
Έπειτα από μακροχρόνια παρακολούθηση άπειρων ιστοσελίδων παραπληροφόρησης, τις άκαρπες 
συζητήσεις μου με συνωμοσιολόγους, και με αφορμή τις κραυγές του Γιώργου Τράγκα μέσα απ’ το 
θάλαμο τοξικών νεφών του SKAI (09/06/2013) σε συνδυασμό με τα σχόλια για την ψεκασμένη 
εκπομπή (19/05/2013) του Σταύρου Θεοδωράκη (βλέπε δείγμα στον επόμενο σύνδεσμο), 
ανεξάρτητα της καλής ή κακής ποιότητας του εν λόγω επεισοδίου και του χαμηλού ή υψηλού 
επιπέδου του καναλιού, μου δημιουργήθηκε η ανάγκη να γράψω μια ιστορία-ανοιχτή επιστολή έτσι 
στην αγανάκτηση: 
https://www.facebook.com/pages/%CE%A0%CF%81%CF%89%CF%84%CE%B1%CE%B3%CF
%89%CE%BD%CE%B9%CF%83%CF%84%CE%AD%CF%82-
%CE%A3%CF%84%CE%B1%CF%8D%CF%81%CE%BF%CF%82-
%CE%98%CE%B5%CE%BF%CE%B4%CF%89%CF%81%CE%AC%CE%BA%CE%B7%CF%
82/175766495788438 
  
   

Ο (Αγανακτισμένος) Ψεκαστής των Παρ-αλόγων 
  
Στην αρχαιότητα, όχι και πολύ μακριά μας, ο Άνθρωπος έβλεπε τη φωτιά και τον κεραυνό 
φοβισμένα θεωρώντας τα όχι μόνο ως έκφραση θεϊκού μένους, αλλά δίνοντάς τους και πολλές 
άλλες ερμηνείες απορριπτέες ακόμα κι απ’ τη λογική ενός μικρού παιδιού στις μέρες μας…  
  
Τα χρόνια πέρασαν και η Ανθρωπότητα γνώρισε την Αναγέννηση, ανακάλυψε την Αμερική, 
ανέπτυξε την επιστημονική σκέψη, καλλιέργησε την τέχνη και την αισθητική της και ήκμασε 
εγκεφαλικά λύνοντας παράλληλα μ’ όλα αυτά τα μυστήρια του κεραυνού και της φωτιάς κι 
απομυθοποιώντας τα υπόλοιπα φυσικά φαινόμενα, αλλά… Στη συνέχεια έδεσε το γάιδαρό της στην 
ύλη και την τεχνολογία με αποτέλεσμα να ξεχάσει να μορφωθεί και να μεταλαμπαδεύσει παιδεία 
και φλόγα για μάθηση στις επόμενες γενιές… Δεν της έμεινε χρόνος για τέτοια «ευτελή πράγματα» 
μέσα στις υψηλές ταχύτητες της υπερκατανάλωσης των πάντων, διαμαντιών αλλά και σκουπιδιών, 
μηχανικών εφήμερων γνώσεων, άχρηστων ειδήσεων, κάθε λογής πληροφοριών και 
παραφιλολογίας.  
  
Επαναπαύθηκε στις δόξες, τις κατακτήσεις και τα επιτεύγματά της _________________ 
  
Έτσι ήρθε η παρακμή και το Άτομο γέμισε τα υλικά, ψυχολογικά και εγκεφαλικά του κενά αέρος 
με τοξικά νέφη από αεροψεκασμούς Αλουμινίου, Βαρίου, Στροντίου και λοιπών ναρκωτικών 
ουσιών… Ο αμόρφωτος έγινε γνώστης των πάντων, ντοπαρισμένος με αναίτια υψηλή 
γνωσιολογική αυτοεκτίμηση και είναι έτοιμος να κατασπαράξει όποιον με απλά επιχειρήματα, 
βασιζόμενα στους θεμελιώδεις νόμους της φύσης, του θίγει τις απόψεις, που εκτός των άλλων 
έχουν πάρει διαστάσεις επικίνδυνης θρησκείας. Η τοξικότητα δε της ψεκασμένης ατμόσφαιρας, του 
προκάλεσε επιλεκτική κώφωση απέναντι στις ευρέως διαθέσιμες εξηγήσεις των φαινομένων από τη 
διεθνή αλλά και εθνική επιστημονική κοινότητα. Έτσι, καθήμενος πάνω στον θρόνο του 
βλακώδους βασιλείου του, κοιτάζει από ψηλά ανθρώπους επιστημονικού κύρους και ποιότητας 
Γιώργου Γραμματικάκη και θεωρεί ότι τους απαξιώνει μην ακούγοντας τίποτα απ’ όσα λένε και 
κράζοντας στίχους από το ευαγγέλιο της σταυροφορικής αίρεσής του. Είπαμε, δεν χρειάζεται ν’ 
ακούσει, ξέρει περισσότερα κι από τους ειδικούς! Ξέρει περισσότερα κι από αυτούς που δείχνουν 
την επιστημονική ποιότητά τους με την δουλειά τους και συνεχώς αξιολογούνται από εκατομμύρια 
άλλων επιστημόνων-ερευνητών μέσω της έγκριτης επιστημονικής βιβλιογραφίας.  
  
Ο ξερόλας λοιπόν σύγχρονος άνθρωπος ξέρει πολύ καλά ότι τα ξέρει όλα και προσφέρει τις 
πολύτιμες γνώσεις του για την σωτηρία της ανθρωπότητας! Είναι ακτιβιστής ένα πράγμα και όλοι 
οι υπόλοιποι έχουν δικαίωμα μόνο στον ρόλο του ψεκασμένου καναπεδάτου κηφήνα. Τα 
χαρακτηριστικά λοιπόν των σωτήρων μας αρχίζουν να φαίνονται πλέον καθαρά μέσα απ’ τα νέφη 



των ψεκαστηριών και τα χαρίσματα τους δείχνουν να είναι αμέτρητα. Έτσι ο «ακτιβιστής» φίλος 
μας: 

• Ξέρει ότι τον ψεκάζουν μιας και οι λευκές ουρές των αεροπλάνων θα έπρεπε σύμφωνα με 
τη λογική του να εξαφανίζονται εντός 25’-30’ ανεξαρτήτως των μετεωρολογικών συνθηκών 
στο εκάστοτε ύψος πτήσης. Έχουν επαγγελματικό ραντεβού και πρέπει να φύγουν 
οπωσδήποτε εντός μισαώρου. Άσε που είναι σίγουρος διότι έχει δει τόσες φωτογραφίες 
αεροψεκασμών στο διαδίκτυο, τόσα βίντεο στο YouTube, τόσα ντοκιμαντέρ των 
εξωχώριων συναγωνιστών του και το έχει διαβάσει σε άπειρα blogs κάνοντας ΕΡΕΥΝΑ 
(???) ως άλλος Χιούη, Ντιούη, Λιούη στους μικρούς (εξ)ερευνητές της Disney. Βέβαια, 
παρότι μπορεί να διαβάζει τα σύννεφα (???), αν τον ρωτήσεις ποια είναι τα βασικά 
«στρώματα» της ατμόσφαιρας και ποιες οι βασικές ιδιότητές τους, τι θερμοκρασίες 
επικρατούν στα 10km, πώς μεταβάλλεται η ατμοσφαιρική θερμοκρασία και πίεση με το 
ύψος, ποιες είναι οι συνήθεις ταχύτητες των ανέμων εκεί ψηλά, τι είναι δύναμη Coriolis, 
ποιος είναι ο μηχανισμός δημιουργίας νεφών, ποια είναι τα είδη των νεφών και ποιες οι 
ιδιότητές τους, ποιες είναι οι παράμετροι που συμβάλουν για την έναρξη ή μη 
βροχόπτωσης, ποια είναι η σύσταση της τροπόσφαιρας, από τι αποτελούνται στο 
μεγαλύτερο μέρος τους τα παραγόμενα αέρια από την καύση οργανικών ενώσεων, κλπ, θα 
σε κοιτάξει αρχικά αμήχανα και στη συνέχεια θα σου πει με περισπούδαστο ύφος ότι… 
σύμφωνα με τις βαρυσήμαντες έρευνές του μας ψεκάζουν, έχει τεκμήρια απ’ το ίντερνετ. 
Αν είναι και λίγο πιο θερμόαιμος ίσως να σε βρίσει με το χειρότερο τρόπο, έτσι για 
κερασάκι στην απάντηση. Ούτε λόγος να τον στείλεις γι αρχή να διαβάσει τη «Φυσική της 
Ατμόσφαιρας» του Ζερεφού, τον θεωρεί ανύπαρκτο όπως και όλους τους μετεωρολόγους. 
Παρεμπιπτόντως, αλλοίμονο σε όποιον έχει φάει τα χρόνια του, έχει λιώσει καρέκλες, έχει 
κάψει μηχανήματα/όργανα υψηλής τεχνολογίας κι αξίας και έχει καταναλώσει υπέρογκα 
κονδύλια για να κάνει επιστημονική έρευνα προς ανύψωση του πνεύματος και παροχή 
υπηρεσιών προς την ανθρωπότητα… 

• Είναι δεινός spammer και σου στέλνει/δείχνει καθημερινά άπειρες φωτογραφίες με ουρές, 
σύννεφα, ραδιοτηλεσκόπια και ιπτάμενα αντικείμενα, αλλά οι αγαπημένες του είναι εκείνες 
με τα βαρέλια μέσα στην καμπίνα του αεροπλάνου… Έχει γεμίσει τον τόπο μ’ αυτές και 
συνεχίζει να τον γεμίζει παρότι έχει ενημερωθεί τι δουλειά έχουν τα βαρέλια εκεί μέσα. 
Είναι ατράνταχτο τεκμήριο αεροψεκασμών! Θα πέταγε ποτέ κανείς σας με ένα καινούριο 
μοντέλο αεροπλάνου αν αυτό δεν είχε ελεγχθεί εξονυχιστικά σε πραγματικές συνθήκες πριν 
βγει στην αγορά; Να υποθέσω πως όχι. Στις πραγματικές συνθήκες λοιπόν, 
συμπεριλαμβάνεται και το φορτίο του επιβατικού κοινού μαζί με τη μετατόπιση που μπορεί 
να έχει σε περίπτωση ελιγμών. Ποια καλύτερη μέθοδος υπάρχει για την εξομοίωση 
κινούμενου φορτίου απ’ το να μπουν στα σημεία των επιβατικών θέσεων δοχεία με νερό τα 
οποία θα επικοινωνούν κιόλας μεταξύ τους; 

• Έχει ανακαλύψει ιστοσελίδες εργαστηρίων και οργανισμών που παρέχουν στους επισκέπτες 
online δορυφορικές λήψεις μετεωρολογικών παραμέτρων, σήματα μετεωρολογικών ραντάρ, 
σήματα ραδιοτηλεσκοπίων, μετρήσεις περιβαλλοντικών παραμέτρων, μετρήσεις 
ραδιενέργειας, κλπ, και ερμηνεύει με μεγάλη ευχέρεια όλα αυτά τα δεδομένα ζωντανής 
ροής ως άλλος υπερυπολογιστής. Στις περισσότερες περιπτώσεις συνδυάζει σε μηδέν χρόνο 
τα δεδομένα απ’ όλα τα sites και βρίσκει ύποπτους συσχετισμούς μεταξύ των διαφόρων 
μετρούμενων μεγεθών! Άραγε οι επιστήμονες που διαχειρίζονται τα εν λόγω συστήματα, 
είναι σε θέση να δώσουν εξηγήσεις για τα μελετώμενα φαινόμενα εφάμιλλες μ’ αυτές του 
μικρού εξερευνητή μας; Δε νομίζω, αφού δεν είναι σε θέση να αφαιρέσουν απ’ την κοινή 
θέα ούτε τις μετρήσεις που «καταλήγουν με μαθηματική ακρίβεια» σε επιβεβαίωση 
ύποπτων διεργασιών… Σημειώνεται ότι ο φίλος μας παρά τις παραπάνω αξιοζήλευτες 
ερμηνευτικές ικανότητές του, δεν έχει ιδέα περί μετεωρολογικών ραντάρ, 
ραδιοτηλεσκοπίων (τα μπερδεύει με διαστημικά μετεωρολογικά όπλα από ταινίες 
επιστημονικής φαντασίας), τι είναι αεροζόλ, πως δημιουργείται, τι σχέση έχει με τα PM10, 
τα PM2.5 και άλλα κλάσματα της PM, σε τι εξυπηρετεί ο διαχωρισμός της PM σε 



κλάσματα, τι είναι δειγματοληπτικός κυκλώνας, τι είναι χημεία ατμόσφαιρας και πως 
επηρεάζει το κλίμα ή επηρεάζεται απ’ αυτό, τι είναι κολλοειδές, κλπ, κλπ. 

• Το φαινόμενο του θερμοκηπίου γι αυτόν δεν υπάρχει και θεωρεί ότι το θέμα είναι λήξαν, 
παρότι οι περισσότεροι επιστήμονες είναι επιφυλακτικοί και ίσως να μην καταλήξουν ποτέ 
σε συμπεράσματα. Επίσης ξέρει πολύ καλά ότι το διοξείδιο του άνθρακα ψύχει την 
ατμόσφαιρα (νέες εξελίξεις στη σύγχρονη φυσική). 

• Ξέρει ότι o «μαύρος πάπας» A. Nicolas, οι Rothschild, οι Rockefeller, οι Bush, ο H. 
Kissinger, ο D. Cheney, ο D. Rumsfeld, ο K. Rove, ο P. Wolfowitz και μόνον αυτοί φταίνε 
για την κακή οικονομική κατάστασή, την ελλιπή παιδεία και τη συνεπαγόμενη κατάντια 
του… Αυτοί είναι δε οι κύριοι υπεύθυνοι των αεροψεκασμών από Νατοϊκά αεροσκάφη, 
διότι έχουν αγοράσει εκτός άλλων ότι άψυχο κι έμψυχο είναι σχετικό με μετεωρολογία και 
παγκόσμια τροποποίηση καιρού (???). Κατά καιρούς του φταίνε επίσης οι B. Gates και S. 
Jobs για διάφορα υποδεέστερα θέματα (πάντα βέβαια ξεχνάει ότι χρησιμοποιεί την 
τεχνολογία τους για να τους καταγγέλλει ζωντανούς ή εκλιπόντες). 

• Γνωρίζει πολύ καλά ότι οι τυφώνες που σαρώνουν τον πλανήτη μας (και όχι μόνο) είναι 
τηλεκατευθυνόμενοι από το Αμερικάνικο Πεντάγωνο και τους παραπάνω κυρίους (με 
joystick). Είναι τόσο βλάκες εκεί στο Αμέρικα, που καταστρέφουν την ίδια τους τη χώρα 
και τις περιουσίες τους με το πάτημα ενός κομβίου. 

• Ως άλλος Γ. Γκιόλβας, είναι ο μόνος που γνωρίζει τη μυστική οπλική τεχνολογία των ΗΠΑ 
στην οποία συμπεριλαμβάνεται και το «υπερόπλο» HAARP(IC τα καθαρίζει όλα). 
Επισημαίνεται ότι σύμφωνα με τα τελευταία διαδικτυακά ντοκουμέντα οι ψεκασμοί με 
μέταλλα και ειδικά Αλουμίνιο, πραγματοποιούνται για να αυξηθεί η εμβέλεια και 
αποτελεσματικότητα του HAARP. Αλήθεια, το γνωρίζατε ότι ο σεισμός (???) που 
κατέστρεψε το παλαιότερο πυρηνικό εργοστάσιο της Ιαπωνίας στη Fukushima 
δημιουργήθηκε με το εν λόγω υπερόπλο μετά από εκτεταμένο ψεκασμό στην περιοχή; Ναι 
κυρίες και κύριοι, για την έναρξη του ατυχήματος δεν ευθύνεται το Tsunami και οι 
σεισμολόγοι μας αποκρύπτουν στοιχεία. Ααααχ βρε κακόμοιρε Τσελέντη, του συστήματος 
είσαι κι εσύ. Λοιπόν, για να μπαίνουν τα πράγματα στη σωστή τους διάσταση, το 
Αμερικάνικο μη διαβαθμισμένο project HAARP 
(http://www.haarp.alaska.edu/haarp/gen.html) στη μορφή που έχει δε μπορεί σε καμία 
περίπτωση να χρησιμοποιηθεί ως επιθετικό όπλο, όπως δε μπορεί εκτός άλλων να 
χρησιμοποιηθεί και ως αξονικός τομογράφος ακτίνων Χ για την απεικόνιση και ανάλυση 
του υπεδάφους και του εσωτερικού της Γης γενικότερα (βασικές γνώσεις Φυσικής). Το 
αξιοθαύμαστο γεγονός είναι ότι τα παραπάνω τα φαντάστηκαν και τα ισχυρίστηκαν κάποιοι 
«περίεργοι» ακριβοπληρωμένοι κατά τ’ άλλα ευρωβουλευτές 
(http://www.europarl.europa.eu/sides/getDoc.do?pubRef=-//EP//TEXT+REPORT+A4-
1999-0005+0+DOC+XML+V0//EL). Όποιος σχετικός επιστήμονας δεν πείθεται μπορεί να 
κλείσει ένα ραντεβού με τους διαχειριστές και να πάει για «επιθεώρηση» στην Αλάσκα… 

• Ανεξαρτήτως αν δεν μπορεί να ξεχωρίσει τα ηχητικά-μηχανικά από τα ηλεκτρομαγνητικά 
κύματα, παρότι δεν έχει ιδέα πώς δημιουργούνται τα στάσιμα κύματα και τι σημαίνει 
συντονισμός, κάνει πειράματα με διάφορες ηχητικές συχνότητες/ερασιτεχνικά μικροκύματα 
(???) και αποφαίνεται, σύμφωνα πάντα με τα αποτελέσματα του βαθυστόχαστου 
πειράματος, ότι και στην Ελλάδα οι «κακοί» μας επιτίθενται καθημερινώς με 
επαγγελματικά ηχητικά/ηλεκτρομαγνητικά (???) κανόνια που επιδρούν στο ανθρώπινο 
νευρικό σύστημα και προκαλούν κούραση και κατάθλιψη. Και για να μη μιλάμε χωρίς 
τεκμήρια, δείτε τις αναλύσεις του λαμπρού ξερόλα ερευνητή για τα ηχοπειράματα, στο 
εγκυρότατο ενημερωτικό site http://allnewz.weebly.com/11/post/2013/03/24.html που έχει 
φτιάξει με τους ομοϊδεάτες του (στην πραγματικότητα έχει αναδημοσιεύσει βίντεο από 
πιτσιρικάδες που παίζουν με ήχους κι έχει εμπνευστεί μια δικιά του φανταστική ιστορία την 
οποία και διατυπώνει με μοναδικό τρόπο…). Κάτι σε πατέντα Γκιόλβα φέρνει κι αυτό το 
οπλικό σύστημα, που εκτός της κατάθλιψης στον πληθυσμό δημιουργεί και κυματισμούς 
στα σύννεφα… 



• Ξέρει όσο κανείς άλλος γιατί επιλέχθηκε η συχνότητα του flicker στις οθόνες της 
τηλεόρασης να είναι 60Hz (αυτούσια μεταφορά κειμένου από ανοιχτή προς όλους -έως την 
24.05.2013 τουλάχιστον- δημοσίευση παντογνώστη σε προφίλ φέισμπουκ και όχι μόνο): 
«Αυτή η συχνότητα ανήκει στα ΑΛΦΑ κύματα - Alpha waves (???)… και συντονίζεται με 
την υπνωτική κατάσταση του εγκεφάλου (???)… και με τις νέες τηλεοράσεις HD και τους 
ψηφιακούς μεταδότες (που ενώ ο κόσμος καίγεται, φρόντισαν να χρηματοδοτήσουν ώστε 
να το αποκτήσουν περισσότεροι)… Γιατί τους νοιάζει τόσο πολύ να βλέπεις Σουλεϊμάν σε 
υψηλή ευκρίνεια; Ακομα και 45 λεπτα αφου κλεισετε την τηλεοραση παραμενετε στην 
κατασταση υπνωτικης καταστασης. Την συχνοτητα μπορειτε να την δειτε αν στρεψετε την 
καμερα του κινητου σας στην οθονη σας…». Προσωπικά θα ξαναπάω πανεπιστήμιο και θα 
διαβάζω πιο επισταμένα, διότι οι δάσκαλοί μας στον Ηλεκτρομαγνητισμό, τα Ηλεκτρονικά 
και την Υγειοφυσική δε μας τα είχαν πει αυτά (μάλλον θα είναι καινούρια η έρευνα). 

• Είναι πεπεισμένος ότι ο μετεωρίτης που έπεσε πρόσφατα στα Ουράλια, δεν είναι τίποτα 
άλλο παρά μια μυστική πυρηνική δοκιμή των ΗΠΑ. Ενδιαφέρον, κάτσε να ενημερώσω και 
τους συναδέλφους στη Ρωσία. 

• Ενώ όπως είναι αναμενόμενο δεν έχει ιδέα τι είναι το Φθόριο και το εμπλέκει με μαγικό 
τρόπο με την πυρηνική βιομηχανία και τα απόβλητά της, γνωρίζει ότι προστίθεται απ’ τους 
«κακούς» στο νερό των δικτύων μας για να μας σκοτώνει αργά και… βασανιστικά. Είχα 
την εντύπωση ότι στην Ελλάδα όπως και στις περισσότερες άλλες χώρες γίνεται Χλωρίωση 
για λόγους απολύμανσης, αλλά… όσο ζώ μαθαίνω (ενδεικτικά βλέπε εδώ 
http://www.deyap.gr/environment/apolimansi_nerou.pdf κι εδώ 
http://www.chemist.gr/2009/12/2474/). Επίσης είχα την εντύπωση ότι η συγκέντρωση του 
Φθορίου στα ύδατα είναι ελεγχόμενη ακόμα και σε περιοχές των ΗΠΑ, που γίνεται 
Φθορίωσή τους κατόπιν σχετικής απόφασης της εκάστοτε πολιτείας ή δήμου 
(http://water.epa.gov/drink/contaminants/basicinformation/fluoride.cfm). 

• Πιστεύει στα UFO και τα βιντεοσκοπεί (όποιος ενδιαφέρεται, τα βράδια έχει πολλά εκεί στο 
Πήλιο), αλλά το κρύβει επιμελώς για να μην τον πούνε γραφικό κι ύστερα δεν τον 
πιστεύουν ούτε για τα ψεκαστήρια. Είναι αξιοσημείωτο ότι δημοσίως απορρίπτει όποιον 
τολμήσει να μιλήσει για επισκέψεις εξωγήινων! Προσωπικά πιστεύω στα UFO… είναι 
συνεχώς γύρω μας. 

• Έχει βράσει ρύζι και το έχει βάλει σε δυο δοχεία τα οποία και έχει σφραγίσει. Στο ένα 
φέρεται με αγάπη και το ρύζι έχει διατηρήσει το υπόλευκο χρώμα του μετά από χρόνια, ενώ 
στο άλλο μιλάει με μίσος με αποτέλεσμα να σαπίσει και να μαυρίσει το περιεχόμενο… 
Όταν δεις τα βαζάκια και τον ρωτήσεις τι συνέβη, σου εξηγεί ότι λόγω του νερού που 
περιέχει το ανθρώπινο σώμα και ο εγκέφαλος, τα κύματα που εκπέμπει κατά τη συνομιλία 
με το ρύζι είναι συμβατά μ’ αυτό και το επηρεάζουν θετικά κι αρνητικά αντίστοιχα! Επίσης, 
θα σου πει ότι το νερό έχει μνήμη (???). Ούτε λόγος για την τυχαιότητα του φαινομένου και 
την καλή ή κακή εφαρμογή των καπακιών στα βάζα με επακόλουθη την επαρκή ή μη 
στεγανοποίησή τους. Φυσικά τι να μας πει κι ο Παστέρ με τις έρευνες και τα πειράματά του, 
υψηλά-ψιλά γράμματα… 

• Είναι απόλυτα σίγουρος ότι τα μεταλλαγμένα τρόφιμα είναι επικίνδυνα για την υγεία. Όλοι 
οι υπόλοιποι ειδικοί επιστήμονες που ακόμα το διερευνούν απλά χάνουν το χρόνο τους. 

• Αντιτίθεται στη χρήση φαρμάκων κι εμβολίων, διότι ειδικά τα τελευταία περιέχουν 
Υδράργυρο και Φορμαλδεΰδη ενώ όλα μαζί είναι τοξικά κι ελέγχουν συνειδήσεις. Απορώ 
βρε άμοιρε πως ζεις. Όταν βέβαια τον ρωτήσεις τι είναι τοξικότητα σε κοιτάζει σαν… 
«χάνος». Άντε τώρα να του πεις ότι και το νερό είναι τοξικό σε περίπτωση μεγάλης 
κατανάλωσης σε μία δόση… Δε θα ξαναπιεί και θα χάσει και το δίαυλο επικοινωνίας με το 
ρύζι του. Και μιας που αναφέρθηκα σε τοξικότητα κι επικίνδυνα υλικά, ρώτησέ τον έτσι για 
πλάκα ποιες βιομηχανίες και ποια επαγγέλματα είναι πρώτα στη λίστα επικινδυνότητας και 
γιατί. Δεν υπάρχει τίποτα πιο επιβλαβές από τους χημικούς αεροψεκασμούς θα σου πει (όχι, 
όχι αυτούς στα γεωργικά προϊόντα). Άρα οι πιλότοι και τα πληρώματα που εμπλέκονται, 



πεθαίνουν σαν τα κουνούπια, οπότε προφανώς ο πιλότος είναι ένα από τα πιο επικίνδυνα 
επαγγέλματα. Ακόμα περίμενες ν’ ακούσεις τη σωστή απάντηση; 

• Ως άλλος Tsak Noris, χωρίς να φοβάται τίποτα, τα βάζει κατά καιρούς με πολυεθνικές 
πάσης φύσεως και αμέτρητες αεροπορικές εταιρίες, για να μας προφυλάξει από τα προϊόντα 
και τα παραπροϊόντα τους, τους ψεκασμούς και τις ορέξεις του κεφαλαίου και των golden 
boys. Μπράβο, κοιμάμαι ήσυχος τώρα. 

• Έχει την τόλμη και την ανδρεία να μηνύσει τον Αρχηγό της Πολεμικής Αεροπορίας, τον 
Υπουργό Εθνικής Άμυνας, τον διοικητή της Υπηρεσίας Πολιτικής Αεροπορίας και 
οποιονδήποτε άλλο είναι υπεύθυνος για τη σωματική βλάβη που του προκαλούν οι χημικοί 
αεροψεκασμοί αλλά και την μη παροχή αντιψεκαστικής ασφάλειας/άμυνας από τις ένοπλες 
δυνάμεις της Χώρας. Αυτό λέγεται θάρρος ή βλακεία; Πάντως οι ομοϊδεάτες του τον 
έκαναν ήρωα… Τελικά τον βλέπω κατηγορούμενο. Προτείνω, αν γίνει η εκδίκαση της 
υπόθεσης, να του παραγραφούν τα πάντα με την προϋπόθεση ότι θα φοιτήσει υποχρεωτικά 
μέχρι τέλους σε κάποια σχολή θετικών επιστημών μπας και καλλιεργήσει τη λογική του! 

• Δεν έχει ιδέα πως λειτουργεί το νομικό σύστημα κι όταν τον ρωτάς πως θα στηρίξει την 
παραπάνω μήνυση, θορυβείται και καταφεύγει σε ιχνοστοιχειακές αναλύσεις αίματος μαζί 
με το υπόλοιπο σινάφι. Βέβαια πραγματοποιεί τις αιματολογικές αναλύσεις για βαρέα 
μέταλλα σε εργαστήριο (???) βιοσυντονισμού (έχει μια ροπή στα φαινόμενα συντονισμού). 
Μην αναρωτηθείτε τι είναι ο βιοσυντονισμός και ποιοι φυσικοί νόμοι τον διέπουν, δεν 
πρόκειται να μάθετε ποτέ. Υποθέτω ότι είναι μια καινούρια επιστήμη στο χώρο της 
Ιατρικής ή κάποια εφαρμογή της Ιατρικής Φυσικής. Ότι και να ‘ναι όμως η «κβαντική 
βιοανάδραση», ο σωτήρας μας είναι επιρρεπής στους μάγους και τα μαγικά τους, ειδικά 
όταν αυτά είναι επιστημονικοφανή. 

• Και μιας που αναφέρθηκα σε τσαρλατάνους, ο φίλος μας και μερικοί ακόμα απ’ την παρέα 
του, δεν παραλείπουν να μένουν με το στόμα ανοιχτό μπροστά στις ικανότητες και τις 
γνώσεις χαρισματικών ανθρώπων σαν τη Δωροθέα Γεράρδη-Emisch (Google it!!), και να 
συνεργάζονται μαζί τους προς αντιμετώπιση των επιπτώσεων των αεροψεκασμών στην 
υγεία. Η super αυτή γιαγιά, εκτός του ότι έχει καταφέρει να φαίνεται αρκετά νεότερη απ’ 
την ηλικία της, κλείνοντας τα μάτια, ψιθυρίζοντας διάφορα ακαταλαβίστικα και με τη 
βοήθεια των εγκεφαλικών της κυττάρων, μέτρησε μπροστά μου το Ραδόνιο και τη φυσική 
ραδιενέργεια (!!!) του βράχου της Ακρόπολης, τη μυωπία του διπλανού μου, το stress και το 
ιατρικό ιστορικό του απέναντί μου, ενώ παράλληλα μου έκανε μαθήματα σε καινούρια 
πεδία Πυρηνικής και Σωματιδιακής Φυσικής (ποτέ δεν έμαθα νούμερα από τις εν λόγω 
μετρήσεις)… Όποιος ενδιαφέρεται να θεραπεύει τον πόνο του άλλου χωρίς την «απάτη» της 
Ιατρικής και τις παστίλιες του Μπαρδέμ, να μετράει τα πάντα εξ επιφοιτήσεως, να ζει χωρίς 
υλική τροφή και να λύσει γενικότερα όλα τα προβλήματά του, η εν λόγω κυρία μπορεί να 
του μεταφέρει τις γνώσεις και τις υπερφυσικές ικανότητές της μέσω κυμάτων αγάπης και με 
το αζημίωτο βεβαίως βεβαίως. Ναι κυρίες και κύριοι, το έζησα κι αυτό σε μία από τις 
αντιψεκαστικές συναντήσεις που πήγα έχοντας την ψευδαίσθηση ότι θα προσφέρω ό,τι 
μπορώ απ’ τις ελάχιστες γνώσεις μου, προς απελευθέρωσή των ψεκασμένων απ’ τις 
εμμονές τους.  

• Εκτός από τα σύννεφα, διαβάζει Wikipedia κι άλλα ομοειδή sites για να καλύψει πλήρως τις 
επιστημονικές του ανησυχίες, τα συγγράμματα και τα περιοδικά του είναι περιττά. Έτσι αν 
τον ρωτήσεις οτιδήποτε θα σε αποστομώσει. Από εκεί έμαθε και τη γεωμηχανική, βέβαια 
δεν πειράζει που καταλαβαίνει ό,τι θέλει και μαθαίνει τα πράγματα λίγο στραβά. Πάντως 
ανακαλύπτει κάθε μέρα την Αμερική και χαίρεται (όχι αυτή που έχουμε ανακαλύψει όλοι οι 
υπόλοιποι εδώ κι αιώνες, μιαν άλλη σ’ έναν μακρινό γαλαξία). 

• Διαβάζει τον τίτλο και τις πρώτες δυο-τρεις προτάσεις από άρθρα, μπροσούρες, μελέτες, 
ερευνητικούς προϋπολογισμούς και προτάσεις ερευνητικών οργανισμών (πχ NASA) και 
πανεπιστημιακών ιδρυμάτων (πχ Harvard) και φτιάχνει την δικιά του θεωρία που την 
αναμεταδίδει κιόλας με την ταχύτητα του φωτός. Αλλοίμονο σε όποιον δε διαβάσει 
προσεκτικά το αρχικό κείμενο του παραφρασμένου/παρανοημένου εγγράφου και μείνει 



στην αναπαραγόμενη φανταστική ιστορία, η εκτός ορίων παραπληροφόρηση μπορεί να τον 
στείλει το λιγότερο σε κάποιο κέντρο ψυχοθεραπείας. 

• Ζύγωσε τα 40 του για να ανακαλύψει τα βιβλία του Γραμματικάκη και διαβάζοντας ένα-δυο 
εκστασιάστηκε βρίσκοντας το νόημα της ζωής (πάλι καλά). Το διαλάλησε παντού ότι 
πρέπει όλοι να διαβάσουμε την «Κόμη της Βερενίκης» και το άρθρο «Η επανάσταση των 
σιωπηλών»… Μόνο που αυτός ο εκστασιασμός κράτησε μόνο όσο κρατάει η επίδραση του 
ομώνυμου ναρκωτικού και κατέληξε σε κραυγές στερητικού συνδρόμου όταν ο 
συγγραφέας, λαμπρός επιστήμονας και μέγας δάσκαλος τόλμησε, με βάση τις τιποτένιες 
γνώσεις του, να αμφισβητήσει τους αεροψεκασμούς και τη θρησκεία του αναγνώστη 
μπροστά στις κάμερες του «συστημικού» Θεοδωράκη. 

• Αποζητά συνεχώς κι απελπισμένα τις γνώσεις και τις επίσημες θέσεις κάποιου ειδικού πάνω 
στα θέματα που τον βασανίζουν (και καλά κάνει έως εδώ), κι όταν ο επιστήμονας κάνει το 
λάθος (όπως φαίνεται εκ των υστέρων) να του δώσει σημασία και να τις αναπτύξει, 
καταρρίπτοντάς του τη στρεβλή εικόνα των πραγμάτων, του επιτίθεται με όλα τα μέσα. 
Είπαμε, μην επεμβαίνετε και γκρεμίζετε τη θρησκεία του, μην του χαλάτε το παραμύθι, έχει 
κάνει τόσα όνειρα γύρω απ’ αυτό! Να σημειώσω εδώ ότι δεν είναι δόκιμο να ζητούνται από 
έναν επιστήμονα οι «επίσημες θέσεις» του: Απόψεις, ιδεολογίες, πιστεύω, εμμονές, μαντική 
διαίσθηση κι επίσημες θέσεις έχουν άλλοι άνθρωποι (πχ οι πολιτικοί, οι ιερωμένοι, οι 
τσαρλατάνοι, οι τζογαδόροι, κλπ). Συνήθως ο επιστήμονας έχει γνώση που προέρχεται από 
την επαναλαμβανόμενη επαλήθευση της θεωρίας με πειράματα και εκτενείς έρευνες, 
καθοδηγούμενα από νόμους και αρχές. Η εκάστοτε αρχική θεωρία δε, παράγεται από 
προϋπάρχουσες γνώσεις, ιδέες και δομημένη σκέψη, ενώ τα δύο τελευταία από παρατήρηση 
και ζυμώσεις στη φαντασία. Στην περίπτωση που δεν έχει ακόμα γνώση πάνω σ’ ένα 
πρωτομελετώμενο φαινόμενο, μπορεί σε γενικές γραμμές να κάνει μια αρχική εκτίμηση με 
βάση και πάλι τις προϋπάρχουσες γνώσεις του και δομημένη σκέψη. 

• Είναι φανατικός οπαδός συνταξιούχων επιστημόνων που δυστυχώς συμπεριφέρονται σα να 
πάσχουν από γεροντική επιστημονική άνοια κι έχουν εξελιχτεί σε τηλεοπτικούς αστέρες-
μαϊντανούς, δηλώνοντας ενεργοί συνεργάτες μεγάλων ερευνητικών κέντρων της Χώρας, 
αυτοαποκαλούμενοι ειδικοί των πάντων κι αναλύοντας από ουρές αεροπλάνων και 
μετεωρολογικά φαινόμενα, μέχρι πυρηνικά ατυχήματα που τα αντιλαμβάνονται ως 
πυρηνικές εκρήξεις και ηλιακές ηλεκτρομαγνητικές καταιγίδες που έχουν επιπτώσεις στην 
ψυχολογία μας (???)… Τρίχες Κατσαρές! Απορώ γιατί ο «Δημόκριτος» επιτρέπει ακόμα 
τέτοιου είδους φαινόμενα και δεν καταδικάζει δημόσια πρώην συνεργάτες του που έχουν 
μετατρέψει την επιστήμη σε μυθολογία. 

• Ξέρει τα κρυφά νοήματα της Οδύσσειας όπως κανείς άλλος, είναι άλλωστε πιο πατριώτης κι 
αρχαιογνώστης απ’ τους υπόλοιπους, τους αδιάφορους προδότες του μεγάλου έθνους… 
Ξέρει κι από Σεφέρη «Μας σκοτώνουν με μικρές δόσεις πολύ ταχτικά, πολύ σιωπηλά, πολύ 
σοφά…»! 

• Διατυπώνει βαρυσήμαντες θεωρίες που φαίνεται να μην επιδέχονται κριτικής κι 
αμφισβητήσεως (αυτούσια μεταφορά κειμένου από ανοιχτή προς όλους -έως την 
24.05.2013 τουλάχιστον- δημοσίευση πανεπιστήμονα σε προφίλ φέισμπουκ, απολαύστε 
υπεύθυνα): «Οι αδελφότητες, αποφάσισαν, προς τα μέσα του 17ου αιώνα περίπου (γύρω 
στα 1850), να προχωρήσουν τεχνολογικά ώστε να φτάσουν στο σκοπό τους. Σκοπός τους 
ήταν και συνεχίζει να είναι, η αντιγραφή του ‘κώδικα’ της ψυχής. Αυτό το εγχείρημα όμως, 
ήταν ένα εξαιρετικά δύσκολο και επικίνδυνο στην εφαρμογή του, διότι υπήρχε πιθανότητα 
και δυνατότητα να τινάξει τα πάντα στον αέρα και να καταστρέψει, ότι μέχρι εκείνη τη 
στιγμή είχαν δημιουργήσει και αποφασίσει για το μέλλον το δικό τους και το δικό μας. Έτσι 
έπρεπε να προετοιμάσουν το πεδίο, ενώ παράλληλα θα εργάζονταν πάνω στα ειδικά σχέδιά 
τους.» … … … … … «Επιπρόσθετα, δημιούργησαν ένα τέτοιο στεγανό, που έφτασε να 
γίνει σχεδόν ταμπού για έναν επιστήμονα, να καταδεχθεί δηλαδή να εντάξει μέσα στις 
μελέτες του, τέτοια θέματα θρησκευτικού ή μεταφυσικού περιεχομένου όπως της ψυχής. 
Έτσι δημιούργησαν το παραπέτασμα καπνού, στο οποίο έδωσαν το επιστημονικότατο 



όνομα Big Bang… Ολόκληρο το σύμπαν, συμπιεσμένο στο κεφάλι μιας καρφίτσας και στη 
συνέχεια ένα ‘μπουμ’… Ακόμα γελάνε οι αδελφότητες μαζί μας… και φυσικά θα γελάνε 
και όλοι οι άνθρωποι που θα ζήσουν στη γη και θα διδάσκονται στην ιστορία τους για τη 
θεωρία αυτή δημιουργίας του κόσμου. Δημιούργησαν δηλαδή μια θεωρία ‘προπέτασμα 
καπνού’, και την έστησαν με τέτοιο τρόπο, ώστε όλοι οι επιστήμονες συνεχώς να 
ασχολούνται με αυτό και να αδυνατούν να βρουν άκρη ποτέ…». Δεν ξέρω αν γελάνε οι 
αδελφότητες και οι αδελφές ψυχές, αλλά το γέλιο που έχω ρίξει μ’ αυτά που διαβάζω, έχει 
τελειότερα αποτελέσματα απ’ οποιοδήποτε σύστημα σύσφιξης κοιλιακών. Αλήθεια, μήπως 
το «παραπέτασμα-προπέτασμα καπνού» το έφτιαξε κανένα αεροπλάνο; 

• Επιζητά το σεβασμό στο πρόσωπό του απ’ τους κοινούς θνητούς και ξεχνά ότι πρέπει να 
τον εμπνέει κι όχι να τον επιβάλει προσβάλλοντας ακόμα και τη νοημοσύνη μας. Δεν 
πιστεύω να τον κερδίσει ποτέ με τις «δράσεις» του κατά του αόρατου εχθρού και τις 
παράλογες θεωρίες του. 

• Προφανώς και θέλει να είναι το επίκεντρο των πάντων και κάνει τα πάντα γι αυτό. Παρά 
ταύτα, ευτυχώς δεν το έχει καταφέρει ακόμα, αλλά αρνείται να το αποδεχτεί. Έτσι, απορεί 
γιατί δεν μπορεί να εισέλθει στο Γενικό Επιτελείο Αεροπορίας ενώ έχει τόσο σημαντικά 
πράγματα να τους πει και να τους διαφωτίσει, γιατί του κλείνουν τα τηλέφωνα στις 
διάφορες υπηρεσίες, γιατί διάφοροι καθηγητές πανεπιστημίου, ενώ αρχικά έχουν όλη την 
καλή διάθεση να τον ενημερώσουν, καταλήγουν να του φέρονται (σύμφωνα πάντα με τη 
δική του οπτική) επιθετικά… Θεωρεί επίσης, ότι τα συστήματα που μετρούν συνεχώς 
αιωρούμενα σωματίδια στην ατμόσφαιρα, κλείνουν κι ανοίγουν «πειραγμένα» μετά από 
μερικές ημέρες εξαιτίας των «δράσεών» του κι όχι λόγω κάποιας απαιτούμενης συντήρησης 
ρουτίνας και/ή βαθμονόμησης. Τέλος, μέσα σ’ όλα τα’ άλλα, απορεί γιατί δεν τον καλούν οι 
δημοσιογράφοι να τους πει τις απόψεις του, με αποτέλεσμα να τους στέλνει email 
διαμαρτυρίας γεμάτα από «πνεύμα» και ειρωνεία. Μα ολόκληρη εκπομπή έγινε για τις 
απόψεις του, που τις ξέρουμε και τις βρίσκουμε αναρτημένες παντού… Μας ψεκάζουν, τι 
παραπάνω θα ήθελε να πει; Έχει και πιο αρμόδιους και πιο ειδικούς στο θέμα η Χώρα να 
προσφέρουν τις γνώσεις και τα φώτα τους. Και αυτοί είπαν δια στόματος Γραμματικάκη ότι 
πολύ απλά δεν ισχύει τίποτα σχετικό. Τι άλλο να ειπωθεί σε ένα δεκάλεπτο και να είναι 
τόσο κατανοητό απ’ τους πάντες; 

• Δημιουργεί συνεχώς ιστοσελίδες-blogs για να ενημερώνει επί παντός επιστητού εμάς τους 
άμοιρους… Όπως είναι φυσικό, βρίσκεται πάντα ένα βήμα μπροστά απ’ την τεχνολογία! 
Απορώ όμως, μέσα στο μακρύ τεχνολογικό ταξίδι του δε συνάντησε ποτέ το εργαλείο 
αυτόματης διόρθωσης κειμένου; Όχι κυρία μου, δεν μπορείτε να θεωρηθείτε σοβαρή κι 
αξιόπιστη γράφοντας ενημερωτικά ή επιστημονικά (???) «δοκίμια» που είναι γεμάτα με 
ορθογραφικά λάθη (εκτός απ’ τα υπόλοιπα ανεδαφικά)! Με αφορμή την τριχόπτωση από 
την άδεια κεφαλή μου, λόγω των όσων προσπάθησα εκ περιεργείας να διαβάσω σε ένα απ’ 
τα τελευταία κείμενά σας (http://allnewz.weebly.com/11/post/2013/05/30.html), και της 
προκληθείσης τύφλωσής μου απ’ τα ορθογραφικά σας, σας ενημερώνω ότι ο Δημόκριτος 
γράφεται με Η κι όχι με Ι. Επίσης σας γνωστοποιώ ότι το ΕΚΕΦΕ «Δ» είναι ερευνητικό 
κέντρο κι όχι πανεπιστήμιο. Ως εκ τούτου οι μόνιμοι εργαζόμενοί του είναι οι «ερευνητές 
του» κι όχι οι «καθηγητές του» (οι επισκέπτες μπορεί να είναι οτιδήποτε αλλά δεν είναι 
«του» και οι συνταξιούχοι πρώην συνεργαζόμενοι δεν είναι ούτε «επισκέπτες του», ούτε 
μπορούν να δηλώνουν «συνεργάτες του» όταν το διασύρουν με πομπώδεις 
επιστημονικοφανείς αερολογίες). Επί τη ευκαιρία, απορώ πως σας επέτρεψαν να διδάσκετε 
σε σχολείο. Αχ κατακαημένοι μαθητές… Ααααααα, λύστε μου και μια ακόμα απορία 
σχετική με ‘σας και άλλα μέλη των ομάδων σας: Πώς γίνεται από τη μια να βρίζετε μόνιμα 
ένα κανάλι κι απ’ την άλλη να κάνετε αγώνα ώστε τελικά να βγείτε στον αέρα του την 
09.06.2013; Έχω την εντύπωση ότι πουλάτε και την ψυχή σας στο διάβολο για λίγη 
δημοσιότητα… 

• Ως ειδικός στην υψηλή τεχνολογία, έχει φτιάξει έναν αυτοματοποιημένο μηχανισμό για να 
μοιράζει links από σπουδαίες ενημερωτικές ιστοσελίδες σε όλο το διαδίκτυο μονομιάς. Όχι, 



όχι, δεν κάνει προπαγάνδα! Ο ίδιος αυτοματισμός δε, χρησιμοποιείται και για να πατάει 
«like» άνευ ανάγνωσης σε οποιαδήποτε δημοσίευση και σχόλιο «φίλου» και «φίλων φίλου» 
στο φέισμπουκ (αυτό μάλλον λέγεται ανωριμότητα σε συνδυασμό με υπέρμετρη 
επιπολαιότητα)… Έτσι, είναι πολλές οι φορές που έχει λάβει «like» αρνητικό σχόλιό μου 
προς το πρόσωπο και την αίρεσή του. Είμαι σίγουρος ότι θα ‘χει τύχει και σε άλλους. 

• Έχει αξιοζήλευτες αποδεδειγμένες γνώσεις και δεξιότητες (να και κάτι καλό) στη 
φωτογραφία, τη λήψη βίντεο και τα λογισμικά επεξεργασίας εικόνας, αφού όλες οι 
φωτογραφίες και τα βίντεο αεροψεκασμών που έχει τραβήξει μόνο τον τελευταίο χρόνο, 
μπορούν να γεμίσουν μέχρι και τους αποθηκευτικούς χώρους δεδομένων του CERN (φίλε 
ξερόλα μη ρωτάς τι είναι αυτό το «CERN» έπρεπε να το ξέρεις – καλά είμαι λίγο 
υπερβολικός). 

• Δυστυχώς, παρότι φαίνεται να είναι καλός στην τέχνη/δουλειά του (άλλο ένα καλό), χάνει 
το χρόνο του κι αναλώνεται σε όλα τα παραπάνω, που εκτός από ανεδαφικά είναι παντελώς 
άσχετα με αυτή.  

• Παρόλο που ο «ακτιβισμός» του ξεκινάει από αγαθές προθέσεις και αίσθημα αλληλεγγύης 
προς πάσα κατεύθυνση, τελικά έχει καταφέρει να τρομοκρατήσει και ν’ αποπροσανατολίσει 
αρκετούς παγκοσμίως απ’ τα ουσιαστικά προβλήματα της καθημερινότητας, στρέφοντάς 
τους την προσοχή προς τους αιθέρες και προς ανυπόστατες κατασκευασμένες απειλές 
έμπνευσης αρρωστημένων εγκεφάλων και ψυχασθενών… 

 
Τι άλλο να πρωτοθυμηθώ και τι να πρωτογράψω για το προφίλ του υπό εξέταση υποκειμένου. Δε 
μπορείς να πεις όμως, είναι πάνω απ’ όλα «in» κι «alternative» τύπος διότι σκέφτεται (???) 
διαφορετικά απ’ όσους είναι είτε πληρωμένοι είτε ψεκασμένοι και τον χλευάζουν χαρακτηρίζοντάς 
τον συνωμοσιολόγο. Η περίπτωση ότι αυτογελοιοποιείται, με τις πράξεις και τα γραφόμενά του, και 
αυτός είναι ο μόνος λόγος που του επιτίθενται τα ψεκασμένα όρνεα των αιθέρων δεν του περνάει 
καν απ’ το μυαλό (???). 
  
Δυστυχώς, μετά και τα παραπάνω είμαι πλέον πεπεισμένος ότι ζούμε μια κοινωνική κρίση, 
προπομπό ενός νέου μεσαίωνα… Οι εκάστοτε κυβερνώντες ανά τις εποχές και τις περιοχές πέτυχαν 
πλέον τον μακροχρόνιο στόχο της χαμηλής παιδείας του καταναλωτικού κοινού, ώστε να είναι 
ευκολοδιαχειριζόμενο και άλλα πολλά τέτοια συνωμοτικά. Σίγουρα πάντως δεν κάνει κάποιος 
συνωμότης κάτι αεροπορικώς, δε συμφέρει και δε χρειάζεται εξάλλου. Κι ακόμα πιο σίγουρα, είναι 
το λιγότερο ψυχοφθόρο κι αφελές το 2013 να δίνει κάποιος σημασία, να ενστερνίζεται, να 
αναπαράγει και γενικότερα να υποστηρίζει ναΐφ κείμενα, οφθαλμοφανώς φτιαγμένα από 
ανθρώπους μη σχετικούς με την έρευνα, την τεχνολογία και την επιστήμη (γενικότερα) σαν τους 
γνωστούς μου «ακτιβιστές», που συμμετέχουν και διαχειρίζονται κινήματα κι ομάδες όπως η 
«Ομάδα Δράσης Αττικής (και λοιπών περιχώρων ανά την υφήλιο) κατά των αεροψεκασμών». 
  
Για όσους αφελώς έπεσαν θύματα της παραφιλολογίας, εσωτερικής αλλά και εισαγόμενης, και 
πιστεύουν ότι μας ψεκάζουν, σας διαβεβαιώνω ότι από συνεχείς περιβαλλοντικές μετρήσεις ανά 
την Ελλάδα, πραγματοποιούμενες από μεγάλα εργαστήρια, αλλά και από αυτές που έχω κάνει 
προσωπικά επί σχεδόν μία οκταετία, κατόπιν ανάλυσης των δειγμάτων με τις ακριβέστερες και πιο 
ευαίσθητες μεθόδους (νετρονική ενεργοποίηση, XRF και άλλες πυρηνικές-ατομικές αναλυτικές 
μεθόδους) δεν παρουσιάστηκε ποτέ έως τώρα κάποια ένδειξη αεροψεκασμών! Επιπροσθέτως, απ’ 
ότι βλέπω στις παγκόσμιες βιβλιογραφικές βάσεις επιστημονικών δεδομένων (πχ μέσω του 
www.scopus.com), κανένας επιστήμονας δεν μέτρησε ποτέ έως τώρα κάτι ενοχοποιητικό στο 
εξωτερικό… Ξέρω, ξέρω, όλοι φοβόμαστε να μιλήσουμε στην ιδέα ότι θα μας 
απαγάγουν/σκοτώσουν τα τσιράκια των οικογενειών Rockefeller και Rothschild (σαν τον 
προηγούμενο διευθυντή του FBI…), ή πληρωνόμαστε απ’ αυτούς κι αποκρύπτουμε στοιχεία. 
Λεφτά υπάρχουν και είναι πολλά για όλους τους ερευνητές όσα εκατομμύρια και να ‘ναι αυτοί! 
Αφού να φανταστείτε, επειδή δεν ξέρω τι να κάνω τα αμέτρητα χρήματα με τα οποία εξαγοράστηκε 
η σιωπή μου, κάθομαι θυμωμένος και γράφω κείμενα μπροστά από έναν υπολογιστή αντί να 



καπνίζω πούρα στην Κούβα και να ψεκάζομαι με αντηλιακό ξαπλωμένος και χαλαρός σε μια 
παραλία. 
  
Αναφέρω κλείνοντας ότι, όπως έλεγα και σ’ έναν φίλο, και χωρίς τις προαναφερθείσες μετρήσεις, η 
λογική λέει ότι όλη αυτή η θεωρία συνωμοσίας είναι παράλογη κι ανυπόστατη για αμέτρητους 
απλούς λόγους (εξάγονται από στοιχειώδη μελέτη των βιβλίων του σχολείου, ανοίχτε τα). Έτσι, 
τους λόγους για τους οποίους ξυπνάει πολύς κόσμος με κόκκινα μάτια, αναπνευστικά και άλλα 
προβλήματα υγείας, ψάξτε να τους βρείτε: 

• στα δομικά υλικά και τον αερισμό ενός κτίσματος, 
• στις συνήθειες των ενοίκων εντός κι εκτός του κτίσματος γενικότερα, 
• στον τρόπο καθαρισμού του κτίσματος και τα χρησιμοποιούμενα καθαριστικά, 
• στον τρόπο θέρμανσης/κλιματισμού του κτίσματος, 
• στον επικρατέστερο τρόπο θέρμανσης στην πόλη, 
• στη βρωμιά και τη ρύπανση μιας πόλης γενικότερα, 
• στον τρόπο κυκλοφορίας των οχημάτων στους δρόμους της, 
• στη γύρω βιομηχανία (εάν δεν πληροί νέες τεχνολογικές προδιαγραφές ή δεν ελέγχεται 

επαρκώς), 
• στα υλικά που διακινούνται από το λιμάνι (εάν υπάρχει) και τις λοιπές δραστηριότητες εκεί 

αλλά και στον περιβάλλοντα θαλάσσιο χώρο (κυκλοφορία πλοίων και παράνομο 
«ξεκάπνισμα»/καθάρισμα των φουγάρων τους κοντά στις ακτές – συμβαίνει κατά κόρον 
στην Πάτρα), 

• στην πρακτική των Τσιγγάνων να καίνε στους καταυλισμούς/οικισμούς τους ότι υπάρχει και 
δεν υπάρχει, όλη μέρα κάθε μέρα και ως δια μαγείας… ποτέ κανείς αρμόδιος να μην 
επεμβαίνει και καμία αρχή να μην τους σταματά (καύση κλεμμένων καλωδίων, 
αυτοκινήτων, πλαστικών υλών, κλπ, κλπ - Βλέπε τι γίνεται στην Κόρινθο). Παράγονται έτσι 
συνεχώς τεράστιες ποσότητες διοξινών, άλλων εν δυνάμει τοξικών πτητικών οργανικών 
ενώσεων και αερολυμάτων βαρέων μετάλλων που πνίγουν καθημερινά ολόκληρες περιοχές 
και πόλεις, 

• στην γύρω βλάστηση (περίπτωση αλλεργιών - ένας γιατρός μπορεί να δώσει λύσεις), 
• στην ποιότητα των καταναλισκόμενων προϊόντων υγιεινής και καλλωπισμού / καλλυντικά, 
• στις διατροφικές συνήθειες, 
• στην ποιότητα των καταναλισκόμενων διατροφικών προϊόντων και ποτών, 
• στην ποιότητα του πόσιμου ύδατος, αλλά και του εξωτερικώς χρησιμοποιούμενου, 
• στις ψυχολογικές πιέσεις που ακούν οι εφαρμοζόμενες πολιτικές, τα κατευθυνόμενα ΜΜΕ 

και η διαδικτυακή παραπληροφόρηση και συνωμοσιολογία, 
• στην έλλειψη ουσιαστικής παραγωγικότητας, 
• στην έλλειψη ουσιαστικών διαπροσωπικών σχέσεων, 
• στην έλλειψη ποιοτικής διασκέδασης, 
• στην έλλειψη συχνού ερωτικού παιχνιδίσματος, φλερτ και έρωτα, 
• κλπ 
• κλπ 
• κλπ 
• … 

 
  
ΥΓ1: Το ότι γίνονταν και γίνονται, όταν είναι απαραίτητο, στοχευμένοι τοπικοί αεροψεκασμοί για 
την παροδική μεταβολή του μικροκλίματος κάποιας περιοχής ή για την αντιμετώπιση επιβλαβών 
εντόμων είναι γνωστό, αλλά κάτι τέτοιο δε σημαίνει επουδενί ότι μας ψεκάζουν για 
συνομωσιολογικούς σκοπούς! 
  



ΥΓ2: Λογικέ άνθρωπε, για να μην κάνεις πλούσιο κάποιον καιροσκόπο εγκληματία και να μην 
προκαλέσεις πιθανά προβλήματα υγείας στον εαυτό σου, μη μασάς ζεόλιθο κι άλλα μαντζούνια, 
γενικότερα μην αγοράζεις αντιψεκαστικά, μην ψωνίζεις θαυματουργά μενταγιόν, ελιξίρια υγείας κι 
αγάπης, βραχιολάκια Γερμανίου, νανοβιονικά σώβρακα και «οικολογικές» μπάλες πλυσίματος για 
να τα ξεκιτρινίζεις, και ΜΗ ΜΑΣΑΣ ό,τι ιντερνετικό ΚΟΥΤΟΧΟΡΤΟ σερβίρουν δεξιά κι 
αριστερά οι επιτήδειοι ψευτοακτιβιστές - ξερόλες - σωτήρες – αυτοαποκαλούμενοι ειδικοί 
ερευνητές. Για οτιδήποτε σε προβληματίζει απευθύνσου και συνομίλησε ΜΟΝΟ με σχετικούς 
ειδικούς επιστήμονες, που έχουν πτυχία, μεταπτυχιακά κι αποδεδειγμένη εμπειρία στη 
δουλειά/επιστήμη τους (ευτυχώς υπάρχουν ακόμα πολλοί και στη Χώρα μας)! ΜΗΝ ΞΕΧΝΑΣ και 
ΜΗΝ ΜΠΕΡΔΕΥΕΣΑΙ: ο αστρολόγος δεν έχει καμία σχέση με τον αστρονόμο και ο γυναικολόγος 
δεν είναι ειδικός στις οφθαλμολογικές εξετάσεις… 
  
ΥΓ3: Ψεκασμένε άνθρωπε, σου έχω το αντιψεκαστικό που πάντα έψαχνες. Λέγεται ποιοτικό 
θέατρο, επίσκεψη σε μουσεία πάσης φύσεως, ακρόαση ποιοτικής και κλασσικής μουσικής, 
νυχτερινό σχολείο, ανοιχτό πανεπιστήμιο ή ακόμα και συστηματική επίσκεψη σε 
μαθήματα/διαλέξεις του «κλειστού» πανεπιστημίου σε συνδυασμό με εφ όρου ζωής προσωπική 
μελέτη επιστημονικών συγγραμμάτων και δημοσιεύσεων σε έγκριτα επιστημονικά περιοδικά. Κάνε 
επειγόντως κάτι από τα παραπάνω ειδάλλως απευθύνσου σε ειδικό ιατρό, θα σώσεις τον εαυτό σου, 
τα παιδιά σου, τους γύρω σου και ίσως τον πλανήτη! Μην επιμένεις να μένεις επικίνδυνα 
αμόρφωτος, ημιμαθής κι απαίδευτος. 
  
ΥΓ4: Γνωστοί και μη εξαιρετέοι αντιψεκαστικοί «ακτιβιστές», μας κουράσατε πια με τη μάλλον μη 
αναστρέψιμη κατάστασή σας. Δυστυχώς, απ’ ότι φαίνεται ο χρόνος που αφιέρωσα σε μερικούς εκ 
των διαχειριστών των ομάδων σας, σε μια προσπάθειά μου να τους διαφωτίσω όσο μπορώ ώστε ν’ 
απεμπλακούν από τις έμμονες ιδέες τους, δεν έπιασε τόπο τελικά. Έτσι, μην προσπαθήσετε να με 
προκαλέσετε σχετικά με τούτο το κείμενο, δε θα λάβετε αντιδράσεις… Υπάρχει κι ένα όριο στον 
παραλογισμό! Σας ενημερώνω επίσης, ότι με τις τακτικές που ακολουθείτε δε θα είναι 
διατεθειμένος κανένας επιστημονικός φορέας και κανένας σοβαρός επιστήμονας να σας παρέχει τις 
υπηρεσίες του σχετικά με τις εν λόγω θέσεις σας. Είναι χάσιμο χρόνου για όλους. Παρεμπιπτόντως, 
πάψτε να ενοχλείτε με τα επαναλαμβανόμενα τηλεφωνήματά σας τον κόσμο σε ερευνητικά κέντρα 
και πανεπιστημιακά ιδρύματα, αν είχαν να πουν κάτι για αεροψεκασμούς και ύποπτα υπερόπλα θα 
το ανακοίνωναν δημοσίως. Αιώνες τώρα ο χρόνος είναι πολύτιμος και δε γίνεται να ασχολούνται 
συνέχεια μαζί σας, πραγματοποιούνται και ερευνητικά έργα που απαιτούν τη νηφαλιότητα και τη 
μεγάλη χρονική αφοσίωση των ερευνητών. Μην επιδράτε αρνητικά στην ανάπτυξη του τόπου 
αποσπώντας τους συνέχεια την προσοχή. Τέλος, αν πραγματικά θέλετε να είστε χρήσιμοι στην 
ανθρωπότητα, προτείνω να πάψετε να διασπείρετε παραπληροφόρηση στον κόσμο. Αρκετά είναι τα 
προβλήματά του, δε χρειάζεται και την ψυχολογική τρομοκρατία που ασκείτε με τις φανταστικές 
θεωρίες σας. 
  
ΥΓ5: Σοβαρέ ανήσυχε πολίτη, ενδιαφερόμενε φορέα, σας ενημερώνω ότι υπάρχει η δυνατότητα να 
οργανωθούν και να στηθούν εξειδικευμένα μετρητικά/αναλυτικά projects ως προς την ποιότητα του 
περιβάλλοντος (εσωτερικού κι εξωτερικού) και των καταναλωτικών προϊόντων. Βέβαια τέτοια 
εγχειρήματα απαιτούν μη ευκαταφρόνητη οικονομική υποστήριξη προωθούμενη από τους τοπικούς 
διοικητικούς φορείς ή ακόμα κι από ομάδες πολιτών. Και τον ικανότερο αναλυτικό εξοπλισμό 
πυρηνικής τεχνολογίας μπορώ να διαθέσω (δυστυχώς αυτό τον καιρό κάθεται αποθηκευμένος κι 
ανεκμετάλλευτος) σε συνδυασμό με την ερευνητική/εργαστηριακή εμπειρία μου, άλλα και 
συνεργασίες με επιστημονικό προσωπικό του «Δημοκρίτου» και δυο-τριών Πανεπιστημιακών 
Ιδρυμάτων έχω σε αναμονή σε περίπτωση οποιασδήποτε σχετικής ανάθεσης έργου. Επίσης, οι 
εργαστηριακές υποδομές των παραπάνω δύναται να χρησιμοποιηθούν συμπληρωματικά. 
Επικοινωνία: environ@teledos.eu 
  



ΥΓ6: Παρακάτω παρατίθεται ενδεικτική λίστα δημοσιεύσεων που περιέχουν μέρος των 
αποτελεσμάτων ερευνητικών έργων Ελλήνων επιστημόνων. Οι εν λόγω ερευνητές εκτελούν επί 
αρκετά χρόνια ιχνοστοιχειακές αναλύσεις αερολύματος και άλλων περιβαλλοντικών δειγμάτων, με 
πυρηνικές και ατομικές μεθόδους υψηλής ακρίβειας κι ευαισθησίας. 

• 2001: Atmospheric Aerosols and their Content Trace-Elements in Patras. 
Angelogiannopoulos, Kokovinos, Maramathas, Maraziotis (Έχουν προστεθεί οι 2 πρώτοι 
συγγραφείς, που παρανόμως αφαιρέθηκαν και αντικαταστάθηκαν στην τελική δημοσίευση 
από μη σχετικούς συγγενείς 1ου βαθμού) 
http://www.srcosmos.gr/srcosmos/generic_pagelet.aspx?pagelet=Article%20summary&pub
_id=4381 
http://www.srcosmos.gr/srcosmos/showpub.aspx?aa=4381 

• 2002: Elemental composition of airborne particulate matter in the multi-impacted urban area 
of Thessaloniki, Greece. Voutsa, Samara, Kouimtzis, Ochsenkuehn 
http://www.sciencedirect.com/science/article/pii/S1352231002004119 

• 2003: Correlation of trace element content in air particulates with solar meteorological data 
in the atmosphere of Athens. Kanias, Viras, Grimanis 
http://link.springer.com/article/10.1023%2FA%3A1024543531056 

• 2005: Toxic metal content of particulate matter (PM10), within the Greater Area of Athens. 
Manalis, Grivas, Protonotarios, Moutsatsou, Samara, Chaloulakou 
http://www.sciencedirect.com/science/article/pii/S0045653505000998 

• 2006: Trace elements in atmospheric particulate matter over a coal burning power 
production area of western Macedonia, Greece. Petaloti, Triantafyllou, Kouimtzis, Samara 
http://www.sciencedirect.com/science/article/pii/S0045653506007089 

• 2007: Size distribution and sources of trace metals and n-alkanes in the Athens urban 
aerosol during summer. Karanasiou, Sitaras, Siskos, Eleftheriadis 
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ABSTRACT 
 
Airborne particulate matter (PM) is very diverse material in terms of its physical and 
chemical properties. As the understanding of human exposure to air pollution improved, it 
is becoming increasingly evident, that the urban canyon environments play a critical role 
in determining the actual pollutant concentrations experienced by individuals. The present 
work was focused: on the correlation of trace elements’ distribution on PM with altitude 
and micro-meteorological parameters; and on the dominant local and regional sources 
arise by combination of particulate concentrations elemental compositions and the 
previous correlations. To investigate these issues, a monitoring program in the urban 
area of Patras was undertaken. The atmospheric aerosol’s PM was analyzed by 
instrumental neutron activation analysis (INAA) for 17 major and trace elements. 
 
 
1. INTRODUCTION 
 
In most areas the atmospheric aerosol consists of particles, which have their origin in 
various sources, and processes, such as direct emissions from mobile sources, space 
heating, metal processing, refuse incineration, gas-to-particle conversion and long range 
transport. Hence the composition of the particles is very complex and it could be source 
dominated in an urban area (Kowakzyk, 1978; Borbely, 1999; Kulmala, 1999).  
 
No valid assessment of the impact of the particulate contaminants on human health can 
be made without at least some knowledge at the chemical composition and the 
aerodynamic particle size of the contaminants. The examination of effects of specific 
constituents of particulate mater on community morbidity and mortality depend on the 
relative contributions of these constituents to overall particulate levels and on ability of 
measuring or predicting exposure of entire study populations. 
 
The possible health consequences, associated with the continuous exposure of a high 
density of population to several pollutants, are enhanced by synergy and microclimate 
condition of urban canyon street (Oke, 1988). As the understanding of human exposure 
to air pollution is improved, it is becoming increasingly evident that urban canyon street 
micro-environments play a critical role in determining the actual pollutant concentrations 
experienced by individuals (DePaul, 1984; Lee, 1994). 
 
National ambient air quality standards have been promulgated for several pollutants in 
order to protect public health. Meso-scale pollutant dispersion models and field 
monitoring data, from fixed-stations at specific heights, are often used to guide the 
development of emission control strategies in the effort to attain compliance to standards. 
However, most of these data are not representative and appropriate for estimating of 
real-world exposures. For example, pedestrian and workers exposure to actual high 
pollutant concentrations emitted locally (automotive emissions) (Henry, 1984). 
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Measurements by Dolan (1979) have shown that automotive exhaust can be diluted 
several thousands times by wakes in open air in les than one second after exhaust, 
thereby greatly reducing the extent of particle coagulation. Within the street canyon the 
dispersion is confined by surrounding buildings and aerosols are more likely maintained 
at high concentrations, which could lead to greater particle coagulation and gas/particle 
interaction than occurs under usual roadway dispersion conditions.  
 
Therefore, the purpose of this study is to identify the important parameters, which control 
the buildup of pollutant in an urban street canyon, to provide the dominant local and 
regional sources, to estimate of air quality levels and formulate the vertical distribution of 
trace elements. These are important information for health and city planners to estimate 
pollutant exposure levels to pedestrians and office workers. The concentration and 
elemental composition of the atmospheric aerosol at two altitude of the same canyon 
street in the urban area of Patras were studied. INAA has been performed and 
determined as most important, qualitative and quantitative, the following elements: Na, K, 
Sc, Cr, Mn, Fe, Co, Zn, As, Br, Sb, La, Sm, Eu, Au, Te, Hf (DeSoete, 1972). These didn’t 
appear in every sample altogether, but their majority did. Besides, some of them 
appeared only in the samples from low altitude (e.g. As). 
 
 
2. EXPERIMENTAL METHODS 
 
2.1 Description of area and sampling site. 
Patras (alt. 12m from the sea level, N 38014.785’, EO 21044.180’) is among the cities, in 
Greece, with the highest traffic density. It is surrounded by sea from SSW to NNE 
clockwise and by high mountains on the remaining sides. The population of the city and 
surrounding area amounts to more than 200.000 inhabitants. The climate of Patras is 
Mediterranean with hot, dry summer and wet, mild winter. The dominant wind direction in 
the sampling period was NW (80%). No major heavy industry is located in and near 
Patras. There is a cement plant 10 km NE of Patras. The pollution comes mainly from 
traffic, ferryboats and ships in the harbor of Patras, and emissions from house heating 
and small industrial operations, which are common at any town. 
 
In order to compare the concentration of total particulate matter (CTPM) and elemental 
composition of PM in the urban canopy layer, sampling was performed simultaneously 
both at 3m and 28m from street pavement (Czitrovszky, 1996). The canyon is oriented 
with its long-axis approximately in a SE-NW direction. The upwind side of the canyon is 
formed by a continuous line of seven-story buildings, with relatively uniform building 
heights (i.e., a ±2 m variation) stretching for at least 28m. The other side is less uniform, 
but in the vicinity of the monitoring sites it was bounded by seven-story buildings. The 
sampling sites were on a building’s roof (28m) at the downwind side of the canyon and at 
street-level (3m) (Hunter, 1991). 
 
2.2 Sampling and analysis.  
The urban aerosol samples were collected on 47-mm diameter, 0.8-µm porosity nitrate 
cellulose (26 couple of samples) and acetate cellulose (26 couple of samples) membrane 
filters, mounted in stacked filter units (Lodge, 1991). A constant flow rate portable 
sampler was used (ZAMBELLI MOD.5000) and sampling took place for 52 days 
uncontinuously (winter period and summer period) from 5:00 to 22:00 daily. 
Meteorological data (temperature, relative humidity, wind speed, wind direction, solar 
radiation) were also obtained, for the sampling period, by a micro-meteorological station 
installed on the flat building’s roof, nearby the upper filter holder. These results were used 
to represent the weather conditions for each period. Data were omitted from data analysis 
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when field or laboratory problems justified their exclusion. Data capture was 95% of 
overall possible samples for two sites. 
 
CTPM was determined using pre- and post-sampling filter weights [Gravimetric Method 
(GM)]. All filters were weighted using an electronic laboratory microbalance 
(SARTORIUS/accuracy 1E-04 gr). Ιn order to ensure consistent values for mass, the 
filters were equilibrated prior to weighing under controlled temperature and relative 
humidity (50 ± 5%) conditions.  
 
After GM the filters were placed into vials and activated for 15 mins by a flux of thermal 
neutrons (~5E13 n/cm2sec) in the core of a 10MW (max) open pool research nuclear 
reactor (AMF-Atomics GRR-1). Afterwards, the filters were dissolved in acids (10ml 
H2SO4 for nitr.cel./10ml HNO3 for acet.cel. filters), homogenized and transfused into 
airtight plastic containers (15ml). In this way they all had the same geometry, which is 
necessary, due to need of a common geometry-efficiency factor, for more reliable and 
comparable results by their γ-analysis. Filters’ γ-radiation that induced by irradiation was 
detected with an HPGe detector, and the signal of γ-spectrum was primarily processed by 
nuclear electronics (CANBERRA). The final stage was a multichannel analyzer (MCA 
CANBERRA SERIES 35) interfaced with a PC. A spectrum for every sample was 
collected twice: once after activation (600-sec spectrum collection) and once 11–12 days 
after activation (1200-sec sp. col.). The filter blank values were subtracted prior to the 
receptor modeling. For some element the reproducibility of the analysis is generally better 
than 10%. Among sources of the experimental error, the following are believed to be the 
most important: a) Variability of airflow during the sample collection. This assumed to be 
the average between the measured flow rates at the beginning and the end of the 
collection period. b) Statistics and background subtraction in the analysis of γ-ray 
spectrum. 
 
 
3. EXPERIMENTAL RESULTS AND DISCUSSION 
 
The summary statistics of the measurements are shown in Table 1. Aerosol data for the 
full measurement period, excluding seven extreme outliers is given here. The number of 
samples (n) out of a total of 49 for which the element’s concentration was found above 
the detection limit and with a small error is also indicated. 
 
For the elements Sc, Te, Au & Hf there can be no comment since their concentrations 
have not been calculated (due to lack of the element in the standard). Na, K, Fe, Eu, Mn 
& Zn are the elements with the most increased level of concentration, in relation to 
Typical Urban Concentration (TUC). The rest elements, Cr, Co, Br, Sb, La, Sm & As do 
not show increased concentrations at any height in comparison to TUC. For Cr, Mn, Co, 
La & Sm, their average concentrations at low height barely reach TUC but never exceed 
them. It should be mentioned that the overlying comments are made based on the 
comparison: mean concentrations and TUC (see the table above). A comparison at the 
maximum values of concentration with the TUC, especially at 3m height – which is more 
interesting – shows that for all elements apart from Br, certain peak cases are observed 
at which the daily concentration exceeds TUC by many times. 
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Table 1. Summary statistics for aerosol data 
 3m height 28m height 

Eleme
nt 

TUC* Mean* Maximum* Samples
(n) 

Mean* Maximum* Samples(
n) 

CTPM 75µgr/
m3

136,56 
µgr/m3

439,7 
µgr/m3

49 68.12 
µgr/m3

104.07 
µgr/m3

20 

Na 400 676,72 2522,3 49 390.34 1259.8 20 
K 600 1158,67 2184,9 35 783.16 1401.4 8 
Cr 30 27,81 44,7 42 25.92 124 14 
Mn 50 86,93 279 20 38.96 50.1 7 
Fe 1600 3188,89 15317 37 1962.04 5224.8 11 
Co 1,4 0,880474 2,03 19 0.731583 2.03 12 
Zn 360 320,87 1709 39 390,81 1040 11 
Br 200 53,51 183,1 49 35.914 78.7 20 
Sb 20 8,49 22,3 49 5.037 8.87 20 
La 2 1,589 2,52 34 1.006 1.47 11 
Sm 0,3 0,191702 0,56 41 0.111842 0.236 19 
Eu 0,05 0,133839 0,966 31 0.0845 0.158 6 
As 15 1,538 3,23 11 - - - 

Sc(act
.) 

0,5 144,42 529 48 90,3 307 20 

Te 
(act.) 

- 148,978 608 46 80,526 119 19 

Au 
(act.) 

- 235,341 1065 41 240,267 948 15 

Hf 
(act.) 

0,1 1030,97 3243 37 798,417 1171 12 

(*Concentrations of trace elements in ngr/m3) 
 
After the GM we found the average CTPM for the two different altitudes. The upper one 
(28m) was found to be 68,12 µgr/m3 and the lower one (3m) 136,56 µgr/m3. A more 
analytical process for the correlation of the CTPM with the days of the week and the 
altitude is shown in Figure 1. As expected, the low altitude CTPM was in agreement with 
traffic density of Maizonos str. at the sampling site.  
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Figure 1. Correlation of CTPM vs days and altidute. 
 
The diagrams of concentration width for the analyzed elements at both heights are 
presented (Figure 2). The width of every element is maximum at altitude of 3m, because 
the influence of local sources is greater, and we observe that the width depends mostly 
on the maximum rather than the minimum concentration. So, at 3m where we observe 

 599



the maximum concentration, we also observe the maximum width. Besides, the pollutant 
sources at 3m are dynamic, resulting to continuous change of concentration at a big 
range. On the other hand, at 28m, the air is mostly homogenized and the changes are 
depended on other phenomena rather than the changes due to the production rate at the 
source. For CTPM we observe that the maximum width appears at 3m, as expected due 
to the production of PM, mostly at street level. The difference of the mean values of 
concentration at 3 & 28m is rather small, so it can be concluded that the great width at 
3m is due to an acute case of pollution, which occurred at the sampling place, at that 
height due to the great variation of the canyon street sources. Cr is an exception of 
previous normality, since its width is bigger at 28m. This has to do with the extremely 
small aerodynamic size of the particles at which it is observed (0.02µm). As a “fine 
particle” it has almost the same concentration at 3m and at 28m height (fine particles 
have almost the same concentration at all heights). Moreover, at 28m, the PM that 
contains it, is exposed to strong flow fields, resulting to the changing of its concentration 
with greater ease, than that at 3m (where the wind velocity is much smaller). Another not 
so possible case is that, which sets the inflow of Cr at the observed area at 28m. 
Meaning that there is a dynamic source of Cr outside the street, or even outside Patras, 
which influences the concentration of the element at 28m and in the upper level of the 
city’s air in general.  
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Figure 2. Range of concentrations (CTPM and trace). 
 
Based on the summation of the calculated mean concentrations of the elements and the 
mean concentration of the entire PM the following pie-diagrams are constructed, for each 
altitude separately (FIG. 5 &6). In these, it is shown the percentage (% by weight) of 
analyzed trace elements, at the total PM calculated by the GM. With the help of these 
diagrams it is possible for someone to make a first estimation of the pollution level at the 
sampling area. These percentages, compared with data from other cities are much 
smaller, which makes us think that Patras has relatively low enriched (by tr.elements) 
atmosphere. The rest part of CTPM, which has not been analyzed, mostly consists of 
lamp-black (Carbon), Nitrogen, Oxygen, Sulfur, Chloride, Aluminum and Organic 
Compounds. 
 
 
  

 
Figure 3. the percentage (% by weight) at 3m and 28m. 
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Some representative diagrams of the individual pollutant (Ci) in relation to the CTPM are 
given in Figure 4. This type of diagrams could be useful for a preliminary estimation of the 
sources’ local distribution. It is considered that the increase of the concentration of the 
pollutant is an indicator for the existence of a source. At the Na diagram we observe that 
the gradient, is positive at 28m and negative at 3m. This suggests that this pollutant does 
not come from an anthropogenic source near the ground, but from a source, which 
affects the atmosphere at all heights, but mostly great ones. These conclusions come as 
a verification of what we already know, that Na is mostly sea originated. By the respective 
diagrams for the trace elements Zn, Mn & Co we reached analogous conclusions. We 
observe that by CTPM, their concentrations also increase at 3m, while at 28m they 
decrease. Thus, it is shown that these pollutants are possibly anthropogenic and are 
depended on ground sources. That result is in complete agreement with other studies, 
which suggests that their basic source is traffic. When it comes to the rest elements (La, 
Br, Sb, Eu, Sm, Fe, Sc, As, Cr, Sc), we observe by their diagram that they present similar 
behavior at both heights. This shows a weakness to characterize them as anthropogenic 
or natural pollutants, but they can be of both origin. Especially Br was expected to have a 
greater positive gradient at 3m, since it is a major constituent of vehicles’ exhausts. 
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Figure 4. Correlation of trace elements (Na, Zn, Sm, Br) concentrations vs CTPM. 
 
Next, there has been a correlation of the concentration of each element with relative 
humidity (Ci – %RH). In our case the RH increase is mostly due to the transport of 
oversea air masses towards the center of Patras, resulting to the replacement of polluted 
air by relatively clean oversea one. The Na and K diagrams present an increase of the 
concentration by RH (positive gradient of linear approach) at all heights, as we expected 
(Fig 5). Regarding Zn, Mn, Co, which by the study of Ci – CTPM diagrams were thought 
to be of anthropogenic origin (vehicles), evidence in support of that opinion come up. The 
curves of the specific trace elements along with Sm, present at low altitude, great 
negative gradients (Fig 5). Between Br and Cr presented a similar behavior (because of 
their same small size), as well as the other, but not at that grade (Fig 5). The explanation 
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is that particles containing these elements, which are found in big concentration near the 
ground, grow heavy during their agglomeration with the water’s molecules and swag, so 
they do not captured by the filters. The agglomeration’s phenomenon increases by RH.  
This phenomenon is intense at low heights for all the elements. From the other side, 
positive gradient at higher levels in some cases (Co,Fe,Zn,La,Te), can be explained with 
the help of agglomeration’s phenomenon again, which leads to deposition on the filters 
due to the increase of the particles’ size that are held at greater percentage (after the 
coagulation) on them. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Correlation of trace elements concentration vs relatively humidity. 
 
The CTPM were found with negative gradient at both heights (Fig 6). This phenomenon is 
much more intense at 3m (great negative gradient). At greater height the negative 
gradient is smaller, which is explained by the fact that the higher we climb the more 
homogeneous the air becomes (for grand air masses). So wind speed (ws) at high levels 
hardly effects the composition of air. At lower levels, however, the effect of ws is 
important due to the fact that the air is not homogeneous and that the initial 
concentrations of ground-originated pollutants are greater. Most elements present a 
similar behavior to that observed for CTPM, meaning small negative gradient (decrease 
of conc) at 28m and grand negative one at 3m. The exception is Na, which present 
positive gradient at both heights (Fig 6). As ws increases, great masses of salt, rich sea 
air, are transported towards the center of the city. The fact that the greatest percentage of 
the prevailing wind direction, during the sampling, was NW (from the sea), amplifies the 
effect of the phenomenon in Patras’ atmosphere. This shows that Na is firmly a natural 
pollutant. K, Zn and Fe present anomalies which present grand positive gradient at 28m 
in relation to 3m (Fig 6). 
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Figure 6. Correlation of trace elements concentration vs wind. 
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The last group of diagrams we processed included the concentration of every element 
(Ci) along with the concentration of CTPM in relation to the ambient temperature 
(Ci~Temp). Starting by the CTPM diagram, we observe an increase of it by temperature 
at 3m. That behavior lead us to the conclusion that amplification of the sources near the 
ground is related to the increase of temperature. That shows not only by CTPM increase, 
but also by the increase of the concentration of pollutants that come from the sources. 
The most important source of that kind is traffic and the elements that are related to that 
are Co, Mn, Zn and Cr. The increase of their concentration at 3m is due to harsher 
mechanical use of certain parts of the vehicles such as tires, brakes and radiator, at high 
temperature. From the rest elements remarkable is the behavior of Na. The specific 
element presents a negative gradient (decrease of concentration) at both heights. Finally, 
Br decreases by temperature. This is explained by the fact, that when an engine is 
working on a warmer environment, produces fewer pollutants. 
 
 
4. CONCLUSIONS 
 
The concentrations of the analyzed elements were compared to the (TUC) and found to 
be relatively equal, except Eu in some cases, Zn in winter period and Fe that significantly 
exceeded the TUC. K was also found to exceed TUC by a small percentage. Mineral 
particles, traffic and marine aerosols are proved to be the largest single contributors. A 
large amount of TMP is due to the street and soil dust resuspension rather than to 
vehicular emissions. It is also important the direct correlation between these 
concentrations and meteorological parameters. However, a large quantitative 
differentiation of pollutant concentration levels, at the two sampling sites, has been 
observed. These results illustrate the important effect of the street canyon orientation and 
configuration on the pollutant exchange between the micro-environment of the street 
canyon and the upper air layer. 
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Abstract

Ambient concentrations of PM10 and their elemental composition in the multi-impacted area of Thessaloniki, N.

Greece is presented in this study. High concentrations of PM10 were observed, with 80% exceedances of the proposed

daily limit of 50mgm�3. The elemental concentrations were similar to the levels observed in moderately polluted urban

areas. Spatial and temporal variation of particle mass and elemental concentrations as well as the influence of

meteorological conditions were examined. The examined elements were characterised with respect to their origin from

natural or anthropogenic emissions on the basis of crustal and marine enrichment factors. Factor analysis of elemental

composition pattern and elemental ratios in PM10 were also used to identify possible pollution source-types.

r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Many epidemiological studies have revealed consis-

tent associations between ambient concentrations of

inhalable (PM10) and respirable (PM2.5) particles and

their elemental composition with adverse respiratory

health effects (Schwartz et al., 1996; Prichard et al.,

1996; Costa and Dreher, 1997). In this framework, the

implementation of the recently approved EU directive

on air quality demands the monitoring of airborne

particles with aerodynamic diameter lower than 10mm
(PM10) and atmospheric lead concentrations, while

proposes new more stringent ambient air quality

standards (EC, 1999). In addition, the monitoring of

atmospheric concentrations of cadmium, arsenic, mer-

cury and nickel was also proposed due to their

detrimental effect on human health (EC, 1998; WHO,

2000).

A number of studies conducted in the greater area of

Thessaloniki during the last decade are dealing with the

concentration levels, the chemical composition and the

major sources of total suspended particles (TSP) or

specific particle fractions (Samara et al., 1990,1995;

Misaelides et al., 1993; Tsitouridou and Samara, 1993;

Kouimtzis et al., 1995; Samara and Tsitouridou, 2000;

Manoli et al., 2002; Voutsa and Samara, 2002).

Relatively high levels of ambient particulate matter in

the area have been well documented, with TSP

concentrations exceeding by far the annual limit of

150 mgm�3 and fine (do3:0 mm) particle concentrations
almost 3–4 times higher than the proposed value of

20 mgm�3 (CEN, 1998).

This paper presents for the first time results concern-

ing the ambient concentrations of PM10 and their

elemental composition at three sites within the urban

area of Thessaloniki, which are influenced by different

anthropogenic activities. Temporal and spatial variabil-

ities of PM10 and elemental concentrations were

examined, moreover, the influence of meteorological
*Corresponding author. Fax: +30-310-997747.

E-mail address: dvoutsa@chem.auth.gr (D. Voutsa).
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conditions was evaluated. The natural or anthropogenic

origin of particles was estimated on the basis of crustal

and marine enrichment factors. Use of factor analysis

and elemental ratios was also made to identify major

source types.

2. Experimental

2.1. Site deposition

Thessaloniki (40.61N and 22.91E) is one of the most

populated cities in Greece and in Europe (16,000 in-

habitants km�2). It is a coastal city surrounded by

several stable residential communities while an extended

industrial zone is located north-westerly with small and

large scale industries. The main industrial activities in

the area comprise oil refining, petrochemical, fertiliser

and cement production, non-ferrous metal smelting,

iron and steel manufacturing, truck and auto painting,

metal recovery facilities, electrolytic MnO2 production,

anodised A1, scrap metal incineration, tyre production

and lubricating oil recovery. The main urban activities in

the area are vehicle traffic throughout the year and

residential heating using primarily distilled oil during

winter.

The climate of Thessaloniki is temperate strongly

influenced by the sea breeze. Mean monthly values of

relative humidity ranges between 47% and 80%, while

those of temperature between 5.51C (in January) and

281C (in August).

2.2. Sampling and analysis

Sampling of air particulate matter was conducted

at three sites in the major area of Thessaloniki.

The sampling network was designed to cover practi-

cally sites with different impact of urban or industrial

activities (EC, 1999). The first site (S1) has a residential/

commercial character and is located aside one of the

city’s busiest roadways, with average traffic working

day rate 51,988 vehicles day�1. The second (S2) is an

urban site located northwestern, close to the indus-

trial area. This sampling station is located 100m

aside the closest road, where the traffic density is

43,528 vehicles day�1. The third (S3) is a densely

populated residential site at the east part of the

city with moderate traffic density (22,824 vehicles

day�1) that is characterised by high commercial

activities. The samplers were situated on the roof of

atmospheric pollution monitoring stations, B3m above

ground level.

Air particulate matter was collected during the period

summer 1997–1998 at least once a week usually on

different working days, to avoid possible distorting

effects. The extensive sampling during the year was

representative and encountered a variety of meteorolo-

gical conditions and air masses trajectories. The

duration of each sampling period was 24 h starting at

midnight. Airborne particles with aerodynamic

diameter o10mm (PM10) were collected on cellulose

filters (Whatman 41,203� 254mm) by PM10 High

Volume samplers (Graseby-Andersen Ltd.). Standard

sampling methodology according to EN 12341

was applied (CEN, 1998; EC, 1999). The sampling

quality assurance included routine maintenance

of the samplers and their components, routine calibra-

tion by flow meter to ensure that the flow rates were

maintained in acceptable range and cautious filter

handling with clean forceps and disposable gloves.

Quality audits of sample flow rates, conducted at the

beginning and end of each sampling, were found to be

within 710% of specifications. To ensure a correct

fractionation of particles at the inlet, the total actual

flow rate was held at 35 CFM. Loaded and unloaded

filters were weighed after drying in a desiccator for 48 h

at room temperature and constant humidity (about 251C

and 50%, respectively).

Instrumental neutron activation analysis (INAA)

was used for the determination of As, Br, Co, Cr, Fe,

K, La, Na, Sb, Sc and Zn in PM10. Filters were enclosed

in quartz containers and irradiated for 3 h, with a

neutron flux of 3� 1013 n cm�2 s�1. The irradiated

samples were measured on high purity Ge detectors

with an optimal selection of sample-detector distances

and counting times (Ochsenk .uhn and Grimanis, 1993).

Flame or electrothermal atomic absorption spectro-

photometry (FAAS, GFAAS), after sonication of

loaded filters with a mixture of HNO3 and HCl acid,

was employed for the determination of Cd, Cu, Mn, Ni,

Pb and V (Samara et al., 1990). Field blanks were

acquired and replicate analyses were performed for 10%

of all ambient samples. Blank filters were regularly

checked. Corrections were made for intrinsic trace metal

content of the filters. Standard reference material of soil

(SL-1 IAEA) was also used for analytical assurance. The

analytical precision of all elemental species was better

than 10%.

Meteorological data concerning the predominant

wind direction during sampling dates were also

obtained from Institute of Meteorology and Climatol-

ogy of the University of Thessaloniki (Institute of

Meteorology and Climatology, Annual Reports 1997

and 1998).

2.3. Data analysis techniques

Statistical analysis of data employed including analy-

sis of variance and factor analysis was performed using

the STATGRAPHICS 5.0 Statistical Software (STAT-

GRAPHICS, 1986).
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3. Results and discussion

Summary statistics of particle mass (PM10) and

elemental concentrations in the area of Thessaloniki

are presented in Table 1, along with their spatial

variation. Seasonal variability is shown in Table 2.

3.1. PM10 concentrations

The concentrations of PM10 were similar at all three

sampling sites. On the contrary, significant temporal

variation of PM10 was observed, showing an increasing

trend from summer to winter (Table 2) typical for urban

areas in Europe (Artinano et al., 2001; Manoli et al.,

2002). Almost 80% of PM10 concentrations at all sites

exceeded the daily PM10 limit value (50 mgm
�3) allowed

to be exceeded up to 35 times year�1 (EC, 1999). The

mean annual concentrations of PM10 also exceeded the

EC annual limit of 40 mgm�3 for PM10 that has to be

met by the year 2005 (EC, 1999). These results are

similar with those reported for urban-industrial sites in

South, Central and Eastern Europe (Jannsen et al., 1997;

Artinano et al., 2001; Houthuijs et al., 2001; Weckwerth,

2001) but fairly higher than those reported for North

and Western Europe and USA (DETR, 2000; Pakkanen

et al., 1996; Lazaridis et al., 2002).

The PM10 daily concentrations were found to be best

fitted to Weibull theoretical distribution, according to

chi-square test (x2 ¼ 24:52; n ¼ 9; significant level

3.5� 10�3) rather than to longnormal distribution

(x2 ¼ 16:78; n ¼ 9; significant level 0.03). Longnormal
distribution was found to represent better the PM10

concentration in Taiwan area (Lu, 2002). According to

the Weibull distribution the probability for PM10

concentration to exceed the air quality standard of

50 ngm�3 was calculated to be 82.4%. This value is very

close to the 80% frequency of exceedances observed;

thus revealing the representativity of sampling pro-

gramme.

3.2. Elemental concentrations

The summed mass of the 15 elements determined in

this study accounted for approximately 5% of the PM10

mass. Assuming that these elements primarily exist in

the forms of NaCl, K2O, NiO, Cr2O3, MnO2, Fe2O3,

PbO, Cu2O, ZnO, Sb4O6, CdO, V2O5, As2O5, Co3O4

(Roosli et al., 2001), their contribution to the mass of

PM10 increases to approximately 8%. The contribution

of minor elements in PM10 is usually low. The oxides of

Cu, Zn, Br, Pb and anthropogenic Fe were found to

represent 2–3% of PM10 mass concentration in Milan

(Marcazzan et al., 2001). Crustal matter (as oxides of Al,

Si, Ca, Ti, Fe), ammonium sulfate, sea salts and organic

aerosol are usually the main components of PM10 (Chan

et al., 2000; Marcazzan et al., 2001; Roosli et al., 2001).

Sites S1 and S3 exhibited higher concentrations of Pb,

Br, Sb and Cu (Table 1) than S2 probably due to their

Table 1

Particle mass and elemental concentrations in PM10

Site 1 (N ¼ 52) Site 2 (N ¼ 54) Site 3 (N ¼ 47) Spatial variation

Mean Range Mean Range Mean Range

PM10 mgm�3 82 38–147 78 25–155 89 33–210 —

Pb ngm�3 78 32–150 62 9.0–368 71 23–138 nn

Cu ngm�3 71 33–273 36 4.0–167 54 17–109 nn

Mn ngm�3 24 7.0–65 28 5.0–131 26 6.0–65 —

Cd ngm�3 0.73 0.18–2.3 0.9 0.10–3.6 0.70 0.10–3.0 n

Ni ngm�3 9.2 3.5–18 11 2.0–53 11 3.5–24 —

V ngm�3 42 6.0–118 39 2.0–99 37 10–86 —

As ngm�3 1.2 0.11–3.4 2.4 0.1–33 1.5 0.1–7.3 n

Br ngm�3 46 8.0–191 43 4.0–169 64 0.1–264 nn

Co ngm�3 3.8 0.26–17 2.4 0.10–15 2.5 0.1–11 —

Fe ngm�3 2506 712–7594 2159 235–6506 1938 314–4944 —

Cr ngm�3 11 2.1–37 10 0.8–60 11 2.0–56 —

Zn ngm�3 188 25–814 212 33–614 215 2.0–2754 —

Sb ngm�3 8.3 1.2–30 3.2 0.40–17 5.9 1.2–17 nn

La ngm�3 2.8 0.21–30 1.1 0.20–3.5 2.1 0.1–31 —

Sc ngm�3 0.34 0.06–1.1 0.32 0.10–1.9 0.33 0.10–1.3 —

Na ngm�3 640 100–3097 573 110–2240 1008 143–6660 —

K ngm�3 720 190–2619 836 241–2755 1147 198–3531 nn

nSignificant at 95% confidence level.
nnSignificant at 99% confidence level.
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closer vicinity to the main roads. These elements have

been reported to be traffic related as constituents of

leaded gasoline (Pb, Br) or of brake lining (Sb, Cu) (Lee

et al., 1994; Weckwerth, 2001). The highest concentra-

tions of Cd and As were determined at S2 and might be

attributed to industrial emissions. Similar concentra-

tions of Ni, V, Zn and Cr were found at all sites

suggesting influence of the same type/strength emission

sources.

Significant seasonal variation was observed for Pb,

Br, Cu, Zn (p ¼ 0:01) and V, Ni (p ¼ 0:05) (Table 2).

Higher concentrations of these elements were deter-

mined during the cold period probably due to

higher traffic density and combustion of fossil fuels for

heating (UBA, 1990; Lee et al., 1994; Marcazzan

et al., 2001; Weckwerth, 2001), as well as to the influ-

ence of meteorological factors (e.g. lower temperat-

ure inversions in winter, higher ambient temperature

in summer, etc.). Especially for Br, a significant loss

of its particulate fraction during the warm period

due to volatilisation has been reported (Lee et al.,

1994).

It is worth noting the strong decrease in particulate Pb

concentrations in the area of Thessaloniki during the

last decade (Samara et al., 1990) as a consequence of

reduction of Pb content in petrol from 0.4 to 0.15 g l�1,

as well as to the growing use of catalyst equipped cars

fueled with unleaded gasoline. The concentrations of Pb,

V, Cd and Mn were lower than the current air quality

guideline values of 500, 1000, 5 and 150 ngm�3,

respectively (EC, 1999; WHO, 2000). Ni and As have

been characterised as human carcinogen and there is no

safe threshold values for inhalation exposure (unit

lifetime risk 3.8� 10�2 and 4� 10�3, respectively)

(WHO, 2000).

As a conclusion, elemental concentrations in air

particulate matter (PM10) in the area of Thessaloniki

are broadly consistent with values reported for moder-

ately polluted urban areas (Lee et al., 1994; Kim et al.,

2002).

3.3. Enrichment factors

To have a first indication on the extent of the

contribution of anthropogenic emissions to atmospheric

elemental levels, the enrichment factor (EF) for each

element was calculated using Sc as reference element and

the upper continental crustal composition given by

Taylor and McLennan (1985). Sc is used as reference

element as it has virtually no industrial applications, is

involatile and thus should truly represent an entirely

crustal element (Lee et al., 1994). By convention, the

average elemental concentration of the upper continen-

tal crust is used instead of the continental crust

Table 2

Seasonal variability of airborne particulate matter and elemental concentrations

Elements Site 1 Site 2 Site 3

Colda Warmb Seasonal variation Colda Warmb Seasonal variation Colda Warmb Seasonal variation

(N ¼ 26) (N ¼ 26) (N ¼ 26) (N ¼ 28) (N ¼ 24) (N ¼ 23)

PM10 mgm�3 91 73 nn 89 68 nn 97 80 nn

Pb ngm�3 90 66 nn 61 63 — 82 61 nn

Cu ngm�3 78 65 nn 41 32 — 63 44 nn

Mn ngm�3 25 24 — 30 26 — 28 23 —

Cd ngm�3 0.81 0.64 — 1.2 0.70 nn 0.80 0.50 —

Ni ngm�3 10 8.1 nn 12 11 — 12 9.9 n

V ngm�3 40 44 — 46 33 n 42 32 n

As ngm�3 1.1 1.3 — 3.1 1.7 — 1.4 1.6 —

Br ngm�3 61 34 nn 63 26 nn 89 41 nn

Co ngm�3 5.5 2.5 nn 3.2 1.7 — 2.7 2.5 —

Fe ngm�3 3390 1669 nn 2687 1639 — 1944 1942 —

Cr ngm�3 12 10 — 12 8.3 — 11 9.7 —

Zn ngm�3 224 153 n 277 152 nn 313 126 nn

Sb ngm�3 10.4 6.2 nn 3.5 2.9 — 6.4 5.6 —

La ngm�3 2.1 3.5 — 1.3 0.9 — 2.5 1.7 —

Sc ngm�3 0.38 0.29 — 0.33 0.40 — 0.31 0.30 —

Na ngm�3 665 617 — 646 496 — 1310 695 —

K ngm�3 829 634 — 928 734 — 1290 1026 —

aCold: October 16th–April 14th.
bWarm: April 15th–October 15th.
nSignificant at 95% confidence level.
nnSignificant at 99% confidence level.
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composition of the specific area, as detailed data for

different areas are not easily available. Moreover,

particles are subjected to transport phenomena and the

definition of a specific area is quite difficult. If EF

approaches unity, crustal is the predominant source.

Operationally, given the local variation in soil composi-

tion, if EF>5, a significant fraction of the element is

contributed by non-crustal sources (Gao et al., 2002).

The range (10th and 90th percentiles) and the mean

values of EFs calculated in this study are presented in

Fig. 1.

Br and Sb exhibited the highest enrichment factors

(B1000) suggesting the predominance of anthropogenic

sources, i.e. traffic emissions. An enrichment factor for

Sb B20,000 in brake lining materials has been reported

by Heinrichs and Brumsack (1997). Pb, Cd and Zn also

showed high enrichment factors, with mean values

higher than 100, suggesting the dominance of non-

crustal sources for these elements. Ni, V, As and Cu also

appeared to be enriched even if to a lesser extend

(10oEFo100). On the other hand Mn, Fe, La, Na, K,

Co and Cr showed low enrichment factors thus

suggesting negligible contribution of anthropogenic

sources.

Marine enrichment factors were also calculated for Br

and K with respect to sea salt considering Na in bulk sea

water as reference element. Sodium in generally con-

sidered as a tracer of the marine source since the

contribution from terrigenic sources is very small

(Sanusi et al., 1996). Br and K have been reported as

having significant marine origin in certain studies

(Cheng et al., 2000). Marine enrichment factors for Br

and K ranged from 10 to 12 and 30 to 40 respectively,

suggesting the contribution of sources other than marine

sprays at these sites such as, paved road dust, vehicle

emissions, burning emissions etc. (Cheng et al., 2000;

Watson et al., 2001).

3.4. PM10 and elemental concentrations in relation to

meteorological conditions

Ambient concentrations of particulate matter and its

chemical components depend strongly on wind dy-

namics in a study area. While average concentrations

provide little information on the contributions of

different emission sources and possible routes of

transportation, concentrations measured during prevail-

ing wind directions might be more useful.

During sampling dates winds of the SW and NW

sector prevailed (38.6% and 18.8%, respectively). Calm

conditions (wind velocity o3 kmh�1) were observed

almost at 10% of sampling days, that is quite lower than

usually observed in the area. The mean concentrations

of PM10 and selected elemental components (Cd, Pb and

Br) for each wind direction are shown in the wind-rose

diagrams of Fig. 2.

The highest PM10 concentrations at all three sites

were associated with calm conditions suggesting

influence of local sources rather than transport

in relation to possible occurrence of temperature

inversion and reduction of vertical diffusion. High

concentrations of PM10 were however observed with S,

E and NW indicating that transport may also occur

circumstantially.

The influence of wind speed/direction on the ele-

mental content of airborne particles varies among sites

as well as among different elements (Fig. 2). A non-

parametric ANOVA procedure, the Kruskal–Wallis one

way analysis by ranks was performed to examine if wind

characteristics has a significant effect on the observed

variance. Wind direction was found to have a significant

effect (p ¼ 0:01) on ambient Pb, Mn, Cd, Ni, V, Br, Co,

Fe, Zn and Na concentrations. These elements exhibited

higher concentrations during calm conditions suggesting

emissions from local sources.
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F

Pb Cu Mn Cd Ni V As Br Co Fe Cr Zn Sb La Na K

Fig. 1. Ranges and mean values of crustal enrichment factors for elements in PM10 with Sc as reference element.
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3.5. Factor analysis

Factor analysis was performed on normalised ele-

mental concentration data at each sampling site. To

compensate for strongly skewed distribution and/or to

avoid that high concentration dominate the mathema-

tical modelling all data were transformed to log (x þ 1).

The results of the factor analysis after varimax rotation

are shown in Table 3. Four factors were found to

account for 67.5–70% of the total variance. The

interpretation of each factor is not easy due to the

complexity of studied environment. However, all three

sites appeared to be impacted by certain source-types

such as vehicle emissions (F1, F4, F1 at sites S1, S2, S3,

respectively), road dust (F2, F3, F2 at sites S1, S2, S3,

respectively) and industrial processes (F4, F1/F2, F3 at

sites S1, S2, S3 respectively). The results of the present

study support previous findings concerning the major

source-types affecting the atmosphere of the major

Thessaloniki area (Samara et al., 1990; Manoli et al.,

2002). Therefore, specific measures should be decided by

Greek authorities aiming at the reduction of emissions

mainly from vehicle traffic and industry.

3.6. Elemental ratios

The presence of major and minor elements in ambient

particulate matter is frequently related to emission from

specific sources (Kim and Henry, 2000; Weckwerth,

2001). The elemental ratios are often used to estimate

the profile of possible sources (Kim and Henry, 2000;

Annegartn et al., 1992; Wang et al., 2001), the origin of

air masses (Pakkanen et al., 1996; Cheng et al., 2000)

and local source fingerprints (Prafi et al., 2000).

The mean values and the range of selected elemental

ratios in PM10 of the area of Thessaloniki are presented

in Table 4 along with literature values concerning

atmospheric particles. Elemental ratios in particulate

emissions from local sources and literature source data

are also included. Since PM10 includes particles emitted

from large variety of sources (from fine condensates up

to coarse soil particles) elemental ratios in PM10 are not

specific enough to provide evidence on a single source.

However, an evaluation of the influence of local major

sources was attempted in the present study.

The Pb/Br ratio in ambient particulate matter

has often been used as indicator of the influence of
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Fig. 2. Mean concentrations of PM10 (mgm
�3), Cd, Pb and Br (ngm�3) during prevailing wind directions.
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traffic emissions (Lee et al., 1994; Salma et al., 2000).

The Pb/Br mass ratio in leaded gasoline is 2.59 (Lee

et al., 1994). However, this ratio in vehicle exhaust varies

largely depending on the emission aging that causes

progressive loss of Br due to volatility (Salma et al.,

2000; Kim and Henry, 2000). Similar median values of

Pb/Br ratios were found in all sites examined in this

study. These values are within the range reported for

airborne particles in urban areas and close to local

vehicle emissions. However, direct usage of the Pb/Br

ratio for estimation of vehicular contribution to the

atmospheric lead burden needs careful approach.

A relation of Sb and Cu ambient concentrations with

traffic density and distance from roads has been

reported (Dietl et al., 1997). Weckwerth (2001) sug-

gested that the Cu/Sb ratio in coarse airborne particles

(4.971.7) is a measure of the contribution of brake-

lining materials (Cu/Sb approximately 4.6). In the

present study, the mean Cu/Sb ratios ranged between

13.2 and 17.4. As shown in Table 4, ratio values in the

range 10–257 were determined in particulate emissions

from a number of local sources including vehicle

exhausts and paved road dust.

The ratio As/V exhibited significant difference be-

tween the two purely urban sites (0.05) and the industry-

impacted side (0.10). Similar distribution pattern was

also found in paved road dust (Samara et al., unpub-

lished results). Road dusts around S2 were in the past

found contaminated with As as a result of pyrite burning

for sulfuric acid production (Misaelides et al., 1989).

Although that industrial operation has been now

abandoned, current data on local sources profiles show

that industrial emissions, such as scrap metal incinera-

tion, are characterised by elevated As abundance (As/

V=0.31, Table 4).

Similar Zn/Pb ratios were found at sites S1 and S3 (2.7

and 3.1, respectively), while higher values were found at

site S2 (4.95) indicating possible influence of pyrome-

tallurgical operations such as scrap metal incineration,

metal weldings etc. Ambient Zn/Pb ratio B1.7 was

found in Scandinavia and considered as indication of

particle transport from E. Europe (Foltescu et al., 1996).

The mean Zn/Cd ratios ranged from 296 at S1 to 392

at S3 suggesting contribution primarily from traffic

emissions and road dust (Table 4). Similar ambient

ratios have been reported for the coastal area in Israel

reflecting influence from local crustal material (Herut

et al., 2001).

4. Conclusions

Ambient concentrations of PM10 and their elemental

composition in the major area of Thessaloniki are

presented in this study. The concentrations of PM10

exceeded the daily limit value of 50 mgm�3 (at almost

80% days the year) as well as the annual limit of

40 mgm�3. Higher concentrations of Pb, Br, Sb and Cu

were found at urban sites, while higher concentrations of

As and Cd were determined at the industrially impacted

Table 3

Factor analysis of elemental composition pattern in PM10 at each sampling sitea

Elements Site 1 (N ¼ 52) Site 2 (N ¼ 54) Site 3 (N ¼ 47)

F1 F2 F3 F4 F1 F2 F3 F4 F1 F2 F3 F4

Pb 0.740 0.416 0.495 0.574 0.649

Cu 0.713 0.845 0.866

Mn 0.543 0.486 0.692 0.428 0.691

Cd 0.666 0.520 0.450

Ni 0.781 0.683

V 0.819 0.793 0.625

As 0.736 0.438 �0.836
Br 0.703 0.518 0.719 0.424 0.631

Co 0.861 0.648 0.536 0.748 �0.414
Fe 0.774 0.620 0.415 0.695 0.504

Cr 0.553 0.556 0.777 0.650

Zn 0.848 0.642 0.632

Sb 0.564 0.692

La 0.677 0.855 0.773

Sc 0.794 0.822 0.894

Na 0.707 0.843 0.736

K 0.869 0.914 0.777

Explained variance (%) 28 16.5 15.4 7.5 38.4 14.3 10.4 6.8 36.7 11.7 10.4 9.8

aLoadings higher than 0.400 are only given.
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Table 4

Elemental ratios in PM10

Elemental
ratios

Ambient air Possible sources

Thessaloniki (PM10), this study Literature Local
sources1

Literature

S1 S2 S3

Pb/Br 2.34 3.96 1.59 2.43–10.4 UK2 0.8–4.7a 2.57–3.93 Composite vehicle
profile2

(0.56–8.38) (0.12–84) (0.23–5.48) 4.16–6.07 LA, USA 3 2.4–7.5b

1.43–3.85 Budapest 4 2.1c

4–5 Scandinavia 5 3.8–926d 4.3 Crustal8

3.2.106e

Cu/Sb 13.2 17.4 14.7 4.971.7 Cologne 6 10–40a 4.671.2 Brake linings6

(1.9–98) (2.8–95) (2.5–49) 33–54b

71c

10–52d 275 Crustal8

257f

As/V 0.04 0.10 0.05 0.15 Norway 7 0.001–0.01a 0.078 UK emissions7

(0.002–0.21) (0.002–0.95) (0.002–0.20) 0.03–0.12b

0.02c

0.313g 0.015 Crustal8

o0.001h

V/Ni 5.2 4.1 3.6 2.4 Oil combustion
areas 5

0.7–8.3a 1.1 Poland emissions5

(0.6–22) (0.1–23) (1.8–20) o2 coal combustion
areas5

5.0–6.5b 1.8 F. Soviet Union
emissions5

0.41c

0.7–8.6d 1.8 Crustal8

Zn/Pb 2.7 5.0 3.1 1.7 Scandinavia5 0.03–4.4a 0.5 Close to smelter
(0.3–1.0) (0.2–53) (0.04–23) 0.8–1.3 European

coastal sites 9
1.2–1.8b

2.6 N. Israel 9 1.2c 0.54–0.65 E and W European
emissions10

0.63 Turkey 9 8.4g 5.3 Crustal8

10�3h

Zn/Cd 296 348 392 371 Israel9 33–950a 26–34 E and W European
emissions10

(12–1018) (41–5260) (3–5508) 100 Turkey9 430–1475b

59–100 European
coastal sites9

190c

803–11427h 350 Crustal8

aVehicle exhausts (catalyst, non-catalyst passenger cars, diesel taxis, diesel buses).
bPaved road dust.
cOil burning.
dMetallurgical industries (iron and steel manufacture, scrap metal incineration, metal electroplating/welding/tempering).
eLead smelter.
fBronze smelter.
gScrap metal incineration.
h Iron and steel manufacture, metal electroplating/welding/tempering.

1Samara et al. (unpublished results).
2Lee et al. (1994).
3Kim and Henry (2000).
4Salma et al. (2000).
5Foltescu et al. (1996).
6Weckwerth (2001).
7Pakkanen et al. (1996).
8Mason and Moore (1996).
9Herut et al. (2001).
10Pacyna et al. (1984).
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area. The elemental concentrations were lower than the

current air quality guidelines; broadly consistent with

values reported from moderately polluted urban areas.

Br, Sb, Pb, Cd and Zn exhibited high enrichment factors

suggesting the predominance of non-crustal sources.

Ambient elemental concentrations exhibited higher

concentrations during calm conditions that could be

attributed to emissions from the local sources. Vehicle

emissions, industrial processes and road dust are the

major source-types affecting the local atmosphere. The

elemental ratios in PM10 were used as tracer to find

impact of local sources in ambient air.
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In this paper, the relation between the trace element content in air particulates and solar meteorological data in the atmospheric environment of
Athens, Greece, was studied. For this purpose, Sm, Br, As, Na, K, La, Ce, Cr, Ag, Sc, Fe, Zn, Co, Sb, Th were determined by INAA in respirable
aerosols collected during winter 1993–1994. The results showed that the average cloudiness, sunshine, and the total solar radiation (sun and sky)
on a horizontal surface, (3 variables) have no relation with trace element variation. However, diffuse solar radiation (sun and sky) on a horizontal
surface seems to have statistically significant relationship with some of the trace element variation. It forms a single component with some trace
elements after the application of the factor analysis. The increase of the same solar variable in the Athens City center, is one of the factors which
cannot permit the emission of trace elements in the atmospheric environment from dust soil and car tires.

Introduction

The understanding the pathways and mechanisms for
the emission, transportation and deposition of airborne
particles, is one of the main targets in pollution studies
for the atmospheric environment. Wind speed, wind
direction, temperature, atmospheric pressure, humidity
etc., could be characterized as principal factors for the
understanding of the above mentioned parameters as
they influence the chemical composition of aerosols.
Thus, this composition is correlated and studied usually
in relation to the meteorological data in almost all air
pollution studies.1–5

As far as we know from the existing literature, there
is no any information regarding the correlation of
aerosols composition with solar meteorological data.
Among the latter, sunshine, total solar radiation, diffuse
solar radiation, and average cloudiness are included.

The Athens basin covers an area of 450 km2 and is
surrounded by mountains at the W, N, and E side and
from the sea at the S side. In the last four decades this
basin has been transformed into a large industrial and
commercial center where 40% of Greek industry and
more than two million vehicles have been registered.
The population has increased nearly to the 4 millions.
For the improvement of the atmospheric environment of
this population, the Greek Government has developed a
strategy with regulations for industries, traffic
restrictions, banning of certain fuels. For monitoring the
air quality a net of six sampling stations has also been
established.

* E-mail: Kanias@chem.demokritos.gr

To the best of our knowledge, the trace element
content of Athens atmosphere has not been studied
extensively and in the relevant literature there is only
one work, where 27 samples of respirable particulate
matter were collected in the central of Athens during the
summer of 1987.6

The above mentioned restrictions led to a change of
the number of the trace element emission sources after
1987, therefore, comparative measurements in the 90’s
could provide evidence for the changes.

In this work, Sm, Br, As, Na, K, La, Ce, Cr, Ag, Sc,
Fe, Zn, Co, Sb, Th were determined in respirable
aerosols (smoke samples) derived from six monitoring
stations in the winter of 1993–1994. The purpose of this
study has two objectives: (1) a periodic control of trace
element emission sources and degree of pollution in
Athens’ atmospheric environment, (2) to find out if there
is any relation between the trace element content of
aerosols and solar meteorological data.

The analytical methods used were instrumental
neutron activation analysis and gamma-ray spectroscopy.
Statistical test analysis of variance and t-test were
applied to the analytical data in order to evaluate the
internal variations between the results. In order to study
weather there is any relation between the analytical
results and solar meteorological data, factor analysis
(PCA) and correlation coefficient were applied to the
whole data set.

The solar meteorological data used were (1) daily
number of sunshine hours, (2) total solar radiation (sun
and sky) on a horizontal surface (TSRHS), (3) diffuse
solar radiation (sun and sky) on a horizontal surface
(DSRHS) and (4) average cloudiness.
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Fig. 1. Athens basin with sampling station areas

These data were selected for two main reasons: (1)
Greece is a country with a very high amount of daily
sunshine hours during the year; (2) it is well know from
environmental chemistry that different photochemical
reactions such as photoionization, luminescence,
production of free radicals, are carried out in the
atmosphere where the principal reagent is the solar
radiation. Thus, it will be very interesting to see the
possible correlation of the selected meteorological
variables with the trace element concentrations found in
the Athens’ atmospheric environment.

Experimental

Sampling site description

Filters samples derived from six stations of the
Athens monitoring network were used for trace element
analysis (Fig. 1). Three of them are located within the
downtown Athens area. They are nominated in this paper
as Athinas, Patission, and Aristotelous. There is also the
N. Smirni station where, there are only domestic activity
and very low traffic in this area.

The Piraeus station is located in the harbor of
Athens, where there are domestic activity, very high
traffic, sea breeze and influence from the industries
located close to the Piraeus harbor. The sixth station is
located in the area of Peristeri where there is domestic,
traffic and industrial activity.

The six stations are connected with a network system
with a central computer system and smoke and the air
pollutants NO, NO2, O3, SO2, CO were determined and
registered every hour in a 24 hour basis all the year.

Collection of smoke samples

For the collection of smoke samples a black smoke
analyzer was used (Environmental S.A.). The filter used
was Whatman No. 1 in a roller ribbon form. The
particles of smoke with size less than 1 µm accumulated
in the filter during the day forming a dark spot of one-
inch diameter. The airflow rate was 2.16 m3 per
sampling day. The quantity of smoke was determined
according to the method developed by the Warren
Springs National Environmental Laboratories, UK using
a reflectometer.7,8 After the determination of smoke, the
same filters were used for trace element determination.

Trace element determination
Sampling: An equal number of samples from each

monitoring station for each month and for the same days
were collected. The selected dates for analysis were
chosen randomly. They included filters from December
1993, January 1994 and February 1994. The description
of sampling campaign from each station was the
following: (1) seven days sampling during December
1993. Total number of samples 42; (2) nine days
sampling during January 1994. Total number of samples
54; (3) eight days sampling during February 1994. Total
number of samples 48.

Apparatus: Irradiation of samples and standards was
carried out using the rotation system of the reactor of
National Center for Scientific Research “Demokritos”
with a maximum neutron flux of 3.9.1013 n.cm–2.s–1.

Gamma-ray spectrometry of the irradiated samples
and standards was done with a high purity germanium
detector with an efficiency of 25% and a resolution of
1.76 at 1332 keV, connected to a Canberra 85 series,
8192-channel analyzer.

Standards for analysis: Lake Sediment (SL-1) and
soil (Soil-7) standard reference materials of IAEA were
used as analysis standards. For quality control, Soil-7
was considered as unknown sample and it was analyzed
at every irradiation together with filters and blank
samples. A multielemental standard solution was used
for the control of non-certified values of standard
reference materials. Moreover, for quality control and
quality assurance, analysis of blank filters, duplicates,
and equipment calibration before each measurement
were taken into consideration.

Procedure: Each smoke spot was isolated carefully
from the white ribbon filter with a plastic scissors. Then,
the spot filter with the trace elements was twisted and
placed with the help of plastic tweezers into quartz tubes
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for irradiation without any treatment and without
weighing. The whole procedure took place into a laminar
flow hood and by the use of talcless gloves. Using the
same exact dimension of the smoke spot (1" diameter) a
number of 15 blank filters were prepared for irradiation
with exactly the same procedure from the same batch
and from the same roller ribbon used in the six stations.

Quantity from 50 to 70 mg from each standard
reference material was put into identical tubes. All
quartz tubes were heat-sealed.

Samples and standards, blank and standards were
irradiated simultaneously in the rotation system of the
reactor for 3 hours. After four days cooling time the
quartz tubes were opened and their radioactive content
was transferred into a polyethylene foil. The foil was
twisted and covered with a scotch tape and then fixed
with the scotch tape into a hole found in the center of an
aluminum plate. These plates were used in all filter
measurements in order to have the best counting
geometry. The radioactive material was measured twice.
The first measurement took place immediately after the
opening of the quartz tubes (4 days cooling time) and the
second one after 20 days cooling time. The counting
time at the first measurement was 15 minutes and at the
second one 60 minutes.

After the end of the first counting the areas under the
photopeaks corresponding to the gamma-rays of 153Sm
at 103 keV, 82Br at 554 keV, 76As at 559 keV, 24Na at
1369 keV, 42K at 1525 keV and 140La at 1595 keV of
samples and standards were compared.

Finally after the second measurement the areas under
the photopeaks corresponding to the gamma-rays of
141Ce at 145 keV, 233Pa (Th) at 312 keV, 51Cr at 320
keV, 110mAg at 658 keV, 134Cs at 796 keV, 46Sc at 889
keV, 59Fe at 1099 keV, 65Zn at 1115 keV, 60Co at 1133
keV and 124Sb at 1691 keV of samples and standards
were compared.

The processing of gamma-ray spectra was carried out
using a PC computer and the software packages SPAN V
3.0 and GANAAS of IAEA.

The final calculation of each trace element
concentration in the air of Athens was carried out as
follows. First the elemental content per filter unit was
calculated. Then, the concentration of the same element
plus 3 standard deviation in the blank (if there is), was
subtracted. The remained difference was divided by the
volume of air passed through the filter in one sampling
day (2.16 m3) in order to have the final concentration of
the element in nanograms per m3.

Statistical analysis: A PC computer and the
commercial software package SYSTAT were used for
the application of the statistical tests on the analytical
data.

Meteorological data
Data for sunshine, average cloudiness, TSRHS, and

DSRHS were extracted from Athens Climatological
Bulletin for 1993 and 1994. These data were selected to
have one-to-one correspondence with the measured trace
element concentrations.9,10

Results and discussion

Table 1 summarizes the analytical data and gives the
number of cases, median, minimum, maximum, mean
values and standard deviations derived from the number
of individual results for each trace element determined.

The precision of the measurements was checked by
counting 6 times the same sample in the same counting
position and under the same counting conditions. The
coefficient of variation for six measurements and for the
total number of counts was 1.4% for 15-minute counting
and 0.7% for 60-minute counting. It was found that this
coefficient in relation to peak areas was dependent from
the number of accumulated counts in the peak. During
the first counting (15 minutes) it varied from 1.5% (for a
net peak area of 6000 counts) to 5% (for a net peak area
of 1300 counts). At the second counting (60 minutes) it
was found to vary from 5% (for a net peak area of 300
counts) to 10% (for a net peak area of 92 counts).

Correction for La derived from U interference has
not been made as according to our procedure the
lanthanum counting was carried out in the 6th day after
irradiation when, according to the literature, the U
interference is negligible.11 Regarding the correction of
Sm from U, Th, and Gd interference after a 7 days
cooling time, we calculated the percentage error derived
from Th present in our samples.12 The results showed
that in the worst case (maximum Th concentration) the
percentage error was 0.09%. As in our samples U was
non detected, we calculated the percentage error derived
from U in earth crust data, accepting that in Athens’
atmospheric environment the principal emission source
of trace elements is dust (earth crust) with a contribution
of about 40%.13 The calculations were performed
according to a formula mentioned in the literature and
showed that the total mean error was 2.3%. The same
literature assumes that the Gd interference to Sm content
is negligible. Adding the one third of 2.3% (U
interference) to the 0.09% (Th interference) we
concluded that the total error in Sm content from U and
Th interferences is less than 0.9%.

In Table 2 the analytical data derived from the
determination of the studied elements in 15 blank filter
units of one-inch diameter are given. Mean value and
standard deviation, derived from 15 individual results
are presented. Figures 2, 3 and 4 show the temporal plots
for the meteorological data used and for the elements
determined in our sampling campaign.
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Fig. 2. Temporal variations for solar meteorological data of Athens, Greece

It seems that two trends exist in the meteorological
variables (Fig. 2). In the first, duration of sunshine and
TSRHS could be included while in the second one the
average cloudiness and the DSRHS. In addition, during
the chronic period of February 1994, there is a trend
with a positive peak of cloudiness and a negative peak of
sunshine hours, total and diffuse solar radiation. Almost
all the elements studied seem to follow the above
mentioned trend of February 1994. Moreover, in Fig. 4,
it is very interesting that in the temporal plots of the rare
earth elements where 3 elements (La, Ce, Sm) show the
same profile during the campaign period. This could be
attributed to the fact that all the 3 elements are emitted
from the same source.

One of the objectives of this study is the periodic
control of Athens’ atmospheric environment from trace
element point of view. In order to see if there is any
improvement, a comparison to previous sampling dated

to 1987 should be carried out. As there is only one
reference with data from Patission area (Athens’ center),
the comparison can be performed only with one of our
stations.6 This comparison is estimated on the
enrichment factors of our and their results taking as a
source of both works the Athens soil data included in the
reference, and it is given in Table 3. As it is shown, there
is an EF decrease from 1987 to 1993–1994 for all the
tabulated elements. According to the limits defined by
the authors of the 1987 study, Patission area seems to be
cleaned from Na and K. A very important decrease,
about 4 times, for Br and 50 times for Zn is observed.
The Br decrease could be attributed mainly to the
introduction of catalytic cars in Athens’ roads. The
number of these cars increases and will continue to
increase, until, all the non-catalytic cars will be
completely out of traffic.
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Fig. 3. Temporal variations of trace element concentrations in air particulates of Athens, Greece

T-test

The N. Smirni station area in relation to the other 5
station areas has the lowest anthropogenic activity
comparatively. Therefore, it could be considered as the
cleanest area and it should be concerned as a reference.
Thus, it will be very interesting to see if there is a
statistical confirmation of this statement based on our
data.

For this purpose the t-test was applied to all the data.
The results showed that the 3 city center stations have
higher mean values than N. Smirni station for Br, Co, Cr,
Fe, Sb, and Sc. Moreover, Patission area has also higher

mean values than N. Smirni area even for As, Ce, La and
Sm. Further, Peristeri and Piraeus stations have higher
mean values than N. Smirni area for the elements Fe, Na,
Sb and for Na, Sb, Zn, respectively. All these above-
mentioned differences are statistically significant.

The above mentioned statistical differences about the
cleanness of N. Smirni area looks like to be partially
supported.

Analysis of variance (ANOVA)
The application of this test to all analytical data

showed some interesting considerations.
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Fig. 4. Temporal variations of trace element concentrations in air particulates of Athens, Greece

Table 1. Trace element concentration (in ng/m3) in Athens’ airborne particles during the winter of 1993–1994
Ag As Br Ce Co Cr Cs Fe

No of cases* 98 88 138 129 129 121 22 136
Minimum 1.0 1.3 11 0.54 0.26 5.0 0.21 250
Maximum 10 46 930 89 26 846 68 15000
Mean 3.3 13 189 10 5.0 161 5.5 3041
S. deviation 1.87 9.7 161 16.5 6.1 202 15 3466
Median 2.85 10.5 142 3.6 1.7 55 0.48 1200

K La Na Sb Sc Sm Th Zn
No. of cases* 26 94 129 133 122 58 31 92
Minimum 1900 0.33 600 0.9 0.038 0.041 0.098 62
Maximum 20000 71 16000 26 5.5 2.0 1.0 623
Mean 5415 6.7 2930 6.5 0.66 0.45 0.28 171
S. deviation 4121 11.7 1963 4.5 0.83 0.53 0.22 91
Median 3900 1.7 2500 5.1 0.26 0.17 0.22 151
* Cases above the blank average +3σ.
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Table 2. Trace element data in blank filters
Element Blank average Blank st. deviation Blank average+3σ

Na 12300 1217 15951
Fe 810 132 1206
Zn 285 56.7 455.1
Br 27 5.3 42.9
Cr 23 4.4 36.2
La 2.8 0.63 4.69
Ce 2.2 0.53 3.79
Co 1.0 0.16 1.48
Sm 0.18 0.041 0.303
Sc 0.16 0.025 0.235
As N. D.
Ag N. D.
Cs N. D.
K N. D.
Th N. D.
Sb N. D.
Concentrations in ng per blank filter unit.
N.D.: Not detected.

Table 3. Comparative table of enrichment factors derived
from the same source (soil of Athens) for Patission station area,

between summer 1987 and winter 1993
Element SHEFF and VALIOZIS

(1987)
Our values

(1993–1994)
Br 2408 633
Fe 9.3 Reference
K 6.4 3.3
Na 67.7 2.3
Zn 1480 30

For all the stations together the monthly variation in
1993–1994 winter is statistically significant for As, Br,
K, Na, Sb Th, and Zn. As bromine is a source indicator
for non-catalytic cars and the antimony and zinc pair for
car tires, it seems that the vehicle circulation could be
the principal factor creating the difference and
influencing the monthly variation.

The study of the monthly variation within each
sampling station showed 2 interesting observations: (1)
Peristeri station area has the lowest variability, as the
differences among months are statistically significant for
Br and Ce only. This indicates in that area almost all the
trace element sources had a constant emission frequency.
(2) Patission station area could be characterized with the
maximum variation, as the difference among months is
statistically significant for 11 trace elements (As, Br, Ce,
Co, Cr, Fe, La, Na, Sb Sc and Zn). In that area there is
heavy traffic and housing anthropogenic activity.

The elements Br, (non-catalytic cars), Zn, Sb (car
tires), La, Ce (catalytic cars) could be characterized by
the vehicle movements, while Co, Cr, Fe, Sc by the road

dust. Based on that profiles, it could be estimated that,
the number of passing cars, per month in that area is
statistically different. Possibly, the car movements drag
the dust road and vary the contribution to the
atmospheric environment.

Receptor modeling
According to Hopke, in order to develop effective air

quality management strategies, a mathematical model
should be produced.14 In this model should be included:
(1) identification of the sources of materials emitted into
the air, (2) quantitative estimation of emission rates of
the pollutants, (3) understanding of the transport of
substances from sources to downwind locations, and (4)
knowledge of the physical and chemical transformation
processes that can occur during the transport.

There are still many instances when the mathematic
models are insufficient to provide all the information
needed and therefore, receptor models, which focus on
the behavior of the ambient environment at the point of
impact, e.g., chemical mass balance, factor analysis etc.,
can be used.

Factor analysis simplifies the description of a system
by determining the minimum set of basis vectors that
span the data space to be interpreted. In other words, a
new set of variables are to be found as linear
combinations of the measured variables so that the
observed variations in the system can be reproduced by a
smaller number of these causal factors.
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Table 4. Varimax rotated loadings for the meteorological data
Meteorological variable Component 1 Component 2 Component 3

Sunshine 0.728 –0.663 –0.134
Average cloudiness –0.440 0.870 0.215
Total solar radiation (sun and sky) on a horizontal surface 0.865 –0.394 0.301
Diffuse solar radiation (sun and sky) on a horizontal surface 0.098 0.155 0.983
Variance explained by each component 37.02% 34.40% 28.00%

Total variance explained = 99.43%.

Table 5. Varimax rotated loadings for all the Athens area
Variable Comp. 1 Comp. 2 Comp. 3 Comp. 4 Comp. 5 Comp. 6

Sm –0.1871 0.3125 0.8146 0.0917 –0.1537 –0.0084
Br 0.4065 0.5415 0.0125 0.0100 0.6006 –0.1190
Na –0.0925 0.0709 –0.1041 –0.8979 –0.0555 0.2106
La 0.1564 0.0408 0.9299 –0.0572 0.0704 0.0611
Ce 0.2610 0.1803 0.8705 0.1139 0.0366 0.0061
Cr 0.8723 –0.0993 0.0676 0.3310 –0.0052 0.2166
Sc 0.5303 –0.0948 0.5246 –0.4099 0.4081 0.0959
Fe 0.8842 0.0680 0.1938 –0.1714 –0.0680 0.1738
Zn 0.1079 0.0391 0.0573 –0.0820 0.0371 0.9041
Co 0.7825 –0.0733 –0.0030 0.1538 0.1091 –0.0244
Ag 0.3534 –0.1856 –0.0489 0.5780 0.0215 0.3795
Sb 0.7155 0.2403 0.2335 0.3146 –0.0140 0.1859
As –0.1232 0.0329 –0.0098 0.0609 0.9664 0.0710
Average cloudiness –0.2685 –0.8772 –0.2270 0.0947 0.0128 0.0248
Sunshine 0.0673 0.9698 0.1526 –0.0352 0.0685 –0.0071
TSRHSa –0.4072 0.8659 0.0980 –0.0757 0.0653 0.0971
DSRHSb –0.8873 –0.0868 –0.0230 0.0313 0.0182 0.1066
Variance explained by each component 24.47% 17.77% 16.23% 9.54% 8.95% 6.89%

Total variance explained = 85.44%.
a Total solar radiation (sun and sky) on a horizontal surface.
b Diffuse solar radiation (sun and sky) on a horizontal surface.

Table 6. Varimax rotated loadings for Athinas station area
Variable Comp. 1 Comp. 2 Comp. 3 Comp. 4 Comp. 5 Comp. 6

Br 0.2503 0.0003 0.1908 0.1025 –0.8819 –0.0507
Na –0.0079 –0.0440 0.2048 –0.1265 0.5874 –0.5720
La –0.0018 0.0906 0.0552 –0.8839 0.3280 0.2289
Ce 0.0639 –0.0622 –0.9571 –0.1058 0.0257 –0.1397
Cr 0.3944 –0.1670 –0.6098 0.5122 0.0371 0.3412
Sc 0.2136 –0.0624 –0.6225 0.6071 0.1199 0.3703
Fe 0.4945 0.0028 –0.0929 0.6833 0.1136 0.3257
Zn 0.9494 0.0540 –0.0675 0.0848 0.0358 0.1707
Co 0.1875 0.0070 –0.7683 0.4677 0.0927 0.3613
Ag 0.8908 0.0086 –0.2612 0.0309 –0.0635 0.0806
Sb 0.7117 0.1815 0.0017 0.4545 –0.1458 0.1738
As –0.1359 0.1324 0.0166 –0.0016 –0.9200 0.1280
Average cloudiness –0.1890 –0.9252 0.0721 –0.0306 0.0505 –0.2265
Sunshine 0.1186 0.9748 0.0829 –0.0265 –0.0695 0.0807
TSRHSa –0.1826 0.8862 0.1357 –0.1144 –0.0451 –0.3318
DSRHSb –0.3582 –0.0463 0.0380 –0.0081 0.1146 –0.8849
Variance explained by each component 18.62% 16.83% 15.38% 14.78% 13.52% 12.03%

Total variance explained = 91.16%.
a Total solar radiation (sun and sky) on a horizontal surface.
b Diffuse solar radiation (sun and sky) on a horizontal surface.
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Table 7. Varimax rotated loadings for Aristotelous station area
Variable Comp. 1 Comp. 2 Comp. 3 Comp. 4 Comp. 5 Comp. 6

Sm –0.5943 0.2621 0.0805 0.7333 –0.1332 0.2152
Br 0.1824 0.1569 0.0071 0.8659 0.1246 0.1413
Na 0.1298 –0.1891 0.8440 0.1254 –0.1864 0.1011
La –0.3442 0.3350 0.4851 0.1156 0.6556 –0.1179
Ce 0.1672 0.1239 0.1774 0.2074 0.1170 0.9157
Cr 0.8817 0.0497 0.3199 –0.1920 –0.1565 0.2114
Sc 0.8725 –0.1894 0.1596 0.1843 0.0053 –0.2581
Fe 0.9350 –0.0207 0.1865 –0.0532 –0.1464 0.0807
Zn 0.8547 0.1920 –0.0915 0.0182 0.1062 0.0520
Co 0.8361 –0.1684 –0.1216 –0.0220 –0.1312 0.2645
Ag 0.2758 0.4507 0.7052 –0.1252 –0.0161 0.1618
Sb 0.6018 0.3760 0.1066 0.4457 0.0691 –0.2538
As –0.0377 –0.0776 –0.3221 0.0510 0.8972 0.1602
Average cloudiness –0.1737 –0.8928 0.0120 –0.0331 0.0738 –0.1061
Sunshine 0.0061 0.9360 0.0488 0.1566 0.0289 0.0721
TSRHSa –0.3685 0.8556 0.0103 0.2297 0.1410 –0.0704
DSRHSb –0.6764 –0.0398 –0.2621 –0.2283 0.3166 –0.3155
Variance explained by each component 32.09% 18.34% 10.91% 10.48% 8.95% 7.98%

Total variance explained = 88.75%.
a Total solar radiation (sun and sky) on a horizontal surface.
b Diffuse solar radiation (sun and sky) on a horizontal surface.

Table 8. Varimax rotated loadings for Patission station area
Variable Comp. 1 Comp. 2 Comp. 3 Comp. 4 Comp. 5 Comp. 6

Sm –0.1970 0.6312 0.3450 0.2526 –0.1216 –0.4773
Br 0.1307 0.2883 0.3579 0.6757 –0.3920 0.0248
Na 0.6602 –0.1507 –0.0718 0.1191 0.0341 0.3300
La 0.2155 0.7932 0.0530 0.1860 0.4460 0.1154
Ce 0.1132 0.9355 0.0512 0.1102 0.0737 0.0643
Cr 0.9515 –0.0105 –0.0605 –0.1882 0.0794 0.1224
Sc 0.8285 0.2880 0.1987 0.1644 0.0836 0.0695
Fe 0.9381 0.0955 –0.0515 –0.1630 0.0266 0.1799
Zn 0.3951 0.3851 0.1681 –0.7295 –0.2996 0.2237
Co 0.9170 0.1316 0.0341 –0.0170 0.1460 –0.0223
Ag 0.3206 0.1309 0.0563 –0.0531 0.9709 0.0733
Sb 0.0849 0.7479 0.0899 –0.0296 –0.5451 0.1747
As –0.0055 0.3533 0.1798 0.9213 –0.0025 –0.1171
Average cloudiness –0.1166 –0.1651 –0.9121 –0.0446 0.0214 –0.2179
Sunshine 0.0613 0.1222 0.9815 0.0777 0.0198 0.0573
TSRHSa –0.1920 –0.0667 0.8789 0.1320 0.0165 –0.3219
DSRHSb –0.3483 –0.1978 –0.0900 0.1624 –0.0178 –0.8505
Variance explained by each component 25.32% 17.96% 17.37% 12.39% 10.23% 8.14%

Total variance explained = 91.4%.
a Total solar radiation (sun and sky) on a horizontal surface.
b Diffuse solar radiation (sun and sky) on a horizontal surface.

Ultraviolet radiation as a part of solar radiation is the
causal factor of many photochemical reactions that occur
in the atmosphere. The influence of this factor to the
production of gas pollutants has been studied
extensively. As far as we know, there is no information
regarding the influence of this factor to the trace element
emission in the atmosphere and in general, to the trace
element variation.

Solar radiation can potentially react with compounds
that contain trace elements emitted in the atmosphere
and possibly it varies their concentration. As the reaction
is faster, the relation between the solar radiation and
trace element concentration could be the strongest.
Therefore, it could be presented as one new independent
variable which should be a total of casual factor (solar
variable) and derived result (trace element). This new
independent variable can express the impact of meteoro-
logical variables to the trace element concentrations.
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Table 9. Varimax rotated loadings for Peristeri station area
Variable Comp. 1 Comp. 2 Comp. 3 Comp. 4 Comp. 5 Comp. 6

Sm 0.3811 0.2241 0.2383 0.0213 0.9075 –0.0054
Br –0.0978 0.1622 –0.1977 –0.9220 –0.0840 0.1255
Na –0.3687 0.1678 –0.3311 0.2218 –0.0729 –0.7459
La –0.0889 0.1055 0.9752 0.1784 0.0784 0.0267
Ce –0.0419 0.1623 0.9377 0.1357 0.1353 0.0871
Cr 0.9402 0.0027 0.1394 0.0632 0.1999 0.1095
Sc 0.9037 0.0181 –0.1278 –0.1568 0.2526 0.1482
Fe 0.9070 0.1284 –0.1024 –0.1869 –0.0189 0.1658
Zn 0.9423 –0.0682 –0.0088 0.0585 0.2134 –0.1251
Co 0.9069 0.1307 0.0227 0.0036 0.1220 –0.1165
Ag 0.2698 –0.3676 0.0239 –0.0109 0.8844 0.1120
Sb –0.0031 0.2549 –0.2136 –0.7613 –0.0345 0.2936
As 0.2284 –0.1425 0.0080 –0.8929 0.1038 –0.1134
Average cloudiness 0.1122 –0.9543 0.0091 0.0930 –0.0595 –0.0813
Sunshine 0.0876 0.9571 0.0873 –0.1060 –0.1011 0.0291
TSRHSa 0.3736 0.7855 0.2789 0.0095 –0.0931 –0.2643
DSRHSb 0.4801 –0.2467 0.4994 0.1426 –0.1321 –0.5664
Variance explained by each component 29.70% 17.09% 14.49% 14.32% 10.93% 6.95%

Total variance explained = 93.47%.
a Total solar radiation (sun and sky) on a horizontal surface.
b Diffuse solar radiation (sun and sky) on a horizontal surface.

Table 10. Varimax rotated loadings for Piraeus station area
Variable Comp. 1 Comp. 2 Comp. 3 Comp. 4 Comp. 5 Comp. 6

Sm 0.8569 0.2391 0.3361 0.6276 0.3522 0.0848
Br –0.4222 0.0513 –0.7304 0.1483 0.1829 –0.3928
Na 0.9008 0.1747 0.1428 –0.1292 –0.0630 0.2142
La 0.8795 0.4087 0.1910 –0.0587 0.4896 0.0659
Ce 0.9065 0.1473 0.0552 0.1617 0.2643 –0.1328
Cr 0.9663 0.3591 –0.0293 0.3536 –0.0373 0.1792
Sc 1.0200 0.2007 0.1172 –0.1403 0.0815 –0.1039
Fe 0.9475 0.1360 –0.0327 0.0288 0.2481 –0.0678
Zn –0.3028 0.0249 –0.8898 –0.4058 –0.1954 –0.0678
Co 0.8239 –0.1510 0.1299 –0.1632 0.3514 0.4690
Ag 0.4727 –0.0537 –0.1253 0.0939 0.9268 0.0892
Sb –0.0241 –0.0252 –0.3102 0.1766 –0.0739 –0.8947
As –0.0835 –0.0590 –0.1074 1.0881 0.0189 –0.2296
Average cloudiness –0.3147 –0.8907 0.2216 –0.0507 –0.1033 0.1961
Sunshine 0.1410 0.9666 –0.1149 0.0425 –0.0089 0.0319
TSRHSa 0.1852 0.8983 0.3124 –0.1198 –0.0892 0.1394
DSRHSb –0.2090 –0.0179 0.8068 –0.3993 –0.1587 0.2117
Variance explained by each component 43.46% 17.83% 14.50% 12.95% 9.47% 8.62%

Total variance explained = 99.99%.
a Total solar radiation (sun and sky) on a horizontal surface.
b Diffuse solar radiation (sun and sky) on a horizontal surface.
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Table 11. Varimax rotated loadings for N. Smirni station area
Variable Comp. 1 Comp. 2 Comp. 3 Comp. 4 Comp. 5 Comp. 6

Sm 0.1132 –0.7359 0.5279 –0.8767 0.1096 0.2101
Br 0.1838 –0.2431 –0.7307 –0.3291 0.0150 0.2011
Na 0.0859 0.0448 0.7877 –0.0413 –0.3665 –0.0647
La 0.2449 0.2854 0.0442 0.0454 0.9790 0.0510
Ce –0.0831 0.1722 –0.0891 0.1145 0.7991 –0.2106
Cr –0.7913 0.2816 –0.1407 –0.3044 –0.1187 0.0589
Sc –0.8100 0.2023 0.2071 0.3072 0.0479 0.1138
Fe –0.8942 0.1074 –0.1569 0.0572 0.0999 0.2508
Zn –0.6875 0.1811 –0.0666 –0.8765 –0.0167 –0.0712
Co –0.8807 –0.2030 0.1810 0.0425 0.0235 –0.1684
Ag –0.8354 0.1926 0.2124 –0.2085 –0.1779 –0.2260
Sb 0.1346 0.0975 –0.3538 –0.6954 –0.3053 0.1830
As 0.1865 –0.0908 –0.9779 0.0264 –0.5803 0.0262
Average cloudiness –0.1094 0.8190 0.2642 0.0216 0.3225 –0.2241
Sunshine 0.1381 –0.9710 –0.1776 0.0544 –0.2228 0.1452
TSRHSa 0.1469 –0.9664 0.0320 0.0269 –0.0758 –0.2788
DSRHSb 0.0402 0.0443 0.1544 0.1211 0.1503 –0.9729
Variance explained by each component 25.03% 20.73% 16.59% 14.12% 14.20% 8.40%

Total variance explained = 99.07%.
a Total solar radiation (sun and sky) on a horizontal surface.
b Diffuse solar radiation (sun and sky) on a horizontal surface.

Having this idea, we applied the Principal
Component Analysis (PCA) which is the simplest form
of factor analysis at first to the meteorological data. The
obtained results are presented in Table 4. The results
showed that the four solar variables studied have been
grouped into 3 components with a very high loading.
With these components about of 100% of the total
variance is expressed. Moreover, it showed that sunshine
and TSRHF belong to a very strong component
expressing about of one third of the total variance.
Average cloudiness and DFRHS belong to other 2
different components with one single element.

Furthermore, we applied PCA to the Athens’ whole
data set (trace elements and solar variables) where daily
mean trace element value was the mean value of the six
sampling stations. Through the application of PCA,
single components with trace elements only could be
also formed. As the scope of this paper is to study the
relation between trace elements and solar variables,
single components with trace element only have been
discussed elswhere.13

The results presented in Table 5 show that the
sunshine, TSRHS, and average cloudiness belong to one
single component where none trace element is included.

Moreover, DSRHS show to be present in one single
component where some trace elements (Cr, Fe, Co, Sb)
with high loadings were included.

This observation supports the above mentioned
reason for the application of PCA analysis. However, as
we have results from six different station areas of

Athens, and one set of meteorological data for the entire
city, we applied the same test to each one-station area
data set separately, in order to see if there is any local
influence to the extracted result trend.

From the tables with 6 components presented (Tables
6 to 11) we can extract some interesting trends as
follows:

(1) The 3 variables, i.e., the sunshine, TSRHS and
average cloudiness usually form a single component
where none trace element with a reasonable loading is
included. The expressed variance for all the station areas
by that component varies from 16.83% to 18.3% beside
the N. Smirni station area where the explained variance
from this component is 20.7%. In all 6-station areas this
component expresses almost the 2nd order percentage
variance. These results are in very good agreement with
those expressed for the same subject in Table 5. In
general, it looks like these solar variables are
independent and they have no influence to the trace
element concentration.

That agreement supports the concept that the
estimations observed in each one of the six different
stations concerning the independence of these 3 solar
variables are estimations for a large population which in
our case is all the Athens area.

(2) The DSRHS follows the same pattern as for all
the Athens area forming components with trace
elements. There is only one exception, the N. Smirni
station area where it creates along a single independent
component with high loading.
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Table 12. Statistically significant correlation coefficients between solar meteorological data and trace
elements

Element Average cloudiness Sunchine TSRHSa DSRHSb

All the Athens area
Br –0.48 0.55 –0.44
Ce –0.43
Cr –0.42 –0.71
Sc –0.45
Fe –0.72
Co –0.57
Sb –0.58

Athinas station area
Na 0.46
Cr –0.46 –0.44
Sc –0.42
Fe –0.50
Sb –0.47

Aristotelous station area
Sm 0.61
Na –0.47
La 0.49
Cr –0.68
Sc –0.60
Fe –0.73
Zn –0.51
Co –0.43 –0.57
Sb –0.45

Patission station area
Sm 0.46
Br 0.45
Cr –0.46
Fe –0.51
Zn –0.55
Co –0.40

Peristeri station area
Br –0.43
Zn 0.51
Co 0.45 0.49

Piraeus station area
Br –0.56
Fe –0.49
Sb –0.49

N. Smirni station area
Sm 0.93
Br –0.41
La 0.62

a Total solar radiation (sun and sky) on a horizontal surface.
b Diffuse solar radiation (sun and sky) on a horizontal surface.

In all the other station areas DSRHS contributes to
the first component where usually the trace elements Cr,
Co, Sc, Fe, Zn were included with a loading varying
from medium (0.67) to low (0.20). Besides this
contribution, the same solar variable presents a high
loading (0.80) and forms a component with Fe (0.89)
and Br (0.73) at Piraeus station area. Additionally, in
two other station areas (Athinas, Patission) diffuse solar
radiation shows high loading (0.88–0.85) and forms a

component with the trace elements Na and Sm with a
respective medium to low loading (0.57–0.33).

Summarizing these observations, a relation between
DSRHS and trace element concentrations is obvious.
However, in order to get more information we applied
the statistical test of Pearson correlation coefficient to
the same data set. The statistically significant results are
presented in Table 12. This table supports statistically
some of the above mentioned results found after the
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application of PCA, such as: (a) there is no correlation
between DSRHS and trace elements in N. Smirni station
area, (single component with solar variable only and
high loading); (b) between trace elements and DSRHS
there is a significant correlation in the other station areas
and especially in the city center (single component
where trace elements and solar variable are included).

The more interesting remark is the negative
significant correlation between diffuse solar radiation
and some trace elements, which are the same for all the
Athens area and for the 3 station areas of the city center
(Cr, Fe, Co, and Zn). In addition, in these correlation
should also included those negative of diffuse solar
radiation with Sc, Sb, Zn. It is also shown from Table 12
that this last observation is not valid outside the city-
center. Thus, it should be assumed that for this subject
the icon of city center influences strongly the whole view
for Athens area.

Another study in preparation showed that the profile
of the trace element (Cr, Co, Fe, Sc) emission source in
Athens atmosphere is the soil (dust) and of Sb the car
tires.13 Thereafter, it should be inferred that the increase
of DSRHS is one of the factors, which can reduce the
emission of trace elements from dust and car tires to the
Athens atmospheric environment. This is very obvious in
the city center area.

Conclusions

From the trace element point of view, Athens’
atmospheric environment and especially Patission area
shows to be cleaner in relation to the past (1987).
According to our data there is a remarkable decrease in
the concentration of bromine (4 times lower) and of zinc
(50 times lower).

There is a partial statistical support of the statement
that N. Smirni station area could be considered as the
cleanest area and it should be concerned as reference
one.

Peristeri station area has the lowest monthly
variation, as the differences among the months are
statistically significant for Br and Ce only. This profile
shows that in that area almost all the trace element
sources have a constant emission frequency.

Patission station area could be considered to have the
maximum monthly variation, as the differences among
months are statistically significant for 11 trace elements
(As, Br, Ce, Co, Cr, Fe, La, Na, Sb, Sc and Zn).
According to the profile studied for these trace element
emission sources, it could be estimated that in that area,

the number of passing cars per month is statistically
different and probably with their movement could drag
the dust road and vary its contribution to the atmospheric
environment.

Average cloudiness, sunshine, and total solar
radiation (sun and sky) on a horizontal surface show to
be 3 independent variables and they have not any
relation with the trace element variation.

Diffuse solar radiation (sun and sky) on a horizontal
surface seems to have a relation with trace element
variation, because it exhibits a statistically significant
correlation with them. Also, it forms with them single
component after the application of principal component
analysis.

In the Athens city center, the increase of diffuse solar
radiation (sun and sky) on an horizontal surface can be
considered as one of the factors which do not permit the
emission of trace elements in the atmospheric
environment from dust soil and car tires.
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Abstract

This study presents results from a yearlong particulate matter measurement campaign, conducted across the Greater

Athens Area, at four locations, between 1st June 2001 and 31st May 2002. The collected PM10 24-h samples were ana-

lyzed for nine toxic metals and metalloids (Pb, As, Cd, Ni, Cr, Mn, V, Cu, Hg). Concerning the five elements regulated

by the European Union, annual average concentrations of Pb were found below the limit values at all sites, Cd and Ni

concentrations were lower than the prospective assessment thresholds at all sites, concentrations of As exceeded the

assessment threshold at two sites, while concentrations of Hg were found below detection limits in all samples. Concen-

tration levels of Mn and V were in compliance with the values proposed by the World Health Organization. The sea-

sonal and spatial variability of metal concentrations was examined and site-specific correlation analysis was conducted

for the identification of metals with similar origin. The association between trace metals and NOx concentrations was

explored to account for the impact of automotive sources, at two traffic-impacted sites. Cu was the metal most closely

linked with the road transport sector. The relation of concentration levels with the prevalence of winds from different

sectors was studied in an effort to investigate the transport of metal particles from various zones of the city. Finally,

factor analysis was carried out to extract the main components responsible for the variance of the dataset and to attri-

bute them to specific source categories, with vehicle-related sources being important in all cases.

� 2005 Elsevier Ltd. All rights reserved.

Keywords: Trace metals; Emission sources; Road traffic; Principal component analysis
1. Introduction

Over the past two decades, a number of epidemiolog-

ical studies has provided sufficient evidence that expo-
0045-6535/$ - see front matter � 2005 Elsevier Ltd. All rights reserv

doi:10.1016/j.chemosphere.2005.01.003
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sure to ambient particulate matter poses a significant

threat on human health (Dockery and Pope, 1994). In

order to address this issue, the European Union (EU)

has promulgated air quality standards for PM10. How-

ever, uncertainty exists on the specific aerosol properties

that are responsible for the health effects. Although par-

ticle size distribution and particle number are considered
ed.

mailto:dchal@central.ntua.gr
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closely associated to adverse health outcomes, it would

be fallible to underestimate the importance of the chem-

ical composition of particles and especially of their con-

tent in toxic substances (Harrison and Yin, 2000). The

European Union has set an air quality standard for

Pb, setting an annual limit value of 0.5 lg m�3, to be

achieved by 2005. The oncoming 4th daughter directive

of the EU air quality Framework Directive will require

the long term assessment of arsenic, nickel and cadmium

concentrations, setting certain assessment thresholds,

and will render the fixed measurement of ambient con-

centrations mandatory when these thresholds are ex-

ceeded. In this framework, the Greek Ministry of

Environment has funded a project for the chemical char-

acterization of PM10 particles within the Greater Area of

Athens, requiring, inter alia, the analysis of 9 metals and

metalloids (Pb, As, Ni, Cd, Cr, Mn, V, Cu, Hg).

Elevated concentrations of lead can induce severe

neurological and haematological effects to the exposed

population and especially children. The main emission

source of lead in the atmosphere for many years has

been the use of leaded gasoline in vehicles. Since the lead

content in fuels has been regulated during the past years,

industrial sources and fuel burning activities have as-

sumed a bigger importance in ambient lead production

(EC, 1997). Compounds of arsenic, cadmium and nickel

are susceptible for inducing carcinogenic effects in

human, through inhalation. The main arsenic-emitting

anthropogenic sources are the stationary combustion

of fossil fuels (especially coal-burning) and to a lesser ex-

tent the metallurgical industry. Cadmium and nickel

compounds in particulate matter, mainly originate from

coal and fuel oil combustion processes, metallurgical

industry, and road transport (EC, 2001).

Compounds of chromium at the sixth valence state

are well known to be associated with toxic and most

important with carcinogenic effects of the bronchial tree.

There is some evidence that the abundance of hexavalent

chromium in total suspended chromium particles in

urban areas is substantial (Talebi, 2003). Chromium in

ambient air originates mainly from metallurgical indus-

tries and oil refineries. Vanadium compounds and

mainly vanadium pentoxide are linked with health ef-

fects of the human respiratory tract. The vast majority

of anthropogenic vanadium emissions to the atmosphere

result from combustion of crude or residual oil (WHO,

2000). Concerning manganese, exposure to increased

levels is known to lead to neurotoxical impairments.

The suspension of crustal particles (Harrison et al.,

2003) and industrial activities are mainly responsible

for the ejection of manganese in the atmosphere. Mer-

cury and its compounds, emitted to the atmosphere

through a variety of production processes, induce sys-

temic toxicological effects in human. The overwhelming

majority of metallic mercury and mercury compounds in

the ambient air occur in the vapor phase, with the par-
ticulate fraction usually accounting for less than 5%. Fi-

nally increased levels of copper can result to respiratory

irritance (ATSDR, 2002). Emissions of atmospheric

copper are mainly due to metal production and other

industrial processes. However, there is mounting evi-

dence that in urban areas, the road transport sector is

a major copper emission source, through the wear of

vehicles� brake linings (Weckwerth, 2001).

Up to this day, several studies, on the composition of

particulate matter in metals, have been reported for Ath-

ens (Scheff and Valiozis, 1990; Torfs and van Grieken,

1997; Koliadima et al., 1998; Protonotarios et al., 2002;

Thomaidis et al., 2003) and Thessaloniki, Greece

(Samara et al., 1990; Manoli et al., 2002; Voutsa et al.,

2002). Some recent studies examine the levels of PM10

concentrations in Athens, their fractionation and spatio-

temporal variation (Chaloulakou et al., 2003; Grivas

et al., 2004). This study is the first systematic analysis

of the spatial and temporal variability of toxic metal con-

centrations in PM10, in Athens. The measurement cam-

paign was conducted for a yearlong period at four sites

in the Greater Athens Area. The research effort also al-

lowed an initial comparison with the recent ambient

assessment thresholds set up by the EU for As, Cd, and

Ni. The relationships with gaseous pollutants and meteo-

rological parameters were investigated and the identifica-

tion of sources of particulate matter was attempted,

using factor analysis techniques. The objective of the

present work is a preliminary assessment of the popula-

tion exposure to nine toxic metals and metalloids, across

an area experiencing significant air pollution problems.
2. Methodology

2.1. PM10 sampling

The measurement campaign was conducted between

June 2001 and May 2002, with one-every-six days sam-

pling frequency, at four stations within the Greater Athens

Area. The study area is surrounded by moderately high

altitude terrain in the north and east, which becomes

lower towards the Saronic Gulf in the S–SW. The sur-

rounding mountainous arc is considered responsible for

the poor dispersion conditions observed in the basin

especially during the prevalence of southerly–southwest-

erly winds. The Greater Athens Area currently gathers a

population exceeding 4 million inhabitants. The massive

number of vehicles in circulation (over 2 million) is alleg-

edly the major cause of air pollution-related problems in

the area, since a large proportion of these vehicles are

non-catalytic (0.8 million) or diesel powered (over 0.1

million) and the total vehicle number is rising at a rate

of 8% per year. The main industrial zones are located

in along the coast of the Saronic Gulf in the S–SW, be-

tween the major ports of Piraeus and Elefsina and the
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Thriassion Plain in the west of the Athens basin (heavy

industrial operations). Smaller industrial zones are lo-

cated in northern parts of the study area.

The first sampling site was at the urban area of Mar-

oussi (MAR). The sampling location was close to one of

the busiest spine roadways of the city. The proximity of

the site to the Olympic Athletic Center (0.5 km to the N–

NE) presumes that it was partially affected by the exten-

sive construction works that were taking place during

the sampling period. The sampling height was approxi-

mately 4 m. The second sampler was permanently in-

stalled 6.7 m above the ground, at Aristotelous (ARI)

Street in downtown Athens. This sampling site is charac-

terized by dense vehicular traffic and commercial activ-

ity. The third site was located at the remote suburb of

Thrakomacedones (THR), at an elevation of approxi-

mately 550 m. This site was selected as a background

site, due to the absence of major primary sources affect-

ing particle concentrations. The sampling period for this

site lasted between June and October 2001. The fourth

sampling site was located at the highly industrialized

area of Elefsina (ELE), 21 km from the center of Athens.

Sampling was carried out at a height of 7 m and approxi-

mately 300 m from a high-speed motorway. The major

industrial plants in the greater industrial zone affecting

the sampling site include two oil refineries, two cement

manufacturing plants, two shipyards and a steelworks

factory. Sampling at the fourth site, was conducted be-

tween November 2001 and May 2002.

For PM10 collection, Andersen high-volume samplers

were used (ESM-Andersen Instruments GMBh, model

IP1070-1). The flow rate was set at 67.8 m3 h�1 (25 �C,

760 mmHg) and operation time was midnight- to-mid-

night. Particulate matter was collected on micro-quartz

filters (Whatman 41, 20.3 · 25.4 cm). Further details

on the sampling protocol can be found in Grivas et al.

(2004). Concentrations of nitrogen oxides (NOx) and

meteorological parameters (wind speed, wind direction,

relative humidity, and ambient temperature) were con-

currently measured, at all sites, with the exception of

meteorological variables for the ARI sampling site,

which were monitored in a location in close vicinity

(0.5 km).

2.2. Trace metal analysis

Filters, after collection and weighing, underwent a

chemical analysis, following hot acid extraction, in order

to determine the metals and metalloids concentration in

the surrounding atmosphere. Filter strips were dissolved

in an acid mixture (HCl and HNO3, 37% and 67%

respectively, Carlo Erba SpA) and were heated for

30 min. Ultrapure grade water was used throughout

the experiments. Extraction details were exactly as

defined by the relevant EPA Compendium Method

(USEPA, 1999).
The final solution was analysed for Cd, Cr, Cu, Mn,

Ni using Flame Atomic Absorption Spectrometry (Per-

kin Elmer 3300), for As, Pb, Hg using Graphite-Furnace

(Perkin Elmer HGA 700) Atomic Absorption, and for V

using Inductively Coupled Plasma Emission Spectros-

copy (Perkin Elmer 3000 Excel).

Each measurement was replicated twice, and the dif-

ference between the two measurements was found less

than 5%. Assuming a nominal daily collected volume of

1627 m3 the detection limits of the chemical analyses were

0.05 ng m�3 for As, 0.20 ng m�3 for Cd, 0.74 ng m�3 for

Cr, 0.37 ng m�3 for Cu and Mn, 1.48 ng m�3 for Ni,

0.02 ng m�3 for Pb, 0.12 ng m�3 for V and 0.15 ng m�3

for Hg.
3. Results and discussion

3.1. Trace metal concentrations and comparison

with limit values

Arithmetic means, medians and concentration ranges

for PM10 and eight trace metals analyzed are displayed

in Table 1. The observed levels of PM10 concentrations

demonstrate the existence of the particle-related pollu-

tion problem over the Greater Athens Area (Cha-

loulakou et al., 2003). The average concentrations

exceed the EU proposed annual limit value of 40 lg m�3

(to be achieved by January 2005) in three of the four

sites. The percentage of daily PM10 concentrations

higher than the 24-h limit value of 50 lg m�3 (not to

be exceeded over 35 times in a year) ranged between

10% and 92%, across the four sites. A comprehensive

study of PM10 over the Greater Athens Area can be

found in Grivas et al. (2004).

Regarding lead concentrations, the 1st Daughter

Directive of the EU Air Quality Framework Directive

promulgates an annual limit value of 500 ng m�3, which

is significantly higher than the measured Pb concentra-

tions, at all four sampling sites. During the last decade

the levels of lead in the atmosphere of Athens have grad-

ually diminished due to the obligatory use of unleaded

fuel by new vehicles.

The recent proposal of the European Commission for

a directive relating to toxic metals and polycyclic aro-

matic hydrocarbons sets assessment thresholds for As,

Cd and Ni. The mean annual concentration proposed

for As is 6 ng m�3, 20 ng m�3 for Ni and 5 ng m�3 for

Cd, all measured in the PM10 particulate fraction (EC,

2003). Measured concentrations of As exceed the assess-

ment threshold in two of the sites (ARI, ELE) and are

marginally lower at MAR. Mean concentrations of Cd

and Ni are lower than the respective assessment thresh-

olds at all sites. However, one should bear in mind that

the determination of the exceedance of assessment

thresholds requires 5-year monitoring periods. In the
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Table 1

Descriptive statistics for trace metal and PM10 concentrations measured at the four sites

MAR (n = 55) ARI (n = 59) THR (n = 26) ELE (n = 33)

Mean SD Median range Mean SD Median range Mean SD Median range Mean SD Median range

As 5.6 3.7 6.2 4.6 4.8 3.4 6.1 3.4

5.4 0.1–28.3 3.6 1.8–14.6 3.9 1.0–4.9 4.0 0.8–13.8

Cd 2.6 2.4 3.0 2.5 1.9 1.8 3.7 3.5

2.5 0.1–9.6 2.5 0.1–12.9 1.8 0.1–6.8 2.4 0.1–8.6

Cr 13.1 11.0 16.0 13.6 10.1 6.7 14.5 14.4

12.3 0.4–71.9 11.8 0.4–68.2 13.0 0.4–56.0 6.0 2.4–30.5

Cu 51.5 40.0 141.2 136.4 13.0 11.4 43.2 38.6

39.1 12.1–191.2 63.8 19.2–335.7 7.5 1.3–26.6 32.6 0.1–163.7

Mn 19.1 13.9 18.1 17.3 4.4 3.3 21.1 21.0

20.6 0.2–113.4 12.5 0.1–76.9 3.7 0.2–12.6 19.4 0.1–107.5

Ni 11.0 9.0 13.8 10.4 9.2 5.0 15.9 14.9

9.1 0.7–41.4 11.3 0.7–51.0 11.7 0.9–49.2 8.3 0.8–31.5

Pb 46.6 34.3 48.3 45.3 25.4 9.1 71.1 63.8

40.4 1.1–176.3 24.8 6.9–109.3 32.1 0.5–100.3 47.9 1.2–165.9

V 9.5 9.5 8.2 8.1 3.7 3.7 8.6 8.0

3.4 1.5–17.9 1.5 5.8–15.2 1.3 1.8–8.2 3.3 3.8–13.3

PM10 73.8 62.0 83.2 76.0 32.9 31.0 54.9 44.0

41.4 24–217 35.1 27–192 15.9 6–75 28.3 13–131

All values in ng m�3, except for PM10 (lg m�3).
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Air Quality Guidelines of 2000 WHO includes an annual

tolerance concentration of 150 ng m�3 for Mn, which is

clearly higher than the observed concentrations. In the

case of V, the proposed 24-h concentration is 1 lg m�3

a value never exceeded during the sampling campaign

(WHO, 2000). Concentrations of particulate mercury

were found below detection limits in all samples analysed.

The comparison of trace metals� mean concentrations

for the central ARI site to those reported by earlier re-

search studies for neighboring locations in Athens veri-

fies the important decline of ambient Pb and Cd levels

during the last decade, while Ni and Mn concentrations

have remained at the same order of magnitude. On the

other hand, Cu and Cr levels have risen significantly

(Scheff and Valiozis, 1990; Koliadima et al., 1998).

3.2. Spatial variation of trace metal concentrations

The significance of the variation between the average

metal concentrations measured across the four sites is

investigated with one-way ANOVA procedures (Table 2).

Only mean concentrations of As do not present a signif-

icant spatial variation across the four sites. Mean con-

centrations for four of the eight trace metals analyzed

(Cd, Mn, Ni, Pb) as measured across all sites, were higher

at ELE, indicating the impact of large-scale industrial

activity characterizing that area. Torfs and van Grieken

(1997) in their study analyzed several trace metals in
total suspended particulates sampled in the same area

(ELE). For the elements of Ni, V and Pb, which are con-

sidered to be present at the PM10 fraction in abundances

over 90% (Allen et al., 2001) a rough comparison, could

be attempted. Although a similarity in Ni and V levels

was found, the average concentrations of lead seem to

have declined over the years. Even when compared with

TSP-based data, concentrations of Cu have increased,

by a factor of 2.5. The higher levels for Cu were re-

corded at the roadside ARI site, which represents a

heavily trafficked area. The dense vehicular traffic, com-

bined with the stop and go conditions, enhance the sus-

pension of brake-lining derived copper particulates

(Weckwerth, 2001; Sternbeck et al., 2002).

Inter-site Spearman correlation coefficients for all

metals are shown in Table 2. Generally, strong correla-

tions were obtained between the sites MAR, ARI, and

ELE for Cd, Cu, Mn and Ni. High correlation coeffi-

cients indicate the existence of common emission pat-

terns and source types and in that case, the source

which is effective over the three locations is vehicular

traffic. Cadmium has been related to exhaust emissions,

due to it�s presence in gasoline and as a result of the cor-

rosion of car parts (EC, 2001), while an important

amount of copper derives from road-transport, as men-

tioned before. Lower correlations were calculated when

the background site of THR was involved, since the

location is less affected by traffic-related emissions. The
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Table 2

Inter-site Spearman correlation coefficients across the four sites

MAR–ARI MAR–ELE MAR–THR ARI–ELE ARI–THR Sig. CV

As �0.15 �0.15 �0.13 0.13 0.17 0.42

Cd 0.70** 0.46* 0.56** 0.48** 0.54** * 0.40

Cr 0.62** 0.28 0.25 0.28 0.38 ** 0.41

Cu 0.70** 0.52** 0.26 0.47* 0.37 ** 0.90

Mn 0.47** 0.51* 0.24 0.48* 0.33 ** 0.57

Ni 0.72** 0.43* 0.30 0.68** 0.22 ** 0.50

Pb 0.37** 0.10 �0.21 0.31 0.37 ** 0.65

V 0.10 0.15 �0.03 0.21 �0.35 ** 0.40

No concurrent measurements were available for ELE and THR sites. Sig. denotes the statistical significance of spatial variation of

average concentrations. CV stands for the mean coefficient of variability across sites for the whole study period.
* Statistically significant at the 0.05 level.

** Statistically significant at the 0.01 level.
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mean coefficient of variability (also displayed on Table

2) was relatively high for all metals and generally higher

than the mean coefficient of variability for PM10 (which

is equal to 0.36).

3.3. Seasonal variation of trace metal concentrations

The analysis of the temporal variation of metal con-

centrations was focused on the investigation of the im-

pact of season-specific pollutant emission patterns and

sources. Cold and warm periods (ranging between 1

November–31 March and 1st May–31 September,

respectively) were selected from the yearlong measure-

ment period, with respect to regionally prevailing mete-

orological characteristics (Argyriou et al., 2004). The

cold season spans over the time period when domestic

heating (an activity mainly expressed by burning of heat-

ing oil) becomes an effective source of particles in the

area. Descriptive statistics are presented in Table 3.

The variation was examined for the two sites where mea-

surements cover a full year, using the non-parametric
Table 3

Period-specific average trace metal concentrations at the two sites of

MAR

Mean ± SD (ng m�3) Sig.

Colda Warmb

As 6.1 ± 5.1 5.1 ± 4.4 0.80

Cd 3.1 ± 2.4 2.3 ± 2.8 0.18

Cr 12.6 ± 8.8 11.6 ± 10.3 0.54

Cu 68.9 ± 45.0 36.9 ± 15.6 0.01

Mn 13.2 ± 11.7 13.9 ± 9.0 0.55

Ni 12.5 ± 9.5 9.4 ± 7.7 0.36

Pb 39.9 ± 36.0 52.2 ± 42.3 0.47

V 10.0 ± 2.4 9.0 ± 4.3 0.48

Significance level of seasonal variation tested by the non-parametric
a Cold period: November–March.
b Warm period: May–September.
Mann–Whitney U-test. The results do not produce clear

evidence on the association of space heating with some

metals related to heavy oil combustion. Concentrations

of Cd, Ni, are higher during the cold period at both

MAR and ARI sites. However this difference is not sta-

tistically significant and moreover should not be solely

attributed to space heating, since the levels of these met-

als are known to receive an important contribution by

the road transport sector (EMEP/CORINAIR, 1996;

Berdowski et al., 1997). Automotive sources in the area

are considered to have an increased intensity during the

cold period (mainly due to the relatively increased traffic

density). This is supported by the fact that Cu concen-

trations, which are more traffic-dependant, present a

clear and statistically significant seasonal variation

(0.99 confidence level) being higher during the cold

period on both sites. Arsenic concentrations were higher

on both sites during the cold period, but it is not

clear whether this should be attributed at the existence

of additional sources during the winter months or at

the sensitivity of arsenic levels to the alteration of
MAR and ARI

ARI

Mean ± SD (ng m�3) Sig.

Cold Warm

8.0 ± 3.6 4.6 ± 3.0 0.01

3.1 ± 2.1 2.5 ± 2.4 0.34

14.2 ± 6.3 15.4 ± 9.6 0.75

169.8 ± 77.1 122.6 ± 28.7 0.01

18.9 ± 9.0 14.3 ± 6.5 0.02

14.4 ± 10.9 13.7 ± 10.4 0.83

46.5 ± 29.4 51.5 ± 23.0 0.26

7.7 ± 1.1 8.3 ± 1.1 0.07

Mann–Whitney U-test also displayed.
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meteorological conditions. Vanadium concentrations

also present little variation between examined periods.

3.4. Site-specific associations

Associations between examined metals at each site

were examined using the Spearman non-parametric cor-

relation coefficient. The correlations were generally

weak at MAR, ARI and THR and did not allow a clear

explanation on the commonality of metal sources. Higher

correlations were observed at the ELE site and are char-

acteristic of the large-scale industrial operations taking

place at the area. The very high coefficient of 0.86

between Pb and V, presupposes the existence of specific

common emission source types for the two metals. The

most probable common process is the combustion of

heavy fuel oil powering-up heavy industrial plants and

in the present case is possibly reflecting its use in the fur-

naces of two large refineries lying both eastwards and

westwards of the site.

Particulate matter levels at the sites of MAR and

ARI have been shown to be heavily driven by vehicular

traffic emissions (Chaloulakou et al., 2003; Grivas et al.,

2004). The extent at which metal concentrations are re-

lated to road traffic can be investigated by their correla-

tions with NOx concentrations measured at the same

sites (Table 4). A number of studies have shown that

NOx can be used as an adequate indicator of traffic-

related emissions for sampling sites, not in vicinity with

industrial sources (Harrison et al., 2003). Very high cor-

relation coefficients are observed between Cu and NOx.

It has been demonstrated that a significant portion of

copper particulates in urban areas originate from the

ware of vehicle brakes (Weckwerth, 2001). As a result

it is reasonable to expect a close association between

Cu concentrations and traffic-related emissions, espe-

cially at sites of increased traffic density and stop-and-

go driving conditions. On the contrary, correlations

between Pb and NOx are low to insignificant. The prohi-

bition of leaded gasoline in new passenger vehicles tends

to render the use of lead as tracer of vehicular emissions

obsolete, in the countries of the European Union.

Among the other metals, significant correlations with

NOx (99% confidence level) are obtained for Cd, Cr at

MAR and for Cd, Mn at ARI. The significant correla-

tion coefficient between Mn and NOx (taking in account
Table 4

Spearman correlation coefficients for pair-wise comparison between t

As Cd Cr Cu

NOx-MAR �0.02 0.38** 0.46** 0.65

NOx-ARI 0.05 0.44** 0.30* 0.61

* Statistically significant at the 0.05 level.
** Statistically significant at the 0.01 level.
that Mn is not related with vehicle-exhaust emissions) at

ARI is probably due to the resuspension of Mn-rich

road dust, caused by vehicle circulation (Roosli et al.,

2001; Sternbeck et al., 2002). Earlier work by Chal-

oulakou et al. (2003) exhibited a high proportion of

coarse particles (nearly 50%) on total PM10 mass, mea-

sured at the sampling location. Such a fact is not fre-

quently reported for a roadside traffic-impacted site

indicating the importance of road particles resuspension

as a source.

3.5. Meteorological study

Correlations between metal concentrations and wind

speed at four sites are presented at Table 5. A number of

metals are negatively correlated with wind speed. This is

attributed to the worsening of wind dispersion condi-

tions and stagnation of air masses during low-wind peri-

ods (Marcazzan et al., 2002). At the cases of MAR and

ARI sites, the metals that are inversely related to wind

speed have been previously identified to be closely asso-

ciated to traffic derived emissions (with the exception of

Mn at ARI). Particles emitted by mobile sources are

generally classified to the fine particulate fraction with

small aerodynamic diameters, thus being resilient to

removal from the atmosphere through gravitational

processes and have longer residence times in the atmo-

sphere. As a result the accumulation or transport of

locally produced particulates relies strongly on the pre-

vailing wind regime.

Regarding associations with relative humidity the

only significant correlation observed was for As at the

ARI site and for V, Cu and Mn at ELE. The significant

positive correlation between As and RH has been re-

ported before by Thomaidis et al. (2003) at central

Athens and is probably is related to the partitioning of

some As particles between the solid and vapor phase.

Various studies have shown a high abundance of arsenic

trioxide (arsenite) in total arsenic compounds in the air.

Due to its high vapor pressure, arsenite can be present in

the vapor phase, and low relative humidity can be respon-

sible for the volatilization of some arsenic particles

(Rabano et al., 1989). The positive relationships between

metal concentrations and relative humidity at ELE

could be explained through the enhanced accumulation

of metal particles (emitted from the smoke stacks of
race metal and NOx concentrations at MAR and ARI sites

Mn Ni Pb V

** 0.19 0.11 0.30* 0.15
** 0.52** 0.30* 0.16 0.08



Table 5

Spearman correlation coefficients for pair-wise comparison

between trace metal concentrations and daily average values of

wind speed

MAR ARI THR ELE

As �0.10 �0.08 �0.21 �0.10

Cd �0.33 �0.39 �0.28 �0.33

Cr �0.42 �0.39 �0.45 �0.08

Cu �0.62 �0.54 �0.40 �0.69

Mn �0.10 �0.38 0.16 �0.59

Ni �0.08 �0.29 0.34 �0.50

Pb �0.05 �0.32 �0.46 �0.50

V �0.42 �0.17 0.07 �0.51

Numbers typed in bold letters denote statistical significance at

the 0.05 level.
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large industrial plants) on larger atmospheric particles,

under such conditions (especially for some metals with

high water solubility, like vanadium).

The variation of trace metal concentrations by wind

direction was also investigated (Table 6). Concentra-

tions have been examined for the eight main wind direc-

tions with ANOVA and post hoc Tukey HSD

procedures. In the MAR site they were found to differ

significantly only for As. Arsenic levels were significantly

lower during prevalence of westerly wind flows

(p < 0.01). The occurrence of westerly winds in the Ath-

ens basin is not frequently observed, and in the studied

period these events coincided with peak daily tempera-

tures probably resulting in vaporization of some arsenic

particles. Wind directions were grouped at three wind

sectors to cover winds from the city center (SE–SW),

the suburbs (N–E) and a minor industrial zone (W–

NW), which could be influencing the site. The only sig-

nificant variation was observed for Mn concentrations,
Table 6

Trace metal concentrations (ng m�3) classified by defined wind direct

As Cd Cr

MAR

Suburbs (N–E) 5.2 2.3 11.5

City Center (SE–SW) 5.4 3.3 15.3

Industrial (W–NW) 6.0 2.2 8.0

ARI

Urban (NW–E) 6.0 3.0 14.4

Sea and Port (SE–S) 6.5 3.0 18.2

Industrial (SW–W) 6.7 3.1 18.4

THR

Urban (E–SW) 5.8 2.4 17.3

Basin Boundary (W–NE) 4.2 1.6 7.0

ELE

Heavy Industrial and City (E–W) 6.2 4.5 14.0

Secondary Industrial (NW–NE) 5.9 3.3 14.8
which increased during W–NW winds. Taking into ac-

count the absence of any ferro-manganese factories in

that direction (and the lack of statistical significant con-

tribution of the industrial zone to the other metals) it is

supposed that this difference should be attributed to

resuspended manganese particles, due to extensive con-

struction works N–NW of the site during the study period

(including the construction of an intra-city high-speed

motorway). Concentrations for the other metals that

have previously shown a closer association to vehicular

traffic (Cu, Cd and Cr) are higher during winds from

the city center sector.

At the ARI site, the variation by wind direction was

significant only for Pb, whose concentrations were sig-

nificantly higher during SW and W winds. The difference

should be attributed to the contribution of major indus-

trial sources present towards these directions. When

concentrations were examined for three sectors (urban,

industrial, sea and port) there was a repetition of the sta-

tistically significant difference for Pb concentrations.

Concerning the other metals, none presented significant

variations, however it is noteworthy that in most cases,

concentrations of the urban sector were the lowest,

denoting the enrichment from industrial activities.

Analysis of variance and hypothesis testing for the

eight wind directions individually was not performed,

due to the smaller sample size at the remaining two sites

(THR and ELE). For THR, two wind sectors were con-

sidered, the urban sector and the basin boundary sector.

Although not statistically significant differences were ob-

served, metals were classified to two categories. In the

first group including Cu, Cr, Cd concentrations were

higher for the urban sector. The same metals were previ-

ously identified as related to road traffic in the MAR

site, which is the one closer to THR (10 km to the

south). Taking into account that these metals are mainly
ion subgroups

Cu Mn Ni Pb V

46.8 18.8 9.9 3.8 9.1

59.9 16.6 8.2 4.9 10.8

43.0 30.0 9.7 7.5 6.6

125.7 16.0 12.9 39.8 8.1

167.2 18.5 15.7 43.9 8.1

159.7 23.0 14.9 67.1 8.0

17.4 4.6 5.6 23.0 3.5

11.0 4.3 10.8 26.7 3.8

44.5 29.1 19.7 8.9 10.0

42.7 17.2 14.1 6.3 7.9



Table 7

Results of principal component analysis

MAR ARI THR ELE

PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC1 PC2 PC3

As �0.69 0.46 0.59 0.32 0.91

Cd 0.38 0.31 0.61 0.91 0.83

Cr 0.65 0.85 0.20 0.49

Cu 0.79 0.33 0.23 0.70 0.42 0.87 0.77 0.43

Mn 0.76 0.82 0.67 0.21 0.79 0.39

Ni 0.55 0.65 0.62 0.71 0.26

Pb 0.86 0.20 0.81 0.74 0.89

V 0.64 0.26 0.20 0.91 0.22

Variance explained (%) 24.4 20.1 15.5 24.4 18.5 14.5 30.8 19.7 31.5 29.2 13.7

Only factor loadings with values over 0.2 are displayed on the component matrices (after Varimax rotation).
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distributed in the finer particulate fractions and can be

more freely transported, it is reasonable that for these

metals, the THR station can be considered a receptor

site of urban automotive emissions. The second group

includes Ni, Pb and V for which higher concentrations

occur during winds of the basin boundary sector and

especially during N–NW winds. Towards that direction,

there is a series of industries spreading for several kilo-

meters, and they possibly influence the levels of these

metals.

Wind flows at ELE were also distinguished in two

sectors. The first relates to the city of Elefsina and the

port to the south, and the heavy industrial plants to-

wards E–SE and W–SW (although easterly and westerly

flows had a small frequency during the study). The sec-

ond sector, NE to NW of the site is characterized mainly

by secondary industrial activity. Concentrations for

seven of the metals were higher during winds of the first

sector, indicating the enhanced influence of mixed urban

and high-level industrial operations.

3.6. Factor analysis

Factor analysis was carried out for the dataset of

trace metal concentrations in each site, in order to iden-

tify the components driving the observed variance. The

extraction method followed was principal component

analysis and Varimax rotation was implemented as an

orthogonal rotation method that minimizes the number

of variables with high factor loadings (Wilks, 1995).

Only components with eigen-values greater than one

were retained. The rotated matrices with the percentage

of variance explained by each factor are displayed in

Table 7. At the MAR site, three components were ex-

tracted explaining 60.3% of the total variance. The first

component is related with vehicle circulation as ex-

pressed by high factor loadings in Cu, Cr, Cd, Ni. The

second component is possibly related to resuspension

processes of Mn and Ni-rich coarse particles while the
third component is probably characteristic of emissions

by vehicles using leaded gasoline (high loadings on Pb).

At the ARI site, the three emerging components ac-

count for 60.2% of the variance. The first component

is clearly vehicular (high loadings in Cu, Mn, Ni, Cd,

Cr) while the second (As, Pb, V) is mainly associated

with major sources of heavy fuel oil combustion prod-

ucts (port and shipyard zones, oil refinery W–SW of

the site). The third component is probably associated

with non-ferrous metal industry emissions (high load-

ings in Cd, Cr, Cu and zero loading on Ni). The two

components extracted at THR sum up to a 50.5% of ex-

plained variance and are related to vehicular sources

(and particle transportation from the more densely pop-

ulated and traffic-impacted areas of the basin) and the

industrial activities taking place in the NE bounds of

the basin, respectively. The three factors obtained for

ELE explain 74.4% of the variance in the dataset. The

first two components, vehicular and industrial have al-

most equal importance, while a third component is

linked with stationary combustion of fossil fuels in the

area of ELE (high loadings in As, Ni, V).
4. Conclusions

The first results of this multi-site PM10 measurement

and analysis campaign in the Greater Area of Athens are

encouraging for Pb, Cd, Mn, Ni and V, for which levels

remained relatively low during the study period. How-

ever, the assessment thresholds proposed by the Euro-

pean Commission where exceeded in two of the

stations for As concentrations. It is noteworthy, that

concentrations for most metals remained below assess-

ment thresholds and legislated limit values in this large

study area which experiences severe particle-related pol-

lution problems, as is expressed by the degree of excee-

dances of the set limit values for PM10. This fact is of

particular importance for the industrial area of Elefsina,
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which in the past decades has been characterized as one

of the most polluted areas in Europe.

It was observed in many cases that mean concentra-

tions were much higher than the respective median val-

ues. In the case where measurements are carried out

with reduced sampling frequency it is possible that an-

nual mean concentrations can be influenced by some

very high concentration events. Given that the sampling

frequency is a compromise between costs and needs and

that continuous measurement of metal concentrations is

a difficult task at an operational level, the incorporation

of a percentile term in the limit values for regulated

metals might be useful.

Concentrations for total particulate mercury were be-

low detection limits in all samples. However a complete

assessment of Hg levels in the atmosphere was not pos-

sible since only a small percentage of mercury in air is

expected to be in the particle phase. It is important that

elemental Hg0 vapor and reactive gaseous mercury are

also sampled and quantified.

Another observation made, was the dramatic decline

of Pb ambient concentrations during the last decade as a

result of the implementation of policies for renewal of

the vehicular fleet. However, even lower levels of Pb

are obtainable, taking in account the large number of

passenger cars still using leaded gasoline, in the district

of Athens. On the other hand the rapid growth of the

vehicular fleet, has given rise to concentration levels of

metals such as Cu. In addition, the built up of chromium

ambient concentrations is a matter of great importance

to be tracked in the future, because of it�s connection

with severe health impairments.

The spatial variation was found significant for all

metals (with the exception of As). On the other hand

the seasonal variation (examined by periods character-

ized by the activation/deactivation of domestic heating

as a source) in most of the cases was not found to be

noteworthy. As a result it is supposed that domestic

heating does not play an important role in the determi-

nation of concentrations for most of the metals.

The correlation analysis between metal concentra-

tions in each site provided unsatisfactory results. The

correlation coefficients were in most cases rather low,

not allowing a clear explanation on the commonality

of metal sources. This is a venture further impeded by

the fact that, in the modern environment and especially

in a large metropolitan area, many of the metals ema-

nate from multiple common origins, rather than a single

major contributor. This problem can be initially con-

fronted by the more detailed correlation analysis be-

tween metals and gaseous pollutants, which are

considered as good indicators of specific source types

(e.g. NOx for combustion-related sources). It has been

observed that in two heavily traffic-impacted sites strong

correlations between NOx and Cu concentrations were

noted, a fact supporting recent scientific research find-
ings that copper is evolving to one of the metals most

closely related to vehicle circulation in urban areas.

The meteorological study revealed some differences

in concentrations, stratified by prevailing wind direc-

tions. The classification of concentration levels by de-

fined prevailing wind subgroups, characterized by

specific emission sources and patterns appeared to be a

promising technique. It can provide important informa-

tion on the potential impact of various sources and the

particle transport between zones of a wider geographical

area. Finally, the principal component analysis resulted

to tentative sources categories for each site, and the

quantification of their contribution. It appears that in

a large metropolitan complex, vehicle-related sources as-

sume greater importance than industrial sources for the

determination of particle concentration levels. However

the source apportionment study can be more accurate

with the incorporation of a larger number of elements

(and other particle constituents), and this seems to be

an important step in the future for an integrated charac-

terization of particulate matter pollution in the area.
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Abstract

Total suspended particle (TSP) concentrations were determined in the Eordea basin (western Macedonia, Greece), an area with inten-
sive lignite burning for power generation. The study was conducted over a one-year period (November 2000–November 2001) at 10 sites
located at variable distances from the power plants. Ambient TSP samples were analyzed for 27 major, minor and trace elements. Annual
means of TSP concentrations ranged between 47 ± 33 lg m�3 and 110 ± 50 lg m�3 at 9 out of the 10 sites. Only the site closest to the
power stations and the lignite conveyor belts exhibited annual TSP levels (210 ± 97 lg m�3) exceeding the European standard
(150 lg m�3, 80/779/EEC). Concentrations of TSP and almost all elemental components exhibited significant spatial variations; how-
ever, the elemental profiles of TSP were quite similar among all sites suggesting that they are affected by similar source types. At all sites,
statistical analysis indicated insignificant (P < 0.05) seasonal variation for TSP concentrations. Some elements (Cl, As, Pb, Br, Se, S, Cd)
exhibited significantly higher concentrations at certain sites during the cold period suggesting more intense emissions from traffic, domes-
tic heating and other combustion sources. On the contrary, concentrations significantly higher in the warm period were found at other
sites mainly for crustal elements (Ti, Mn, K, P, Cr, etc.) suggesting stronger influence from soil resuspension and/or fly ash in the warm
months. The most enriched elements against local soil or road dust were S, Cl, Cu, As, Se, Br, Cd and Pb, whereas negligible enrichment
was found for Ti, Mn, Mg, Al, Si, P, Cr. At most sites, highest concentrations of TSP and elemental components were associated with
low- to moderate-speed winds favoring accumulation of emissions from local sources. Influences from the power generation were likely at
those sites located closest to the power plants and mining activities.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Total suspended particles; Enrichment factor; Fly ash; Heavy metals; Long-range transport; Power plants; Soil; Wind direction
1. Introduction

Some of the most severe exposure to harmful air pollu-
tants in Europe occurs near individual industrial plants and
industrial areas, usually located outside large centers of
population. Metal smelters, oil and coal fired power plants,
chemical industry and oil refineries/petrochemical indus-
0045-6535/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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tries are industrial sectors responsible for some of the
major local air pollution problems in Europe (EEA,
1995). In some cities, air pollution from vehicular traffic
and domestic heating is supplemented by that from local
industry.

A great deal of research has been focused on the chem-
ical composition of atmospheric particulate matter, which
however, may vary largely depending on the sources of par-
ticles, the season of the year, the prevailing weather condi-
tions and the chance for dispersion (Röösli et al., 2001).
Several components of air particles including heavy metals,
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trace elements, organic compounds, ions, etc., may have
detrimental effects on human health. The European Union
has established ambient air quality standards for certain
toxic elements (lead, cadmium, arsenic, nickel) and for
the carcinogenic benzo[a]pyrene (EC, 1999; EC, 2004),
while air quality guidelines have also been recommended
by the World Health Organization for other elements
(WHO, 2000).

Trace elements are released into the atmosphere during
the combustion of fossil fuels and wood, as well as from
high temperature industrial processes and waste incinera-
tion. Natural emissions result from a variety of processes
acting on crustal minerals, including volcanism erosion
and surface winds, as well as from forest fires and the
oceans (Allen et al., 2001).

Lignite-fired power plants are the main source of elec-
tricity in Greece. Four thermal power stations with more
than 4000 MW total installed capacity are located in the
Eordea basin, in western Macedonia, Greece. The area
has suffered in the past from high levels of total suspended
particles (TSP) and heavy metals. In recent years, all power
plants are equipped with electrostatic precipitators with
high retention efficiency (>99.9%), however, considerable
amounts of fine fly ash particles may be emitted to the
atmosphere because of the high rate of coal consumption.
In addition to stack emissions, coal use also results in fugi-
tive dust emissions from mining and disposal of non-
combustible ash, or pollution control residues remaining
after combustion.

The air quality problems in the Eordea basin have been
often attributed to the power stations and lignite mining
(Triantafyllou and Kassomenos, 2002). Nevertheless, the
chemical mass balance (CMB) receptor modeling of ambi-
ent TSP at 10 sites within the basin, located at variable
distances from the power plants, indicated diesel burning
in vehicular traffic and in the power plants for generator
start up as the major contributor. Other sources with sig-
nificant contributions were found to be domestic coal
burning, vegetative burning (wood combustion and agri-
cultural burns), and refuse open-air burning. Fly ash
escaping the electrostatic precipitators of the power plants
was a minor contributor to the ambient TSP levels
(Samara, 2005).

The aim of the present study was to expand existing
knowledge on the ambient particulate matter in coal burn-
ing areas. The concentration levels and the elemental com-
position of TSP from 10 sites located at different distances
from the four power plants operating in the Eordea basin
were investigated concerning spatial and seasonal varia-
tions, and site-specific correlation analysis was conducted
for identification of elements of similar origin. The relative
enrichment of TSP with heavy metals and other elements in
comparison to local soils was evaluated. Also, the relation
of particulate pollution levels with wind direction and
speed was studied in an attempt to realize possible long-
range transport of particles.
2. Experimental

2.1. Study area

The Eordea basin is located in the north-western moun-
tainous region of Greece, in the middle of western Macedo-
nia (Fig. 1). More than 150000 people live and work in the
basin, mainly in the two major towns, Kozani and Ptole-
maida, with 60000 and 40 000 inhabitants, respectively.
There are also several villages with populations ranging
from several 100s to several 1000s of inhabitants (Trian-
tafyllou and Kassomenos, 2002; Samara, 2005).

Four lignite power stations, ‘‘Agios Demetrios’’
(1500 MW), ‘‘Kardia’’ (1200 MW), ‘‘Ptolemaida’’
(700 MW) and ‘‘Amyntaio’’ (600 MW) are located in this
basin producing more than 70% of the country’s power
requirements (Triantafyllou, 2001).

About 64 Mt of lignite are produced annually by open-
cast mining in four mines and are transported to the power
stations by rail trucks and conveyor belts (Georgakopoulos
et al., 2002). Given that, around 15% of the fuel is con-
verted to ash, and assuming 99.9% collection efficiency
for the electrostatic precipitators, the amount of fly ash
expected to be released annually into the basin’s atmo-
sphere is nearly 9.6 kt. The major amount of the fly ash
arrested by the electrostatic filters is stockpiled in open
areas before land filling in mine sites or dispose off in spe-
cific mounds. Suspension of the finest fly ash fractions (typ-
ically of particles with diameters up to 60 lm) might be a
source of fugitive dust in the local atmosphere (Arditsoglou
et al., 2004). Another significant particle source is fugitive
dust originating from the mining process, including emis-
sions from mining equipment, translocation of soil or coal,
vehicle traffic on unpaved roads, transportation and depo-
sition of lignite and lignite ash. Fugitive dust generated
from the above operations, affects primarily the areas close
to the mines and the power stations (Triantafyllou, 2003).

The climate in Eordea basin is continental Mediterra-
nean characterized by low temperatures during winter
(�1.3 to 6.3 �C) and high temperatures during summer
(20.1–28.5 �C). Prevailing winds are weak to moderate
blowing mostly along the NW/SE axis of the basin as a
result of channeling of the synoptic wind (Triantafyllou,
2001, 2003).

2.2. Sampling and analysis

A total of 336 24-h TSP samples were collected during
the period November 2000–November 2001 at 10 sampling
sites located at variable distances from the four power
plants (Fig. 1). A general description of sampling sites is
given in Table 1. Sampling and analysis are described in
detail elsewhere (Samara, 2005). Briefly, TSP were collected
on rectangular cellulose filters (Whatman 41, 20 · 25 cm),
using high volume air samplers (Graseby-Andersen Ltd.)
at a flow rate of 1.1 m3 min�1. Preceding sampling, filters
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Fig. 1. Map of the studied area specifying the locations of sampling sites (S1–S10) and power stations (PS).

Table 1
Description of sampling sites

Sampling site Name (population) Site character Distance from power plants (PP) Prevailing winds

S1 40�18 0/21�470 Kozani (47000) Urban 12.0 km from ‘‘Agios Demetrios’’ PP S (30%, 1–3 m s�1), Calm (21.3%)
S2 40�17 0/21�520 Petrana (750) Rural 12.5 km from ‘‘Agios Demetrios’’ PP S (30%, 1–3 m s�1), Calm (21.3%)
S3 40�22 0/22�40 Polymylos (650) Residential 12.5 km from ‘‘Agios Demetrios’’ PP SE (35%, 1–2 m s�1), W (15%)
S4 40�26 0/21�520 Klitos (1300) Residential 6.7 km from ‘‘Agios Demetrios’’

and 10 km from ‘‘Kardia’’ PPs
S/SE (55%, 1–2 m s�1), N (30%, 1–5 m s�1),
Calm (4.2%)

S5 40�25 0/21�460 Pontokomi (1350) Agricultural 2.5 km from ‘‘Kardia’’ PP S (40%, 1–3 m s�1), E (15%)
S6 40�26 0/21�440 PPC Community (400) Residential 1 km from ‘‘Ptolemaida’’ PP S (35%, 1–5.5 m s�1), SW/W (45%, 5.5–7.7 m s�1)
S7 40�31 0/21�410 Ptolemaida (40000) Urban 5.5 km from ‘‘Ptolemaida’’ PP S (40%, 1–5 m s�1), W (30%, 1–5 m s�1)
S8 40�41 0/21�410 Amyntaio (3650) Agricultural 8 km from ‘‘Amyntaio’’ PP SE (30%, 1–5 m s�1), E (25%, 1–4 m s�1)
S9 40�44 0/21�450 Vegoritida (1100) Semi-rural 13 km from ‘‘Amyntaio’’ PP SE (30%, 1–5 m s�1), E (25%, 1–4 m s�1)
S10 40�47 0/21�240 Florina (15000) Urban 29.5 km from ‘‘Amyntaio’’ PP S/SW (30%, 1 m s�1)
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were weighed in an analytical balance after 48-h condition-
ing in a darkened desiccator at constant temperature
(23–25 �C) and relative humidity (40–50%). Loaded filters
were similarly conditioned before weighed for gravimetric
determination of TSP concentration.

From each sampling site, two samples of soil (for the
rural sites) or road dust (for the urban sites) were collected
in the cold and the warm season, respectively. Soil sam-
pling is described elsewhere (Petaloti et al., 2003; Samara,
2005). Briefly, composite samples were prepared by mixing
grab samples (not less than 10) collected from paved and
unpaved roads and open land surfaces within a radius of
50 m around each TSP sampler. These geological samples
were homogenized, air dried for 48 h, and mechanically
sieved to separate the fraction <100 lm for analysis.

The elemental components of TSP and soil samples were
determined in a SPECTRO XEPOS bench-top XRF spec-
trometer (SPECTRO A.I., GmbH) with Pd window X-ray
tube as previously described (Petaloti et al., 2003; Samara,
2005). Briefly, XRF analysis of TSP was carried out on a
disc B 32 mm cut from each loaded filter. Soil samples were
first grounded to <40 lm in a mill (MM2). Approximately
3 g of pulverized material were pelletized (2 mm thickness)
in a 15 ton press using SpectroBlend additive (77.1% C,
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5.4% O, 12.8% H 4.7% N) as a binder. SPECTRO uses the
TURBOQUANT calibration method that is able to ana-
lyze all elements from Na to U in completely unknown
samples with accuracies between 10% and 20%. The cali-
bration method included 49 elements (Na–U) in pellets
and 33 elements (Mg–Bi) in filter samples. The matrix effect
of samples is detected by the Compton Method. Values
normalization and error correction is achieved by a special-
ized software program (SPECTRO X-LABPRO). In addi-
tion, Standard Reference Materials such as SOIL-7 (soil),
CCRMP/SO-4 (soil), NIST 2691 (coal fly ash) and NIST
1649a (urban dust) were used for data validation. Filter
blanks and duplicate sample analyses were performed for
about 10% of all samples according to standard operating
procedures. Detection limits of individual elements ranged
between 0.0003% and 0.15% in pellets and between 1% and
100 ng cm�2 in filter samples. The estimated precision of
XRF analysis ranged between 0.1% and 30% for individual
elements for most being <5%. Twenty six elements (Mg–
Pb) were quantifiable in TSP.

3. Results and discussion

3.1. TSP mass and elemental concentrations

Summary statistics (median, interquartile range, outli-
ers and extreme values) of the concentrations of TSP
and associated elements determined at the 10 sampling
sites throughout the one-year survey are shown in the
box plots of Fig. 2. The similarity of the distribution of
TSP concentrations with the theoretical cumulative nor-
mal and lognormal distribution functions was checked
by employing the 1-sample Kolmogorov–Smirnov test.
TSP concentrations were found to follow a normal distri-
bution at several sites, such as S3 (0.969), S7 (0.991), S9
(0.911), S4 (0.839), S1 (0.680), S10 (0.573), whereas a log-
normal distribution was derived for S6 (0.922), S5 (0.797),
and S2 (0.635).

The arithmetic mean TSP values ranged from
46 ± 32 lg m�3 at S2 to 207 ± 96 lg m�3 at S4 exhibiting
significant spatial variations. The highest TSP levels at
S4, which actually exceeded the EC annual limit of
150 lg m�3 expressed as arithmetic mean (80/779/EEC),
should be attributed to the close vicinity of this site to
the road, where considerable number of heavy duty trucks
carry the mined lignite from the open pits to the ‘‘Agios
Demetrios’’ power plant, and to the conveyor belts trans-
porting lignite from the pits to the power station and ash
from the station back to the disposal sites. Moreover, the
CMB source apportionment at S4 indicated the greatest
contribution from fly ash among all sites, accounting for
16 ± 8% and 21 ± 8% of the TSP concentrations in the
cold and the warm months, respectively (Samara, 2005).

Almost all elements showed their maximum concentra-
tions at S4, suggesting strong influence of the above men-
tioned activities at this site. Exceptionally, the highest
concentrations of Pb and Br were observed at S1 and S7,
the two major cities in Eordea basin, indicating the influ-
ence of vehicular traffic. However, the annual mean of Pb
at both these urban sites was well below the annual limit
of 500 ng m�3 (1999/30/EC), while it was also lower than
those measured in large urban Greek centers like Thessalo-
niki in 1998 (78 ng m�3 Voutsa et al., 2002) and Athens in
2002 (48 ng m�3 Manalis et al., 2005). Similarly to Pb, As
also exhibited highest concentrations at S1 and S7, while
Cu was highest at S7. The target values (annual averages)
recently established by the European Council (2004/107/
EC) for Cd (5 ng m�3), As (6 ng m�3) and Ni (20 ng m�3)
associated to PM10, were exceeded at S4 (Cd, As, Ni), S1
(As), S7 (As) and S10 (As).

Despite differences in concentrations, the elemental pro-
files of TSP (Fig. 3) were quite similar among sites (corre-
lation coefficients 0.97–0.99, P < 0.01) suggesting that all
sites are affected from similar source types, something that
was also revealed by the receptor modeling (Samara, 2005).
At all sampling sites, the most abundant element was Ca
with contents 6.8–15.1%, followed by Si (1.6–2.1%), Fe
(1.1–1.8%), and S (0.8–1.5%), while Cd was the least abun-
dant element with TSP contents 0.0018–0.0084%. Accord-
ing to the CMB source apportionment (Samara, 2005),
fly ash was found to be the major source of Mg, Al, Si,
Ca, S, Sr, and F with contributions higher than 50% at
all sites, and also an important source for Ni, Ti, P, V
and Cr. Soil/road dust contributed with the same elements
as fly ash and often was unable to discriminate as different
source. Diesel combustion was at all sites the major source
of Cd (P75%) and important source for Sn, Zn, P, V, Co,
As, Sb and Pb. At all sites, refuse and biomass (wood)
burning were major Cl sources.

3.2. Spatial and seasonal variations

The significance of variation of TSP and elemental com-
ponent concentrations among the various sites was investi-
gated by employing one-way ANOVA followed by the
Tukey’s HSD post hoc test and multiple comparisons.
The post hoc range tests and the pairwise multiple compar-
isons determine which means differ and identify homoge-
neous subsets of means that are not different from each
other. Results obtained are summarized in Table 2. As
seen, the arithmetic mean concentrations of TSP and
almost all elemental components (except Cd, Sn, and Sb)
exhibited significant differences (P < 0.05) among sites. S4
was identified as the most ‘‘dissimilar’’ site for the majority
of species. An exception was observed for Cu with most
‘‘dissimilar’’ sites S7 and S9. Strong homogeneity among
sites was identified for Mg (S2, S8, S9, S10), As (S1, S7),
and Br (S1, S7).

The mean TSP and elemental concentrations for the
cold (15 October–14 April) and the warm (15 April–14
October) period of the year were calculated and the signif-
icance of differences between periods was tested by
one-way ANOVA procedures and the non-parametric
Mann–Whitney U test.
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Fig. 2. Concentrations of TSP (lg m�3) and associated elements (ng m�3) at the 10 sampling sites. Box plots show the median, interquartile range, outliers
(e.g. cases with values between 1.5 and 3 box lengths from the upper and the lower edge of the box) and extreme values (e.g. cases with values more than 3
box lengths from the upper and the lower edge of the box) of individual variables.
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Fig. 2 (continued)
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At all sites, statistical analysis indicated insignificant
(P < 0.05) seasonal variation for TSP concentrations. Sig-
nificantly higher concentrations (P < 0.05) during the cold
period was observed for certain trace elements at S1 (Cl,
As, Pb, and Br), at S2 (Se) and at S6 (S, Cd). This season-
ality might suggest more intense emissions from traffic,
domestic heating and other combustion sources at these
sites in the cold period (Weckwerth, 2001). Moreover, the
influence of the higher ambient temperatures in summer
might be important for the most volatile of these elements.
Especially for Br, a significant loss of its particulate frac-
tion during the warm period due to volatilization has been
reported (Lee et al., 1994), while V concentrations in the
cold months can be three fold the corresponding concen-
trations of the warm months (WHO, 2000). In general,
the seasonal distribution observed for trace elements in this
study was similar to those observed in other Greek loca-
tions such as Thessaloniki (Voutsa et al., 2002) and Athens
(Thomaidis et al., 2003).

On the contrary, concentrations significantly higher in
the warm period were found at other sites, such as at S8
(Ti, Mn, P, Cr), S4 (K, P, V), S5 (K, Ti, Mn, P, Se), S7
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Fig. 3. Elemental profiles of TSP at the 10 sampling sites.
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(Mn), and S10 (Al, Ti, Mn, Fe, Sr, P, Cu). Crustal elements
in particular (Ti, Mn, Fe, Al), presented concentrations ele-
vated by 2–3 times during the warm period, indicating
greater resuspension of soil particles during the dry sum-
mer months. Similar seasonal variability for crustal ele-
ments has also been found by Gullu et al. (1998) at sites
located on the Turkish Mediterranean coast and by Ardit-
soglou and Samara (2005) in Kosovo. The higher summer
concentrations of the non-crustal elements might suggest
influence from the power plants. The findings of the present
study are in consistency with the CMB modeling results
which revealed larger contribution from soil resuspension
during summer for S8 and S10, and slightly increased con-
tribution from fly ash in comparison to the cold period at
all sites (Samara, 2005).

3.3. Influence of meteorological factors

The topographic complexity and the strong roughness
of terrain in Eordea basin are expected to induce local
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Table 2
Spatial variations of TSP and elemental concentrationsa,b

a Asterisks indicate sites with means significantly different from all other sites at a = 0.05.
b Shaded areas indicate homogeneous subsets derived from the Tukey’s HSD post hoc test (a = 0.05): strong homogeneity of means; weak

homogeneity of means.
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circulation systems, determining the dispersion of air pollu-
tants. The winds in the center of the basin blow mostly
along the NW/SE axis as a result of channeling of the syn-
optic wind (Triantafyllou, 2003). Winds prevailing on the
dates of sampling are presented in Table 1.

The wind-roses of TSP concentrations are presented in
Fig. 4. As seen, the highest levels of TSP and associated ele-
ments at S1 and S2 were linked with weak winds of the E
sector suggesting influence from local sources. On the con-
trary, the highest pollution levels at S3 were associated with
weak winds of the W/WN sector, as well as with S winds
indicating potential transport of pollutants from the power
station of ‘‘Agios Demetrios’’, the nearby high-traffic road
and/or the mining activities in the southern field mine. At
S4, highest concentrations of TSP and most elements were
associated with winds of the S/SW sector, also indicating
influence from the ‘‘Agios Demetrios’’ stack emissions
and power generation-related surface activities (lignite min-
ing and transport, fly ash transport by rail trucks, etc.).

At S5, the highest levels of TSP and most elements were
associated with E/NE winds of moderate speed (1–
5 m s�1) suggesting possible influence from the ‘‘Kardia’’
power station and mining activities. At S6, highest TSP
and elemental concentrations were connected with low
speed S/SE winds suggesting potential transport of pollu-
tants from the ‘‘Kardia’’ power station and from the open
mine pits.

Prevailing S and W winds at S7 were associated with the
highest concentrations of elements of crustal origin (Al, Si,
K, Ca, Ti, Mg). On the contrary, high concentrations of
TSP and most of the anthropogenic elements (Ni, Cu,
As, Se, Br, Cd, Te, Sb, Pb) were observed with moderate-
speed S/SE winds (1–5 m s�1) indicating probably influence
from the open mine pits.

At S8, high TSP levels were associated with moderate N
winds probably suggesting transport of pollutants from the
lignite power station operating north of S8, close to the
border with the Former Yugoslavian Republic of Macedo-
nia (FYROM), as previously was hypothesized by Trian-
tafyllou, 2003). Weaker S winds (1–3 m s�1) also resulted
in elevated concentrations of TSP and crustal and anthro-
pogenic elements, probably emitted from local sources.

At S9, the highest levels of TSP and elements of
anthropogenic and crustal origin were associated with
weak S winds indicating the contribution of local sources.
Finally, prevailing S/SW winds at S10 were associated
with high concentrations of crustal elements; however,
TSP and most of the human-derived elements (V, Co,
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Fig. 4. TSP pollution roses at the 10 sampling sites.
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Ni, Br, Pb) exhibited elevated concentrations with NE
winds.

3.4. Correlations between elements

Pearson and Spearman correlation coefficients were cal-
culated between elemental TSP components for each sam-
pling site. At all sites, strong correlations, significant at the
0.01 level, were observed among the crustal elements Mg,
Al, Si, Ca, Ti, Mn, Fe, Sr originating mostly from soil dust
and fly ash (Samara, 2005).
The relation of Pb and Br to non-catalyst equipped
vehicular emissions is often inferred from a high correla-
tion between their concentrations. In the present study, at
many sampling sites (S1, S4, S5, S7, S9), the correlation
coefficient between Pb and Br was strong ranging between
0.68 and 0.95 (P < 0.01). In addition, the CMB source
apportionment indicated non-catalyst cars as an important
source of Br at the most urbanized sites, with annually
based contributions 41% at S1, 23% at S7, and 20% at
S10. However, other important sources of Br, with contri-
butions at some sites even higher than those from the
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non-catalyst cars, were found to be coal and wood burning
(Samara, 2005).

3.5. Enrichment factors

Usually, the enrichment of elements in atmospheric par-
ticles relatively to the upper continental crust composition
is an indication of emissions from anthropogenic sources.
The enrichment factor (EF) for an elemental component
of aerosol can be calculated using Eq. (1),

EF ¼ ½E�atm=½R�atm

½E�soil=½R�soil

ð1Þ

where [E]atm and [R]atm are the concentrations of the
elemental component and the reference element in the
atmosphere, while [E]soil and [R]soil are the mean concentra-
tions of the elemental component and the reference element
in the Earth’s crust. If EF approaches unity, the Earth’s
crust is the predominant source. Operationally, and given
the local variation in soil composition, if EF > 5, a signifi-
cant fraction of the element is contributed from non-crustal
sources (Gao et al., 2002). Al, Si and Sc are frequently used
as reference elements as lacking important anthropogenic
sources. However, Si and Al were found to be major com-
ponents in the fly ash of the four thermal power plants with
concentrations 8.7–11.7% for Si and 3.8–5.1% for Al in the
size fraction <40 lm (Samara, 2005). For that reason, in
the present study, Fe occurring at lower levels in fly ash
(1.1–4.8%) was used as reference element.

In the present study, the EFs of elements in TSP were
calculated using the average composition of local soil at
each sampling site (Petaloti et al., 2003) and are presented
in Fig. 5.

At all sites, the most enriched elements (EF > 100) were
S, Cl, Cu, As, Se, Br, Cd and Pb suggesting that their atmo-
spheric concentrations are primarily due to emissions
released directly into the atmosphere. Major sources of
these elements are considered to be automotive emissions
and coal burning. Low EF values (<5) were found for
Mg, Al, Si, K, Ca, Ti, Mn, Sr, P, V, Cr, Ni at all sampling
sites revealing that these elements originate mainly from
soil or road dust resuspension.

It should be mentioned however that EFs are largely
dependent on particle size (Samara et al., 1990; Foltescu
et al., 1996; Dietl et al., 1997). In general, elements that
are distributed mostly in fine particles show high EF values
as a result of their long residence time in the atmosphere
and their enrichment with gas-phase components. On the
contrary, elements associated with coarse particles show
lower EF values. Therefore, Ti, Al and Fe usually exhibit
EFs near 10 or less, while the EFs of Cd, Zn, Cu, Sb, Se,
Pb, Hg, Ag, Cu, Sn and Br are generally within 100–1000
(Reimann and De Caritat, 2000).

4. Conclusions

The concentration levels of TSP and 26 associated ele-
ments were investigated at 10 sampling sites within a lignite
burning area in western Greece, during a 1-year survey.
Concentrations of TSP and almost all elemental compo-
nents (except Cd, Sn, and Sb) exhibited significant differ-
ences among sites, probably due to the variable distance
from emission sources and the prevailing weather condi-
tions. The EC annual limit of 150 lg m�3 was exceeded
only at one site, which is located closest to the power plants
and the lignite conveyor belts. Despite differences in con-
centrations, the elemental profiles of TSP were quite similar
among all sites suggesting that they are affected from sim-
ilar source types. At all sites, statistical analysis indicated
insignificant seasonal variation for TSP concentrations.
Significant seasonality was found for some elements (Cl,
As, Pb, Br, S, Se, Cd) at certain sites, with highest concen-
trations during the cold period suggesting more intense
emissions from traffic, domestic heating and other combus-
tion sources. On the contrary, concentrations significantly
higher in the warm period were found at other sites for
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crustal and traffic-related elements (Ti, Mn, P, Cr, K, Al,
Ti, Mn, Fe, Sr, P, and Cu) probably suggesting stronger
influence from soil and road dust resuspension in the warm
months. The most enriched elements (EF > 100) were S, Cl,
Cu, As, Se, Br, Cd and Pb. Major emission sources of these
elements are considered to be automotive emissions and
coal burning. Low EF values (<10) were found for Ti,
Mn, Mg, Al, Si, P, Cr at almost all sampling sites revealing
the crustal origin of these elements. At most sites, highest
concentrations of TSP and elemental components were
associated with weak to moderate-speed winds favoring
accumulation of emissions from local sources. Influences
from power generation were likely at those sites located
closest to the power plants and mining activities.
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Abstract

Size-resolved, 24-h aerosol samples were collected from June–July 2001 by means of an Andersen high-volume cascade

impactor. Sampling was conducted in a central avenue (Patission) characterised by heavy traffic, 21m above street level, in

the Athens city centre. Samples were analysed by atomic absorption spectrometry and gas chromatography to determine

the size distribution of nine metallic elements (Cd, Pb, V, Ni, Mn, Cr, Cu, Fe, Al) and n-alkanes (with carbon numbers in

the range 18–35). The aerosol mass median diameter (MMD) was calculated by means of probit analysis on the cumulative

mass concentration size distribution for each metals and n-alkane. The total n-alkane mass concentration (TNA) in total

suspended particles (TSP) ranged from 72 to 1506 ngm�3 while the total metal concentration ranged from 5.6 to

28.6mgm�3. The results showed that metals such as Cd, V and Ni are characterised by a MMD o1 mm, while the MMD

for Pb and Mn are �1 mm. Such metals are generally considered to have anthropogenic emission sources. Other metals

such as Al, Fe, Cu and Cr were found to have MMD ¼ 2–6mm, which generally originate from soil dust or mechanical

abrasion processes. The Carbon number profile of n-alkane compounds showed a strong anthropogenic source with only a

minor biogenic influence. The concentration of most n-alkanes was characterised by high variability during the sampling

period, in contrast to the concentration of most trace metals. Most n-alkanes had a unimodal size distribution with

MMD ¼ 1–2 mm similar to those of some trace metals (Pb, Mn), which originate mostly from vehicle emissions. This is a

strong indication that these species have a common source. Finally, gas–particle partitioning of n-alkanes was also

examined for different particle sizes by means of the relationship between the partition constant Kp and saturation vapour

pressure (pL
0 ) as proposed by current sorption models.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Several studies have found a significant connec-
tion between adverse health effects and exposure to
high levels of airborne particles (Pope et al., 2002).
The effects on human health are also related to the
.
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chemical and physical properties of particulate
matter (Harrison and Yin, 2000). The particle size
fraction smaller than 2.5 mm in diameter has
stronger acute respiratory effects than larger parti-
cles (Schwartz and Neas, 2000). In addition, the
chemical composition of particulate mass is im-
portant. It is well known that the metal content and
the presence of organic compounds contribute to
the toxicity of ambient particulate matter (Hanni-
gan et al., 1998; Dreher et al., 1997).

Ambient aerosols are a complex mixture of
organic and inorganic compounds that originate
from various sources such as soil, combustion
processes, traffic, industrial activity and vegetation.
Organic species such as aliphatic hydrocarbons are
considered to be an important fraction of ambient
aerosol. Particle-bound n-alkanes originate from
both biogenic and anthropogenic sources, but can
be apportioned using the size distribution of the
individual species. Anthropogenic sources of n-
alkanes include incomplete fossil fuel combustion,
lubricant oils and biomass burning. Wind erosion of
leaf epicuticular waxes, direct suspension of pollen,
vegetation debris and microbial degradation are
considered as the most important natural sources of
particulate n-alkanes (Rogge et al., 1993a, b, c).

Metals are important trace constituents of ambi-
ent aerosol, not only due to their toxicity but can
also serve as tracers for specific emission sources. A
number of studies have been conducted on the
concentration levels of water-soluble elements
(Eleftheriadis et al., 1998; Siskos et al., 2001) and
metal content (Valaoras et al., 1988; Scheff and
Valiozis, 1990; Thomaidis et al., 2003) in atmo-
spheric aerosols in Athens but only one study
(Koliadima et al., 1998) provided the mass size
distribution of Pb, Zn, Cu, Cr and Mn, mainly
across the coarse size range. A later study, also in
Athens, only considered the n-alkane concentration
in total suspended particles (TSP) (Mandalakis
et al., 2002). Furthermore, simultaneous measure-
ments of the size distributions of metallic species
and n-alkanes are not commonly reported in the
literature. An exception is the study by Mészáros
et al. (1997) where (among a large number of
species) size distributions of metals and n-alkanes
are included.

The present study provides a detailed size
distribution analysis of alkanes and metals mea-
sured simultaneously for an urban site characterised
by heavy traffic. This provides information on the
impact of both anthropogenic and natural sources
and can contribute towards an understanding of the
extent of mixing of these compounds in urban
aerosols. Data for gas–particle partitioning of n-
alkanes is briefly examined for their compatibility
with the current sorption model, using sub-cooled
liquid saturation vapour pressure (pL

0 ) and octano-
l–air partition coefficient (KOA).

2. Experimental

2.1. Sampling methodology and conditions

The mass size distribution of metals and n-
alkanes was measured using a six-stage Andersen
cascade impactor. The flow rate of the sampler was
calibrated by means of orifice plates provided by the
manufacturer. The cut-off diameters were calculated
from impaction theory by applying the measured
flow rate. The cut-off diameters (at 50% collection
efficiency) were: 8.8, 3.6, 1.8, 1.2, 0.62, and 0.35 mm
at a flow rate of 752Lmin�1. No inlet tube was used
other than the conical weather shield employed in
high-volume samplers. The upper cut size for this
configuration is taken to be 30 mm according to the
median size estimated from a 50 mm maximum
sampled size and a 15 mm 50% cut-off size measured
in wind tunnel studies at 5m s�1 wind speeds
(Wedding et al., 1977). An additional back up filter
is placed at the end of the impactor outlet to collect
particles of size o0.35 mm. Different collection
substrates, moisture retention by the substrate and
variable jet-to-plate distance influence the impac-
tor’s collection efficiency. In order to test the
collection efficiency of the high-volume impactor,
field experiments were conducted. The mass size
distribution measured by the Andersen impactor
was compared to that obtained by a well-character-
ized Low-pressure Berner impactor yielding aerosol
fractionation in 10 size classes in the range
0.03–13.35 mm at a 26Lmin�1 flow rate (Hillamo
and Kauppinen, 1991). The two samplers were run
simultaneously at 24-h sampling intervals. The
Andersen sampler was equipped with glass fibre
filters while the impaction surfaces of the Berner
sampler were covered with Tedlar foils. All collec-
tion substrates were greased with apiezon-L dis-
solved in toluene. In order to determine the aerosol
mass concentration, the filter and foil substrates
were weighted prior to sampling under controlled
conditions of humidity and temperature on a
microbalance (Sartorius, BP211D, with a maximum
attainable precision of 10 mg). The loaded substrates
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were weighted after 24 h of equilibration under the
same conditions. In this study, mass size distribu-
tions obtained by the two samplers were in good
agreement (Fig. 1).

Sampling was performed on the roof of the
Ministry of the Environment building, 21m above
street level (Patission Street), situated 1–2 km from
the historic Athens city centre. Athens is located in a
basin surrounded by mountains in the north–
northeast, east and west while the Saronicos Gulf
lies to the southwest area. The sampling site can be
considered as a typical urban site. It was situated at
a central avenue with a traffic volume of
60,000 vehicles d�1 and was characterized by high
traffic of gasoline and diesel motor vehicles. The
area around the sampling site is one of the most
densely populated regions of Athens located at the
mid-point of the axis connecting the northeastern
exit between the Parnitha and Penteli mountains
and the Saronikos Gulf in the southwest of the
Athens basin. Size-resolved aerosol samples were
collected on 16 working days within the period
June–July 2001 using an Andersen cascade impactor
at a flow rate of 752Lmin–1. Sampling was
performed over 24 h periods. During the 24 h
sampling period the flow rate of the Andersen
impactor was measured using a mass flow metre. No
substantial (45%) drop in flow rate was observed
at the end of any sampling period. The latter would
have happened due to a pressure drop caused by
possible overloading of the back-up filter. Further-
more the particle mass collected was sufficient for
alkane and metal analyses.
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Fig. 1. Results of the mass size distribution for evaluating the colle

compared to a Berner impactor running in parallel in the field.
Two different collection substrates were used for
each impaction stage, half a cellulose filter (What-
man 41) was destined for elemental analysis, and
half a glass microfibre filter (GFF) (Whatman GF/
A) was destined for n-alkane analysis. In order to
avoid particle bounce cellulose and glass fibre filters
were coated with a thin layer of Apiezon L vacuum
grease and silicon oil, respectively. After sample
collection the loaded cellulose filters were placed in
plastic bags while GFF filters were wrapped in
aluminium foils and stored at 4 1C until chemical
analysis. For three sampling periods (F1, F2 and
F3) the vapour phase fraction of n-alkanes was also
collected on polyurethane foam (PUF) plugs
simultaneously with the particulate phase. A total
of 16 daily size-resolved aerosol samples were
collected. Alkanes were determined in eight out of
16 samples.

In order to detect possible sources of contamina-
tion blank samples were collected using the same
procedure as for the aerosol samples but without
use of the pump to draw air through the filter.
Sampling artifacts such as volatilisation losses or
adsorption artifacts may occur on the filter for semi-
volatile organic compounds especially for the low
molecular weight compounds. Larger molecular
weight compounds have been shown to be less
prone to sampling artifacts if at all (Bi et al., 2005).
Cascade impactors have been shown to suffer from
sampling artifacts but at markedly lower levels
compared to other samplers (Poster et al., 1995).
Once particles are collected, exchange with the gas
phase should be significantly reduced (Neusüss
1 10 100

 diameter, µm

ction and fractionation efficiency of the high-volume impactor
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et al., 2000). As a result, positive sampling artifacts
due to absorption of gaseous compounds are
thought to have an insignificant influence. In order
to minimise negative sampling artifacts from
volatilisation losses alkanes with molecular weight
lower than 254 gmol�1 (C18) were not reported
(Van Vaeck et al., 1984). However, the variation in
gas-phase concentration of n-alkanes during sam-
pling (24 h duration) can cause sorption to or
desorption from sampled particles on the final
impactor stage where filtration occurs.

2.2. Chemical analysis

Aerosol particles collected on cellulose filters were
digested in a microwave oven with HNO3 and HF
for the extraction of the total metal content. The
solutions obtained were analysed for Cd, Pb, V, Ni,
Mn, Cr, Cu, Fe and Al by electrothermal atomic
absorption spectrometry (ET-AAS). Certified refer-
ence material from NIST particulate matter 1648
was used for the determination of the microwave
extraction efficiency of all metals. All elements had
recoveries between 95% and 111%. Limits of
detection (LODs), calculated as three times the
standard deviation of blank samples, were satisfac-
tory and adequate for environmental monitoring.
The cellulose contribution in blank values is
negligible for most of the metals. The exceptions
are Fe and Al. These elements show high blank
values in Whatman 41 filters. However, this is not a
problem for atmospheric aerosol samples, as the
mass concentrations of Fe and Al are well above
these blank values. Details of the analytical
procedure, LODs and blank values are given in
Karanasiou et al. (2005).

Samples collected on GFF were analysed for n-
alkanes with carbon numbers between 18 and 35
using similar methodology as described in Foreman
and Bidleman (1990). Filters were cut in strips and
extracted with dichloromethane in ultrasonic bath.
The extracts were then concentrated by rotary
evaporator followed by evaporation with a gentle
stream of N2, to 1mL. Liquid chromatography in a
column packed with alumina (2 g) and silica gel
(3 g), preconditioned with pentane was used to elute
two fractions: the first with pentane (20mL)
containing n-alkanes and the second with 30%
dichloromethane in cyclohexane (30mL) containing
more polar organics, like PAHs. Eluted fractions
were condensed by N2 to 250 mL and aliquots of
1 mL were injected in a gas chromatograph system
Perkin-Elmer Sigma 2000 with a flame ionisation
detector. Chromatograph settings were: Split injec-
tion (split ratio 1:3.5 at initial column head pressure
of 40 psi) at 300 1C on a column Optima 5, 30m
length, 250 mm diameter, 1 mm film thickness,
followed by a temperature programme (60 1C for
1min, to 300 1C by 6 1Cmin�1, to 310 1C by
2 1Cmin�1). The flame ionisation detector tempera-
ture was set to 320 1C. Compound identification was
verified by analysis of samples in two different
chromatography configurations: the first as re-
ported in the analysis section and the second, a
multidimensional GC system described in Sitaras
et al. (2002) as well as by standard addition of the
studied compounds in selected samples.

Quality assurance and quality control QA/QC
was conducted to minimise and quantify sampling
and measurement errors by performing field and
laboratory blanks. Evaluation of the analytical
method included standard spike recoveries, GC
calibration and detection limit (LOD) calculation.
LODs were calculated as three times the standard
deviation of blank samples and were found to be
0.07–0.38 ngm�3 for n-alkanes on GFF,
1.85–4.83 ngm�3 for n-alkanes on PUF all calcu-
lated for a sampling volume of 1000m3. Sampling
experiments showed that loss of semi-volatile
compounds due to PUF breakthrough in the
studied range of volatility was less than 5% at
23 1C for a sampling volume of 200m3. The
efficiency of the specific PUF sheet to retain semi-
volatile organic compounds (SOCs) like n-alkanes
of the studied range has been proven in conjunction
with PM10 high-volume sampling (Hawthorne et
al., 1992) and TSP particulate sampling (Sitaras and
Siskos, 2001; Sitaras et al., 2004). Recovery,
calculated by the addition of known amounts of n-
alkanes in blank samples, ranged from 67% to 85%.

2.3. Size distribution data processing

High-volume impactor samplers have the ability
to collect large quantities of size-fractionated
particle mass from the atmosphere onto collection
substrates. Several atmospheric organic and inor-
ganic trace species can be determined with low
detection limits, but detailed information on the
particle size distribution is often hampered due to
the limited number of cut-off stages. The number of
size fractions usually provides an inadequate size
resolution. When the number or the mass size
distribution of a particular compound-species is
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approximately lognormal and unimodal the mass
median aerodynamic diameter (MMD) and the
geometric standard deviation (GSD) are able to
define this type of distribution.

Probit analysis of the cumulative mass concentra-
tion of trace metals and n-alkanes was used for
determining the mass median diameter (MMD) of
the size distribution. According to probit analysis,
cumulative mass fraction data and cut-off diameters
can be transformed, so that for a unimodal
lognormal size distribution the probit value of the
cumulative mass fractions and the logarithm of the
cut-off diameters display a linear relationship.
When this condition is satisfied linear regression
analysis can yield the Mass Median Aerodynamic
Diameter and the standard deviation of the
distribution as a function of the slope and intercept.
This analysis was applied to the data presented here
and results were considered significant for those
cases where R2 values from regression analysis were
greater than 0.95 (O’ Shaughnessy and Raabe,
2003).

3. Results and discussion

3.1. Size distributions of elemental concentrations

Nearly all elements were determined for the 16
samples, except for V, which was only detected in
one sample. The total metal concentration in TSP
ranged from 5.6 to 28.6 mgm�3 with a geometric
mean of 14.1 mgm�3. Table 1 shows the mean
elemental concentrations for the fine (do1:8mm)
Table 1

Elemental concentration (arithmetic mean7SD; in ngm�3) in total su

particle size fractions, fine to coarse (F/C) ratios and MMDs for 16 sa

Element TSP Fine

This study Previous studya This study

Cd 0.970.8 0.770.7

Pb 85.5738.5 610 61.5730.2

Vc 30.2 22.6

Ni 16.278.4 21 11.075.9

Mn 40.0712.7 25.7713.5

Cr 22.478.4 9.875.5

Cu 52.9714.9 35 14.075.7

Fe 526471696 490 21977766

Al 994975703 130 290872779

aValaoras et al. (1988) summer TSP measurements in central Athens
bThomaidis et al. (2003) summer PM2.5 measurements in central Ath
cDetermined in one sample.
and coarse (8.8odo1.8 mm) fractions, where d is
the particle aerodynamic diameter, the fine to coarse
concentration ratios (F/C) and MMDs. This classi-
fication was used, as it is close to that commonly
used for PM2.5 and PM2.5�10 (fine and coarse
aerosol concentration, respectively). Total sus-
pended particle (TSP) mass concentrations repre-
sent the total mass measured, which is the sum of
the fine and coarse fractions plus the concentration
measured at the uppermost stage (48.8 mm). This
enabled a better comparison to particle concentra-
tions from other studies. Elemental concentrations
obtained in this study are similar to those deter-
mined in other European cities (Harrison et al.,
2003; Mészáros et al., 1997; Allen et al., 2001). No
significant differences are observed when comparing
the present Cd, Pb and Ni concentrations with other
summertime measurements of these species in the
Athens urban area (Thomaidis et al., 2003). A clear
decrease in Pb concentrations for TSP particles is
observed as a consequence of the use of unleaded
petrol (Table 1). The TSP concentrations of Fe and
Al are higher in magnitude than those determined
during 1984 in central Athens (Valaoras et al.,
1988).

The F/C ratios for Cd, V, Pb, Mn and Ni are
typically above unity indicating that these elements
are mainly present in the fine size fraction. It can be
seen that Fe and Cr with F/C ratios equal to 1 have
similar mass concentrations in the two size fractions
despite their main peak in the coarse fraction (see
Fig. 2), while the majority of Al and Cu mass with
F/C ratios below one is found in coarse particles.
spended particles (TSP), fine (o1.8mm) and coarse (8.8–1.8mm)

mples

Coarse F/C ratios MMDs

Previous studyb This study

1.10 0.170.1 7.273.4 0.36

130 17.779.2 3.571.2 0.80

4.9 4.7 0.27

6.63 3.271.7 3.570.8 0.68

9.474.5 2.871.9 1.12

8.572.5 1.170.4 2.23

26.677.6 0.570.2 4.23

21097804 1.170.3 2.39

440472198 0.570.2 3.66

during 1982.

ens during 1995.
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Fig. 2. Mean size distribution of nine metals (Cd, Pb, V, Ni, Cr, Mn, Cu, Fe and Al). Values are geometric means calculated from 16

samples.
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From the individual MMDs determined by probit
analysis in every sample, mean MMDs were
calculated for every element. In the case of aerosol
trace element concentrations a least-squares fit had
R2 values greater than 0.95 indicating that these
metals have a unimodal distribution. The results
given in Table 1 were in good agreement with
MMDs calculated by the standard lognormal
distribution function. Elements with MMD in the
coarse particle fraction (42 mm) are Cr, Cu, Al and
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Fe. MMD values for Cd, V, Pb, Mn and Ni were
found to be in the fine size fraction, indicating
anthropogenic contribution.

Fig. 2 summarizes the size distributions of trace
elements. During the sampling period winds of
moderate speed (1–4m s�1) were mainly observed.
This fact in conjunction with the Athens topogra-
phy leads to poor ventilation of the valley and
indicates the significance of local sources rather
than long-range transport. Since typical sea salt
elements Na, Mg, Ca, K are missing from the data
set the influence of marine aerosols could not be
evaluated. Considering the above and the traffic
density at the sampling site we focus the discussion
on specific source categories such as vehicle emis-
sions, road dust, industry and soil. Elements with a
significant mass concentration of the order of
micrograms per cubic meter were Al, and Fe. These
elements originate mostly from resuspended soil
since they are present in amounts higher than 1% in
soil samples from the Athens basin. Elemental
composition and concentration levels in soil samples
are given in Scheff and Valiozis (1990). The ratio
Al/Fe in coarse particles (2.45) is approximately
equal to that calculated for Athens soil (2.08).
However, concentrations of Fe and Al in the fine
mode are not negligible. Keeping in mind that the
division between coarse and fine aerosol is often at
1 mm instead of 2 mm (Smolik et al., 2003), the fine
fraction presented here may include a tail end of the
coarse fraction. In addition one should also
consider that anthropogenic sources like industry
and motor vehicles are normally responsible for the
presence of Fe and Al in the fine size range
(Mészáros et al., 1997).

The size distributions of Cu and Cr have their
peaks mainly in the coarse fraction. The source of
these metals seems to be soil dust or mechanical
abrasion processes. Road dust includes soil particles
as well as particulate matter from anthropogenic
non-combustion sources like tyre and brake wear
debris. Concentration levels of some metals like Fe,
Cu, Cr, Pb in road dusts are higher than the
corresponding levels in soils indicating possible
enrichment from clutch, tyre and brake wear
(Watson et al., 1994). Furthermore it has been
reported (Weckwerth, 2001) that Cu derived from
brake linings dominates the coarse fraction, while
Sanders et al. (2003) reported that the MMD of the
brake wear aerosol debris is 6 mm with Fe, Cu, and
Ba the three predominant elements identified in the
debris, regardless of the material used in the brake
lining. Since we concluded that Al mass in the
coarse fraction originates from soil resuspension the
ratio Al/Cu in coarse particles should be similar (if
Cu is of crustal origin) to the corresponding ratio in
Athens soil. Given that the Al/Cu ratio in this study
was about 300, while that in soil samples (Scheff
and Valiozis, 1990) was equal to 4000, we conclude
that Cu originates from road dust enriched from
processes like brake wear as described above. In
contrast, when the above calculations were applied
to Cr in coarse particles it was found that this
element originates from soil dust. For the concen-
trations of Cr found in particles smaller than 1 mm,
emissions from the metal industry are the most
possible source (Mészáros et al., 1997).

Pb and Mn show similar unimodal size distribu-
tions (according to probit analysis) indicating a
common source. During the period of this study
leaded gasoline was still available for older vehicles
lacking catalytic converters in Greece, therefore,
lead is associated with emissions from those
vehicles. However, at the same time the gasoline
additive methylcyclopentadienyl manganese tricar-
bonyl (MMT) had already been introduced as an
octane booster and valve lubricant instead of Pb by
some fuel suppliers. MMT use has probably
increased Mn ambient concentrations due to
manganese oxide emissions from non-catalyst-
equipped vehicles (Geivanidis et al., 2003). As a
result, vehicles (non-catalyst equipped) are the
source of Pb and Mn emissions.

The most evident peaks for Cd lie in the fine
fraction (o1.8 mm). This fact confirms that Cd
originates from anthropogenic sources such as
industrial emissions (Manoli et al., 2002). Nickel
has a broad size distribution with peaks in the fine
and coarse mode showing the contribution of both
natural sources and anthropogenic emissions. Pre-
viously published studies (Allen et al., 2001;
Harrison et al., 2003) report similar mass size
distributions for Ni, suggesting multiple sources
including combinations of long-range transport,
vehicular, industrial emissions and resuspension.
Vanadium has a significant peak in the fine mode.
This points towards its association with oil combus-
tion emissions.

3.2. Size distribution of n-alkanes

The concentration of n-alkanes was determined
for each impactor stage of 8 samples. Table 2 shows
the mean concentration of n-alkanes in TSP, fine
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Table 2

Mean concentration (arithmetic mean7SD) in ngm�3 of n-alkanes in total suspended particles (TSP), fine (o1.8mm) and coarse

(8.8–1.8mm) particles, fine to coarse (F/C) ratios, CPI values and MMDs for 8 samples

n-alkanes TSP Ref. Fine Coarse F/C ratios MMDs

C18 87.27110 0.1 42.3749.9 37.8747.4 1.170.4 2.10

C19 14.876.5 0.19 9.576.2 3.471.8 2.871.8 1.26*

C20 44.6756.4 0.31 21.7725 18.5723.5 1.270.6 2.15

C21 14.776.8 0.52 8.175.1 5.070.4 1.871.0 1.55

C22 42.2746.9 0.76 21.1722.9 18.5717.2 1.470.7 2.13

C23 29.8721.9 1.41 17.0715.1 9.873.7 2.071.0 1.37

C24 57.5755.3 1.50 29.5733.2 22.3714.8 1.670.8 1.67

C25 55.0746.7 2.71 30.1731.8 18.378.7 1.971.1 1.41

C26 65.6757.8 2.35 34.2736.4 23.8712.1 1.671.2 1.56

C27 43.3736.4 5.28 23.6723.6 14.177.6 1.771.1 1.41

C28 34.0727.5 2.19 18.1717.0 10.676.8 1.571.1 1.41

C29 25.1721.0 8.25 11.8711.3 8.274.9 1.171.0 1.60

C30 13.6713.9 1.85 5.474.8 4.173.6 0.770.1 1.93

C31 14.2715.0 8.54 4.974.3 4.373.2 0.670.4 1.99

C32 8.5714.9 1.42 2.171.5 1.972.1 0.370.2 3.67

C33 10.2715.8 1.23 2.872.1 2.272.6 0.470.2 2.51

C34 9.1710.5 — 2.872.4 2.373.0 0.670.3 2.13

C35 5.577.2 — 2.672.3 2.272.5 0.770.5 1.99

CPI 0.870.1 2.7 0.970.3 0.770.2

Ref.: Mandalakis et al. (2002) mean concentrations of n-alkanes for TSP in Athens.

*MMD for C19 was calculated by the standard lognormal function.
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Fig. 3. Wind-direction dependence of Mn (a), Fe (b) and total n-

alkanes (TNA) (c) at the sampling site.
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(o1.8 mm) and coarse (8.8–1.8 mm) particles and fine
to coarse ratios (F/C). The total n-alkane concen-
tration (TNA) ranged from 72 to 1506 ngm�3 with
a geometric mean of 446 ngm�3. Alkanes in the
range C18–C29 with F/C ratios above one are
mostly found in the fine size fraction. The F/C
ratios for C30–C35 are bellow unity indicating that
these alkanes, which are mainly present in coarse
particles, originate from natural sources such as
vegetation (epicuticular wax protrusions). From the
data presented in Tables 1 and 2 it becomes evident
that the concentration of n-alkanes display higher
relative standard deviations than those found in
trace metals and therefore higher variability in the
Athens urban atmosphere. Potential bias in this
comparison due to the different sample populations
was excluded by comparing RSDs from several
random groups of sample populations for metals
equal to the population of the n-alkane samples.
The observed variability in 24 h concentrations is
pronounced in the fine fraction, which is the
fraction derived from direct emissions from mainly
combustion sources.

The above differentiation between inorganic and
organic species is further established by the wind
roses for two representative elements and TNA
concentration in TSP particles (Fig. 3). Little
dependence of metal concentration was found on
wind direction (Fig. 3a, b). It can thus be assumed
that their sources are rather homogeneously
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distributed in the Athens Metropolitan area. Higher
concentrations of n-alkanes were measured for
northerly winds (Fig. 3c). It becomes evident that
n-alkanes show high dependence on meteorological
conditions in the Athens urban atmosphere. There
are a number of reasons, which could lead to higher
aerosol n-alkane concentrations arriving at our
sampling site. The two main industrial areas outside
the Athens basin lie to the North and Northwest
with respect to the site, while major motorways with
high volumes of heavy-duty vehicles lie towards the
north to northeast and west. A larger dataset would
be necessary in order to derive conclusions based on
statistical significance.

The concentrations in the present study are higher
than those measured by Mandalakis et al. (2002) in
Athens at a site not directly influenced by heavy
traffic (see Table 2). Similar concentration levels to
n-alkane concentrations reported here, have been
reported in PM10 and TSP at Guangzhou, China
(Bi et al., 2005), Barcelona (Aceves and Grimalt,
1993) and at Minneapolis and Salt Lake City, USA
(Hawthorne et al., 1992).

Fig. 4 shows the geometric mean concentrations
of n-alkanes in the following size fractions: 48.8,
8.8–1.8, 1.8–0.35, o0.35 mm. C18 is the most
abundant n-alkane in the fraction 0.35–1.8 mm,
C18 and C26 are the most abundant in coarse
particles (1.8–8.8 mm) while the range C24–C27
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Fig. 4. Geometric mean concentration of n-alkanes (ngm�
dominates the mass concentration, when compared
to other n-alkanes, in particles with an aerodynamic
size o0.35 and 48.8 mm. It is known that particu-
late n-alkane emissions for all vehicle types show a
more or less bimodal n-alkane carbon number
distribution with elevated emission rates between
C20–C22 and C24–C27 (Rogge et al., 1993a;
Schauer et al., 2002). Significant concentrations of
lower molecular weight n-alkanes (oC22) can be
attributed to an undesirable loss of lubricant and
emission of unburned diesel fuel. The contribution
of emissions from two-stroke motorcycles should
also be considered as an alkane source. Such
motorcycles emit significant amounts of unburned
fuel and lubricant and represent a considerable part
of the vehicle fleet in central Athens. It was recently
reported that a non-catalyst two-stroke motorcycle
could emit up to three times more particulate matter
than a diesel Euro1 passenger car (Rijkeboer et al.,
2005).

Volatile n-alkanes in the range C18–C24 were
found in significant concentrations in the gas phase.
Their mean concentrations from three samples,
where a PUF plug was used, are presented in
Fig. 5. It is suggested that gas phase concentrations
measured for these highly volatile n-alkanes
(C18–C24) are linked to elevated particle phase
concentrations in the same carbon range (see Fig. 5
for 0.35–1.8 mm and 1.8–8.8 mm). Similar findings
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3) in four size intervals calculated from eight samples.
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Fig. 5. n-alkane gas phase mean concentration (ngm�3) based on three samples.
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concerning C18–C24 compared to the rest of n-
alkane (up to C36) total concentrations (particle
and gas phase) have been found in samples from
Minneapolis and Salt Lake City (Hawthorne et al.,
1992).

The carbon preference index (CPI) is defined as
the concentration ratio of the sum of odd carbon
number homologues over the sum of even carbon
number homologues across a specified carbon
number range. It is usually used for identifying the
sources of n-alkanes. It is recognised that the carbon
number profiles of n-alkanes derived from natural
sources show high CPI values greater than three,
while those derived from fossil fuel combustion
show a pattern with no carbon number predomi-
nance (Simoneit, 1984). CPI values in different
impactor stages were in the range 0.7–1.0 suggesting
a strong petrochemical origin. Alkanes seem to
originate either directly from fuel combustion
(particles below 1.8 mm) or from resuspension of
road dust (coarse particles and larger particles),
which contains fuel and lubricant residues. There is
evidence from Fig. 5 (n-alkanes carbon number
profile) that a small odd carbon predominance
exists in the range C29–C33 for the coarse fraction.
This predominance is an indication of a small
contribution by wax alkanes from vegetation
(epicuticular wax protrusions) (Rogge et al., 1993b).

Fig. 6 illustrate the particle size distribution of
selected alkanes, C18, C24, C28 and C32. A
maximum for almost all n-alkanes with the excep-
tion of C19 and C29 exists in the 1.2–1.8 mm
fraction, which is the same as that found for Pb,
Ni and Mn indicating vehicle emission origin.
Almost the same pattern was found in Guangzhou
(Bi et al., 2002) where the maximum was
0.95–1.0 mm. No peak was observed in the particle
size range below o0.35 mm in agreement with the
study by Bi et al. (2002).

Probit analysis for n-alkanes showed unimodal
distributions except for C19. The calculated MMDs
of n-alkanes are shown in Table 2. Alkanes of
carbon number in the range 23–28 seem to be
concentrated in fine particles. N-alkanes in this
range are typical of motor vehicle primary emissions
(Rogge et al., 1993a; Schauer et al., 2002). This
group of alkanes has similar MMDs to Mn
indicating a common anthropogenic source. Lower
molecular weight even carbon number alkanes C18,
C20, C22 have a tendency to concentrate in larger
particles, having a MMD in the range 2–2.5 mm.
Similar findings are reported at Guangzhou (Bi
et al., 2002) but MMDs of n-alkanes were lower than
in this study. The size distribution of semi-volatile
compounds like the n-alkanes examined here can be
highly variable due to a number of parameters
controlling their concentration in the particulate
phase. When evaporation to the gas phase is
favoured, this will be greater for the finer rather
than the coarse aerosol fraction due to the large
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Fig. 6. Mean size distribution of selected n-alkanes for the period 11 June to 4 July. The values are geometric means derived from eight

samples.
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surface area per unit mass of the former. Higher
concentrations can then be observed in larger
particles as it has been observed for medium
volatility PAHs (Pistikopoulos et al., 1990). High
molecular weight alkanes C29 to C31 have higher
MMDs located in the coarse fraction. Odd carbon
number biogenic alkanes seem to be mixed in the
same size mode as Cr, Cu, Al, Fe.

It is also evident from the standard deviation of
the concentrations presented in Tables 1 and 2 that
n-alkanes show a much higher variability in their
concentration compared to trace metals. It is noted
here that for maximum and minimum n-alkane
concentrations observed, 1506 and 72 ngm�3, re-
spectively, the equivalent measured gaseous n-
alkane concentrations were 216 and 289 ngm�3,
respectively. For the same two samples the con-
centrations of the measured trace metals did not
show a considerable difference. The combined
concentration of the mainly anthropogenic group
of metals Pb, Mn, Cu, Cr and Ni amounted to 172
and 180 ngm�3, respectively, for the same days as
described above for n-alkanes. The size distribution
of the TNA concentration for these two cases,
displayed a geometric mean size at 1.5 mm for the
high-concentration case and 4.6 mm for the low-
concentration case. This pair of samples was
examined further with respect to the partitioning
of n-alkanes between their gas and particulate
phases and the dependence on particle size.

3.3. n-alkanes gas–particle partition

Gas–particle partitioning of n-alkanes has been
studied for two samples where the gas phase
concentration was available, along with aerosol n-
alkane concentrations. For these two samples the
partition constant KP for the n-alkanes C18–C25
was calculated according to the equation given in
Pankow and Bidleman (1992):

KP ¼ ððFiÞ=ðPMiÞÞ=ðAÞ, (1)

where Fi is the concentration of n-alkane in the
fraction i of particles, A is the concentration of n-
alkane in the gas phase and PMi is the mass
concentration of each particle fraction as it was
measured by weighing the filter substrates, before
and after sampling. It has been shown that logKP

for adsorptive (Pankow, 1987) and absorptive
(Pankow 1994) partitioning is linearly correlated
to log pL

0 , where pL
0 is the sub-cooled liquid

saturation vapour pressure.

log KP ¼ mr log p0
L þ br, (2)

where mr and br are the slope and the intercept,
respectively.
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Assuming that partitioning takes place by an
absorption process, a partitioning constant can be
predicted by the octanol air partitioning coefficient
and a similar equation to Eq. (2) relates logKP to
log pL

0 (Finizio et al., 1997):

log KP ¼ mOA log KOA þ bOA. (3)

The two different parameters described above, pL
0

and KOA, were used. Values of log pL
0 for C18 to C25

were calculated at each sampling mid-point tem-
perature by the equations given by Lemmon and
Goodwin (2000). Values of logKOA for C18–C19
were provided at each sampling mid-point tempera-
ture by the equations given by Sitaras et al. (2002)
and for other n-alkanes (C20–C25) by extrapola-
tion, assuming a linear relation between logKOA

and molecular weight, MW.
The results are presented in Table 3 where the

parameters for equations 2 and 3 are shown for four
fractions of each of the two samples F1 and F2.
Linear regressions of logKP vs. log pL

0 are similar to
those presented for volatile PAHs at the same site in
Athens for 1998 (Sitaras et al., 2004) and for n-
alkanes at the urban site used by Mandalakis et al.
(2002). We attempt to employ linear regressions of
logKP vs. logKOA for the gas–particle partitioning
of n-alkanes which have been presented only for
PAHs, PCNs, PCBs and PCDDs/DF elsewhere
(Finizio et al., 1997; Kaupp and McLachlan, 1999;
Helm and Bidleman, 2005). It is seen that values of
mr and mOA approach the theoretical values of �1
and 1, respectively (Pankow, 1994; Finizio et al.,
1997). Only one of the eight partitions, for n-alkanes
in the finest fraction (o0.35 mm) in sample F2,
seems to be inconsistent with model predictions.
Table 3

Gas–particle partitioning data for four size fractions and each of the f

Aerosol size (d) fraction mr br r2

13– 14 June 2001 (Sample F1)

d o0.35mm, finest �0.58 �2.39 0.93

d o1.8 mm, fine �0.39 �2.11 0.87

1.8 mmodo8.8mm, coarse �0.71 �2.75 0.87

d o8.8 mm �0.46 �1.96 0.83

3– 4 July 2001 (Sample F2)

d o0.35mm, finest 0.28 �2.88 0.65

d o1.8 mm, fine �0.14 �2.43 0.74

1.8 mmodo8.8mm, coarse �0.28 �2.15 0.97

d o8.8 mm �0.24 �2.33 0.94

N: number of n-alkanes in the linear regression.
Reasons for deviation from the theoretical value
which seems to be common for both the vapour
pressure and octanol–air partitioning descriptors
have been discussed for the same sampling site for:
(i) PAHs by Sitaras et al. (2004), and (ii) for PAHs,
n-alkanes, PCBs and PCDDs/DFs at nearby sites by
Mandalakis et al. (2002). It was suggested that
within a homologue series of compounds like n-
alkanes in the range C18–C25, differences in
desorption and vaporisation enthalpies cannot be
the cause of the observed deviations from model
predictions. The deviation from the theoretical
values observed in one of the eight partitions
(do0.35 mm) could be attributed to combined
sampling artifacts (Volckens and Leith, 2003),
non-exchangeable material (Pankow, 1988) and
non-equilibrium conditions (Pankow and Bidleman,
1992) which may lead to shallower slopes. However,
a larger dataset is needed for identifying the main
reason for the deviation. The two different para-
meters mr (pL

0 descriptor) and mOA (KOA descriptor)
used here, have almost the same absolute value for
each of eight partitions indicating that each
approach predicts to a lesser or greater extent the
same partition behaviour for n-alkanes.
4. Conclusions

Metallic elements in the Athens urban aerosol can
be classified into two groups. The first group
comprises of Cd, V, Ni, Pb and Mn emitted from
anthropogenic sources. The second group consists
of Al, Fe, Cu and Cr, and is mostly present in the
coarse fraction and has its origin in soil dust or
mechanical abrasion processes. The second group
ollowing: 13–14 June 2001 (F1) and 3–4 July 2001 (F2) samples

N mOA bOA r2 N

7 0.73 �8.68 0.99 6

8 0.37 �5.19 0.80 8

6 0.71 �8.75 0.89 6

6 0.47 �5.88 0.83 6

5 �0.31 0.38 0.64 5

7 0.17 �3.79 0.73 7

6 0.33 �4.87 0.97 6

6 0.27 �4.59 0.97 6
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holds by far the bulk of the aerosol elemental metal
mass concentration.

The Carbon number profile of n-alkanes shows a
strong anthropogenic source with only a minor
biogenic influence. This profile is representative of
all particle fractions, except coarse aerosol where
species of biogenic origin are more pronounced.
MMD values calculated for n-alkanes and metals
show that most of these organics together with a
number of trace metals originate mainly from
vehicle emissions (Pb, Mn) and tend to accumulate
around the 1-mm aerodynamic size.

n-alkane concentrations display higher variability
than those found in most trace metals in the Athens
urban atmosphere. This variability is pronounced in
the fine fraction, which is mainly derived from
primary emissions from combustion sources.

The equilibrium between the gas and particle
phase for different alkanes species was explored in a
limited number of samples and found to follow the
pattern predicted by vapour pressure and octanol–
air coefficient partition descriptions in all but one
case, where the finest aerosol fraction was consid-
ered (do0.35mm).
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Abstract The aim of this survey was to assess metal
concentrations in precipitation over the Aegean Sea
and to identify possible source regions that contribute
to their long-range transport to the northeastern
Mediterranean. Total metal concentrations in 37 rain-
water samples collected on the island of Lesvos
showed a high variability depending mostly on the
origin of the air masses influencing the rain events
assessed by 4-day back trajectories. Concentrations of
Al, Fe, Mn, Cu, Pb, Zn, Cr and Ni were rather similar
to those found at other coastal sites in the Mediterra-
nean basin, but Cd was significantly lower. The
calculation of crustal enrichment factors of the metals
along with the statistical analysis of the results showed
that Saharan dust storms supply significant amounts of
natural Al, Fe, Mn, Cr and Ni to the northern Aegean
atmosphere, although some amounts of Cr and Ni are
also contributed from anthropogenic sources. On the
other hand, anthropogenic emissions largely determine
Pb, Cu, Cd and Zn loads, although not all four metals
follow the same enrichment and transportation pattern.

Keywords Metals . Precipitation .

Northern Aegean . Enrichment factors .

Back trajectories

1 Introduction

Metals emitted to the atmosphere from anthropogenic
and natural sources can be transported over long
distances (Prospero et al. 2001; Jaffe et al. 2003;
Holmes and Miller 2004) and, after their deposition,
they can affect coastal (Maneux et al. 1999) and
oceanic environments (Duce et al. 1991; Spokes et al.
2001; Witt et al. 2006). Wet deposition plays a
significant role in the atmospheric transport of
metals, often contributing the major part of the total
amounts delivered to the sea, especially for metals of
anthropogenic origin (Arimoto et al. 1985; Duce et al.
1991; Helmers and Schrems 1995; Zheng et al. 2005).

Trace metal concentrations in rainwater depend on
several factors (e.g. the vicinity of sources, the
amount of precipitation and the direction of air
masses) and show substantial temporal and spatial
variability (Berg et al. 1994; Al-Khashman 2005).
The above variability is frequently observed in
regions which are under the influence of contrasting
source areas, as in the Mediterranean Sea (Guerzoni et
al. 1999), which is affected by two main source areas:
the European continent in the north and the Sahara
desert in the south (Chester et al. 1993). Many
surveys have investigated the concentrations of trace
metals in atmospheric particles and rainwater as well
as the impact of the atmospheric inputs on their
biogeochemical cycles in the western Mediterranean
Sea (Chester et al. 1990, 1993; Migon et al. 1991,
1997; Guieu et al. 1993, 1997, 2002; Guerzoni et al.
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1997, 1999; Luck and Othman 2002; Sandroni and
Migon 2002). On the other hand, the role of atmo-
spheric transport of metals in the eastern Mediterra-
nean basin is less studied (Kubilay and Saydam 1995;
Güllü et al. 1998, 2000; Kubilay et al. 2000; Herut et
al. 2001; Kuloglu and Tuncel 2005; Koçak et al. 2004,
2005, 2007), and the relevant surveys have showed
that the atmospheric deposition of trace metals in this
part of the Mediterranean exhibits strong daily and
seasonal variability depending on the strength of remote
and local sources, the airflow pattern and the precipita-
tion events which occur either locally or during the
long-range transport of atmospheric particles.

Especially for rainwater, information about trace
metals loads and deposition is available mainly for the
southeastern part of the basin (Al-Momani et al. 1997,
1998; Ornektekin and Cakmakli 2003), whilst to our
knowledge, the only assessment of trace metals in
rainwater in the northeastern Mediterranean Sea
has been carried out in Izmir, a densely populated
and heavily industrialised city of western Turkey
(Muezzinoglu and Cizmacioglou 2006), and thus,
the influence of local sources cannot easily be
distinguished from long-range transport of metals.

The aim of this survey was to assess metal
concentrations in precipitation over the Aegean Sea
and to identify possible source regions that contribute
to their long-range transport to the area in relation to
the propagation of the air masses affecting the rain
events.

2 Materials and Methods

2.1 Site Description

Rainwater sampling was carried out on the southeastern
coast of the island of Lesvos, Greece (39°01′33″ N, 26°
36′51″ E; Fig. 1). The sampling site was located 10 km
southeast of Mytilini, the island’s main town, which
has a population of about 30,000 people. Industrial
activity is absent from Mytilini and it is very limited on
the whole of the island of Lesvos, involving only a few
small-scale food processing plants. The area around the
site is covered by low maquis and the geological
substrate consists of serpentinite peridotites. The
sampling site met the requirements described by
Tramontano et al. (1987) for the collection of samples
for trace metal analysis in precipitation.

Climatologically, the Aegean Sea is characterised
by wet winters and dry summers, with rain events less
frequent in autumn and spring. Precipitation is mainly
associated with cyclonic disturbances that originate in
the western Mediterranean Basin (Katsoulis 1999).
Greece receives European polluted air masses of
N/NW directions throughout the year, although their
frequency follows a seasonal pattern with maximum
occurrence during the dry season and especially from
July to September. In this period, N/NW winds
correspond to 90% of the total wind occurrences
(Mihalopoulos et al. 1997; Kouvarakis et al. 2000).
Furthermore, Greece is under the influence of
African air masses, most frequently occurring in
autumn (October/November) and spring (March/
April; Katsoulis and Welpdale 1993; Mihalopoulos
et al. 1997; Kouvarakis et al. 2000). Saharan dust
episodes with variable intensities occur mainly during
transitional seasons (Kubilay et al. 2000, 2005).

Fig. 1 The sampling area and site (marked by a star)
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2.2 Sample Collection and Analysis

Thirty-seven rainwater samples were collected on an
event basis from March 2004 to May 2006 using an
automatic wet/dry deposition sampler (Andersen,
model APS). The samples were transferred imme-
diately after collection (at the end of each precipita-
tion event) to the laboratory where they were filtered
through 0.4-μm polycarbonate membrane filters
(Nuclepore). The filtrate was acidified to 0.5% (v/v)
with ultra-pure conc. HNO3 and stored in high-
density polyethylene bottles. Both filtrates and mem-
brane filters were kept at 4°C until analysis of the
dissolved and particulate metals, respectively. Collector’s
buckets and plasticware used in sample handling and
analysis were thoroughly pre-cleaned before use.

An approximately 20-fold pre-concentration step
was carried out prior to the determination of dissolved
Cd, Pb, Cu, Cr, Mn and Ni due to their low concen-
trations, often below the limit of detection of the
direct graphite furnace atomic absorption spectrometry
(AAS) technique. The procedure, which has previously
been used in several surveys (Ahlers et al. 1990;
Jickells et al. 1992), consisted of sub-boiling (85–90°C)
evaporation of the samples in Teflon beakers. Dis-
solved Al, Fe and Zn were determined directly in the
original samples.

Microwave-assisted acid digestion was performed
for the determination of particulate trace metals. The
membrane filters were digested in Savillex Teflon
bombs (60 ml capacity) with 1 ml aqua regia and 1 ml
HF 40% (v/v). Digests were diluted by weight to
26.5 g in polyethylene tubes containing 0.5 g boric

acid to bind the hydrofluoric excess (Loring and
Rantala 1992).

Metal determinations were performed in a Perkin-
Elmer 5100ZL atomic absorption spectrometer with
Zeeman background correction. The graphite furnace
technique was used for the determination of both
dissolved and particulate Cd, Cr, Cu, Mn, Ni and Pb
and of dissolved Al and Fe, whereas dissolved Zn and
particulate Al, Fe and Zn were determined by flame
AAS. Total metal concentrations were calculated by
summation of dissolved and particulate values.

All chemicals used in the analyses were of Suprapur
grade supplied by Merck, and all water used was from
a Milli-Q water purification system (18.2 MΩ cm).
Sample handling in the laboratory was carried out in a
NUAIRE (NU 154-524E) laminar flow hood in order
to avoid contamination.

Laboratory and field blanks were analysed along
with the samples in order to detect potential con-
tamination. Field blanks were collected every five
samples in dry intervals (between rain events), and
they consisted of 250 ml of deionised water used to
wash the bucket after it was mounted on the sampler
(Al-Momani et al. 1995). In all the cases, blank values
were below the limits of detection of the corresponding
analytical techniques.

The trueness of analytical measurements was checked
by the analysis of the CRM TMRAIN-95 (simulated
rainwater) reference material, certified by the National
Water Research Institute, Canada, and of the BCSS-1
(marine sediment) reference material, certified by the
National Research Council, Canada, for the dissolved
and particulate metals, respectively (Table 1).

Table 1 Certified and measured values of metals in the reference materials TMRAIN-95 and BCSS-1

TMRAIN-95 BCSS-1

Unit Certified value Measured value Unit Certified value Measured value

Al μg L−1 1.7±0.91 1.64 % 6.25±0.41 5.77
Fe μg L−1 24.2±3.64 22.7 % 3.29±0.14 3.08
Mn μg L−1 6.1±0.78 5.5 mg kg−1 229±15 203
Ni μg L−1 0.80±0.17 0.74 mg kg−1 55.3±3.6 52.8
Cr μg L−1 0.79±0.17 0.82 mg kg−1 123±14 105
Cd μg L−1 0.48±0.12 0.44 mg kg−1 0.25±0.04 0.25
Pb μg L−1 0.29±0.093 0.26 mg kg−1 22.7±3.4 20.1
Zn μg L−1 Na – mg kg−1 119±12 126
Cu μg L−1 6.2±0.93 5.7 mg kg−1 18.5±2.7 17.1

na not available
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The limits of detection were calculated as three
standard deviations of 11 successive replicates of the
reagent blank. In the dissolved phase, they were for
Al, 1.7; Fe, 0.9; Cd, 0.07; Cr, 0.2; Cu, 0.4; Mn, 0.1;
Ni, 0.7; Pb, 0.8 and Zn, 3.4, and in the particulate
phase, they were for Al, 180; Fe, 100; Cd, 0.08; Cr,
0.2; Cu, 0.6; Mn, 0.1; Ni, 0.8; Pb, 0.9 and Zn, 6.5—
all values in micrograms per litre.

2.3 Air Masses Trajectories

Backward trajectories are often used to trace the
origin of the air masses prevailing during precipita-
tion events and to identify possible source areas of
pollutants (Zhang et al. 2007). In this survey, air
masses back trajectories were calculated for each rain
event using NOAA hybrid single-particle Lagrangian
integrated trajectory version 4 (HYSPLIT_4) model,
available online at http://www.arl.noaa.gov/ready/
open/hysplit4.html (Draxler and Rolph 2003). The
“FNL” meteorological dataset, provided by the US
National Center for Environmental Prediction (NCDC
1997), was used to compute back trajectories. The
“FNL” archive covers both hemispheres of the globe
at a resolution of about 191 km (NCDC 1997). Four-
day back trajectories were computed for 1,000, 1,500
and 3,000 m above ground level. The interval of
4 days was selected because it provides a sufficient
amount of time to trace air mass movements over the
major potential sources of atmospheric pollution in
Europe and Northern Africa and at the same time
ensures an acceptable level of uncertainties in the
calculation of their location (Katsoulis and Whelpdale
1993; Katsoulis 1999).

2.4 Statistical Analysis

Statistical analysis was performed with the SPSS 12.0
software. The variables used in further statistical
investigation, i.e. metal concentrations and enrich-
ment factors, were first tested for normality by both
graphical (histogram, box plots, P-P plots and Q-Q
plots) and numerical methods (Shapiro–Wilk’s test;
Reimann and Filzmoser 2000). Because lack of
normality was detected in all cases, the variables
were log-transformed to the base-e and log-normal
distribution was confirmed by the same procedures.
This finding is in accordance with previous studies
(Heaton et al. 1990; Migon and Caccia 1990; Berg et
al. 1994), so in all subsequent statistical tests, the log-
transformed variables were used. Nevertheless, the
data distribution is drawn from a rather small dataset,
and much larger datasets would be required in order
to firmly assess the metal distributions in rainwater
(Migon and Caccia 1990).

In all statistical tests, non-detected metal concen-
trations were replaced by the log-transformed values
calculated using half of the corresponding analytical
limit of detection.

3 Results and Discussion

3.1 Total Metal Concentrations in Rainwater

Descriptive statistics of trace metal concentrations in
rainwater collected on Lesvos are shown in Table 2.
Both the range and the geometric standard deviation
of the measured values indicate that metal concen-

Table 2 Descriptive statistics of trace metal concentrations in rainwater samples collected in the island of Lesvos (all values in μg L−1)

Na Arithmetic mean Geometric mean Geometric SD Median Min Max

Al 31 692 190 5 143 14 5,727
Fe 37 428 111 4 80 12 5,280
Mn 37 7.4 2.9 3.7 2.3 0.2 74.4
Cr 37 1.2 0.6 3.0 0.6 0.1 11.7
Ni 36 1.2 0.8 2.4 0.8 0.2 7.5
Cu 36 2.9 1.7 2.8 1.6 0.2 13.3
Pb 34 3.3 1.9 2.8 1.8 0.3 17.3
Cd 37 0.06 0.03 2.62 0.03 0.01 0.50
Zn 35 39 33 2 33 7 137

aWhen N<37, then the missing values are below the limit of detection
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trations are highly variable. Especially for Al, Fe and
Mn, maximum values are over 400 times higher than
minimum. This kind of variability is often observed in
metal concentrations in rainwater and is mainly
attributed to the origin of air atmospheric constituents
(Guieu et al. 1997; Guerzoni et al. 1999). The investi-
gation of this hypothesis will be discussed below.

The comparison of metal concentrations in precipi-
tation in the northern Aegean Sea to other parts of the
Mediterranean can only be made by means of average
(arithmetic mean) values because these values are, in
the majority of the cases, available in the relevant
literature. However, as noted above, metal concen-
trations in rainwater measured in this survey show
log-normal distribution, and thus, geometric rather
than arithmetic mean is the appropriate statistic to
depict the central tendency of the data. Taking into
account the difference between these two statistics,
i.e. arithmetic and geometric mean on the one hand,

and the variance of the data on the other hand,
comparison will only be made on the basis of the
order of magnitude (Fig. 2). On these grounds, Al, Fe,
Mn, Cu, Pb and Zn concentrations are comparable to
those found in other places along the Mediterranean
coast, with the exception of Al, Fe and Zn reported
for Iskenderun Bay, which seem substantially lower.
However, these low values are most probably due to
analytical reasons, as metal concentrations were
apparently measured without a previous digestion of
the samples, resulting in an underestimation of total
concentrations especially for metals mainly trans-
ported in the particulate phase. Chromium and Ni
values are similar to the values measured in the
western Mediterranean, but an order of magnitude
lower than the values found on the coast of Turkey.
The high Cr and Ni concentrations in rainwater from
this latter area were attributed to the presence of
ophiolitic unities enriched with Cr- and Ni-bearing

Fig. 2 Mean values of metal concentrations in rainwater collected over the Mediterranean Sea
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minerals in the geological substrate of the Turkish
coast (Kubilay and Saydam 1995; Al-Momani et al.
1998). As for Cd, the concentrations found in this
study are one order of magnitude lower than those
found in the western Mediterranean and two orders of
magnitude lower than in sites from the coast of
Turkey. These low values could result from several
causes such as the limited atmospheric emissions of
the metal by anthropogenic sources in the eastern
basin or the preferential deposition of Cd in relation to
other anthropogenic metals during their long-range
transport towards the northern Aegean Sea. Both
reasons have been suggested in order to explain low
Cd levels as well as low Cd/Pb ratios in aerosols
collected in the eastern Mediterranean (Kubilay and
Saydam 1995; Herut et al. 2001).

3.2 Relation Between Air Masses Origin and Metal
Concentrations in Rainwater

In order to investigate the impact of the origin of air
masses on the composition of rainwater in the northern
Aegean, the precipitation events were classified
according to the direction of the 4-day back trajectories
of the prevailing air masses into five classes (Fig. 3a):

(a) events influenced by air masses of western/
northwestern directions originating in western
Europe, symbolised hereafter by ‘WE’ (N=7);

(b) events influenced by air masses originating in central
Europe and the Balkan Peninsula (CE; N=5);

(c) events influenced by air masses of southern/
southwestern directions originating in northern
Africa (NA; N=13);

(d) events influenced by Saharan dust emissions
(S; N=10). This class, characterised also by
airflows of southern–southwestern directions,
was distinguished on the basis of the features
(colour, amount) of the particulate material
collected after the rainwater filtration. In par-
ticular, high quantity of light brown coloured
particulate matter was considered as indicative of
the predominance of Saharan dust on atmo-
spheric particles (Kubilay 1997) and thus of the
composition of rainwater.

(e) events influenced by air masses of maritime
origin (M; N=2). The path of these air masses
was entirely over the sea without crossing any
land masses in their course.

Four-day back trajectories typical of the above
classes are shown in Fig. 3b–f, respectively.

The potential difference in metal concentrations in
relation to the provenance of the air masses was tested
by one-way analysis of variance (ANOVA) of the log-
transformed variables. The last class (M) was not
included in the test because it comprised only two
cases. For Al, Cd, Cr, Fe, Ni and Pb the comparison
of means between groups was made by the Duncan
post hoc test, assuming equal variances, whilst for
Mn, the Dunnett T3 test, appropriate when the
variances are unequal, was run according to the
results of the Levene’s test for the homogeneity of
variances (Table 3).

The ANOVA revealed differences among group
means, at the 0.05 significance level, for all metals
except for Cu and Zn. The comparison of means
showed that Al, Fe,Mn and Cr were substantially higher
in precipitation events occurring when intrusions of
Saharan dust occur over the eastern Mediterranean Sea
(Table 3 and Fig. 4). Airflows from ‘WE’, ‘CE’ and
‘NA’ did not have a discernible impact on loads of Cr,
Fe and Mn, whilst significantly higher concentrations,
at the 0.05 significance level, were found for Al in
‘NA’ events. The high content of mineral dust from the
Sahara desert in crustal components such as Al, Cr, Fe
and Mn is well documented in the literature and is
reflected in high concentrations of these metals in both
rainwater (Chester et al. 1996; Al-Momani et al. 1998;
Guerzoni et al. 1999; Kubilay et al. 2000; Al-Momani
2003) and atmospheric particles (Güllü et al. 1998;
Guerzoni et al. 1999, 1999; Herut et al. 2001; Koçak et
al. 2004, 2007). Concentrations of Al, Fe and Cr in
rainwater affected by Saharan storm events collected in
Sardinia (Guerzoni et al. 1999) were very similar to the
values found in corresponding samples in this survey.
Consequently, mineral dust transport from the Sahara
appears to be the main factor controlling the high
variability of these metals in precipitation above the
Aegean Sea, as found for aerosols (Koçak et al. 2007).
As for Ni, the highest concentrations were also
observed in ‘S’ precipitation events (Table 3 and
Fig. 4). A similar Ni enrichment has also been found
in aerosol samples dominated by Saharan dust (Chester
et al. 1990; Guerzoni et al. 1999), indicating that
Sahara is a natural source of the metal in the
Mediterranean atmosphere. The lowest values of the
metal were recorded in ‘WE’ and ‘NA’ rain events,
whilst Ni in ‘CE’ samples had intermediate concen-
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Fig. 3 Classification of rain events in relation to 4-day back trajectories of the air masses (a) and characteristic back trajectories of
‘WE’ (b), ‘CE’ (c), ‘NA’ (d), ‘S’ (e) and ‘M’ (f) origin, at 1000 m (triangles), 1500 m (squares) and 3000 m (circles)
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trations which could not be distinguished neither from
‘S’ nor from ‘WE’ and ‘NA’ samples (Table 3).

Furthermore, the highest Pb and Cd were found in
rain events affected by emissions from central Europe
(Table 3 and Fig. 4), indicating that air masses from
this area carry the highest amounts of these metals to
the Aegean Sea. A previous study conducted by
Kouvarakis et al. (2000) has demonstrated that air
masses originating in the same area are also asso-
ciated with the transport of O3 to the Aegean Sea. No
differences were observed among the other three
classes, which probably means that apart from the
emissions from western Europe and northern Africa,
significant Pb and Cd amounts of natural and/or
anthropogenic origin are transported to the Mediter-
ranean atmosphere by Saharan dust. Large amounts of
Pd and Cd are released in the atmosphere of the
Mediterranean Sea by the developing countries of
Northern Africa. For example, Egypt and Algeria are
among the major contributors of Pb released in the
Mediterranean atmosphere, whilst Tunisia and, to a
lesser degree, Libya contribute significantly to the
anthropogenic per capita emissions of Cd in the
region (Pirrone et al. 1999).

Finally, it is interesting to note that although not
tested statistically, the ‘M’ precipitations appear to
have lower concentrations in all metals when com-
pared to the rest of the samples. This finding could
result either from the remoteness of natural or
anthropogenic sources with respect to airflow path-
ways or to a release of amounts from the air masses
during their long stay over the sea.

3.3 Enrichment Factors

Crustal enrichment factors (EFs) are often used to
compare the composition of rainwater and atmospheric
particles with the composition of the upper continental
crust, and they constitute a first approximation of the
possible origin (crustal or anthropogenic) of metals in
the atmosphere. Nevertheless, chemical reactions and
transformations during atmospheric transport, dif-
ferences in depositional pattern, the choice of the
indicator element for a specific source as well as
analytical errors can introduce uncertainties on calcu-
lated values (Lim and Jickells 1990; Berg et al. 1994).
Aluminium is often used as an indicator of crustal
composition because other crustal metals, such as Fe
and Mn, may have anthropogenic contributions, which
are masked from their strong crustal character (Scudlark
et al. 1994). In the present survey, EFs were calculated
using Wedepohl’s (1995) compilation of crustal abun-
dances of trace metals according to the equation:

EF ¼ X½ �= A1½ �ð Þrain
�

X½ �= Al½ �ð Þ
crust

Fig. 4 Mean values of log-transformed metal concentrations in
rainwater in relation to the origin of air masses prevailing
during the events: Al, Fe, Mn, Cr and Ni (a) and Cd and Pb (b)

Table 3 Significance level (p) for the F and homogeneous
subgroups detected by post hoc tests of the one-way ANOVA
on log-transformed metal concentrations in rainwater

P Homogeneous subgroups

1 2 3

Cd 0.018 ‘WE’, ‘S’, ‘NA’ ‘CE’
Pb 0.005 ‘WE’, ‘NA’, ‘S’ ‘CE’
Cu 0.984 ‘WE’, ‘CE’, ‘NA’, ‘S’
Mn 0.000 ‘WE’, ‘NA’, ‘CE’ ‘S’
Fe 0.000 ‘WE’, ‘CE’, ‘NA’ ‘S’
Ni 0.022 ‘NA’, ‘WE’, ‘CE’ ‘CE’, ‘S’
Cr 0.000 ‘WE’, ‘NA’, ‘CE’ ‘S’
Al 0.000 ‘WE’, ‘CE’ ‘NA’ ‘S’
Zn 0.120 ‘WE’, ‘CE’, ‘NA’, ‘S’
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where [X] and [Al] are the concentration ratios of the
trace metal (X) and the indicator (Al) in rainwater and
in the average crustal material. Metals with EF<10 are
considered to be of crustal origin, 10<EF<100
indicate moderate anthropogenic enrichment, whereas
a significant anthropogenic contribution to the rainwa-
ter composition is reckoned for metals with EF>100
(Guerzoni et al. 1997; Kim and Church 2002; Al-
Momani 2003).

The geometric means and range of the calculated
enrichment factors in rainwater from the northern
Aegean are shown in Fig. 5, whilst in Fig. 6a–h, the
EFs for each metal are plotted against Al. Low EFs
with low variability were calculated for Fe and Mn,
indicating that natural sources dominate the supply of
these metals in the northeastern Mediterranean rain-
water. This is confirmed by the fact that the EFs of
these metals, in particular of Fe, are very low not only
in ‘S’ samples, where the crustal origin is reflected in
high Al concentrations, but also in ‘WE’, ‘CE’ and
‘NE’ rainwater where the load of Al is significantly
lower (Fig. 6a, b). Low EFs for Fe and Mn, along
with a lack of dependence of EFs from Al, have also
been found in both atmospheric precipitation (Al-
Momani 2003; Hu and Balasubramanian 2003) and
aerosol (Chester et al. 1981; Guerzoni et al. 1999;
Herut et al. 2001) surveys in the Mediterranean and
elsewhere, showing the uniformly natural origin of
these metals.

Chromium and Ni are moderately enriched in
rainwater, with a variability of EFs of two orders of
magnitude. However, for both metals, EFs in ‘S’ rain
events are, with only one exception, below 10, sug-
gesting that in these cases, crustal origin determines
their presence in rainwater. For these particular
samples, the dependence of EFs from Al is rather
lacking (Fig. 6c, d). This is also the case for Cr in

‘NA’ precipitations. On the other hand, higher EFs, in
the range of 10 to 100, were calculated in ‘WE’ and
‘CE’ rainwater samples for both metals and in ‘NA’
samples for Ni. These values along with a steeper
increase in EFs with decreasing Al indicate that
anthropogenic sources, mainly fossil fuel combustion
(Pacyna and Pacyna 2001), supply some amounts of
the metals to the Mediterranean atmosphere. The
higher enrichment of Ni in comparison with Cr could
be the result of regional anthropogenic sources as,
according to Pirrone et al. (1999), more than 50% of
anthropogenic Ni in the Mediterranean atmosphere is
due to emissions occurring in the eastern part of the
basin. Nonetheless, Ni and Cr enrichment in northern
Aegean rainwater can be partially attributed to natural
sources, specifically to the presence of ultramafic
ophiolites in the upper crust of the eastern Mediter-
ranean (Al-Momani et al. 1998).

A more pronounced enrichment was found for Cu
and Pb (Fig. 5), with the origin of air masses also
playing a key role in its variability (Fig. 6e, f). Both
metals are highly enriched in ‘WE’ and ‘CE’ rain
events, with EFs>100, suggesting that their loads in
rainwater originate almost entirely from anthropogenic
sources. Especially for Pb, enrichment in ‘CE’ events
was six times stronger than in ‘WE’. In ‘NA’ events, Pb
and Cu were moderately enriched (the geometric
means of EFs in the ‘NA’ group are 57.5 and 78.3,
respectively), although Pb concentrations did not differ
significantly from those in ‘WE’ events and no differ-
ences at all were detected by the ANOVA for Cu. The
reduction of the anthropogenic character of Pb and Cu
in this group is probably due to the increased levels of
crustal material in the atmosphere. According to
Kubilay et al. (2005), the atmosphere over northern
Africa has significant loads of mineral dust even in
the absence of Saharan emissions. The input of this

Fig. 5 Geometric means and ranges of the metal EFs in rainwater from the northern Aegean
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crustal material to the atmosphere not only reduces
the anthropogenic enrichment of Pb and Cu in
rainwater but also changes their relationship to Al,
as can be seen in Fig. 6e, f. Indeed, at high Al

concentrations, which occur during the intrusion of
Saharan dust over the Mediterranean, Pb and Cu have
very low EFs, indicating a crustal origin. EFs>5 for
Cu and in the range of 9–15 for Pb have also been

Fig. 6 Scatter plots of
metal EFs of against Al in
rainwater from the northern
Aegean: Fe (a), Mn (b), Cr
(c), Ni (d), Cu (e), Pb (f),
Zn (g) and Cd (h)
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reported in atmospheric aerosol from central and
eastern Mediterranean (Chester et al. 1996). The
significance of natural sources of Pb in rainwater
has also been reported by Freydier et al. (1998) as
well as by Ridame et al. (1999). According to the
latter, during Saharan dust storms in the northwestern
Mediterranean, up to 50% of Pb is supplied by crustal
sources.

In contrast, Saharan dust emissions seem not to be
able to eliminate the dominance of anthropogenic Cd
and Zn in rainwater. Although there is a steep
reduction of EFs with increasing Al (Fig. 6g, h), a
significant anthropogenic fraction of Cd and Zn is
detected even at high Al loads. This could be
explained by the hypothesis that the Mediterranean
atmosphere is permanently dominated by European
polluted particles and its composition is occasionally
perturbed by mixing with Saharan desert dust (Ches-
ter et al. 1981, 1996). Thus, it appears that the strong
anthropogenic contributions of Cd and Zn result in
the manifestation of their anthropogenic character
even in rain events occurring during dust storms,
whereas the slighter enrichment of Cu and Pb allows
a more effective dilution of the Mediterranean
background by the Saharan crustal material and leads
to the prevalence of the natural sources over the
anthropogenic. Other potential processes that could
lead to Cd and Zn enrichment in ‘S’ events are: (1)
that Saharan dust scavenges pollutants emitted from
anthropogenic sources (Koçak et al. 2005) or (2) that
condensation/evaporation occurring in the atmo-
sphere could modify the initial composition of
Saharan dust particles, resulting in their enrichment
with anthropogenic pollutants. Such modifications
in the composition of mineral particles have been
described for transportation of dust from Asian
deserts (e.g. Okada et al. 1990; Mori et al. 2003;
Trochkine et al. 2003).

However, the possibility of an overestimation of
Zn and Cd EFs cannot be excluded, as deviations of
Al content in Saharan dust from the average crustal
composition have been reported in the literature
(Avila et al. 1998; Herut et al. 2001; Guieu et al.
2002).

In precipitation events influenced by both European
and African air masses, Zn and Cd are highly enriched
compared to mean upper crust composition, with EFs>
100, occasionally reaching values of several thousand,
with the highest values for Cd being calculated in ‘CE’

events. However, although above 100, EFs for ‘NA’
are considerably lower when compared to ‘WE’ and
‘CE’ events.

3.4 Principal Components Analysis

In order to further assess the relationships among
metals in rainwater from the northern Aegean in terms
of common transport processes and/or emission
sources, principal component analysis (PCA) with
varimax rotation on log-transformed total concentra-
tions was carried out. Table 4 shows the variable
loadings on the first four principal components, which
explain 94.4% of the total variance.

The first component, which explains 48.4% of the
total variance, has high loadings (>0.90) for Fe, Al
and Mn, as well as for Cr and Ni (0.89 and 0.80,
respectively), and is considered to depict the crustal
metals in rainwater. On the other hand, components 2,
3 and 4 are highly loaded with the anthropogenic
metals Cd, Pb, Cu and Zn, thus representing the
contribution of anthropogenic sources to the for-
mation of their concentrations in the northeastern
Mediterranean atmosphere. However, the separation
of the anthropogenic metals in three groups, i.e. Cd
and Pb in component 2, Zn in component 3 and Cu in
component 4, probably reflects differences in their
emission and/or transportation patterns. Anyhow, the
close relationship of Cd and Pb in eastern Mediterra-
nean has previously been reported in atmospheric
particles by Hassanien et al. (2001) and Samara and
Voutsa (2005).

Table 4 Loadings of variables on the first four principal
components of the PCA and the proportion of the total variance
explained by each component

PC 1 PC 2 PC 3 PC 4

Cd 0.03 0.94 0.13 0.11
Pb 0.33 0.89 0.04 −0.04
Cu 0.30 0.04 0.18 0.93
Mn 0.92 0.30 −0.03 0.17
Fe 0.98 0.02 −0.05 0.10
Ni 0.80 0.26 0.28 0.31
Cr 0.89 0.18 0.19 0.27
Al 0.96 0.06 −0.14 0.05
Zn 0.00 0.12 0.97 0.16
% of total
variance explained

48.4 21.1 12.5 12.4

Water Air Soil Pollut (2009) 201:389–403 399



It is worth noting that the moderate anthropogenic
enrichment of Cr and Ni shown by the EFs is further
supported by the PCA, as lower, yet substantial,
loadings (0.2–0.3) of these metals appear on compo-
nents 2 to 4. Similarly to Cr and Ni, the 0.30 loading
of Mn on component 2, in relation to EFs above 10
found in a triplet of samples of European origin, could
indicate a slight anthropogenic impact. In fact, anthro-
pogenic contributions of Mn in rainwater are possible
(Scudlark et al. 1994; Kim et al. 2000), as, for example,
methylcyclopentadienyl manganese tricarbonyl has
replaced Pb in some fuels as an octane booster and
valve lubricant (Karanasiou et al. 2007). Furthermore,
Ridame et al. (1999) mention that approximately 50%
of Mn in the atmosphere of the western Mediterranean
is associated with anthropogenic activities.

4 Conclusions

The survey of metals in atmospheric precipitation
from the northern Aegean Sea showed that although
total concentrations of Al, Fe, Mn, Cu, Pb, Zn, Cr and
Ni are rather similar to those found in other coastal
places of the Mediterranean basin, with the exception
of the higher levels of Cr and Ni recorded on the coast
of Turkey, the total amounts of Cd are significantly
lower than the amounts measured in rainwater from
the western and, especially, from the eastern Mediter-
ranean. In total, the analysis revealed that Saharan
dust storms supply significant amounts of natural Al,
Fe, Mn, Cr and Ni to the northern Aegean atmo-
sphere, although some amounts of Cr and Ni are also
contributed by anthropogenic sources. On the other
hand, anthropogenic emissions determine Pb, Cu, Cd
and Zn loads in rainwater, but these four metals do
not seem to follow the same enrichment and trans-
portation pattern. In particular, Pb and Cu are
enriched in rains influenced by European winds, with
Pb enrichment being considerably stronger under
airflows from central Europe. Only a moderate
anthropogenic contribution is found in rains occurring
under airflows from northern Africa, whilst it seems
that the intrusion of Saharan dust carries natural
amounts of both metals sufficient enough to com-
pletely overshadow their anthropogenic character. On
the contrary, the European or African provenance of
air masses does not seem to differently affect Cd and
Zn enrichment, although Cd is more enhanced in

rainwater during the occurrence of central European
winds, as in the case of Pb. The anthropogenic
emissions of Cd and Zn appear to be more evident
in comparison with Cu and Pb, and their enrichment
cannot be masked even by Saharan dust intrusions.
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Urban particulate matter (PM10–PM2.5 and PM2.5) from Athens (Greece) atmosphere, primarily investi-
gated by SEM-EDS, was further studied in the FLUO and SUL-X beamlines of ANKA Synchrotron facility
(KIT, Germany). The SR l-XRF study showed both geological (e.g. CaATi, CaAK and CaASrAKARb) and
anthropogenic particles exhibiting heavy metal combinations such as FeACo, FeACoACuAV and ZnAV.
It was also revealed that very hazardous metalloids and heavy metals, namely As and Pb, are concen-
trated in isolated respirable (PM2.5) microparticles. It was attempted to investigate the oxidation state
of As by means of l-XANES. The As K-edge XANES spectrum of the sample shows a main peak at about
11.874 keV which matches adequately with the As(V) reference spectrum but part of the As seems to
have a lower oxidation state (most probably As(III)). This is the first non-bulk study with regard to the
partitioning and solid-state speciation of hazardous chemical elements in urban atmospheric micropar-
ticles from greater Athens area, rated as an alpha-world city with a population of ca. 4 million people.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The greater Athens area, the capital of Greece, is a continuously
growing alpha-world city (ca. 4 million people) in the Attica prov-
ince with serious air-pollution problems. The photochemical cloud,
containing a variety of anthropogenic molecules, such as SO2, which
is a hazard to both living organisms and valuable objects, appeared
in late 70’s as noted by Lalas et al. [1]. Nowadays, almost 40 years
later, the Athenian ‘‘me9uo1’’ (smog) still remains and measurements
for certain gaseous pollutants (SO2, NO2, O3 and CO) are reported on
daily basis by the Greek government and particularly by the Minis-
try for the Environment, Energy and Climate Change. At the same
time, the concentration of particulate matter (PM), in lg/m3, and
specifically of PM10 (thoracic fraction), is also reported. There are
no certain daily reports for the dangerous PM2.5, representing the
respirable fraction, which also should be monitored according to
Greek law (Greek Government Gazette (UTK) 125A/2002). Con-
cerning the chemical composition of PM, principally towards heavy
metals, there are sporadic annual governmental reports, after 2001
referring to the bulk concentrations of Pb in PM10, although accord-
ing to the Greek law, the concentrations of this pollutant should be
All rights reserved.
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reported on a 3-month basis. Additionally, there are only few brief
reports released to the public concerning the bulk concentration of
Ni, As and Cd. However, according to European parliament regula-
tions (Directive 2004/107/EC) the above hazardous elements, as
well as Hg, have to be seriously monitored in urban atmospheric
air. The regulation was adopted by the Greek Legislation in 2007
(UTK920B/2007) demanding installation of measurement stations
by the Ministry for the Environment and relevant actions in order
to decrease the concentrations of As, Cd and Ni in the lowest per-
missible levels after 31st of December 2012. The recommended
analytical methods, according to Appendix V of this law, include
AAS and ICP-MS, which are typical bulk techniques, while there is
no indication about methods revealing the partitioning (elemental
combinations) and solid-state speciation of hazardous chemical
elements (determination of oxidation state, e.g. As(III) and/or
As(V), Cr(III) and/or Cr(VI), etc.) despite the great toxicity differ-
ences. Since 1988, the time that the first study on hazardous metal-
loids and heavy metals in Athens PM was published by Valaoras
et al. [2], almost only bulk analytical data have been presented in
the literature [3–11]. In a recent paper by Karageorgos and Rapso-
manikis [12] PIXE was used but obviously without a proton micro-
beam which could provide elemental partitioning information. In
addition, Dall’Osto and Harrison [13] implied that current air-qual-
ity standards for Athens, as well as for many other European cities,
are wrongly based only on particle-size measurements because
particles with different constituents may potentially elicit different
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health effects. The above authors gave the first approach to the
problem of heavy metals (Cr, Fe, Pb) partitioning in single particles
using an aerosol time-of-flight mass spectrometer (ATOFMS). Con-
cerning the speciation of elements in Athens urban particulate mat-
ter, it is worth noting the work by Valavanidis et al. [14] who
focused on Fe(II) and Fe(III) determination using, however, chemi-
cal extraction and not a direct solid-state spectroscopic method.
In spite of this, none of the previous authors attempted to resolve
the speciation of certain hazardous elements, such as As which is
classified as number one in the EPA priority list of hazardous sub-
stances, most likely due to technical difficulties and the current ab-
sence of relevant Greek and European legislation. Nevertheless, the
authorities and the scientific community should draw more atten-
tion to the detailed chemical characterization of particulate matter
because Athens continues to show very high levels of PM and
mainly of PM2.5, together with Bucharest among 22 major European
cities, a fact that could cause a significant increase in morbidity and
mortality [15]. Finally, it should be mentioned that Synchrotron-
based spectroscopic techniques, showing advantageous analytical
capabilities in l-scale, have never been used before the present
study for the characterization of urban atmospheric particles from
greater Athens area and any other city in Greece.
2. Experimental details

Urban particulate matter (PM10–PM2.5 and PM2.5) was collected
in Athens atmosphere, in Autumn 2008, during non-rainy days
without desert dust and/or other atmospheric episodes, using a
Partisol�-Plus Model 2025 Sequential Air Sampler and a Parti-
sol�-FRM Model 2000 PM2.5 Air Sampler (Rupprecht & Patashnick
Co., Inc.) and appropriate quartz fibre filters. Thus, the materials
investigated in the present study represent the ‘‘background’’ of
Athens atmosphere (apparently clear) in respect of suspended so-
lid microparticles. A part of the samples was initially subjected
to Scanning Electron Microscopy examination (Jeol JSM-5600
SEM equipped with an Oxford EDS). The subsequent Synchro-
tron-radiation micro-X-ray Fluorescence study (SR l-XRF), aiming
to elemental mapping and elucidation of hazardous metalloids and
heavy metals partitioning, was performed in the FLUO beamline of
ANKA Synchrotron facility (KIT, Germany) using an excitation en-
ergy of 17.5 keV [16]. Special emphasis, besides V which is entirely
associated to anthropogenic combustion emissions, was given to
As and Pb which are always classified in the top five of the EPA pri-
ority list of hazardous substances. Certain microparticles of the
respirable fraction (PM2.5) showing As, were further studied in
the SUL-X beamline of ANKA [17] by means of SR l-XRF in combi-
nation with l-XANES spectroscopy (As2O3 and As2O5 were used as
reference materials of As(III) and As(V) whereas the spectra were
processed by Athena software [18]).
Fig. 1. Selected SEM-EDS data about urban particulate matter (PM10–PM2.5 and
PM2.5) from Athens atmosphere, Greece, as deposited on quartz fiber filters.
3. Results and discussion

The initial SEM-EDS investigation of Athens urban particulate
matter (the considered atmospheric ‘‘background’’) showed an
abundance of particles of various morphologies and chemical com-
position, especially in the case of PM10–PM2.5 (coarse) fraction. The
most characteristic particles of geological origin concern CaCO3

(calcite) whereas hexahedral NaCl microcrystals, most probably
from the effect of the sea, are also frequent. In addition, there are
aggregates of PM10–PM2.5 particles containing CaAMgASACl,
according to EDS spectra, which possibly correspond to natural
mixed sulfate–chloride salts of alkaline earths. Phosphates of alka-
lis (NaAP in the EDS) are also present. On the other hand, the
anthropogenic microparticles are predominantly represented by
common spongy carbonaceous microspherulites, due to multiple
combustion sources, exhibiting an average diameter of ca. 20 lm.
The most common heavy metal in PM10–PM2.5 is iron appearing
in the form of single Fe oxide (Fe and O in the EDS spectra), FeACr,
and FeACu microparticles (Fig. 1). More complex aggregates, of po-
tential mixed natural and anthropogenic origin, consist of
FeACrACuAMnACa. Iron itself is not considered to be toxic but
when Fe-ions are released from urban particulate matter in aque-
ous media they can generate dangerous hydroxyl radicals (HO�)
[14]. In particular, Fe(II) is known as redox active and through reac-
tive oxygen species (ROS) may cause DNA damage in the lung tis-
sues. Soluble iron in Athens PM is mainly related to diesel exhaust
particles (DEP) [14] and therefore to traffic pollution attributed
principally to heavy vehicles. However, FeACr and FeACu particles
should represent alloys and thus, in the present case, the availabil-
ity of soluble Fe must be low. A microparticle composed of CuAZn
was additionally detected in PM10–PM2.5 as well as an isolated lar-
ger Sn particle (Fig. 1). Except tin, copper and zinc are heavy metals
which are also considered to be anthropogenic and moreover the
Cu:Zn ratio can be used to distinguish traffic and industrial emis-
sions [19]. Concerning the PM2.5 fraction, which corresponds to
respirable matter and subsequently is more important for health
effects, the SEM-EDS investigation (Fig. 1) indicated microparticles
containing only Fe and FeAMn (most likely Fe and FeAMn oxides)
while there were no results for any other heavy metal and/or met-
alloid referred to previous bulk studies [3,5,9,10].

The SR l-XRF study of PM10–PM2.5 confirmed the existence of
Ca-containing microparticles which could possibly be calcite
(CaCO3) due to the geology of Athens area (hills and surrounding
mountains composed of limestone and marbles). However, the
existence of non-geological Ca-compounds, such as Ca oxides, can-
not be excluded. More microparticles of geological origin may be
those containing K and CaATi. Concerning the anthropogenic par-
ticles it was found that FeACr microparticles, detected in few cases
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by SEM-EDS, are in fact infrequent whereas Fe (Fe oxide) micropar-
ticles are indeed common containing supplementary Co (FeACo).
The FeACu microparticles, also recorded by SEM-EDS, contain
additional Co and V (FeACuACoAV) and in some cases Ni
(FeACuACoAVANi). Moreover, there are few microparticles of
FeACoANiACrAZn as well as notable cases of isolated Zn, Pb and
As microparticles. It should be emphasized that CuAZn microparti-
cles, except the one found by SEM-EDS, were not localized in the
samples. It can be therefore stated that Cu and Zn are not generally
correlated in Athens PM, in contrast to opposite arguments from
previous bulk studies. As a conclusion, the most frequent elemen-
tal combinations concerns FeACo and FeACoACuAV. Copper and
zinc (CuAZn) are also uncorrelated in the Athens PM2.5 whereas
iron and cobalt (FeACo), again, commonly coexist in microparticles
(Fig. 2). Additionally, there are FeACoACu microparticles, as in the
case of PM10–PM2.5, but without V. Thus, the SR l-XRF study re-
vealed that vanadium, emitted by combustion of fossil fuels [20],
shows a different behavior in the PM2.5, respirable, fraction and
is predominantly correlated to zinc (ZnAV, see Figs. 2 and 3). In
some cases there are few particles containing ZnAVATi. Crude oils,
and especially heavy crude oils, are rich in organically bound V,
mainly in the form of vanadyl (VO2+)-porphyrin complexes [21].
As a consequence PM2.5 from oil combustion, examined by
HRTEM/EELS techniques [22], were found to contain V oxides
(mostly V2O5), sulfates (e.g. VOSO4�vH2O), phosphates ((VO2)2

P2O7) as well as various vanadates (such as CaV3O7 and Ni3(VO4)2).
On the other hand Zn, in the form of Zn-dithiophosphate, is a stan-
dard anti-wear and anti-oxidant oil additive [23]. The ZnAV micro-
particles detected in the present study could be mixed oxides and/
or sulfates. However the presence of Zn vanadates (Zn3(VO4)2�v-
H2O) cannot be excluded. In PM2.5 Cu (added as antioxidant) exists
in isolated microparticles (Fig. 2) as well as in CuACrAFe (Fig. 3).
The behavior of Ni in PM2.5 is also different, existing solely in a
few microparticles. Manganese is partly related to Fe (as concluded
complementary by SEM-EDS, see Fig. 1) and additionally to Co
(FeACoAMn) though there are many independent Mn-containing
microparticles (Fig. 2). Besides natural Mn, the sources of anthro-
pogenic Mn may numerous including the industrial activities and
gasoline additives (methylcyclopentadienyl manganese tricar-
bonyl/MCMT, (CH3C5H4)Mn(CO)3). The PM2.5 particulate matter
of geological origin is represented by CaAK, CaAKASr and
CaASrAKARb microparticles (Fig. 2). What is common in all types
of particulate matter studied by means of Synchrotron radiation
concerns the isolated microparticles of Pb and As which are not re-
lated to other heavy metals (Table 1). Lead, originating to both fuel
Fig. 2. Representative data from Synchrotron l-XRF investigation (FLUO beamline) of t
correspond to an area of 80 � 80 microns and resolution of 3.2 � 13.3 microns.
combustion (tetra-ethyl lead/TEL, (CH3CH2)4Pb which is a common
antiknock additive in gasoline) and the industry, and arsenic, orig-
inating also to fuels (particularly in fine particles) and the industry,
are extremely hazardous chemical elements. Lead in the recorded
isolated microparticles most likely appears in the form of the diva-
lent oxide (PbO) while arsenic may also occur as oxide. In order to
elucidate the speciation of As, and conclude if As(III) or As(V) com-
pounds are formed, direct solid-state information was obtained
using l-XANES spectroscopy. The As K-edge XANES spectrum of
the sample shows a main peak at about 11.874 keV and a shoulder
slightly above 11.870 keV (Fig. 3). Comparison with reference spec-
tra showed that the main peak at higher energies matches with the
position of the whiteline of the As(V) reference spectrum. The
whiteline of the As(III) reference is located at somewhat lower
energies than the shoulder meaning that the As(III) reference com-
pound chosen here does not sufficiently represent the sample
As(III) which complicates the determination of the As(V)/As(III) ra-
tio by linear combination of the reference spectra here. Because
several fluorescence mappings have been performed prior to the
XANES measurements redox reactions due to beam irradiation
cannot be completely excluded. But in a series of about 20 XANES
scans the shape of the XANES spectra remains constant within the
noise level of a single scans. According to the above data, isolated
As-containing microparticles in the Athens PM2.5 (respirable) frac-
tion correspond mainly to As(V)-oxides such as As2O5 or even to
peculiar arsenate (containing AsO3�

4 ) compounds. According to
Sánchez-Rodas et al. [24], who used indirect chemical extraction
methods, PM10 samples from the city of Huelva (S.W. Spain) con-
tain both As(V) and As(III) due to local industrial activity (e.g. cop-
per smelter) coupled the atmospheric circulations. It is notable that
the above authors emphasized the importance of As speciation in
PM in contrast to current EU air quality Directive 2004/107/CE (re-
lated to Greek UTK920B/2007) which strangely considers only the
bulk As content despite great toxicity difference between As(III)
and As(V). On the other hand, Huggins et al. [25,26], using direct
Synchrotron-based techniques (XANES), concluded that NIST Die-
sel PM SRM and coal-derived PM contain more than 97% As(V).
However, NIST Urban SRM, showing a small shoulder on the low-
energy side of the main peak in the As K-edge XANES spectrum
(like in the present study) may contain about 10% of As(III). Thus,
the small presence of the much more toxic As(III) in Athens
PM2.5 cannot be entirely excluded The main sources of As may be
traffic (mostly diesel exhaust particles/DEP from local vehicles),
exhausts of residential central heating and to a smaller extent
industrial activity (maybe coal-burning power plants). The present
he respirable fraction (PM2.5) of Athens urban particulate matter. Elemental maps



Fig. 3. Synchrotron l-XRF maps (1.5 � 1.5 mm, resolution 33 � 33 microns) and As K-edge micro-XANES spectra (SUL-X beamline) of the As hot spot detected in Athens
urban particulate matter (PM2.5). The dash-dotted line is the spectrum of an As(III) reference compound (As2O3), the dashed line represents an As(V) reference compound
(As2O5). Energy has been calibrated to the first derivative of the Au-LIII edge (11.919 keV).

Table 1
Summary of the results obtained for Athens particulate matter.

Particle size/
method

SEM-EDS SR l-XRF and l-XANES

PM10–PM2.5

(coarse
fraction)

Ca, CaAMgASACl, NaAP, C,
Fe, FeACr, FeACu,
FeACrACuAMnACa,
CuAZn, Sn

Ca, K, CaATi, FeACo,
FeACuACoAV,
FeACuACoAVANi,
FeACoACuANiACrAZn, Zn,
Pb, As

PM2.5

(respirable
fraction)

Fe, FeAMn CaAK, CaAKASr,
CaASrAKARb, FeACo,
FeACoACu, ZnAV, ZnAVATi,
CuACrAFe, FeAMn,
FeACoAMn, Mn, Ni, Pb, As(V)
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first non-bulk approach to the partitioning and solid-state specia-
tion of As in urban microparticles, can be the basis for further re-
search by governmental and academic groups to fully clarify the
behavior of this chemical element in the atmosphere of greater
Athens area.
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The influence of Saharan dust on the air quality of Southern European big cities became a priority during the
last decade. The present study reports results on PM10 monitored at an urban site at 14 m above ground level
during an intense Saharan dust transport event. The elemental composition was determined by Energy
Dispersive X-ray Fluorescence Spectrometry (EDXRF) for 12 elements: Si, Al, Fe, K, Ca, Mg, Ti, S, Ni, Cu, Zn and
Mn. PM10 concentrations exceeded the EU limit (50 μg/m3) several times during the sampling period.
Simultaneous maxima have been observed for the elements of crustal origin. The concentrations of all the
elements presented a common maximum, corresponding to the date where the atmosphere was heavily
charged with particulate matter permanently for an interval of about 10 h. Sulfur and heavy metal
concentrations were also associated to local emissions. Mineral dust represented the largest fraction of PM10

reaching 79%. Seven days back trajectories have shown that the air masses arriving over Athens, originated
from Western Sahara. Scanning Electron Microscopy coupled with Energy Dispersive X-ray analysis (SEM-
EDX) revealed that particle agglomerates were abundant, most of them having sizes b2 μm. Aluminosilicates
were predominant in dust particles also rich in calcium which was distributed between calcite, dolomite,
gypsum and Ca–Si particles. These results were consistent with the origin of the dust particles and the
elemental composition results. Sulfur and heavy metals were associated to very fine particles b1 μm.
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1. Introduction

The spatial and temporal variability of aerosols and their physico-
chemical characteristics such as size and composition affect their roles
on climate changes (IPCC, 2007). Mineral dust is a major contributor
to aerosol loading, with global flux estimations of 1500–2600 Tg.
year−1 (IPCC, 2007). It is estimated that every year, several hundred
million tons up to one billion tons of desert dust are exported to the
tropical North Atlantic and the Mediterranean Sea (Bonasoni et al.
2004; Prospero 1999; Rodriguez et al. 2001; Sciare et al. 2003). A
number of studies have focused on the long-range transport of
Saharan dust over the Mediterranean and their impact to the
Mediterranean atmosphere and sea water (Avila et al. 1997;
Bergametti et al. 1989a,b,c; Buat-Menard et al. 1989; Loye-Pilot
et al. 1986; Molinaroli, 1996).

The influence of Saharan dust on the atmospheric particulate
matter levels in Southern European countries became a priority
during the last decade (Blanco et al. 2003; Gobbi et al. 2007; Moreno
et al. 2005; Pappalardo et al., 2010; Papayannis et al., 2005;
Papayannis et al., 2008; Rodriguez et al. 2001; Samoli et al. 2011;
Querol et al. 2004; Viana et al. 2007). Apart from the fact that the
presence of particulate matter in urban environments has several
undesirable health effects, a main reason for that special attentionwas
the new limits of the directive for the quality of air in Europe
(Directive 2008/50/EC): for PM10 is determined to be 50 μg/m3 (limit
value already valid since 1/1/2005, not to be exceeded by more than
35 times per calendar year) and for PM2.5 to be 25 μg/m3 (target value
since 1/1/2010 and limit since 1/1/2015). Mineral dust is a major
constituent of PM10 in southern European big cities. Exceedance cases
of the limit of PM10 due to Saharan dust transport events are often
reported. The contribution of Saharan dust in PM10 concentration
levels also complicates the estimation of the impact of the anthro-
pogenic sources to PM10 and air quality.

http://dx.doi.org/10.1016/j.scitotenv.2011.06.026
mailto:remound@metal.ntua.gr
http://dx.doi.org/10.1016/j.scitotenv.2011.06.026
http://www.sciencedirect.com/science/journal/00489697
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Fig. 1. PM10 concentrations (in μg/m3) between March 27th and April 3rd, 2009.

Table 1
Daily mean concentration, minima and maxima observed during the period of interest
as recorded by DustTrak TSI 8520.

Date Mean (μg/m3) Minimum (μg/m3) Maximum (μg/m3)

27/03/2009 22 13 33
28/03/2009 25 13 62
29/03/2009 23 12 53
30/03/2009 62 21 134
31/03/2009 46 18 156
01/04/2009 40 23 114
02/04/2009 34 21 72
03/04/2009 33 26 40
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The atmosphere of the large cities in Greece is very often heavily
charged by particulate matter due to both long range transport and
local emission sources. The absence of precipitation from spring to
late autumn and the favorable conditions for the formation of
photochemical smog are also characteristic situations for the big
cities in Greece. Monitoring of concentration levels and quantitative
estimations on particle composition together with their source
identification are necessary in order to acquire data for the estimation
of their impact and to answer if the above limits are realistic for the
large urban areas in Greece. Results on PM10 and PM2.5 concentration
levels and composition are recent (appear in literature mainly the last
6 years) for different regions in Greece, pointing out the difficulty to
have at present a clear picture of the situation at a national level
(Chaloulakou et al. 2003; Lazaridis et al. 2008; Manoli et al. 2002;
Terzi et al., 2010; Vassilakos et al. 2005). The results reported from a
five-year monitoring of PM10 at both an urban and a background rural
site in Crete (Gerasopoulos et al., 2006), have shown that the EU limit
of 50 μg/m3 was very often exceeded and this was mainly due to dust
events for both sites. For the above reasons, every new data set on the
variability of concentration levels, the composition and the origins of
PM is significant in order to clarify and complete the picture.

The present paper reports the results on PM10 concentration levels
and their composition during an intense Saharan dust transport event
over Athens between March 28 and April 3rd, 2009. Experimental
results of PM10 continuous concentration monitoring by TSI DustTrak
8520 and PM10 sampling on 0.45 μm nuclepore membranes by using
TCR TECORA sampler are presented and discussed. The elemental
composition, determined by EDXRF using NIST standard SRM 2783 for
12 elements: Si, Al, Fe, K, Ca, Mg, Ti, S, Ni, Cu, Zn, and Mn, is discussed
in terms of their temporal variability and the origin of the sampled air
masses. Information on air mass origins was acquired by both 7 days
back trajectories and wind roses using the data of the local
meteorological station. The percentage of the dust contribution and
the contribution of both sulfates and mineral dust to the observed
PM10 concentrations was estimated using the experimental data.
Scanning Electron Microscopy coupled with Energy Dispersive X ray
analysis (SEM-EDX) has been also performed in selected samples. A
hundred regions of the selected filters have been analyzed in order to
acquire information about the sizes and composition of the PM10.

2. Materials and methods

2.1. PM10 concentration levels monitoring

PM10 concentrations were recorded by DustTrak (TSI, Model 8520)
(Chan et al., 2002) at the top of the building of the School of Mining
and Metallurgical Engineering at the NTUA campus at 14 m above
ground level. The sampling point is fully exposed to wind and free all
around of other obstacles. DustTrak was selected in order to have a
continuous monitoring of PM10 concentrations during the Saharan
dust event and to record their temporal variability with satisfactory
time resolution. DustTrak's nominal flow rate is 1.7 l/min and it is
obtained by an internal pump integral to the sampler. The monitor is
factory calibrated for the respirable fraction of standard ISO12103-1,
A1 test dust (Arizona Test Dust), which is representative for a wide
variety of aerosols. It measures concentrations in the range of 0.001–
100 mg/m3, with a resolution of 0.1% of the reading or 0.001 mg/m3.
Before eachmeasurement, the instrument is zeroed and its flow rate is
checked. PM10 concentrations were recorded from 27/3/2009 until
3/4/2009, every 10 min.

2.2. PM10 sampling and elemental composition determinations-PM10

SEM-EDX analysis

PM10 sampling for elemental composition determination and
SEM-EDX analysis was carried out using a TCR TECORA (Sentinel PM)
operating at 38.33 l/min, constructed and calibrated in order to
comply with European Standard EN12341 for standard sampling of
PM10. The sampling device operates with autonomy of 16 samples
charged in a charging cassette by programming the sampling span
and duration. Aerosol samples were collected on 0.45 μm nuclepore
membranes. Twelve samples have been collected between 27/3/2009
and 2/4/2009. From March 28th until April 2nd, two 3-hour samples
per day were collected: one beginning in the morning at 9 am local
time and the second beginning at 2 pm in order to correspond to
urban activities maxima. This 3-hour time span during the two urban
activities maxima (beginning and end of working day) was also
selected in order to avoid sampling interruption due to filter clogging.
Filter clogging is highly probable during periods of highly charged
atmosphere by particulate matter as was the case during the dust
transport event.

Sampling material and filter keeping petri-dishes were pretreated
by soaking in dilute nitric acid solution and thorough rinsing by ultra-
pure water (18 MΩ/cm) and dried under the laminar flow hood of the
laboratory. In order to determine PM10 concentrations, the nuclepore
membranes were weighted before and after sampling according to
the procedure described in EN12341 (Annex C) using aMettler Toledo
MS105 with a resolution of 10 μg in the air conditioned weighing
room of the laboratory. DustTrak data were used in order to record the
concentration variations during the episode of dust transport (Fig. 1,
Section 3.1.). The gravimetric data were used for the estimations
of the percentage contribution of dust in PM10 concentrations
(Section 3.3.). The regression line for concentrations recorded by
DustTrak and those obtained gravimetrically was y=1,23x
(r2=0.89) meaning an overestimation of about 20% for the mean
values of the concentrations obtained by DustTrak.

The pre weighted membranes were charged to the filter supports
and sampler cassette under the laminar flow hood. Filter blanks and
blank field samples were also prepared and analyzed together with
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Fig. 2. Wind roses as calculated using the data from the local meteorological station of NTUA.
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samples. The elemental composition determinations have been
carried out by EDXRF (SPECTRO XEPOS bench top XRF spectrometer
SPECTRO A.I. GmbH) with Pd end window X-ray tube. NIST standard
SRM 2783 has been used for spectrometer calibration verification. The
elements Si, Al, Fe, K, Ca, Mg, S, Ni, Cu, Zn, Mn, and Ti, have been
determined. A specialized program (SPECTRO X-LAB PRO) was used
for values normalization and error correction. The method detection
limits were 100 ng/cm2 for Mg, 20 ng/cm2 for Al and K, 10 ng/cm2 for
Ca, Ti, Fe, 5 ng/cm2 for Si, Mn, 2 ng/cm2 for Ni, 1 ng/cm2 for S, Cu and
Zn. The estimated precision of the method ranged between 0.1% and
30% for individual elements, for most of them being b5% (Terzi et al.,
2010).

Three filters have been selected for SEM-EDX analysis. Two filters
corresponding to concentrations maxima and major elements
maxima observed on 31/3/2009 and a reference-filter sampled before
the arrival of the episode of dust transport (27/3/2009) have been
analyzed by Scanning Electron Microscope (JEOL JSM-840) — Energy
Dispersive X-Ray Spectrometry (Link 10000 AN), operating at an
Fig. 3. Seven days air mass back trajectories ending over Athens on March 29th, 30th, 3
accelerating potential of 15 kV, probe currentb3 nA and analysis time
of 60 s. SEM images have been taken and a hundred EDX spectra have
been obtained on spots of the three selected samples.

2.3. Air mass trajectories and local meteorological data

The HYSPLIT 4 model is a complete system for computing simple
trajectories to complex dispersion and deposition simulations using
either puff or particle approaches. A discussion of the model is given
by Draxler and Hess (1998). In our case, ending air mass backward
trajectories were calculated for the Athens site using the Hybrid
Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) to
gather information about the origin of the observed aerosols and the
synoptic patterns corresponding to the period under study. The
calculations were made for the arrival heights of 1, 2 and 3.5 km a.s.l
over Athens, Greece (NTUA site).

Wind roses have also been calculated byMicrocalc Origin using the
local meteorological data from the ground meteorological station of
1st April 1st (at 9:00 UTC) and 2nd , 2009 (left: at 12:00 UTC, right: at 19:00 UTC).
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NTUA. During the period of interest, no rain has been recorded by the
meteorological station of NTUA.

3. Results and discussion

3.1. PM10 concentration levels

Fig. 1 presents the recorded PM10 concentrations fromMarch 27th
to April 3rd 2009. On the same figure the legislative limit of 50 μg/m3

is also shown. The recorded concentrations were very often higher
than that limit. The minimum value recorded was 12 μg/m3 on
29/3/2009 and the maximum value 156 μg/m3 on 31/3/2009. Table 1
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presents daily mean, min and max values recorded over the period of
interest. From this table, it can be seen that mean daily concentrations
exceeded the legislation limit of 50 μg/m3 on March 30 and were very
close to that on March 31st and April 1st. Fig. 2 presents the wind
roses obtained from the ground level meteorological station at NTUA
for the period under study. From this figure, it is obvious that local
winds of south origin were predominant from March 28th until April
1st. From April 2nd, the winds direction changed and east local winds
became dominant. It is important to notice that, on March 29th and
30, west winds were also significant.
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levels are presented. This figure shows that the air masses arriving
over Athens on March 29th and 30th originated fromWestern Sahara
and this is clear for the three height levels onMarch 30th. FromMarch
31st, the origin of the air masses moved towards northern Algeria.
From that date, the air masses also weremoving anti-cyclonically over
Greece, thus alsomixingwithmaritime and local continental aerosols.

From the data presented above, it becomes obvious that the
recorded high values of PM10 concentrations (see Fig. 1) are mainly
due to Saharan dust transported over Athens during the period of
interest. The magnitude of PM10 mean daily levels and maxima
recorded are in agreement with the findings of earlier studies in the
Mediterranean Basin concerning TSP and PM10 levels during Saharan
dust transport events (Gerasopoulos et al., 2006; Gobbi et al. 2007;
Kocak et al., 2007; Koulouri et al., 2008; Rodriguez et al. 2001).

3.2. Temporal variability of elemental concentrations

Fig. 4a presents the temporal variability of the concentrations of
the elements Al, Si, Fe, Ca, K, Mg and Ti. From this figure, it is apparent
that the concentrations of these elements present similar temporal
variations. The concentrations of the elements of crustal origin
presented an abrupt increase on March 30th and were maintained
at high levels during the dust transport event from Saharan regions,
clearly shown from the backward air mass trajectories (Fig. 3).
Concentration levels and concentration maxima of the elements of
crustal origin are in agreement to those reported for PM10 during
Saharan dust events. For example, arithmetic mean concentrations for
the elements Ca, Fe, Ti in this study are 2986, 973 and 64 ng/m3

respectively and concentrations maxima 9087, 2328, 147 ng/m3

respectively. Kocak et al. (2007) reported for dust events arithmetic
mean concentration values of Ca, Fe and Ti: 3500, 1200 and 100 ng/m3

respectively whereas the recorded concentration maxima are even
higher than those reported in the present study. Maxima for Ca, Fe and
Ti in the coarse fraction reported by Koulouri et al. (2008): 18,615,
8509 and 290 ng/m3, although higher, can also be considered in good
agreement with those reported in the present study.

The percentage contribution of each element to the total mass of
elements of crustal origin is shown on Fig. 4b. Calcium appeared to be
the most abundant element among the elements of crustal origin,
followed by silicon. Aluminum and iron percentage was of the same
order. Potassium andmagnesiumpercentages appeared variable, with
a tendency to stabilize to values of about 6% and 5% respectively
during the dust episode. Titanium showed an almost stable percent-
age of about 0.75% (the samples of March 29th showing the most
important deviation from this value).

Elemental ratios have been extensively used in order to be
compared with those characteristic of different origins. The elemental
ratios Al/Si, Ca/Si, Fe/Si, Al/Ca, Ti/Fe and Ti/Ca are reported on Table 2.
Al/Si ratio values can be considered as typical for Saharan dust
particles (Chiapello et al. 1997; Formenti et al., 2001) as they are close
to 0.45. Deviations from that value were observed for the period from
Table 2
Ratios between the elements of crustal origin.

Date Al/Si Ca/Si Fe/Si Al/Ca Ti/Fe Ti/Ca

27/3/2009 0.53 2.39 0.53 0.22 0.07 0.02
28/3/2009 0.32 1.78 0.48 0.18 0.07 0.02
28/3/2009 0.66 1.53 0.46 0.43 0.18 0.06
29/3/2009 0.73 1.38 0.66 0.53 0.11 0.05
29/3/2009 0.76 1.50 0.67 0.50 0.14 0.06
30/3/2009 0.40 3.13 0.87 0.13 0.04 0.01
30/3/2009 0.44 1.25 0.45 0.35 0.06 0.02
31/3/2009 0.45 1.73 0.44 0.26 0.06 0.02
31/3/2009 0.50 1.30 0.44 0.38 0.06 0.02
1/4/2009 0.47 1.09 0.35 0.43 0.07 0.02
1/4/2009 0.47 0.52 0.28 0.91 0.07 0.04
2/4/2009 0.49 0.73 0.36 0.67 0.07 0.03
the afternoon of March 28th until the morning of March 30th. The
values of Ca/Si ratio exceeded significantly unit except from the last
sampleswhere it approached unit and showed values even lower than
unit. The observed Ca/Si values can be explained by considering that
the long range transported air masses from Saharan sources were
mixed with local aerosol sources. Local sources such as road dust and
construction works may contribute to the observed elemental
concentrations. Ca/Si ratio values in road dust are found to be about
2 and may reach even higher values in urban sites due to construction
works (Terzi et al., 2010). On March 29th and 30th, West and WNW
winds became important transporting aerosol particles from local
urban and industrial regions (Fig. 2). Moreover, Saharan dust
originating from Western Sahara is known to be rich in calcite
characterized by high Ca/Si ratios: 0.58–0.80 (Avila et al., 1997; Coz et
al., 2009; Krueger et al., 2004; Moreno et al., 2005). Dust coming from
theMoroccan Atlas region also contains high amounts of dolomite and
calcite (Avila et al., 1997). These regions are also origins of Saharan
dust transported during the reported period of study which includes
air masses originating frommore than one Saharan region (Fig. 3). Fe/
Si ratio values showed similar behavior to that of Al/Si.

The ratio Al/Ca although variable, showed values similar to those
reported in literature for long range transported Saharan dust: 0.33
(Ganor and Foner, 1996), 0.52 and 0.73–0.94 (Borbely-Kiss et al.,
2004). The values of the ratios Ti/Fe and Ti/Ca appeared less variable,
except for samples corresponding to dates that the influence of local
sources was stronger (from the afternoon of March 28th until the
morning of March 30th). These ratios also present values similar to
those reported in literature for long range transported Saharan dust
(Borbely-Kiss et al. 2004; Ganor and Foner 1996).

The above results should be also considered taking into account
that Saharan dust is composed of the lighter particles from top soil
composition essentially clays and quartz. Clays consist of illite,
kaolinite and smectite and, within this group, specifically montmo-
rillonite, in variable proportions (Brooks et al., 2005). Calcite,
dolomite and feldspars are also components of transported dust
from Northern Africa (Avila et al. 1997; Caquineau et al. 1998; Ganor,
1991; Molinaroli, 1996). Palygorskite is also used as a foot print for
Saharan dust emissions from some specific areas (Avila et al. 1997).
The relative abundance of one or another type of clay has been linked
to the parent material in different regions in North Africa (Molinaroli,
1996; Prospero et al., 2002). Table 3 reports the chemical formula of
some representative minerals together with their relative abundance
for Western Sahara and Northern Algeria regions. The reported high
percentage of Ca in our samples could be attributed in the presence of
minerals rich in Ca as for example calcite (Table 3). Iron is present in
illite and can also be abundant as hematite (Claquin et al., 1999).
According to Fig. 3, such minerals are expected to be present in our
samples, where it is clear that the sampled air masses originated from
Western Sahara and Northern Algeria.

Fig. 4c presents temporal variations of sulfur concentrations, an
element of anthropogenic origin, compared with those of silicon, a
Table 3
Minerals in Saharan dust and relative abundance according to their origin.

Mineral Formula Western
Sahara

Northern
Algeria

Quartz SiO2 + ++
Calcite CaCO3 ++ ++
Kaolinite Al2Si2O5(OH)4 ++
Illite (KH3O)(Al,Mg,Fe)2

(Si,Al)4O10

++ ++

Smectites Montmorillonite (Na,Ca)0,33(Al,Mg)2
(Si4O10)(OH)2.nH2O

++

Palygorskite (Mg,Al)5(Si,Al)8O20

(OH)2.8H2O
++

(+Low, ++intermediate, +++high) (Coz et al., 2009).
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tracer of crustal origin. On the same figure, the ratio of [Ca]/[Si] is also
reported. Sulfur in our samples presents concentration levels usual for
urban environments for PM10 and is mainly present as sulfates (Ho
et al., 2006; Sillanpaa et al., 2006; Terzi et al., 2010; Viana et al., 2007;
Wang et al., 2005). Sulfates originating from Saharan dust represent a
rather small amount, less than 5% (Coz et al., 2009). Until March 30th,
sulfur and silicon presented similar temporal variability ending with a
maximum for both elements. This behavior can be attributed to the
mixing of air masses originating from both long range transport and
local emission sources. The wind roses (Fig. 2) corresponding to
March 29th andMarch 30th show the simultaneous presence of south
winds, responsible for long range transport of particles of crustal
origin and west winds charged with aerosol particles from local urban
and industrial emission sources e.g. oil refineries of Aspropyrgos
located in theWNW-NW sector (wind rose of March 30th). Moreover,
similarities in temporal variations for Si and S, may be also due to
formation of coarse sulfate by heterogeneous reactions of gaseous
precursors on mineral dust. Hien et al. (2005), pointed out that the
yield of nitrate and sulfate formation on mineral dust particles
increases with the [Ca]/[Si] ratio. Especially for sulfates, the Ca-richest
mineral dust particles correspond to [Ca]/[Si]N1 and are the most
Table 4
Percentage of mineral dust (%MIN) and SO4

2− contribution to PM10.

Date SiO2 ng/m3 Al2O3 ng/m3 Fe2O3 ng/m3 K2O ng/m3 CaO+CaCO3 ng/m3

27/3/2009 736.68 344.70 260.23 32.27 1607.94
28/3/2009 2058.96 577.41 661.70 79.22 3334.26
28/3/2009 702.82 411.60 217.86 67.41 982.77
29/3/2009 631.23 409.23 280.24 53.46 795.33
29/3/2009 420.96 280.79 189.35 45.47 575.70
30/3/2009 4696.95 1661.57 2727.24 96.67 13397.90
31/3/2009 11222.82 4501.17 3328.24 1562.59 17718.74
31/3/2009 7673.18 3368.68 2244.65 1124.99 9090.42
1/4/2009 9021.04 3726.14 2093.12 992.39 8931.27
1/4/2009 11066.15 4600.16 2064.03 886.54 5214.41
2/4/2009 7297.59 3138.37 1733.67 653.30 4854.83

Date S ng/m3 SO4 ng/m3 SO4 μg/m3 PM10 μg/m3 %

27/3/2009 1552.50 4657.51 4.7 17 2
28/3/2009 1748.28 5244.84 5.2 39 1
28/3/2009 1829.40 5488.20 5.5 17 3
29/3/2009 1665.24 4995.71 5.0 17 2
29/3/2009 2127.61 6382.82 6.4 14 4
30/3/2009 3639.75 10919.26 10.9 68 1
31/3/2009 2956.44 8869.33 8.9 62 1
31/3/2009 4586.17 13758.52 13.8 62 2
1/4/2009 2801.99 8405.98 8.4 57 1
1/4/2009 1752.99 5258.98 5.3 30 1
2/4/2009 3148.31 9444.94 9.4 54 1
enriched in sulfates (Hien et al. 2005). The yields of such reactions
depend on dust mineralogy. For example, Matsuki et al. (2005) found
that calcite incorporates the largest amount of sulfur, followed by
dolomite, amphibole, clay, feldspar and quartz. In our samples, as
already pointed out, the values of this ratio exceed significantly unit
until April 1st where are equal to unit and then become lower than
unit reaching a value of 0.5. From April 1st, silicon and sulfur
concentrations show different temporal variations (Fig. 4c). This is
due to the different origin of these elements and probably also to a
lower efficiency of mineral dust particles to incorporate sulfur.

The temporal variability of Zn, Cu and Mn concentrations
compared to that of sulfur, is shown on Fig. 5. Zinc concentrations
present a temporal variability very similar to that of sulfur. Zinc is the
most abundant among tracemetals in urban environments since it is a
marker of wearing particles from tires and brakes. It is also contained
in lubricating oil mixed with gasoline for two stroke engines of
motorcycles.

Manganese also presents similar variability to that of sulfur but its
concentrations may be also influenced by the dust event since Mn is
an element of mixed origin: anthropogenic and crustal (Remoudaki
et al. 1991). In general the concentrations of Cu, Zn, and Mn are in
MgO ng/m3 TiO2 ng/m3 TOT MIN ng/m3 TOT MIN μg/m3 PM10 μg/m3 %MIN

222.33 22.36 3226.52 3.2 17 19.0
545.76 54.89 7312.19 7.3 39 18.7
464.40 46.71 2893.56 2.9 17 17.0
368.34 37.05 2574.87 2.6 17 15.1
313.25 31.51 1857.02 1.9 14 13.3
666.03 129.96 23376.32 23.4 68 34.4

1550.44 244.56 40128.56 40.1 62 64.7
1040.49 162.79 24705.19 24.7 62 39.8
1101.56 170.38 26035.91 26.0 57 45.7
1237.48 178.75 25247.53 25.2 32 78.9
840.20 138.19 18656.15 18.7 54 34.5

SO4 Date PM10 %MIN %SO4 %TOT(MIN+SO4)

7.4 27/3/2009 17 19.0 27.4 46.4
3.4 28/3/2009 39 18.7 13.4 32.2
2.3 28/3/2009 17 17.0 32.3 49.3
9.4 29/3/2009 17 15.1 29.4 44.5
5.6 29/3/2009 14 13.3 45.6 58.9
6.1 30/3/2009 68 34.4 16.1 50.4
4.3 31/3/2009 62 64.7 14.3 79.0
2.2 31/3/2009 62 39.8 22.2 62.0
4.7 1/4/2009 57 45.7 14.7 60.4
7.5 1/4/2009 32 78.9 17.5 96.4
7.5 2/4/2009 54 34.5 17.5 52.0
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expected levels for urban environments (Boman et al. 2008; Kwame
Aboh et al. 2007; Samara et al. 2003; Terzi et al. 2010; Vanhoof et al.
2003; Voutsa et al. 2002) and probably slightly lower compared to
those expected for ground level.

The maximum observed on March 30th for the elements of crustal
origin is also observed for trace metals. This maximum corresponds to
the interval of the studied periodwhere the PM10 concentrationswere
maintained in high levels, N100 μg/m3, for about 10 h. The local
atmosphere was heavily loaded with long range transported dust
Fig. 6. SEM images-EDX spectra (a) illite particles, (b) aluminosilicate particles, probably sm
particles which probably were enriched with heavy metals during
their transport. PM10 were further enriched with heavy metals when
these air masses mixed with those of local urban and industrial origin.
Although the temporal variability of the concentrations of the
elements of crustal origin is different from that corresponding to the
elements of anthropogenic origin (Fig. 4c), the second maximum
observed for the concentrations of elements of anthropogenic origin
also corresponds to a period of heavily charged atmosphere with dust
particles.
ectites together with calcite particles, 6(c) aluminosilicate particles, probably smectites.
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3.3. PM10 composition-SEM-EDX results

Table 4 presents the concentrations of metals of crustal origin after
conversion to their common oxides. Ca was multiplied by a factor of
1.95 to account for CaO and CaCO3 which are considered as its most
abundant forms (Terzi et al. 2010). These oxides are summed to
represent the mineral dust part of PM10. On the same table, the values
of PM10 concentrations, for each filter are reported. From Table 4, it
can be seen that the percentage of mineral particles in PM10, before
the arrival of the Saharan dust at the sampling point, ranged from 13
to 19%. From March 30 and during the dust event, the percentage of
the mineral particles in PM10 increased significantly reaching 79% on
April 1st. These results are in very good agreement with those
reported by Gerasopoulos et al. (2006), Kocak et al. (2007) and
Koulouri et al. (2008). These authors, also reporting results on dust
events monitored in background rural sites, give dust contribution to
PM10 levels ranging from 60 to 72% during dust events. It is thus
important to mention that during a dust event, dust contribution to
PM10 is so important that it could mask any difference between a
remote location and a city center.

Assuming that the totality of sulfur was present as sulfates, sulfates
were calculated from total sulfur concentrations. Although this may
lead to over estimation of the amounts of sulfates, it provides a rather
good estimation of their contribution to the PM10 concentrations. The
results reported on Table 4, show that the contribution of sulfates to
PM10 was significant ranging from about 13% to 30% except from the
peak on March 29th where sulfates accounted for about 46% of the
total PM10. The simultaneous presence of west and south winds on
this date, explain this high percentage of sulfates and can be clearly
seen from the wind rose of 29/3/2009 (Fig. 3). Finally, from Table 4, it
can be seen that mineral dust and sulfates may explain about 50% of
the total PM10 in absence of Saharan dust transport event. The other
main fractions are organic and elemental carbon (about 20–30%,
(Sillanpaa et al. 2006)) and particle bound water (20–35% (Tsyro,
2005)). Sea salt particles may account for about 1–5% and trace
metals, if calculated as their common oxides, account for less than 1%
(Sillanpaa et al. 2006; Terzi et al. 2010). In case of Saharan dust
transport event, mineral dust represents the largest fraction of PM10.

Representative SEM images together with EDX spectra, selected
among a significant number of analyzed filter areas (100), are shown
following. Fig. 6(a) shows a big diversity of particles of different sizes
most of them being submicronic particle agglomerates. The spectra
obtained on spots on particlesN1 μm showed composition character-
istic of illite. Fig. 6(b) shows aluminosilicate particles, probably
smectites together with calcite particles of about 1 μm. Fig. 6(c)
also shows aluminosilicate particles which are probably smectites.
Fig. 7(a) shows dolomite particles. Fig. 7(b) shows calcium sulfate
(gypsum) particles. Iron oxides as those shown in Fig. 7(c) have been
often detected in our samples. Fig. 7(d) shows quartz particles. It is
important to notice that quartz particles were rare in our samples.
Moreover, heavy metals and sulfur were extremely hard or even
impossible to be located in most cases showing that these elements
were mainly associated to submicronic particles.

Summarizing the above, the SEM images revealed that the filters
were rich in particles of submicronic size, very often in agglomerates,
together with coarse particles. EDX analysis revealed that alumino-
silicates (clays) were predominant. The presence of illite was obvious
in many cases, quartz particles were rare and very difficult to be
detected. SEM results on dust composition transported over different
regions in the Eastern andWesternMediterranean have shown that Al
rich clayminerals such as illite and kaolinite are very common in PM10

for Cyprus, are dominant for Crete and in comparable percentage for
NE Spain. In all cases Al clays are much more abundant than silica
(quartz) (Querol et al., 2009). Dust particles were very rich in calcium
which is distributed between calcite, dolomite and sulfates and Ca–Si
particles (e.g. smectites). Iron oxides were often detected. These
results are in very good agreement and confirm those already
reported in the previous paragraphs on the elemental composition
of the dust and the origins of the air masses which first became from
Western Sahara and moved towards northern Algeria. These findings
are also in very good agreement with literature on the Saharan
particles characterization and their relationship to their origins (Avila
et al., 1997; Caquineau et al., 1998; Coz et al., 2009; Coude-Gaussen
et al., 1987; Lange, 1982).

4. Conclusions

The high PM10 concentrations recorded at an urban site in Athens
for the dates of March 30th, 31st and April 1st 2009 were due to
mineral dust particles transported over Athens from Saharan regions.
Elements of crustal origin: Al, Si, Fe, Ca, Ti, K, Mg presented high
concentrations on the above dates and identical temporal variability
over the period of interest.

Seven days back air mass trajectories have shown that the Saharan
dust originated fromWestern Sahara. FromMarch31st, the origin of the
air masses moved towards Northern Algeria. The air masses crossed the
central Mediterranean region and moved anti-cyclonically over Greece
thus also mixing with local maritime and continental aerosols.

Silicon and calcium were the most abundant among the elements
of crustal origin, calcium exhibited higher concentrations than silicon
mainly before and in the beginning of the Saharan dust transport
event. This result was explained by both considering local sources

CHRISTOS MARAMATHAS
Highlight

CHRISTOS MARAMATHAS
Highlight

CHRISTOS MARAMATHAS
Highlight



4370 E. Remoundaki et al. / Science of the Total Environment 409 (2011) 4361–4372
such as road dust and construction works and the dust sources.
Saharan dust originating fromWestern Sahara and Northern Algeria is
rich in calcium.

Sulfur concentration levels were comparable to those of the
elements of crustal origin but showed lower variability than that of
the elements of crustal origin due to the dominance of local sources
emitting with higher stability than the main sources of the other
major elements.

The concentrations of all the elements determined in the present
study of both crustal and anthropogenic origin present maxima
during the dates where PM10 concentrations reached elevated values.
Fig. 7. SEM images-EDX spectra (a) dolomite particles, (b) calcium
A common maximum for all the elements was observed on March
30th where PM10 concentrations remained higher than 100 μg/m3 for
a period of about 10 h. This can be explained by enrichment of the
dust particles with sulfur and trace elements during transport as well
as by mixing of the long range transported air masses from Saharan
regions with local air masses charged with aerosol particles of urban
and industrial origin. The ratio [Ca]/[Si] reached values higher than
unit for the period between March 27th and March 31st meaning a
strong neutralization capacity for sulfates and thus also contributing
to the observed similar temporal variations between sulpfur and the
elements of crustal origin for this period.
sulfate (gypsum) particles, (c) iron oxides, (d) quartz particles.

image of Fig.�7
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During the dust event, the percentage of the mineral particles in
PM10 increased significantly reaching 79% on April 1st. Sulfates
contributed significantly to the total PM10.

SEM-EDX results gave important information about the sizes, the
morphology and the composition of PM10. Most of particles had
sizesb2 μm. Dust particles were characterized by a high content in
aluminosilicates (clays), while quartz particles were rare. Dust
particles were very rich in calcium which is distributed between
calcite, dolomite and gypsum and Ca–Si particles. Particles containing
iron and iron oxides have been detected by SEM EDX analysis several
times. These results confirm the elemental composition results and are
consistent with the origin of the dust particles from Western Sahara
and Northern Algeria. Heavy metals and sulfur localization was
extremely difficult in most cases possibly due to the fact that these
elementswere associatedwith ultra-fine particles of sub-micron sizes.
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a b s t r a c t

Bulk aerosol samples were collected from three different coastal rural sites located around the Eastern
Mediterranean, (i) Erdemli (ER), Turkey, (ii) Heraklion (HR), Crete, Greece, and (iii) Tel Shikmona (TS),
Israel, during two distinct mineral dust periods (October, 2007 and April, 2008) in order to explore the
temporal and geographical variability in the aerosol chemical composition. Samples were analyzed for
trace elements (Al, Fe, Mn, Ca, Cr, Zn, Cu, V, Ni, Cd, Pb) and water-soluble ions (Cl�, NO3

�, SO4
2�, C2O4

2�,
Naþ, NH4

þ, Kþ, Mg2þ and Ca2þ). The dust events were categorized on the basis of Al concentrations
>1000 ng m�3, SKIRON dust forecast model and 3-day back trajectories into three groups namely, Middle
East, Mixed and Saharan desert. ER and TS were substantially affected by dust events originating from the
Middle East, particularly in October, whilst HR was not influenced by dust transport from the Middle
East. Higher AOT values were particularly associated with higher Al concentrations. Contrary to the
highest Al concentration: 6300 ng m�3, TS showed relatively lower AI and AOT. Al concentrations at ER
were similar for October and April, whilst OMI-AI and AOT values were w2 times higher in April. This
might be attributed to the weak sensitivity of the TOMS instrument to absorbing aerosols near the
ground and optical difference between Middle East and Saharan desert dusts. The lowest enhancement
of anthropogenic aerosol species was observed at HR during dust events (nssSO4

2�/nssCa2þw 0.13). These
species were particularly enhanced when mineral dust arrived at sites after passing through populated
and industrialized urban areas.

� 2012 Published by Elsevier Ltd.
1. Introduction

The global radiative forcing due to atmospheric particles is
approximately 1.2 W m�2, nearly half of the mean global radiative
forcing of 2.63 � 0.26 W m�2 as a result of greenhouse gases (IPCC,
2007). A large range of uncertainty has been reported by the IPCC
for aerosol forcing estimates due to the poor state of knowledge
regarding the sources, distribution and properties of atmospheric
aerosols. Radiative properties of mineral dust particles are varied,
causing either a warming or cooling depending on their concen-
tration, vertical distribution in the atmospheric column, particle
mnimmo@plymouth.ac.uk

Elsevier Ltd.
size and mineralogy as well as the albedo and temperature of the
underlying surface (Arimoto, 2001; Harrison et al., 2001; Satheesh
and Moorthy, 2005).

Mean Aerosol Index (AI) values determined by TOMS (Prospero
et al., 2002;Washington et al., 2003) have illustrated the key source
regions of mineral dust and the dominance of the Saharan desert.
The chemical composition of mineral dust originating from various
desert regions (namely, Saharan, Arabian and Chinese) are rela-
tively similar, consisting of approximately 55e60% SiO2 and
10e15% Al2O3 whilst other oxides (such as Fe2O3, CaO, MgO, Na2O
and K2O) are slightly more varied being dependent on source
location (Goudie and Midddleton, 2001; Usher et al., 2003a, b;
Krueger et al., 2004). However, the mineralogy of dust particles is
highly variable and reflects the source region. For instance, dust
particles originating from the Libyan, Ahaggar-Massif and Chad
deserts are characterized by high concentrations of illite (87%)
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Fig. 1. Locations of the sampling sites and classification of 3-day back trajectories
arriving at ER, HR and TS. Airflow sectors are presented as R1 (Saharan), R2 (Western
Europe), R3 (Eastern Europe), R4 (the Middle East), R5 (Mediterranean Sea) and R6
(Turkey).

M. Koçak et al. / Atmospheric Environment 57 (2012) 266e277 267
while dust particles from the Libyan, Tibesti, Egyptian, Sinai and
Negev deserts are characterized by high concentrations of mont-
morillonite (55%) and kaolinite (30%). The Mediterranean atmo-
sphere is impacted by different pollutant sources via long range
transport and its boundary layer is loaded with pollutants emitted
from Western and Eastern Europe (Lelieveld et al., 2002). In addi-
tion the Mediterranean is bordered on its southern and eastern
shores by arid belts that extend from the west coast of North Africa
over to the Middle East. A number of studies have been carried out
to identify the aerosol chemical composition (e.g. Kubilay and
Saydam, 1995; Querol et al., 2004), the influence of dust events
on aerosol composition (e.g. Kubilay et al., 2000; Viana et al., 2002)
and mineral dust source regions impacting on aerosol levels in the
Mediterranean (e.g. Rodriguez et al., 2001; Escudero et al., 2006).
Long range transport of dust from North Africa to the eastern
Mediterranean occurs predominantly during the spring and is
commonly associated with the eastward passage of a frontal low
pressure system, whilst dust from sources in the Middle East is
more typically transported to the Eastern Mediterranean in the
autumn (Kubilay et al., 2000). In contrast, transport from North
Africa to the western and central Mediterranean occurs mainly
during the summer (Moulin et al., 1998; Escudero et al., 2006).

Ground based lidar/sun photometer and remote sensing obser-
vations have also been applied in order to monitor the vertical
aerosol structure and properties in the atmosphere over the
Mediterranean region (Dulac and Chazette, 2003; Kubilay et al.,
2003; Gobbi et al., 2004; Papadimas et al., 2009). The vertical
structure of the Mediterranean lower troposphere is complex, with
several turbid layers from the surface up to the clean free tropo-
sphere. Saharan dust is found between planetary boundary layer
aerosols (1.5 km) and cirrus clouds (6 km; Gobbi et al., 2004).
Aerosol optical thickness (AOT) and aerosol radiative forcing are
among the highest in the world over the Mediterranean region
(Kubilay et al., 2003; Barnaba and Gobbi, 2004; Vrekoussis et al.,
2005; Papadimas et al., 2009). This is illustrated by the variability
in AOT values, with a minimum being observed during winter
(below 0.15) and a maximum being observed during summer
(above 0.2). Dust distribution in the Mediterranean atmosphere
exhibits a South to North gradient, with a spring maximum in the
Eastern/Central Mediterranean (AOT, March, April, May period,
dust>0.45; Barnaba and Gobbi, 2004).

Thus the Mediterranean is a unique natural laboratory in which
to explore the chemical and physical properties of contrasting
aerosol populations. In order to explore the temporal and
geographical variability in their chemical and physical properties,
aerosols in the Eastern Mediterranean atmosphere were simulta-
neously collected from three coastal rural sites during two distinct
dust periods; October 2007 and April 2008. The influence of two
distinct dust source areas (Saharan and the Middle East) on the
aerosol chemical composition of aerosols above the Mediterranean
has been assessed, for the first time, by applying a combination of
>1000 ng m�3 Al threshold, the SKIRON dust forecast model, back
trajectories, AOT and AI (Kubilay et al., 2003, 2005; Barnaba and
Gobbi, 2004; Koçak et al., 2004).

2. Methodology

Bulk aerosol samples were collected from three different coastal
rural sites located around the Eastern Mediterranean (Fig. 1), (i)
Erdemli, Turkey (ER, 36�3305400N and 34�1501800E), (ii) Heraklion,
Crete, Greece (HR, 35�1802900N and 25�0404800E) and (iii) Tel Shik-
mona, Israel (TS, 32�4903400N and 34�5702400E). The ER sampling site
(IMS-METU, 22 m above sea level and 10 m away from the sea) is
surrounded by cultivated land and greenhouses. The city of Mersin
is located 45 km to the east of the sampling site with w800,000
inhabitants. Soda, chromium, fertilizer producing industries and
a thermic power plant are located 45 km to the east of the sampling
site. The HR sampling site (Voutes campus, UoC, 20m above ground
level, 96 m above sea level and 3.3 km from sea) is surrounded by
semi-arid agricultural land. The nearest city is Heraklion located
6 km northeast of the site with a population of 250,000. Industry is
not developed in the region, although a power plant is located 6 km
north-west of the site. The TS sampling site (22 m above sea level
on the roof of the National Institute of Oceanography partly built
within the sea) is surrounded by the Shikmonamarine reserve. East
of the sampling site extends the city of Haifa with 250,000 inhab-
itants. The city’s industrial zone is located 10 km northeast of the
sampling site behind Carmel mountain.

The sampling campaigns were carried out during two distinct
dust periods; from 7th to 31st October 2007 and from 1st to 30th
April 2008. A total of 142 aerosol samples (ER ¼ 54, HR ¼ 48 and
TS¼ 40) were collected using high volume samplers with flow rates
of typically 1 m3 min�1 on Whatman-41 cellulose fiber filters
(20 cm � 25 cm). Mean observational coverage of the sampling
period were 89% (% ¼ 54/61 �100), 79% (% ¼ 48/61 �100) and 66%
(% ¼ 40/61 � 100) at ER, HR and TS respectively. Aerosol samples
and blanks obtained from the three sites underwent a total acid
digestion (for more details see Seguret et al., 2011). After total
dissolution, samples were analyzed for trace elements by Induc-
tively Coupled Plasma Optical Emission Spectroscopy (ICP-OES: Al,
Fe, Mn, Ca) and Inductively Coupled Plasma Mass Spectroscopy
(ICP-MS: Cr, Zn, Cu, V, Ni, Cd, Pb). The percentage recoveries from
certified reference materials (MESS-3, NIST 1648, Estuarine Sedi-
ment 1646a, Coal Fly Ash 1633a) for trace elements were >85%,
with blank contributions <10% (for details see Seguret et al., 2011).
Water-soluble ions (Cl�, NO3

�, SO4
2�, C2O4

2�, Naþ, NH4
þ, Kþ, Mg2þ and

Ca2þ) were measured by ion chromatography (Bardouki et al.,
2003). Blank contributions were <5% for all ions. The non-sea salt
fractions of SO4

2� and Ca2þ were calculated from the Naþ concen-
tration and the standard sea water composition (Turekian, 1976)
assuming that the sea salt tracer (Naþ) has a pure marine origin.
Anthropogenic (Xant ¼ Xtotal � [(CR)Aerosol � (CX/CR)Reference]) frac-
tions of trace elements were estimated from Al and the Saharan
end-member composition (for details see Koçak et al., 2007a, b).

Three-day backward trajectories arriving at 1 km above sea level
were computed by the HYSPLIT Dispersion Model for each of the
sampling sites (HybridSingle Particle Langrangian Integrated
Trajectory; Draxler and Rolph, 2003) and illustrated by 1-h
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endpoint locations in terms of latitude and longitude. The SKIRON
dust forecasting system (Nickovic et al., 2001), the aerosol optical
thickness, fine fraction (MODIS; Moderate Resolution Imaging
Spectrometer) and aerosol index (AI, OMI; Ozone Monitoring
Instrument) were also applied to assess mineral dust transport
from desert regions (Herman et al., 1997; Torres et al., 2002;
Barnaba and Gobbi, 2004; Kubilay et al., 2003, 2005) and to explore
the effect of mineral dust particles on the physical properties of the
collected aerosols.

Concentration diagrams (logelog) together with coefficient of
divergence, were applied to investigate the similarity between pairs
of sampling sites (Wongphatarakul et al., 1998; Zhang and
Friedlander, 2000). The logelog diagrams were utilized due to
large concentration ranges for aerosol species. The diagonal line
represents the hypothetical case where concentrations from each
site are equal anddivides the concentrationdiagram into two regions
namely, enhanced (above the line) anddepleted (below the line). The
coefficient of divergence (CD) has been used as a self-normalizing
parameter and applied to compare datasets from two different
sites (Wongphatarakul et al., 1998; Zhang and Friedlander, 2000). In
addition, the t-test was used to define statistical differences for each
species from all sites after logarithmic transformation.

3. Results and discussion

3.1. Airflow characterization for October 2007 and April 2008

Airflow climatology has been documented by previous studies
for each of the three sites (Mihalopoulos et al., 1997; Koçak et al.,
2004, 2005). Back trajectories arriving at ER and TS have, in the
past, been divided into six source regions (Koçak et al., 2005). For
the current study (see Fig. 1), a similar approach was applied which
included the regions R1 (Saharan), R2 (Western Europe), R3
(Eastern Europe), R4 (the Middle East), R5 (Mediterranean Sea) and
R6 (Turkey). A summary of the airflow characteristics for each of
the three sites expressed as the % influence of airflow from each of
the defined six sectors at a 1 km altitude, based on daily air mass
back trajectories during October and April, are presented in Table 1.
The following general observations can be made:

a) All sites are considerably influenced by Saharan (R1) airflow,
especially in April. The % influence of Saharan airflow (R1) in
April increases 1.4e2.2 times at the three sites compared with
October.

b) ER and TS are substantially affected by airflow from the Middle
East (R4), particularly in October, and the airflow from this
region exhibits a dramatic decrease (w3 times) at ER and TS
from October to April. In contrast, HR is not influenced by
Table 1
Summary of airflow characteristics (given as % frequency) at (a) Erdemli (ER), (b)
Heraklion (HR) and (c) Tel Shikmona (TS) for six air mass sectors at a 1 km altitude
for October 2007 and April 2008.

Altitude
(1 km)

R1
(SAH)

R2
(WE)

R3
(EE)

R4
(ME)

R5
(MS)

R6
(TUR)

(a) ER
October 16.7 12.5 20.8 29.2 4.2 16.6
April 36.6 30.0 6.7 10.0 10.0 6.7

(b) HR
October 40.0 36.0 16.0 e 4.0 4.0
April 54.5 40.9 e e 4.6 e

(c) TS
October 22.7 13.7 4.5 18.2 18.2 22.7
April 50.0 27.8 e 5.6 5.6 11.0

Airflow sectors are presented as R1 (SAH, Saharan), R2 (WE, Western Europe), R3
(EE, Eastern Europe), R4 (ME, the Middle East), R5 (MS, Mediterranean Sea) and R6
(TUR, Turkey).
airflow from the Middle East during either of these two
periods.

c) The % influence of airflow derived from Western Europe
exhibits a substantial increase (w2 times) at ER and TS from
October to April, whereas the influence of this airflow at HR
shows a slight enhancement (1.1 times).

d) The % influence of Eastern Europe (R3) airflow is significant at
ER and HR in October. A notable decrease is observed at ER by
a factor of 3 from October to April whereas no influence for this
airflow is apparent at HR during April. TS is only slightly
influenced by airflow from Eastern Europe in October.

e) The influence of airflow from Turkey (R6) is relatively minor at
HR (4%) whereas it influences ER (17%) and TS (23%) to a larger
extent in October. The percentage influence of Mediterranean
(R5) airflow remains relatively steady throughout the sampling
periods at HR. Its influence at ER increases from October to
April whilst the influence of Mediterranean airflow is opposite
to that at TS.
3.2. Comparison of aerosol chemical composition in the Eastern
Mediterranean

The concentration figures, together with the t-test (applied to
log-transformed dataset), were used to investigate the similarities
in aerosol composition between pairs of sampling sites in the
Eastern Mediterranean. Fig. 2 presents the concentrations of
elemental species in the collected aerosol samples obtained during
October 2007 and April 2008 while Fig. 3 shows the elemental
concentration diagrams between pairs of sites.
Fig. 2. Concentrations of elemental species in bulk aerosol samples obtained during
7e31 October 2007 (a) and 1e30 April 2008 (b). Cr, Zn, V, Ni, Cu, Cd and Pb concen-
trations are presented as anthropogenic fractions.



Fig. 3. Comparison of elemental concentrations between sampling sites for October 2007 and April 2008. ER vs HR (a), ER vs TS (b), TS vs HR (c), ER vs HR (d), ER vs TS (e) and TS vs
HR (f). Cr, Zn, V, Ni, Cu, Cd and Pb concentrations are presented in anthropogenic fractions.
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Elemental concentration diagrams for all sites in the Eastern
Mediterranean Basin showed strong dissimilarity in October 2007
(Figs. 2a and 3aec). The results denote that the area extending from
the South to North Levantine Basin (TS and ER) have similar
elemental aerosol chemical composition whereas, central parts of
the Eastern Mediterranean (HR) differs from the two Levantine
sites. For instance, crustal elements (Al, Fe, Mn and Ca as well) were
2e4 times higher at ER and TS (t-test; p < 0.01) than those of HR
due to the influence of mineral dust transport, particularly from the
desert areas located at the Middle East (see Tables 1 and 2).
However, the concentration diagrams comparing elemental
composition for April 2008 shows strong similarity (Figs. 2b, 3def).
This shows considerable spread of the elemental aerosol species
area covering the Eastern Mediterranean. Observed differences
between October and April may be attributed to the area being
affected by the two desert sources: i) the Middle Eastern desert
may play a more significant role in the supply of mineral dust over
a restricted area of the far Eastern Mediterranean in October ii)
during April, mineral dust from the Saharan desert may impact on
a larger area over the whole of the Eastern Mediterranean.



Table 2
Identified dust events along with possible desert source areas.

Erdemli (ER) Tel Shikmona (TS) Heraklion (HR)

Date Case Possible source Date Case Possible source Date Case Possible source

09-13/10/07 1 ME 08-09/10/07 1 ME e e e

19-24/10/07 2 ME þ SAH 17-18/10/07 2 ME e e e

e e e 26/10/07 3 SAH e e e

30/10/07 3 SAH 29-31/10/07 4 SAH 29-31/10/07 1 SAH
06/04/08 4 SAH 06/04/08 5 SAH e e e

12-16/04/08 5 SAH 13-17/04/08 6 SAH 08-14/04/08 2 SAH
21-26/04/08 6 SAH 23/04/08 7 SAH 18-23/04/08 3 SAH
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Zn concentrations at TS (p < 0.01) were 2e5 times higher than
those observed at ER and HR during October and April and this
trend has previously been reported (Koçak et al., 2004). This may be
attributed to local sources since the largest Zn recycler in the
Middle East is located at Maalot, Israel. Enhance Cr aerosol
concentrations were observed at ER in October (p < 0.05). Elevated
concentrations for this element in the region have previously been
reported (Kubilay and Saydam, 1995; Güllü et al., 1998; Koçak et al.,
2004) and attributed to the presence of ophiolitic rock (enriched in
Cr) and extensive Cr ore mining. In addition to the contribution of
regionally enriched natural Cr there is also the possibility of aerosol
enrichment at ER as a result of anthropogenic derived material.
Chromium producing industries are located 45 km to the east of the
sampling site. There is also chromium production at Antalya to the
west. The Cr industry is very developed in Turkey, being the 8th
largest producer in the world. Therefore an anthropogenic derived
aerosol Cr component cannot be discounted, and hence may also
contribute to the Cr aerosol concentrations observed at ER.

The lowest concentrations of Pb and Cd were observed at HR
and the highest Vwas detected at this site during October and April.
Lower Pb and Cd concentrations observed at HR compared to those
detected at ER and TS might be attributed to two factors; (i) the far
Eastern Mediterranean countries are predominant emitters of Pb
and Cd in the region (Pirrone et al., 1999) and (ii) the island
sampling site at HR is less influenced from anthropogenic activities
than the latter two sites. The higher V values observed at HRmay be
related to its close proximity to a power plant and shipping emis-
sions (Pandolfi et al., 2010).

Ionic species did indicate statistical (p < 0.01) differences
between the sites. Sea salt ions (Naþ and Cl�) were found to be
higher at TS compared to ER and HR during October. Secondary
aerosol species (nssSO4

2�, NO3
�, C2O4

2� and NH4
þ) concentrations at

HR were 2.1e3.9 time lower than those observed at ER and TS. This
might be attributed to i) intense agricultural activities and traffic
(particularly for ammonium, sulfate and oxalate), ii) higher
contributions from local sources and/or urban agglomerates
surrounding the latter two sites (see Table 3) and iii) difference in
the photochemical formation which is higher (solar radiation and
temperature) at ER and TS compared to HR and thus significant
oxidation of adsorbed gaseous precursors onto the dust particles or
coagulation between fine particles of these species and mineral
dust particles (for more details see Section 3.3.2).

3.3. Characterization of dust events in the Eastern Mediterranean

The threshold aerosol Al (proxy for mineral dust) concentration
(Al > 1000 ng m�3) has been utilized in the Western (Bergametti
et al., 1989; Chester et al., 1990; Keyse, 1995) and Eastern (Kubilay
and Saydam, 1995; Kubilay et al., 2000, 2005; Koçak et al., 2005)
basins in order to identify episodic mineral dust transport over the
Mediterranean region. Threshold values should be used with
caution since this arbitrary approach may cause misinterpretation
during the characterization of dust events. Therefore, for the
current study aerosol Al concentrations>1000 ng m�3 (as an initial
threshold value and indicator), corresponding air mass back
trajectories, Aerosol Index and AOT (aerosol optical thickness)
obtained from OMI (Ozone Monitoring Instrument), MODIS
(Moderate Resolution Imaging Spectrometer) and the SKIRON dust
forecasting system were utilized to refine the categorization of
mineral dust events at ER, HR and TS during October 2007 and April
2008. Crustal elements show less variability during the summer
period owing to the lack of periodic wet precipitation and re-
suspension (Güllü et al., 1998; Koçak et al., 2004). Unlike during
the summer period, crustal elemental concentrations and their
variability are controlled by rain events and dust transport from
distant desert source areas during the transitional period (Kubilay
and Saydam, 1995). Therefore, for the current study the contribu-
tion of re-suspension of local material is expected to be minimal
during the transitional period due to a) local rain events (damp soil)
and the Ca/Al ratios for dust and non-dust events were distinctly
different (see Table 3), the former having a ratio around 2.2e3.3,
whilst the latter having a larger ratio of between 4.1 and 7.2.

The daily variations in Al, Fe, Mn and Ca aerosol concentrations
at ER, HR and TS alongwith the corresponding AOTare presented in
Fig. 4a, b and c, respectively. Concentrations of these aerosol species
obtained from all sites indicate strong daily variability. The corre-
sponding AOT values also denote larger variations during the study
period and higher AOT values are particularly found to be associ-
ated with higher Al concentrations. Correlation coefficients
between Al and AOT were found to be 0.70 for ER, 0.78 for HR and
0.65 for TS.

Table 2 demonstrates the dust events along with possible
mineral dust source areas, taking into account the SKIRON dust
model simulations and 3-days backward trajectories. Using this
approach the dust events were categorized into three groups,
Middle East, Mixed and Saharan desert.

3.3.1. October 2007: dust event from the Middle East
The first dust event was characterized from October 9th to 13th

(ER: Case 1) and from October 8th to 9th (TS: Case 1) at ER and TS,
respectively. The initial signal of this event was observed at TS on
October 8th, with an Al concentration of 1400 ng m�3 when the
airflow was from the Middle East (Fig. 5a). Correspondingly the
OMI-AI diagram clearly illustrates a large dust plume over the
Middle East on October 8th, between the co-ordinates 18�Ne40�N
and 35�Ee55�E (Fig. 5a), whilst the SKIRON simulated high dust
concentrations near ground level, extending from the Israeli coast
to Central Iraq (Fig. 5d). The following day, Al values were
>2000 ng m�3 at ER and TS as a result of the arrival of airflow from
the Middle East (Fig. 5b, e). The dust plume intensified and
extended over the region particularly between the co-ordinates
30�Ne40�N and 35�Ee45�E (Fig. 5b, e). On 10th October, the dust
cloud disappeared over the Israeli coast (airflow from the Medi-
terranean Sea). On 11th October, the ER site was still influenced by
a dust event (Fig. 5c, f), with the dust activity over the Northern
Middle East continuing to affect ER until 13th October.



Table 3
Geometric mean concentrations of aerosol species, aerosol index (AI), aerosol optical thickness (AOT) and fine fraction (FF) for dust and non-dust events at Erdemli, Heraklion
and Tel Shikmona October 2007 and April 2008.

Species Erdemli (n ¼ 54) Heraklion (n ¼ 48) Tel Shikmona (n ¼ 40)

October April October April October April

Dust Non-dust Dust Non-dust Dust Non-dust Dust Non-dust Dust Non-dust Dust Non-dust

Al 3181 599 3163 328 2241 293 3500 201 2022 547 6356 299
Fe 2222 396 1862 246 1937 320 2380 224 1751 532 3847 208
Ca 8162 2462 7024 2028 7313 2121 9298 1204 5527 2517 13,997 1366
Mn 43.2 9.0 32.0 5.3 29.8 6.7 38.4 2.2 26.6 8.0 70.1 4.7
Ca/Al 2.6 4.1 2.2 6.2 3.3 7.2 2.7 6.0 2.7 4.6 2.2 4.6
Cra 5.1 1.2 5.1 1.8 0.8 0.7 2.7 1.7 2.7 0.6 0.7 0.5
Zna 22.8 12.4 20.4 12.1 13.8 9.9 12.3 4.8 41.1 27.9 40.6 38.3
Va 6.3 0.9 5.4 1.6 10.0 6.3 5.5 2.6 7.4 3.6 6.2 1.1
Nia 7.1 2.1 4.1 1.8 7.1 6.2 2.8 0.9 4.9 1.9 5.7 1.0
Cua 4.3 4.3 5.6 4.9 7.4 5.9 4.9 1.9 6.6 3.7 6.3 1.9
Cda 0.32 0.13 0.17 0.09 0.13 0.08 0.05 0.03 0.20 0.11 0.31 0.13
Pba 15.1 6.9 8.8 4.4 4.8 2.8 2.3 1.6 5.1 3.1 8.6 2.3
Naþ 1148 1112 2044 2500 1954 1941 1106 1729 6418 2374 3379 5089
Cl� 1983 1854 2469 3236 2301 2373 2305 2691 12,585 4569 7948 9193
Mg2þ 423 281 591 369 310 215 407 219 947 501 941 663
Kþ 486 264 466 322 298 215 198 170 511 362 519 351
Ca2þ 7085 2112 6124 1761 6281 1861 8264 1018 4561 1774 7819 1037
NH4
þ 1707 1034 1761 1537 894 952 260 726 1020 804 1121 1002

NO3
þ 6427 2701 10,869 4424 5614 3657 2830 2188 6604 4680 10,001 3407

nssSO4
2� 5483 2402 6991 4041 5050 2750 2268 1572 4093 2873 6911 3153

C2O4
2� 474 197 474 223 622 439 140 79 736 519 484 87

AI 0.86 0.73 1.55 0.82 1.23 0.80 1.35 0.74 0.89 0.69 1.35 0.81
AOT 0.41 0.17 0.64 0.24 0.49 0.20 0.61 0.21 0.24 0.22 0.48 0.22
FF 0.38 0.45 0.15 0.28 0.35 0.54 0.20 0.28 0.23 0.27 0.13 0.33

a Shows anthropogenic fractions of aerosol trace metals.
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3.3.2. October 2007: the mixed dust event
A second dust eventwas observed from 19th to 24th (ER: Case 2)

and from 17th to 18th (TS: Case 2) October at ER and TS, respec-
tively. Similar to Case 1, the impact of the dust event was first
detected at TS. The OMI satellite image for the 18th October (Fig. 6a)
indicated a dust cloud over the Middle East extending from 18�N to
35�N to 35�Ee45�E whilst the SKIRON simulation detonated a dust
plume between the Israeli coast to Central Iraq (Fig. 6d). During the
next two days (on 19th and 20th October, Fig. 6b, e) the dust plume
became more intense and extended over the Middle East from the
east toward the north. The dust event terminated over the Israeli
coast on 21st October whilst remaining over the region covering ER
until 22nd October. On 22nd October, the dust cloud almost dis-
appeared over the Middle East, whilst a Saharan dust intrusionwas
taking place and extending toward the Turkish coast at 18 UTC. The
dust plume concentrated and spread over the Turkish and Israeli
coastlines during the next 24 h during which the air masses back
trajectories originated from North Africa (Fig. 6c, f). Although not
discussed in detail, it is worth noting that on 26th October a short
and weak dust event was observed at TS (TS: Case 3), with two dust
events being observed over the three sites at the end of the October
(ER: Case 3, HR: Case 1, TS: Case 4) and around 6th April (ER: Case 4,
TS: Case 5). Considering the back trajectories, AI (OMI) and AOT
(MODIS) and the dust model (SKIRON) simulations, these events
were characterized as Saharan in their origin.

3.3.3. April 2008: dust event from Sahara
The last two intense dust outbreaks influencing all three sites

were observed after the first week of April. Figs. 7 and 8 highlight
the corresponding air mass back trajectories and the OMI satellite
image for these events. The air mass back trajectories clearly show
airflow at 1 km level reaching all the sampling sites from North
Africa. The corresponding OMI satellite images also indicated heavy
dust activity over North Africa and the dust cloud covered
a significant area extending to the Eastern Mediterranean. Taking
into account ground measurements, air masses back trajectories
and dust model simulations both dust events were found to be
similar in terms of intrusion and spread pattern over the Eastern
Mediterranean. For instance, on 17th April at 12 UTC SKIRON
simulations demonstrated an intense dust plume, particularly over
Libya. During the next 24 h, the dust plume moved toward the
northeast and influenced the HR sampling site (Fig. 8a, b). During
this period, the Al concentration at HR exceeded 5000 ng m�3. In
the following 48 h, the dust plume intensified and continued to
extend toward the northeast. On 21st, 22nd and 23rd (Fig. 8b, d)
April, the dust plume entirely covered the Eastern Mediterranean.
The influence of the dust plume appeared to decrease gradually
from west to east whilst first ending at HR and then at ER.

3.4. Influence of dust events on aerosol chemical composition

3.4.1. Aerosol chemical composition
Geometric mean concentrations of aerosol species obtained

fromOctober and April for dust and non-dust events for all sites are
presented in Table 3. Aerosol species demonstrate distinct differ-
ences in chemical composition between dust and non-dust events.
For instance, aerosol species originated predominantly from crustal
source (Al, Fe, Ca, Mn) were found to be at least four times higher
than those observed for non-dust events. Similarly, geometric
mean values of anthropogenically derived aerosol trace elements
were also found to be enriched during dust events which were
1.1e4.1 times higher than those for non-dust events. Additionally,
water-soluble C2O4

2�, nssSO4
2� and NO3

� indicated enhancements
during dust events with values ranging from 1.3 to 5.6. The lowest
enrichments were observed at HR.

Geometric means for AI and AOT (550 nm) were 2.9 times
higher during dust events. TS exhibited the highest Al concentra-
tion with a value of 6300 ng m�3 however, observed AI and AOT
values were relatively lower than those detected for ER and HR. Al
concentrations at ER were similar during October and April, whilst
OMI-AI and AOT values in April were w2 times higher than those
observed for October. These observations can be attributed to;



Fig. 4. Time series of daily aerosol Al (black bar), Fe (square), Mn (circle) and Ca (triangle) along with AOT550 (dashed gray line) at ER (a), HR (b) and TS (c). Solid black line shows the
threshold Al value of 1000 ng m�3.
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a) the weak sensitivity of the TOMS instrument to absorbing
aerosols near the ground (Herman et al., 1997; Kubilay et al., 2005),
underestimating dust at heights less than 1.5 km and b) optical
difference between Middle East originated desert dust and Saharan
desert dust, for which the former is identified by a lower AOT
(<0.5), higher Angstrom coefficient, higher absorption and an
enhanced contribution of the fine fraction (Kubilay et al., 2003). FFs
(fine fractions) made lower contributions to the aerosol pop-
ulations during dust events (about 2 times). The decrease in the fine
fraction might be attributed to an increase in the crustal dominated
aerosol populationwhich is mainly associatedwith coarse particles.

3.4.2. Mineral dust as carrier of pollutants
As is well documented in the literature (Mamane and Gottlieb,

1992; Underwood et al., 2001; Aymoz et al., 2004; Putaud et al.,
2004; Koçak et al., 2007a, b), mineral dust particles can serve as
reaction surfaces for different aerosol species (including those of
anthropogenic origin). Gaseous species such as SO2, N2O5, HNO3
and O3 can interact withmineral dust. As a result optical properties,
size distributions and chemical composition of the atmospheric
particles may be altered through these processes during atmo-
spheric transport (Mamane and Gottlieb, 1992; Dentener et al.,
1996; Usher et al., 2003a, b). Enhancement of anthropogenic
species during dust events might be attributed to several process,
including i) anthropogenic species emitted from local sources may
mix with mineral dust during air mass transport from desert
regions, ii) anthropogenic species may be scavenged with and/or on
to mineral dust particle surfaces when air masses from desert areas
passes through populated/industrialized regions (Choi et al., 2001;
Guo et al., 2004; Vukmirovic et al., 2004).

In order to identify the enrichment of anthropogenic elements
and water-soluble ions ontomineral dust particles at the three sites



Fig. 5. Three day back trajectories and SKIRON dust forecast model illustrating the transport of air masses and dust concentration near ground (mg m�3) on 8th of October 2007 (a,
d), 9th of October 2007 (b, e) and 11th of October 2007 (c, f). The back trajectory pathway presented by black lines for 1 km. Regional aerosol index from OMI, distribution also
presented with a color bar from gray to black.
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Al, Pb (non-crustal or anthropogenic fraction), nssSO4
2�, NO3

�, C2O4
2�

concentrations and the nssSO4
2�/nssCa2þ ratio were considered

during the sampling period. The nssSO4
2�/nssCa2þ ratio has been

applied to assess the Saharan origin of nssSO4
2�. For instance,

Putaud et al. (2004) suggested Saharan dust is the dominant source
of nssSO4

2� in the Western Mediterranean when the nssSO4
2�/
Fig. 6. Three day back trajectories and SKIRON dust forecast model illustrating the transport
d), 20th of October 2007 (b, e) and 23rd of October 2007 (c, f). The back trajectory pathway
presented with a color bar from gray to black.
nssCa2þ ratio is 0.4 � 0.1. However, lower ratios (w0.3) have been
reported over the Eastern Mediterranean (Koçak et al., 2007a, b).
Therefore, 0.3 will be used, in the current study, to assess the
mineral dust source of nssSO4

2�. The lowest nssSO4
2�/nssCa2þ ratio

with a value of 0.13 was observed at HR on April 2nd during a dust
episode. To our knowledge, this is the lowest ratio reported in the
of air masses and dust concentration near ground (mg m�3) on 18th of October 2007 (a,
presented by black lines for 1 km. Regional aerosol index from OMI, distribution also



Fig. 7. Three day back trajectories and SKIRON dust forecast model illustrating the transport of air masses and dust concentration near ground (mg m�3) on 9th of April 2008 (a, c)
and 13th of April 2008 (b, d). The back trajectory pathway presented by black lines for 1 km. Regional aerosol index from OMI, distribution also presented with a color bar from gray
to black.

Fig. 8. Three day back trajectories and SKIRON dust forecast model illustrating the transport of air masses and dust concentration near ground (mg m�3) on 18th of April 2008 (a, c)
and 23rd of April 2008 (b, d). The back trajectory pathway presented by black lines for 1 km. Regional aerosol index from OMI, distribution also presented with a color bar from gray
to black.
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region which shows minimal interaction between sulfate and
mineral dust (Putaud et al., 2004; Aymoz et al., 2004; Koçak et al.,
2007a, b) for this event.

The lowest enhancement of ant-Pb, nssSO4
2�, NO3

� and C2O4
2�

was observed in aerosols collected from HR compared to those
collected from ER and TS during dust events (Fig. 9a, b and c).
However, in general concentrations of these species show a gradual
increase and a peak during dust events. This is clearly seen in the
two case studies with dust events influencing all sites and dis-
cussed in details below.

October 2007: Amarked increase in the concentrations of ant-Pb,
nssSO4

2�, NO3
� and C2O4

2� was observed at ER and at TS during the
period of 9th-13th October (ER: Case 1) and 8th -9th October (TS:
Case 1), respectively. Concentrations were found to be 1.4e2.5
times higher during dust episodes prior to just before the dust
Fig. 9. Time series of daily aerosol Al (black circle), ant-Pb (open square), NO3
� (open circle) a

triangle) at ER (a), HR (b) and TS (c). Solid black lines show the threshold Al value of 1000
events. For these events, the ratios of nssSO4
2�/nssCa2þ were much

higher than 0.3 � 1 (Putaud et al., 2004), ranging from 0.81 to 1.62
at ER (1.43e2.15 at TS). During the dust episode between 29th and
31st October (HR: Case 1) at HR; (TS: Case 4) the corresponding
nssSO4

2�/nssCa2þ ratios were found to range between 0.34e1.45
and 0.37e1.56 respectively.

In addition the comparative air mass back trajectories reaching
ER and HR at a 1 km altitude for the periods between 9the13th and
29the31st October 2007 are presented in Fig. 10a. Trajectory
analyses show that ER is influenced by dust transport from the
Middle East and mineral dust arriving at the site after passing
through populated and industrialized regions located to the east of
ER. Back trajectories also show transport of the dust over HR after
having crossed Italy and Greece (particularly Athens) during the
first two days of the dust event, whereas dust transported directly
nd C2O4
2� (open diamond) nssSO4

2� (open star) along with nssSO4
2�/nssCa2þ ratio (open

ng m�3 and nssSO4
2�/nssCa2þ ratio of 0.3.



Fig. 10. Three day back trajectories illustrating the transport of air masses (black line) between 9 and 13 October 2007 for Erdemli and between 29 and 31 October 2007 for
Heraklion (a) and ant-Pb (light gray bar), NO3

� (dark gray bar) and C2O4
2� (white bar) nssSO4

2� (black bar) along with nssSO4
2�/nssCa2þ ratio (black circle) at HR, ER and TS on 13th of

April 2008 (b).
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from the Libyan desert on 31st October was associated with the
lowest concentrations of anthropogenic species and nssSO4

2�/
nssCa2þ (0.34) for this specific episode.

April 2008: At HR, from 8th to 14th April (HR: Case 2), ant-Pb,
nssSO4

2� and NO3
� values did not show a significant enrichment

except on the 10th April (nssSO4
2�/nssCa2þ ¼ 0.57). Concentrations

of these species were found to be enhanced for the periods
between 12the16th (ER: Case 5) and 13the17th (TS: Case 6) April
2008 with nssSO4

2�/nssCa2þ ratios ranging from 0.49 to 1.78, at ER
and TS. On 13th April all sites were influenced by mineral dust
transport from the Saharan desert (see Fig. 7b,d; particularly from
Libya). In this case, trajectories revealed that HR was directly
influenced by dust intrusion from the Saharawhereas, mineral dust
passed through populated and industrialized sites located in the
Balkans and Turkey before arriving at first ER and then TS. The
anthropogenic species showed an agreement with this airflow
pattern. A clear enrichment was observed for anthropogenic
species (see Fig. 10b) in the increasing order of HR (ant-Pbw3,
nssSO4

2�w2300, NO3
�w1900, C2O4

2�w200 ng m�3, nssSO4
2�/

nssCa2þw0.25) < ER (ant-Pbw5, nssSO4
2�w7800, NO3

�w12,000,
C2O4

2�w440 ng m�3, nssSO4
2�/nssCa2þw1.10) < TS (ant-Pbw18,

nssSO4
2�w9900, NO3

�w18,000, C2O4
2�w610 ng m�3, nssSO4

2�/
nssCa2þw1.15). During the last episodes of the dust events occur-
ring during the periods 20the26th at ER (on 23 April at TS) and
18the22nd April at HR, lower enrichment of anthropogenic species
were observed at HR compared to the other two sampling sites.
4. Conclusion

The temporal and geographical variability in the chemical and
physical properties of aerosols in the Eastern Mediterranean
atmosphere have been investigated. Simultaneous collection of
aerosol samples from three coastal rural sites during two distinct
dust periods; October (2007) and April (2008) was carried out.
From these findings the following conclusions may be made:

� Crustal elemental (Al, Fe, Mn and Ca as well) concentrations
were found to be 2e4 times higher at ER and TS than those
observed at HR during October 2007 owing to the influence of
mineral dust transport, particularly from the desert areas
located in the Middle East. Concentration diagrams comparing
elemental composition for April 2008 reveal strong similarity.
This distinct difference suggested a) that theMiddle East desert
may play a significant role in the supply of mineral dust over
a restricted area of the far Eastern Mediterranean in October
and b) mineral dust from the Saharan desert may impact upon
the whole Eastern Mediterranean during April.
� Possible mineral dust source areas were identified by applying
a threshold aerosol Al concentration (Al > 1000 ng m�3),
SKIRON dust model simulations and 3-days backward trajec-
tories. Fromwhich, the dust events were categorized into three
groups; Middle East, Mixed and Saharan desert. ER and TSwere
substantially affected by dust events originating from the
Middle East, particularly in October, whilst HR was not influ-
enced by dust transport from the Middle East.
� The highest Al concentrationwas observed at TS with a value of
6300 ngm�3, observed AI and AOT values were relatively lower
compared to the other sampling sites. Al concentrations at ER
were similar during both October and April, whilst OMI-AI and
AOT values in April werew2 times higher than those observed
for October. This might be attributed to a) the weak sensitivity
of the TOMS instrument to absorbing aerosols near the ground,
underestimating dust at heights less than an altitude of 1.5 km
and b) optical difference between Middle East desert dusts and
Saharan desert dust.
� During dust events concentrations of anthropogenic aerosol
species were found to be 1.1e4.1 times higher than those for
non-dust events. These species were particularly found to be
enhanced when mineral dust arrived at the sites after passing
through populated and industrialized urban areas. Although
the lowest enhancement of anthropogenic aerosol species was
observed at HR during dust events. Indeed, the lowest nssSO4

2�/
nssCa2þ ratio reported in the region, with a value of 0.13, was
observed at HR, indicatingminimal interaction between sulfate
and mineral dust.
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ABSTRACT 
 

PM10 samples were collected in the area of Megalopolis City (Southern Greece) located in the vicinity of two lignite-
fired power plants during an one-year long period (April 2009–March 2010). The samples were analysed for their BC and 
elemental concentrations (Ca, Fe, Ti, Mn, Cu, Zn, As, K, Cr, Ni) using a smoke reflectrometer and ED-XRF, respectively. 
The average PM10 concentration was 21.6 ± 10 μg/m3, while that of BC was 1.05 ± 0.55 μg/m3. The concentrations of all 
the elements, except that of K, were significantly higher in the warm period compared to the cold period of the year, 
whereas the BC results presented the opposite trend. No statistically significant differences were found between mean 
PM10 mass concentrations during the warm and cold periods. Source identification was attempted by EF calculations and 
by Condition Probability Function analysis relating the elemental concentrations to wind directions. The results show that 
soil/road dust re-suspension from opencast mines and unpaved roads, emissions from vehicle exhausts and mining 
activities, lignite combustion in the lignite-fired power plants and biomass burning, are the main sources of PM10 in the air 
over Megalopolis City. 
 
Keywords: Atmospheric particles; Seasonal variation; Enrichment factor; CPF. 
 
 
INTRODUCTION 
 

Atmospheric particles are of great concern due to their 
impacts on visibility, climate change and human health 
(Becker et al., 2005; Davidson et al., 2006; Brugge et al., 
2007; Gaffney and Marley, 2009; Han et al., 2012). The 
impact on human health is mainly associated with inhalation 
of small sized particles of atmospheric aerosols. Specifically, 
a number of epidemiological and toxicological studies 
revealed a link between PM mass of coarse particles with 
diameter lower than 10 μm, (PM10) and especially fine 
particles with diameter lower than 2.5 μm (PM2.5) and a 
variety of adverse effects on human health, including both 
respiratory and cardiac diseases (Osornio-Vargas et al., 2003; 
Donaldson et al., 2005; Davidson et al., 2006; Neuberger et 
al., 2007; Bollati et al., 2010; Pakbin et al., 2010). However, 
recent epidemiological studies indicated that the relationship 
between inhalation of PM and adverse health effects 
cannot be solely explained by the PM10 and PM2.5 mass 
concentration levels. Other physical, chemical or biological 
properties play also an important role on the effects of 
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particulate matter on human health (Analitis et al., 2006; 
Ntziachristoset al., 2007; Valavanidiset al., 2008). Several 
chemical components, including specific elements found in 
particulate matter, have been implicated in a variety of 
cardio-respiratory illnesses associated with exposure to 
urban air pollution (Salvida et al., 2002; Wellenious et al., 
2003; Ntziachristos et al., 2007 and references therein; 
Hays et al., 2011). The biological mechanism triggered by 
the toxicity of certain PM elemental constituents is not yet 
well defined. For this purpose the elemental characterization 
of PM particles is of great importance. Elements in the 
coarse particles (PM2.5–10) are mainly associated with natural 
sources (Eleftheriadis and Colbeck, 2001), whilst elements 
emitted from anthropogenic sources are associated with fine 
particles (PM2.5) (Karanasiou et al., 2007). Chemical analysis 
of airborne particulate matter can also assist in source 
identification, since a number of sources can be characterized 
by their elemental composition.  

The city of Megalopolis, Southern Greece, is located in the 
vicinity of two lignite-fired plants with 850 MW installed 
capacity and opencast mines (Fig. 1). It is well known that 
coal contains toxic trace elements in concentration, in some 
cases, higher than those in most sedimentary rocks (Seredin 
and Finkelman, 2008). During combustion, a considerable 
amount of toxic elements are released into the atmosphere 
as fly ash or vapors, while large amounts remain as bottom 
ash (Meij, 1995). The submicron fly ash particles, due to 
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Fig. 1. Sampling area map. 

 
their high atmospheric mobility, can be transported over a 
wide range of distances and may constitute a potential 
hazard in the vicinity of the plant (Gaffney and Marley, 
2009; Wang et al., 2011). In addition to stack emissions, 
coal use also results in fugitive dust emissions from mining 
and disposal of fly ash (Petaloti et al., 2006). 

Bulk deposition studies, performed in the city of 
Megalopolis over a one-year period (February 1997–January 
1998), revealed that the collected samples were enriched in 
As, Br, Mo, Se, Sb, U and Zn (Papaefthymiou, 2008). 
Arsenic, Mo, Sb, Se and U were also enriched in fly ash 
samples collected from the electrostatic filters of the power 

plant A (Papaefthymiou et al., 2007). It should be pointed 
out that, there are no other major industrial activities in the 
greater area.  

In this study, a one year PM10 sampling campaign was 
conducted in the city of Megalopolis. The annual average 
PM10 mass concentration and the aerosol elemental 
concentrations are presented. Seasonal and wind direction 
variability were also investigated and the origin of the PM10 
concentrations was examined by means of Conditional 
Probability Function (CPF) analysis. In addition, the relative 
enrichment of the measured elements in comparison to 
crustal values was also evaluated.  
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MEASUREMENTS AND METHODS 
 
Study Area 

The Megalopolis Lignite Centre, located on the 
Peloponnese peninsula, Southern Greece, is one of the largest 
coal mining districts in the country with total mineable 
lignite reserves of about 434 Mt. The lignite deposits cover 
a total area of 40,000 m2 and are exploited by the Greek 
Public Power Corporation since 1969 (Siavalas et al., 2009). 
Three opencast mines operate, namely from north to south 
the Kyparissia, Marathousa and Choremi fields (Fig. 1). 
The latter is the largest one, whereas the former, usually 
flooded, is only mined by conventional means and not by 
the use of bucket-wheel excavators and conveyor belts. 
Between Kyparissia and Marathousa fields the depleted 
and restored nowadays Thoknia field is located. Two lignite 
power plants are in operation in the Megalopolis Lignite 
Centre: the Megalopolis-A (Units I, II and III, 550 MW), 
which is in operation since the late 60s, and the Megalopolis-
B (Unit IV, 300 MW) since the 90s. The stack height of 
Units I and II is 120 m, while the heights of units III and 
IV are 180 and 206 m, respectively (Papaefthymiou et al., 
2005). The lignite deposit of the Megalopolis basin is of 
very low gross calorific value (16.9 MJ/kg on a dry basis) 
(Siavalas et al., 2007) and of high water content and ash 
yield (60% and 17%, respectively) (Papaefthymiou et al., 
2007), reflecting its poor quality. At full load, the units 
consume about 22–25 × 106 kg of pulverized lignite per 
day. Most of the produced fly ash is collected by electrostatic 
precipitators, which have a design collection efficiency of 
99.6%, but considerable amounts of fly ash are still emitted 
to the atmosphere due to the large amounts of lignite required 
for electric power generation. The major amount of the fly 
ash, collected by the electrostatic filters, is stockpiled in 
open areas until its deposition in exhausted lignite mines, 
where fly ash layers are covered by soil layers (dump sites) 
or transferred away for other uses (e.g., as additive in cement 
production) (Papaefthymiou and Gouseti, 2008). Thus, fly 
ash might be suspended and transferred in the local 
atmosphere. In addition, fugitive dust from the mining 
process, emissions from the bucket-wheel excavators, vehicle 
traffic on unpaved roads, as well as transportation and 
deposition of lignite and fly ash are sources of particulate 
matter affecting the nearby area (Petaloti et al., 2006). 

The city of Megalopolis, with 10,000 inhabitants, is located 
about 2.5 and 4 km NE to the lignite power plants A and B, 
respectively and about 1 to 2.5 km E and SE to the main 
opencast lignite mines Choremi and Marathousa, respectively 
(Fig. 1). The climate of Megalopolis is a transient-type 
Mediterranean to continental. The main volume of rainfalls 
is limited in the half-year period (October to March). 
 
Aerosol Sampling 

The PM10 sampling campaign was performed during one 
year (April 2009–March 2010) in the city of Megalopolis. 
The monitoring station was within a self-contained, isobox 
located about 700 m from the city center (Fig. 1). The 
nearest road was a low traffic road located 30 m far from 
of the sampling site, while the nearest trees were at a 

distance of 100 m of the sampling site. The wider area was 
free of high vegetation and surrounded by agricultural fields. 
The sampling was performed using a custom made air 
sampler. It consists of high capacity vacuum pump capable 
of maintaining constant flow through a critical orifice 
calibrated for 26 L/min. Samples are collected on membrane 
filters fitted within a filter holder. Before the filter holder a 
sampling inlet is fitted with a modified omnidirectional 
impaction head equivalent to the European Standard 
EN12341 (CEN, 1998) PM10 inlet for the above nominal 
flow. A 5 mb resolution dial manometer is placed between 
the critical orifice and filter holder, in order to provide 
manual read outs of pressure drop differences between the 
beginning and the end of filter sampling and correct the 
mean sampled volume accordingly. The sampling inlet was 
approximately 3 m above the ground level. A total of 61 daily 
samples (37 onto quartz QMA-Whatman, and 24 onto Teflon 
filters) were collected during 9-day periods, covering both 
cold (November to March) and warm (April to October) 
periods. All filters were weighed before and after sampling 
to determine the collected PM10 mass using a Sartorious 
PB211D microbalance (readability 0.1 μg). Before weighing, 
the filters were equilibrated for 24-h period inside a custom 
designed chamber with automated controls designed to 
maintain environmental conditions at a constant air 
temperature of 20°C and constant RH of 50%.To avoid 
static electricity interference the balance was equipped 
with a 210Po static eliminator. The filters were loaded into 
clean polystyrene Petri dishes and transferred to the 
sampling site in the Megalopolis city. After sampling, the 
filters were kept in the same holders and returned to the 
same place for post-weighing using the procedure described 
earlier. As indicated in the study of Brown et al. (2006), 
even in closed Petri dishes the transportation could cause a 
change on the mass of the filter (significant to quartz 
filters, not significant to Teflon filters), this leading to false 
concentration results. To determine if that was a significant 
factor, blank pre-weighed (with the procedure previously 
described) filters were transferred to the sampling site and 
back to N.C.S.R “Demokritos” to be weighed under exactly 
the same conditions as the samples. The results indicated 
that no significant change in blank filters mass was occurred 
due to the transportation procedure.  

 
Analysis of Elemental Composition 

The concentration of black carbon (BC) in the collected 
filters was determined by optical analysis using a Smoke 
Reflectrometer (Model 43 Smoke Stain Reflectometer, 
Diffusion Systems LTD). Calibration of the reflectrometer 
is provided by the manufacturer. However, the mass 
concentration of reflectometer smoke is currently a parameter 
replaced by modern black or elemental carbon methods. In 
order to report results equivalent to these metrics a new 
calibration was established by parallel measurements of 
Teflon and quartz filter samples and real time monitoring 
of black carbon by a 7 wavelength aethalometer at the 
Demokritos GAW urban background site in Athens. An 
exponential relationship was established between black 
carbon mass concentration and reflectance response by the 
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Smoke reflectometer (Fig. 2). Due to the high uncertainty 
involved in all state of the art methods for the measurement 
of elemental or black carbon in atmospheric aerosol such 
comparison exercises are necessary to report results in a 
coherent manner (Eleftheriadis et al., 2009; Baumgardneret 
al., 2012). For simplicity we maintain here the term BC, 
although the term generally used for these BC mass 
concentrations based on optical methods is Equivalent 
Black Carbon (EBC). After the determination of BC, the 
same filters were used for elemental analyses. 

Elemental composition of the collected PM10 samples was 
determined by Energy Dispersive X-ray Fluorescence (ED-
XRF) using an ED-XRF spectrometer custom built by the 
scientists of the Institute of Nuclear Physics in N.C.S.R. 
“Demokritos”. ED-XRF is a non destructive technique, 
commonly used for determination of elemental concentrations 
in PM samples (Niuet al., 2010). The measurements were 
performed in a Mo anode tube-secondary target XRF 
assembly. The experimental set-up consisted of a 3 kW 
generator (C3K5, Ital Structures), a four-window Mo anode 
X-ray tube (fine focus 12 d 0.4 mm2, point focus 1.2 d 0.4 
mm2, Be window thickness 400 μm), an Si(Li) detector (3 
mm crystal thickness, 30 mm2 area), having a resolution of 
168 eV at the Mn-K peak, and a laboratory-made secondary 
target irradiation chamber (Zarkadas and Karydas, 2004). 
The ED-XRF analyses were conducted at the Institute of 
Nuclear Physics in N.C.S.R. “Demokritos”. 

Calibration of the ED-XRF system was performed using 
the SRM NIST 2783 (Air Particulate on filter media). In 
total, the concentrations of 10 elements (K, Ca, Fe, Cu, 
Mn, Ni, Ti, Cr, As and Zn) were analyzed in the collected 
PM10 samples. Detection limits for the Teflon filters were 
calculated as 24.0, 10.1, 1.1, 0.71, 1.51, 0.33, 7.7,1.1, 0.03 
and 0.37 ng/m3 for K, Ca, Fe, Cu, Mn, Ni, Ti, Cr, As and 
Zn, respectively, whereas those for the quartz filters were 
calculated as 16.0, 20.0, 2.2, 1.5, 6.2, 2.95, 15.5, 4.96, 0.11 
and 1.7 ng/m3 for K, Ca, Fe, Cu, Mn, Ni, Ti, Cr, As and 
Zn, respectively. Cromium and Ni were determined only in 
the Teflon filters due to their relative high detection limits 
in the quartz filters. The measurement’s uncertainty was low 
(< 10% in both filter types) for K, Ca, Fe, Mn, Ti, Cu and 
Zn, but relatively high for As (30–40%). The measurement’s 
uncertainty for Cr and Ni in the Teflon filters was also low 
(< 10%). It should be noted that a number of elements 

(e.g., S, Ge, Si) were also detected in the ED-XRF spectra, 
but their concentrations are not presented due to their 
presence in a limited number of filters. Regarding the 
overall analytical strategy, the use of quartz filters adds an 
unnecessary source of uncertainty. As displayed above the 
calculated detection limits with the exception of K are at 
least doubled in the case of quartz filters. It was therefore 
decided to switch to PTFE filters when this became possible. 
From the analytical point of view the use of PTFE and Quartz 
fiber filters have been studied extensively with respect to 
reference analytical techniques (ICP-MS) for atmospheric 
aerosol particle loads by Yatkin et al. (2012). It was found 
that for most elements of relevance here (with the exception 
of Cr and V) quantitative results can be obtained for Quartz 
filters as well as PTFE filters, with the latter having the best 
performance regarding limit of quantification. 

The same study conducted by Steinhoff et al. (2000) has 
also demonstrated the capacity of quantitative analysis for 
trace and earth elements on quartz filters. 

 
Enrichment Factor 

In order to have an indication on the sources of PM10 in 
Megalopolis city, the enrichment factor (EF) of each element 
determined in the collected PM10 samples was calculated 
according to the following equation (IAEA, 1992): 
 

PM10( )
( )crust

X C
EF

X C
  (1) 

 
where X is the concentration of the element of interest and 
C is the concentration of a reference element, which is 
predominately from natural origin and its mass is 
conserved. By convention, an EF < 5 is indicative of the 
elements’ crustal origin, due to some uncertainty related to 
natural variation of crustal composition. Elements with EF 
between 5 and 10 are considered as moderate enriched 
elements, that probably their concentrations were affected by 
anthropogenic emissions, whereas elements with EF > 10 as 
elements originated from anthropogenic sources. The EFs 
were calculated on the basis of Earth’s crust mean abundance 
of the elements given by Wedepohl (1995). In general, Al, 
Sc, or Fe is taken as reference element both in the sample 
and in the soil. In this study, Fe was used as reference 
crustal element, meaning that its presence in the examined

 

 
Fig. 2. Reflectrometer calibration curves for two type of filters. 
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samples is considered as soil derived. The use of Fe as 
crustal element was also based on the fact that its EF values 
were close to one in lignite and fly ash samples collected 
from the Megalopolis power plants (EF: 1.1 for both lignite 
and fly ash samples) (Papaefthymiou et al., 2007) 
 
Conditional Probability Function 

To analyze point source impacts from various wind 
directions, the Conditional Probability Function (CPF) 
(Kim and Hopke, 2004) was calculated using the daily 
concentration of PM and BC, as well as the concentrations 
of the analyzed elements coupled with the wind direction. 
Nickel and Cr were excluded from the analysis, since they 
were detected only in the Teflon filters. Although the 
measurement uncertainty for As was high, it was included 
in the analysis, since it was detected in nearly all samples 
collected. It is also considered, along with Se, as marker 
element for coal burning. Only the highest 25% of mass 
concentration measurements were used when the wind 
speed was equal or higher to 2 m/s. CPF is expressed 
mathematically by the following equation:  
 

Δθ

Δθ

m
CPF

n
  (2) 

 
where mΔθ is the number of occurrence from wind sector 
Δθ, that exceeds the threshold criterion and nΔθ is the total 
number of data on the same wind sector. As mentioned 
above, calm winds (< 2 m/s) were excluded from the analysis 
and the threshold was set at the upper 25th percentile. The 
sources are likely to be located in the direction that has 
high conditional probability values. 
 
Statistical Analysis 

Statistical treatment of the data, including descriptive 
analysis, Kolmogorov-Smirnov normality test and correlation 
analysis was performed using the SPSS v.16 statistical 
software. One-way analysis of variance (ANOVA) test was 
also employed to the log transformed data set to check the 
wind sector effect on the elemental concentrations and the 
seasonal variations in the examined parameters during the 
cold (November to March) and warm (April to October) 
periods and their significance at the 0.05 level.  
 
RESULTS AND DISCUSSION 
 
Meteorological Parameters 

Meteorological parameters (wind speed, wind direction, 
temperature and relative humidity-RH%) were recorded 
during the sampling period from a meteorological station 
located about 200 m far from the sampling station. Summary 

 statistics of the measured meteorological parameters are 
shown in Table 1. It should be pointed out that, according 
to the employing one-way ANOVA test, the average 
temperature was significantly higher (P < 0.001) and the 
average RH% was significantly lower (P = 0.01) during the 
warm period than that during the cold period. On the other 
hand, non significant variation between the two periods 
was found for wind speed (P = 0.952). 

Fig. 3 presents the wind directions in the area during the 
sampling period. As shown in this figure, winds from NNE 
to ENE, WSW and WNW directions were prevailing, but 
also winds from ESE direction were also important. 
 
PM10, BC and Elemental Concentrations 

The Kolmogorov-Smirnov normality test applied to the 
data set revealed that the frequency distributions of PM10 
mass and BC concentrations were normal (P = 0.757 and P 
= 0.771, respectively), whereas a log-normal distribution 
was derived for all elements determined (P < 0.05).  

Descriptive statistics [arithmetic mean (AM), standard 
deviation (SD), geometric mean (GM), range] of PM10 mass, 
BC and elemental concentrations are presented in Table 2. 
This table also presents the mean values (AM) of the 
measured parameters according to seasons. As is apparent 
from this table, large variations in all measured parameters 
were observed, which could be attributed to fluctuations of 
the emission sources during the year and also to weather 
conditions that strongly affect the dispersion of the aerosol 
particles. The overall arithmetic mean of PM10 mass values 
during the sampling period was 21.6 μg/m3, with a standard 
deviation of 11 μg/m3. The highest PM10 value observed 
during this study was 53.3 μg/m3 on April 27, 2009. It is 
evident that the European Communities (EC) annual PM10 
limit value of 40 μg/m3 and the 24-h PM10 limit value of 50 
μg/m3 of no more than 35 occurrences per year were not 
exceeded (Directive 2008/50/EC). The highest PM10 mass 
concentrations in this study were observed between 24–28 
of April and on May 15, 2009. To account for these elevated 
values the contribution of Saharan dust to PM has to be 
considered, when meteorological conditions allow the 
intrusion of air masses from North-African desert areas. 
The air mass trajectories at 1200 m above sea level (based 
on 150 h backward trajectory analysis, HYSPLIT developed 
by National Oceanic Atmospheric Administration) are shown 
in Fig. 4. It is apparent from this figure that the observed 
highest PM10 values could not be ascribed to Saharan dust 
from North Africa. 

A similar study was conducted by Triantafyllou et al. 
(2006) in the Kozani-Ptolemais basin (North-western Greece), 
a highly industrialized area where four lignite-fired power 
plants with 4 GW installed capacity are in operation close

 
Table 1. Summary statistics of meteorological data concerning the PM10 sampling site. 

 Wind Speed (km/h) Relative Humidity (RH%) Temperature (°C) 
Average Range Average Range Average Range 

Total 6 0–15 57 23–90 14 7–22 
Warm 6 0–14 53 23–90 16 8–22 
Cold 6 1–15 62 38–88 11 7–15 
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Fig. 3. Wind rose for the sampling period. 

 
Table 2. Descriptive statistics for PM10 (in μg/m3), BC and elemental concentrations (in ng/m3), along with their arithmetic 
mean values in the warm and cold periods (DL: detection limit; N: number of measurements). 

 AM GM S.D. Range Warm Cold N 
PM10 21.6 18.3 11 1.0–53.3 22.9 19.5 61 
BC 1.05 0.95 0.55 0.16–2.61 0.9 1.4 61 
K 422 322 290 24.1–1400 374 492 60 
Ca 805 542 670 40.8–3260 1080 406 61 
Ti 46.6 28.8 53 > DL–342 66.6 17.8 48 
Cr 1.16 1.1 0.4 > DL–3.9 - - 24 
Mn 11.4 6.6 12 1.53–69.7 16.2 4.3 55 
Fe 377 260 310 12.8–1570 506 191 61 
Ni 0.93 0.8 0.5 > DL–2.8 - - 24 
Cu 7.91 7.2 3.6 1.16–22.7 9.5 5.6 61 
Zn 15.9 13.6 8.8 2.57–55.9 19.7 10.5 61 
As 0.15 0.1 0.16 > DL–1.1 0.20 0.07 59 

 

 
Fig. 4. Air mass trajectories passing over the sampling area on April 27 and May 15. 

 
to residential areas. In this study, the mean PM10 value for a 
7 year period ranged from about 30 to 70 μg/m3 for different 
sampling sites. The maximum mean daily concentration 
was observed in an area surrounded by open lignite mines. In 
the same area, fine fly ash particles have been also identified 
in large distances from their source (up to 30 km), whereas 
coarser can be observed mainly in the vicinity of the power 
plants (Iordanidis et al., 2007). In some cases fly ash (both 
coal combustion fly ash and industrial emission) can 

contribute up to 35.6% of the total PM10 mass (Ni et al., 
2012). The mean BC concentration was 1.05 μg/m3 with a 
standard deviation of 0.57 μg/m3 and ranged from 0.16 to 
2.61μg/m3. These values are somewhat lower compared to 
BC concentrations (1.27 to 5.46 μg/m3) measured by Tzima-
Tsitouridou (2004) in TSP samples collected from 7 sampling 
sites in the Kozani-Ptolemais basin (North-western Greece). 
The above values are considered as typical values for urban 
sites. In general, black carbon consists of soot aggregates 
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originating from combustion processes (Seinfeld and Pandis, 
2006).  

As shown in Table 2, 10 elements (K, Ca, Fe, Ti As, Cu, 
Zn, Mn, Cr and Ni) were analyzed in the collected PM10 
samples using ED-XRF. It should be mentioned that, due 
to their high measurement uncertainty, the results for As, 
Cr and Ni are indicative. The annual arithmetic mean 
concentration of the analyzed elements was in a decreasing 
order as Ca > K > Fe > Ti > Zn > Mn > Cu > Ni > Cr > As. 
Determined elements accounted for about 9.2% and BC for 
4.9% of the total PM10 mass. Large aerosol mass including 
secondary inorganic aerosol and organic species is not 
accounted for. Concerning the current recommendations or 
regulations on air quality, the annual mean concentrations 
of As (0.15 ± 0.16 ng/m3) and Mn (11.3 ± 11.7 ng/m3) were 
much lower compared to the European annual target value 
of 6 ng/m3 (Directive 2004/107/EC) and the WHO (2000) 
annual guideline value of 150 ng/m3, respectively. The 
average concentration of Ni (in 24 PM10 samples) was 
found to be 0.99 ± 0.7 ng/m3, which is also much lower 
compared to the European annual target value of 20 ng/m3 
(Directive 2004/107/EC).  
 
Seasonal Variation of the Analyzed Parameters 

Fig. 5 shows bar plots for the seasonal distributions of 
PM10 and BC concentrations. As shown in this figure (and 
also in Table 2), the mean PM10 mass concentration was 
higher, whereas that of BC lower during the warm period 
than during the cold period. Fig. 6 shows the variability of 
elemental concentrations in the cold and warm periods. 
Chromium and Ni are not included in this figure due to the 
small number of measurements. The results show a marked 
seasonal trend, which is characterized by higher levels of 
the studied elements, except K, in the PM10 during the warm 
period compared to that in the cold one. On the contrary, 
the mean K concentration was higher in the cold than that 
measured in the warm period. Potassium is a tracer of 
biomass burning and domestic heating. The significance of 
differences between the mean values of the examined 
parameters in the warm and cold periods of the year was 
tested by employing the one-way ANOVA procedure on 
the log transformed values. Results showed that, although a 
trend for higher PM10 mass values during the warm period 
was observed, this trend was not significant (P = 0.190). 
Higher PM10 mean mass values (but not statistically 
significant at the 0.05 level) in the warm (June–September) 
than in other two periods (November–February and March–
May) were also found by Triadafyllou et al.(2006) in the 
Kozani-Ptolemais basin (North-western Greece). The mean 
BC concentration was significantly higher in the cold period 
with respect to that in the warm period (P < 0.001). Higher 
mean 24-h mean BC concentrations during the cold period 
as compared to those in the warm period were also reported 
by Diapouli et al. (2011) in three sampling sites in Athens 
(Greece) and also in other cities in the world (Tian et al., 
2013). The mean concentration of all elements determined, 
except K, were significantly higher (P < 0.001) in the warm 
period than that in the cold one. As concerns K, the mean 
concentration was higher in the cold than in the warm period, 

but the difference in the mean seasonal concentrations was 
not statistically significant (P = 0.560). The elevated BC and 
K concentrations during the cold period might be related to 
the higher biomass and fossil fuels burning for heat during 
the cold period (Osán et al., 2002; Li et al., 2012). On the 
contrary, higher emissions of re-suspended soil/road dust 
particles and absence of particle’s precipitation, which is the 
main removal process, are expected during the dryer period 
of the year. Similar results have also been found in other 
Mediterranean areas (Gullu et al., 1998; Öztürk et al., 2012).  

In addition, the higher concentrations of non-crustal 
elements during the warm period presumably suggest re-
suspension of polluted road dust or influence of the opencast 
mines, the power plants and the open fly ash deposits present 
in the vicinity of the examined area. It should be mentioned 
that, the average temperature was significantly higher and 
the average RH% was significantly lower during the warm 
than in the cold period. 
 
Enrichment Factor 

Table 3 presents the arithmetic mean, the SD and the 
range of the EFs for the elements detected in the PM10 filters. 
As is apparent from this table, Cu and Zn were highly 
enriched in all PM10 samples collected, meaning that these 
elements are released into the atmosphere by anthropogenic 
sources, such as traffic pollution and burning activities. Zinc 
is present in tire wear dust, as well as in tailpipe emissions 
due to its use in motor oil, and Cu is present in brake wear 
dust, diesel, petrol and coal combustion emissions (Yatin et 
al., 2000; Senarante and Shooter, 2004; Braga et al., 2005; 
Lopez et al., 2011). The average EF values of Ca and Ti in 
the PM10 samples were lower than 5, indicating significant 
contribution from natural sources (soil or road dust re-
suspension) (Huang et al., 2010). Potassium presented a 
moderate enrichment in about 20% of the samples. The 
origin of K is the soil, but also (at least in part) the ash from 
wood combustion and fields burning in spring and autumn 
(Osan et al., 2002). The presence of Mn in the collected 
particulate matter could be partially related to the fly ash 
emissions from the lignite power plants or to emissions from 
diesel and gasoline combustion (Kleeman et al., 2000). 
This is also supported by the fact that the EFs of Mn do not 
show a similar trend to the EFs of the soil-related elements 
Ti and Ca (Querol et al., 1998). The EF of As ranged from 
1.2 to 60, with an average value of 8.0 ± 8.0. Release of As 
bearing particles from coal combustion facilities has been 
well documented by many researchers (Wang et al., 1999; 
Okuda et al., 2008). It should also be mentioned that, lignite 
and fly ash samples collected from the Megalopolis power 
plant A, as well as bulk deposition samples collected from 
sites in the Megalopolis city were, among other elements, 
enriched in As (Papaefthymiou et al., 2007; Papaefthymiou, 
2008). Although the measurement uncertainty of As with 
ED-XRF in the examined samples was relative high, its 
detection in all collected PM10 samples is an indication of the 
impact of the lignite-fired power plants on the Megalopolis 
city atmosphere due to fly ash escaping from the stacks or 
to re-suspended surface soil/road dust containing deposited 
fly ash or lignite particles. The indicative enrichment
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Fig. 5. Seasonal variability of PM10 and BC concentrations. 

 

 

 
Fig. 6. Elemental concentration’s variability between the cold and warm period. 

 
Table 3. Enrichment factor values (EF) for elements determined in the PM10 samples. 

Element AM ± SD Range Element Average ± SD Range 
K 1.9 ± 1.8 0.2–8.0 Cu 71 ± 63 22–339 
Ca 2.3 ± 0.8 1.0–5.7 Ni 8.6 ± 13 0.8–79 
Ti 1.3 ± 0.8 0.3–5.9 Cr 10 ± 16 1.1–112 

Mn 2.2 ± 2.9 0.4–24 As 8.0 ± 8.0 1.2–60 
Zn 36 ± 25 13–151    

PM10 (μg/m3) B.C. (μg/m3) 
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factors of Cr and Ni ranged between 1.1–112 and 0.8–79, 
respectively, showing a possible enrichment in some days 
of the year.  

The EF results obtained in this study confirm observations 
made by other researchers (Samara et al., 1990; Reimann 
and de Caritat, 2000) that they are largely dependent on 
particle size: elements associated with coarse particles show 
in general low EF values, whereas anthropogenic elements 
that are distributed mostly in fine particles show high EF 
values. It is also well established that elements from 
anthropogenic sources, found mainly in the fine particles, 
can reach deeply in the alveolar region in the lungs and 
might increase respiratory symptoms (Karanasiou et al., 
2007; Ny and Lee, 2011). 
 
Correlations Coefficients 

The results for the binary Spearman correlation coefficients 
of daily PM10, BC and elements studied are reported in 
Table 4. The correlation between PM10 mass values and BC in 
the collected PM10 samples is shown in Fig. 7. Results show 
that, the PM10 exhibited moderate, but significant positive 
correlation with BC (at the 0.01 level), whereas moderate 
positive significant correlations (at the 0.01 level) were also 
observed between BC-K and PM10-K, suggesting possibly 
common origin or/and behavior between the correlated 
species. 

In addition, weak (R ≤ 0.4) but significant positive 
correlations between PM10 mass and elemental concentrations 
were found for all elements, except for Fe, K and Ca, which 
presented moderate (R = 0.4–0.6) significant correlations 
with PM10 mass. Binary strong (R > 0.8) positive correlations 
were also observed between the crustal elements Fe, Ca, 
Ti, Mn, which should be considered as soil-derived. It is 
worth mentioned that K presented also significant positive, 
but weak correlation with the anthropogenic element Zn, 
indicating a mixed source of K. As is also shown in this table, 
the binary correlation coefficients between the anthropogenic 
elements As, Cu and Zn are high. The observed significant 
and positive correlations between pollution derived elements 
(As, Cu, Zn) and crustal elements (Fe, Mn, Ti, Ca) indicate 
that part of the atmospheric concentrations of the 
anthropogenic elements can be accounted for by the re-
suspension of soil/road dust enriched in these elements, 

which are originated mainly from traffic pollution and coal 
combustion.  

 
Conditional Probability Function 

EF analysis results indicated that particulate matter (PM10) 
in the city of Megalopolis could be attributed to both natural 
and anthropogenic sources. To further elucidate the local 
source impacts on particulate matter in the area under study, 
we conducted the Conditional Probability Function (CPF) 
analysis to our data. CPF analysis using the measured wind 
direction and wind speed gives information on the source 
impacts from various wind directions. The sources are likely 
to be located in the directions that have high conditional 
probability values. It should be pointed out that the CPF 
analysis may present slightly higher values obtained for the 
southwest sector, due to the relatively few samples for that 
particular wind direction (Lee and Hopke, 2006). 

CPF plots for PM10 (Fig. 8) shows that their sources have 
higher probability to be located north, northeast, northwest 
and southwest from the sampling station. The source located 
at north and northeast can be identified as the city of 
Megalopolis. The sampling station is located relatively close 
to the city and thus due to the city’s large area it would be 
wrong to regard it as a point source. Northwest of the 
sampling station is the location of the lignite-fired power 
plants along with the Marathousa lignite mine and southwest 
the location of the Choremi lignite mine. We could say 
that, due to the absence of any other source located in these 
directions, the identification of the power plant, the mining 
process and the city of Megalopolis as major PM sources on 
the area is almost certain. CPF for black carbon identifies the 
city of Megalopolis and the Choremi lignite mine as its main 
sources. City’s contribution to BC levels can be attributed to 
wood burning and traffic, while Choremi mine’s contribution 
comes from diesel emissions from the bucket-wheel 
excavators and the heavy track used for fly ash and lignite 
transportation. These CPF plots interpret the significant 
correlations found between PM10 and BC. The CPF plots 
shown in Fig. 9 indicate similar local sources for Mn, Ti, 
Ca, Fe, K and Cu with somewhat different strengths. The 
concentrations of these elements, but K, were the highest 
on days with winds from southwest direction, following by 
winds from west directions. In addition, influence on the

 
Table 4. Spearman correlation coefficients between all determined parameters (except Cr and Ni) in the collected PM10 
samples. 

 PM10 BC K Ca Ti Mn Fe Cu Zn As 
PM10 1 .523** .571** .423** .305*  .345** .443**   .242 .393** .327**
BC  1 .536**   .001 –.052 –.089   .023 –.157   .038 –.080 
K   1   .459**   .339**   .250  .453**   .250   .371**   .222 
Ca    1   .880**   .804**  .902**  .693**   .757**  .637**
Ti     1   .816**  .865** .797**   .738**  .711**

Mn      1  .837** .832**   .718**  .773**
Fe       1 .765**   .853**  .706**
Cu        1   .747**  .736**
Zn         1  .727**
As          1 

** Correlation is significant at the 0.01 level; * Correlation is significant at the 0.05 level. 
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Fig. 7. Correlation between PM10 mass values and BC. 

 

 
Fig. 8. CPF plots for PM10 and BC concentrations. 

 
concentrations of the above elements had winds from 
northeast directions and to a lesser extent from north winds. 
On the contrary, the CPF analysis for K identifies north winds 
as the influential direction resulting in high concentrations, 
with the west-southwest directions being less important. The 
Zn concentrations were also highest on days with southwest 
and north wind directions, whereas west winds had also a 
relatively weak influence. These results suggest common 
sources of all elements determined, explaining the significant 
correlations found between crustal and anthropogenic 
elements. 

To determine whether wind directions (N, NE, E, ES, S, 
SW, W, WN) were significant factors for PM10, BC and 
elemental concentrations, one-way ANOVA test was 
employed on their concentration data. Although statistical 
analysis showed that the concentration of Ca, Ti, Mn, Fe, 
Cu, Zn and As were higher from west and southwest wind 
directions when compared to all other wind sectors, the 

differences were statistically significant only for Zn, Cu 
and As, indicating as major sources the emissions from the 
bucket-wheel excavators and the heavy tracks used for fly ash 
and lignite transportation. As concerns PM10 concentrations, 
wind direction was not found significant at the 0.05 level, 
meaning that all sources had more or less the same influence. 
BC and K presented the highest concentrations from northeast 
wind direction, but only for BC the mean concentration from 
northeast direction, where the city of Megalopolis is located, 
was significantly higher compared to mean concentrations 
of other wind directions (e.g. west, southwest). 

It seems from the above results that the contribution of the 
lignite-fired power plants’ stack emissions on the particulate 
matter in the Megalopolis city atmosphere was lower 
compared to all other sources. Similar results have been also 
found by Samara (2005) in a lignite burning electricity 
producing area in Western Greece. 

Further studies are needed to identify the role of the
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Fig. 9. CPF plots for K, Fe, Ti, Ca, Mn, Zn and Cu. 
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lignite power plants on the actual sources that may 
significantly affect the ambient air concentration levels in 
the city of Megalopolis. 
 
CONCLUSIONS 
 

The PM10, BC and elemental concentrations of Ca, Ti, 
Mn, Fe, Cu, Zn, K, As, Cr and Ni were determined in the 
ambient air of the Megalopolis city (southern Greece), 
located in the vicinity of two lignite-fired plants, during a 
one-year sampling campaign. The mean PM10 mass 
concentration was 21.6 ± 11 μg/m3, whereas that of BC 
1.05 ± 0.55 μg/m3. Statistical analysis indicated that season 
was a significant factor for all elements analyzed, except K, 
and that their concentrations were significantly higher in the 
warm than in the cold period, whereas BC concentration 
was significantly higher in the cold period than that in the 
warm period. On the contrary, non-significant seasonal 
variations were found for PM10 mass and K concentrations.  

Zinc and Cu were the most enriched elements in all 
PM10 samples collected, revealing their anthropogenic origin, 
whereas Ca and Ti were not enriched indicating crustal 
origin. Potassium and Mn presented moderate enrichment, 
meaning that a portion of these elements probably originates 
from anthropogenic sources. Although the measurement’s 
uncertainty of As was relative high, it was found enriched 
in nearly all PM10 samples collected originating mainly 
from fossil fuels combustion. 

The binary Spearman correlation coefficients results for 
PM10, BC and elemental concentrations are in consistency 
with the Conditional Probability Function plots, revealing 
that the major sources of the particulate matter were the 
soil/road dust re-suspension from the opencast mines and 
unpaved roads, emissions from vehicular traffic and mining 
activities, the lignite-fired power plants and biomass burning. 
Concentrations of the anthropogenic elements Zn, Cu and 
As were significantly higher from west and southwest 
compared to all other wind directions identifying the mining 
activities in the two opencast mines as their major sources, 
whilst BC and K presented the highest concentrations from 
northeast wind direction identifying emissions from the 
city of Megalopolis as their major sources. Non significant 
wind effect was found for PM10 concentration.  

 
ACKNOWLEDGMENTS 
 

This work was supported by K. Karatheodoris Program 
Grant D.165 from the Research Committee of the University 
of Patras and the Municipality of Megalopolis. 
 
REFERENCES 
 
Analitis, A., Katsouyanni, K., Dimakopoulou, K., Samoli, 

E., Nikoloulopoulos, A.K., Petasakis, Y., Touloumi, G., 
Schwartz, J., Anderson, H.R., Cambra, K., Forastiere, F., 
Zmirou, D., Vonk, J.M., Clancy, L., Kriz, B., Bobvos, J. 
and Pekkanen, J. (2006). Short-term Effects of Ambient 
Particles on Cardiovascular and Respiratory Mortality. 
Epidemiology 17: 230–233, doi: 10.1097/01.ede.000019 

9439.57655.6b. 
Baumgardner, D., Popovicheva, O., Allan, J., Bernardoni, V., 

Cao, J., Cavalli, F., Cozic, J., Diapouli, E., Eleftheriadis, 
K., Genberg, P.J., Gonzalez, C., Gysel, M., John, A., 
Kirchstetter, T.W., Kuhlbusch, T.A.J., Laborde, M., Lack, 
D., Müller, T., Niessner, R., Petzold, A., Piazzalunga, 
A., Putaud, J.P., Schwarz, J., Sheridan, P., Subramanian, 
R., Swietlicki, E., Valli, G., Vecchi, R. and Viana, M. 
(2012). Soot Reference Materials for instrument Calibration 
and Intercomparisons: A Workshop Summary with 
Recommendations. Atmos. Meas. Tech. Discuss. 5: 2315–
2362, doi: 10.5194/amtd-5-2315-2012. 

Becker, S., Dailey, L.A., Soukup, J.M., Grambow, S.C., 
Delvin, R.B. and Huang, Y.C.T. (2005).Seasonal 
Variations in Air Pollution Particle-Induced Inflammatory 
Mediator Release and Oxidative Stress. Environ. Health 
Perspect. 113: 1032–1038. 

Bollati, V., Marinelli, B., Apostoli, P., Bonzini, M., Nordio, 
F., Hoxha, M., Pegoraro, V., Motta, V., Tarantini, L., 
Cantone, L., Schwartz, Bertazzi, P.A. and Baccarelli, A. 
(2010). Exposure to Metal-Rich Particulate Matter Modifies 
the Expression of Candidate MicroRNAs in Peripheral 
Blood Leukocytes. Environ. Health Perspect. 118: 763–
768. 

Braga, C.F., Teixeira, E.C., Meira, L., Wiegand, F., Yoneama, 
M.L. and Dias, J.F. (2005). Elemental Composition of 
PM10 and PM2.5 in Urban Environment in South Brazil. 
Atmos. Environ. 39:1801–1815. 

Brown, A.S., Yardley, R.E., Quincey, P.G. and Butterfield, 
D.M. (2006). Studies of the Effect of Humidity and 
Other Factors on Some Different Filter Materials used 
for Gravimetric Measurements of Ambient Particulate 
Matter. Atmos. Environ. 40: 4670–4678. 

Brugge, D., Durant, J. and Rioux, C. (2007). Near-highway 
Pollutants in Motor Vehicle Exhaust: A Review of 
Epidemiologic Evidence of Cardiac and Pulmonary 
Health Risks. Environ. Health 6: 23, doi: 10.1186/1476-
069X-6-23. 

CEN (1998). Air Quality—Determination of the PM10 
Fraction of Suspended Particulate Matter—Reference 
Method and Field Test Procedure to Demonstrate 
Reference Equivalence of Measurement Methods 
.European Committee for Standardization (European 
Standard EN 12341), Brussels. 

Council Directive 1999/30/EC Relating to Limit Values for 
Sulphur Dioxide, Nitrogen Dioxide and Oxides of 
Nitrogen, Particulate Matter and Lead in Ambient Air. 

Davakis, E., Varvayanni, M., Deligiannis, P. andCatsaros, 
N. (1998). Diagnosis of Wind Flow and Dispersion over a 
Complex Terrain Based on Limited Meteorological Data. 
Environ. Pollut. 103: 333–343 

Davidson, C.I., Phalen, R.F. and Solomon, P.A. (2006). 
Airborne Particulate Matter and Human Health: A Review. 
Aerosol Sci. Technol. 39: 737–749. 

Diapouli, E., Eleftheriadis, K., Karanasiou, A., Vratolis, S., 
Hermansen, O., Colbeck, I. and Lazaridis, M. (2011). 
Indoor and Outdoor Particle Number and Mass 
Concentrations in Athens. Sources, Sinks and Variability of 
Aerosol Parameters. Aerosol Air Qual. Res. 11: 632–642. 



 
 
 

Manousakas et al., Aerosol and Air Quality Research, 13: 804–817, 2013 816

Directive 2004/107/EC of the European Parliament and of 
the Council of 15 December 2004 Relating to As, Cd, Hg, 
Ni and Polycyclic Aromatic Hydrocarbons in Ambient 
Air, OJ L23, 26/01/2005, p. 3–16. 

Donaldson, K., Mills, N., MacNee, W., Robinson, S. and 
Newby, D. (2005). Role of Inflammation in 
Cardiopulmonary Health Effects of PM. Toxicol. Appl. 
Pharmacol. 207: S483–S488. 

Eleftheriadis, K. and Colbeck, I. (2001). Coarse Atmospheric 
Aerosol: Size Distributions of Trace Metals. Atmos. 
Environ. 35: 5321–5330. 

Eleftheriadis, K., Vratolis, S. and Nyeki, S. (2009).Aerosol 
Black Carbon in the European Arctic: Measurements at 
Zeppelin Station, Ny-Ålesund, Svalbard from 1998-2007. 
Geophys. Res. Lett. 36: L02809, doi: 10.1029/2008GL03 
5741 

Gaffney, J.S. and Marley, N.A. (2009). The Impacts of 
Combustion Emissions on Air Quality and Climate- from 
Coal to Biofuels and Beyond. Atmos. Environ. 43: 23–36. 

Gullu, G.H., Olmaez, I., Aygun, S. and Tuncel, G. (1998). 
Atmospheric Trace Element Concentration over the Eastern 
Mediterranean Sea: Factor Affecting Temporal Variability. 
J. Geophys. Res. 1013: 21943–21954. 

Han, S., Bian, H., Zhang, Y., Wu, J., Wang, Y., Tie, X., Li, 
Y., Li, X. and Yao, Q. (2012). Effect of Aerosols on 
Visibility and Radiation in Spring 2009 in Tianjin, China. 
Aerosol Air Qual. Res. 12: 211–217. 

Hays, M.D., Cho, S.H., Baldauf, R., Schauer, J.J.  and 
Shafer, M. (2011). Particle Size Distributions of Metal 
and NON-Metal Elements in an Urban near-Highway 
Environment. Atmos. Environ. 45: 925–934. 

Huang, L., Wang, K., Yuan, C.S. and Wang, G. (2010). Study 
of the Seasonal Varation and Source Apportionment of 
PM10 in Harbin, China. Aerosol Air Qual. Res. 10: 86–93. 

IAEA (1992). Sampling and Analytical Methodologies for 
Instrumental Neutron Activation Analysis of Airborne 
Particulate Matter, Training Course Series No. 4, 
International Atomic Energy Agency, Vienna.  

Ioardanidis, A., Buckman, J., Triantafyllou, A.G. and Asvesta, 
A. (2007). Fly Ash-Airborne Particles from Ptolemais-
Kozani Area, Northern Greece, as Determined by ESEM-
EDEX. Int. J. Coal Geol. 73: 63–73. 

Karanasiou, A.A., Sitaras, I.E., Siskos, P.A. and Eleftheriadis, 
K. (2007). Size Distribution and Sources of Trace Metals 
and n-alkanes in the Athens Urban Aerosol during 
Summer. Atmos. Environ. 41: 2368–2381. 

Kim, E. and Hopke, P.K. (2004). Comparison between 
Conditional Probability Function and Nonparametric 
Regression for Fine Particle Source Directions. Atmos. 
Environ. 38: 4667–4673. 

Kleeman, M.J., Schauer, J.J. and Cass, G.R. (2000). Size 
and Composition Distribution of Fine Particulate Matter 
Emitted from Motor Vehicles. Environ. Sci. Technol. 34: 
1132–1142. 

Lee, J.H. and Hopke, P.K. (2006). Apportioning Sources of 
PM2.5 in St. Louis, MO Using Speciation Trends Network 
Data. Atmos. Environ. 40: 360–377. 

Li, P.H., Han, B., Huo, J., Lu, B., Ding, X., Chen, L., Kong, 
S.F., Bai, Z.P. and Wang, B. (2012). Characterization, 

Meteorological Influences and Source Identification of 
Carbonaceous Aerosols during the Autumn-winter Period 
in Tianjin, China. Aerosol Air Qual. Res. 12: 283–294. 

López, M.L., Ceppi, S., Palancar, G.G., Olcese, L.E., Tirao, 
G. and Toselli, B.M. (2011). Elemental Concentration and 
Source Identification of PM10 and PM2.5 by SR-XRF in 
Córdova City, Argentina. Atmos. Environ. 45: 5450–5457. 

Meij, R. (1995). The Distribution of Trace Elements during 
Combustion of Coal, In Environmental Aspects of Trace 
Metals in Coal, Swaine, D.J. and Goodarzi, F. (Eds.), 
Kluwer Academic Publishers, The Netherlands. 

Ni, T., Han, B. and Bai, Z. (2012).Source Apportionment 
of PM10 in Four Cities of Northeastern China. Aerosol 
Air Qual. Res. 12:571–582  

Niu, J., Rasmussen, P.E., Wheeler, A., Williams, R. and 
Chenier, M. (2010). Evaluation of Airborne Particulate 
Matter and Metals Data in Personal, Indoor and Outdoor 
Environments Using ED-XRF and ICP-MS and Co-located 
Duplicate Samples. Atmos. Environ. 4: 235–245.  

Ntziachristos, L., Ning, Z., Geller, M.D., Sheesley, R.J., 
Schauer, J.J. and Sioutas, C. (2007). Fine, Ultrafine and 
Nanoparticle Trace Element Compositions near a major 
Freeway with a High Heavy-Duty Diesel Fraction. Atmos. 
Environ. 41: 5684–5696. 

Ny, M.T. and Lee. B.K. (2011). Size Distribution of Air 
Particulate Matter and Associated Metallic Elements in 
an Urban Area of an Industrial City in Korea. Aerosol 
Air Qual. Res. 11: 643–653. 

Okuda, T., Katsuno, M., Naoi, D., Nakao, S., Tanaka, S., He, 
K., Ma, Y., Lei, Y. and Jia, Y. (2008). Trends in Hazardous 
Trace Metal Concentrations in Aerosols Collected in 
Beijing, China from 2001 to 2006. Chemosphere 72: 917–
924. 

Osornio-Vargas, A.R., Bonner, J.C., Alfaro-Moreno, E., 
Martinez, J., Garcia-Cuellar, C., Ponce-de-León Rosales, 
S., Miranda, J. and Rosas, I. (2003). Proinflammatory and 
Cytoxic Effects of Mexico City Air Pollution Particulate 
Matter in Vitro Are Dependent on Particle Size and 
Composition. Environ. Health Perspect. 111: 1289–1293.  

Osán, J., Alföldy, B., Török, S. and Van Grieken, R. 
(2002). Characterization of WoodCombustion Particles 
Using Electron Probe Microanalysis. Atmos. Environ. 
36: 2207–2214. 

Öztürk, F., Zararsύz, A., Dutkiewicz, V.A., Husain, L. and 
Tuncel, P.K. (2012).Temporal Variations and Sources of 
Eastern Mediterranean Aerosols Based on a 9-year 
Observation. Atmos. Environ. 61: 463–475. 

Pakbin, P., Cheung, K.L., Hudda, N., Moore, K.F. and 
Sioutas, C. (2010). Spatial and Temporal Variability in 
Coarse Particulate Matter (PM10–2.5) in the Los Angeles 
Area. Aerosol Sci. Technol. 44: 514–525. 

Papaefthymiou, H. (2008). Elemental Deposition in the 
Vicinity of a Lignite Power Plant in Southern Greece. J. 
Radioanal. Nucl. Chem. 275: 433–439. 

Papaefthymiou, H. and Gouseti, O. (2008). Natural 
Radioactivity and Associated Radiation Hazards in 
Building Materials Used in Peloponnese, Greece. Radiat. 
Meas. 43: 1453–1457. 

Papaefthymiou, Η., Kritidis, P., Anousis, J. and Sarafidou, J. 



 
 
 

Manousakas et al., Aerosol and Air Quality Research, 13: 804–817, 2013 817

(2005). Comparative Assessment of natural Radioactivity 
in Fallout Samples from Patras and Megalopolis, Greece. 
J. Environ. Radioact. 78: 249–265.  

Papaefthymiou, H., Symeopoulos, B.D. and Soupioni, M. 
(2007). Neutron Activation Analysis and Natural 
Radioactivity Measurements of Lignite and Ashes from 
Megalopolis Basin, Greece. J. Radioanal. Nucl. Chem. 
274: 123–130. 

Petaloti, C. Triantafyllou, A., Kouimtzis, Th. and Samara, 
C. (2006). Trace Elements in Atmospheric Particulate 
Matter over a Coal Burning Power Production Area of 
Western Macedonia, Greece. Chemosphere 65: 2233–2243. 

Querol, X., Alastuey, A., Puicercus, J.A., Mantilla, E., Ruiz, 
C.A., Lopez-Soler, A., Plana, F. and Juan, R. (1998). 
Seasonal Evolution of Suspended Particles around a Large 
Coal-fired Power Station: Chemical Characterization. 
Atmos. Environ. 32: 719–731. 

Reimann, C. and De Caritat, P. (2000). Intrinsic Flaws of 
Element Enrichment Factors, EF in Environmental 
Geochemistry. Environ. Sci. Technol. 34: 5084–5091. 

Saldiva, P.H.N., Clarke, R.W., Coull, B.A., Stearns, R.C., 
Lawrence, J., Murthy, G.G.K., Diaz, E., Koutrakis, P., 
Suh, H., Tsuda, A. and Godleski, J.J. (2002). Lun 
Inflammation Induced by Concentrated Ambient Air 
Particles is Related to Particle Composition. Am. J. Respir. 
Crit. Care Med. 165: 1610–1617. 

Samara, C., Voutsa, D., Koumtzis, T.H., Bournis, N. and 
Tsani, E. (1990). Characterization of Airborne Particulate 
Matter in Thessaloniki, Greece. Part 1: Source Related 
Heavy Metal Concentrations within TSP. Toxicol. Environ. 
Chem. 29: 107–119. 

Samara, C. (2005). Chemical Mass Balance Source 
Apportionment of TSP in a Lignite-Burning Area of 
Western Macedonia, Greece. Atmos. Environ. 39: 6430–
6443. 

Seinfeld, J.H. and Pandis, S.N. (2006). Atmospheric 
Chemistry and Physics: From Air Pollution to Climate 
Change, 2nd Ed., John Wiley & Sons, Inc., Hoboken, 
New Jersey, USA. 

Senarante, I. and Shooter, D. (2004). Elemental 
Comopositionin Source Identification of Brown Haze in 
Auckland, New Zealand. Atmos. Environ. 38: 3049–3059. 

Seredin, V.V. and Finkelman, R.B. (2008). Metalliferous 
Coals: A Review of the Main Genetic and Geochemical 
Types. Int. J. Coal Geol. 76: 253–289.  

Siavalas, G., Kalaitzidis, S., Cornelissen, G., Chatziapostolou, 
A. and Christanis, K. (2007). Influence of Lignite Mining 
and Utilization on Organic Matter Budget in the Alfeios 
River Plain, Peloponnese (South Greece). Energy Fuel 
21: 2698–2709. 

Siavalas, G., Linou, M., Chatziapostolou, A., Kalaitzidis, 
S., Papaefthymiou, H. and Christanis, K. (2009). 
Palaeoenvironment of Seam I in the Marathousa Lignite 
Mine, Megalopolis Basin (Southern Greece). Int. J. Coal 
Geol. 78: 233–248. 

Steinhoff, G., Haupt, O. andDannecker, W. (2000). Fast 
Determination of Trace Elements on Aerosol Loaded 
Filters by X-ray Fluorescence Analysis Considering 
Inhomogeneous Elemental Distribution. Fresenius J. 

Anal. Chem. 366: 174–177 
Taylor, S.R. (1972). Abundance of Chemical Elements in the 

Continental Crust: A New Table. Geochim. Cosmochim. 
Acta 28: 1273–1285.  

Tian, Y.Z., Xiao, Z.M., Han, B., Shi, G.L., Wang, W., 
Hao, H.Z., Li, X., Feng,Y.C. and Zhu, T. (2013). 
Seasonal Study of Primary and Secondary Sources of 
Carbonaceous Species in PM10 from Five Northern 
Chinese Cities. Aerosol Air Qual. Res.13: 148–161. 

Triantafyllou, A.G., Zoras, S. and Evagelopoulos, V. (2006). 
Particulate Matter over a Seven Year Period in Urban 
and Rural Areas within, Proximal and Far from Mining 
and Power Station Operations in Greece. Environ. Monit. 
Assess. 122: 41–60. 

Tzima-Tsitouridou, R. (2004). Carbonaceous Species of 
TSP in Urban and Rural Sites around Coal-fired Power 
Stations in Northwestern Greece. Talanta 62: 115–122. 

Valavanidis, A., Fiotakis, K. and Vlachogianni, Th. (2008). 
Airborne Particulate Matter and Human Health: 
Toxicological Assessment and Importance of Size and 
Composition of Particles for Oxidative Damage and 
Carcinogenic Mechanisms. J. Environ. Sci. Health., Part 
C 26: 339–362.  

Wang, C.F., Chang, C.Y., Chin, C.J. and Men, L.C. (1999). 
Determination of Arsenic andVanadium in Airborne 
Related Reference Materials by Inductively Coupled 
Plasma Mass Spectrometry. Anal. Chim. Acta 392: 299–
306. 

Wang, Y., Hopke, P.K., Chalupa, D.C. and Utell, M.J. 
(2011). Effect of the Shutdown of a Coal-Fired Power 
Plant on Urban Ultrafine Particles and Other Pollutants. 
Aerosol Sci. Technol. 45: 1245–1249.  

Wedepohl, K.H. (1995). The Composition of the Continental 
Crust. Geochim. Cosmochim. Acta 59: 1217–1232. 

Wellenius, G.A., Coull, B.A., Godleski, J.J., Koutrakis, P., 
Okabe, K., Savage, S.T., Lawrence, J.E., Murthy, G.G.K. 
and Verrier, R.L. (2003). Inhalation of Concentrated 
Ambient Air Particles Exacerbates Myocardial Ischemia in 
Conscious Dogs. Environ. Health Perspect. 111: 402–408.  

WHO (2000). World Health Organization, Air Quality 
Guidelines for Europe, 2nd ed. ISBN 92-890-1358-3, 
WHO Regional Publications, European Series, n. 9. 

Yatin, M., Tuncel, S., Aras, N.K., Olmez, I., Aygun, S. and 
Tuncel, G. (2000). Atmospheric trace elements in Ankara, 
Turkey: 1. Factors Affecting Chemical Composition of 
Fine Particles. Atmos. Environ. 34: 1305–1318.  

Yatkin, S., Gerboles, M. and Borowiak, A. (2012). Evaluation 
of Standarless EDXRF Analysis for the Determination 
of Elements on PM10 Loaded Filters. Atmos. Environ. 
54: 568–582 

Zarkadas, Ch. and Karydas, A.G. (2004). Fundamental 
Parameters Approach in Tube-excited Secondary Target 
XRF Set-ups: Comparison between Theory and 
Experiment. X-Ray Spectrom. 33: 447–454. 

 
 

Received for review, September 11, 2012 
Accepted, December22, 2012 


	Ο (Αγανακτισμένος) Ψεκαστής των Παρ-αλόγων
	Composition of Atmospheric Aerosols in Greece. 1993-2013 Research (1993-2010 Measurements)
	Atmospheric Aerosols and their Content Trace-Elements in Patras.Angelogiannopoulos,Kokovinos,Maramathas,Maraziotis
	ABSTRACT
	INTRODUCTION
	EXPERIMENTAL METHODS
	Description of area and sampling site
	Sampling and analysis

	EXPERIMENTAL RESULTS AND DISCUSSION
	CONCLUSIONS
	REFERENCES

	Elemental composition of airborne particulate matter in the multi-impacted urban area of Thessaloniki, Greece
	Introduction
	Experimental
	Site deposition
	Sampling and analysis
	Data analysis techniques

	Results and discussion
	PM10 concentrations
	Elemental concentrations
	Enrichment factors
	PM10 and elemental concentrations in relation to meteorological conditions
	Factor analysis
	Elemental ratios

	Conclusions
	Acknowledgements
	References

	Correlation of trace element content in air particulates with solar meteorological data in the atmosphere of Athens.Kanias,Viras,Grimanis
	Toxic metal content of particulate matter (PM10), within the Greater Area of Athens
	Introduction
	Methodology
	PM10 sampling
	Trace metal analysis

	Results and discussion
	Trace metal concentrations and comparison�with limit values
	Spatial variation of trace metal concentrations
	Seasonal variation of trace metal concentrations
	Site-specific associations
	Meteorological study
	Factor analysis

	Conclusions
	Acknowledgements
	References

	Trace elements in atmospheric particulate matter over a coal burning power production area of western Macedonia, Greece
	Introduction
	Experimental
	Study area
	Sampling and analysis

	Results and discussion
	TSP mass and elemental concentrations
	Spatial and seasonal variations
	Influence of meteorological factors
	Correlations between elements
	Enrichment factors

	Conclusions
	Acknowledgements
	References

	Size distribution and sources of trace metals and n-alkanes in the Athens urban aerosol during summer
	Introduction
	Experimental
	Sampling methodology and conditions
	Chemical analysis
	Size distribution data processing

	Results and discussion
	Size distributions of elemental concentrations
	Size distribution of n-alkanes
	n-alkanes gas-particle partition

	Conclusions
	References

	Total Metal Concentrations in Atmospheric Precipitation from the Northern Aegean Sea
	Abstract
	Introduction
	Materials and Methods
	Site Description
	Sample Collection and Analysis
	Air Masses Trajectories
	Statistical Analysis

	Results and Discussion
	Total Metal Concentrations in Rainwater
	Relation Between Air Masses Origin and Metal Concentrations in Rainwater
	Enrichment Factors
	Principal Components Analysis

	Conclusions
	References


	A microscopic and Synchrotron-based characterization of urban particulate  matter (PM10–PM2.5 and PM2.5) from Athens atmosphere, Greece
	1 Introduction
	2 Experimental details
	3 Results and discussion
	Acknowledgement
	References

	PM10 composition during an intense Saharan dust transport event over Athens (Greece)
	1. Introduction
	2. Materials and methods
	2.1. PM10 concentration levels monitoring
	2.2. PM10 sampling and elemental composition determinations-PM10 SEM-EDX analysis
	2.3. Air mass trajectories and local meteorological data

	3. Results and discussion
	3.1. PM10 concentration levels
	3.2. Temporal variability of elemental concentrations
	3.3. PM10 composition-SEM-EDX results

	4. Conclusions
	Acknowledgments
	References

	Influence of mineral dust transport on the chemical composition and physical properties of the Eastern Mediterranean aerosol
	1. Introduction
	2. Methodology
	3. Results and discussion
	3.1. Airflow characterization for October 2007 and April 2008
	3.2. Comparison of aerosol chemical composition in the Eastern Mediterranean
	3.3. Characterization of dust events in the Eastern Mediterranean
	3.3.1. October 2007: dust event from the Middle East
	3.3.2. October 2007: the mixed dust event
	3.3.3. April 2008: dust event from Sahara

	3.4. Influence of dust events on aerosol chemical composition
	3.4.1. Aerosol chemical composition
	3.4.2. Mineral dust as carrier of pollutants


	4. Conclusion
	Acknowledgments
	References

	Characterization of PM10 Sources and Ambient Air Concentration Levels at Megalopolis City (Southern Greece) Located in the Vicinity of Lignite-Fired Plants.Manousakas,Eleftheriadis,Papaefthymiou


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


