84(21) 0.003(12) 0.200(21) 0.049(14) 0.57(25) 0.19(18) 0.025(22) 0.33(30) 0.035(44) 0.067(30) 0.04(31) 0.03(31) 0.070(14) 

x-75 36400(20) 19(7) 5450(11) 8(30) 0.17(30) 41(5) 1.08(7) 2(7) 0.59(21) 0.003(12) 0.171(21) 0.028(14) 0.45(25) 0.10(18) 0.027(22) 0.15(30) 0.024(44) 0.039(30) 0.03(31) 0.06(31) 0.060(14) 

x-76 37100(20) 27(7) 3960(11) 6(30) 0.24(30) 32(5) 1.14(7) 17(7) 1.16(21) 0.003(12) 0.431(21) 0.041(14) 0.44(25) 0.14(18) 0.017(22) 0.17(30) 0.026(44) 0.046(30) 0.03(31) 0.13(31) 0.040(14) 

x-77 113000(20) 33(7) 7160(11) 12(30) 0.31(30) 82(5) 1.85(7) 17(7) 1.76(21) 0.003(12) 0.458(21) 0.054(14) 0.39(25) 0.28(18) 0.020(22) 0.29(30) 0.014(44) 0.074(30) 0.03(31) 0.17(31) 0.043(14) 

x-78 89100(20) 32(7) 5500(11) 20(30) 0.49(30) 56(5) 4.59(7) 17(7) 3.37(21) 0.005(12) 0.678(21) 0.069(14) 0.42(25) 0.29(18) 0.021(22) 0.66(30) 0.057(44) 0.271(30) 0.03(31) 0.26(31) 0.054(14) 

x-79 300000(20) 84(7) 5880(11) 10(30) 2.58(30) 519(5) 11.00(7) 19(7) 9.06(21) 0.008(12) 0.835(21) 0.161(14) 0.71(25) 0.45(18) 0.065(22) 1.91(30) 0.073(44) 0.387(30) 0.05(31) 0.61(31) 0.160(14) 

x-80 66600(20) 23(7) 7140(11) 7(30) 0.25(30) 34(5) 1.24(7) 17(7) 1.56(21) 0.003(12) 0.425(21) 0.041(14) 0.39(25) 0.19(18) 0.017(22) 0.16(30) 0.021(44) 0.044(30) 0.03(31) 0.13(31) 0.040(14) 

x-81 94400(20) 30(7) 11600(11) 15(30) 0.66(30) 50(5) 2.95(7) 17(7) 2.34(21) 0.004(12) 0.531(21) 0.075(14) 0.42(25) 0.12(18) 0.026(22) 0.40(30) 0.028(44) 0.110(30) 0.03(31) 0.36(31) 0.051(14) 

x-82 93900(20) 19(7) 8350(11) 19(30) 0.77(30) 46(5) 2.86(7) 17(7) 3.36(21) 0.004(12) 0.513(21) 0.076(14) 0.35(25) 0.11(18) 0.027(22) 0.52(30) 0.029(44) 0.097(30)  0.03(31) 0.23(31) 0.054(14) 

x-83 83600(20) 23(7) 7120(11) 14(30) 0.55(30) 46(5) 2.77(7) 17(7) 3.19(21) 0.005(12) 0.504(21) 0.075(14) 0.39(25) 0.12(18) 0.019(22) 0.39(30) 0.017(44) 0.093(30) 0.02(31) 0.20(31) 0.049(14) 

x-84 145000(20) 42(7) 8370(11) 91(30) 2.86(30) 215(5) 17.50(7) 18(7) 16.50(21) 0.011(12) 0.878(21) 0.363(14) 0.64(25) 1.64(18) 0.206(22) 2.51(30) 0.202(44) 0.516(30) 0.03(31) 0.53(31) 0.110(14) 

x-85 98600(20) 30(7) 11100(11) 13(30) 0.52(30) 38(5) 2.60(7) 17(7) 2.57(21) 0.004(12) 0.497(21) 0.071(14) 0.39(25) 0.34(18) 0.024(22) 0.36(30) 0.044(44) 0.099(30) 0.03(31) 0.16(31) 0.047(14) 

x-86 331000(20) 47(7) 8150(11) 102(30) 0.56(30) 82(5) 10.50(7) 28(7) 7.83(21) 1.900(12) 1.570(21) 0.567(14) 3.93(25) 2.83(18) 0.383(22) 3.64(30) 0.380(44) 0.989(30) 0.11(31) 0.49(31) 0.087(14) 

x-87 44200(20) 26(7) 7380(11) 14(30) 0.77(30) 40(5) 2.25(7) 4(7) 2.19(21) 0.374(12) 0.673(21) 0.053(14) 0.24(25) 0.24(18) 0.016(22) 0.31(30) 0.059(44) 0.078(30) 0.02(31) 0.25(31) 0.051(14) 

x-88 89000(20) 61(7) 10200(11) 55(30) 0.70(30) 124(5) 6.00(7) 8(7) 4.38(21) 1.070(12) 0.945(21) 0.149(14) 0.55(25) 0.35(18) 0.066(22) 1.18(30) 0.101(44) 0.179(30) 0.04(31) 0.35(31) 0.074(14) 

x-89 128000(20) 37(7) 13000(11) 34(30) 0.83(30) 63(5) 4.59(7) 11(7) 3.33(21) 0.757(12) 0.821(21) 0.107(14) 0.35(25) 0.42(18) 0.044(22) 0.73(30) 0.082(44) 0.157(30) 0.03(31) 0.28(31) 0.063(14) 

x-90 119000(20) 31(7) 6690(11) 25(30) 0.57(30) 36(5) 2.77(7) 6(7) 1.55(21) 0.434(12) 0.676(21) 0.061(14) 0.31(25) 0.25(18) 0.026(22) 0.50(30) 0.047(44) 0.103(30) 0.03(31) 0.17(31) 0.048(14) 

x-91 340000(20) 68(7) 9640(11) 71(30) 0.76(30) 135(5) 8.13(7) 18(7) 5.73(21) 1.250(12) 1.000(21) 0.166(14) 1.18(25) 0.52(18) 0.073(22) 1.67(30) 0.199(44) 0.239(30) 0.04(31) 0.19(31) 0.072(14) 

x-92 137000(20) 26(7) 6370(11) 18(30) 0.33(30) 33(5) 2.75(7) 5(7) 1.83(21) 0.499(12) 0.674(21) 0.074(14) 0.99(25) 0.33(18) 0.034(22) 0.42(30) 0.058(44) 0.079(30) 0.03(31) 0.17(31) 0.036(14) 

x-93 88300(20) 35(7) 9870(11) 17(30) 0.29(30) 37(5) 1.90(7) 4(7) 1.09(21) 0.352(12) 0.662(21) 0.054(14) 0.39(25) 0.24(18) 0.027(22) 0.34(30) 0.033(44) 0.074(30) 0.03(31) 0.17(31) 0.049(14) 

x-94 103000(20) 19(7) 9630(11) 12(30) 0.68(30) 30(5) 1.66(7) 3(7) 1.32(21) 0.263(12) 0.613(21) 0.035(14) 0.32(25) 0.17(18) 0.015(22) 0.24(30) 0.047(44) 0.061(30) 0.02(31) 0.17(31) 0.045(14) 

x-95 151000(20) 40(7) 12600(11) 23(30) 0.70(30) 190(5) 3.40(7) 7(7) 3.45(21) 0.517(12) 0.779(21) 0.071(14) 0.63(25) 0.29(18) 0.031(22) 0.49(30) 0.040(44) 0.115(30) 0.04(31) 0.25(31) 0.056(14) 
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B. Spatial distribution plots of the trace elements in mosses 

Except of the visualization of the elemental concentrations using maps. the distributions 

of the elements are also presented in simple distribution diagrams (Figures B (a)-(l)). 

The same peaks-“hot” spots as in the corresponding maps are presented in the scatter 

plots. Some clarifications for the interpretations of the below diagrams follow.  

In every diagram the location of each site is displayed with red labels. The sites named 

x01-x09 are about the vicinity of Thessaloniki. the sites x10-x29 are about Thrace. the 

sites x30-x42 are about West Macedonia and the sites x43-x49 concernthe Pieria region. 

The sites x50-x63 concern the area of Drama. the sites x64-x70 are about the vicinity 

of Serres. the sites x71-x74 and the sites x75-x79 are about Hmathia and Kilkis 

region.The sites x80-x84 concern the area of Pella. and finally the sites x85-x95 are 

about Kavala and Chalkidiki vicinities respectively. 
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Figures B. The distributions of the different elements that were found in the ninety-five moss samples 

from the North Greece 

 

 

 

C. The case study of Skouries 

In Table C1 the most frequently analyzed and announced in studies elemental 

concentrations are presented. while in Table C2 the rest twenty one elemental 

concentration are shown. The uncertainties of all the elemental concentrations are 

presented in parenthesis. next to each concentration. and they range from 3% to 44%.  
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Table C1. Skouries region-case study. The concentrations (μg g-1) and the uncertainties (%) of the 23 most frequently analyzed and announced in studies elements of the 10 

moss samples that were collected close to mining activities. 

Sampl
ing 
site  

Na Mg Al Cl K Sc Ti V Cr Mn Fe Co Ni Zn As Se Br Rb Sb I Au Th U 

b-01 841(3) 6540(3) 7170(5) 284(10) 5930(8) 2.10(12) 352(8) 14.2(5) 83(6) 338(6) 7710(5) 4.82(5) 63(5) 35.2(5) 10.4(5) 0.46(16) 11.4(30) 20.2(34) 0.32(8) 5.54(36) 0.005(40) 1.49(6) 0.335(9) 

b-02 1480(3) 13700(3) 17300(5) 794(10) 7370(8) 4.12(12) 915(8) 29.5(5) 146(6) 532(6) 14300(5) 10.6(5) 107(5) 58.3(5) 15.4(5) 0.51(16) 19.7(30) 31.5(34) 0.90(8) 8.47(36) 0.009(40) 2.92(6) 0.674(9) 

b-03 961(3) 11600(3) 13200(5) 282(10) 5780(8) 2.86(12) 706(8) 24.0(5) 111(6) 468(6) 10200(5) 7.98(5) 86(5) 52.7(5) 11.0(5) 0.72(16) 16.7(30) 19.4(34) 0.69(8) 9.81(36) 0.014(40) 2.02(6) 0.465(9) 

b-04 668(3) 1880(3) 13000(5) 271(10) 4910(8) 1.74(12) 1230(8) 14.0(5) 75)6) 1760(6) 6350(5) 4.64(5) 56(5) 44.8(5) 7.5(5) 0.48(16) 17.4(30) 24.9(34) 0.58(8) 9.06(36) 0.032(40) 1.27(6) 0.283(9) 

b-05 1350(3) 11700(3) 11100(5) 2070(10) 14800(8) 3.55(12) 559(8) 21.2(5) 158(6) 543(6) 13000(5) 8.26(5) 111(5) 72.2(5) 14.1(5) 0.63(16) 59.2(30) 34.2(34) 0.91(8) 9.04(36) 0.007(40) 2.49(6) 0.609(9) 

b-06 1710(3) 16400(3) 15400(5) 328(10) 7270(8) 3.85(12) 820(8) 29.3(5) 200(6) 599(6) 14000(5) 9.47(5) 138(5) 49.1(5) 15.3(5) 0.45(16) 8.2(30) 30.3(34) 0.93(8) 4.30(36) 0.005(40) 2.45(6) 0.520(9) 

b-07 1550(3) 13600(3) 13500(5) 325(10) 6460(8) 3.44(12) 697(8) 24.5(5) 165(6) 432(6) 12300(5) 8.06(5) 116(5) 48.5(5) 14.4(5) 0.53(16) 9.0(30) 26.9(34) 1.03(8) 4.20(36) 0.004(40) 2.23(6) 0.470(9) 

b-08 840(3) 6010(3) 8220(5) 377(10) 5750(8) 1.87(12) 575(8) 15.6(5) 66(6) 807(6) 6930(5) 4.48(5) 52(5) 44.2(5) 9.4(5) 0.47(16) 21.3(30) 29.3(34) 0.41(8) 9.19(36) 0.006(40) 1.49(6) 0.336(9) 

b-09 687(3) 11100(3) 9500(5) 662(10) 6960(8) 1.91(12) 465(8) 18.1(5) 92(6) 567(6) 6930(5) 4.86(5) 69(5) 35.1(5) 7.7(5) 0.39(16) 5.5(30) 24.0(34) 0.54(8) 3.83(36) 0.006(40) 1.38(6) 0.155(9) 

b-10 705(3) 8410(3) 7560(5) 597(10) 5550(8) 1.87(12) 378(8) 15.5(5) 86(6) 478(6) 6940(5) 4.47(5) 65(5) 34.9(5) 9.3(5) 0.38(16) 7.3(30) 22.4(34) 0.62(8) 5.32(36) 0.007(40) 1.33(6) 0.264(9) 

 

Table C2. Skouries region-case study. The concentrations (μg g-1) and the uncertainties (%) of the rest 21 elements of the moss samples that were collected close to mining 

activities. 

Sampl
ing 
site  

Si Sr Ca Zr Cs Ba La Ce Nd Sm Gd Tb Dy Yb Tm Hf Lu Ta In Mo Ag 

b-01 42700(20) 46.0(7) 6090(11) 22.5(30) 0.88(30) 151(5) 4.07(7) 8.47(7) 3.84(21) 0.69(12) 0.48(21) 0.10(14) 0.46(25) 0.11(18) 0.07(22) 0.65(30) 0.13(44) 0.12(30) 0.202(31) 0.239(31) 0.073(14) 

b-02 68300(20) 59.7(7) 8130(11) 50.7(30) 1.15(30) 201(5) 8.78(7) 17.5(7) 7.08(21) 1.42(12) 0.64(21) 0.18(14) 0.99(25) 0.18(18) 0.13(22) 1.71(30) 0.16(44) 0.27(30) 0.176(31) 0.237(31) 0.095(14) 

b-03 58900(20) 46.6(7) 9300(11) 27.6(30) 0.83(30) 129(5) 6.29(7) 12.2(7) 4.87(21) 1.06(12) 0.54(21) 0.15(14) 0.71(25) 0.18(18) 0.10(22) 0.97(30) 0.13(44) 0.15(30) 0.195(31) 0.316(31) 0.090(14) 

b-04 168000(20) 96.3(7) 16800(11) 16.6(30) 1.03(30) 182(5) 3.79(7) 7.41(7) 3.46(21) 0.62(12) 0.48(21) 0.09(14) 0.74(25) 0.07(18) 0.07 (22) 0.54(30) 0.00(44) 0.09(30) 0.295(31) 0.202(31) 0.119(14) 

b-05 54600(20) 47.9(7) 8080(11) 37.6(30) 1.18(30) 117(5) 7.25(7) 14.5(7) 5.95(21) 1.20(12) 0.62(21) 0.17(14) 0.63(25) 0.20(18) 0.09(22) 1.18(30) 0.14(44) 0.18(30) 0.092(31) 0.184(31) 0.141(14) 

b-06 61400(20) 49.5(7) 10500(11) 40.9(30) 1.28(30) 108(5) 6.95(7) 14.1(7) 5.79(21) 1.20(12) 0.56(21) 0.16(14) 1.15(25) 0.20(18) 0.10(22) 1.23(30) 0.15(44) 0.16(30) 0.294(31) 0.139(31) 0.118(14) 

b-07 57500(20) 50.2(7) 9970(11) 35.7(30) 1.13(30) 96(5) 6.24(7) 13.5(7) 5.42(21) 1.10(12) 0.55(21) 0.15(14) 0.91(25) 0.17(18) 0.10(22) 1.01(30) 0.09(44) 0.15(30) 0.173(31) 0.235(31) 0.110(14) 

b-08 40400(20) 104(7) 13700(11) 21.2(30) 1.05(30) 367(5) 4.10(7) 8.27(7) 3.62(21) 0.68(12) 0.51(21) 0.01(14) 0.55(25) 0.11(18) 0.09(22) 0.68(30) 0.08(44) 0.12(30) 0.041(31) 0.327(31) 0.070(14) 

b-09 54200(20) 36.7(7) 9240(11) 17.9(30) 0.74(30) 80(5) 4.14(7) 8.06(7) 1.59(21) 0.06(12) 0.46(21) 0.10(14) 0.56(25) 0.09(18) 0.06(22) 0.61(30) 0.06(44) 0.08(30) 0.037(31) 0.245(31) 0.061(14) 

b-10 45200(20) 35.4(7) 9070(11) 18.1(30) 0.81(30) 75(5) 3.65(7) 7.39(7) 2.64(21) 0.01(12) 0.45(21) 0.08(14) 0.46(25) 0.08(18) 0.04(22) 0.56(30) 0.06(44) 0.09(30) 0.037(31) 0.0528(31) 0.067(14) 
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D. Trace elements distribution plots in different species of moss 

samples from the “Skouries” region  

In the following figures (Figures D (a)-(j)). the correlation plots among the elements 

Ni-V. Ti-Al. Al- V. Si-Fe. Ti-Si. Nd-La. Fe-Ti. Zn- Fe. Ti-V and Br-Cl are presented. 

Some of these correlations are almost strong linear correlations. while in some others 

plots. the linearity between the elements tend to get lost. and especially in the last one 

where it can not exist.  

The linear relationship is an indicator of the common sources of the elements. such as 

the soil dust source for the elements (Ti-Al. Al-V. Si-Fe. Ti-Si. Nd-La. Fe-Ti. Ti-V). 

while the linearity between Ni and V elements shows that the human activities in the 

mining ore are their possible sources.  
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Figures D. The correlation between the different trace elements measured in the moss species collected 

from the Skouries region.  
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E. Trace elements concentrations in surface soil samples 

In Tables E1 and E2 the elemental concentrations of surface soil samples collected from 

the same locations like the moss samples are presented. The soil samples were analysed 

using the XRF analysis technique and only 19 elements were determined and are 

presented. In Figures E1(a) to (m). the distributions of the measured elements are 

shown. 

Table E1. The concentrations (wt %) and the uncertainties (%) of the first 10 elements measured in 

surface soil samples using the XRF analysis technique. 

Sampl

ing 

site  

Si Al Fe Ca Mg Na Ti K Mn Sr 

x-01 23.08(0.04) 6.43(0.04) 3.16(0.14) 2.15(0.15) 3.83(0.54) 0.44(2.26) 0.46(1.06) 1.73(0.62) 0.30(1.31) 0.02(3.3) 

x-02 25.00(0.04) 5.38(0.04) 3.91(0.14) 2.59(0.15) 2.31(0.54) 0.86(2.26) 0.79(1.06) 1.28(0.62) 0.14(1.31) 0.04(3.3) 

x-03 22.93(0.04) 5.18(0.04) 5.18(0.14) 3.31(0.15) 3.34(0.54) 0.93(2.26) 0.91(1.06) 0.66(0.62) 0.16(1.31) 0.03(3.3) 

x-04 22.61(0.04) 4.99(0.04) 4.79(0.14) 5.21(0.15) 2.44(0.54) 0.60(2.26) 0.86(1.06) 0.85(0.62) 0.24(1.31) 0.10(3.3) 

x-05 24.26(0.04) 3.39(0.04) 2.19(0.14) 5.12(0.15) 1.70(0.54) 0.48(2.26) 0.47(1.06) 1.28(0.62) 0.10(1.31) 0.02(3.3) 

x-06 15.19(0.04) 3.43(0.04) 1.85(0.14) 24.27(0.15) 0.75(0.54) 0.05(2.26) 0.43(1.06) 0.93(0.62)  0.03(1.31) 0.01(3.3) 

x-07 20.73(0.04) 3.98(0.04) 3.16(0.14) 0.87(0.15) 0.92(0.54) 0.52(2.26) 1.00(1.06) 0.95(0.62) 0.03(1.31) 0.01(3.3) 

x-08 22.32(0.04) 4.39(0.04) 2.80(0.14) 1.51(0.15) 2.90(0.54) 0.37(2.26) 0.43(1.06) 1.09(0.62) 0.21(1.31) 0.01(3.3) 

x-09 27.74(0.04) 5.99(0.04) 2.03(0.14) 1.86(0.15) 0.52(0.54) 0.29(2.26) 0.58(1.06) 1.60(0.62) 0.65(1.31) 0.02(3.3) 

x-10 33.02(0.04) 3.45(0.04) 1.90(0.14) 2.07(0.15) 0.72(0.54) 0.56(2.26) 0.52(1.06) 0.57(0.62) 0.12(1.31) 0.00(3.3) 

x-11 27.72(0.04) 5.09(0.04) 3.49(0.14) 2.74(0.15) 2.13(0.54) 0.50(2.26) 0.35(1.06) 0.30(0.62) 0.07(1.31) 0.00(3.3) 

x-12 30.92(0.04) 4.19(0.04) 1.81(0.14) 0.61(0.15) 0.79(0.54) 1.51(2.26) 0.40(1.06) 1.57(0.62) 0.07(1.31) 0.00(3.3) 

x-13 24.47(0.04) 4.84(0.04) 1.14(0.14) 0.55(0.15) 0.59(0.54) 0.22(2.26) 0.23(1.06) 1.98(0.62) 0.05(1.31) 0.01(3.3) 

x-14 27.93(0.04) 3.49(0.04) 3.03(0.14) 2.75(0.15) 5.22(0.54) 0.67(2.26) 0.39(1.06) 0.25(0.62) 0.13(1.31) 0.00(3.3) 

x-15 31.22(0.04) 5.55(0.04) 1.26(0.14) 0.70(0.15) 0.35(0.54) 0.31(2.26) 0.28(1.06) 1.84(0.62) 0.04(1.31)  0.01(3.3) 

x-16 28.04(0.04) 4.83(0.04) 3.96(0.14) 1.63(0.15) 1.73(0.54) 1.33(2.26) 0.55(1.06) 0.21(0.62) 0.21(1.31) 0.01(3.3) 

x-17 26.01(0.04) 5.26(0.04) 3.92(0.14) 3.16(0.15) 2.29(0.54) 0.70(2.26) 0.51(1.06) 0.66(0.62) 0.20(1.31) 0.02(3.3) 

x-18 25.24(0.04) 4.29(0.04) 1.92(0.14) 1.30(0.15) 1.15(0.54) 0.35(2.26) 0.41(1.06) 1.22(0.62) 0.05(1.31) 0.02(3.3) 

x-19 27.69(0.04) 5.06(0.04) 2.90(0.14) 4.91(0.15) 1.06(0.54) 0.07(2.26) 0.64(1.06) 1.23(0.62)  0.12(1.31) 0.01(3.3) 

x-20 20.71(0.04) 4.60(0.04) 1.61(0.14) 1.12(0.15) 0.65(0.54) 0.59(2.26) 0.35(1.06) 1.45(0.62) 0.12(1.31) 0.02(3.3) 

x-21 22.47(0.04) 5.92(0.04) 2.58(0.14) 0.47(0.15) 0.45(0.54) 0.45(2.26) 0.66(1.06) 1.88(0.62) 0.09(1.31) 0.01(3.3) 

x-22 23.70(0.04) 5.02(0.04) 2.46(0.14) 9.22(0.15) 0.93(0.54) 0.48(2.26) 0.48(1.06) 1.33(0.62) 0.12(1.31) 0.04(3.3) 

x-23 18.70(0.04) 3.67(0.04) 1.97(0.14) 3.31(0.15) 1.14(0.54) 0.65(2.26) 0.45(1.06) 0.95(0.62) 0.13(1.31) 0.04(3.3) 

x-24 23.53(0.04) 4.51(0.04) 1.93(0.14) 1.54(0.15) 0.72(0.54) 0.99(2.26) 0.53(1.06) 1.11(0.62) 0.12(1.31) 0.03(3.3) 

x-25 25.89(0.04) 6.14(0.04) 3.44(0.14) 1.09(0.15) 1.92(0.54) 0.56(2.26) 0.76(1.06) 1.30(0.62) 0.22(1.31) 0.02(3.3) 

x-26 29.82(0.04) 6.44(0.04) 0.96(0.14) 0.40(0.15) 0.40(0.54) 0.55(2.26) 0.26(1.06) 2.01(0.62) 0.10(1.31) 0.02(3.3) 

x-27 29.26(0.04) 5.72(0.04) 1.96(0.14) 0.67(0.15) 0.77(0.54) 0.49(2.26) 0.55(1.06) 1.44(0.62) 0.12(1.31) 0.02(3.3) 

x-28 26.91(0.04) 6.41(0.04) 1.91(0.14) 1.34(0.15) 0.80(0.54) 0.68(2.26) 0.42(1.06) 1.08(0.62) 0.06(1.31) 0.03(3.3) 

x-29 29.83(0.04) 4.80(0.04) 0.59(0.14) 1.49(0.15) 0.23(0.54) 1.25(2.26) 0.11(1.06) 2.09(0.62) 0.05(1.31) 0.03(3.3) 

x-30 31.59(0.04)  4.14(0.04) 1.03(0.14) 1.01(0.15) 0.62(0.54) 1.33(2.26) 0.33(1.06) 1.78(0.62) 0.04(1.31) 0.05(3.3) 

x-31 22.52(0.04) 8.45(0.04) 3.45(0.14) 0.24(0.15) 1.01(0.54) 0.10(2.26) 0.73(1.06) 1.55(0.62) 0.20(1.31) 0.01(3.3) 

x-32 32.77(0.04) 3.81(0.04) 1.76(0.14) 0.69(0.15) 0.69(0.54) 0.67(2.26) 0.54(1.06) 1.22(0.62) 0.12(1.31) 0.00(3.3) 

x-33 29.05(0.04) 4.94(0.04) 2.00(0.14) 1.99(0.15) 0.99(0.54) 0.83(2.26) 0.53(1.06) 1.25(0.62) 0.12(1.31) 0.04(3.3) 

x-34 30.44(0.04) 4.02(0.04) 3.24(0.14) 0.60(0.15) 1.01(0.54) 0.61(2.26) 0.77(1.06) 1.08(0.62) 0.08(1.31) 0.00(3.3) 

x-35 27.56(0.04) 2.94(0.04) 3.25(0.14) 3.04(0.15) 6.56(0.54) 0.42(2.26) 0.33(1.06) 0.61(0.62) 0.08(1.31) 0.00(3.3) 

x-36 24.48(0.04) 2.39(0.04) 3.65(0.14) 1.33(0.15) 13.36(0.54) 0.20(2.26) 0.35(1.06) 0.34(0.62) 0.19(1.31) 0.00(3.3) 

x-37 26.43(0.04) 4.62(0.04) 3.29(0.14) 1.46(0.15) 4.59(0.54) 0.33(2.26) 0.48(1.06) 1.14(0.62) 0.11(1.31) 0.01(3.3) 

x-38 20.72(0.04) 4.11(0.04) 3.12(0.14) 15.71(0.15) 2.04(0.54) 0.30(2.26) 0.47(1.06) 1.11(0.62) 0.10(1.31) 0.01(3.3) 

x-39 34.86(0.04) 3.24(0.04) 0.60(0.14) 0.19(0.15) 0.31(0.54) 1.30(2.26) 0.16(1.06) 1.74(0.62) 0.08(1.31) 0.00(3.3) 

x-40 23.11(0.04) 4.12(0.04) 3.41(0.14) 13.07(0.15) 2.67(0.54) 0.05(2.26) 0.51(1.06) 0.49(0.62) 0.14(1.31) 0.01(3.3) 

x-41 26.34(0.04) 4.35(0.04) 2.39(0.14) 5.47(0.15) 2.03(0.54) 0.51(2.26) 0.49(1.06) 1.55(0.62) 0.11(1.31) 0.01(3.3) 

x-42 31.16(0.04) 2.87(0.04) 1.81(0.14) 3.17(0.15) 2.82(0.54) 0.97(2.26) 0.42(1.06) 0.90(0.62) 0.08(1.31) 0.00(3.3) 

x-43 32.33(0.04) 3.50(0.04) 2.40(0.14) 0.23(0.15) 2.21(0.54) 0.52(2.26) 0.44(1.06) 1.02(0.62) 0.12(1.31) 0.00(3.3) 

x-44 27.15(0.04) 5.59(0.04) 3.21(0.14) 1.75(0.15) 1.34(0.54) 0.27(2.26) 0.69(1.06) 0.94(0.62) 0.12(1.31) 0.00(3.3) 

x-45 8.58(0.04) 1.49(0.04) 0.62(0.14) 4.15(0.15) 1.53(0.54) 0.07(2.26) 0.15(1.06) 0.30(0.62) 0.08(1.31) 0.00(3.3) 

x-46 26.40(0.04) 4.31(0.04) 3.57(0.14) 2.05(0.15) 5.95(0.54) 0.30(2.26) 0.43(1.06) 1.07(0.62) 0.20(1.31) 0.00(3.3) 



[198] 
 

x-47 23.92(0.04) 2.28(0.04) 3.94(0.14) 1.09(0.15) 14.91(0.54) 0.09(2.26) 0.21(1.06) 0.32(0.62) 0.15(1.31) 0.00(3.3) 

x-48 22.34(0.04) 4.46(0.04) 2.74(0.14) 1.56(0.15) 2.85(0.54) 0.36(2.26) 0.43(1.06) 1.10(0.62) 0.21(1.31) 0.01(3.3) 

x-49 14.40(0.04) 3.15(0.04) 1.94(0.14) 16.04(0.15) 0.76(0.54) 0.22(2.26) 0.45(1.06) 0.66(0.62) 0.15(1.31) 0.02(3.3) 

x-50 13.86(0.04) 2.25(0.04) 1.11(0.14) 15.20(0.15) 0.42(0.54) 0.07(2.26) 0.26(1.06) 0.88(0.62) 0.07(1.31) 0.01(3.3) 

x-51 23.03(0.04) 4.12(0.04) 0.76(0.14) 1.64(0.15) 0.42(0.54) 1.26(2.26) 0.17(1.06) 1.24(0.62) 0.07(1.31) 0.01(3.3) 

x-52 19.91(0.04) 4.78(0.04) 1.85(0.14) 1.86(0.15) 0.90(0.54) 0.79(2.26) 0.51(1.06) 1.10(0.62) 0.07(1.31) 0.05(3.3) 

x-53 21.44(0.04) 5.04(0.04) 2.16(0.14) 2.04(0.15) 1.02(0.54) 0.93(2.26) 0.68(1.06) 1.06(0.62) 0.08(1.31) 0.05(3.3) 

x-54 19.74(0.04) 3.95(0.04) 1.81(0.14) 4.42(0.15) 1.13(0.54) 0.92(2.26) 0.45(1.06) 0.92(0.62) 0.08(1.31) 0.06(3.3) 

x-55 24.67(0.04) 5.38(0.04) 0.95(0.14) 0.90(0.15) 0.65(0.54) 0.07(2.26) 0.24(1.06) 1.92(0.62) 0.04(1.31) 0.01(3.3) 

x-56 27.16(0.04) 5.66(0.04) 2.30(0.14) 1.92(0.15) 1.27(0.54) 0.88(2.26) 0.53(1.06) 2.06(0.62) 0.16(1.31) 0.03(3.3) 

x-57 25.89(0.04) 6.36(0.04) 2.56(0.14) 3.18(0.15) 1.28(0.54) 0.80(2.26) 0.44(1.06) 1.14(0.62) 0.15(1.31) 0.06(3.3) 

x-58 32.26(0.04) 4.76(0.04) 0.82(0.14) 1.01(0.15) 0.60(0.54) 0.71(2.26) 0.24(1.06) 2.24(0.62) 0.08(1.31) 0.02(3.3) 

x-59 31.94(0.04) 5.44(0.04) 1.84(0.14) 0.57(0.15) 0.43(0.54) 0.19(2.26) 0.60(1.06) 0.92(0.62) 0.04(1.31) 0.01(3.3) 

x-60 9.73(0.04) 2.66(0.04) 1.35(0.14) 25.24(0.15) 6.00(0.54) 0.08(2.26) 0.34(1.06) 0.37(0.62) 0.18(1.31) 0.01(3.3) 

x-61 29.27(0.04) 5.30(0.04) 1.39(0.14) 3.90(0.15) 0.43(0.54) 0.91(2.26) 0.32(1.06) 1.45(0.62) 0.07(1.31) 0.05(3.3) 

x-62 26.77(0.04) 6.04(0.04) 2.15(0.14) 1.34(0.15) 1.77(0.54) 0.29(2.26) 0.50(1.06) 2.85(0.62) 0.10(1.31) 0.01(3.3) 

x-63 5.53(0.04) 1.43(0.04) 0.61(0.14) 50.30(0.15) 1.51(0.54) 0.03(2.26) 0.14(1.06) 0.33(0.62) 0.06(1.31) 0.02(3.3) 

x-64 31.53(0.04) 4.85(0.04) 0.85(0.14) 1.34(0.15) 0.71(0.54) 0.64(2.26) 0.16(1.06) 1.71(0.62) 0.11(1.31) 0.01(3.3) 

x-65 24.04(0.04) 4.31(0.04) 1.76(0.14) 13.52(0.15) 1.50(0.54) 0.32(2.26) 0.40(1.06) 1.15(0.62) 0.08(1.31) 0.02(3.3) 

x-66 21.53(0.04) 5.27(0.04) 4.06(0.14) 8.89(0.15) 2.36(0.54) 0.46(2.26) 0.89(1.06) 0.88(0.62) 0.14(1.31) 0.02(3.3) 

x-67 14.44(0.04) 2.46(0.04) 2.20(0.14) 4.83(0.15) 1.47(0.54) 0.37(2.26) 0.44(1.06) 1.01(0.62) 0.08(1.31) 0.07(3.3) 

x-68 19.98(0.04) 3.82(0.04) 2.38(0.14) 2.39(0.15) 1.86(0.54) 0.84(2.26) 0.49(1.06) 0.93(0.62) 0.07(1.31) 0.03(3.3) 

x-69 15.87(0.04) 3.68(0.04) 3.82(0.14) 14.29(0.15) 1.69(0.54) 0.24(2.26) 0.77(1.06) 0.33(0.62) 0.16(1.31) 0.03(3.3) 

x-70 27.30(0.04) 5.09(0.04) 1.61(0.14) 2.31(0.15) 1.03(0.54) 0.61(2.26) 0.43(1.06) 1.65(0.62) 0.07(1.31) 0.03(3.3) 

x-71 6.66(0.04) 0.97(0.04) 0.69(0.14) 41.65(0.15) 1.23(0.54) 0.09(2.26) 0.16(1.06) 0.22(0.62) 0.04(1.31) 0.02(3.3) 

x-72 25.50(0.04) 5.82(0.04) 7.70(0.14) 1.82(0.15) 3.68(0.54) 0.11(2.26) 0.63(1.06) 1.09(0.62) 0.16(1.31) 0.01(3.3) 

x-73 30.98(0.04) 4.94(0.04) 0.95(0.14) 1.52(0.15) 0.58(0.54) 1.38(2.26) 0.28(1.06) 1.50(0.62) 0.05(1.31) 0.03(3.3) 

x-74 28.07(0.04) 4.27(0.04) 4.55(0.14) 1.83(0.15) 4.88(0.54) 0.52(2.26) 0.47(1.06) 0.60(0.62) 0.23(1.31) 0.01(3.3) 

x-75 19.27(0.04) 4.32(0.04) 4.06(0.14) 4.06(0.15) 2.29(0.54) 0.61(2.26) 0.85(1.06) 0.48(0.62) 0.13(1.31) 0.04(3.3) 

x-76 26.46(0.04) 4.84(0.04) 2.66(0.14) 1.72(0.15) 3.96(0.54) 0.71(2.26) 0.51(1.06) 1.10(0.62) 0.21(1.31) 0.00(3.3) 

x-77 20.30(0.04) 5.19(0.04) 3.13(0.14) 1.18(0.15) 1.36(0.54) 0.46(2.26) 0.57(1.06) 1.46(0.62) 0.10(1.31) 0.02(3.3) 

x-78 31.54(0.04) 5.07(0.04) 0.61(0.14) 0.34(0.15) 0.23(0.54) 1.09(2.26) 0.13(1.06) 2.33(0.62) 0.03(1.31) 0.00(3.3) 

x-79 21.38(0.04) 5.59(0.04) 3.37(0.14) 0.50(0.15) 1.00(0.54) 0.39(2.26) 0.70(1.06) 2.02(0.62) 0.05(1.31) 0.01(3.3) 

x-80 26.52(0.04) 6.77(0.04) 3.75(0.14) 0.60(0.15) 1.27(0.54) 0.15(2.26) 0.49(1.06) 1.16(0.62) 0.14(1.31) 0.01(3.3) 

x-81 21.18(0.04) 4.72(0.04) 2.60(0.14) 7.21(0.15) 1.24(0.54) 0.16(2.26) 0.52(1.06) 1.12(0.62) 0.13(1.31) 0.01(3.3) 

x-82 24.81(0.04) 5.02(0.04) 3.51(0.14) 4.38(0.15) 3.88(0.54) 0.10(2.26) 0.53(1.06) 0.91(0.62) 0.17(1.31) 0.01(3.3) 

x-83 29.91(0.04) 5.32(0.04) 2.57(0.14) 0.78(0.15) 1.28(0.54) 0.21(2.26) 0.62(1.06) 1.25(0.62) 0.15(1.31) 0.01(3.3) 

x-84 31.47(0.04) 5.32(0.04) 1.65(0.14) 0.85(0.15) 0.89(0.54) 0.16(2.26) 0.35(1.06) 1.48(0.62) 0.05(1.31) 0.01(3.3) 

x-85 11.60(0.04) 2.89(0.04) 1.35(0.14) 40.14(0.15) 0.52(0.54) 0.13(2.26) 0.37(1.06) 0.47(0.62) 0.11(1.31) 0.01(3.3) 

x-86 25.07(0.04) 4.50(0.04) 0.90(0.14) 0.13(0.15) 0.32(0.54) 1.08(2.26) 0.15(1.06) 1.51(0.62) 0.01(1.31) 0.00(3.3) 

x-87 19.31(0.04) 4.55(0.04) 2.14(0.14) 2.21(0.15) 1.80(0.54) 0.63(2.26) 0.39(1.06) 0.88(0.62) 0.18(1.31) 0.03(3.3) 

x-88 24.29(0.04) 4.70(0.04) 2.26(0.14) 1.97(0.15) 1.43(0.54) 0.78(2.26) 0.54(1.06) 1.36(0.62) 0.07(1.31) 0.02(3.3) 

x-89 21.62(0.04) 6.17(0.04) 2.77(0.14) 1.04(0.15) 0.68(0.54) 0.34(2.26) 0.70(1.06) 1.60(0.62) 0.11(1.31) 0.01(3.3) 

x-90 20.58(0.04) 4.49(0.04) 2.44(0.14) 1.79(0.15) 1.03(0.54) 0.23(2.26) 0.53(1.06) 1.26(0.62) 0.09(1.31) 0.02(3.3) 

x-91 20.71(0.04) 2.67(0.04) 1.09(0.14) 1.06(0.15) 0.87(0.54) 0.41(2.26) 0.22(1.06) 1.01(0.62) 0.05(1.31) 0.04(3.3) 

x-92 27.18(0.04) 6.99(0.04) 2.51(0.14) 0.28(0.15) 0.77(0.54) 0.15(2.26) 0.60(1.06) 1.92(0.62) 0.11(1.31) 0.01(3.3) 

x-93 18.41(0.04) 2.63(0.04) 1.67(0.14) 7.30(0.15) 1.91(0.54) 0.33(2.26) 0.39(1.06) 0.85(0.62) 0.08(1.31) 0.02(3.3) 

x-94 18.38(0.04) 4.94(0.04) 2.85(0.14) 6.58(0.15) 0.81(0.54) 0.13(2.26) 0.62(1.06) 0.93(0.62) 0.16(1.31) 0.01(3.3) 

x-95 21.42(0.04) 3.41(0.04) 2.21(0.14) 5.30(0.15) 0.87(0.54) 0.06(2.26) 0.38(1.06) 1.02(0.62) 0.45(1.31) 0.03(3.3) 
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Table E2. The concentrations (wt %) and the uncertainties (%) of the rest nine elements measured in 

surface soil samples using the XRF analysis technique. 

Sampl
ing 

site  

S Cr Zr Zn Ni Cu As Cl Co 

x-01 0.08(7.69) 0.02(3.36) 0.02(1.84) 0.02(3.37) 0.02(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-02 0.03(7.69) 0.01(3.36) 0.02(1.84) 0.02(3.37) 0.01(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-03 0.02(7.69) 0.01(3.36) 0.03(1.84) 0.01(3.37) 0.01(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-04 0.02(7.69)  0.00(3.36)  0.01(1.84)  0.02(3.37) 0.00(2.39) 0.04(3.93) 0.00(8) 0.05(3.89)  0.01(3.45) 

x-05 0.05(7.69) 0.01(3.36) 0.01(1.84) 0.01(3.37) 0.01(2.39) 0.01(3.93) 0.0(8)0 0.00(3.89)  0.00(3.45) 

x-06 0.02(7.69) 0.00(3.36) 0.02(1.84) 0.01(3.37) 0.00(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-07 0.01(7.69) 0.02(3.36) 0.05(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-08 0.09(7.69) 0.04(3.36) 0.02(1.84) 0.01(3.37) 0.02(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-09 0.12(7.69) 0.01(3.36) 0.03(1.84) 0.01(3.37) 0.01(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-10 0.00(7.69) 0.00(3.36) 0.00(1.84) 0.00(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-11 0.00(7.69) 0.00(3.36) 0.00(1.84) 0.00(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-12 0.00(7.69) 0.00(3.36) 0.00(1.84) 0.00(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-13 0.07(7.69) 0.00(3.36) 0.01(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-14 0.00(7.69) 0.00(3.36) 0.00(1.84) 0.00(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-15 0.02(7.69) 0.01(3.36) 0.02(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-16 0.04(7.69) 0.00(3.36) 0.01(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-17 0.06(7.69) 0.00(3.36) 0.01(1.84) 0.01(3.37) 0.00(2.39) 0.01(3.93) 0.01(8) 0.00(3.89) 0.00(3.45) 

x-18 0.03(7.69) 0.01(3.36) 0.02(1.84) 0.01(3.37) 0.01(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-19 0.05(7.69) 0.01(3.36) 0.01(1.84) 0.01(3.37) 0.01(2.39) 0.01(3.93) 0.03(8) 0.00(3.89) 0.00(3.45) 

x-20 0.10(7.69) 0.00(3.36) 0.01(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-21 0.02(7.69) 0.01(3.36) 0.02(1.84) 0.01(3.37) 0.00(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-22 0.03(7.69) 0.01(3.36) 0.02(1.84) 0.01(3.37) 0.02(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-23 0.10(7.69) 0.00(3.36) 0.03(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.03(3.89) 0.00(3.45) 

x-24 0.03(7.69) 0.00(3.36) 0.02(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-25 0.05(7.69) 0.01(3.36) 0.02(1.84) 0.02(3.37) 0.01(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.01(3.45)  

x-26 0.04(7.69) 0.00(3.36) 0.01(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-27 0.05(7.69) 0.00(3.36) 0.02(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-28 0.02(7.69) 0.01(3.36) 0.02(1.84) 0.01(3.37) 0.00(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-29 0.04(7.69) 0.00(3.36) 0.01(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-30 0.00(7.69) 0.00(3.36) 0.00(1.84) 0.00(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-31 0.01(7.69) 0.01(3.36) 0.04(1.84) 0.01(3.37) 0.01(2.39) 0.01(3.93) 0.00(8) 0.10(3.89) 0.01(3.45) 

x-32 0.00(7.69) 0.00(3.36) 0.00(1.84) 0.00(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-33 0.06(7.69) 0.01(3.36) 0.03(1.84) 0.01(3.37) 0.00(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-34 0.00(7.69) 0.00(3.36) 0.00(1.84) 0.00(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-35 0.00(7.69) 0.12(3.36) 0.00(1.84) 0.00(3.37) 0.12(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45)  

x-36 0.00(7.69) 0.06(3.36) 0.00(1.84) 0.00(3.37) 0.09(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-37 0.03(7.69) 0.03(3.36) 0.01(1.84) 0.01(3.37) 0.06(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.01(3.45) 

x-38 0.04(7.69) 0.03(3.36) 0.02(1.84) 0.01(3.37) 0.04(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-39 0.00(7.69) 0.00(3.36) 0.00(1.84) 0.00(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-40 0.05(7.69) 0.07(3.36) 0.02(1.84) 0.01(3.37) 0.07(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.01(3.45) 

x-41 0.08(7.69) 0.02(3.36) 0.02(1.84)  0.01(3.37) 0.02(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-42 0.00(7.69) 0.04(3.36) 0.00(1.84) 0.00(3.37) 0.04(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-43 0.00(7.69) 0.00(3.36) 0.00(1.84) 0.00(3.37) 0.02(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-44 0.00(7.69) 0.02(3.36) 0.00(1.84) 0.00(3.37) 0.02(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-45 0.19(7.69) 0.00(3.36) 0.00(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.03(3.89) 0.00(3.45) 

x-46 0.07(7.69) 0.05(3.36) 0.01(1.84) 0.01(3.37) 0.08(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.01(3.45) 

x-47 0.04(7.69) 0.17(3.36) 0.01(1.84) 0.01(3.37) 0.20(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.01(3.45) 

x-48 0.09(7.69) 0.04(3.36) 0.02(1.84) 0.01(3.37) 0.02(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-49 0.09(7.69) 0.00(3.36) 0.02(1.84) 0.02(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-50 0.21(7.69) 0.00(3.36) 0.01(1.84) 0.01(3.37) 0.00(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-51 0.02(7.69) 0.00(3.36) 0.01(1.84) 0.00(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-52 0.04(7.69) 0.00(3.36) 0.02(1.84) 0.02(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-53 0.02(7.69) 0.00(3.36) 0.03(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-54 0.04(7.69) 0.00(3.36) 0.02(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 
x-55 0.03(7.69) 0.01(3.36) 0.02(1.84) 0.01(3.37)  0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-56 0.05(7.69) 0.00(3.36) 0.02(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 
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x-57 0.10(7.69) 0.00(3.36) 0.02(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-58 0.02(7.69) 0.00(3.36) 0.02(1.84) 0.00(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-59 0.02(7.69) 0.00(3.36) 0.04(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45)  

x-60 0.11(7.69) 0.00(3.36) 0.01(1.84) 0.03(3.37) 0.00(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-61 0.03(7.69) 0.00(3.36) 0.02(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-62 0.04(7.69) 0.00(3.36) 0.02(1.84) 0.01(3.37) 0.00(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-63 0.02(7.69) 0.00(3.36) 0.00(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-64 0.01(7.69) 0.00(3.36) 0.01(1.84) 0.02(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-65 0.02(7.69) 0.01(3.36) 0.02(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-66 0.05(7.69) 0.02(3.36) 0.02(1.84) 0.01(3.37) 0.01(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-67 0.34(7.69) 0.01(3.36) 0.02(1.84) 0.01(3.37) 0.01(2.39) 0.01(3.93) 0.00(8) 0.03(3.89) 0.00(3.45) 

x-68 0.02(7.69) 0.01(3.36) 0.02(1.84) 0.01(3.37) 0.00(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-69 0.05(7.69) 0.03(3.36) 0.00(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.03(8) 0.00(3.89) 0.00(3.45) 

x-70 0.08(7.69) 0.01(3.36) 0.02(1.84) 0.01(3.37) 0.00(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-71 0.03(7.69) 0.01(3.36) 0.00(1.84) 0.00(3.37) 0.01(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-72 0.08(7.69) 0.03(3.36) 0.02(1.84) 0.02(3.37) 0.04(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.01(3.45) 

x-73 0.00(7.69) 0.00(3.36) 0.01(1.84) 0.00(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-74 0.05(7.69) 0.08(3.36) 0.01(1.84) 0.01(3.37) 0.10(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.01(3.45) 

x-75 0.01(7.69) 0.01(3.36) 0.01(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-76 0.00(7.69) 0.02(3.36) 0.00(1.84) 0.00(3.37) 0.02(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-77 0.05(7.69) 0.01(3.36) 0.02(1.84) 0.02(3.37) 0.01(2.39) 0.01(3.93) 0.03(8) 0.00(3.89) 0.00(3.45) 

x-78 0.02(7.69) 0.00(3.36) 0.01(1.84) 0.00(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-79 0.05(7.69) 0.01(3.36) 0.02(1.84) 0.01(3.37) 0.01(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-80 0.02(7.69) 0.02(3.36) 0.01(1.84) 0.01(3.37) 0.03(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-81 0.05(7.69) 0.04(3.36) 0.02(1.84) 0.01(3.37) 0.02(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-82 0.05(7.69) 0.05(3.36) 0.02(1.84) 0.01(3.37) 0.09(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.01(3.45) 

x-83 0.05(7.69) 0.02(3.36) 0.02(1.84) 0.01(3.37) 0.02(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-84 0.06(7.69) 0.01(3.36) 0.02(1.84) 0.01(3.37) 0.01(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-85 0.05(7.69) 0.00(3.36) 0.01(1.84) 0.03(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-86 0.01(7.69) 0.00(3.36) 0.02(1.84) 0.00(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-87 0.09(7.69) 0.01(3.36) 0.02(1.84) 0.01(3.37) 0.01(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-88 0.02(7.69) 0.03(3.36) 0.02(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-89 0.06(7.69) 0.02(3.36) 0.03(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-90 0.02(7.69) 0.03(3.36) 0.03(1.84) 0.01(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-91 0.02(7.69) 0.03(3.36) 0.01(1.84) 0.00(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-92 0.01(7.69) 0.01(3.36) 0.04(1.84) 0.01(3.37) 0.01(2.39) 0.01(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-93 0.03(7.69) 0.04(3.36) 0.02(1.84) 0.00(3.37) 0.01(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-94 0.22(7.69) 0.03(3.36) 0.03(1.84) 0.02(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 

x-95 0.29(7.69) 0.03(3.36) 0.05(1.84) 0.02(3.37) 0.00(2.39) 0.00(3.93) 0.00(8) 0.00(3.89) 0.00(3.45) 
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Figures E (a)-(m). The distributions of the different elements that were measured in the ninety-five 

surface soil samples collected in the North part of Greece. 
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F. Transfer of resuspended soil to mosses for trace elements  

The transfer of resuspended soil to mosses for the trace elements (Al. Si. Fe. Ca. Mg. Na. Ti. K. Mn. Sr. Cr. Zr. Zn. Ni and Co) was calculated and 

it is presented in Table D1.  

Table F1. The transfer of resuspended soil to mosses for trace elements. 

Samplin

g site  
Al Si Fe Ca Mg Na Ti K Mn Sr Cr Zr Zn Ni Co 

x-01 0.39(5) 0.91(20) 0.34(5) 0.66(11) 0.29(3) 2.10(4) 0.26(8) 0.44(8) 0.12(6) 0.58(8) 0.17(7) 0.37(30) 0.13(6) 0.07(6) 0.09(6) 

x-02 0.06(5) 0.24(20) 0.09(5) 0.26(11) 0.10(3) 0.10(4) 0.03(8) 0.37(8) 0.11(6) 0.08(8) 0.13(7) 0.07(30) 0.19(6) 0.14(6) 0.08(6) 

x-03 0.06(5) 0.36(20) 0.37(5) 0.29(11) 0.23(3) 0.48(4) 0.02(8) 0.89(8) 0.24(6) 0.23(8) 0.26(7) 0.27(30) 0.31(6) 0.20(6) - 

x-04 0.08(5) 0.28(20) 0.17(5) 0.12(11) 0.10(3) 0.35(4) 0.03(8) 0.59(8) 0.07(6) 0.09(8) - 0.16(30) 0.20(6) - 0.06(6) 

x-05 0.07(5) 0.20(20) 0.11(5) 0.15(11) 0.16(3) 0.11(4) 0.04(8) 0.38(8) 0.04(6) 0.20(8) 0.05(7) 0.03(30) 0.27(6) 0.04(6) - 

x-06 0.14(5) 0.30(20) 0.12(5) 0.04(11) 0.28(3) 0.70(4) 0.08(8) 0.34(8) 0.22(6) 0.37(8) - 0.07(30) 0.22(6) - - 

x-07 0.30(5) 0.46(20) 0.25(5) 0.88(11) 0.55(3) 0.71(4) 0.08(8) 0.90(8) 0.94(6) 0.47(8) 0.07(7) 0.19(30) 0.34(6) - - 

x-08 0.07(5) 0.25(20) 0.06(5) 0.69(11) 0.08(3) 0.09(4) 0.05(8) 0.37(8) 0.05(6) 0.24(8) 0.02(7) 0.02(30) 0.26(6) 0.03(6) - 

x-09 0.03(5) 0.23(20) 0.05(5) 0.49(11) 0.33(3) 0.07(4) 0.02(8) 0.33(8) 0.11(6) 0.18(8) 0.03(7) 0.02(30) 0.15(6) 0.03(6) 0.02(6) 

x-10 0.10(5) 0.19(20) 0.20(5) 0.33(11) 0.35(3) 0.11(4) 0.04(8) 0.74(8) 0.22(6) - - - - - - 

x-11 0.06(5) 0.21(20) 0.10(5) 0.19(11) 0.10(3) 0.11(4) 0.07(8) 1.54(8) 0.28(6) - - - - - - 

x-12 0.10(5) 0.21(20) 0.14(5) 0.81(11) 0.26(3) 0.03(4) 0.05(8) 0.31(8) 0.20(6) - - - - - - 

x-13 0.09(5) 0.08(20) 0.20(5) 1.19(11) 0.42(3) 0.25(4) 0.12(8) 0.20(8) 0.21(6) 0.41(8) 0 0.11(30) 1.93(6)  - 

x-14 0.12(5) 0.23(20) 0.08(5) 0.18(11) 0.05(3) 0.05(4) 0.04(8) 1.55(8) 0.11(6) - - - - - - 

x-15 0.07(5) 0.23(20) 0.17(5) 1.01(11) 0.79(3) 0.13(4) 0.10(8) 0.22(8) 0.78(6) 0.43(8) 0.13(7) 0.05(30) 2.26(6) - - 

x-16 0.08(5) 0.17(20) 0.07(5) 0.39(11) 0.14(3) 0.05(4) 0.05(8) 1.63(8) 0.04(6) 0.23(8) - 0.05(30) 1.26(6) - 0.03(6) 

x-17 0.10(5) 0.21(20) 0.13(5) 0.19(11) 0.14(3) 0.14(4) 0.07(8) 0.67(8) 0.22(6) 0.23(8) - 0.07(30) 1.24(6) - 0.06(6) 

x-18 0.13(5) 0.29(20) 0.13(5) 0.54(11) 0.28(3) 0.18(4) 0.07(8) 0.35(8) 0.84(6) 0.21(8) 0.09(7) 0.07(30) 2.16(6) 0.08(6) - 

x-19 0.20(5) 0.29(20) 0.30(5) 0.14(11) 0.44(3) 0.97(4) 0.08(8) 0.47(8) 0.41(6) 0.39(8) 0.21(7) 0.07(30) 2.95(6) 0.25(6) - 

x-20 0.13(5) 0.41(20) 0.22(5) 0.73(11) 0.60(3) 0.14(4) 0.11(8) 0.33(8) 0.42(6) 0.26(8) - 0.13(30) 2.35(6) - - 

x-21 0.22(5) 0.33(20) 0.39(5) 1.39(11) 1.03(3) 0.73(4) 0.13(8) 0.41(8) 0.18(6) 0.70(8) 0.33(7) 0.27(30) 0.58(6) - - 

x-22 0.39(5) 0.88(20) 0.49(5) 0.11(11) 0.69(3) 1.63(4) 0.18(8) 0.71(8) 0.27(6) 0.43(8) 0.37(7) 0.66(30) 0.89(6) 0.18(6) - 

x-23 0.17(5) 0.43(20) 0.14(5) 0.22(11) 0.27(3) 0.11(4) 0.07(8) 0.60(8) 0.21(6) 0.11(8) - 0.07(30) 0.56(6) - - 

x-24 0.46(5) 0.69(20) 0.86(5) 0.67(11) 1.06(3) 0.57(4) 0.30(8) 0.92(8) 0.90(6) 0.53(8) - 0.51(30) 0.97(6) - - 

x-25 0.11(5) 0.19(20) 0.20(5) 0.84(11) 0.20(3) 0.15(4) 0.07(8) 0.43(8) 0.28(6) 0.35(8) 0.11(7) 0.11(30) 0.41(6) 0.06(6) 0.06(6) 

x-26 0.48(5) 0.43(20) 1.06(5) 2.15(11) 2.08(3) 1.44(4) 0.34(8) 0.76(8) 0.52(6) 0.91(8) - 0.73(30) 1.03(6) - - 
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x-27 0.34(5) 0.26(20) 0.78(5) 0.94(11) 0.99(3) 1.45(4) 0.18(8) 1.11(8) 0.31(6) 0.73(8) 0.59(7) 0.48(30) 0.72(6) - - 

x-28 0.05(5) 0.05(20) 0.08(5) 0.48(11) 0.22(3) 0.08(4) 0.03(8) 0.36(8) 0.11(6) 0.15(8) 0.06(7) 0.07(30) 0.26(6) - - 

x-29 0.14(5) 0.10(20) 0.64(5) 0.42(11) 1.33(3) 0.17(4) 0.19(8) 0.30(8) 0.72(6) 0.24(8) - 0.38(30) 0.65(6) - - 

x-30 0.09(5) 0.10(20) 0.69(5) 0.53(11) 0.35(3) 0.27(4) 0.05(8) 0.36(8) 0.24(6) 0.22(8) - - - - - 

x-31 0.08(5) 0.07(20) 0.14(5) 2.94(11) 0.36(3) 0.83(4) 0.06(8) 0.35(8) 0.27(6) 0.56(8) 0.30(7) 0.06(30) 0.33(6) 0.14(6) 0.04(6) 

x-32 0.22(5) 0.11(20) 0.17(5) 0.68(11) 0.54(3) 0.09(4) 0.09(8) 0.46(8) 0.18(6) - - - - - - 

x-33 0.07(5) 0.11(20) 0.09(5) 0.27(11) 0.28(3) 0.06(4) 0.04(8) 0.39(8) 0.12(6) 0.11(8) 0.11(7) 0.05(30) 0.19(6) 0 0.11(6) 

x-34 0.53(5) 0.27(20) 0.88(5) 1.05(11) 0.63(3) 1.18(4) 0.19(8) 1.34(8) 0.66(6) - - - - - - 

x-35 0.43(5) 0.20(20) 0.21(5) 0.44(11) 0.01(3) 0.44(4) 0.26(8) 0.82(8) 0.56(6) - 0.05(7) - - 0.03(6) - 

x-36 0.33(5) 0.12(20) 0.29(5) 0.81(11) 0.08(3) 0.46(4) 0.14(8) 1.27(8) 0.09(6) - 0.27(7) - -- 0.03(6) - 

x-37 0.10(5) 0.14(20) 0.11(5) 0.52(11) 0.10(3) 0.19(4) 0.06(8) 0.51(8) 0.23(6) 0.80(8) 0.06(7) 0.14(30) 0.15(6) 0.02(6) 0.03(6) 

x-38 0.07(5) 0.14(20) 0.07(5) 0.05(11) 0.12(3) 0.11(4) 0.04(8) 0.43(8) 0.16(6) 0.14(8) 0.05(7) 0.05(30) 0.12(6) 0.02(6) 0.03(6) 

x-39 0.22(5) 0.14(20) 0.56(5) 5.13(11) 0.23(3) 0.12(4) 0.25(8) 0.34(8) 0.93(6) - - - - - - 

x-40 0.14(5) 0.17(20) 0.11(5) 0.11(11) 0.12(3) 0.66(4) 0.06(8) 1.17(8) 0.25(6) 0.37(8) 0.04(7) 0.09(30) 0.19(6) 0.03(6) 0.04(6) 

x-41 0.16(5) 0.17(20) 0.27(5) 0.21(11) 0.25(3) 0.30(4) 0.09(8) 0.50(8) 0.25(6) 0.26(8) 0.17(7) 0.16(30) 0.24(6) 0.10(6) 0.37(6) 

x-42 0.53(5) 0.21(20) 0.64(5) 0.31(11) 0.43(3) 0.37(4) 0.22(8) 0.73(8) 0.35(6) - 0.49(7) - - 0.25(6) - 

x-43 0.11(5) 0.09(20) 0.24(5) 3.42(11) 0.14(3) 0.22(4) 0.05(8) 0.63(8) 0.32(6) - - - - 0.17(6) - 

x-44 0.07(5) 0.07(20) 0.09(5) 0.48(11) 0.19(3) 0.14(4) 0.04(8) 0.42(8) 0.06(6) - 0.06(7) - - 0.03(6) - 

x-45 0.38(5) 0.45(20) 0.42(5) 0.15(11) 0.20(3) 0.38(4) 0.28(8) 1.25(8) 0.16(6) 1.74(8) 0.27(7) - 0.32(6) 0.21(6) - 

x-46 0.18(5) 0.13(20) 0.39(5) 0.49(11) 0.20(3) 0.44(4) 0.12(8) 0.43(8) 0.14(6) 0.82(8) 0.44(7) 0.20(30) 0.28(6) 0.04(6) 0.21(6) 

x-47 0.14(5) 0.13(20) 0.05(5) 0.57(11) 0.03(3) 0.29(4) 0.12(8) 1.13(3) 0.07(6) 0.43(8) 0.02(7) 0.06(30) 0.18(6) 0.01(6) 0.02(6) 

x-48 0.26(5) 0.15(20) 0.51(5) 0.67(11) 0.30(3) 0.96(4) 0.22(8) 0.54(8) 0.14(6) 0.97(8) 0.09(7) 0.27(30) 0.28(6) 0.23(6) - 

x-49 0.26(5) 0.21(20) 0.38(5) 0.06(11) 0.72(3) 0.78(4) 0.12(8) 0.88(8) 0.18(6) 0.31(8) - 0.26(30) 0.16(6) - - 

x-50 0.67(5) 0.68(20) 0.67(5) 0.15(11) 1.35(3) 1.77(4) 0.32(8) 0.99(8) 0.25(6) 0.38(8) - 0.5(30) 0.42(6) - - 

x-51 0.17(5) 0.27(20) 0.46(5) 0.99(11) 0.78(3) 0.13(4) 0.24(8) 0.45(8) 0.24(6) 0.37(8) - 0.22(30) 0.53(6) - - 

x-52 0.12(5) 0.30(20) 0.23(5) 0.27(11) 0.31(3) 0.20(4) 0.07(8) 0.52(8) 0.17(6) 0.08(8) - 0.20(30) 0.22(6) - - 

x-53 0.27(5) 0.60(20) 0.72(5) 0.64(11) 0.60(3) 0.89(4) 0.13(8) 1.05(8) 0.31(6) 0.38(8) - 0.81(30) 0.55(6) - - 

x-54 0.16(5) 0.29(20) 0.23(5) 0.23(11) 0.32(3) 0.10(4) 0.10(8) 0.61(8) 0.25(6) 0.12(8) - 0.16(30) 0.49(6)   

x-55 0.12(5) 0.24(20) 0.56(5) 1.72(11) 0.52(3) 1.19(4) 0.16(8) 0.27(8) 0.43(6) 0.43(8) 0.25(7) 0.14(30) 0.96(6) - - 

x-56 0.13(5) 0.25(20) 0.30(5) 0.43(11) 0.36(3) 0.22(4) 0.07(8) 0.42(8) 0.33(6) 0.26(8) - 0.22(30) 0.32(6) - - 

x-57 0.15(5) 0.26(20) 0.19(5) 0.29(11) 0.36(3) 0.16(4) 0.10(8) 0.60(8) 0.17(6) 0.16(8) - 0.16(30) 0.29(6) - - 

x-58 0.06(5) 0.04(20) 0.40(5) 0.60(11) 0.44(3) 0.07(4) 0.08(8) 0.26(8) 0.33(6) 0.23(8) - 0.08(30) 0.59(6) - - 

x-59 0.07(5) 0.15(20) 0.16(5) 1.10(11) 0.57(3) 0.21(4) 0.04(8) 0.50(8) 0.77(6) 0.31(8) 0.16(7) 0.06(30) 0.37(6) - 0.16(6) 

x-60 0.18(5) 0.34(20) 0.17(5) 0.05(11) 0.08(3) 0.29(4) 0.09(8) 1.38(8) 0.08(6) 0.21(8) - 0.17(30) 0.11(6) - - 

x-61 0.11(5) 0.20(20) 0.26(5) 0.35(11) 0.83(3) 0.10(4) 0.11(8) 0.42(8) 0.41(6) 0.24(8) - 0.14(30) 0.46(6) - - 

x-62 0.05(5) 0.16(20) 0.08(5) 0.81(11) 0.17(3) 0.08(4) 0.04(8) 0.14(8) 0.20(6) 0.24(8) - 0.04(30) 0.33(6) - 0.09(6) 
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x-63 0.17(5) 0.68(20) 0.17(5) 0.03(11) 0.13(3) 0.55(4) 0.09(8) 1.93(8) 0.08(6) 0.08(8) - 0.12(30) 0.99(6) - - 

x-64 0.25(5) 0.34(20) 0.57(5) 0.59(11) 0.72(3) 0.37(4) 0.22(8) 0.62(8) 0.19(6) 0.43(8) - 0.45(30) 0.29(6) - - 

x-65 0.05(5) 0.15(20) 0.12(5) 0.04(11) 0.10(3) 0.08(4) 0.03(8) 0.25(8) 0.04(6) 0.15(8) 0.09(7) 0.06(30) 0.16(6) - - 

x-66 0.18(5) 0.20(20) 0.23(5) 0.17(11) 0.26(3) 0.27(4) 0.09(8) 0.89(8) 0.10(6) 0.25(8) 0.13(7) 0.32(30) 0.44(6) 0.09(6) - 

x-67 0.31(5) 0.43(20) 0.25(5) 0.19(11) 0.53(3) 0.19(4) 0.12(8) 0.78(8) 0.25(6) 0.07(8) 0.52(7) 0.10(30) 0.49(6) 0.23(6) - 

x-68 0.43(5) 0.55(20) 0.84(5) 0.61(11) 0.50(3) 1.06(4) 0.23(8) 1.29(8) 0.54(6) 0.39(8) 0.61(7) 0.66(30) 0.79(6) - - 

x-69 0.04(5) 0.20(20) 0.05(5) 0.04(11) 0.09(3) 0.10(4) 0.01(8) 0.65(8) 0.02(6) 0.07(8) 0.02(7) 0.20(30) 0.12(6) - - 

x-70 0.28(5) 0.30(20) 0.62(5) 0.46(11) 0.66(3) 0.50(4) 0.16(8) 0.58(8) 0.19(6) 0.32(8) 0.43(7) 0.28(30) 0.64(6) - - 

x-71 0.29(5) 0.62(20) 0.35(5) 0.04(11) 0.31(3) 0.34(4) 0.11(8) 2.95(8) 0.12(6) 0.21(8) 0.19(7) 0.31(30) - 0.16(6) - 

x-72 0.13(5) 0.25(20) 0.08(5) 0.64(11) 0.13(3) 0.50(4) 0.08(8) 0.68(8) 0.12(6) 0.56(8) 0.09(7) 0.15(30) 0.42(6) 0.05(6) 0.07(6) 

x-73 0.93(5) 1.04(20) 1.68(5) 0.76(11) 3.00(3) 0.66(4) 0.64(8) 1.10(8) 1.11(6) 0.57(8) - 0.89(30) 1.96(6) - - 

x-74 0.09(5) 0.17(20) 0.10(5) 0.36(11) 0.07(3) 0.14(4) 0.05(8) 0.88(8) 0.09(6) 0.38(8) 0.08(7) 0.18(30) 0.23(6) 0.03(6) 0.04(6) 

x-75 0.05(5) 0.19(20) 0.05(5) 0.13(11) 0.10(3) 0.05(4) 0.02(8) 1.40(8) 0.12(6) 0.04(8) 0.05(7) 0.06(30) 0.19(6) - - 

x-76 0.05(5) 0.14(20) 0.06(5) 0.23(11) 0.06(3) 0.04(4) 0.03(8) 0.54(8) 0.06(6) - 0.03(7) - - 0.02(6) - 

x-77 0.09(5) 0.56(20) 0.08(5) 0.61(11) 0.27(3) 0.07(4) 0.04(8) 0.32(8) 0.28(6) 0.17(8) 0.08(7) 0.06(30) 0.14(6) 0.08(6) - 

x-78 0.12(5) 0.28(20) 0.52(5) 1.63(11) 1.42(3) 0.10(4) 0.19(8) 0.31(8) 0.72(6) 0.63(8) - 0.15(30) - - - 

x-79 0.26(5) 1.40(20) 0.25(5) 1.19(11) 0.44(3) 0.46(4) 0.10(8) 0.52(8) 1.57(6) 0.68(8) 0.24(7) 0.05(30) 0.55(6) 0.25(6) - 

x-80 0.06(5) 0.25(20) 0.04(5) 1.18(11) 0.19(3) 0.16(4) 0.04(8) 0.41(8) 0.11(6) 0.32(8) 0.03(7) 0.05(30) 0.14(6) 0.02(6) - 

x-81 0.14(5) 0.45(20) 0.15(5) 0.16(11) 0.35(3) 0.29(4) 0.07(8) 0.41(8) 0.24(6) 0.37(8) 0.05(7) 0.07(30) 0.45(6) 0.10(6) - 

x-82 0.11(5) 0.38(20) 0.13(5) 0.19(11) 0.12(3) 0.45(4) 0.06(8) 0.48(8) 0.14(6) 0.35(8) 0.11(7) 0.09(30) 0.21(6) 0.04(6) 0.04(6) 

x-83 0.10(5) 0.28(20) 0.14(5) 0.91(11) 0.31(3) 0.15(4) 0.05(8) 0.34(8) 0.09(6) 0.26(8) 0.14(7) 0.06(30) 0.20(6) 0.09(6) 0.07(6) 

x-84 0.14(5) 0.46(20) 1.43(5) 0.98(11) 0.47(3) 0.79(4) 0.10(8) 1.16(8) 0.25(6) 0.67(8) 1.36(7) 0.41(30) 1.04(6) 0.75(6) - 

x-85 0.15(5) 0.85(20) 0.22(5) 0.03(11) 0.51(3) 0.22(4) 0.07(8) 0.97(8) 0.11(6) 0.26(8) - 0.10(30) 0.11(6) - - 

x-86 0.40(5) 1.32(20) 0.66(5) 6.23(11) 2.28(3) 0.44(4) 0.41(8) 0.60(8) 2.97(6) - - 0.47(30) - - - 

x-87 0.07(5) 0.23(20) 0.12(5) 0.33(11) 0.16(3) 0.05(4) 0.04(8) 0.48(8) 0.11(6) 0.09(8) 0.13(7) 0.08(30) 0.35(6) 0.09(6) - 

x-88 0.13(5) 0.37(20) 0.34(5) 0.52(11) 0.28(3) 0.24(4) 0.08(8) 0.48(8) 0.32(6) 0.33(8) 0.10(7) 0.24(30) 0.72(6) - - 

x-89 0.09(5) 0.59(20) 0.20(5) 1.25(11) 0.52(3) 0.18(4) 0.04(8) 0.31(8) 0.23(6) 0.31(8) 0.07(7) 0.11(30) 0.39(6) - - 

x-90 0.11(5) 0.58(20) 0.13(5) 0.37(11) 0.29(3) 0.18(4) 0.06(8) 0.32(8) 0.08(6) 0.16(8) 0.04(7) 0.10(30) 0.21(6) - - 

x-91 0.61(5) 1.64(20) 0.66(5) 0.91(11) 0.94(3) 0.78(4) 0.34(8) 0.76(8) 0.69(6) 0.16(8) 0.19(7) 0.60(30) - - - 

x-92 0.09(5) 0.50(20) 0.10(5) 2.27(11) 0.47(3) 0.19(4) 0.05(8) 0.22(8) 0.13(6) 0.45(8) 0.10(7) 0.04(30) 0.22(6) 0.10(6) 0.08(6) 

x-93 0.20(5) 0.48(20) 0.19(5) 0.14(11) 0.28(3) 0.21(4) 0.08(8) 0.72(8) 0.10(6) 0.17(8) 0.04(7) 0.10(30) - 0.08(6) - 

x-94 0.09(5) 0.56(20) 0.07(5) 0.15(11) 0.33(3) 0.18(4) 0.04(8) 0.45(8) 0.05(6) 0.15(8) 0.02(7) 0.04(30) 0.10(6) - - 

x-95 0.24(5) 0.71(20) 0.16(5) 0.24(11) 0.67(3) 1.26(4) 0.10(8) 0.58(8) 0.24(6) 0.15(8) 0.03(7) 0.05(30) 0.14(6) - - 
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G. Radionuclides concenrations in mosses 

The concentrations of 7Be, 137Cs, 40K, 210Pbuns, 
210Pbtot,

 232Th, 226Ra and their 

uncertainties are presented in Table G1. All the activities and their uncertainties are 

given in Bq kg-1.  

 

Table G1. The activities of the radionuclides 7Be, 137Cs, 40K, 210Pbuns, 232Th, 226Ra with their uncertainties 

given in Bq kg-1.  

samp

les 

7Be 

(Bq kg -1)  

137Cs 

(Bq kg -1)  

210Pbuns  

(Bq kg -1) 

210Pbtot  

(Bq kg -1) 

232Th 

(Bq kg -1) 

226Ra  

(Bq kg -1) 

40K  

(Bq kg -1) 

x-01 173±18 7.6±1.3 403±40 420±40 13.0±3.0 17.36±2.40 391±27 

x-02 550±50 17.6±1.4 1072±60 1080±60 5.9±1.2 7.23±1.77 221±17 

x-03 410±40 1.8±1.1 649±60 670±60 8.9±2.0 21.00±2.83 220±30 

x-04 330±40 20.3±2.0 856±60 900±60 18.2±2.6 40.71±3.12 255±22 

x-05 300±40 5.7±1.5 673±70 690±70 5.6±2.5 17.50±2.83 310±40 

x-06 500±50 5.6±1.6 520±40 520±40 14.4±2.2 0 156±18 

x-07 640±60 15.1±2.2 770±80 780±80 18.0±3.0 0 270±40 

x-08 640±60 6.0±1.2 1069±60 1100±60 27.0±3.0 24.66±2.38 166±17 

x-09 153±19 13.8±1.4 651±60 660±60 3.3±1.5 9.15±1.98 256±28 

x-10 206±22 11.1±1.4 840±70 850±70 4.2±1.4 10.03±1.96 215±24 

x-11 176±20 3.9±1.0 903±80 910±80 2.3±1.7 6.86±2.09 300±28 

x-12 264±25 5.4±1.1 853±70 860±70 7.1±1.8 7.37±1.97 262±23 

x-13 420±30 13.1±1.5 1201±100 1210±100 4.2±1.3 8.74±2.05 252±24 

x-14 319±28 17.3±1.7 774±70 780±70 1.8±1.3 6.22±2.01 212±24 

x-15 236±26 20.0±1.8 891±80 900±80 7.6±1.6 8.31±2.05 251±26 

x-16 218±21 6.3±1.0 765±60 770±60 0 5.65±2.01 280±25 

x-17 300±27 13.1±1.5 702±60 710±60 6.6±1.5 7.56±2.01 196±22 

x-18 322±24 40.9±1.7 600±50 610±50 17.2±1.5 9.08±1.35 242±15 

x-19 420±40 12.9±1.6 963±80 970±80 14.0±3.0 0 330±30 

x-20 570±40 34.7±2.6 1356±110 1370±110 6.1±2.3 13.55±2.05 266±24 

x-21 172±18 12.2±1.2 289±30 330±30 44.0±11.0 41.12±1.71 750±40 

x-22 217±21 6.4±1.0 583±50 600±50 18.0±5.0 16.37±1.39 361±24 

x-23 450±40 11.7±1.4 1149±100 1190±100 58.0±11.0 41.09±2.18 400±30 

x-24 320±30 22.9±2.0 838±80 860±80 16.0±6.0 21.44±2.40 510±30 

x-25 510±40 66.3±2.3 1302±70 1330±70 31.0±7.0 24.37±1.72 157±12 

x-26 390±40 5.2±1.1 1499±90 1520±90 14.8±2.1 19.41±2.06 263±19 

x-27 590±50 4.2±1.2 1176±100 1190±100 13.0±5.0 14.50±2.83 310±40 

x-28 236±27 3.2±0.9 681±60 690±60 9.0±3.0 9.35±2.18 308±26 

x-29 278±27 4.6±1.0 893±50 930±50 26.0±4.0 37.08±2.40 423±23 

x-30 162±22 24.2±2.1 524±50 540±50 7.4±1.4 15.92±2.05 255±28 

x-31 490±50 425±27 1160±100 1170±100 10.0±3.0 10.50±2.83 299±28 

x-32 360±40 22.1±2.3 337±40 360±40 17.0±3.0 23.00±2.57 530±40 

x-33 700±50 2.8±0.8 666±60 680±60 14.0±4.0 14.28±2.01 316±27 

x-34 279±25 8.8±0.7 543±30 550±30 6.9±1.1 6.54±0.91 166±10 

x-35 410±40 191±6.0 1626±90 1650±90 14.7±2.5 23.36±2.01 188±17 

x-36 330±30 18.3±1.5 808±50 820±40 8.6±1.3 12.00±1.78 131±13 

x-37 280±25 13.1±1.0 664±40 670±60 8.6±0.9 3.91±1.01 160±10 

x-38 340±40 23.6±2.4 856±60 870±40 27.0±3.0 13.53±2.57 226±20 

x-39 266±26 59.3±2.1 710±40 730±40 24.0±4.0 20.20±1.66 296±17 

x-40 290±30 32.9±2.3 583±40 590±40 4.5±1.8 7.23±2.44 162±19 

x-41 241±26 49.5±2.2 515±30 530±30 10.3±1.5 13.70±2.24 235±19 

x-42 327±27 57.8±1.7 837±40 850±40 10.8±0.9 12.18±1.20 262±13 
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x-43 204±19 5.6±0.6 898±50 910±50 9.0±1.5 11.31±1.03 254±14 

x-44 350±30 57.9±2.5 971±60 990±60 15.2±2.1 18.03±2.18 140±16 

x-45 230±30 159±10 1107±100 1130±100 8.0±4.0 22.56±3.12 310±30 

x-46 410±40 55.0±4.0 1169±100 1180±100 9.0±3.0 11.00±2.4 220±30 

x-47 280±30 55.0±4.0 725±70 740±70 7.3±2.0 15.64±2.40 350±30 

x-48 69±14 24.6±1.5 147±19 169±19 17.1±1.6 16.97±2.12 270±19 

x-49 410±30 45.0±3.0 826±70 840±70 17.0±2.7 14.58±1.48 400±30 

x-50 340±30 29.6±1.3 790±40 800±40 13.0±1.2 9.62±1.27 288±17 

x-51 370±30 70.2±2.3 1006±60 1040±60 25.7±1.2 34.50±2.12 197±13 

x-52 124±18 13.4±1.5 528±50 560±50 23.0±7.0 32.00±2.12 365±27 

x-53 231±23 6.1±1.0 481±50 500±50 14.0±3.0 18.63±2.01 294±28 

x-54 380±30 53.4±2.1 1495±80 1510±80 15.3±1.4 14.34±1.66 207±16 

x-55 280±30 4.9±1.4 811±70 820±70 0 9.00±2.83 205±29 

x-56 120±16 9.0±1.0 342±26 357±26 26.0±4.0 14.05±1.83 183±14 

x-57 540±40 181±5.0 1798±90 1820±90 18.9±1.2 22.13±1.62 235±13 

x-58 153±22 28.2±2.5 410±40 430±40 15.1±2.3 20.08±2.40 410±30 

x-59 460±40 67.0±5.0 816±80 830±80 4.5±2.1 14.00±2.83 270±40 

x-60 350±30 17.0±1.1 994±50 1000±50 9.3±1.2 6.02±1.32 120±11 

x-61 337±29 11.4±1.4 892±80 900±80 7.0±2.1 8.72±1.54 299±26 

x-62 720±60 28.4±1.9 950±59 950±60 14.4±2.2 0 194±16 

x-63 400±40 5.7±1.5 532±59 540±60 7.1±2.2 0 370±40 

x-64 272±25 15.7±1.4 605±60 620±60 26.0±5.0 14.53±1.73 265±23 

x-65 203±22 10.3±1.2 820±50 820±50 7.7±1.5 0 131±13 

x-66 320±30 5.0±1.0 610±60 630±60 15.9±2.3 21.20±2.40 490±40 

x-67 680±60 12.3±1.5 1099±60 1110±60 12.5±1.7 11.02±1.87 198±15 

x-68 540±40 13.0±1.6 543±50 570±50 17.2±2.9 27.41±2.29 520±40 

x-69 420±40 0 537±40 580±40 20.5±2.4 35.00±2.57 179±18 

x-70 360±40 5.2±1.7 710±70 730±70 7.8±2.3 20.61±3.12 340±40 

x-71 400±30 34.5±2.6 418±40 430±40 6.3±1.5 11.95±1.80 238±22 

x-72 560±50 255±7.0 894±50 900±50 5.3±1.4 6.48±1.42 148±12 

x-73 440±40 82.0±5.0 530±50 580±50 27.3±2.3 49.40±1.96 550±30 

x-74 350±30 122±3.0 738±40 760±40 9.8±1.3 19.81±1.39 159±10 

x-75 530±40 6.5±1.1 633±60 650±60 7.7±1.7 15.32±2.40 283±28 

x-76 660±60 25.5±1.4 1300±70 1330±70 17.7±1.6 27.68±1.87 185±14 

x-77 530±40 15.3±1.0 740±40 750±40 8.2±1.0 8.98±1.05 150±10 

x-78 820±60 25.3±2.3 1175±110 1300±110 45.0±8.0 125.77±3.84 350±40 

x-79 800±70 590±40 2049±80 2090±180 66±10 43.23±3.33 1060±60 

x-80 370±30 11.0±1.0 476±28 483±28 24.0±4.0 5.71±1.12 120±10 

x-81 460±40 21.4±2.3 809±80 830±80 16.2±2.9 21.50±3.54 290±40 

x-82 1280±100 66.7±2.7 1166±70 1180±70 15.0±3.0 14.27±1.87 231±17 

x-83 800±60 66.0±4.0 881±80 900±80 3.5±1.6 19.18±1.87 171±27 

x-84 940±80 11.7±1.2 796±50 840±50 12.2±1.5 39.8±2.40 169±13 

x-85 410±40 6.8±1.6 904±80 920±80 12.1±2.9 16.00±3.54 180±40 

x-86 310±30 13.9±1.6 398±40 450±40 51.0±6.0 50.88±2.40 530±40 

x-87 400±40 41.9±1.9 1920±100 1930±100 12.6±1.4 9.97±1.49 141±12 

x-88 570±50 10.9±1.8 867±80 880±80 14.0±3.0 14.49±3.12 260±40 

x-89 262±28 5.2±1.1 741±50 760±50 13.7±2.4 17.40±2.40 183±15 

x-90 250±30 26.1±2.4 619±60 640±60 17.7±2.0 21.00±2.83 260±30 

x-91 250±26 13.4±1.3 609±40 630±40 22.9±1.7 19.11±2.12 281±20 

x-92 289±28 23.1±2.1 659±60 670±60 10.7±2.1 11.00±2.12 146±29 

x-93 470±40 0 526±40 540±40 11.4±2.2 13.80±2.40 293±23 

x-94 70±17 52.4±3.8 594±58 602±58 6.7±2.2 6.81±2.30 266±29 

x-95 274±35 33.3±4.5 981±90 983±90 7.0±3.0 0 187±39 
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H. Relationship between the radionuclides 

In Figures H(a)-(j) the correlations between the radionuclides (7Be, 137Cs, 210Pbuns, 
210Pbtot, 

40K, 226Ra, 232Th) are presented. There is a strong correlation between 210Pbuns 

and 210Pbtot, which shows that the majority of 210Pb that was detected in mosses comes 

from the decay of 222Rn in the atmosphere. The rest nuclides do not present a linear 

correlation either due to the fact that they are accumulated in mosses through different 

processes (e.g 40K and7Be) or other parameters may influence their deposition. 
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Figures H (a)-(j). The correlation diagrams of the measured radionuclides in mosses. 

 

I. Statistical analysis: Q-Q plots of radionuclides 

After a short statistical analysis with SPSS 23 software, the Q-Q plots of the 

radionuclides are presented. The non-normality of their distribution, with the 210Pbuns 

exception is revealed. 

 

  

 

 



[210] 
 

  

 

 

 

Figures I (a)-(f). The Q-Q plots revealing the non-normality of the distribution of the radionuclides in 

mosses. 



[211] 
 

J. Radionuclides concenrations in mosses 

The concentrations of 137Cs, 40K and 210Pb among with their uncertainties are presented 

in Table J1. All the activities and the uncertainties are given in Bq kg-1.  

 

Table J1. The activities of the radionuclides 137Cs, 40K and 210Pb and their uncertainties are presented 

and given in Bq kg-1.  

samples 
137Cs 

(Bq kg -1)  

210Pb  

(Bq kg -1) 

40K  

(Bq kg -1) 

x-01 177.10±4.53 93.79±4.55 552.55±21.66 

x-02 7.45±0.25 43.63±1.97 449.09±17.31 

x-03 3.85±0.21 25.79±1.59 253.75±10.35 

x-04 3.57±0.19 22.57±1.38 403.46±15.92 

x-05 4.32±0.15 35.83±1.89 396.94±15.14 

x-06 0.34±0.26 28.86±5.96 408.61±16.27 

x-07 17.62±0.57 99.98±5.09 561.38±21.98 

x-08 110.80±2.88 213.64±8.94 553.74±21.73 

x-09 84.89±2.25 225.64±9.43 433.42±17.40 

x-10 10.93±0.40 77.72±3.76 273.19±11.31 

x-11 4.28±0.23 27.47±1.76 142.87±6.33 

x-12 14.58±0.48 187.97±7.98 862.58±33.17 

x-13 107.73±2.43 242.89±10.29 1000.8±38.56 

x-14 22.20±0.62 38.79±2.08 139.7±5.83 

x-15 16.94±0.54 64.95±4.04 604.68±23.56 

x-16 55.68±1.48 92.67±4.05 68.69±3.59 

x-17 101.21±2.64 158.49±6.08 224.63±9.36 

x-18 27.87±0.81 55.81±3.41 566.83±22.20 

x-19 14.41±0.45 97.73±4.14 374.73±14.86 

x-20 18.22±0.59 182.64±7.58 624.40±24.50 

x-21 2.35±0.22 61.98±3.18 853.46±33.01 

x-22 5.26±0.26 50.78±2.68 545.74±21.36 

x-23 86.10±2.26 330.12±13.6 545.24±21.27 

x-24 7.39±0.31 71.28±3.58 476.13±18.75 

x-25 21.97±0.65 53.19±2.73 486.82±19.14 

x-26 5.15±0.30 77.95±3.96 916.08±35.36 

x-27 5.93±0.26 54.42±2.54 514.39±20.10 

x-28 1.92±0.16 70.12±3.54 456.33±17.67 

x-29 3.12±0.24 126.86±5.46 936.83±36.09 

x-30 308.05±6.36 206.39±8.8 801.89±29.12 

x-31 0.80±0.31 86.44±6.55 756.24±27.35 

x-32 76.58±1.80 160.89±9.99 602.23±22.80 

x-33 18.44±0.58 81.00±23.00 482.04±18.28 

x-34 3.52±0.20 64.00±3.58 420.55±15.63 

x-35 218.37±4.62 164.87±7.12 290.51±11.83 

x-36 35.62±1.05 79.33±3.64 134.89±7.28 

x-37 34.26±1.06 49.87±3.44 468.38±19.29 

x-38 14.8±0.48 41.64±2.49 417.96±16.03 

x-39 39.14±1.00 109.13±5.66 911.17±32.93 

x-40 149.2±3.34 75.75±3.97 148.09±7.78 

x-41 18.61±1.00 94.53±4.89 568.25±21.05 

x-42 5.20±0.26 63.22±3.30 468.16±17.50 

x-43 17.57±0.54 53.48±2.93 578.11±22.59 
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x-44 74.70±2.00 175.17±7.59 473.57±18.88 

x-45 2568.8±64.5 1380.87±55.45 240.36±11.72 

x-46 267.39±6.79 261.70±10.93 423.52±16.89 

x-47 59.52±1.59 55.94±2.85 154.55±6.73 

x-48 512.07±12.87 170.36±8.08 436.86±16.93 

x-49 78.74±2.01 58.23±2.76 495.03±18.87 

x-50 229.70±5.88 198.42±8.24 343.17±14.09 

x-51 9.19±0.39 189.99±8.26 831.30±32.01 

x-52 13.78±0.45 94.03±4.35 564.65±21.86 

x-53 29.49±0.86 80.47±4.17 529.65±20.73 

x-54 27.33±0.81 94.42±4.22 475.84±18.80 

x-55 17.12±0.57 89.79±4.54 1123.77±43.16 

x-56 38.07±1.02 178.66±7.34 937.31±35.62 

x-57 51.45±1.41 117.57±5.65 584.30±22.94 

x-58 7.12±0.25 55.00±2.60 890.64±33.86 

x-59 6.84±0.25 47.52±2.48 360.14±14.01 

x-60 2.13±0.11 11.46±1.00 73.80±3.52 

x-61 14.29±0.46 73.83±3.64 731.98±28.25 

x-62 6.47±0.29 48.63±2.70 1010.23±38.73 

x-63 11.86±0.39 42.50±2.00 141.48±6.18 

x-64 8.82±0.31 100.09±4.51 729.79±27.88 

x-65 0.95±0.20 42.65±2.29 602.26±23.54 

x-66 4.01±0.22 57.26±2.78 338.51±13.62 

x-67 29.23±0.85 297.31±12.41 413.91±16.57 

x-68 21.03±0.58 48.16±2.29 364.73±14.12 

x-69 1.40±0.12 34.67±1.72 133.56±6.01 

x-70 8.75±0.40 126.3±5.00 763.93±29.75 

x-71 7.12±0.25 28.38±56 52.79±2.61 

x-72 108.35±2.83 173.41±7.66 387.69±15.64 

x-73 13.34±0.44 89.51±4.09 556.76±21.65 

x-74 69.99±1.86 103.76±4.76 216.54±9.11 

x-75 5.07±0.23 20.00±1.41 247.28±10.15 

x-76 11.18±0.41 112.34±4.87 1148.30±43.85 

x-77 36.05±1.00 89.90±3.87 537.73±20.75 

x-78 26.78±0.79 236.66±10.0 1076.20±41.00 

x-79 6.00±0.34 74.81±3.54 843.43±32.63 

x-80 1.12±0.19 30.34±2.31 446.23±17.86 

x-81 86.33±2.25 125.85±5.52 458.68±17.99 

x-82 20.81±0.56 69.78±3.60 353.43±13.59 

x-83 11.31±0.36 97.25±4.97 269.33±10.71 

x-84 25.84±0.75 77.28±3.83 481.08±18.94 

x-85 6.52±0.25 44.78±2.16 167.35±6.96 

x-86 2.77±0.21 92.45±5.19 772.07±29.5 

x-87 1.38±0.17 122.00±5.59 479.23±18.7 

x-88 80.07±2.08 74.60±3.77 546.71±21.15 

x-89 48.01±1.26 210.71±8.98 661.18±25.28 

x-90 46.27±1.23 84.59±5.28 615.08±23.68 

x-91 21.56±0.64 40.25±2.27 547.21±21.41 

x-92 5.62±0.28 67.43±3.36 734.91±28.47 

x-93 0.84±0.13 35.75±1.68 445.80±17.56 

x-94 101.89±2.70 565.34±21.45 383.36±15.74 

x-95 203.86±5.25 694.44±26.55 410.13±16.72 
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K. Transfer of resuspended soil to mosses for Radionuclides  

The transfer of resuspended soil to mosses of 137Cs, 40K and 210Pb radionuclides are 

presented in Table K1. 

Table K1. The transfer of resuspended soil to mosses for the radionuclides 137Cs, 40K and 210Pb.  

site Pb-210 K-40 Cs-137 

x-01 4.29±0.47 0.71±0.05 0.04±0.01 

x-02 24.57±1.77 0.49±0.04 2.36±0.2 

x-03 25.16±2.79 0.87±0.12 0.47±0.29 

x-04 37.93±3.52 0.63±0.06 5.69±0.64 

x-05 18.77±2.19 0.78±0.11 1.32±0.35 

x-06 18.02±3.97 0.38±0.05 16.47±13.45 

x-07 7.70±0.89 0.48±0.07 0.86±0.13 

x-08 5.00±0.35 0.3±0.03 0.05±0.01 

x-09 2.88±0.29 0.59±0.07 0.16±0.02 

x-10 10.81±1.04 0.79±0.09 1.02±0.13 

x-11 32.88±3.59 2.1±0.22 0.91±0.24 

x-12 4.54±0.42 0.3±0.03 0.37±0.08 

x-13 4.95±0.46 0.25±0.03 0.12±0.01 

x-14 19.95±2.1 1.52±0.18 0.78±0.08 

x-15 13.73±1.5 0.42±0.05 1.18±0.11 

x-16 8.25±0.74 4.08±0.42 0.11±0.02 

x-17 4.43±0.41 0.87±0.10 0.13±0.02 

x-18 10.76±1.11 0.43±0.03 1.47±0.07 

x-19 9.85±0.92 0.88±0.09 0.9±0.11 

x-20 7.43±0.67 0.43±0.04 1.9±0.16 

x-21 4.66±0.54 0.88±0.06 5.19±0.7 

x-22 11.48±1.16 0.66±0.05 1.22±0.2 

x-23 3.48±0.33 0.73±0.06 0.14±0.02 

x-24 11.76±1.27 1.07±0.08 3.1±0.30 

x-25 24.481.82 0.32±0.03 3.02±0.14 

x-26 19.23±1.51 0.29±0.02 1.01±0.22 

x-27 21.6±2.10 0.61±0.08 0.71±0.20 

x-28 9.71±0.98 0.67±0.06 1.67±0.49 

x-29 7.04±0.50 0.45±0.03 1.47±0.34 

x-30 2.54±0.26 0.32±0.04 0.08±0.01 

x-31 13.41±1.54 0.4±0.04 531.25±209 

x-32 2.10±0.28 0.88±0.07 0.29±0.03 

x-33 8.22±2.45 0.66±0.06 0.15±0.04 

x-34 8.49±0.67 0.39±0.03 2.5±0.24 

x-35 9.86±0.69 0.65±0.01 0.87±0.03 

x-36 10.18±0.78 0.97±0.11 0.51±0.04 

x-37 13.32±1.22 0.34±0.03 0.38±0.03 

x-38 20.56±1.89 0.54±0.05 1.59±0.17 

x-39 6.50±0.50 0.32±0.02 1.52±0.07 

x-40 7.69±0.66 1.1±0.14 0.22±0.02 

x-41 5.45±0.42 0.41±0.04 2.66±0.19 

x-42 13.24±0.94 0.56±0.03 11.12±0.64 

x-43 16.79±1.31 0.44±0.03 0.32±0.04 

x-44 5.55±0.42 0.30±0.04 0.78±0.04 



[214] 
 

x-45 0.80±0.08 1.29±0.14 0.06±0.004 

x-46 4.47±0.43 0.52±0.07 0.21±0.02 

x-47 12.95±1.41 2.26±0.22 0.92±0.07 

x-48 0.87±0.12 0.62±0.05 0.048±0.003 

x-49 14.19±1.38 0.81±0.07 0.57±0.04 

x-50 3.98±0.26 0.84±0.06 0.13±0.01 

x-51 5.29±0.39 0.24±0.02 7.64±0.41 

x-52 5.62±0.59 0.65±0.05 0.97±0.11 

x-53 5.98±0.69 0.56±0.06 0.21±0.03 

x-54 15.84±1.10 0.44±0.04 1.95±0.10 

x-55 9.03±0.90 0.18±0.03 0.29±0.08 

x-56 1.92±0.16 0.2±0.02 0.24±0.03 

x-57 15.29±1.06 0.4±0.03 3.52±0.14 

x-58 7.44±0.81 0.46±0.04 3.96±0.38 

x-59 17.17±1.91 0.75±0.11 9.8±0.81 

x-60 86.73±8.73 1.63±0.17 7.98±0.66 

x-61 12.08±1.24 0.41±0.04 0.80±0.10 

x-62 19.54±1.63 0.19±0.02 4.39±0.35 

x-63 12.52±1.53 2.62±0.30 0.48±0.13 

x-64 6.05±0.66 0.36±0.03 1.78±0.17 

x-65 19.23±1.56 0.22±0.02 10.84±2.61 

x-66 10.64±1.17 1.45±0.13 1.25±0.26 

x-67 3.7±0.25 0.48±0.04 0.42±0.05 

x-68 11.27±1.17 1.43±0.12 0.62±0.08 

x-69 15.49±1.38 1.34±0.15 0 

x-70 5.62±0.61 0.45±0.06 0.59±0.20 

x-71 14.73±1.62 4.51±0.47 4.85±0.40 

x-72 5.15±0.37 0.38±0.03 2.35±0.09 

x-73 5.93±0.62 0.99±0.07 6.15±0.43 

x-74 7.11±0.50 0.73±0.06 1.74±0.06 

x-75 31.65±3.73 1.14±0.12 1.28±0.22 

x-76 11.57±0.80 0.16±0.01 2.28±0.15 

x-77 8.23±0.57 0.28±0.02 0.42±0.03 

x-78 4.96±0.51 0.33±0.04 0.94±0.09 

x-79 27.38±2.73 1.26±0.09 98.33±8.69 

x-80 15.7±1.51 0.27±0.02 9.82±1.89 

x-81 6.42±0.69 0.63±0.09 0.25±0.03 

x-82 16.7±1.32 0.65±0.05 3.21±0.16 

x-83 9.06±0.94 0.63±0.10 5.84±0.40 

x-84 10.3±0.82 0.35±0.03 0.45±0.05 

x-85 20.19±2.03 1.08±0.24 1.04±0.25 

x-86 4.31±0.49 0.69±0.06 5.02±0.69 

x-87 15.74±1.10 0.29±0.03 30.36±3.99 

x-88 11.62±1.22 0.48±0.08 0.14±0.02 

x-89 3.51±0.28 0.28±0.03 0.11±0.02 

x-90 7.32±0.84 0.42±0.05 0.56±0.05 

x-91 15.14±1.31 0.51±0.04 0.62±0.06 

x-92 9.77±1.01 0.2±0.04 4.11±0.43 

x-93 14.7±1.31 0.66±0.06 0 

x-94 1.05±0.11 0.69±0.08 0.51±0.04 

x-95 1.41±0.14 0.46±0.10 0.16±0.02 
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L. The coordinates 

In the below Table L1, the coordinates of the sampling sites are presented. 

 

Table L1. The longitude and latitude of the sampling sites. 

site Longitude Latitude 

x-01 2.310.825 4.059.600 

x-02 2.316.655 4.081.600 

x-03 2.335.061 4.082.825 

x-04 2.358.183 4.075.877 

x-05 2.362.119 4.065.675 

x-06 2.328.669 4.055.250 

x-07 2.310.222 4.044.505 

x-08 2.291.694 4.073.802 

x-09 2.614.730 4.164.555 

x-10 2.619.277 4.151.027 

x-11 2.621.722 4.140.208 

x-12 2.606.438 4.127.105 

x-13 2.592.147 4.113.591 

x-14 2.570.847 4.126.138 

x-15 2.559.666 4.122.291 

x-16 2.553.361 4.094.472 

x-17 2.575.230 4.097.644 

x-18 2.626.119 4.113.669 

x-19 2.563.766 4.116.686 

x-20 2.542.833 4.120.208 

x-21 2.535.111 4.116.333 

x-22 2.516.566 4.112.458 

x-23 2.490.438 4.114.702 

x-24 2.484.444 4.119.666 

x-25 2.499.594 4.134.922 

x-26 2.486.547 4.136.055 

x-27 2.500.000 4.126.922 

x-28 2.487.238 4.125.755 

x-29 2.465.947 4.127.258 

x-30 2.129.617 4.059.225 

x-31 2.130.277 4.085.355 

x-32 2.168.436 4.087.769 

x-33 2.148.111 4.060.641 

x-34 2.151.055 4.043.986 

x-35 2.096.583 4.028.658 

x-36 2.101.763 4.009.650 

x-37 2.120.950 4.003.555 

x-38 2.161.830 4.004.338 

x-39 2.194.175 4.006.255 

x-40 2.188.608 4.033.011 

x-41 2.124.102 4.025.883 

x-42 2.123.658 4.013.066 

x-43 2.258.944 3.996.597 

x-44 2.250.147 4.003.041 

x-45 2.242.922 4.009.566 

x-46 2.231.541 4.021.161 
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x-47 2.226.580 4.030.719 

x-48 2.222.972 4.019.850 

x-49 2.240.222 4.041.991 

x-50 2.393.477 4.108.775 

x-51 2.413.505 4.142.641 

x-52 2.419.625 4.149.288 

x-53 2.423.755 4.150.244 

x-54 2.431.430 4.149.627 

x-55 2.428.638 4.142.861 

x-56 2.422.225 4.129.983 

x-57 2.369.563 4.126.366 

x-58 2.383.763 4.140.516 

x-59 2.391.225 4.138.700 

x-60 2.392.327 4.129.247 

x-61 2.446.694 4.131.527 

x-62 2.433.847 4.119.877 

x-63 2.358.500 4.110.866 

x-64 2.357.486 4.120.555 

x-65 2.338.883 4.138.611 

x-66 2.328.900 4.129.252 

x-67 2.303.658 4.129.386 

x-68 2.289.775 4.130.194 

x-69 2.316.530 4.117.791 

x-70 2.355.961 4.110.722 

x-71 2.204.430 4.061.091 

x-72 2.205.097 4.055.625 

x-73 2.211.438 4.040.019 

x-74 2.225.758 4.046.538 

x-75 2.307.566 4.093.213 

x-76 2.313.183 4.099.077 

x-77 2.294.852 4.112.022 

x-78 2.247.744 4.106.944 

x-79 2.240.083 4.091.344 

x-80 2.228.691 4.108.097 

x-81 2.191.552 4.095.461 

x-82 2.195.319 4.084.369 

x-83 2.191.222 4.075.027 

x-84 2.215.472 4.090.155 

x-85 2.463.075 4.102.797 

x-86 2.357.563 4.048.275 

x-87 2.369.697 4.055.008 

x-88 2.365.577 4.045.866 

x-89 2.362.366 4.028.297 

x-90 2.380.147 4.010.558 

x-91 2.354.858 3.997.277 

x-92 2.333.055 4.045.055 

x-93 2.342.097 4.002.150 

x-94 2.444.683 4.108.600 

x-95 2.421.138 4.092.111 

 

 

 


