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Tevixd) dmoym g védupag Plov-Avtigeiov. Ot mulidves g véPueag diaoromnOnxrav yemdu-
owa ue yonon nxoPoitoth mhevouxig odowong (EG&G 4100P xow EG&G 272TD) pe oxomd thv
AmOTUIMOY) TOV TUOUEVA OTNY TTEQLOYT| TOV €QYOV, 600 ®aw TV BAOgwV Twv mukdvov. (Egya-
otfoo Bahdooiag 'ewhoyiog & Puorig Qreavoygadiog, [Tavemotiwo [Matomv. Zuhhoyi xat
eneEegyaoio: A.Xowotodovhov, H. ®axnigng).

General view of the Rion-Antirion bridge, from a marine geophysical survey conducted by side scan
sonar (EG&G 4100P and EG&G 272TD) in order to map the seafloor at the site of the construction (py-
lons and piers) (Gallery of the Laboratory of Marine Geology and Physical Oceanography, University of
Patras. Data acquisition and Processing: D. Christodoulou, E. Fakiris).



AEATIO THXE EAAHNIKHX TEQAOTI'TKHX ETAIPIAX
Touog XLIII, No 5

BULLETIN OF THE GEOLOGICAL SOCIETY OF GREECE
Volume XLIII, No 5

120 AIEONEE TYNEAPIO
THZ EAAHNIKHZ FTEQAOTIKHZ ETAIPIAZ

ITAANHTHXZTH:
T'ewhoyirés Aegyaotieg xot Bubowun Avastugn

12th INTERNATIONAL CONGRESS
OF THE GEOLOGICAL SOCIETY OF GREECE

PLANET EARTH:
Geological Processes and Sustainable Development

ITATPA / PATRAS 2010



ISSN 0438-9557
Copyright © amd v EMnviri Fewhoywni) Etawgio
Copyright © by the Geological Society of Greece



120 AIEONES SYNEAPIO
THZ EANHNIKHZ TEQAOTIIKHZ ETAIPIAZ

ITAANHTHZX T'H:
T'ewhoyinég Alegyaoieg xou Buolun AvAasstugn

Y76 v Avyida tov
Ymovgyetov Ilegifdirovrog, Evépyeiag naw Khpatieig AMhayng

1 2th INTERNATIONAL CONGRESS
OF THE GEOLOGICAL SOCIETY OF GREECE

PLANET EARTH:
Geological Processes and Sustainable Development

Under the Aegis of the

Ministry of Environment, Energy and Climate Change

IMPAKTIKA / PROCEEDINGS
EIIIMEAEIA EKAOXHX EDITORS
' KOYKHZX G. KOUKIS
Havemortijuwo [atowv University of Patras
A.ZEAHAIAHZ A.ZELILIDIS
Havemotiuo Iotowv University of Patras
[. KOYKOYBEAAZX I. KOUKOUVELAS
Iavemotijuo Iotodv University of Patras
I'. [TATTAGEOAQPOY G. PAPATHEODOROU
Havemorijuwo [atowv University of Patras
M.TEPATA M. GERAGA
Havemotijuo Iotowv University of Patras
B.ZYT'OYPH V.ZYGOURI
Hoavemoriuwo Iatowv University of Patras

PATRAS, May 2010



EAAHNIKH TEQAOTIKH ETAIPEIA

<>

AIOIKHTIKO XYMBOYAIO
(mov e&edéyn oty evixenj 2vvédevon twv ueldv s Etoupiog to Mdotio tov 2010)

ITIPOEAPOX
Amdotohog AAEZEOIIOYAOZ

ANTIIIPOEAPOX
AleEavdpa ZAMITIETAKH-AEKKA

FEN.TPAMMATEAX
Evyevia MQPAITH

EIA.TPAMMATEAX
Anpntorogc TAAANAKHE

TAMIAX
Aonpiva ANTQNAPAKOY

E®OPOX
Xapdhapmog KPANHE

MEAH
Kwvotavtivoc BOYAOYPHZ
Xovoavon IQAKEIM
AbBavdoloc TKANAX



GEOLOGICAL SOCIETY OF GREECE

<>

BOARD OF DIRECTORS
(elected at the General Assembly of the members of the Society on March 2010)

PRESIDENT
Apostolos ALEXOPOULOS

VICE-PRESIDENT
Alexandra ZAMBETAKIS-LEKKAS

GENERAL SECRETARY
Evgenia MORAITI

EXECUTIVE SECRETARY
Dimitrios GALANAKIS

TREASURER
Asimina ANTONARAKOU

TRUSTEE
Charalambos KRANIS

MEMBERS
Konstantinos VOUDOURIS
Chyssanthi IOAKIM
Athanasios GANAS

vii



OPTANQTIKH ENITPOMH 120v AIEONOYZ ZYNEAPIOY

<>

MNPOEAPOX
l'emoyrog KOYKHZ, Kadnyntig [avemotpiov [otomv

ANTIITPOEAPOX
ApPoadp ZEAHAIAHE, Kabnyntig [Mavemotnuiov [Totomv

TFENIKOX TPAMMATEAX
Iwdvvng KOYKOYBEAAZ, Av. KaOnyntig avemotuiov [otomv

EIAIKOX TPAMMATEAX
I'emoyiog ITAITAGEOAQPOY, Av. Kadnyntig [Tavemotnuiov [oatpmv

TAMIAX
Mogio TEPAT A, Aértopag [Tavemotnuiov [otoomv

MEAH
Nwohoog KONTOITOYAOZ, Kadnyntig [Mavemotmuiov [atomv
Nworaos AAMITPAKHE, Kadnyntig [Havemotnuiov [Tatodmv
Nworaog SAMITATAKAKHE, Av. Kadnyntig IMavemomuiov [Matoonv
EvOiwog ZQKOZX, Ex. Kadnyntig [avemotnuiov [atomv
Anpnrorog ITATIOYAHZ, Aéxtogag [Mavemotnuiov [Tatemv

Muyonh ZTAMATAKHZE, Kadnyntig E6vizot naw Kamodiotoranov
[Mavemotnuiov AOnvov
Amdotohog AAEEOITIOYAOZ, Kadnyntig E6virot xouw Kamodiotorarot IMaverm-
otnuiov Abnvav, Ipodedgog ET'.E.
Kovotavtivog [TATTABAZIAEIOY, Av. Kadnynthg EOvizot zat Kamodiotorono®
IMavemotnuiov Adnvov, T'evinog A/ving ILI'MLE.

Kwvotavtivoc MAKPOIIOYAOZ, Kadnyntig EOvirot naw Kamodiotolanot
IMavemomuiov AOnvov, A/veig F'ewduvouxov Ivotitovtov E.AA.

Eppavouih MANOYTZOT'AQY, Av. KaOnyntig [Tolvteyveiov Kottng
Zmupidwv TAYAIAHZE, Kabnyntig Agtototeheiov [Tavemmotuiov @eooalovinng
Kwvotavtivog TTIATIAKQNETANTINOY, [Tp6edpoc EAKE.O.E.

Toappateio Zvvediov
Tuvédoa
Ho. ITohuteyveiov 92, 26442 I1dtoa » Tnh.: 2610 432.200 * Fax: 2610 430.884
URL: www.synedra.gr ® E-mail: synedra@synedra.gr

viii



ORGANIZING COMMITTEE OF THE 12th INTERNATIONAL CONGRESS

<>

PRESIDENT
George KOUKIS, Professor, University of Patras

VICE-PRESIDENT
Abraham ZELILIDIS, Professor, University of Patras

GENERAL SECRETARY
Ioannis KOUKOUVELAS, Assoc. Professor, University of Patras

EXECUTIVE SECRETARY
George PAPATHEODOROU, Assoc. Professor, University of Patras

TREASURER
Maria GERAGA, Lecturer, University of Patras

MEMBERS
Nikolaos KONTOPOULOS, Professor, University of Patras
Nikolaos LAMBRAKIS, Professor, University of Patras
Nikolaos SABATAKAKIS, Assoc. Professor, University of Patras
Eythimios SOKOS, Assist. Professor, University of Patras
Dimitrios PAPOULIS, Lecturer, University of Patras

Michael STAMATAKIS, Professor, National and Kapodistrian
University of Athens

Apostolos ALEXOPOULOS, Professor, National and Kapodistrian University of Athens.
President of G.S.G.

Constantinos PAPAVASSILEIOU, Assoc. Professor, National and Kapodistrian University of
Athens, Gen. Director of .G.M.E.

Konstantinos MAKROPOULOS, Professor, National and Kapodistrian University of Athens,
Director of Institute of Geodynamics, N.O.A.

Emmanouil MANOUTSOGLOU, Assoc. Professor, Technical University of Crete
Spyridon PAVLIDES, Professor, Aristotle University of Thessaloniki
Konstantinos PAPACONSTANTINOU, President of H.C.M.R.

Congress Secretariat

Synedra
Iroon Polytechneiou 92, GR 26442 Patras * Ph.: +302610 432.200 * Fax: +302610 430.884
URL: www.synedra.gr ® E-mail: synedra@synedra.gr



XOPHrOI
TOY 120v AIEONOYZX ZYNEAPIOY THZ EAAHNIKHZ FEQAOTNKHZ ETAIPEIAZ

<>

Y7o v Avyida tov
YIIOYPI'EIOY [TIEPIBAAAONTOZ, ENEPTEIAY & KAIMATIKHE AAAATHX

xow ™) Zvufoli twv

TMHMA I'EQAOTTAZ ITANEIIIZTHMIOY TTATPQN
INZTITOYTO I'EQAOTTKON KATI METAAAEYTIKQN EPEYNQN
TEQTEXNIKO EINIMEAHTHPIO EAAAAAZ

KOINQOPEAEZ IAPYMA AKTQP ATE.
IQANNH 2. AATZH EMBEAEIA A E.
TANEIIZTHMIO TATPON EAAHNIKA AATOMEIA AE.
OPT'ANIZMOX ANTIZEIZMIKOY

OMIAOZ TEXNIKQN MEAETQN
ZXEATAZMOY KAITTPOZTAZIAZ (OTM) ATE.

T'E®YPA AE.

I'ENIKH MEAETQN E.ILE. «(IZTPIA»

ZYNAEZMOXZ METAAAEYTIKQN
EIIXEIPHZEQN

AEADPOI-AIZTOMON A M.E.
I'EQMHXANIKH A.T.E.
AE. TZIMENTQN TITAN

EAAPOZ XYMBOYAOI
MHXANIKOI A E.

I'EQZKOIIIO A TE.

H Ogvyavotxf) Emtgomi) tov 120v Aiebvotg Zuvedoiov tng EAlnvirig T'ewhoyinig Etaplog
evyaolotel Oegpd Ta avotéom [1dupata, Ivotitotta Egevvirv, Ogyaviopoig, Teyxvirnég xan Me-
retnuinég Etaupleg yia v owmovouxt) vootiolEn vt oupfSoit] TOUg 6THV 0QYAvVMOT ®oL VAO-
moinom tov Zuvedoiov.

| >



SPONSORS

OF THE 12th INTERNATIONAL CONGRESS OF THE GEOLOGICAL SOCIETY OF GREECE

<>

Under the Aegis of the
MINISTRY OF ENVIRONMENT, ENERGY AND CLIMATE CHANGE

and the Contribution of the
DEPARTMENT OF GEOLOGY, UNIVERSITY OF PATRAS

INSTITUTE OF GEOLOGY AND MINERAL EXPLORATION
GEOTECHNICAL CHAMBER OF GREECE

JOHN S. LATSIS, PUBLIC BENEFIT
FOUNDATION

UNIVERSITY OF PATRAS

EARTHQUAKE PLANNING AND
PROTECTION ORGANIZATION

AKTOR S.A.
EMBELIA S.A.
HELLENIC QUARRIES S.A..

CONSULTING ENGINEERING
COMPANY (OTM) S.A.

GEFYRAS.A.
GENERAL CONSULTING LTD “ISTRIA”

GREEK MINING ENTERPRISES
ASSOCIATION

DELFI-DISTOMON BAUXITE S.A.
GEOMECHANIKI S.A.
TITAN CEMENT COMPANY S.A.

EDAFOS ENGINEERING
CONSULTANTS S.A.

GEOSCOPIO S.A.

The Organizing Committee of the 12th International Congress of the Geological Society of Greece
expresses its grateful thanks to the above Foundations, Institutes, Organizations, Construction and
Consulting Companies for their substantial support.



ENIZTHMONIKH ENITPOMH - SCIENTIFIC COMMITTEE

<>

H Ogyavotini) Emtoomni evyaiotel Begud Toug »oLtég yia T ouufolt) Tovg oty
%olon 6hwv tv ggyaocidv. Kdbe eoyaocia xoifnre amd 000 ®QLtég yio v omtd-
xwnon [Hoaxtiradv vipnrot emotpovirol emmédov. H Ogyavotini) Emtoor) dev
€yl vV Y0l TO TTEQLEYOUEVO RO TIS ATTOPELS TTOU EXPQATOVTAL OTIS EQYUOLES
070 TOVG OUYYQADE(S.

The Organizing Committee expresses sincere thanks to the reviewers for their contribu-
tion in evaluating and approving of the submitted papers. Each paper has passed through
two reviewers, producing Proceedings of high scientific level. The Organizing Commit-
tee is not responsible for the content and the views expressed by the authors in the papers.

Alexopoulos A., Alexopoulos I., Alexouli A., Anagnostou C., Antonarakou A., Argyraki A.,
Avramidis P., Bersezio R., Bogdanov K., Caputo R., Christanis K., Christaras B., Christidis
G., Depountis N., Drakatos G., Dresnier Th. Drinia H., Economou G., Fassoulas C., Fer-
entinos G., Fermeli G., Filippidis A., Fountoulis I. Frey M.L., Gaki — Papanastassiou K.,
Ganas A., Georgakopoulos A., Geraga M., Godelitsas A., Hatzipanagiotou K., Iliopoulos
1., Ioakim C., Kalavrouziotis 1., Kaleris V., Kallergis G., Kamberis E., Karakaisis G.F.,
Karakitsios V., Karastathis V., Karipi S., Katagas C., Kati M., Katsonopoulou D, Kilias A.,
Kiratzi A., Kitsou D., Kokkalas S., Kollaman H., Kondopoulou D., Konispoliatis N., Kon-
stantinou C., Kontopoulos N., Koroneos A., Koukis G., Koukouvelas I., Lambrakis N.,
Laskou M., Lekkas E., Loupasakis C., Lykousis V., Magganas A., Manoutsoglou E., Mari-
nos P.V., Markopoulos Th., Migiros G., Mladenova Th., Mountrakis D., Mposkos E., My-
lonakis G., Nakov R., Nikolaou N., Oprsal I., Papadimitriou E., Papadimitriou P.,
Papadopoulos T., Papaioannou Ch., Papamarinopoulos S., Papanastassiou D., Papaniko-
laou D., Papatheodorou G., Papazachos C.B., Papoulis D., Paraskevopoulos P., Parcharidis
1., Pavlides S., Pavlopoulos A., Pe — Piper G., Perdikakis V., Perrakis M., Perraki Th., Peta-
las C., Pomoni — Papaioannou F., Pomonis P., Ritolo S., Rokka A., Rondoyanni Th.,
Roumelioti Z., Rozos D., Ruiz — Ortiz P.A., Sabatakakis N., Sachpazi M., Sakellariou D.,
Scordilis Em., Seifert Th., Skarpelis N., Skias S., Sokos E., Soulios G., Soupios P., Sta-
matakis M., Stamatelopoulou - Seymour K., Stamatis G., Stiros S., Stournaras G., Syrides
G., Theodorou G., Theodosiou I., Torok A., Tranos M., Triantafyllou M.V., Tsapanos T.M.,
Tselentis G-A., Tsiambaos G., Tsikouras B., Tsipoura — Vlahou M., Tsirambides A., Tsokas
G., Tsolis—Katagas P., Tsombos P., Tsourlos P., Tucker M.E., Tulipano L., Tzanis A., Var-
navas S., Vavelidis M., Voudouris K., Voulgaris N., Xypolias P., Zagana E., Zambetakis —
Lekkas A., Zelilidis A., Zouros N., Zygouri V.

xii



AOMH TQN NPAKTIKQN / SCHEME OF THE PROCEEDINGS

<>

TOMOX 1/ VOLUME 1
Evagpxthoo Ohica / Opening Lectures
Kevtouréc nan Oepotinég Opuhies / Special and Keynote Lectures
Teviun) vaw Tentovini) T'ewhoyio / General and Structural Geology
Neotentovini] xou ['empogdporoyio / Neotectonics and Geomorphology

TOMOZX 2/ VOLUME 2
[Malaovroloyia, Zrompatoyoadio xow IEnpatoroyio /
Palaeontology, Stratigraphy and Sedimentology.
T'ewagyororoyio / Geoarchaeology
I'edromol / Geosites
Awdoxtinn tov 'ewmemotuamv / Teaching of Earth Sciences
Oaldooia ['ewhoyio wow Queavoypadioa / Marine Geology and Oceanography

TOMOZX 3/ VOLUME 3
Teyviun F'ewhoyio nal Cewteyvinn Mnyavin /
Engineering Geology and Geotechnical Engineering
duowég Kataotpodég / Natural Hazards
Aotni 'ewhoyio / Urban Geology
I'2.I1. oug 'ewemotiues / G.I.S in Earth Sciences

TOMOZX 4/ VOLUME 4

Ydpoyewroyla now Ydgohoyia / Hydrogeology and Hydrology
I'ewdpuowt) / Geophysics
Zeloporoyia / Seismology

TOMOX 5/ VOLUME 5
Evepyelomés [odhteg “Yheg nwou FewbOeouia / Energy resources and Geothermics
T'ewynpeio naw Kortaopatoroyia / Geochemistry and Ore Deposit Geology
Bropmyovird Oguxtd ot [Tetgopata / Industrial Minerals and Rocks
Opuxrtohoyia xou [Tetporoyia / Mineralogy and Petrology

Xiii



TA ZYNEAPIATHZ E.IE.

lo AIHMEPO, AOHNA, 1983, Aghtio XVII
20 AIHMEPO, AOHNA, 1984, Aghtio XIX
30 ZYNEAPIO, AOHNA, 1986, Aghtio XX
40 ZYNEAPIO, AOHNA, 1988, Aghtio XXIII
50 ZYNEAPIO, OEZXAAONIKH, 1990, Aghtio XXV
60 XYNEAPIO, AOHNA, 1992, Aghtio XX VIII
70 ZYNEAPIO, OEZXAAONIKH, 1994, Aghtio XXX
80 ZYNEAPIO, ITATPA, 1998, Aektio XXXII
90 ZYNEAPIO, AOHNA, 2001, Aghtio XXXIV
100 ZYNEAPIO, OEZXAAONIKH, 2004, Agktio XXXVI
110 ZYNEAPIO, AOHNA, 2007, Aghtio XXXX

<>

THE CONGRESSES OF G.S.G.

Ist MEETING, ATHENS, 1983, Bull. XVII
2nd MEETING, ATHENS, 1984, Bull. XIX
3rd CONGRESS, ATHENS, 1986, Bull. XX
4th CONGRESS, ATHENS, 1988, Bull. XXIII
5th CONGRESS, THESSALONIKI, 1990, Bull. XXV
6th CONGRESS, ATHENS, 1992, Bull. XX VIII
7th CONGRESS, THESSALONIKI, 1994, Bull. XXX
8th CONGRESS, PATRAS, 1998, Bull. XXXII
9th CONGRESS, ATHENS, 2001, Bull. XXXIV
10th CONGRESS, THESSALONIKI, 2004, Bull. XXXVI
11th CONGRESS, ATHENS, 2007, Bull. XXXX

Xiv



NPOAOIOX

<>

H I'm eivai évog mhaviytng pe ovveyr v duvapuxi) eEEMEN oty wotogia Tov. H yvdon
%O %OTOVONON 0IT0 TOV AVOEMTTO TG EEEMENC QVTHG ElvaL LeYAANG ONUAOTIAS VL0 TOV
EVIOMOUO, TNV EXUETAAMAEVON RO T1] Q10N TOV GUOLRDY TOQWV, OODS ROl YLOL TV
AVAIELET %Ol AVTIUETDOIUON TOV TEQURAAAOVTIRMY TTQORANGEMV-TIQOPANUATOV OLTTO TN
X0N0N TWV TOQWV QVTADV.

H megiparlhovtint avti) O1doToom oo tel o OMORANQMUEVT), TOAV-ETUOTNLOVLXT] Oe-
®monom tov I[Thaviy, mov Ba egihapfdvel T pehétn OAWV TV TAQAYOVTWY, OTIWG
™G MOOOPALQAC, TS VOEOTHALQAS, TNE ATUOOPALQAS XOL TS PLOOHaLQAC, OL 0TTOtoL
ouvdéovtan petad tovg og ol onpovtivd ovothuata. Ta cvotiuato autd osmtoL-
TOUV TN oUveQyaola, yweilg oUVoQa Rl TEQLOQLOUOVG, TWV GUOLLMV ETUOTNWMV, OTUNG
n Tewloyla, n Biohoyla, n Xnueio xaw n @uowd. "Etol uovo Oa xotavofoovpe tov
IThavity pog, Ba avodeiEovpe ta megifarlovtind moofAfuata xal 6o dnuoveyr-
OOUE EVNUEQWUEVES-EVALOONTOTONUEVES ROLVVIES, OL OTolEG Hol LTOQOUV Va. ato-
$aoloovy YL To TOEOV %aL TO LEALOV TO.

Zfuega elvor YeYovog OTL VITAQYEL L0 EUTTEQLOTAUTWUEVY] GITOYY OYETIRA LE TNV EEENL-
nTnt) moeta tg I'ng oty didprela Tmv 4,6 dioexatoppvimy eTmv tg VTaENg TG.
[Mogdhinia amotehel nowvi) ouveidnon OTL 1 LOOEQEOTIO TOV TAAVITY ATTd THV RAOT)-
ueovi) ieomn Tmv £EL (6) meQimmov dLoEXATOUUVQIMV avOQMOTMYV OV GLAOEEVOUVTAL OE
autov, eivor mAéov ev0gauvoTr. Eldindtepa 66ov adopd otig 'ememothueg, vmaoyet
oofagn yvoon oxetrd pe tig Femhoywnés Alegyasies, mou éxovv Aafet ydoa ota
TAa{OL0L TNG LOTOQLOS CLUTHG LE T ONLOVQOYIC TV 0QEMYV HOL TWV WAEAVADYV, TOVUS OEL-
opoig, TV Ndatotelont] 00aoTNOLOTNTA, RAOMS %ot TNV ExdNAmon eEmyeVOV howvo-
UEVOV, 6TImg oL ®otoAo0foeLg, oL TANuPES, oL ENgaoies, Ta TOOVVALUL.

‘Ooov apopd ot Budoyy Avamrvgn, eivol yvmotd 0T Tig tehevtaieg dexaetieg 1) te-
xvohoyurt eEEMEN xaw M TAnOvooxt) £xoNnEN emEPaioy a aAdYLOTY ®oL X WIS o) E-
OLaoPd VITEQEXUETAMAEVON TWV GUOHDV TOQWV, LUE ATOTELETO TNV VTTOP A0 o Tov
meQPEALOVTOG YIo TEMTH $oA oTHV LoToia Tov I[ThaviTty pog.

"Etot, peouud ortd to eQTHUATO TTOV TIOEVTOL ETUTARTIXG ROL OVOUEVOVY ATTOVTITOELS
IO TNV ETMOTNUOVIXT ROLVOTN T, 0edOPEVOU OTL EXPQATOVV TV arywvio OANG THG av-
BowmoTNTaC, elvol Ta €ENg: o) OL avBodmves dQAOTNOLOTNTES £XOUV TQOXRANEDEL
Ty LOLTL ETURIVOUVES TQOTTOTOLTOELS TOU TEQLPAMMOVTOC HOL LAMOTO LY CVOLOTQEYL-
UES 1) OL X MUOTIES HETOLOMES TTOV TOLQATNQEOVVTOL OT|UEQO ATTOTEAOVY GpUOLHES Lai-
nopdvoels; B) Ewdwdtega M Propnyoviet] avamtuEn xor 1 vmeQratovalmon
EVEQYELOUMV TMTMV VADV aTTOTELOVV %{VOUVO YL TO TeQLdAlov 1) BewooUvtal prn-
dapuvig emidQaomng o€ 0yEam pe Tig Ndarotelaxrés exenEels vou tg aMAYES TWV QEV-
UATWV OTOVG WKEAVOUC, OL 0T0leg TQORAAOTUV dQaUOTInES AMAAYES OTO TTEQURAANOV;



v) Elvow andpo duvarty| pa Buowun AvéamtuEn xol edv vat, oo eival to eidog auThg
0T0 OQLOL OVTOYNG Ol ATTOOOY NG TOU TTAALVITY LaLS;

270 TOQATAV® EQWTNLATA ROl TQOPANUATIONOUS 1) erotiun tg [ewAoyiag €xel va
1000 hEQEL TOMA, dedopévou OTL oL puoLnég dieyaoieg notd T dLdQreLd TG eEEML-
Eng g I'mg éxovv ratayoadpel 0Toug edadLroig rat PoayMOELS YEMAOYLHOVG OY1L0-
TIOUODG, YWQIG ETNEEACUOVS aTtd TS TaEERPATELS Tov avBpmrov. 'Etot ot avBomruveg
TOQEUPATELS TNG OVYYQOVNG ETTOYTG WTOQOUV VO, AL MOLOTOVY KL VO ETULONULAVOO UV,
MOTE VO OVTLPETOTMOTODV 0mwoTd. Fevindtega, 1 yvdon xow xatavonon g eEEMENS
™ I'ng péoa amd tig puorég dlepyaoies LmoQoUV Vo CUUPBAAOVV OTNY AITOTUTIWON)
TV QuONMOV ahhayns Tng I'mg oto yemhoyind oo vo. Emumhéov ol gubuol ailoyfg won
ot dLeQyaoteg, mov eivar vevOvvesg Yo 0VTOUS, UToQEOUV TTAQAAANA VO ATTOTELOVY
delnteg mdYVWONG YL TV TToEelo Tov haviTy 0to péAhov. Me dhha Aoy, To o~
0eABOV naL yevindteQa M yewhoywxi) otoio tov IThavitn wropel va amotehéoel To
«nAeLd» YLl TO TOEOV 1AL TO PEANOV aUTOU.

ZupteQaopativd, 1 oupBoin e F'ewloyiog xat yevirdtepa twv dvowmmv Emotn-
LDV OTNV ®OLVOVIQL (oG €(vaL TTOAD OnuovTLxd] yuo T yvoor g eEEMENS e I'ng, v
€0gvva ot aELOAGYN O TV GUOHOVY TOQWV, TNV EXTIUNGT T®V TEQPOAOVTLRDV ETTL-
TTOOEMV AOY® EXUETAMAEVONG TOV TOQWV AVTWOV, RABDS ROl TNV TQOYVWOT-OVTLLE-
TOMTMON TOV OLAPOQMV PUOIRDV EMKLVOUVOTNTMV OTtd YEWAOYL®ES dleQyaoieg nou
ROTOOTQODIRA RAULQLKA HOULVOLEVOL.

To 120 AeBvég Zuvédgro g EMinviric lewhoyinfc Etouwpiog pe titho «[Mhavieng I'n:
F'ewhoywnés Alepyacies zoaw Biowown AvdmrrvEn» dopyavavetar amd to Tunuo Iew-
hoylog Ttov [avemotnuiov Iatedv xow moayuatomoleltan oto Zuvedorond rat IToit-
tionxd Kévrpo tov Mavemomuiov amd tig 19 éwg 22 Maiov 2010. To Agktio g
EMnmvinnc Fewhoywnng Etauplog meohapfPdver ta Iooxtind tov Zuvedgiov oe mévte (5)
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PROLOGUE

<>

Earth is a dynamic Planet that has been continuously changing and evolving throughout its
whole history. Knowledge and understanding of the evolution processes is of crucial im-
portance not only to explore and take advantage of the natural recourses that our planet pro-
vides, but also to access the degree of environmental impacts that the exploitation of these
causes.

This environmental aspect demands to consider a comprehensive and multi-scientific view
of our Planet, which involves the study of lithosphere, hydrosphere, biosphere and atmos-
phere. All the above are closely connected together to form very important and complex nat-
ural systems, which need the close cooperation of all sciences involved, such as Geology,
Biology, Chemistry and Physics. This is the most effective way to understand our Planet, to
consider the environmental problems and enforce societies to become informed and con-
scious of its present and future.

Nowadays an almost complete and comprehensive knowledge about the evolution of Earth
during the 4.6 billion years of its age has been gained. In parallel, it is common sense that
our Planet’s equilibrium is fragile due to environmental pressures that human causes, since
Earth’s population exceeds 6 billion people.

In the field of Geo-Sciences, in special, there has been gained sufficient experience about the
Geological Processes that have been taken place during Earth’s history and are evident in
the formation of mountains and oceans, by the manifestation of earthquakes, by volcanic
activity, as well as in natural phenomena as landslides, floods, droughts and tsunamis.

Concerning Sustainable Development, it is well known that during the last decades tech-
nological evolution and population growth have imposed an unreasonable and sometimes
without design overconsumption of natural resources, which leads to gradual degradation of
the environment for the first time in our Planet’s history.

Thus, some of the “hot” questions that have been arisen and need to be answered by the Sci-
entific Community, since they express the concern of the whole humanity, are: a) Human ac-
tivities have indeed caused dangerous and non-reversible modifications of the environment
or present climatic changes are a result of normal and natural fluctuations? b) Industrial de-
velopment and overconsumption of natural recourses are a “red flag” for the environment or
they can be considered as of minor effect when compared with volcanic eruptions and
changes in the regime of ocean current circulation, which cause dramatic environmental
changes? c) Is Sustainable Development still achievable and, if yes, in which form and within
our Planet’s bearing thresholds?

In the above questions Scientific Community can offer a lot, regarding that natural processes
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during Earth’s evolution have been imprinted on soil and rock geological formations, without
any influence by human activities. Present human actions can be clearly distinguished and
identified in order to be treated in the right way. The deep knowledge and understanding of
Earth’s evolution though natural processes can contribute to imprint the rates of Earth’s changes
through geological time. The changing rates and the processes responsible for them also con-
tribute to obtain indices to predict similar phenomena for the future. In other words the Past and,
generally, the geological history of our Planet is the “key” for the Present and Future.

In conclusion, the contribution of Geology and generally of Natural Sciences in our society
is very important to understand Earth’s evolution, to assist the research and assessment of nat-
ural resources, as well as to estimate the environmental impacts from their exploitation. Fur-
thermore, they can provide solutions to the direction of the prevention and confrontation of
natural hazards that are triggered by Geological Processes and catastrophic climatic events.

The 12 International Congress of the Geological Society of Greece entitled “Planet Earth:
Geological Processes & Sustainable Development” is organized by the Department of Ge-
ology of the University of Patras in Greece and is held at the Conference and Cultural Cen-
ter of the University between the 19" and 22" of May 2010. The Bulletin of the Geological
Society of Greece includes the Congress’s Proceedings in 5 Volumes of 2.992 pages. These
volumes cover the whole spectrum of Geo-Sciences in themes of basic and applied research.
They include 267 research papers by 605 authors, all written in English making them easily
accessible and promoted internationally. Official languages of the Congress are Greek and
English. Many renowned scientists from Greece and abroad participate, covering scientific
issues from our broad geographic region, as well as new researchers and students.

All submitted papers were reviewed by external reviewers, following the procedure that is es-
tablished in scientific magazines. Many renowned scientists, Greek and foreigners, of all spe-
cialties, participated in this process. On behalf of the Organizing Committee I would like to
thank them for their participation and contribution to acquire Proceedings of high quality.

The research papers were included in specific thematic units to which the Proceedings were
divided and covered each Congress’s session. Special and Keynote lectures about currently
acquired knowledge, new insights and modern research trends for each area of interest com-
prised a special thematic unit.

This Congress focuses on Geological Processes and Sustainable Development. As it was
mentioned above, the understanding of Earth’s evolution though geological processes al-
lows human to assess his activities, such as investigation and exploitation of natural re-
sources and construction of Infrastructure Works, without causing serious and dangerous
damages to the natural and human environment. This is the only way to secure sustainable
development and forecast Earth’s future.

The on-time production and delivering of the proceedings to the participants and scientific
community, as well as the organization of the Congress is sponsored by many public and pri-
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vate Organizations, Services and Companies. I would like to express my special thanks to
the Ministry of Environment, Energy and Climate Change, which held the Congress under
its aegis, as well as to the Department of Geology of the University of Patras, the Institute
of Geology and Mineral Exploration (I.G.M.E.) and the Geotechnical Chamber of Greece for
their contribution to organize this Congress. Special thanks are also expressed to the Public
Benefit Foundation “John S. Latsis”, to the University of Patras and to many private tech-
nical and consulting companies which willingly accepted our invitation.

Finally, I would like to personally thank the colleagues of the Organizing Committee for
their generous help, support and cooperation to this teamwork, the Congress Organizing firm
“Synedra”, as well as the students of the Department of Geology for their precious contri-
bution.

Patras, 14 of April 2010

George Ch. Koukis
President
of the Organizing Committee
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Abstract

The Mugla Basin is one of the most well-documented coal basins of Anatolia, SW Turkey. Previous
studies mainly focused on coal geology, as well as on the environmental impacts from trace ele-
ments emitted into the atmosphere during coal combustion. However, the environmental impacts
from coal utilization also include groundwater contamination from hazardous trace elements leached
from exposed lignite stockpiles or ash disposal dumps. In the present study a comparative assess-
ment of the combustion, as well as the leaching behaviour of trace elements from sixteen lignite, fly
ash and bottom ash samples under various pH conditions is attempted. The samples were picked up
from three regions in the Mugla Basin, namely, these of Yenikoy, Kemerkoy and Yatagan.

Proximate and ultimate analyses were performed on all samples. Quantitative mineralogical analy-
sis was carried out using a Rietveld-based full pattern fitting technique. The elements Ag, As, B, Ba,
Be, Co, Cr, Cu, Fe, Ga, Hf, Li, Mn, Mo, Ni, Pb, Sr, U, V and Zn were grouped according to their
volatility during combustion and their leachability in the various types of samples. The pH of the
leaching agent little affected the leaching trends of most elements and the mode of occurrence proved
to be the major factor controlling primarily combustion and to a lesser extent leaching. The elements
were classified into 7 classes with increasing environmental significance with Mo, Sr and V being
the most potentially hazardous trace elements in the Mugla region.

Key words: bottom ash, fly ash, leachability, lignite, mobility, Mugla, trace elements, Turkey, volatility.

1. Introduction

The last decades countries using “conventional” fuels for electricity generation, are attempting to de-
velop a friendlier to the environment, energy policy. The study of the behavior of trace elements, par-
ticularly of the hazardous atmospheric pollutants - HAPs (As, Be, Cd, CI, Cr, Co, F, Hg, Mn, Ni, Pb,
Se, Sb and U), is necessary for the prediction and the prevention of environmental impacts, induced
by coal combustion and the disposal of the wastes (Finkelman, 1994; Finkelman and Gross, 1999).
The behavior of trace elements in combustion can be assessed studying their geochemical and min-
eralogical characteristics (Clarke and Sloss, 1992; Meij, 1995).
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There is an extensive literature concerning the determination of HAP behaviour during coal com-
bustion (e.g. Finkelman, 1994; Vassilev et al., 2005). All these studies are based on the fact that an
element is enriched in the produced fly and bottom ash due to the escape of the volatile matter dur-
ing combustion. Elements depleted in comparison to the feed coal are considered volatile and po-
tential HAPs. The volatility of an element depends on its properties but also on its mode of
occurence. The mode of occurence of an element can vary not only in different coals but sometimes
even in coals from the same deposit. Therefore, it is necessary to study the behavior of the elements
for each coal deposit separately.

Apart from atmospheric emissions, coal utilization involves enviromental hazards concerning waste
disposal. The impacts are related to the mobilization of toxic metals after the deposition of fly and
bottom ash at dump sites. The behavior of an element after the exposure of the waste under the at-
mospheric conditions can be predicted considering its mode of occurence, but an experimental study
using leaching tests provides direct evidence for the most suspectible to mobilization elements.
There are two major types of leaching tests concerning their set up: Column tests, which better sim-
ulate field conditions, and batch tests, which provide evidence for the maximum potential mobility
of an element. Batch tests are more widely applied due to their relatively rapid and reliable results
but can easily misinterpreted if only absolute values are to be considered (Siavalas et al., 2007; Baba
et al., 2008; Hesbach et al., 2009).

The lignite mining activities in Turkey appear to have serious repercussions in underground waters.
Several studies showed that certain trace elements are dissolved from ash dumping sites and pass into
the groundwater (e.g. Demirak et al., 2005). Taking into consideration the fact that Turkish lignite
displays low calorific value, high ash yield and sulphur content, further research is required to in-
vestigate the environmental impacts caused by their exploitation (inaner and Nakoman, 2005).

The present work aims to investigate the combustion and leaching behaviour of trace elements in lig-
nite, fly ash and bottom ash from the regions of Yatagan and Milas in Mugla Basin. The main fo-
cuses are the conditions, under which trace elements are able to escape from the organic and
inorganic fraction of lignite, fly- and bottom ash and to be transported in the terrestrial and aquatic
environment constituting environmental hazard.

2. Regional and geological setting

Mugla Basin is located on the Eastern coast of the Aegean Sea, in southwest Anatolia (Fig. 1). The
coal fields are of Miocene age. The basin’s margins consist of the formations of the Menderes Mas-
sif and the Lycian nappes.

Mugla Basin is separated into two sub-basins: Yatagan and Milas (Fig. 1). The NW-SE oriented
Yatagan Sub-basin hosts the lignite deposits of Turgut, Eskihisar, Bagyaka, Tinaz and Bayir, while
the sub-basin of Milas includes the lignite deposits of Ekizkdy, Sekkdy, Cakiralan, Karacahisar,
Husamlar and Alatepe (Fig. 1). Open-cast mines operate in the Eskihisar, Bagyaka, Tinaz, Sekkoy,
Ekizkoy, Husamlar, and Cakiralan coal fields. The Alatepe coal field has been exploited by under-
ground mining methods. Bayir, Turgut, and Karacahisar coal fields are to be exploited by under-
ground mining methods in the future. Most of the lignite production supplies three thermal power
plants (Fig. 1), these of Yatagan, Yenikdy and Kemerkdy with 630, 420 and 630 MW installed ca-
pacity, respectively (Querol et al., 1999; Inaner et al., 2008). Electrostatic precipitators and desul-
phurization units are installed in all 3 power plants and solid wastes are removed and stored by
hydro-transportation. Ash-dumping sites have been afforested by authorities of thermal power plants.

The Yatagan thermal power plant produces approximately 5 kt of fly and bottom ash per day. The pro-
duced solid wastes are transported to a schist and karstic marble disposal site. The Yenikdy thermal
power plant produces daily 4.5 kt of fly and bottom ash. The produced solid wastes are transported
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Fig. 1: Thermal power plants and major lignite fields in Mugla Basin (Inaner et al., 2008, modified).

to the disposal site, which is located on alluvial deposits and limestone. The Kemerkdy thermal power
plant produces c. 6 kt of fly and bottom ash per day. The produced solid wastes are transported to a
karstic and fractured dolomitic and cherty limestone disposal site (Baba and Kaya, 2004).

3. Experimental

Sixteen samples of lignite, fly ash and bottom ash were collected from mines and thermal power plants
in the areas of Milas and Yatagan, in Mugla province. The lignite samples were described macro-
scopically according to the nomenclature of ICCP (1993). Proximate analysis carried out following
ASTM procedures, included the determination of moisture, ash yields, volatile matter and fixed car-
bon content. In addition, mineralogical analysis was performed in all samples. The contents of C, H,
N and S of lignite and lignite combustion by-products were determined using the Carlo Erba EA1108
CHNS analyzer. Quantitative mineralogical analysis was carried out using a Bruker D8 Advance X-
ray diffractometer, which is equipped with the detector LynxEye®, whereas the mineralogical phases
were quantified using a routine, which is based on the Rietveld method with the Topas software. All
samples were digested in acid solutions using a Milestone microwave oven. The contents of Ag, As,
B, Ba,Be, Co, Cr, Cu, Fe, Ga, Hf, Hg, Li, Mn, Mo, Ni, Pb, Se, Sr, U, V and Zn in the digested lignite,
fly- and bottom ash samples were determined using an ELAN 6100 Perkin Elmer® instrument (In-
ductively Coupled Plasma-Mass Spectrometry, ICP-MS). Batch leaching experiments took place under
pH 5 and 8.5 to estimate the mobility of trace elements from lignite and its by-products.

4, Results
4.1 Proximate analysis

The lignite belongs to the matrix lithotype. Moisture ranges from 14.0 to 36.5 wt.%, ash yield from
8.4 10 50.3 wt.%, where the highest ash yields concern the feed coal samples of the area. The calorific
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Table 1. Quantitative mineralogical analysis of bulk coal samples, low-temperature (400°C) ash,
fly ash and bottom ash samples. GoF (x?): Goodness of Fit factor.

g 2| g S8R $|S| 8 5
SITIS|E|8IS|5|5|5|29|5)8| 58 |5

R s | N v n |9 S-S ©

TR-L1 192 80.8 L5
TR-L2 11.71194]11.6]393 94185 1.1
TR-L3 390(14.2128.7|18.1 7.1 1.6
TR-L3a 494 27.6(23.0 62538 1.6
TR-L4 13.5|14.71354338 25 1.6
TR-L5 89140 (58.8]25 205(1.6 ] 6.1 12
TR-L6 121157 [473]11.7 1871 1.6 [144 1.2
TR-LILTA | 7.7|10.7] 4.8 71.6 5.1 1.5
TR-L2LTA | 6.2 |40 {660 192 5.1 1.2
TR-L3LTA | 9.8 |47 (526 330 L5
TR-L3a LTA [23.0 43 72.8 1.6
TR-LALTA | 54134 |74 11.8 20 13
TR-LSLTA [103] 45 {4538 22.5 155 14 13
TR-L6 LTA [11.8] 6.6 {40.2 216 177 2.1 14
TR-AF1 32132107 5817512414023 141] 668 |23
TR-AF2 10.1118.2 3648|5607 (52 518 |12
TR-AF3 41115 1471122108 | 46 | 39 82 |15
TR-AF4 75195 1312233]08(23 73.1 12
TR-AF5 6466 60702526140 649 |13
TR-AB1 2.1 47 47135 23.6 13 60.1 14
TR-AB2 37199 12717.6 36202 238 394 | 1.8
TR-AB3 5.1120.5 90|23 89 1212512] 494 |14
TR-AB4 109|135 4.6 2218106 |15 650 | 1.6

value ranges from 10.6-20.9 MJ/kg (on moist, ash-free basis). The content of volatile matter ranges
from 44.1 to 67.1 wt.% and of fixed carbon from 5.6 to 29.0 wt.%. According to these results the
Mugla lignite is classified as low to medium-grade, humic, ortho- to meta-lignite (ECE-UN, 1998).

The fly ash is composed of fine-grained particles and the volatile matter content ranges from 0.6 to
1.1 wt.%. The volatile matter content in bottom ash ranges from 0.7 to 8.5 wt.%.

4.2 Mineralogical analysis

The accuracy of the quantitative mineralogical analysis was checked using the Goodness of Fit
(GoF) rule, where the more the GoF value approaches 1 the better fit was achieved (Bish and Post,
1992). This value ranges between 1.1 and 2.3 with an average of 1.4 for the studied samples indi-
cating that a good fit was achieved (Table 1).

The inorganic constituents of coals may be introduced into the peat either as clastic material or may
derive from authigenic precipitation. However, in the study of bulk coal samples due to high noise/sig-
nal ratio caused by the organic matter, it is hard to determine some mineral phases. For this reason
mineralogical analyses were also performed on ash derived after low temperature (400°C) ashing (LTA)
in order to remove the organic matter without altering much the mineralogical composition (Table 1).
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According to the combined results from both bulk samples and LTAs the most common mineralog-
ical components in the Mugla lignite are quartz, feldspars, carbonates, clay minerals mainly illite and
kaolinite, all being common in coals worldwide (Diessel, 1992).

The major minerals in fly ash samples are quartz, anhydrite and aluminosilicate minerals such as
feldspars, mullite and gehlenite. There are also ferrous and calcium oxides such as magnetite,
hematite, maghemite, portlandite and lime. The mineralogical composition of bottom ash samples
is somewhat different to that of the fly ash. Ghelenite is the dominant phase being more stable at low
temperatures. Calcite content is also higher probably due to the contribution of lignite particles in
the bottom ash. Quartz and aluminosilicates are present at lower contents than in the fly ash. More-
over, minerals from the zeolite group were determined at relatively high contents (16 wt.%, on av-
erage). The zeolites form from the reaction of glass with water in the combustion chamber (Karayigit
et al., 2000). Bassanite and corundum are occasional minerals.

Furthermore, the content of amorphous matter in fly and bottom ash samples was determined in
Zn0 spiked samples. Amorphous matter content in the fly ash ranges from 51.8 to 71.3 wt.% being
higher than the respective in the bottom ash, which ranges from 39.4 to 65.0 wt.% (Table 1).

4.3 Chemical composition

In the lignite samples C ranges from 42.2 to 52.5 wt.%, N from 1.2 to 1.4 wt.%, H from 5.7 to 7.8
wt.% and total S from 2.7 to 7.9 wt.%, on a dry basis. The content of C in fly ash samples ranges
from 0.2 to 0.3 wt.%, of H is about 0.1 wt.%, of N is below 0.1 wt.% and of total S from 0.4 to 1.4
wt.%. Finally, the content of C ranges from 0.5 to 1.9 wt.%, of H from 0.0 to 0.7 wt.%, of N below
0.1 wt.-% and of S from 0.0 to 1.3 wt.% in the bottom ash.

The Fe concentration in the lignite samples ranges from 0.2 to 1.7 wt.% being probably related to
pyrite; it is also possible to participate in clay minerals. The average concentrations of Ag, As, Cd,
Cr, Ga, Li, Mo, Ni, Pb, Sr, U, V and Zn in the lignite samples are higher than the average world coal
concentration (Table 2). The determination of Hg and Se is not accurate, due to their high volatility
and the results for these elements are treated with skepticism.

Strontium exceeds 100 mg/kg in the lignite, while the concentrations of many elements as Ba (21-
227 mg/kg), Mn (23-173 mg/kg), Ni (9-153 mg/kg) and V (59-163 mg/kg) display a wide range
among the bulk samples. The contents of As, B, Co, Cr, Cu, Ga, Li, Mo, Pb, U, Zn have contents
vary from 1 mg/kg to 100 mg/kg, whereas these of Ag, Be, Cd, Hf, Hg are <1 mg/kg. The elements
Ag, As, B, Ba, Be, Cd, Co, Cr, Cu, Fe, Ga, Hf, Li, Mn, Ni, Mo, Zn display strong correlation with
the ash yields suggesting an inorganic affinity, whereas the weak correlation of B, Mo, Sr, V, U and
ash yield indicates an intermediate affinity (organic—inorganic) for these elements.

Element concentrations in fly ash samples were compared to those corresponding to the average
crust composition (Table 2). It appears that As, B, Li, Mo, Ni, Pb, U, V and Zn are enriched. The con-
centrations of Ag, Cd, Cu, Ga present higher values in comparison to these of the crust, but not as
high as the elements that were mentioned before. Barium, Co, Cr, Hf, Mn, and Sr display lower av-
erage concetrations in the fly ash samples than in the crust (Table 2).

The Fe content ranges from 0.9 to 2.9 wt.% in bottom ash with an average of 1.6 wt.%. Mn, Sr, V
and Zn have contents higher than 100 mg/kg, while the contents of Ag, Be, Cd, Co, Cr, Cu, Ga, Hf,
Hg, Li, Mo, Ni, Pb, Se and U range lower than 100 mg/kg. The elements As, B, U, V and Zn dis-
play very high average values in the bottom ash. Beryllium, Co, Cu, Hf, Mn, and Sr display lower
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Table 2. Average concentrations (in mg/kg, if not otherwise stated) of trace elements in Mugla
lignite, fly and bottom ash in comparison to worldwide coal (Clarke and Sloss, 1992) and
upper crust average values (Seredin and Finkelman, 2008).

S | s Fly Enrichment | Bottom | Enrichment Crust Worldwide
ash Factor ash Factor coals
Fe (%) 0.7 2 1.6
Ag 0.1 03 0.63 03 0.61 0.1 0.1
As 21 131 1.56 24 0.29 1 7.6
B 38 167 1.07 100 0.64 10 56
Ba 86 296 0.84 280 0.80 425 150
Be 05 3 1.29 2 1.10 3 12
Cd 04 2 1.04 0.6 0.37 0.2 0.2
Co 4 17 1.07 15 093 25 42
Cr 35 93 0.66 76 0.54 100 15
Cu 12 65 1.32 52 1.04 55 15
Ga 8 32 0.93 24 0.70 15 55
Hf 04 2 1.07 2 0.95 20 1.2
Hg 04 - - - - 0.08 0.1
Li 13 71 1.30 58 1.06 20 10
Mn 71 314 0.98 295 093 950 153
Mo 10 29 0.69 17 042 2 22
Ni 40 100 0.62 93 0.57 75 9.0
Pb 10 41 1.03 17 044 13 0.6
Se - - - - - 0.05 1.0
Sr 370 294 0.20 372 0.25 375 120
U 30 56 0.47 64 0.53 2 29
\% 124 255 0.52 242 0.49 135 22
Zn 61 220 0.89 131 053 70 18

contents in the bottom ash compared to the crust (Table 2). The ash samples are enriched in most of
the trace elements due to the loss of volatile elements during combustion.

4.4 Behavior of elements during combustion

In order to estimate the mobility of the studied elements, the relative enrichment factor (EF) was cal-
culated using a formula introduced by Meij (1995) (Table 2). It constitutes a measure of the con-
centration of an element in the bulk coal sample and its produced ash (Meij & te Winkel, 2009;
Vejahati et al., 2009). Elements with EF> 0.7 are considered enriched, these with EF<0.5 non-en-
riched, and these with 0.5<EF<0.7 slightly enriched. According to the calculated EFs B, Mo, Sr, U
and V are the most volatile elements, whereas Ag, As, Be, Cd, Cr, Ga, Ni, Pb and Zn display medium
volatility. Barium, Co, Cu, Hf, Li and Mn are non-volatile elements.

4.5 Leaching

The concentration of an element in the leachate solutions is a function of both total element con-
centration in the sample and leaching behavior. For this reason the calculation of indices, which in-
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Fig. 2: Element Leaching Intensities (/;) in the Mugla lignite, fly ash and bottom ash.

volve total element concentration is a common practice used to describe the leaching behavior of an
element.

In the present study the Leaching Intensity (/;) was calculated in order to describe the leaching rate
with respect to the leaching time (Wang et al., 1999):

!_axx‘/xloa

" OA xMxt (ca-)
where a, the concentration of an element x in the leachate (mg/ml), V the total volume of the leachate
solution (ml), A, the concentration of the element x in the original sample (mg/g), M the sample
weight (g) used for the leaching experiment and ¢ the leaching time (h). The stronger the I;, the high-
est the leaching rate of an element. The leachability of an element is distinguished in four classes ac-
cording to its /;. Strong leachability display elements with ;> 5, medium with 1</, <5, weak with
0.5 <1, < 1 and very weak with /;,< 0.5 (Wang et al., 1999).

Arsenic, B, Ba, Cu, Li, Mn, Ni, Zn and Sr have strong leachability at all pH values in lignite sam-
ples except for Cu and Zn which reduce their leachability under alkaline conditions from strong to
medium. Chromium displays medium leachability under acidic and alkaline condtitions (Fig. 2).
Boron, Ba, Cr, Ga, Li, Mo, Ni, Sr have strong leachability at all pH values in the fly ash samples,
whereas As, Co, V and Zn have medium leachability with Co leachability turned to weak under al-
kaline conditions. Finally, B, Ba, Cr, Ga, Li, Mo, Sr, V display strong leachability at all pH values
in bottom ash samples and As, Ni, Zn have medium leachability, except for Zn which increases its
leachability to strong under alkaline conditions.

5. Discussion

Volatility and leachability are considered the major properties, which define the environmental signif-
icance of an element. The former predicts the combustion behaviour and the latter the potential release
of an element from the dump sites and the hazard for groundwater contamination. Both properties
were divided into three classes including high, moderate and low volatile/leachable elements (Fig. 3).

High volatile elements are Sr, Mo, U and V, whereas the volatility of most of the elements seems to
be moderate. Manganese, Li, Ba, Cu, Co and Hf are the least volatile elements. The correlation of
element concentrations and mineralogical composition indicates that the most volatile elements in
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Fig. 3: The mode of occurrence and the classification of the elements according to their combustion and leach-
ing behaviour in the Mugla lignite. Arrows indicate the shift of leaching behaviour in the ash samples.

the Mugla lignite display a mixed affinity between mineral and organic matter probably forming
organometallic compounds or being adsorbed on the organic matter (e.g. Wang et al., 1999). Sul-
phide-bound elements display a moderate volatility except from Cu (Fig. 3), whereas elements af-
filiated to the carbonates and the silicates appear to be low or non-volatile.

All elements display almost the same leaching behaviour for the same sample type under both ini-
tial pH values of the leaching agent except from Cd, which proves to be highly mobile in the fly ash
under pH 5. The elements B and Sr seem to be the most mobile elements in the lignite indicating that
the organic affinity is responsible for the high leaching rate of an element, as well. However, other
organically-bound elements such as U and V display moderate and low mobility in the lignite sug-
gesting that the mode of occurrence of an element is not the exclusive factor influencing an ele-
ment’s mobility. This is also supported by the fact that other elements such as As, Ba, Cu, Li, Mn,
Ni and Zn with different modes of occurrence seem to be high mobile in the lignite. Most of them
display an affinity to the sulphide phase but others like Ba and Li are related to other phases (Fig.
3). The elements affiliated with the silicate phase are low or non-mobile.

Generally, most of the elements are redistributed during combustion due to volatilization and re-
condensation reactions participating either on the surface or in the matrix of the ash particles. Ele-
ments distributed on the ash surface tend to be more mobile but most of the trace elements are less
likely to be released due to their adsorption on less soluble aluminosilicates and oxide phases in fly
ash and bottom ash samples (Yuan, 2009). The elements Sr, B, Li, Ba, Pb, Ag, Fe, Be and Hf do not
display a shift in their leaching behaviour during the transition from the lignite to the ash state. The
surface distribution seems to be the most probable reason for the high mobile and organically-bound
elements (Sr, Mo, B). These three elements are usually among the most mobile in both coal and the
produced ashes (e.g. Wang et al., 1999; Georgakopoulos et al., 2002; Praharaj et al., 2002; Ward et
al., 2009). Especially Mo is mobile under all pH values between 2 and 8.5 (Siegel, 2002). The ma-
jority of the elements, affiliated to the sulphide phase in the lignite, displays a profound decrease in
their leachability in both fly and bottom ash. The breakdown of sulphides and the formation of sta-
ble secondary oxides or other more complex compounds is considered responsible for this change.
Particularly for As the decrease of its mobility in the ash state has also been reported from other
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coals worldwide and is due to the formation of the arsenate oxyanion, which reacts with calcium to
form calcium arsenate (Jones, 1995). However, although Ca acts as an immobilizing agent for other
elements such as B, its action in the Mugla ashes seems to be limited, probably due to its low con-
centration as suggested by the low calcite and lime contents in the lignite and ash, respectively. El-
ements with increased mobility in the ash samples are Cr, Ga and V, whereas Cd increased its
mobility in the fly ash under acidic conditions.

Aside volatility and leachability the total concentration of an element has to be considered in order
to discuss the environmental significance of a certain element. When compared to the average of
coals worldwide the Mugla lignite is enriched in As, Cr, Mo, Ni, Sr, U, V and Zn. In the fly and bot-
tom ash samples all elements are enriched compared to the average upper crust concentrations. Ad-
ditionally, it has been shown that certain elements including As, Mn, Mo and Pb are susceptible for
soil contamination in Yatagan region, although high Mn concentrations are attributed to the use of
fertilizers in the area (Baba, 2002).

6. Conclusions

Mugla lignite is a low rank coal of medium to poor quality, thus the estimation of environmental im-
pacts from its utilization is necessary. Trace element and mineralogical analyses reveal that the mode
of occurrence of the elements is the major factor controlling their combustion behaviour with the
most volatile being these, exhibiting a mixed organic/inorganic affinity (Sr, Mo, U, V and B). Sul-
phide related elements are next in the volatility string, whereas elements bound to the silicate min-
erals seem to be the less volatile.

The mode of occurrence also controls the leaching behaviour but other factors such as the physico-
chemical properties of individual elements have to be considered. The majority of elements display
identical leaching behaviour under both acidic and alkaline environments. Additionally, the change
of state from lignite to ash affects mostly the behaviour of elements affiliated to the sulphide phase
decreasing their leaching rates.

Based on both combustion and leaching behaviour all trace elements in the Mugla lignite can be dis-
tinguished in the following classes with increasing environmental concern:

¢ [a: non-volatile/non-mobile elements - Co, Cu, Hf,

¢ Ib: non-volatile/lignite mobile elements - Ba, Mn, Li,

* [Ta: moderately volatile/low mobile - Ag, Be, Fe, Pb,

* [Ib moderately volatile/lignite mobile - As, Ni, Zn,

e [IT moderately volatile/high mobile - B, Cd, Cr, Ga,

e [Va: high volatile/low mobile - U and

* [Vb: high volatile/high mobile - Mo, Sr, and V.
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Abstract

The objective of the present work is the assessment of the lignite contribution to the energy balance
of Greece, according to the creation processes and the chronological classification.

The lignite deposits known so far in Greece have been discovered and researched from the scientists
of IGME in the course of evolution since 1948 (Greek Geological Survey), 1950 (Institute of Geology
and Surface Research), 1973 (National Institute of Geological and Mineral Exploration) and finally
in its current form in 1976 (Institute of Geology and Mineral Exploration) and are divided into (a) “pro-
ductive”, (b) future “productive” and (c) no financial interest in power generation. A project, co-fi-
nanced by the Greek Government and the European Union, is currently implemented, aiming at the
recovery of the latter in non-electrical purposes with very good results in the first stage of research.

According to the works carried out so far it has been observed that lignite formation started in
Greece during Eocene and continued to date.

From 1950 until today there is an upward trend in lignite reserves. Lignite generates electricity at
a rate 63% today with higher rates 79.3%, during 1994.

In Greece 41% of lignite deposits were created during Miocene. However, only 13% of these deposits
that contribute to electricity generation derive from economically exploitable reserves.

In Greece, due mainly to use of lignite for electricity production, the cost of Kw/h for both domes-
tic use and for industrial is below the European Union average.

Key words: lignite, energy balance, chronological classification and electricity.

1. Introduction

The objective of the present work is the assessment of the lignite contribution to the energy balance
of Greece, according to the creation processes and the chronological classification.

Furthermore, it was observed that lignite creation in Greece started during Eocene and that 41% of
the lignite deposits were formed during Miocene. However, only 13% of the deposits contributing
to electricity generation derive from economically exploitable reserves.

2. Chronological Classification

The lignite deposits known so far in Greece have been discovered and researched from the scien-
tists of IGME in the course of evolution since 1948 (Greek Geological Survey), 1950 (Institute of
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Fig. 3: Map of Up. Miocene — L. Pliocene
Greek lignite bearing basins.
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Fig. 4: Map of Up. Pliocene Greek lignite bearing basins. Fig.5: Map of Pleistocene Greek lignite bearing basins.

Geology and Surface Research), 1973 (National Institute of Geological and Mineral Exploration) and
finally in its current form in 1976 (Institute of Geology and Mineral Exploration) and are divided
into (a) “productive”, (b) future “productive” and (c) no financial interest in power generation. A
project, co-financed by the Greek Government and the European Union, is currently implemented,
aiming at the recovery of the latter in non-electrical purposes with very good results in the first stage
of research (Fanara and Chatzigiannis, 1999).

According to the studies implemented so far, the chronological classification of the Hellenic terri-
tory is illustrated in figs 1,2,3,4 and 5. In Greece, lignite formation started during Eocene and con-
tinued to date (Metaxas et al., 2007).
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A schematic representation of the general creation way of lignite is given in figure 6, while in fig-
ure 7 is schematically given the creation of the lignite-bearing basin Kozani — Servia.

3. Participation of Lignite in the Energy Balance

From 1950 to date, there was an upward trend in the participation of the lignite reserves (Fig. 8) As
indicated in figure 9, lignite contributes to electricity generation at a percentage of 63% today, com-
parison with highest ever level of 79.3%, recorded during 1994 (Leontidis et al., 2005).
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According to figure 10 although around 41% of lignite deposits in Greece was formed during
Miocene and only 9% during Pliocene, 30% out of the economically exploitable reserves of elec-
tricity generating lignite belongs to Pliocene, (Koukouzas et al., 1997; Kotis, 2002)

In Greece, due mainly to the use of lignite for electricity production, the cost of Kw/h for both do-
mestic use 6,7€ , and for industrial 4,3€, is below the European Union average 13.9€ and 5.2€ re-
spectively (Karageorgiou and Metaxas, 2006) (Fig.11).

4, Conclusions

The known lignite deposits in Greece, have been discovered and researched by the scientists of In-
stitute of Geology and Mineral Exploration (I.G.M.E.),

Lignite formation started in Greece during Eocene and continued to date.
Lignite generates electricity at a rate 63% today with higher rates 79.3%, during 1994.

In Greece although 41% of lignite deposits were formed during Miocene and only 9% during
Pliocene, the electricity generating lignite belongs mostly to Pliocene, at a rate 30% of the eco-
nomically exploitable reserves.

In Greece, due mainly to the use of lignite for electricity production, the cost of Kw/h for both do-
mestic use 6.7€, and for industrial 4.3€, is below the European Union average 13.9€ and 5.2€ re-
spectively.
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ABSTRACT

The island of Crete has been thoroughly explored, by various organizations, for the presence of lig-
nite deposits, in order to examine the possibility of energy independence for the island and thus re-
duce the cost of consumed electric energy. Research showed that lignite generates in fluvial —
lacustrine environments in many places in Crete and lignite deposits have been investigated and ex-
ploited from time to time. In the present study all lignite occurrences of the island are recorded and
their generation and depositional environment is analysed. Lignite horizons from different basins are
compared and correlated. An evaluation of results from previous studies is attempted, regarding
both surface information and depth data, derived from borehole projects. Finally, areas suitable for
lignite exploitation in the production of electricity or other uses are presented.

Key words: lignite origin, lignite deposits, electricity, exploitation, Crete, South Greece.

1. Introduction

Exploratory works carried out in the island of Crete have shown the presence of lignite deposits in
several areas. In some of them small-scale exploitation took place in the past.

The electric power consumed in the island of Crete reaches 3050Gw/h per year and is either trans-
ported from the mainland or produced in Steam Electric Stations using oil.

The aim of this study is to present the lignite deposits recorded by investigations carried out by In-
stitute of Geology and Mineral Exploration of Greece (IGME) in the island of Crete (fig.1) regard-
ing both surface information and depth data. An analysis of the origin and depositional environments
is attempted, given that they are mainly located in fluvial-lacustrine environments with successive
sea transgressions. Moreover, the lignite horizons from different basins are correlated. This study can
contribute to the reduction of the electric power costs and achieve energy independence for the is-
land of Crete.
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Fig. 1: Neogene’s and Quaternary lignite areas of Crete Island.
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Fig. 2: Stratigraphic correlation of the lignite areas of Crete Island.

2. Geological setting

In the island of Crete the lignite deposits are located into the Miocene fluvial-lacustrine formations,
with exception of Kandanos to the West and Almyri Panagia in the Central and South part of the is-
land basins. (Karageorgiou, 1952).

Lignite was deposited into fluvial-lacustrine formations consisting of clays, sands and marls. Fos-
sils - neritina, potamites, melanopsis, etc. — are observed into these formations (Vetoulis, 1952).
Frequent sea transgressions are also observed separating the lignite beds.
The general stratigraphic column of the lignite basins is described below:
* Bedrock: consists of the rocks of the formations of Tripolis zone (Jurassic to Middle Eocene
Limestones, Flysch of Upper Eocene to Oligocene), Pindos zone (Upper Cretaceous Limestones,
Flysch of Paleocene to Eocene), as well as of the ophiolithic complex of the internal zones.

e Formation of the Base: consists of a polymict conglomerate, breccias, sands, red clays, with
thickness ranging from a few centimetres to some tens of meters. It overlies the bedrock and
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Fig. 3: (a): Stratigrafic column of Kandanos area; (b): Geological map of Kandanos area; (c): Geological sec-
tion of boreholes in Kandanos area.

smoothes its erosions. In the areas of Almyri Panagia and Handra these sediments are of ma-
rine origin and different age: Upper Pliocene and Miocene respectively.

* Lacustrine-marshy and fluvial-lacustrine phase: consists of marls, clays, sands and silts and
hosting lignite beds of various thicknesses. This phase is of Miocene age apart from the areas
Almyri Panagia and Kandanos, which are of Pleio-Pleistocene age.

* Fluvial-torrential or marine formations: closing the Neocene series. The marine formations
consist of a transgression conglomerate and sands, clays with Ostrea, Pecten, etc. fossils and
the fluvial-torrential formations of sands, clays, conglomerates and breccias.

* Recent formations: alluvial deposits, talus cones, clays, sands, unconsolidated conglomer-
ates (Fig. 2).

3. Areas of Interest

3.1 Kandanos

The area is located to the South-West of Chania city at a distance of 60 km., occupying an extent of
about 10km?. Only the West - North West part of 1km? area has been investigated in the past, (Kara-
georgiou, 1951) since it is of great geological interest and Germans have exploited the lignite of this
section during the period 1940-1944.
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Fig. 5: Geological map of Vrysses area.

The geological formations (Chatzigiannis and Karageorgiou 1977) observed in the area are shown
in the stratigraphic column (Fig. 3a) and the geological map (Fig. 3b).

Three main lignite beds are located in Kandanos area (Fig. 3¢) having 9 million tons as potential re-
serves. These lignite beds can be exploited by open-pit mining with an exploitation ratio ranging from
2.3 to 11/1. The Gross Calorific Value [on an a.r. (as received) basis] is of 1700Kcal/Kg.

The region should be systematically investigated as a whole in order to increase the exploitable lig-

nite reserves.

3.2 Vryses

This area is located east of Chania city at a distance of 20 km. The geological formations observed
in the area are shown in the stratigraphic column (Fig. 4a) and the geological map (Fig. 5).
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Four lignite beds (Fig. 4b) were located in the area of Vryses Apokoronou. Previous investigations
(Papachristos, 1952) demonstrated that there is apparent economic interest in the region.

3.3 Plakias - Lefkogia

The area is located south of Rethymno city at a distance of 35km, occupying an area of 10km?and
has been repeatedly exploited in the past. From the extended mineralogical and geological investi-
gation of the area carried out by [.G.M.E. (Koukouzas and Papaspyros 1993) 2.3 m. tons of strongly
tectonized mineable lignite were located with an average Net Calorific Value [on an a.r. (as received)
basis] >2.000 Kcal/Kg as illustrated in Fig. 6b.The geology of the area is shown in the stratigraphic
column (Fig. 6a) and the geological map (Fig. 6¢).

3.4 Almyri Panagia
The area is located to the south of Iraklio city at a distance of 40 km occupying an area of 8Km?.

Restricted investigation including drilling of a few boreholes of small depth was carried out in the
past (Papastamatiou et al., 1966). Four lignite beds were located (Fig. 7) having geological reserve
in the order of 4.5 million tons and thickness of lignite beds varying from 2.70m to 5.20m (Pa-
paspyros 1993). The geology of the area is shown in the stratigraphic column (Fig. 8a) and the ge-
ological map (Fig. 8b).
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Fig.7: (a): Stratigraphic section of lignite outcrop in Almyri Panagia area; (b): Geological map of Almyri Pana-
gia area.

3.5 Agios Paisios - Houdetsio

The area is located to the South-East of Iraklio city and at a distance of 20 km, occupying an area
of 18km?.

The area is covered by lacustrine sediments of Miocene age with overlying marine Miocene for-
mations (Koukouzas and Papaspyros 1984). The lacustrine sediments occupy much greater extent
than the aforementioned (the 18km?).

3.6 Handras
The area is located to the South of Sitia city at a distance of 20 km, occupying an area of 4,5km?.

During Miocene three sea transgressions took place in the area alternating with two fluvial-marshy
phases including the lignite beds of 30cm average depth (Maratos, 1952). Apart from the surface ob-
servation (Figs 8a, 8b) no other exploratory work was implemented in the area.

3.7 Roussa Limni

It is located at the margins of Sitia city occupying an extent of about 35km?. Besides the geological
mapping (Fig. 9b) and surface recordings, no further investigation was carried out in the area. The
surface observation leads to the conclusion that the marine deposition of the sediments was inter-
rupted by a small period of deposition of lacustrine-lacustrine-marshy sediments of 6m thickness,
resulting in lignite generation without any economic interest (Fig. 9a). At the margins of the basin,
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Fig. 8: (a): Stratigraphic column of Handras area; (b): Geological map of Handras area.

to the west of Sitia city, a small occurrence of lacustrine Pliocene formations is observed with po-
tential lignite deposition (Karageorgiou, 1978).

3.8 Toplou monastery

It is located East of Sitia city at a distance of 18 km, occupying an area of 20km?. The development
of the geological formations in the area is similar to this of Lake Roussa area (Fig. 10b).The drilled
borehole for irrigation of the cultivations provides the only evidence for the existence of lignite beds
in the area where a lignite seam of 40 m thickness was found at a depth of about 70m (Fig. 10a). In
order to confirm the occurrence of “blind” lignite deposit, this area should be further investigated
(Karageorgiou, 1978).

4. Possibility of lignite deposits use

According to the data from the Public Power Corporation (P.P.C.), the electricity needs in Crete
amount annually to 3050Gw/h. To produce this energy, two units of 300MWatt each are required.
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Burning oil produces the higher percentage. According to data obtained from the investigations so
far on the island, a unit of 150Mwatt can be constructed and run with the existing lignite reserves.
These reserves will increase if the potential lignite reserves of the island of Crete will be explored
more systematically. At least 25% of the electricity consumed can be covered by the use of lignite
instead of oil as fuel with lower costs and hence lower prices paid by the consumer. On the other hand
carbon dioxide and other heat-trapping gases are declared as pollutants and endanger public health
and welfare. Man-made CO, released into the atmosphere is a significant contributor to the green-
house gas effect and related global warming. This fact must be taken into account in an island with
important tourist industry. With plans to drastically reduce the venting of CO, through capture at the
source [Carbon Capture and Storage (C.C.S.) Technology], vast volumes of CO, will need to be se-
questered and it is expected that CO, capture and storage in the subsurface and monitoring are going
to be of major importance in the future. Pilot Projects concerning carbon sequestration are under de-
velopment worldwide. In the case of Crete, storage-related research should be done, in the sea at great
depths or below evaporitic horizons, in order to estimate the CO, storage capacities. In parallel,
other methods than the conventional ones for the lignite exploitation and combustion can be applied
to reduce the environmental impact. As an example the in situ combustion is mentioned.

In the recent years an investigation was carried out by the Institute of Geology and Mineral Explo-
ration (I.G.M.E.) under the Community Support Framework programs, on the possible uses of lig-
nite in other applications than electricity production (I.G.M.E. Final Report: Study and Research of
selected Solid Fuel deposits for application in other than electricity uses, ISBN 978-960-87453-2-
2,2008).
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Fig. 10: (a): Stratigraphic column of Toplou area; (b): Geological map of Toplou area.

It was concluded that Crete lignites may be suitable for use as additives in drilling mud, as a soil im-
provement product and as a pollutant-removing material contributing to the increase of their eco-
nomic value.

5. Conclusions-Results

Lignite basins mainly of Miocene age develop in the island of Crete. The total reserves of these
basins amount 25,000 million tons. Among these reserves some millions tons can be exploited. Since
the electric power requirements in the island of Crete reaches 3.050 Gw/h annually, mostly covered
by the use of oil, lignites exploitation can contribute to a dependency reduction of at least 25%. This
lignite exploitation can be achieved using new technologies in order to reduce the impact on the en-
vironment and offer cheaper and cleaner energy. In this purpose a more systematic investigation of
the lignite deposits in the island of Crete is necessary. The use of lignites in other than electricity pro-
duction applications is also possible.
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Abstract

The Akropotamos area constitutes a new geothermal field located in the eastern coastal zone of the
Strymonikos Gulf in Macedonia (Northern Greece). After a detailed and systematic reconnaissance
study including water temperature measurements at the heads of the existing irrigation and water
supply wells, 6 new geothermal wells were constructed. This geothermal drilling program was per-
formed by the Institute of Geology and Mineral Exploration during October 2003 - February 2006.
Temperature and fluid conductivity logs were carried out into these boreholes during their drilling
and after their completion. Well AKR-1 has a depth of 275 m and produces thermal waters at a tem-
perature of 83°C with artesian flow rate 150 m’/h and large amounts of dissolved CO,. Well AKR-
2 of 410 m yields 25 m’/h of waters at 46°C. Well AKR-3 was drilled down to 515 m and the
temperature of 88.9°C was measured at 498 m. This well yields about 200 m*/h CO,-rich geother-
mal fluids at a temperature of 90°C with artesian flow. Next to this borehole, well AKR-4 was drilled
at 180 m penetrating a shallow aquifer with waters reaching 49.7°C. During pumping test with con-
stant flow rate, this well yielded 40 m’/h water of 48°C. Well AKR-5, 422 deep, was drilled in the
western part of the study area close to the Strymon river’s mouth. The temperature of 27.8°C was
recorded at 280 m into this borehole. The last well AKR-6 was drilled down to 545 m in the eastern
part of the field. The temperature of 38°C was recorded at depth of 503 m. Pumping tests were per-
formed in wells AKR-2 and AKR-4. This geothermal drilling project has resulted in the official char-
acterization of the Akropotamos - Kavala area as a “proven low enthalpy geothermal field” .

Key words: Akropotamos, Macedonia, geothermal field, geothermal wells, Strymonikos Gulf,
Kavala, CO,.

1. Introduction

The Akropotamos area constitutes a new low enthalpy geothermal field located in the eastern coastal
zone of the Strymonikos Gulf in Macedonia (Northern Greece). During 2002-2006 the Institute of
Geology and Mineral Exploration (I.G.M.E.) of Greece performed a systematic geothermal inves-
tigation in the area extended between the mouth of the Strymon river and the Eleftheres thermal
springs (Fig. 1). After a detailed and systematic reconnaissance study including evaluation of geo-
logical and tectonic setting of the wider area, water temperature measurements at the heads of the
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existing irrigation and water supply wells and geophysical surveys, six (6) new production geot-
hermal wells were constructed at depths of 180-545 m and produce waters up to 90°C. This drilling
activity proved the existence of one of the most important low enthalpy geothermal fields of Greece
in the area. This paper presents the results of the geothermal drilling project in the Akropotamos -
Kavala field supported financially by the 3 Community Support Framework 2000-2006 (Opera-
tional Programme “Competitiveness”).

2. Geological and tectonic setting

The Akropotamos geothermal area belongs to the wider area of the Strymon basin. This basin is a
typical post-orogenic graben. It has been formed between the Serbomacedonian Massif (SMM) to
the west and the Rhodope Massif (Pangeon Unit) to the east and it has been filled with Neogene and
Quaternary sediments of a total thickness reaching about 4000 m. Various depositional palaoenvi-
ronments (continental, fluvial, fluviolacustrine, lacustrine-marshy, marine, brackish, deltaic) were
created during Neogene-Quaternary and their succession make the stratigraphy very complicated
(Syrides, 2000). The typical stratigraphic column of the basin consists of the older Miocene forma-
tions (basal conglomerates and breccias, alternations of clays, sandstones, dark brown marls, lignite
layers, petroliferous limestones), 700-800 m Pliocene sediments (layers of clays, conglomerates,
travertines, matrls, red clays, sandstones, siltstones, limestones, lignites) and 900-1000 m of Pleis-
tocene deposits (alternations of sands, clays, sandstones, matls, siltstones, conglomerates and lime-
stones) (Lalechos, 1986; P.P.C., 1988). The Strymonikos Gulf (or Orfanos Gulf) can be considered
as an offshore extension of the Strymon basin southeastwards separated from the continental Stry-
mon basin by a horst (tectonic uplift) close to the present estuary of the Strymon river. Noussinanos
(1991) considers the northern part of the Orfanos Gulf to correspond to a post-Alpine basin in a
shallow marine environment (“shallow water”’) and the southern part of the Orfanos Gulf to belong
to a “transitional” environment. According to Lalechos (1986) during Miocene there was no con-
nection between a lake prevailed extended to the continental basin and the Miocene Sea of the Or-
fanos Gulf because of a probable barrier from the metamorphic basement. Sediments composed of
marls with intercalation of anhydrite layers and deeper layers of hard sandstones and limestones
were revealed in a cross-section of a road next to the sea and these formations can be correlated
with offshore well APOLLONIA-1 (AP-1) drilled in the Strymonikos Gulf (Fig. 1) indicating that
during Pliocene a fault had separated the continental area of the Strymon basin and the Orfanos Gulf
(Lalechos, 1986). Oil exploration borehole AP-1 of 3146 m depth has penetrated Pleistocene-
Holocene deposits (0-1250 m), Pliocene sediments (1250-1875 m) and Miocene formations (1875-
3146 m). Holocene - Pleistocene deposits consist of alternating sands, clays and sandstones with
locally lignite intercalations and fragments of Bivalvia (Lamellibranchia). Pliocene - Miocene sed-
iments are composed of alternating sandstones, siltstones, clays and marls. Alternations of dolomites,
sandstones, limestones and anhydrites dominate near the base of Miocene formations (Lalechos,
1986). In borehole AP-1 the temperatures of 59-67 and 121-130°C were registered at depths of 1335
and 3146 m respectively and the average geothermal gradient is estimated to be 36.5°C/km. During
the Upper Miocene, the South Kavala Ridge (tectonic uplift in a NW-SE direction, South-East of the
Akropotamos area, Fig. 1) emerged to separate the Prinos - Kavala basin from the Orfanos Gulf
(Pollak, 1979).

The Akropotamos area lies close to the “Strymon line”, which is the tectonic contact between the Ser-
bomacedonian and Rhodope Massifs. Therefore, the geological basement of this area consists of
gneisses, amphibolites and schists belonging to the Serbomacedonian Massif (Kerdylia series) to the
West and marbles (dominant rock type) and schists belonging to the Pangeon Unit (Rhodope Mas-
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Fig. 1: Simplified geological map of the Akropotamos area with the sites of geothermal wells [1: Alluvial deposits
in valleys and coastal deposits, 2: Alluvial fans and older talus cones - Scree, 3: Pleistocene lacustrine and conti-
nental deposits: clays, loams, sands, conglomerates, 4: Pleistocene marine deposits: marls, clays, sands, conglom-
erates, coastal terraces, 5: Pliocene marine deposits: conglomerates, sands, clays, marls, marly limestones, 6:
Mio-Pliocene lacustrine and terrestrial sediments: conglomerates, sands, marls, clayey material, marly limestones
and clays, 7: Mio-Pliocene marine deposits: the above-mentioned detrital sediments, 8: Amphibolites, gneisses,
schists with marble intercalations (Rhodope Massif), 9: Marbles or crystalline limestones (Rhodope massif), 10: Am-
phibolites, gneisses, schists with marble intercalations (Serbomacedonian Massif). 11: Gneisses (Serbomacedon-
ian Massif), 12: Tertiary granitoids, 13: Fault, 14: Probable fault, 15: Strymon tectonic line, 16: Oil exploration
borehole, 17: Geothermal well]. The compilation of this map is based on the geological map of Greece at a scale
of 1:500,000 (I.G.M.E., 1983) with some additional tectonic structures derived from the 1:500,000-scale seismo-
tectonic map of Greece (I.G.M.E., 1989) and some modifications according to Lalechos (1983) and Pollak (1979).

sif) to the East. Tertiary granitoids have intruded into the crystalline rocks of the basement (Eleft-
heriadis G. et al., 2001). The oldest Miocene sediments of the Akropotamos area consist of lacus-
trine and fluvial-lacustrine deposits with conglomerates, sands, coarse-grained sandy marls and
sandstones with a total thickness more than 500 m. Eastwards thick laminated biogenic limestones
of Middle Miocene age of high secondary porosity are located. The sedimentary series was devel-
oped uniformly towards the Pliocene. Pliocene sediments consist of travertine deposits, sands and
clays of marine origin and calc-sandstones. Southwards the entire series is covered by recent coastal
and fluvial - torrential deposits and scree.

The fault pattern of the Akropotamos area is dominated by NW-SE and NE-SW faults. The NW-SE
faults with a greater population are activated as oblique sinistral normal faults and they have high
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dip angles. The NE-SW faults are very common in the area, probably related to the Kavala-Xanthi-
Komotini fault zone (Mountrakis and Tranos, 2004). These faults are activated as oblique dextral-
normal faults. During Lower Quaternary the wider area of Akropotamos was affected by NW-SE and
NE-SW striking faults. Two main tectonic blocks are observed in this area: the Akropotamos horst
and the Pieria graben (east of the investigation area). The wider area was activated due to the pres-
ence of the North Anatolian Fault Zone.

The thermal springs of Eleftheres located about 3 km east-northeast of the study area constitute the
only geothermal manifestation in the wider area. Their water temperature is 38.7-53°C. These springs
are situated in the Marmaras river Valley occurring in a NNW-SSE direction in the Symvolon gran-
itoid (Miocene granodiorite) although the marbles of the Pangeon Unit dominate in the area. The
presence of the springs is related to a fault or intersecting faults (P.P.C. and EXN.E.L., 1979;
Gavrielides, 1990).

3. Geothermal drilling activity in the Akropotamos area
3.1 General

A detailed and systematic reconnaissance study was carried out in the Akropotamos area extended
between the mouth of the Strymon river and 3 km west of the Eleftheres thermal springs. This study
was performed during 2002-2003 including evaluation of geological and tectonic setting of the wider
area, water temperature measurements at the heads of the existing irrigation and water supply wells,
water sampling and chemical analyses and geoelectric surveys. Based on the results of this research,
6 exploration - production geothermal wells were constructed by I.G.M.E in the investigation area
during the period October 2003 - February 2006. The sites of these wells are shown on the map of
Figure 1: The results of this drilling activity are presented as follows.

3.2 Geothermal well AKR-1

Geothermal well AKR-1 was drilled in the coastal zone, south of the national road Thessaloniki - Nea
Peramos - Kavala. The coordinates of the drilling site are X:504423 and Y: 4507391 (Greek Grid,
GGRS1987). Its elevation is approximately 9 m a.s.l. This well was drilled during October-Decem-
ber 2003. It has a depth of 275 m. Pliocene and Miocene sediments were penetrated. These sediments
consist of chaotic conglomerates, clayey-marly formations, fractured limestones and calcareous con-
glomerates. The geothermal reservoir is located at 240-275 m depth composed of calcareous con-
glomerates. The lithologic column and the mechanical diagram with the main construction features
of well AKR-1 are shown in Fig. 2. The wellbore was drilled at a diameter of 15" to a depth of 40
m and drilling was then continued at a diameter of 9 5/8"" down to the final depth of 275 m. The cas-
ing of this borehole has a diameter of 10 %" at 0-40 m and 6 5/8"" at 0-275 m. Screens were placed
at 233-275 m. The well was cemented from the surface to 40 m depth. Well AKR-1 produces about
150 m*/h waters of 83°C with artesian flow. The electrical conductivity of water is 7718 uS/cm. The
produced geothermal fluids contain significant quantities of carbon dioxide (CO,).

3.3 Geothermal well AKR-2

Geothermal well AKR-2 was constructed at a distance of 3.2 km WNW of well AKR-1 in the coastal
zone. Its coordinates are X: 501353 and Y: 4508475 (Greek Grid, GGRS1987) and its elevation is
approximately 7 m. It was drilled during January-April 2004. The total drilled depth was 422 m and
the borehole was cased down to 410 m. The section from the surface to 45 m was drilled at a diam-
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Fig. 2: (left): Lithologic column and mechanical diagram of geothermal well AKR-1; (right): Photo showing
the artesian flow rate of geothermal well AKR-1.

eter of 15" and drilling continued at a smaller diameter (9 5/8"") below 45 m. The casing of this bore-
hole has a diameter of 10 34"" at 0-45 m, 6 5/8"" at 0-48 m and 5" at 48-410 m. Screens were placed
at 294-410 m. The borehole was cemented from the surface to 100 m depth.

Well AKR-2 penetrated a sedimentary sequence composed of sands, pebbles, gravels, unconsolidated
calcareous conglomerates, unconsolidated clayey sandstones, clays, marls and coarse-grained sand-
stones. The geothermal aquifer is located at depths of 282-422 m composed of coarse-grained sand-
stones. Temperature and water conductivity logs were performed in borehole AKR-2. The temperature
of 48°C was measured at 360 m (Fig. 3). Considering that the mean annual surface temperature of the
area is 16.8°C, the average geothermal gradient is calculated to be 8.70 °C/100 m from the surface to
360 m depth. The results of water conductivity logs recorded in this borehole at various dates are
shown in Fig. 4. Measurements dated 20/4/2004 and 25/5/2004 showed an enormous increase between
70 and 190 m depth and the maximum value reached 15800 uS/cm at 130 m on 20/4/2004. This in-
dicates a probable intrusion of sea water into the unconsolidated calcareous conglomerates located at
65-120 m depth influencing a large part of this well. This increase was not recorded on 29/4/2004 and
the electrical conductivity rose gradually down to 344 m reaching 3680 pS/cm.

A 24-hour pumping test at a constant flow rate of 25 m*/h was performed. The final drawdown was
measured at 44.6 m. The static water level was 7 m before pumping. The water temperature re-
mained constant at 46°C during the pumping test and the electrical conductivity of the pumped water
was 3334-3600 uS/cm.
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3.4 Geothermal well AKR-3

Geothermal well AKR-3 was drilled at a distance of 1.62 km southeast of well AKR-2 in the
coastal zone (Fig. 1). Its coordinates are X: 502858 and Y: 4507783 (Greek Grid, GGRS1987) and
its elevation is approximately 2 m. It was constructed during May-October 2004. The total well
depth is 515 m. Sands, clays, sandstones and conglomerates were penetrated. The lithology of
this borehole is shown in Fig. 5. A deep geothermal aquifer is located at 480-515 m depth. This
aquifer is made up of sandy sandstones and contains geothermal fluids of about 90°C. A shallow
aquifer composed of coarse-grained sandstones and conglomerates is located at 102-185 m depth
containing thermal waters of 48-49°C. Microfossils have been found at depths of 96-102, 258-270,
360-372,480-492 and 510-515 m. Among them, the presence of Tectochara escheri (Charophyta)
found in the lower layers of this borehole (486-515 m depth) is of special interest and suggests a
Miocene to Middle Pliocene age for these strata. The total casing depth is 515 m. Screens were
placed from 440 to 515 m depth (Fig. 5). Temperature and water conductivity logs were performed
in this borehole at different times. The maximum measured temperature was 88.9°C at depth of
498 m. Considering that the mean annual surface temperature of the area is 16.8°C, the average
geothermal gradient is calculated to be 14.48°C/100 m from the surface to 498 m depth. All con-
ductivity measurements show a significant increase between 100-230 m depth and the maximum
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value was 14000 pS/cm at 215 m registered on 9/9/2004. This indicates the presence of brackish
water in a shallow aquifer. This brackish water has a temperature of 48-50°C. Fig. 5 shows the con-
ductivity vs. depth curve based on logs carried out on September 27, 2004. Well AKR-3 produces
about 200 m3/h waters of 90°C with artesian flow. The electrical conductivity of water is 5858
uS/cm. The produced geothermal fluids contain significant quantities of CO,.
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3.5 Geothermal well AKR-4

Geothermal well AKR-4 was drilled next to well AKR-3, only a few meters away (Fig. 1). Its coor-
dinates are X: 502862 and Y: 4507796 (Greek Grid, GGRS1987). It was constructed during April-June
2005. The total well depth is 180 m. Borehole AKR-4 penetrated a sedimentary sequence composed
of sands, gravels, pebbles, grey-green plastic clays with thin intercalations of sands and gravels and
finally pebbles and consolidated sandstones (Fig. 6). The latter sediments located at 114-185 m depth
make up a hot aquifer containing waters of 46-49.7°C. Temperature and water conductivity logs were
performed in borehole AKR-2 on September 12, 2005. The maximum temperature of 49.7°C was
measured at depth of 168.86 m. Considering that the mean annual surface temperature of the area is
16.8°C, the average geothermal gradient is calculated to be 19.48°C/100 m between the surface and
168.86 m depth. Water conductivity log showed a rapid and high increase below 115 m depth and the
maximum value of 34000 uS/cm was recorded at 165 m depth (Fig. 6). This increase in water con-
ductivity indicates a high percentage of seawater in the shallow geothermal aquifer due to probable
seawater intrusion into this aquifer. Step-drawdown and constant-rate pumping tests were carried out
after the completion of the well. The static water level was 3 m before pumping. A step-drawdown
test was performed on June 23, 2005. The well was pumped for 2 hours each in two steps at discharge
rates of 28 and 40 m*/h respectively and the total drawdown was 32.77 m at the end of the test. The
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24h constant-rate pumping test was performed at a flow rate of 40 m*h and the drawdown at the end
of this test was 37.12 m. The water temperature was increased from 47°C (in the beginning of the con-
stant-rate test) to 48°C (after 16 hours pumping) and remained constant until the end of this test. Elec-
trical conductivity of the pumped water was 36990-37360 pS/cm.

3.6 Geothermal well AKR-5

Well AKR-5 was drilled 2.2 km southeast of the Strymon river estuary at a small distance from the
coast. Its coordinates are X: 489165 and Y: 4514004 (Greek Grid, GGRS1987) and its elevation is
about 1.5 m. Well AKR-5 was drilled down to 422 m and penetrated a sedimentary sequence com-
posed of unconsolidated sands (0-45 m depth), coarse-grained sands (45-50 m), alternations of com-
pact sands and clays of Neogene age (50-180 m), alternations of Neogene compact sands and clays
with dominant clay material (180-280 m), aquifer sands (280-320 m), clays (320-330 m), aquifer
sands derived from gneisses (330-350 m), clays (350-380 m) and impermeable organic material (380-
422 m). The wellbore was drilled at a diameter of 17%"" from the surface to 12 m depth and drilling
then continued at smaller diameters below 12 m (drilling was 11"",9 7/8,7 %" and 5 5/8"" in di-
ameter at depths of 12-48, 48-218, 218-330 and 330-422 m respectively). Well AKR-5 was cased
downto 422 mand 12°°,10"",87,6"" and 4" casings were set at depths of 0-12, 0-48, 0-218, 170-
290 and 278-422 m correspondingly. The total casing length is 542 m. The annular space around the
outside of the 12" surface casing was cemented. The annular space between the 12°" and 10" cas-
ings from the surface to 12 m depth was cemented too. Cementing was also performed around the out-
side of the 8" casing down to 60 m depth. Screens were placed at depths of 280-340, 355-363,
375-383 and 416-418 m. Temperature and water conductivity logs were performed in borehole AKR-
5 on October 11,2005. The static water level was 3.2 m below the surface. The temperature of 27.8°C
was measured at depth of 280 m. Considering that the mean annual surface temperature of the area
is 16.8°C, the average geothermal gradient is calculated to be 3.93°C/100 m from the surface to 280
m. Water conductivity log showed a gradual increase with depth. Electrical conductivity values ranged
from 10138 to 19500 pS/cm at depths of 4-280 m. Below 120 m the water conductivity values were
higher than 18000 pS/cm indicating the influence of seawater on the sandy aquifers.

3.7 Geothermal well AKR-6

Well AKR-6 was drilled 1.9 km east of well AKR-1 and approximately 3 km SW of the Eleftheres
thermal springs (Fig. 1). Its coordinates are X: 506291 and Y: 4507527 (Greek Grid, GGRS1987)
and its elevation is about 13 m. It was constructed during October 2005-February 2006. Well AKR-
6 was drilled down to 545 m depth and penetrated a sedimentary sequence composed of scree and
travertine limestones (0-42 m depth), Neogene sandy clays (42-96 m depth), unconsolidated con-
glomerates and breccias alternating with marls (96-135 m), clays and marls (135-174 m), sandy
clayey-marly sediments (174-192 m), flyschoid formations (192-246 m), consolidated organic clays
and sandy clays (246-486 m), grey-green clays and fine-grained sands (486-492 m), fine-grained
sands (492-516 m), clays with gravels and small pebbles (516-522) and finally grey-green clays
with fine-grained sands and gravels (522-545 m). The wellbore was drilled at a diameter of 22"
from the surface to 6 m depth and drilling then continued at smaller diameters below 6 m (drilling
was 17°7,97/8" and 5 5/8"" in diameter at depths of 6-117, 117-492 and 492-545 m respectively).
Well AKR-6 was cased down to 545 m and 19%"",10”",6"" and 4 casings were set at depths of 0-6,
0-117, 102-492 and 485-545 m correspondingly. The total casing length is 573 m. The annular space
around the outside of the 19%" surface casing was cemented. Cementing was also performed around
the outside of the 10" casing down to 60 m depth. Screens were placed at depths of 497-515,521-533
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and 539-545 m. Temperature and water conductivity logs were performed in AKR-6 at various dates.
The temperature of 38°C was recorded at 503 m depth and the average geothermal gradient is cal-
culated to be 4.2°C/100 m from the surface to this depth. The conductivity logs have registered val-
ues higher than 6600 pS/cm reaching up to 36940 pS/cm.

4. Conclusions

In the Akropotamos area, the preliminary geothermal investigation resulted in a drilling program in-
cluding the construction of 6 exploration - production wells (AKR-1, AKR-2, AKR-3, AKR-4, AKR-
5 and AKR-6). All these wells were drilled in the coastal zone of the Strymonikos Gulf at depths of
180-545 m. The main geothermal interest is focused on the area between wells AKR-2 and AKR-1
along the coastal zone (Fig. 1), where geothermal waters of 46-90°C are produced from depths of
130-515 m. Two geothermal aquifers have been recognized in this area: (a) a shallow aquifer at 100-
185 m depth containing high-conductivity (14000-38000 pS/cm) waters of 46-49.7°C and (b) a deeper
reservoir at 240-515 m containing lower conductivity (3600-8160 uS/cm) waters of up to 90°C. Wells
AKR-1 and AKR-3 produce about 150 and 200 m*/h CO,-rich waters of 83 and 90°C respectively with
artesian flow. The Akropotamos area has been characterized officially as “a proven low temperature
geothermal field” and its boundaries have been defined by a Ministerial Decision (Official Gazette
1058/B’/02.06.2009) based on the geothermal study carried out by .G.M.E.
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Abstract

The Epsilon field, is located at the centre of Prinos oil basin (N. Aegean, Greece), 11 km NW of the
island of Thassos and 4 km NW of the Prinos field, the first productive oil field in the Aegean Sea.
The taphrogenetic basin of Prinos has been widely studied, due to its hydrocarbon reservoirs. Ex-
tensive geophysical survey, started at early 1970 ‘s, led to a number of drilling jobs, which con-
firmed the existence of hydrocarbons in the area. The combined geological information, derived
from the analysis of lithological, stratigraphic and geochemical data of the basin, suggested a struc-
tural and depositional model, strongly related to the Miocene tectonics and sedimentation. The new
geophysical and drilling data from Epsilon oil field, are correlated to that already known, complet-
ing the model of the basin. Pay zone is found to be below an evaporitic sequence, consisting pre-
dominantly of salt, with anhydrite, clay and sandstone intercalations. These upper Miocene aged
evaporites extend, varying in thickness, throughout Prinos basin. Reservoir consists mainly of sand-
stone with intercalations of claystone and trace of siltstone. The geology of the structure and the ini-
tial productivity, were positive for further drilling operations in Epsilon field.

Key words: Prinos taphrogenetic basin, anticline, evaporites, Epsilon oil field, drilling data.

1. Introduction

The Epsilon oil field is located in the north Aegean Sea between the Greek mainland and the island
of Thassos, approximately 11 km S-SE of the city of Kavala. It belongs to the taphrogenetic basin
of Prinos, the only area with productive hydrocarbon fields in Greece (Fig. 1). Geophysical (seis-
mic) exploration in the area at large, started in 1970 and resulted to a number of drillings. The first
well was drilled in 1971, 20 km east of Thassos island but encountered very low gravity oil (Proe-
drou and Sidiropoulos, 1992). In 1972-1973 the next two wells were drilled west of the island and
led to the discovery of South Kavala gas field in 52 m of water depth. The main reservoir was a
tourbiditic sand package, contained in between a sequence of evaporites. It consisted mainly of
methan and small quantities of ethan, propan and butan (Proedrou and Sidiropoulos, 1992; Proedrou,
2001). The fourth drilling attempt, was at the end of 1973, at the centre of Prinos basin and led to
the discovery of Prinos oil field in a water depth of approximately 30 m. The oil was present in
stacked turbiditic sandstones, in four reservoir units. It was waxy, containing a high proportion of
asphaltenes, sulphur and H,S (Proedrou and Sidiropoulos, 1992). Four delineation wells in 1975-
1977 (Proedrou and Sidiropoulos, 1992) and a 3-D seismic survey followed by interpretation in
1993-1995, confirmed the presence of North Prinos oil field. The five wells that were drilled in
1976, 1994, 1996, 2004 and 2009, kept the field in production till today.
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The Epsilon oil field was discovered in late 2000, in a water depth of 30-40 m. The well E-1 drilled
in 2001 but it was suspended and re-entered in 2002 as E-1A. Technical problems led to re-drilling
in 2002 and the well was sidetracked as E-1As.

This work presents geological and geophysical data from Epsilon oil field in Prinos basin. Data were
given from KAVALA OIL SA, as part of the project ARCHIMEDES II: “Rock ‘n’ oil-The Kavala
band”, supervised by Department of Oil and Gas Technology, Technological Educational Institute
of Kavala. The project was co-financed by the European Social Fund (75%) and Greek national re-
sources (25%), under the Framework of the Third Community Support Framework 2000-2006, Op-
erational Program for Education and Initial Vocational Training, Priority Action Line 2 — Promotional
Improvement of Education and Vocational Training within the framework of Lifelong Training,
Measure 2.2 — Reformation of Studies Programmes, Expansion of Higher Education, Action 2.2.3
— Postgraduate Studies Courses, Research Scholarships, Action Category 7 - Enhancement of Re-
search Groups in Technological Educational Institutes.

2. Prinos basin model
2.1 Geotectonic evolution

The extensive exploration for hydrocarbons in the offshore area at large of Thassos island and the study
of the well drilling data that followed on, since 1970, brought the information for understanding the
geotectonic evolution of the area. A detailed description of this information and a complete model for
the geology and the depositional model of Prinos basin can be found in literature (Pollak, 1979; Proe-
drou, 1979; 1988; Proedrou and Sidiropoulos, 1992; Georgakopoulos, 1998; 2000; Proedrou, 2001;
Proedrou and Papaconstantinou, 2004; Kiomourtzi, 2007; 2008; 2009). According to this model, the
Prinos basin is a result of the post-alpine tectonism that started in early to middle Miocene and led to
the breaking of the Aegean plate and to the subsidence of the pre-alpine Rhodope massiv under the sea
level. This gravity tectonics was responsible for the genesis of grabens and horsts in North Aegean. A
number of gravity, often echelon, faults with NE-SW and NW-SE direction formed the taphrogenetic
basin of Prinos. Its length is approximately 38 km, from Nestos river delta in NE, to offshore south
Kavala ridge in SW. Its width is approximately 20 km, from Thassos island in SE, to the opposite
mainland in NW. It is subdivided into two sub-basins, separated by a topographic basement high, in
Ammodhis area (Fig. 1). The Nestos sub-basin is located at the north part and the Prinos sub-basin,
deeper than the previous, at the south part. The taphrogenetic basin is structured by roll-over anticlines,
formed by NW-striking and SW-dipping faults which are related to the trapping mechanism (Fig. 2).
These faults, still active today, activated during sedimentation (syngenetic faults) and resulted in the
dome-like anticlines of Prinos, North Prinos, Epsilon, Ammodhis and South Kavala (Fig. 1).

The NE part of Prinos basin was probable close by the first time of its formation, while the SW
basement started to uplift by messinian period, forming the south Kavala ridge (Fig. 1). The basin
was gradually isolated from the open sea and changed into a lagoon.

2.2 Stratigraphy

The stratigraphy model of the taphrogenetic basin has been presented by Pollak (1979) and Proedrou
(1979) (Fig. 3). According to this, the generalized stratigraphic column is divided into three series:

¢ The Pre-Evaporitic Series.
* The Evaporitic Series.
* The Post-Evaporitic Series.
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Fig. 1: The Epsilon oil field is located in the middle and north part of the basin of Prinos (N. Aegean Sea). Along
with Prinos field, Prinos North field and South Kavala gas filed are the only productive hydrocarbon fields in
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Fig. 2: Simplified cross section of the Prinos basin parallel to the long axis. The roll-over syngenetic faulting

formed the dome-like anticlines. Depths in kilometres below mean sea level. Figure from Proedrou and
Sidiropoulos (1992).
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Fig. 3: Generalized chronostratigraphic column of Prinos basin. Figure from Proedrou and Sidiropoulos (2004).

The Palaeozoic basement is composed of metamorphic rocks: gneiss, quartzite and dolomitic mar-
ble. The Pre-Evaporitic Series, closely related to Miocene tectonics, begins with continental de-
posits: conglomerates with large basement components, sandstones, feldspatic, mainly immature,
claystones and thick coal seems. These continental deposits originated from the NE and SW parts
of the basin, decrease in thickness towards the centre of the sub-basins. They are followed by ma-
rine deposits of shales with interbedded sandstones, coarser at the periphery of the basin, which
overlay the older ones with an unconformity. Above these units, a zone of limestone, dolomite and
anhydrite layers alternated with clastics follows. Towards the centre of the basin, to the deeper parts,
the anhydrite is replaced by a few metres thick layers of salt. At the top of the Pre-Evaporitic Series,
at Prinos sub-basin, there is an extended deposition of dark gray claystone, the zone D. It is petro-
liferous and strong carbonaceous, with sandstone intercalations. The following Prinos sub-marine
fan, consists entirely of turbiditic fan deposits, which were deposited along the downthrown side of
a fault escarpment. The present facies, are representative of the turbidite facies classification of

Walker and Mutti (1973). At Nestos sub-basin, the equivalent zone is the pro-deltaic varves (Proe-
drou and Papaconstantinou, 2004).

The Evaporitic Series, closely related to Messinian “Salinity Crisis” of the Mediterranean Sea (Hsu,
1972), consists of two facies, in each of the two sub-basins. In the northern one, anhydrite and lime-
stone layers 3-5 m thick, alternate each other and with sandstone, claystones and marls, too. The se-
ries in the southern part, consists of 7-8 salt layers with increasing thickness towards the base of the
section, which alternate with clastics and has a total thickness up to 800 m. The salt is white, gray,
crystalline, often intercalated by anhydrite and dolomite layers (Proedrou and Papaconstantinou, 2004).
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Fig. 4: NW-SE seismic section across the wells E-1 and E-1As in Epsilon oil field of Prinos basin. The anti-
clinal structure with the downthrown faults are well illustrated from the seismic reflectors.

The Post-Evaporitic Series is pure clastic and marine origin, as indicated by the presence of a great
number of Pliocene foraminifere and algae. Towards the top, coarse clastic sediments with abundant
rests of molluscs point out to a deltaic, according the seismic, prograding sequence. A transgression
followed with deposition of marine clastic sediments (Proedrou and Papaconstantinou, 2004).

These three series reflect the different sedimentological conditions of each period and generally, in-
crease in thickness towards the centre of the sub-basins.

2.3 Reservoirs

Hydrocarbon fields in Prinos basin are related to rollover anticlines, which are in front of syngenetic
NW-SE striking downthrown faults or surrounded by downthrown faults. Prinos oil field, Prinos
North oil field and South Kavala gas field belong to the former and Ammodhis and Epsilon fields
to the latter case (Proedrou and Papaconstantinou, 2004).

Reservoirs are mainly sandstones and secondly siltstones, that resulted of the uppermost Miocene
depositions from deltaic, marine and turbiditic environments. The evaporites cover the whole basin,
keeping hydrocarbons below them, except from an upward movement of hydrocarbons in South
Kavala and Ammodhis fields, probable due to fault activation. Generally, porosity and permeabil-
ity is decreasing with increasing depth, due to weight overlay, clay content and dolomitization (Proe-
drou and Papaconstantinou, 2004).

3. Epsilon field data
3.1 Seismic section

The Epsilon oil field is located in the middle of the Prinos basin axis, close to the north slope of the
basin, approximately 4.2 km W-NW of the Prinos oil field (Fig. 1). The 3-D seismic survey that
took place the period 1993-1997, indicated the existence of a new hydrocarbon field in the area.
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The first well, E-1, was drilled in 2001 and confirmed the results of the geophysical research, but as
mentioned in section 1, technical reasons dictated the redrilling in 2002, originally with E-1A and
finally with E-1As wells.

The discovery of Epsilon oil field brought some new data for the already well studied Prinos basin.
In Fig. 4, the NW-SE seismic section across the wells E-1 and E-1As is shown. The anticlinal struc-
ture of Epsilon field with the downthrown faults are well illustrated from the seismic reflectors.

3.2 Drilling data

According to the E-1 well drilling data, as recorded by KAVALA OIL S.A., the Evaporitic Series
started at 1895 m (all depths T.V.D.). The 40 m thick stray evaporite zone consisted predominantly
of anhydrite and salt with claystone, limestone and sandstone. The 1% evaporite horizon was found
at 2096 m depth. It consisted of salt and traces of anhydrite. The salt was colourless, white or milky
white, translucent, firm or crystalline. The anhydrite was white, soft to moderately firm, cryp-
tocrystalline and occasionally microstystalline. The thickness of the horizon was about 34 m. The
2M evaporite horizon was found at 2195 m depth in well E-1 and at 2195.5 m depth in well E-1A
(KOP from well E-1 was at 2135 m). It consisted of salt with anhydrite intercalations and had a
thickness of about 50 m. The salt was again colourless, white, tan, transparent, firm, well crystalline,
occasionally with succrosic texture and anhydritic. The anhydrite again it was white, soft to mod-
erately firm, cryptocrystalline and occasionally microstystalline. There were also traces of gray, soft
plastic and soluble clay. The 3™ evaporite horizon was found at depths of 2321.5 m in well E-1 and
2319 m in well E-1A. It was composed of salt with clay and sandstone intercalations. The salt was
similar to the 1* and 2™ evaporite, except that sometimes it was anhydritic with up to 10 % anhy-
drite with traces of gypsum. The claystone was gray, soft, highly washable and calcareous. The
thickness of this horizon was 30-34 m. The 4™ evaporite was met at depths of 2483.5m in well E1,
2476.5 m in well E-1A and 2479.5 m in well E-1As. It consisted of salt and anhydrite, up to 10%.
The salt was colourless, white to off white, milky white, soft to firm, with succrosic texture, crumby,
well crystalline and occasionally microcrystalline. The anhydrite was milky white, soft to moderately
firm, pasted and occasionally cryptocrystalline. The thickness of this series was 46-50 m.

The Upper Main Salt (UMS) zone was found at 2633 m deep in E-1 well, while in wells E-1A and
E-1As at 2630 m deep and had a thickness of 50-57 m. The Lower Main Salt (LMS) was at depths
of 2769 m, 2775.5 m and 2777 m at wells E-1, E-1A and E-1As, correspondingly and had a thick-
ness of 30-42.5 m. Both UMS and LMS zones were becoming thicker from the NW to the SE, to-
wards E-1As well.

The cap rock (claystone 70-90% with sandstone intercalations and traces of siltstone), was found at
depths of 2799 m in E-1, 2816m in E-1A and 2819 m in E-1As and had a thickness of 13.5-15 m.
The top reservoir was at 2813 m, 2831 m and 2833 m in the three wells, respectively. The reservoirs
had a total maximum thickness of 77.5 m at E-1As well. They consisted of latest Miocene fan de-
posits, where sandstone was prevalent (60-70%) with claystone intercalations (30-40%) and traces
of siltstone. Sandstone was non-consolidated, colourless, translucent transparent, occasionally smoky
white, fine to medium, subangular and subrounded, pyritic in part. Claystone was gray, soft to mod-
erated firm, blocky, silty, grading to high siltstone and calcareous to high calcareous in part. Sand-
stones were cemented and had porosities that varied from 5-20%. The permeabilities varied from
8-10 md in reservoirs of E-1, to 10-15 md in E-1As. In Fig. 5, a 3-D structure map of Epsilon oil
field, contoured at the top of the reservoir is shown.
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Fig. 5: A 3-D structure map of Epsilon field, contoured at the top of the reservoir.

Epsilon oil is aromatic-asphaltic type with 36.5° API at 18° C and with sulphur content less than the
4% of Prinos oil. The average initial pressures for the producing zones were approximately 6000 psi.
Total reserves at place of Epsilon field were initially estimated to more than 40" 106 bbl.

4, Conclusions

The Prinos basin is the only productive hydrocarbon area in Greece and the Epsilon oil field is the
latest field brought to production. Following the general structure of the taphrogenetic basin, it is a
dome-like anticline formed by NW-striking and SW-dipping syngenetic faults also related to the
trapping mechanism. Guided from the seismic survey of 1993-’97, three drillings took place in 2001-
’02 that confirmed the existence of the new hydrocarbon field. The drilling data were in agreement
to the geotectonic evolution and depositional model of Prinos basin. The quality and quantity char-
acteristics of initial production led to plans for further drilling operations in Epsilon field.
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Abstract

The purpose of this study was the discovery, identification and evaluation of directly exploitable ge-
othermal fields, in the Thermopylae - Anthili area (100km?).

After the evaluation and the processing of any preexisting data, followed the surface works, such as
further geological mapping, tectonic and stratigraphic correlations and analyses, geothermal im-
pressions, observations at 30 recorded points (springs, drillings, wells) regarding water sampling,
chemical analyses, temperature, pH and conductivity measurements, special sampling for Br and iso-
topes analyses. The in depth works that took place concern geophysical prospecting, loggings, small
and large diameter drillings. All the data were digitized and processed in a GIS environment.

After correlating all the data collected for the region, a geological - geothermal model was con-
structed. According to this model, water percolates through permeable formations, joints and faults,
gets mixed with the existing salt water, warms up and then ascends to the surface through faults and
concentrates on proper reservoirs. Specifically, the region of Damasta where two areas of hot water
reservoirs have been identified is of particular geothermal interest. The first, located in Triassic—
Jurassic limestones (more than 600m deep), presents the greatest interest in terms of temperature
and capacity, while the second (found on the surface and up to 350m deep) is located in Quaternary
sediments and the upper formations of the underlying Late Cretaceous limestone.

Key words: geothermy, reservoir, geothermal gradient, isothermal lines, Central Greece.

1. Introduction

Geothermy as an alternative form of energy, is sustainable and does not pollute the environment. It
should also be mentioned that Greece, according to the European Union standards, has to increase
the use of alternative energy sources to 18% of the total energy consumption by 2020. Any geot-
hermal energy exploitation will bring social, financial and environmental benefits, in both regional
and national level.

A research about the geothermal field of Spercheios area was made to identify if there is any geot-
hermal interest in the geological formations of the basin and then to estimate if there is any ability
of these new fields to be exploited. In this framework of the Spercheios basin research (Metaxas
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Fig. 1: Indicative map of Spercheios Basin (in black frame the Thermopylae-Anthili area).

et.al., 2008), a significant geothermal field was found near Thermopylae — Anthili, in the close area
of Damasta (Fig. 1) that is described below.

Spercheios basin is located in central Greece and in terms of administration belongs to the Fthiotida
prefecture , where reside the headquarters of the region of Central Greece. The basin’s surface is ap-
proximately 700km?, while of the wider research area is 2400km?. It ranges from Maliakos bay in
the East to Tymfristos mountain on the West. To the North the basin is defined by Mount Orthris and
to the South by mountains Iti and Kallidromo (Fig. 1).

Geothermal energy in Spercheios basin has been known since ancient times. For example the Ypati
baths are mentioned in inscriptions of the 4th century B.C. and seem to have been dedicated to the god-
dess Aphrodite. During the Turkish Occupation they were known as “Patratzik Baths”.

The only use of geothermal energy so far, is for spa therapy.

2. Methodology

After the evaluation and the processing of previous studies (Garagunis, C. N., 1976; Stamatakis,
1987) and any preexisting data, as were the geological mapping (Marinos et al., 1963, 1967) and the
recorded temperature measurements of the water samples by surface-active hot springs, drillings
and wells (Dounas et.al, 1978), an widespread thermal anomaly was observed in Spercheios that
occupies the entire basin and extends beyond it.

The survey in Spercheios basin, determined that the Thermopylae-Anthili area, namely the close
area of Damasta presents the greatest geothermal interest. The results of this study is the outcome
of numerous surface works in the area such as further geological mapping, tectonic and stratigraphic
correlations and analyses, geothermal impressions, observations at 30 recorded points (springs,
drillings, wells) regarding water sampling, chemical analyses, temperature, pH and conductivity
measurements, special sampling for Br and isotopes analyses. The in depth works that took place
concern geophysical prospecting, loggings, small and large diameter drillings. All the data were dig-
itized and processed in a GIS environment. After correlating all the data collected for the region, a
geological - geothermal model was constructed.

3.Thermopylae-Anthili area

The surface warm water events occur along faults in the areas of Kammena Vourla, Thermopylae,
Psoroneria, Ypati, Platystomo, Palaiovracha, Archani (Metaxas et al., 2008).
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Fig. 2: Geological map of Thermopylae-Anthili area.

The area of Thermopylae - Anthili is located in the southeastern part of the Spercheios basin and cov-
ers an area of 100km?. The synthesis of geological mappings (Fig. 2) indicated that the background
consists of flysch and limestones (Upper Cretaceous), parts of the schist-chert formation with ophi-
olites and limestones (Triassic — Jurassic) of the Subpelagonian zone. The sediments of the area are
mainly recent formations of river and torrent beds, older fluvial and torrential deposits, slope debris
and hot springs’ travertine, mainly in the Thermopylae and Psoroneria areas. In coastal regions, par-
ticularly at the mouth of Spercheios river, recent marsh formations with peat are observed. The
basin’s clastic sediments and the layers of limestone and dolomite are permeable formations and
are able to hold significant quantities of geothermal fluids. The impermeable formations of ophio-
lites and flysch as well as the fine-grained clastic materials, mainly located in the eastern part of the
basin, are considered the permeable formations’ cap preventing thus any direct heat loss.

The intense tectonics observed in the basin, the vertical faults, the joints and any form of discontinu-
ity, are contributing to the upward movement of hot fluids that reach the surface. Warm water, during
its ascent through the faults towards the surface, is mixed with cold water table aquifers, leading to
changes in both its temperature and its chemical composition. The temperature across the basin is ir-
regular and significant fluctuation is observed from place to place. The main directions of the region’s
faults are E-W and NW-SE while the recent ones are vertical to the old ones: NE-SW and N-S.

In Thermopylae-Anthili and namely in the close area of Damasta, were also carried out several small
and large diameter drillings (Fig. 2) that were part of this project (Metaxas et al., 2008) in order to
determine the geothermal field for immediate use, and its qualitative and quantitative parameters.

Specifically in Damasta, a productive drilling was made and based at its rate C = 435m*sec’ was
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characterised as efficient, and its specific capacity that is over 40(m*h)/m is considered quite good
for a constant pumping flow of 115m*h and a temperature of 43.6°C. The range of the effect should
be considered to be at least 100m on a constant supply of 115m?h (Fig. 3) and the reservoir has a
high permeability, is semi-confined and has also a high pressure drop factor.

Observations at 30 recorded points (springs, drillings, wells) showed that temperatures in the area
range from 19.4°C to 43.6°C.

The geochemical and isotopic study of the hot water in the Thermopylae - Anthili region (Dotsika
et. al. 2008), showed that according to the concentration of the total dissolved solids (TDS), it is clas-
sified as salt water, with greater concentration in Psoroneria area (Damasta). In terms of acidity (pH)
the water is neutral to slightly alkaline (Psoroneria) and according to the Waterlot chart, the pota-
bility is not appropriate. From the Piper chart it seems that warm water is sodic, chloride, sea water
and comes from calcareous and siliceous rocks.

The ionic values of the water (Dotsika et. al. 2008) show that the solutions are chemically charged,
with the concentration of the chlorine salt at 16000 mg/L. The water specimens from the region of
Thermopylae are of Na-Cl, Na-HCO; and Ca-HCOj; type.

The use of silica geothermometer shows that the temperature of the source of the hot water is around
107,5°C.

The water’s chemistry generally indicates the underground course followed through the rocks and
the exchange of the chemical elements among them. Indeed, the calcium, bicarbonates and magne-
sium levels show the exchange between water and rock under the influence of high temperatures.
The isotopic values of the waters from Thermopylae, Damasta and Psoroneria show the penetration
of the sea in the deep geothermal reservoir (Dotsika et al., 2008).To estimate the temperature in the
deep reservoir based on the above mentioned data, the use of the K-Mg geothermometer is recom-
mended; and gives probable temperatures of 80-85°C.

From the analysis and evaluation of all previous data and information, it seems that the geothermal
model of the area is the one presented in Figure 4. In this figure, surface water percolates through
the raised part of the area which consists of limestones and other formations; and also through faults,
cracks and joints and discontinuities into deeper formations. The percolated water is heated and
mixed with the existing salt water which penetrated during earlier times, altering the water’s tem-
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Fig. 4: Geological-Geothermal model of Damasta area.

perature and chemical composition. Finally, through different faults, the water rises again to the sur-
face in the form of hot springs. While rising, part of the water gets trapped in the Triassic-Jurassic
limestones & dolomites, which lie beneath the impermeable cover of the schist-chert formation and
the ophiolites. The rest of the water continues to rise and another part of it gets trapped in the Upper
Cretaceous limestones that lie below the sediments as well as in the sandy and generally coarse-
grained clastic quaternary formations, which are below the fine-grained clastics (clays, sludges) that
function as impermeable cover.

From the above mentioned data derives the conclusion that the area has a special geothermal inter-
est with two hot water reservoirs. The first is located in the quaternary sediments and the Upper
Cretaceous limestone and is located between just under the surface on the South and 350m deep to
the North. The second one is located in the Triassic - Jurassic limestone beyond 600m deep and
presents the greatest interest in terms of temperature and potentiality.

According to the financial research program in the area of Spercheios and the available resources,
it was impossible to explore the deeper reservoir. Because of this, we describe in details only the sec-
ond -shallower- reservoir.

It appears (Fig. 5) that the most important factor that determines the temperature change, in relation
to the depth of the second -shallower- reservoir, are the regional tectonics. High temperatures are oc-
curring just under the surface, on the basement’s slopes, and reach 350m deep in a relatively short
distance due to the faults presence. In drilling ZI1-A2 (Fig. 5) was observed a characteristic horst,
where in both sides the vertical temperature is sinking because of the faults.
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Generally, due to the presence of faults, a gradual increase in the depth of high temperatures is ob-
served from the basement (South) towards the basin (from South to North - Northeast). Higher tem-
peratures seem to occur in debris cones above the basement and also inside the basement in the
Upper Cretaceous limestone.

The second-shallow reservoir is a hot water table aquifer in the close area of Damasta that has been
identified in quaternary basin sediments, especially in coarse-grained clastics, conglomerates, gravel
conglomerates, sands, etc., which are often interrupted by clay, as well as in the Upper Cretaceous
limestone below quaternary basin sediments. Its main volume and higher temperatures are specified
in the Upper Cretaceous limestone, that is fragmented, faulted and karstified, as well as in the over-
lying limestone debris (breccia, conglomerates, etc.).

The sediments have a standard thickness and expansion because of their fluvial / fluvial-torrential
origin. There is a continuous change and movement of river and torrent beds and as a result there is
a continuous change in the sediment composition and granulometry.

The high temperatures are starting to appear round about the surface in the southern region, whereas
while going north the depth where the hot water table aquifer appears, increases significantly (Fig.
6). This is mostly due to the large and deep faults of NW-SE and N-S direction that exist in the area,
and less to those of E-W direction.

In Figure 6 we can see the contour lines of the hot water aquifer’s roof, taking into account the tem-
perature of 25°C. It should be noted that after the edging fault the depth increases significantly to -
90m absolute altitude in the NE part of the region and to -130m absolute altitude in the NW part,
primarily because of the vertical fault of N-S direction.
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Fig.7: (a): Map of isothermal lines at 50m deep; (b): Map of isothermal lines of the highest temperature.

Taking into account all facts of the close Damasta area and by observing the isothermal lines that
were drawn for every 50m depth (Fig. 7a), we see that higher temperatures are found in the south-
ern region and gradually reduce towards North-Northeast. These range from 20-45°C depending on
the depth of the basin. In the basement, between the two edging faults, although we have no infor-
mation from drillings, the trend of the lines shows that much higher temperatures of 50-65°C are to
be expected. We present a map of isothermal lines of the highest temperature that appears in the
area (Fig. 7b). It is an area that should be investigated, with future programs, in order to verify or
reject the above mentioned theory.

Taking into consideration all the above mentioned factors, the map of the equivalent curves for the
average gradient was composed (Fig. 8) for the Damasta region.
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Fig. 9: Map of geothermal fields in Damasta area.

In the map (Fig. 8) the higher values are located South and the lower ones to the North. In the sed-
iments temperature is ranging from 35°C/100m to 5°C/100m and in the basement is estimated at 35-
50°C/100m.

After the process and evaluation of all the data and information that the research provided, some ge-
othermal fields, of 43.5°C in relation to the depth, have been identified (Fig. 9). This map shows that
the most important part, with the higher temperatures and the lower depths, is in the Southern region.
Gradually going north the same reservoir deepens due to the tectonics that are observed in the region.
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4. Results and discussions

The following new data and results from the presented study can be summarised and further inter-
preted to the following:

* The thermal anomaly observed in Spercheios is extensive, occupies the entire basin and ex-
tends beyond it.

* The surface warm water events occur along the faults observed in the region.

* From the geochemical study of the Damasta area, warm water is salty (sea water), sodic, chlo-
ride, neutral to slightly alkaline and non potable.

* The temperature of the hot water source is 107.5°C according to the silicate geothermometer
and the K-Mg geothermometer while the temperatures of the deep reservoir are 80-85°C.

* In Damasta area, there are two reservoirs of hot water. The one (second one) is in the qua-
ternary sediments and the Upper Cretaceous limestone and is located between just under the
surface on the South and 350m deep to the North. The first and more interesting reservoir, in
terms of temperature and capacity, is found in the Triassic-Jurassic limestone at depths ex-
ceeding 600m.

* The geothermal gradient of the second reservoir inside the sediments is ranging from
35°C/100m to 5°C/100m and in the basement is estimated at 35-50°C/100m.

* The constant pumping flow to the assigned geothermal field is 115m*h with a temperature
of 43.6°C, the reservoir has a high permeability and is semi-confined.

There should be a deep drilling research program to identify and explore the deeper reservoir as
well as a shallow drilling program to explore the southern part of the study area and enhance the de-
termination of the quantitative and qualitative parameters of the already known reservoir.

Some examples for future exploitation of the geothermal energy in the area when the conditions are
favourable are: agricultural applications (greenhouses, etc.), fish farming, desiccation of agricul-
tural products, house heating, and others like indoor swimming pools and SPA therapy that can be-
come an attraction for winter as well as summer tourists.
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Abstract

Lignite is an important energy source for Greece, which severely relies on this fossil fuel for elec-
tricity generation over the years. The lignite combustion, however, releases a significant amount of
carbon dioxide to the atmosphere per unit of energy generated, more than does the combustion of
other fossil fuels. On the other hand, there is a growing concern over the possible consequences of
global warming due to the increase of carbon dioxide in the atmosphere (a major greenhouse gas).
Additionally, there is also a need for accurate estimates of carbon dioxide emissions.

There are many factors resulting in the increase of CO, content in lignite such as their formation and
depositional environment, the possible presence of fossils, and their rank.

In the present paper the CO, content of the Proastio lignite deposit, Ptolemais Basin, is studied, in
relation to the depositional palaeo-environment. An interpretation of CO, variation with depth, age
and surrounding rocks is also attempted.

CO, content of Proastio deposit is compared with this of other lignite deposits in the Ptolemais
Basin, of various types and ages. Finally, the effect of CO, content in the combustion of lignite is
studied, while the possibility of the geological storage of the emitted carbon dioxide is explored
after its capture from the Thermal Power Plants (CCS technology).

Key words: lignite, carbon dioxide, Proastio, Ptolemais, NW Greece, carbon storage.

1. Introduction

There are a number of adverse environmental effects of coal mining and burning, especially in power
stations. These effects include release of carbon dioxide, a greenhouse gas, which causes - accord-
ing to the IPCC [Intergovernmental Panel on Climate Change] - climate change and global warm-
ing. Coal combustion is the largest contributor to the human-derived CO, in the air.

In Greece, approximately 38% of the annual CO, emissions, i.e. 53 t of a total of 140 t, derive from
lignite combustion for the production of electric power. From P.P.C. data’s it knows that for each pro-
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Fig. 1: (a): Map of Florina-Ptolemais Kozani and Sarantaporo basins; (b): Map of Graben with ridges.

duced MW/h in the Thermal Power Plants, 1.2-1.3 t CO, are emitted in the atmosphere. To meet the
enhancement of the annual energy demand that is expected to increase significantly until the year
2030, the use of fossil fuels (lignite, hydrocarbons) is necessary apart from the use of Renewable En-
ergy Sources (R.E.S.), a fact resulting in an increase of CO, emission from 18 Gt in 1980 to 40 Gt
in 2030. The Hellenic lignite, constituting the main electric power generation source in the country,
contains varying CO, amounts depending mostly on the age of deposition, the depositional envi-
ronment and the lignite features. The elevated CO, content of the Proastio lignite and the Upper
Pliocene lignite in general, is mainly due to the great amount of fossils, the CaCO; saturations and
the thin intercalated marl layers. Carbon dioxide, a greenhouse colourless, inorganic gas is gener-
ated as a by-product of the combustion of fossil fuels or the burning of vegetable matter, among
other chemical processes. Small amounts of carbon dioxide are emitted from volcanoes and other
geothermal processes such as hot springs and geysers and by the dissolution of carbonates in crys-
tal rocks. The Pliocene lignite deposits hosted in the Ptolemais Basin display high CO, contents
(Metaxas et al., 2007) resulting in the emission into the atmosphere of 0.6-0.7 t CO, per ton of lig-
nite burned in the thermal power plants. A representative deposit of this age is that of Proastio,
which, in terms of total reserves, is the second one after the Southern Field deposit.

2. Geological setting

The Ptolemais Basin is located in the North-Western Greece and constitutes part of the Monastir-
Ptolemais-Kozani-Servia tectonic trench (Fig.1a). It is a discontinued geological unit due to occur-
rence of recent tectonic disturbances of great scale, which were activated in Neogene and Quaternary
times. The elongated and deep basins (Metaxas et al., 2007) of Ptolemais-Ardasa-Vegoritida, etc. as
well as the tectonic ridges of Xyno Nero, Bordo-Filota, etc., disrupted the continuity of various lig-
nite-bearing regions (Fig. 1b).
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Fig. 2: Synthetic stratigraphic column of the Florina, Ptolemais-Amynteon, Kozani, Sarantaporo Graben.

The area of Proastio is located at a distance of about 5 km to the S-SE of Ptolemais city. It is not an
independent geological unit and is attributed to the geological unit of Ptolemais basin.

The stratigraphic structure of the sedimentary series, the lithofacies analysis of the geological for-
mations and the geological structure of the lignite deposits in general, were based on the data ob-
tained from the study of borehole cores (Kotis et al., 2001).

The overview of the geological setting of the broad Ptolemais basin (Metaxas et al., 2007) is show-
ing in the stratigraphic column (Fig. 2).

During Upper Miocene-Lower Pliocene, the Ptolemais Basin was supplied with materials from the North
and West. The rocks in these basin margins are metamorphic, such as gneisses, schists, etc. This is one
of the main reasons that calcium carbonate display low contents in these formations. Fossils occur rarely
into these formations due to the small concentration of CaCO; during this period. The aforementioned
feeding is due to the ascension of the basement of the Florina Basin during Mio-Pliocene, in relation to
Ptolemais Basin, which is going on up to now. Moreover, it seems that the ascension of the western mar-
gins of Ptolemais Basin was quicker and higher compared to the eastern ones. The sediments deposited
during this period are coarser in Florina Basin and the western margins of Ptolemais Basin (coarse-grained
sands, conglomerates, etc.) compared to these deposited at the eastern margins (clays, silts, etc.). Lignite
deposition of this type could not form in the West and North of the trench due to the aforementioned rea-
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sons and in addition to the quick flow and great volume of transported materials. During Upper Pliocene,
when lignite of Ptolemais type was deposited, the feeding of the Ptolemais Basin took place from the East.
Further ascension of Florina Basin impeded deposition of Pliocene lignite in this basin as well as a quicker
ascension of the eastern margins of Ptolemais Basin and subsidence of the central area and the western
margins. Thus, this lignite type occurs in the central and the western parts of Ptolemais Basin. Given that
the feeding took place from the eastern bedrock, where carbonate rocks such as limestone, semi-meta-
morphic marble etc., occur, high concentrations of CaCO; and fossils are included into the sediments of
this period resulting in, respectively, high CO, amounts released from the lignite of Ptolemais type. An-
other factor of CaCO; deposition is the environment of lignite formation of this type. Sediments of bio-
chemical type with increased CaCO; are observed due to the smooth environment where the time required
for creation and deposition of these sediments is ensured. Furthermore, capture of CO, by the plants
through the solutions took place resulting in CaCO; deposition.

The lignite deposit of Proastio is remarkable and second in terms of total volume of deposit after the
South Field. This deposit can be developed and exploited securing the supply of two units of 600
MW for 43 years.

The formations observed in the area (Kotis et al., 2001) are described in the stratigraphic column of
Fig. 3. The maximal cumulative thickness of the lignite seam is 360 m and this of lignite 81 m. The
average moisture of lignite is 45.8%, the ash yield [on dry basis] 29.7%, the volatile matter content
40.0%, while the fixed carbon [on dry basis] ranges from 31.4 to 35.1%. The average combustible
sulphur is 0.63% and the total 1.19%. The elemental analysis of the fuel (d.b.) gave a Carbon con-
tent of 50.7%, Hydrogen content 4%, Nitrogen content 1.39%, Oxygen content 10.61%. The Gross
calorific value (G.C.V.) is of 2485 kcal/kg while the net calorific value (N.C.V.) 2085 kcal/kg.

Geological reserves are estimated to 370 m. tn. and mineable reserves to 273 m. tn, with an average
exploitability relation [(Overhead deadwood + Intermediate deadwood) / lignite, (Y+E)/A=9,88:1]
and average ash content [on dry basis] 27.8%.

3.CO, Content In The Ash

The content in carbonate minerals constitutes a very important factor for the qualitative differenti-
ation of the lignite beds. During lignite combustion into the steam power plants these minerals are
split in carbon dioxide and oxide of the respective element, for example CaCO; — CaO + CO, 1.

The higher the CO, content, the worse the lignite quality, because a part of the power (425 kcal/kg)
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is absorbed for break down the carbonates (endothermic reaction) thereby reducing the amount of
energy produced. Thus, determining the quantity of CO, released by the decay of carbonate miner-
als is essential for characterising the actual coal.

Until around 1980, there was no need to calculate the CO, content in the evaluation of the deposits.
For this reason no measurements and information exist before this date. After 1980 the CO, content
is taken into account in the calculations referred to in the evaluation of each deposit, based on the
ash (Kolovos et al., 2002; 2002; 2002; 2003, Sotiropoulos et al., 2005).

The ash yield of each sample is due to the presence of various fossils shells, apart from the inorganic
materials comprised into lignite and the thin barren layers (clay, marls, etc.) collected with lignite
during sampling.

The only concern previously considered during the sampling of lignite layers was the thickness of
the barren layer, if consisting of clay, not to exceed 5% of the length of the core - sample.

The other criterion in the evaluation of the deposits was the relatively low ash yield on dry basis
(35%) in the mineable bed. But today, after implementation of chemical analyses it was proved that
in many layers, where ash is less than the above limit, adding CO,, exceeds 45 to 50% and the ex-
ploitable reserve decreases down to the 1/3 of the initially calculated reserve without the CO,.

As aresult, several operational problems are created, even black out of the station, depending on the
specifications of the lignite combustion unit. Furthermore, problems are created in the exploitation
and the overall design of a mine as well as in the use, transportation, combustion, etc.

Re-evaluation of several lignite deposits is suggested, mainly of those assessed before 1980, using new
datasets, taking into consideration the CO, and the specifications of the combustion plants to be fed by
the specific lignite deposit. If for example a station can use lignite having thermal capacity up to 1280
keal/kg, the N.C.V. of the mineable lignite seams should be taken into account for the evaluation.

The ash yield on an as-received basis varies widely due not only to the different content in inorganic
matter, but also to the different moisture of the samples. Moisture varies even for lignite samples of
the same composition. Thus, in order to compare the values of ash yield and therefore of CO,, it is
appropriate to refer them to a fixed percentage of moisture or to a dry and ash free basis. Figure 3
shows that as the moisture increases, the CO, decreases on an as-received basis.

4. Origin of CO,

During the exploration of the Proastio deposit, a specific sampling of lignite was carried out, de-
pending on the reaction to the hydrochloric acid (HCI, density 1:10), as well as on the fossils con-
tained and the thin marl or clay layers included.

The samples of the pure or clayey lignite are not reacting to the hydrochloric acid (no bubbling) and
their average CO, content ranges on an as-received basis is about 1.5% (Fig. 4). This amount of
CO, is mainly due to CaCO; dissolved from the surrounding carbonate rocks by surface and karstic
waters feeding the palacomires.

Only the fossils included in the lignite samples react to the HCI (strong bubbling) and the average
CO, values are c. 7%. These values vary from sample to sample, depending on the fossils content.
In this category, the CaCOj; reaches values up to 40%.

Samples with thin marl or clay layers are classified to the third category. They display very strong
reaction to the HCI (very strong bubbling); the average CO, value is about 9%, while CaCO; exceeds
45% (Fig. ).
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The marl layers hosted into the lignite beds are mainly due to changes of the depositional environ-
ment, the feeding from the surrounding rocks and the vegetation type (abstraction of CO, from the
plants for the photosynthesis resulting to CaCOj; precipitation).

In Proastio area and beneath a depth of 210 m, the CO, content decreases drastically in all cate-
gories of lignite samples, as well as the CaCO; content below 11% (Fig. 6).

One of the main reasons is the feeding environment. During the deposition period of the deeper lig-
nite beds (Miocene/Pliocene boundary), the feeding took place from North and West where the sur-
rounding rocks are metamorphic (gneiss, schist). Almost stable relation of CO, is observed in the
lignite free from saturations, marl layers and fossils, compared to the combustible (Fig. 7) and fixed
carbon (Fig. 8), with however a small decrease when CO, increases. Conversely, a great decrease
in lignite beds with fossils and marl layers is observed. The greater decrease of the permanent car-
bon is mainly observed in the lignite with CaCOj saturations. Almost stable relation between O, and
CO, is observed in the lignite samples including fossils or thin marl layers, with a small increase of
O, when CO, increases. On the contrary, in samples not reacting to HCI or with CaCOj saturations,
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the O, decreases when CO, increases with greater decrease in the saturations (Fig. 9).

The above described situation is the same in all Pliocene lignite deposits of Ptolemais Basin. In the
Proastio deposit the average CO, value on dry basis of the mineable lignite is 3.8%), while the geo-
logical lignite ranges from 1.3 to 14.4%, with an average value 4.5%.

Conversely, the respective CO, in the Miocene xylite-rich lignite deposits of Ptolemais and Florina
Basins is from 0.8% to 2.2% (Anatoliko-Karyohori).

Based on all the aforementioned, and taking into consideration the fact that lignite constitutes the
main resource for electric power generation in Greece, it is obvious that the CO, capture and stor-
age (CCS) technology should be applied in the near future.

5. Current Situation of the CCS Technology

The CCS technology began developing in the 1990’s, when the first large-scale storage of CO,
started in the underwater reservoir of Sleipner, Norway (North Sea). Other large-scale (industrial)
projects were carried out in Weyburn, Canada, and in Salah, Algeria. In all these cases, either there
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is no cost for pure CO, from other gases, or there is economic benefit from the improved extraction
of hydrocarbons. The Intergovernmental Panel on Climate Change suggested in 2005 that CCS could
achieve 55 per cent of the global mitigation effort while reducing costs by 30 per cent or more com-
pared with a non-CCS solution. The European Commission found in 2008 that the costs of meeting
its climate change commitments to 2030 will be 40 per cent higher, at €60 billion ($95 billion), if
CCS is not included. The Pew Center on Climate Change, concluded in 2007 that building 30 CCS
demonstration projects for $30 billion would save the US $80 to $100 billion in subsequent mitiga-
tion costs. This tranche of CCS demonstration projects will be expensive, but in the medium term
they will bring considerable savings to society (Aarnes et al., 2008).

The CCS technology in electric power stations or other industries, which require the capture of CO,,
is currently at the stage of pilot applications, such as in the Schwarze Pumpe (Berlin) and Ketzin,
Germany, where capture and storage technologies are tested in units of 30 MWe with lignite fuel.
In the Schwarze Pumpe the capture of CO, takes place before combustion using the Oxyfuel tech-
nology. According to the officers of VATTENFALL, which is responsible for the unit, the technol-
ogy for “clean lignite stations” with capture and storage of CO, will be rentable in a decade at a cost
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equivalent of the CO, emissions rights market.

Interdisciplinary research groups examine the role of coal in a world where constraints on carbon
dioxide emissions are adopted to mitigate global climate change. The future of coal in a carbon-
constrained world, will evaluate the technologies and costs associated with the generation of elec-
tricity from coal along with those associated with the capture and sequestration of the carbon dioxide
produced coal-based power generation. Growing electricity demand in Greece and in the world will
require increases in all generation options (renewable, coal, and nuclear) in addition to increased ef-
ficiency and conservation in its use. Coal will continue to play a significant role in power genera-
tion and as such carbon dioxide management from it will become increasingly important. A study,
which examines all interrelated technical, economic, environmental and political challenges, must
be undertaken the soonest possible. The final report, addressed to the Hellenic Government, but also
to the industry and the academic leaders, will help to meet this urgent scientific challenge. Addi-
tionally, an aggressive R&D effort in the relatively near term will yield significant dividends down
the road, and should be undertaken immediately. A significant charge on carbon emissions is needed
to increase the economic attractiveness of new technologies that avoid carbon emissions and specif-
ically to lead to large-scale CCS in the coming decades. A large-scale demonstration project of the
technical, economic and environmental performance of an integrated CCS system is needed in
Greece over the next decade with government support. This is important for establishing public con-
fidence for a large-scale sequestration program anticipated in the future.

Cost constitutes the great problem in the implementation of the CCS, followed by the monitoring and
authorization. CCS technology should reduce costs by 2 to 4 times (30-15 €/t CO,) to be econom-
ically viable. Improving and standardizing the relevant technology can address this challenge. Some-
thing similar was also observed in the case of the flue-gas desulphurization plants of the thermal
power stations, in which the cut down of cost was remarkable.

6. Conclusions

The CO, emissions from lignite combustion to generate electric energy contribute 38% to the green-
house effect since for each MW/h 1.2-1.3 t of CO, is emitted.

The CO, lignite content varies and depends on the age, the deposition environment and the lignite
type in general.

The Pliocene lignite deposits display higher CO, contents compared to the Miocene ones.

The CO, content in the Upper Pliocene lignite in Ptolemais Basin, for example in the Proastio de-
posit, is mainly due to the great amount of fossils and the CaCOj saturation.

The Proastio lignite deposit is noteworthy and can feed two units of 600MW for 43 years.

It was observed that with increasing CO, the fuel elements of lignite are reduced such as the per-
manent and combustible coal, the O, etc.

The amounts of CO, emissions during lignite combustion must be determined.

Re-evaluation of the lignite deposits assessed before 1980 is necessitated since CO, contents were
not taken into account. As it was proven, several lignite beds with TEX< 35% were considered ex-
ploitable, while adding CO, they became non-exploitable given that ash exceeded 50% and thus the
estimated deposit was reduced to 1/3 causing problems in the exploitation planning, transportation,
combustion, production.
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CCS is the critical enabling technology because it allows significant reduction in CO, emissions
while allowing lignite to meet future energy needs. Taking into consideration that lignite will be for
the next few decades the main resource for electric power generation in Greece, it is clear that the
CCS technology should be applied, which to be economically viable has to reduce the cost of cap-
ture 2 to 4 times (30-15 €/t of CO,).
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Abstract

The FTIR spectra for both Neogene xylite and matrix lignite samples from Achlada NW Greece show
significant differences, which are mainly evident in aliphatic stretching region (3000-2800 cm™’)
where the intensities of the vibrations are reduced in matrix lignite lithotype compared to xylite one.
The intense bands in the region 3402-3416 cm™ are attributed to -OH stretching of H,O and phenol
groups. The bands at ~3697 cm™ and ~3623 cm™! as well as at ~538 cm™ and 470 cm’!, which are
more evident in the FTIR spectra of matrix lignite, are attributed to higher content of clay minerals
in the samples of this lithotype. The stretching vibration appears at ~1032 cm™ is intense in all ma-
trix lignite samples and it is broadening in the xylite ones. The FTIR spectra of all samples confirm
the progressive elimination of aliphatic vibrations from xylite lithotype to matrix lignite one and the
appearance of clay minerals in the latter. As a whole the FTIR spectra of both xylite and matrix lig-
nite confirm the significant differences between these two lignite lithotypes.

Key words: FTIR, Neocene, lignite, xylite, Achlada, Greece.

1. Introduction

At the end of diagenesis the polycondensed organic residue, called lignite in coal swamps, also con-
tains varying amounts of largely unaltered refractory organic material (Killops and Killops, 1993).
Therefore, the organic structure of coal can be regarded as consisting of heterogeneous aromatic
structures, with aromaticity increasing from low rank (lignite, brown coal) to high rank coals (semi-
anthracite, anthracite). The term lignite refers to the maturity stage of coals, while the terms xylite
and matrix refer to lignite lithotype. Fourier Transform Infra Red (FT-IR) method is a widely used
analytical technique for determining the different functional groups of coal structures. Infrared (IR)
spectroscopy has been extensively employed in the characterization of the mineral and organic mat-
ter of coals (Guiliano et al., 1990; Cloke et al., 1997; D’ Alessio et al., 2000; Georgakopoulos et al.,
2003; Kalaitzidis, 2007; e.t.c).

In Greek lignites a limited number of studies have been published up to now, using FTIR method
for coal characterization. Georgakopoulos et al. (2003) resulted in the presence of phenolic and al-
cocholic C-O bonds as well as C-O-C bonds with aliphatic carbons (strong peak at 1032 cm™) con-
cerning the initial xylite sample BEX from Vevi region. In the same study the FT-IR spectra of lignite
and humic clay samples, from Apofysis-Amynteo lignite deposits NW Greece, revealed the great
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Fig. 1: Geological map of the Florina Basin with the location and generalized lithological column (a) of the stud-
ied area (after Pavlides & Mountrakis 1987) and (b) of Achlada lignite deposits, NW Greece.

abundance of C=0 and C-O-R structures (1800-1000 cm region) as well as clay and silicate min-
erals in the 3600-3800 cmand 400-600 cm™! region, respectively.

No study has been published concerning the investigation by FTIR method of the organic beds of
Achlada lignite deposits, Florina sub-basin, NW Greece.

The present study is part of a research of both xylite and matrix lignite aimed at their structural char-
acterization by Fourier transform infrared spectroscopy (FTIR) and focuses on their significant dif-
ferences. X-ray diffraction (XRD), thermo-gravimetric (TG/DTG) and differential thermal analysis
(DTA) were also employed for this purpose.

2. Geological setting

The studied samples obtained from the lignite-bearing sequence of Neocene Achlada lignite de-
posits, which are located at the east margins of Florina sub-basin, NW Grecce.

The Neocene-Quaternary sediments that fill the basin, overlay unconformably both Palaeozoic meta-
morphic rocks and Mesozoic crystalline limestones and consist of conglomerates, sands, marls,
sandy marls, clays, lignite beds, lateral fans and alluvial deposits (Pavlides and Mountrakis, 1987).

3. Methods

Lithological features of each of the studied samples were macroscopically described and the lignite
lithotype determined according to guidelines established by the International Committee for Coal and
Organic Petrology (I.C.C.P., 1993), as well as by Taylor et al. (1998). Samples with less than 10%
by volume woody tissues were logged as matrix lignite, whereas those of immiscibly woody tissues
were classed as xylite.
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Several xylite and matrix lignite samples were examined using the FTIR method of analysis. The IR
measurements were carried out using a Fourier Transform Infra Red (FT-IR) spectrophotometer
(Perkin Elmer GX-1). The FT-IR spectra, in the wavenumber range from 4000 cm to 400 cm™, were
obtained using the KBr pellet technique. The pellets were prepared by pressing a mixture of the
sample and of dried KBr (sample:KBr, approximately 1:200), at 8 tons/cm?. Bands were identified
by comparison to published studies (Wang and Griffith, 1985; Lide, 1991; Sobkowiak and Painter,
1992; Van Krevelen, 1993; Mastalerz and Bustin, 1995, 1996; Ibarra et al., 1996; Cloke et al., 1997;
Koch et al., 1998; Das, 2001; e.c.t). Bands assignments used in this paper are listed in table 1.

Peak areas representing the hydroxyl group region (3100-3700 cm™), aliphatic stretching region
(2931-2855 cm'!), aromatic carbon (peaks at 1618 and 1606 cm™), aliphatic bending region (1509-
1371 cm™!), cellulose and lignin region (1300-1000 cm™') and the aromatic out-of-plane region (900-
700 cm') were measured. Additionally, intense vibrations at 3698 cm™, 3620 cm™, 531 cm™! and
469 cm! are attributed to clay and silicate minerals.

The same xylite and matrix lignite samples were also examined by means of X-ray diffraction (XRD)
analysis, as well as thermo-gravimetric (TG/DTG) and differential thermal (DTA) analysis. X-ray
power diffraction patterns were obtained using a Bruker D-8 Focus diffractometer, with Ni-filtered
CuKa, radiation (A=1.5405 A), operating at 40 kV, 30mA, while TG/DTG/DTA were obtained si-
multaneously using a thermal analyzer (Mettler, Toledo 851) at a heating rate of 10°C/min, at air at-
mosphere and temperature range 25°C-1200°C.

4. Results and Discussion
4.1 FTIR study of xylite and matrix lignite samples

Representative FT-IR spectra of xylite and matrix lignite samples are shown in figure 2. The spec-
tra differ significantly in the peaks due to mineral matter, as well as to phenolic (C-O) and aliphatic
carbon (C-H) groups.

Both representative spectra show typical infrared characteristics of the organic matter of low-rank
coals, including aliphatic C-H stretching bands at 2924 cm'and 2856 cm™!, C=C or C=0 aromatic
ring stretching vibrations at ~1610 cm™ and at ~1506 cm™!, as well as aliphatic C-H stretching bands,
at 1455 cm™, 1370 cm™'and 822 cm™.

Due to the fact that the present functional groups are different for xylite and matrix lignite samples
it is more convenient to describe them separately.

Studying the FTIR spectra of the representative xylite sample (Fig. 2a), from the Achlada lignite de-
posits in NW Greece, the following conclusions resulted:

* The broad band at 3392 cm! is attributed to -OH stretching vibrations of hydrogen-bonded
hydroxyl groups of absorbed water of clay minerals as well as to -OH of phenol groups.

* The strong peak at ~2931 cm™! is due to asymmetric aliphatic C-H stretching vibrations of
methylene (-CH,).

¢ The band at ~1606 cm is attributed either to C=0 or C=C aromatic ring stretching vibrations.

¢ The band at ~1505 cm™ is due to C=0 stretching vibrations.

* The band at ~1454 cm! is attributed to symmetric aliphatic C-H vibration of methylene (CH,)
and methoxyl (OCHj;).

* The peak at ~1370 cm™ is due to symmetric aliphatic C-H bending vibration of methyl groups
(OCH,).

* The band at ~1265 cm™! are attributed to C-O stretching vibrations.
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Fig. 2: FTIR spectra of representative xylite (a) and matrix lignite (b) samples.

e The peak at ~1033 cm™ is due to C-O-H bonds in cellulose as well as to C-O stretching vi-
brations of aliphatic ethers (R-O-R) and alcohols (R-OH).
e The band at ~821 cm™! is due to out-of-plane-aryl ring with isolated C-H groups.

In the FT-IR spectra of the matrix lignite samples bands corresponding to the most abundant min-
erals were detected confirming the occurrence of clay minerals (e.g. kaolinite bands at ~3698 cm’!,
3620 cm!, 1030 cm™, 915 cm™, 531 cm™, and 469 cm™). The small peaks at ~3698 cm'and 3620

cm! can be assigned to the crystal water which exists in clay minerals of the matrix lignite samples
(Geng et al., 2009).

Studying the FTIR spectra of the representative matrix lignite sample (Fig. 2b), from the Achlada
lignite deposits in NW Greece, the following conclusions resulted:

e The small peak at ~3698 cm! arises from the in-phase symmetric stretching vibration of the
OH groups, either “outer” or “inner” surface OH of the octahedral sheets, which form week
hydrogen bonds with the oxygen of the next tetrahedral layer (Balan et al., 2001). The peak
at ~3620 cm'! is due to the stretching vibrations of the “inner OH groups” lying between the
tetrahedral and octahedral sheets (Madejova, 2002; Geng et al., 2009).

e The broad band at ~3406 cm'! is attributed to -OH stretching vibration of absorbed water ei-
ther of clay minerals or of the organic matter of the matrix lignite sample.

e The bands at ~2925 cm!and ~2855 cm! are attributed to asymmetric and symmetric aliphatic
—CH, stretching vibrations respectively.

e The strong band at ~1618 cm™! is attributed either to C=0 or C=C aromatic ring stretching vi-
brations, as well as to OH bending vibrations of adsorbed water.
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Table 1. Characteristic FTIR bands of functional groups of low rank coals.

Wavenumber e
(cm”)
3400 O-H stre‘tching \{ib'rations of hydrogen-bonded hydroxyl groups in
polymeric association
2930 Asymmetric aliphatic C-H stretch vibrations—methylene (CH2)
2850 Symmetric aliphatic C-H stretch vibrations—methylene (CH2)
1610 Aromatic ring (C=C in plane) stretching symmetric
1510 C=0 stretching vibrations
1458 Asymmetric aliphatic C-H deformation of methylene and methoxyl
1430-1420 aromatic C=C stretching vibrations
1370 Symmetric aliphatic C-H bending of methyl groups CH3
1266 C-O stretch vibration (in lignin-gualacyl ring with C-O stretch)
1224 C-O stretch vibration (in lignin-gualacyl ring and C-O stretch)
1031 C-0-H deformation in cellulose
822 Aromatic out-of-plane-rings with 2 neighboring C-H groups
~534 Si-O-AlI! vibrations (Al in octahedral co-ordination) of clay minerals
~468 Si-O-Si bending vibrations of clay minerals

¢ The ~1030 cm™ and 1013 cm’!' bands arise from the Si-O-Si and Si-O-Al"! vibrations, re-
spectively.

* The ~914 cm™! band arises from the bending vibrations of “inner” OH groups of AI-OH-Al
of kaolinite structure.

* The band at ~680 cm! could be related to aromatic out-of-plane C-H vibrations, rather than
to mineral matter (Georgakopoulos, 2003).

e The band at ~531 cm™! originates from Si-O-Al"! vibrations (Al in octahedral co-ordination),
while the band at ~469 cm! is attributed to the Si-O-Si bending vibrations (Van Jaarsveld et
al., 2002; Madejova, 2003).

The main FTIR absorption bands of both xylite and matrix lignite samples are summarized in table 1.

The comparative FT-IR spectroscopy of xylite and matrix lignite lithotypes showed that:

* An intense and broad hydroxyl band of the xylite sample with a maximum at ~3392 cm',
was displaced relatively to the matrix lignite band which appears at ~3406 cm. The latter
peak is accompanied by two other small peaks around 3698 cmand 3620 cm™! due to min-
eral matter, which is more abundant in the matrix lignite.

* The predominant FTIR feature for xylite samples (Fig. 2b), in contrast to matrix lignite ones,
is the high intensity of aliphatic C-H stretching vibration at ~2931 cm!, which appears at
slightly lower wavenumbers (2925 and 2856 cm™), in matrix lignite samples.

Significant differences of the containing functional groups are also present in the 1700-1100 cm! re-
gion. More specifically:

* The stretching vibrations at ~1506cm™ due to C=0O structures tend to decrease in matrix lig-

nite. As far as, the bands at this region (~1506 cm™) practically disappear at the stage of bi-
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Fig. 3: X-ray diffraction diagrams of representative matrix lignite (A) and xylite (B) samples, before (a) and
after (b) heating up to 550°C.

tuminous coal (Ibarra et al., 1996), the progressive elimination of stretching vibrations in this
region probably indicates increasing coalification from xylite to matrix lignite lithotype.

e The vibrations due to the aliphatic C-H and C-O groups at ~1455 cm™!, 1370 cm™, 1265 cmr
Pand 1224 cm!, as well as the out of plane vibration due to the C-H bonds at 823 cm! also
decrease in matrix lignite (Ibarra et al., 1996).

* Strong vibrations corresponding to the occurrence of clay minerals (e.g. kaolinite bands at ~3698
cem!, 3620 cm?, 1031 em?, 915 em?, 531 em?, and 469 cm!) were detected in the FT-IR spec-
tra of the matrix lignite samples, while for the xylite ones a limited number of these vibrations
are present, which are also quite weak.

e The prominent band at ~680 cm™! in matrix lignite sample, could be related to aromatic out-
of-plane C-H deformations, rather than to mineral matter (Georgakopoulos, 2003).

4.2 X-ray diffraction (XRD) analysis of xylite and matrix lignite samples

The X-ray diffraction (XRD) analysis revealed that the minerals present in matrix lignite are mainly,
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kaolinite and gypsum (Fig. 3aA), while anhydrite is present in both heated samples (Fig. 3bA,B). II-
lite (+muscovite) is identified by the sharp diffraction peaks at dyy,;=~10 A and dy;=~3.34 A, while
kaolinite by its typical peaks at dy,;=~7.1 A and dgpr=~3.5 A. In the same figure gypsum is identi-
fied by its characteristic peak at dyy,=~7.56 A. Minerals in minor contribution such as quartz at
d,;=3.34 A and d, ;=426 A and calcite at d,;,=~3.03 A have been detected, too. It is important to
be mentioned that the formation of anhydrite, in the heated samples at dyy=~3.49 A and d,,;=~2.85
A indicates the presence of gypsum in raw materials.

From the X-ray diagrams (Fig. 3a) it becomes clear that clay minerals are present in the matrix litho-
type, while in the xylite one these are absent. This observation confirms the FTIR results, in which
the typical bands of clay minerals are absent from xylite spectrum. This may be attributed to the na-
ture of xylite samples that prevent the water movement through the xylite mass.

In addition, the samples were heated up to 550°C for 2 hours, in a static oven (Fig. 3b). Samples were
then cooled at room temperature and examined by X-ray power diffraction (XRD). A decrease in the
intensity of the characteristic diffraction pattern at d=~7.57 A, due to the collapse of gypsum, as
well as the presence of typical peaks at d=~3.50 A and d=~2.85 A (Fig. 3b), indicates clearly the
presence of anhydrite for both xylite and matrix lignite lithotypes.

4.3 TG/DTG and DTA study of xylite and matrix lignite samples

The thermal study results of the Achlada low rank coal samples examined after heating up to 1200°C,
at arate of 10°C/min, are shown in Fig. 4a,b. The TG curves of the examined samples showed a con-
tinuous weight loss during heating up to ~650°C and 900°C, for xylite and matrix lignite samples,
respectively. More specifically:

* The steep slope of the xylite TG curve, in the temperature range from 200°C to 500°C, due to the
rapid weight loss is attributed to the high devolatilization rate of organic matter.

* In the same temperature range, a big and sharp devolatilization peak observed at the DTG curve
indicates the high devolatilization rate of xylite lithotype comparing to matrix one. This sharp
peak at ~380°C (Fig. 4a) can be attributed to cellulose content of xylite sample (Charland et al.,
2003). Taking into consideration that this peak height can provide a relative measure of the re-
activity, the xylite seemed to be more reactive, as far as its decomposition rates were higher
than those corresponding to the matrix lignite (Vamvuka et al., 2004). On the other hand, the bulk
of the burning process for matrix lignite occurred mainly between 450°C and 600°C.

* An endothermic peak at ~380°C (DTA curve) is associated with the decomposition of cellu-
lose, while the decomposition of lignin is characterized by an exothermic one, in the tem-
perature range from 200°C to 400°C (Fig. 4a).

* Xylite samples present higher weight loss up to 1000°C (67.35% wt), comparing to matrix lig-
nite ones (37.66% wt). The water that is evolved during pyrolysis arises from OH of con-
stituent water as well as from the condensation of phenols (MacPhee et al., 2004), as it is
shown in the following equation:

“_\
RO S S
| + —_— + HO
Y Z Z

The thermogravimetric curves of the Achlada low rank coal samples examined show that:

* The first peak of DTG curve at 100°C, which is associated with sample drying phase (Fig. 4b).
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Fig. 4: TG/DTG/DTA diagrams of representative xylite (a) and matrix lignite (b) samples.
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¢ In the temperature range from 200°C to 560°C, the weight loss is less than in xylite sample
and this is indicated by the slight slope of the TG curve.

* The TG curve of the matrix lignite samples showed a continuous weight loss during heating
up to ~900°C, originated from the lignin content, that is quite difficult to decompose, as well
as from the presence of inorganic material.

* The exothermic peak in the temperature range from 200°C to 400°C of DTA curve is charac-
teristic of lignin and can be attributed to the destruction of aliphatic grouping, CH groups, car-
bohydrate components and to some extent of oxygeneous (alcoholic, phenolic) and amino
groups (Kucerik et al., 2004).

* The endothermic peak at ~500°C is attributed to the dehydroxylation of the kaolinite, (due to
the loss of OH groups, surrounding the A1 atoms) and the progressive transformation from
the octahedral co-ordinated Al, in kaolinite, to a tetrahedral co-ordinated form, in metakaoli-
nite, through the breaking of OH bonds (Van Jaarsveld et al., 2002). A part of the weight loss
in this temperature range comes from the decomposition of siderite according to the reaction
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FeCO; — FeO+CO,. Chlorite and illite (+muscovite) give endothermic peaks at higher tem-
peratures.

5. Conclusions

Studying the xylite and matrix lignite lithotypes from the organic beds of Achlada lignite deposits,
Florina sub-basin, NW Greece, by FT-IR spectroscopy, in combination with X-ray diffraction and
thermoanalytical methods (TG/DTG and DTA), the following conclusions were taken:

* The FTIR spectra of all samples confirm the progressive elimination of aliphatic vibrations
from xylite lithotype to matrix lignite one and the appearance of clay minerals in the latter.

* The aliphatic stretching regions at 3000-2800 cm™ and 1700-1100 cm™', where the vibrations
of C-H and C-O groups at ~1458 cm™, 1370 cm™', 1267 cm™ and 1224 cm are present, re-
duced in matrix lignite.

* The vibrations corresponding to the occurrence of clay minerals (~3697 cm!, 3620 cm!, 1034
em, 915 cm?, 531 emt, 469 cm! and 435 cm!), are more evident in matrix lignite samples
and very weak in xylite ones.

* According to X-ray analysis the minerals present in the matrix lignite are mainly illite (+mus-
covite), kaolinite, and gypsum, while in the xylite samples these minerals are absent. The for-
mation of anhydrite in the heated samples indicates the presence of gypsum in both raw
materials.

* The TG/DTG/DTA curves of xylite lithotype present higher weight loss comparing to matrix
lignite lithotype, as well as a sharp DTG peak at ~380 °C, accompanied with an endothermic
peak of DTA curve, that is characteristic of cellulose decomposition. In contrast, the lignin de-
composition is characterized by an exothermic peak in the temperature range from 200°C to
400°C.
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Abstract

Organic petrology and detailed physicochemical properties has been undertaken on twenty six Greek low
rank coals (peat, peaty lignites, lignites of both matrix and xylite-rich lithotypes, and sub-bituminous
coals in order to evaluate the increase of their adsorptive surface area by pyrolysis.

The results show that surface area of activated coal samples increased substantially and in some
more than the commercial one. The increase in surface area was higher the higher the carbon con-
tent and the lower the ash content.

The adsorption capacity of phenols and the decrease of COD (Chemical Oxygen Demand) in olive
oil mil wastewater disposals were measured in selected samples as well as the decrease of COD and
the adsorption of nitrogen and phosphorus from a solution which simulates city waste disposals were
measured in 14 selected Greek lignites and 1 commercially available activated lignite sample (HOK).

The maximum recorded adsorption of phenol was 30.6 mg/g of activated lignite while the commer-
cial one (HOK) adsorbed 16 mg/g of activated lignite. The COD reduction was 1262 mg of COD/g
of activated lignite while in the commercial one the reduction was 439 mg of COD/g of activated lig-
nite. The maximum adsorption of N and P from the simulated city waste liquid was 6 41 mg/g of ac-
tivated lignite and 2.52 mg/g of activated lignite, respectively. while the commercial one (HOK)
adsorbed 2.84 mg/g and 2 42 mg/g, respectively. Finally, the COD reduction was 50.28 mg/g of ac-
tivated lignite and 34.92 mg/g for the commercially one (HOK).

The results show that Greek activated lignites can be used successfully for cleaning industrial and
city wastes. These findings open the door for the economic exploitation of small to medium size lig-
nite deposits in Greece, which are widespread in Greece.

Key words: Activated lignite, adsorption, olive oil mill wastes, city waste liquids.

1. Introduction

Research on activated lignite started some thirty five years ago (Fraser, 1972) while its application
for environmental purposes started fifteen years later (Klose and Heschel, 1987) and continuous to
date (Navarro et al., 2006). Activated lignite is used in the treatment of waste water (Engelhard and
Lenz, 1997; Olson and Stepan, 2000; Stepan et al., 2001) and industrial wastes (Khan et al., 1981;
Allen et al., 1997; Dabrowski et al., 2005; Galanakis et al., 2006).
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Table 1. Estimated OOMW volumes generated from olive oil processing (Niaounakis and
Halvadakis, 2006).

Country OOMW, m’ly Olive cake, m’/y
Spain 2.8x10° 1.6x10°
Italy 2.4x10° 1.6x10°
Greece 1.4x108 0.8x10°
Tunisia 0.55x10° 0.3x10¢

Optimization of manufacturing conditions for the production of activated lignites is discussed by
Karacan et al., (2006) while its commercialization for various environmental purposes have been un-
dertaken by a large number of industries.

In the present study an effort was undertaken to clean olive oil mill wastewaters (OOMW), which
are slightly acidic and associated with high biochemical oxygen demand (BOD) and chemical oxy-
gen demand (COD). The phytotoxic effect of OOMW is partially attributed to organic fraction (phe-
nolics and related substances) which is present in notable concentrations and inhibits the growth of
certain microorganisms (Paredes et.al., 1986). The phenolic content (phenols, flavonoids or polyphe-
nols) along with long chain fatty acids produce methanogenic toxicity and therefore the option of
discharging OOMW to land should be carefully considered (Hamdi, 1992; D’ Annibale et al., 2004;
Mekki et al., 2007) the adsorption of phenols. This problem is very serious in the Mediterranean area
which accounts for almost 95% of the world oil production (Al Malah et al., 2000). The estimated
OOMW volumes generated from olive oil processing is presented in Table 1.

In the present research work 28 composite lignite samples from 12 coal basins in Greece have been
activated in order to measure their surface area. Experiments were conducted on 14 selected raw and
activated lignite samples plus one commercially activated lignite sample which was used as a ref-
erence point. The aim of the research study was to relate the adsorption of phenols and COD from
olive oil mill wastewater, since Greece produces a large amount of OOMW, Table 1, and furthermore
to investigate the adsorption of nitrogen and phosphorus from a simulated city waste water by acti-
vated Greek lignite samples.

2. Materials and Methods

Twenty-eight composite samples of peat, peaty lignites and lignites, of both matrix and xylite-rich
lithotypes according to ICCP (1993, Figure 1 and Table 2), have been analyzed using a wide vari-
ety of coal characterization methods.

For proximate, ultimate and calorific values, the samples were ground to <100 mesh (150 um) and
analyzed following the procedures outlined by ASTM (1978, 1989a, 1989b). Sulphur was deter-
mined by LECO apparatus as outlined by Foscolos and Barefoot (1970).

For petrographic composition, the coals were crushed to a maximum particle size of 850 pm (20 mesh),
mounted in epoxy resin and then ground and polished. Maceral analysis based on 500 points was per-
formed using a LEICA DMRX microscope coupled to a Swift automatic point counter attached to a me-
chanical stage. The terminology and descriptions for macerals used in this paper is that recommended by
the International Committee for Coal Petrology (ICCP, 1963; 1971; 1993, 2001; Sykorova et al., 2004).
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Fig. 1: Location of studied samples.

Adsorption studies were carried out on 28 composite samples from various coal basins. All samples
were crushed to an appropriate size particle (-2.0,+1.00 mm) and then physically activated by pyrol-
ysis. Subsequently, a given quantity of lignite is dried at 110° C and placed into the reactor under ni-
trogen flow (150 ml/min) for 30 min, in order to remove the air. Afterwards, the samples were
pyrolized in two steps at 400°C for 2 hours and 700°C for another 2 hours under N, and CO, gases re-
spectively, following procedure outlined in Zhang et al. 2005. Surface area measurements of non-ac-
tivated and activated lignites were calculated using the BET (Brunauer, Emmet and Teller) method
with N, as absorbent gas and a NOVA (Quantachrome) surface analyzer. All samples were degassed
under vacuum for 12 hours at 300°C in order to determine their BET specific surface area (Sgpy).

For the study of the adsorption of olive mill wastewater 14 raw and activated lignites were used
along with commercially activated lignite (AC) in 24h-adsorption experiments to test their sorption
capacity. Experiments were performed at room temperature using a model glass fixed column in a
continuous recycling operation. Adsorptive materials were washed out with 2L distilled water be-
fore the experiment process. Olive oil wastewater was placed into a 10L tank. It was provided at the
bottom of the column by a Percom N-M peristaltic pump (fixed at 20 rpm) and recycled into the tank
with a flow rate of 0.5 ml/s. For the phenol measurements 15 ml of wastewater samples were taken
at0,0.5,1,2,4.8, and 24h intervals, while COD was measured at 0,4, 12 and 24 h. The sorption ca-
pacity (q) was defined as: q= (C°,, -C',,)/ C°,, whereas C°,, ,C!,, are the concentrations of the ad-
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Table 2. Location of samples and lithotypes.

IS;):; Origin Lithotypes
TH1 Thessaly Peat with clay particles
TH2 Thessaly Peat with clay particles
TH3 Thessaly Matrix brown coal, clay - rich, friable
TH4 Thessaly Matrix brown coal, with plant remnants
THS Thessaly Matrix brown coal, with plant remnants
TH6 Thessaly Xylite brown coal
TH7 Thessaly Xylite brown coal
THS Thessaly Matrix brown coal, xylitic, with plant remains
MT1 Macedonia | Mixed peat, clay - rich, black colour
MT2 Macedonia | Mixed peat, clay - rich, black colour
MT3 | Macedonia | Mixed peat, clay - rich, black colour
MT4 Thrace Matrix brown coal, stratified, clay - rich, friable
MTS5 Thrace ?r/laagtlrlil); 1ll)trsown coal, stratified, clay - rich, cluster bands containing xylitic
MT6 Thrace If\r/laz:ét?r'l); Ill)trsown coal, stratified, clay - rich, cluster bands containing xylitic
MT7 Thrace If\ia;tflr'l); Illatrsown coal, stratified, clay - rich, cluster bands containing xylitic
MTS Thrace Matrix brown coal, stratified, cohesive at places, presence of micas

PP1 | Peloponnese | Matrix brown coal, stratified, xylitic at places

PP2 | Peloponnese | Matrix brown coal, xylitic
PM1 | Peloponnese | Matrix brown coal, stratified, clay-rich

I Epirus Matrix brown coal

12 Epirus Matrix brown coal, clay rich
KP1 Crete Subbituminous, lustreous appearance
KP2 Crete Subbituminous, mat / lustreous appearance
KP3 Crete Brown matrix coal, layered at places, mat / glossy
KP4 Crete Organic matter bearing clay, layered, cohesive in some places
KP5 Crete Mixture of KP1 and KP2 at a ratio 1:2

sorbate in the wastewater (mg/L) at zero and interval time, while C°,, is the mass per volume ratio
of adsorbent versus wastewater (g/L). Total phenol content was determined colorimetrically using

the Folin-Ciocalteau reagent (Atanassova et al., 2005; Folin and Ciocalteau, 1927).

The adsorption of N and P from a city wastewater disposal was carried out using the following
simulated liquid, Aivazidis, 2000. 20g. of peptone along with 20g of sugar, 4.76 ml of glacial acetic
acid, 5.62g of KH,PO, and 6.48g of urea (NH,),CO; were transferred to one liter of distilled water.
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30 ml of this solution were transferred to 3 liters of distilled water. This final solution was used for
measuring COD decrease as well as N and P adsorption by activated lignite samples. Nitrogen and
phosphorus measurements were carried out usinga Hanna C214 Multiparameter Bench Photome-
ter for Wastewater Treatment Application along with the special reagents. For the adsorption of N
and P measurements were carried out at 0.5, 3, 6 and 12 hours intervals while for COD measure-
ments the intervals were 3, 6, and 12 hours respectively.

3. Results and Discussion
3.1 Proximate and UltimateAnalysis and Calorific Values

Table 3 shows the data obtained from the proximate and ultimate analysis together with the calorific
values. Proximate analysis indicates that the samples of peat and peaty lignites: I1 and 12 (Epirus),
PM1, PP1 and PP2 (Peloponnesus), TH1, TH2 and TH3 (Thessaly), as well as the samples MT1,
MT?2 and MT3 (Macedonia, N. Greece) to have high volatile content ranging from 66 to 76.8 %,
while its fixed carbon content to vary from 23.2 to 35.6 %. High values are recorded for oxygen and
nitrogen, which fluctuate from 25.6 to 34.6 % and from 2.1 to 3.7 %, respectively. These results are
indicative of their low maturity. Also the samples I1 and 12 are characterized from their high sulfur
content, 6.6 to 6.5 %, which attributed to the presence of pyrite (Papanicolaou, 2001).

For the samples with higher maturity TH4, TH5, TH6, TH7, TH8 (Thessaly), MT4, MT5, MT6,
MT7,MTS (Thrace), as well as for the xylite rich samples AA and BB (Macedonia, N. Greece) their
volatile matter content ranges from 49.8 to 61.9 %, while their fixed carbon content fluctuates be-
tween 38.1 to 50.2 %. Oxygen content ranges from 23.4 to 30.3 %, while nitrogen concentration
varies from 0.5 to 1.7 %, which indicates different maturation. The latter is also ascertained from the
higher calorific values (Table 2). Noteworthy is the presence of high sulfur content, 14.9 to 18.8 %
on the samples MT4, MT5 and MT6 (Macedonia) and 5.5 and 7.1 % from the samples MT7 and
MT8 (Thrace). These values are attributed to the presence of pyrite, which is also indicative of their
depositional environment (Papanicolaou, 2001).

Sub-bituminous coals, KP1, KP2, KP3 and KP5 (Crete), are also characterized by their high sulfur
values, which range from 6.9 to 19 % due to the presence of pyrite, as well as their high calorific
values, up to 26.5 MJ/kg. Sample KP4 is a carbonaceous clay sample intercalating the coal seams.

Finally, the samples PM1, PP1 and PP2 (Peloponnesus), are characterized by high volatile content,
>62 %, relatively high sulfur content >5.5 % and relatively low calorific values that range from 20.6
MlJ/kg to 20.8 MJ/kg.

3.2 Maceral Composition

Maceral composition of the studied samples is presented in Table 4. In general huminite is the pre-
dominant maceral group, whereas liptinite and inertinite occur with very low values. Peat and peaty
lignite samples differ in more than one maceral sub-group. Peat from Thessaly (TH1, TH2, TH3),
have low concentrations of telohuminite ranging from 15.3 to 17.6 vol.%, while their detrohuminite
fluctuates from 69.2 to 72 vol.% (Fig. 2). Noteworthy is the fact that within the detrohuminitic com-
ponents the ratio of attrinite to densinite is quite high On the other hand peat and peaty lignite sam-
ples from Macedonia (MT1, MT, MT3), though they have similar telohuminitic concentrations, as
the previously mentioned samples from Thessaly, their ratio of attrinite to densinite is much lower.
Peaty lignite samples from Epirus (I1,12), are characterized by higher telohuminitic content than the
peat and peaty lignite samples from Thessaly and Macedonia. Moreover, these samples have less de-
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Table 3. Results of proximate and ultimate analysis and calorific values of lignite samples
(except ash values are on dry and free ash basis).

Location| Ash VoLMat] Cpy | € | H | O | N | S [CalVal
wt.-% MJ/kg
Thessaly
TH-1 | 476 66.0 340 557 5.6 338 2.7 22 21.6
TH-2 | 588 66.3 337 55.1 5.7 346 2.7 1.8 18.82
TH-3 374 669 33.1 59.7 50 305 3.1 1.6 227
TH-4 | 244 554 44.6 654 4.7 240 14 45 25.1
TH-5 39.6 612 38.8 63.5 55 280 1.7 13 245
TH-6 | 454 58.8 412 60.8 5.6 303 1.5 1.8 23.6
TH-7 17.3 569 43.1 65.8 50 25.1 1.5 2.6 255
TH-8 38.1 573 427 644 57 250 14 30 254
Greek Macedonia & Thrace
AA 8.7 592 409 679 59 234 05 22 276
BB 132 576 424 64.6 4,1 26,2 11 39 236
MT-1 | 525 644 35.6 583 55 290 2.1 5.1 21.8
MT-2 | 415 679 32.1 61.6 54 257 23 5.1 236
MT-3 | 402 675 325 624 48 27.6 2.5 3.1 232
MT4 | 528 532 46.5 52.6 52 264 09 149 20.1
MT-5 | 430 498 50.2 513 48 244 0.8 18.8 194
MT-6 | 480 523 477 53.6 50 256 1.0 149 203
MT-7 | 510 545 455 62.0 5.8 257 1.1 55 24.1
MT-8 | 646 619 38.1 56.5 64 293 0.7 7.1 17.6
Crete
KP-1 302 515 485 66.6 49 204 1.0 7.1 26.5
KP-2 52.8 542 458 60.3 48 22.1 09 119 23.7
KP-3 720 61.7 383 52.1 4.6 26.3 1.2 15.8 17.5
KP-4 83.2 81.1 189 41.6 54 327 12 190 11.7
KP-5 30.1 523 477 66.6 50 209 09 6.9 26.6
Epirus
I-1 485 74.9 25.1 585 35 293 35 6,6 199
I-2 51.5 76.8 232 575 3.7 30.1 3,7 6.5 19.7
Peloponnese
PM-1 | 395 664 33.6 58.1 40 30.8 1.6 56 20.6
PP-1 434 64.7 353 572 43 310 1,5 6,0 20.8
PP-2 36.1 62.0 38.0 59.6 42 28.6 15 6,1 20.8
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Fig. 2: Ternary plot of huminite maceral subgroup contents.
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Fig. 3: Sorption capacity q (mg adsorbate / g adsorbent) of phenols and COD for the 14 raw lignite samples at
the end of the 24h experiments.

trohuminitic and gelohuminitic content while their inertinitic concentration is higher than their equiv-
alent samples from Thessaly and Macedonia.

Lignite samples from Thessaly TH4, THS, TH6 and TH8 are characterized by relatively high telo-
huminitic content ranging from 30.8 to 38.6 vol.%, while detrohuminitic components are higher
fluctuating from 49.8 to 59.8 vol.%.
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Table 5. Surface area (BET) in m%g of bulk and activated lignites.

Location ‘ Bulk sample ‘ Activated sample | Location | Bulk sample | Activated sample
Thessaly Crete

TH1 3.1 158.5 KP1 3.1 2412
TH2 140 112.1 KP2 52 1443
TH3 3.1 226.5 KP3 8.6 825
TH4 43 2474 KP4 10.8 50.1
THS 7.6 189.7 KP5 57 125.1
TH6 11.5 145.6 Epirus

TH7 3.6 2713 n 3.6 186.4
THS 50 2022 2 43 164.1
Eastern Greek Macedonia & Thrace Western Greek Macedonia

MT1 30 1409 AA 299.2
MT2 42 168.2 BB 4124
MT3 3.7 2339 Western Peloponnese

MT4 6.8 155.1 PM1 8.7 227.6
MT5 16.8 161.3 PP1 5.1 207.6
MT6 6.9 194.1 PP2 34 184.8
MT7 8.7 118.3

MTS 23.8 88.6

Lignite samples from western Peloponnesus PM1, PP1, and PP2 have much lower telohuminitic
components than the ones from Thessaly ranging from 16 to 25 vol.-%, while their detrohuminitic
components are relatively similar varying from 51.0 to 60.2 vol.-%. Moreover, the samples from
western Peloponnese are also characterized from higher liptinite and inertinite macerals. Samples
TH7 and TH8 from Thessaly and MT4, MT5, MT6, MT7 and MTS from Thrace, as well as all the
samples from Crete have high telohuminitic components mainly as eu-ulminite. The difference
amongst these samples lies upon the range of detrohuminite concentration. The concentration in
samples from Thessaly, TH7 and TH8 varies from 40.8 to 49.8 vol. %, while those from Thrace
MT7 and MTS, fluctuate from 20.7 to 35.3 vol.% and those from Crete have wider ranges, which
varies from 19.5 to 45.9 vol.% (Table 3).

Finally, the two samples AA and BB, from western Macedonia are characterized by their high telo-
huminitic components and liptinite macerals and their low detrohuminitic components and the ab-
sence of inetrinite macerals.

3.3 Surface area measurements

Surface area measurements on non-activated and activated lignite have been measured following the
BET method. The results are presented in Table 5 and indicate that in all samples the activation process
has increased their surface area substantially, e.g. KP1 from Crete, TH3, TH4 and TH7 from Thessaly.
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Fig. 4: Sorption capacity q (mg adsorbate / g adsorbent) of phenols and COD for the 15 activated lignite sam-
ples at the end of the 24h experiments.

3.4 Adsorption studies

The adsorption capacity q ( mg adsorbate/g adsorbent) of phenols from the olive mill waste water
was estimated according to the reduction of total phenols and COD at the end of 24 hours experi-
ment for 14 raw and activated lignite samples as well as for one commercially available one (AC).

From the raw lignites, samples TH2, THS, TH3, I1 and MT3 have q values over 10 mg of phenol /g
lignite which are relatively good while the q value of the commercially available activated lignite
(AC) is 15 mg of phenol/ g lignite (Figure 4). As far as the COD reduction only two samples MT6
and MT7 have values, 67 mg COD/g lignite and 97 mg/g lignite which are lower than the AC sam-
ple 439 mg COD/g lignite. From the activated lignite, samples PP 2, MT6, MT3 and TH4 have q val-
ues of over 26 mg/g act. lignite while the commercial AC yield a value of 16 mg/g act. lignite (Figure
5). As far as COD values are concerned, samples TH7, PPI and KP1 have better values, 1262 mg/g
act. lignite, 1143 mg/g act. lignite and 1048 mg/g act. lignite respectively, than AC sample which has
271 mg/g act. lignite.

Data concerning the decrease of COD, nitrogen and phosphorus from the simulated city wastewater
disposal following the adsorption from raw and activated lignite samples are shown in Figures 5, 6
and 7, respectively.

The decrease of COD demand in raw lignite samples at a half hour interval, Fig.5, indicates that sam-
ples KP1, MT6, MT8, I1 and TH4 with q values 7.5 mg/g, 7.3 mg/g, 7.2 mg/g, 7.0 mg/g and 6.7
mg/g, respectively yield higher values than the commercially activated sample, AC, whose value was
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Fig. 5: Decrease in COD demand in mg/g from a simulated wastewater liquid in both raw lignite samples after
half an hour interval and activated lignite samples after 3 hours and 12 hours interval.

3.6 mg/g. The decrease, in q value, of COD in activated lignite samples at the time interval of 3
hours, Fig. 5, was in the following order:

MT2> TH4> PP2> MT8> MT6> KP1>PM1>TH7>AC

while at 12 hour interval the order was:
MT2>PP2>TH4>MT8>AC>MT6>TH5>THS>KP1>MT3

The decrease in q value for nitrogen adsorption at the end of 12 hours, Fig. 6, was in the following
order:

MT2>11>PM1>TH4=PP1>PP2>TH7>MT8>MT6>AC

The decrease in q value for phosphorus adsorption at the end of 12 hours, Fig. 7, was in the follow-
ing order:

[1>AC>TH4>PP2>MT8> PM1>TH5

From the above experimental data it is more than obvious that a large number of Greek activated lig-
nite samples can be used successfully to clean industrial and city wastewaters since they behave bet-
ter than the commercially available one AC (HOK) produced by Rheinbraun Brennstoff Gmbh (RBB).

Table 1 shows that every year 1.4x10° m* of OOMW is produced in Greece. Since I m* of OOMW
contains 1.8 g/l of phenols it is calculated that the amount of phenols contained in the 1.4x10° m?
amounts to 2520 tons. Given that sample PP1 adsorbs 30 mg of phenols/g of activated lignite then to
clean the annual effluent of OOMW requires 84000 tons of this type of lignite per year. Assuming that
we have a small mineable lignite deposit of 5000000 tons then upon activation the amount left is
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Fig. 7: Phosphorus adsorption, in mg/g on activated lignite samples from a simulated wastewater liquid after
12 hours contact.
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Fig. 8: Relationship between surface area of physically activated lignite samples (m*/g) and their carbon con-
tent on dry samples.

roughly 2500000 tons since more than 50% of its weight is lost during the activation process. This
implies that such a deposit can satisfy the cleaning process of OOMW in Greece for 30 years.

The 84000 tons of contaminated by phenols activated lignite can be used for the production of valu-
able by-products (Roig et. al., 2006: Oreopoulou and Russ, 2007). Activated lignite which is satu-
rated with phenols can not be applied in soils as fertilizers because it inhibits the growth of certain
bacteria (Paredes et al., 1986).

4. Conclusions

Surface area measurements have been conducted on 28 activated Greek brown coal samples. The re-
sults show that some lignite samples such as AA and BB (from northern Macedonia) and TH7 and
TH4 from Thessaly, central Greece) have high surface area equal or better than that of the com-
mercial activated carbon sorbents.

Surface area of activated lignite samples is inversely proportional to ash and proportional to carbon
content of lignite samples.

The use of activated lignite samples as adsorptive materials for cleaning olive mill wastewater con-
taminants and consequently for environmental purpose was successful. Maximum recorded ad-
sorption of phenol was recorded on sample PP1 with a value of 30.6 mg/g of activated lignite while
the commercial one (AC) adsorbed 14 mg/g of activated lignite. The maximum COD reduction was
recorded on sample TH7 with a value of 1262 mg /g of activated lignite while in the commercial one
the reduction was 439 mg /g of activated lignite.

Based upon the results obtained form the study of a simulated wastewater disposal liquid, a sub-
stantial number of Greek activated lignite samples reduce COD as well as nitrogen and phosphorus
content more efficiently than the commercially available activated lignite HOK which produced by
Rheinbraun Brennstoff Gmbh (RBB).
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Abstract

This study investigates possible redox transformations of uranium under transient redox conditions.
Specific focus lies on the fate of U as reductive dissolution of iron oxyhydroxides by S(-II) is initi-
ated. In batch experiments sulfide was incrementally added to a lepidocrocite suspension contain-
ing adsorbed U(VI). The partitioning of uranium was monitored during the progressing
transformation of lepidocrocite into FeS. Synchrotron-based X-ray absorption spectroscopy was
used to resolve the oxidation state of uranium. Upon addition of sulfide intermediate release of U
from the solid to the solution was observed. The mobilization of U was followed by immobilization
in later stages. XAS reveals that this immobilization coincides with reduction of U(VI) to U(IV).
Consequently, reduction of U(VI) and precipitation of U(IV) solids, due to a shift from oxic to sul-
fate reducing conditions is possible. However, kinetic effects might lead to an intermediate mobi-
lization of U that should be considered for the risk assessment of nuclear waste repositories and the
remediation of sites, contaminated with radionuclides.

Key words: uranium mobilization, reductive dissolution, iron mineral transformation, redox tran-
sitions, iron sulfides, X-ray absorption spectroscopy.

1. Introduction

In recent years the fate of uranium in natural environments has received great attention due to the
high potential of uranium migration beyond the designated waste disposal sites. Uranium contami-
nation poses great health risks to an affected community both as a heavy metal and with the expo-
sure to radiation as it decays. Uranium transport is mainly associated with its higher oxidation state
of U(VI), considered as the uranium species with the highest solubility. In recent years, the approach
of uranium immobilization as a possible in situ remediation pathway has driven numerous studies
to investigate abiotic and microbial processes that induce reduction of U(VI) to U(IV), leading to ura-
nium precipitation and thus removal from aquatic systems. Subsurface environments specifically, are
characterized by ongoing changes in redox conditions that may influence not only the mobility of
uranium species but also induce changes in iron mineralogy with which uranium is closely associ-
ated. The interrelationship between redox transformations of uranium and iron are very relevant in
many natural environments and a subject of major importance for the remediation of sites contam-
inated with radionuclides and the risk assessment of nuclear waste repositories.
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Among soil minerals, iron oxides/oxyhydroxides are considered as primary sorbents for uranium due
to their high reactive surface areas. Uranium sorption has been studied on goethite (e.g. Duff, 1996;
Gabriel et al., 1998; Hsi and Langmuir, 1985; Giammar and Herring, 2001), on hematite (e.g. Bar-
gar et al., 2000; Ho and Miller, 1986; Liger et al., 1999), on ferrihydrite (e.g. Waite et al., 1994;
Morrison et al., 1995), on magnetite (Sagert et al., 1989) and green rust (O’Loughlin et al., 2003).
In the above studies, inner-sphere complexation of uranium species with the iron mineral surfaces
has been widely supported, indicating the strong sorption behavior among uranium and iron oxides.
However, iron oxides can significantly influence uranium transport not only by providing reactive
surfaces for uranium adsorption but they can also catalyze the reduction of U(VI) by Fe (II) (Liger
etal., 1999; Lloyd et al., 2002). Mixed valence iron oxides have been proposed to be able to reduce
U(VI), which has been attributed to the presence of sorbed Fe?* (e.g. Charlet et al., 1998; Fredrick-
son et al., 2000; O’Loughlin et al., 2003).

Open questions still remain regarding the fate of uranium once iron oxides undergo mineral trans-
formation with changes in the redox regime. It is known that in oxic environments uranium ad-
sorption typically competes with carbonate complexation in solution, while under anoxic conditions
reduction of U(VI) to U(IV) occurs, forming insoluble minerals (De Pablo et al., 1999; Ragnarsdottir
and Charlet, 2000). Consequently, once uranium occurs in the environment as adsorbed onto iron ox-
ides, changes in the redox regime, from oxic to anoxic, may not necessarily lead to the mobilization
of uranium. However, kinetic effects might lead to the release of solid bound uranium which is not
predicted by equilibrium thermodynamics. One of the most critical aftermaths of iron oxide disso-
lution would be the release of important -previously sorbed- pollutants such as uranium.

Overall results from previous studies lead to the hypothesis that U(VI) adsorbed to iron oxides might
be mobilized when the reductive dissolution of Fe(III) is faster than the reduction of U(VI) and Fe
outcompetes U as an oxidant for S(II). Here, we experimentally investigate the possibility of U mo-
bilization upon reductive dissolution of iron oxides with adsorbed U(VI) by S(II), and evaluate
whether U(VI) can be reduced. Efforts begin with an ideal abiotic system, imposed to anoxic con-
ditions, where sulfide was incrementally added to a lepidocrocite suspension with preadsorbed
U(VI). Lepidocrocite (y-FeOOH) was chosen for these experiments as a highly reactive iron oxide
mineral which is also found in environments of altering redox conditions (Canfield, 1989). Our main
purpose is to characterize the redox state and binding environment of uranium that is associated
with lepidocrocite during the reaction with sulfide. Additionally the level of competition between
uranium and iron reduction by sulfide will be addressed and as well as further role it could play in
uranium transport within natural environments.

2. Background Information

During diagenesis it has been shown that bacteria play a key role in the dissolution of iron oxides
by using Fe(Ill) as an electron acceptor and resulting in the production of Fe(Il) (e.g. Lovely et
al.,1991), which can be expressed by the following reaction:

FeOOH + ¢ + 3H* — Fe** + 5SH,0

However, bacteria are also known to rapidly produce H,S in organic-rich soil, which also acts as
an Fe(III) reductant (Jorgensen, 1977; Canfield, 1989; Krom et al., 2002). The kinetics of reductive
dissolution of iron oxides by S(-II) are well established and show a dependency on the degree of re-
activity of the available iron minerals in the soil (Poulton et al., 2004; Poulton 2003; Yao and Millero,
1996; Peiffer et al., 1992; Dos Santos Afonso and Stumm, 1992). Either by using geochemical mod-
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els or through experiments, the above mentioned studies have emphasized the significance of pH,
dissolved sulfide and Fe(Il) concentrations in solution and the controlling factor of mineral surface
area on the rates of iron oxide dissolution.

In contrast to iron oxides, very little is known about the kinetics of U reduction by S(-II). As previously
mentioned the abiotic reduction of U(VI) has been connected to the presence of Fe(Il), however urani-
nite (UO,) which has a very low solubility (K, = 10% Langmuir 1978) is mostly known to form ei-
ther by iron reducing bacteria (Lovley et al., 1991) of by sulfate reducing bacteria (Lovley et al., 1993;
Payne at al., 2004). Nevertheless, data from several field studies from areas such as the Biscay Bay, the
Cariaco Trench, the Black Sea and the Framvaren Fjord, where anoxic conditions, and thus, sulfide con-
centrations were extreme, gave no evidence for U(VI) reduction (Chaillou et al., 2002; Anderson et al.,
1989). The reduction of U(VI) to U(IV) by a strong reductant such as H,S should be possible, based on
thermodynamics, and can possibly be expressed by the following reaction stoichiometry:

UO,** + HS <= UO, + S" + H*

However, most studies that achieved uranium reduction by sulphide did so only by manipulating
physical or chemical parameters in laboratory experiments, e.g. by using strong sorbents that would
catalyze reduction, by increasing uranium or sulfide concentrations in solution (Kochenov et al.,
1977; Mohagheghi et al., 1984). Thus, evidence indicates that homogeneous reduction of U(VI) by
S(-II) is kinetically hindered.

3. Methods

In a pH stat reactor U(VI) acetate was added to a lepidocrocite suspension. Synthetic lepidocrocite
was produced according to the Schwertmann and Cornell (2000). Measured surface area of pro-
duced lepidocrocite was 78 m*g (N,-BET analysis). No mineral phases other than lepidocrocite
were identified by powder X-ray diffraction (XRD).

After adsorption equilibrium variable amounts of S(-II) (in the form of sodium sulfide solution)
were added and the partitioning of uranium, changes in iron redox state, and iron oxide mineralogy
were monitored. The pH during the reduction experiments was 8§, the ionic strength was adjusted to
0.1 M by adding NaCl solution. Concentrations of dissolved elements were obtained with the use
of ICP-MS or standard photometric methods after filtrating aliquots of the suspension. Depending
on the macroscopic observations, fractions of the suspension were collected. The solids were re-
covered by centrifugation and freeze dried for X-ray adsorption spectroscopy (XAS).

For XAS solid samples were prepared as pellets and air tight sealed to avoid oxidation of reduced iron
or uranium by oxygen during transportation. Collection of spectra took place at the FAME BM30M
beamline, at the ESRF in Grenoble, France. XAFS spectra were recorded in the fluorescence mode
at the U Ly;-edge (~17.17 keV) in a cryostat at about 30K. For energy calibration a Y foil (k-edge)
was used. Titanium reduced uranium was used as a U(IV) standard and a known U(VI)-iron oxide
sample for U(VI). Both X-ray absorption near-edge structure (XANES) and extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy were utilized to gain insight on the oxidation state and local
environment of uranium bound to the mineral surface throughout the reduction process.

All experiments and XAFS sample collection and preparation took place in an O,-free glovebox
which instead contained a gas mixture of N, (95%) and H, (5%). The glovebox was additionally
equipped with a Pd catalyst and an O, monitor, in order to maintain and control oxygen levels below
1 ppm. All glassware used (DURAN® ISO laboratory bottles) were previously checked for possi-
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Fig. 1: Model of lepidocrocite reductive dissolution caused by sulfides.
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Fig. 2: Evolution of U(VI) concentration and speciation over time. The reduction of U(VI) leading to the de-
crease of U(VI) concentration, once U(VI) is released into solution, is fictive -indicated with question mark-
and included in the model for illustrative purpose.

ble uranium uptake; in repeated blank absorption experiments no uranium was lost from solution.
All chemicals used were of reagent grade and no further purification was performed.

In order to illustrate the role of kinetics on the mobility of uranium during reductive dissolution of
iron oxides geochemical modelling was used. The rate of lepidocrocite dissolution was estimated
based on the rate law and kinetic constants reported in past studies (Peiffer et al., 1991). Due to
shrinking of the particles and consumption of S(II) the rate of lepidocrocite dissolution decreases
with progressing reaction. For simplicity it was assumed that all produced Fe(Il) precipitates as FeS.
The process of complete reduction of lepidocrocite after addition of sulfide is shown in Fig. 1.

Additionally, possible pathways for the fate of U(VI) sorbed on the iron oxide mineral surface were
modeled (Figure 2). The dissolution of lepidocrocite results in the release of U(VI) back into solution.
U(VI) adsorption onto lepidocrocite was calculated with a simple Kd model. The Kd value was derived
from adsorption isotherms which were performed prior to the dissolution experiments (data not shown).
Adsorption onto FeS was not taken into account. For illustrating the possibly only temporal nature of
U mobilization in such system re-immobilization by reduction of U(VI) was included in the calcula-
tions. In this case, relative rapid homogenous reduction of dissolved U(VI) by S(II) was assumed.
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4. Results and Discussion

Mineral transformation from lepidocrocite to iron sulfide occurred by the very first sulfide injection
in the lepidocrocite-uranium system, an effect that was visible by the color change of the suspension
from orange to black. All added S(IT) was consumed within the first two hours after the initial sul-
fide injection, as shown in Figure 3. During this period of time, electron transfer is assumed to be
taking place from the Fe(III) solid phase (lepidocrocite) to the sulfides that are interacting with the
substrate surface. In all experiments, a second sulfide injection took place two hours after the first
one, maintaining the same total concentrations of sulfide added. Consumption of S(II) occurred after
the second injection as well, with the exception of experiments for which S(II) remained in excess
in solution at the concentration level of ~ 3 mM (shown in Fig.3).

The progressive formation of amorphous FeS is assumed to dominate after the second sulfide addi-
tion, which would follow the reductive dissolution pathway described in detail by Afonso & Stumm,
(1992). Due to the fact that in these series of experiments sulfides have been added incrementally, the
effects of this reduction for the system lepidocrocite-U can be observed as they follow every new
sulfide addition. Reaction of lepidocrocite and S(-IT) was a relatively fast process and completed
within less than one hour, which agrees with the findings of Peiffer et al.(1991) and Poulton (2004).
The consumption of S(-II) was predominantly coupled to the production of Fe(II). A notable increase
in Fe(Il) concentrations in both solution and solid were observed (data not shown). In all experiments
Fe(I) produced is in analogy to the amount of sulfides added. In experiments where S(-II) was added
in excess (e.g. Fig.3), almost all Fe(II) is produced by the very first sulfide addition.

Prior to sulfide addition to the system, the concentration of dissolved uranium (U(aq)) was below
detection limits indicating the strong adsorption onto lepidocrocite (Fig. 3). Instant mobilization of
U(VI) was observed with every sulfide addition. Preliminary results suggested that the instanta-
neous mobilization and elevated concentrations of uranium in solution after sulfide addition might
be due to 1) a loss of sorption sites during iron mineral transformation 2) competition between ura-
nium and Fe(II) for reactive surface sites, 3) possible formation of uranium complexes with sulfides
in solution (e.g. polysulfides).

After the instantaneous increase in U(aq) concentration, induced by S (-II) addition, U(VI) concen-
tration in solution decreased, however, approached a level significantly higher than before S(-II)
addition. The decrease in U(aq) in the first hour after S(-II) addition was correlated with the S(-1I)
concentration. This suggests that the instantaneous mobilization of uranium might be due to forma-
tion of complexes with sulfide in solution. The elevated uranium concentrations remaining in solu-
tion after all S(-II) has been consumed after the first injection can be explained by a loss of sorption
sites due to iron reduction or the competition with Fe(I) for reactive surface sites; U(VI) shows a
lower affinity for Fe-SH than for Fe-OH groups. The release of uranium observed in all experiments
reaches ~5% of the total uranium added to the suspensions. Aqueous speciation of released U is be-
lieved to be UO,*".

The decrease in U(aq) concentration after one hour of reaction time with sulfide was not accompa-
nied with a decrease in S(-II) concentration. This re-immobilization might be caused by reduction
of uranium. XANES spectra, shown in Figure 4, showed successive transformation of U(VI) into
U(IV) with time. Reduction of U(VI) is in the time scale of days. We have data that supports the hy-
pothesis that the uranium reductant is most likely not S(-II),q but FeS. Hence, formation of FeS
might be required for sustainable immobilization of U. Evidence for sorption and reduction of U(VI)
by the crystalline sulfides galena and pyrite has been given by Wersin et al. (1994).
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Fig. 3: Top graph shows the kinetics of S(II) consumption. The graph below shows the phase distribution of
uranium in response to sulfide addition. Red arrows indicate the timings of S(II) additions.

Intensity[a.u.]

u(v)
48 h Fig. 4: XANES spectra showing reduction of
uranium as a function of time (hours). Samples

24 h taken from the same suspension as a function of
4h time, starting from the initial conditions (prior
2h to sulfide additions) and following with sam-
Initi plings of 2,4, 24 and 48 hours. XANES spectra
nitial Nae
R S are compared to standards of U(IV) (Titanium
17.15 17.2 17.25 U(Vl) reduced uranium, with blue) and U(VI) (ad-
keV sorbed to hematite, with red).

Linear combination of spectra indicated an approximate 15% presence of U(IV) in the solid sample
reacted for two hours with S(-IT) and an increase of 45% for the solid of 48 hours of reaction. A sim-
ilar trend of progressive U(VI) reduction was observed for sample series of all other experiments.
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Fig. 5: Chart with U(VI) percentages remaining in association with the solid from two suspensions reacted with 8
mM S(-II) in “C” and 5 mM S(-II) in “D”. Results are derived using coordination numbers from EXAFS fitting.

Uranium reduction is reflected in EXAFS fitting results by the decrease of axial oxygens. Coordi-
nation numbers were used to derive and compare percentages of U(VI) still remaining within the
solid fraction of the collected time-series experiments. Figure 5 illustrates two of the experiments
performed, indicated as “C” and “D”. To these suspensions 8 mM and 5 mM of S(-II) were added
respectfully. Results show a dramatic decrease of U(VI) in suspension with the higher amount of sul-
fide. The formation of uraninite made its appearance much later within the duration of the experi-
ments (data not shown). EXAFS spectra indicate U-U interactions, which are more prominent in
suspensions reacted with higher amounts of S(-IT) and with a greater presence of FeS. This gives us
some indication that FeS is the dominant reductant for U(VI) in these systems and interactions be-
tween U(VI) with FeS might be of significant importance for controlling the mobility in environ-
ments with ongoing microbial sulfate reduction.
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Abstract

Heterogeneity in metal concentrations is a typical characteristic of contaminated sampling targets,
with consequences in the estimation of measurement uncertainty and the spatial delineation of con-
tamination. Heterogeneity of contamination is site specific and is linked to the type and origin of the
contaminants. In this paper we present a case study on a completed firing range, at Skopeftirio Park
in Kesariani, Athens, Greece. The study focused on two heavy metals in the soil with contrasting prop-
erties. Lead, an element with high concentrations due to the previous land use of the park and Cr, an
element with concentrations close to the natural background at this site. Forty nine top soils samples
(0-10cm) were collected from an area of 0.7 kn? by using a 40m x 40m grid. Duplicate samples were
collected from 8 randomly selected sampling sites, 5 m away from the original sampling location and
were analyzed in duplicate for the estimation of measurement uncertainly. Elemental concentrations
were measured by AAS after an aqua- regia acid attack. Robust analysis of variance applied on du-
plicate measurements separated the total variability of the results into three components, representing
the analytical, sampling and geochemical variances for the two elements in soil. It was shown that the
combined sampling and analytical variance for the Pb has a high proportion in the total (53.5%) re-
flecting the extreme small-scale spatial variation of Pb contamination. For Cr, the proportion is lower
(17%) indicating a more homogeneous distribution of elemental concentrations.

Key words: geochemical sampling, measurement uncertainty, heterogeneity, ANOVA, contaminated
soil, heavy metals.

1. Introduction

Sampling is an integral part of the measurement process in geochemistry. However, only recently ap-
propriate attention has been given to this process in terms of the errors and uncertainty that it gener-
ates. Uncertainty of measurement, according to metrological terminology is defined as a parameter,
associated with the result of a measurement that characterizes the dispersion of the values that could
reasonably be attributed to the measurand (ISO, 1993). The idea of devising methods for the estima-
tion of sampling uncertainty analogous to the methods already in use for the estimation of analytical
uncertainty has been suggested (Ramsey, 1994; Thompson and Ramsey, 1995). The analogy is limited
by three important differences from analytical practice (Ramsey and Thompson, 2007) namely: (i) the
heterogeneity of sampling targets plays a role during assessment of sampling uncertainty, while this
(ideally) does not play a role during assessment of analytical uncertainty, (ii) practical difficulties ob-
struct the estimation of sampling bias, (iii) analytical variations can be observed directly, but sampling
variation cannot be observed directly because there will always be interfering analytical variations.
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However, through recent research, methodology has been developed for estimating uncertainty from
sampling empirically by using techniques based on randomized replicated experiments. In such tech-
niques, the utilization of analysis of variance, often abbreviated as ANOVA, has a central role. In the
instance of contaminated land investigations, where the objective of the measurement is defined in
terms of contaminant concentration in the sampling target and not simply in the laboratory sample,
the act of taking a sample introduces uncertainty in the reported result. Possible sources of error and
uncertainty during sampling operations may include cross-contamination and imperfect stabilization
of samples resulting in bias or additional variability, but the most significant source of uncertainty
is heterogeneity of the sampling target and its effects, such as random variability and selection bias.
Furthermore, studies of environmental systems have shown that effects caused by heterogeneity
often outweigh between-sampling operator and between-sampling protocol differences in concen-
tration results (Ramsey and Argyraki, 1997) and uncertainty on the measurements is greatly affected
by the heterogeneity of contamination, which in turn is linked to the type and origin of the contam-
inants. It has been shown that the higher the heterogeneity of contamination the higher the levels of
the estimated measurement uncertainty (Taylor et al., 2005). Work on contaminated land with dif-
ferent characteristics also confirmed that heterogeneity is site specific.

In this paper we present a case study on a completed firing range, at the Skopeftirio Park in Kesar-
iani, Athens, Greece. The study focused on two heavy metals in soil with contrasting properties.
Lead, an element with high concentrations in surface soil due to the previous land use of the park
as shooting range and chromium, an element with concentrations close to the natural background
which is controlled by local geology. The objective of this work is to present an application of analy-
sis of variance (ANOVA) technique to sampling uncertainty estimation and to discuss the hetero-
geneity in heavy metal concentrations in soil with reference to sampling quality as well as fitness
for purpose of the used sampling protocol.

2, Site description

The study area is situated in the Skopeftirio Park of the Municipality of Kesariani, about 3km east
of Athens centre. The Skopeftirio Park has a total area of 0.7 km? of almost flat topography. The veg-
etation within the park includes coniferous trees and grass areas. Park amenities include playgrounds
and a gun-shooting club which is fenced and isolated from the rest of the park area. The park has a
long history mostly related to the 2 World War when it was used as an execution place by the Nazis.
The area has been also used for military purposes over the years. Recently it has been declared as a
historical monument of modern Greece by the Ministry of Culture. After the 50’s, different parts of
the park have been used as shooting ranges for recreational purposes. Some of these areas have been
remediated while others are left in their original state. The previous use of the later is evidenced by
small spherical lead shots lying on the ground. Lead shots remaining on the surface soil are eroded
over time, releasing Pb into the soil (Petrakaki, 2009).

Geologically, the area belongs to the Athens Unit which lithologically comprises solid, white, plat-
form carbonates as well as some pelagic clastic sediments including bodies of basic and ultrabasic
rocks and volcano-sedimentary tuffs (Papanikolaou et al., 2004). These basic and ultrabasic rocks
are naturally enriched in Cr and contribute to the geochemical fingerprint in the park soil with re-
spect to the concentrations of this metal.
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Fig. 1: Schematic balanced design of sampling and analytical duplicates.

3. Methods
3.1. General

When investigating a single sampling target of contaminated land, by applying duplication on sam-
pling and analysis, ANOVA can be applied to the measurement of a parameter on the duplicated
samples for estimating the random component of uncertainty (Ramsey and Ellison, 2007). Although
a higher level of replication can be used, duplication is the most effective form of replication in sam-
pling studies. Research has shown that a minimum of eight duplicates is required to provide suffi-
ciently reliable estimates of uncertainty (Lyn et al., 2007). The experimental design of this method
is the balanced two-stage nested design (Fig. 1).

Based on this, two independent estimates of the population variance can be made, the between sam-
ple variance estimate, s°,,,,,,/i,, and the within sample (between analysis) variance estimate, s*
;- The sum of these represents the measurement variance, s

analyt-

ica meas*

2 — 2 2
S meas = S sampling + s analytical
and the standard uncertainty () can be estimated as:
— — 2 2
U= Speas = \/( s sampling ts analytical)

Subsequently, the estimate of the total variance in the sampling target is given by:

2 = 2 2 2
$total = S geochemical +s sampling + s analytical

where:

8’ geochemical = the variance estimate between sampling locations

It should be noted here that because classical ANOVA is a parametric statistical method, it relies on
the assumptions of normality of the distribution of the studied parameter and homoscedasticity of
the variances. The obtained variance estimates become less reliable when these assumptions do not
hold. The first assumption is not met in many instances, particularly in the case of environmental con-
taminants where analyte concentrations often display log-normal distributions. Furthermore, in order
for homoscedasticity to hold, ANOVA assumes no change of the variance within the concentration
range. Thus, the estimation of uncertainty by this method is only applicable close to the mean value
of the sample’s concentration but does not apply in instances of wide range of concentration where
a change in measurement precision with concentration is expected. To overcome the problems with
non-normally distributed data the use of robust statistics has been suggested (AMC, 1989; Ramsey,
1998). Robust ANOVA treats outlying values by down-weighting them rather than rejecting them.
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Fig. 2: Map of Skopeftirio Park at Kesariani in Athens, showing the sampling points [open circles] of surface soil.

3.2. Sampling and chemical analysis

Forty nine top soil samples (0-10cm) were collected from the study area based on a 40m x 40m reg-
ular grid. The exact sampling points were located using a GPS (Fig. 2). A hand auger was used to
collect a three-fold composite sample over a 1m? area at each sampling point. The sampling preci-
sion was estimated by taking sampling duplicates at Sm distance away from the initial sampling
point in random direction, in order to reproduce variability accurately so that a realistic estimate of
the sampling repeatability variance could be made. A total number of 8 sampling duplicates were also
collected.

Test portions of all soil samples weighing 0.250 g each were prepared for chemical analysis by AAS
in order to measure the concentrations of Pb and Cr. Analytical duplicates were prepared for each
sampling duplicate, for the estimation of sampling and analytical precision. Reagent blanks and
three certified soil reference materials were analysed at random positions between the sample test
portions for the estimation of analytical bias.

4. Results and discussion

The statistical interpretation of analytical measurements focused on the study of two elements with
contrasting properties at this site; Pb and Cr. These elements were selected so that comparisons of
the results of the applied sampling methodology could be made. The statistical interpretation of the
data was made after applying the quality control procedures discussed below. The frequency distri-
bution for the mean Pb concentration at each sampling point show a positive skew and approaches
a log-normal distribution. The concentration of Pb is generally high with an arithmetic mean of
~300pg g and a maximum of ~2400ug g in the soil. The distribution of Cr is less skewed with a
mean of ~140ug g!. The descriptive statistics for Pb and Cr concentrations in the sampled area are
summarised in Table 1.
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Table 1. Descriptive statistics for Pb and Cr in g g based on the 49 collected samples.

Statistic Pb Cr
Mean 309 137
Median 114 136
Standard deviation 491 22
Minimum 30 96
Maximum 2394 198

Table 2. Measured concentrations of Pb and Cr (ug g!) in sampling (S1, S2) and analytical (A1, A2)

duplicates.
Cr
Sample S1A1 S1A2 S2A1 S2A2

C6 112 117 128 133
E12 125 132 150 142
Gll1 134 135 144 143
H19 169 178 166 156

3 110 114 119 108
K11 128 129 121 125
K15 167 171 162 149
M8 105 109 119 118

Pb

C6 564 557 168 198
E12 42 66 78 108
Gll 378 347 90 120
H19 1336 1313 1887 2008
3 78 78 42 54
K11 120 60 84 102
K15 72 78 48 48
M8 48 54 60 54

Sampling and analytical quality control was applied to estimate only the random measurement er-
rors of Pb and Cr. For this purpose a nested design of sample and analytical duplicates was used. Ro-
bust analysis of variance was applied to the concentrations measured for the sampling and analytical
duplicates (Table 2) so as to estimate separately the geochemical, sampling and analytical variances
(8geochem> S samp» S anal ) T€SPectively. The technique was implemented using the computer program

ROBAN. EXE, adapted from a published program (AMC, 1989) and available from the (UK) Royal
Society of Chemistry web site.

The total variance is:

2 -2 2 2
Stotal = S geochem +s samp + 57 anal
where:
) _ .
Soal = the total variance
S’geochem = the geochemical variance
5 B . .
Samp = the sampling variance
s? a = the analytical variance
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Fig. 3: Relative importance of measurement errors from sampling and analysis and geochemical variability, in
the park of Skopeftirio, both expressed as proportions of total variance. Robust ANOVA estimates were used.

The proportions of the variances in the total variance were then calculated and displayed as pie
charts (Fig. 3). The pie chart for the Cr variance in soil using the duplicate data shows that the ana-
lytical precision is acceptable as it contributes 4% to the overall variance and less than 20% to the
measurement variance (Ramsey, 1993). Similarly the combined sampling and analytical precision
was also acceptable contributing less than 20% to the overall variance.

For the Pb data, the analytical variance (0.9% over total variance) is well within the 4% limit but the
high sampling variance of 52.6% of total, makes the measurement precision to be over the 20% ac-
ceptable for spatial interpretation of the concentration estimates. However, the mean concentration
results can be interpreted within their stated uncertainties. The apparently high proportion of sam-
pling error, in this case, is due primarily to the relatively low geochemical variance of Pb (46.5% of
total variance).

The measurement uncertainty (up) caused by random variations (under reproducibility conditions)
can be estimated from the combination of the sampling and analytical variance described above giv-

ing the measurement variance (S,,.,,) as:

— — 2 2
UR = Smeas™ \/(S samp +s anal)

To express the extended random uncertainty (Ug) with a coverage factor k =2 (for 95% confidence)
this gives:
Ug=kug=2s

meas
As uncertainty relative to the mean concentration x becomes:

Ur% =200s_../ X

meas’

Where x is the estimated mean concentration of the analyte in the site. At this site the relative random
uncertainty estimated from the 8 duplicate samples is 15 % and 169% for Cr and Pb respectively. The
interpretation of this, assumes that it does not change as a function of concentration. The great dif-
ference between the uncertainties estimated for Cr and Pb is attributed to the differences in concen-
trations between the duplicate samples for each element. Specifically, the within location (sampling)
variance for Pb in greater than the between location (geochemical) variance, while the opposite is ob-
served for Cr. This in turn is related to the origin of Cr and Pb in the park soil and the subsequent de-
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gree of heterogeneity in heavy metal concentrations in the soil for the same spatial scale.

Lead which is dispersed in soil after the erosion of lead-shots is present within the park area only in
few hot-spots, the dimensions of which may be smaller than the Sm distance separating the sampling
duplicates. This extreme small-scale spatial variation is characteristic for Pb contamination in the site,
contributing to the great magnitude of measurement uncertainty. For Cr, the relative measurement
uncertainty is lower indicating a more homogeneous distribution of elemental concentrations. This
is explained by the geological origin of this element which is dispersed in soil following the pedo-
logical processes influencing the release of the metal and its mobilization from the underlying basic
rocks into the soil. Thus, the variability of the element in soil is captured by the 40 m distance sep-
arating the sampling locations. It should be noted that the analytical variance is insignificant com-
pared to that of sampling for both Pb and Cr, indicating that chemical analysis is not a major source
of error during the measuring process.

The estimates of random uncertainty for the sampling protocol used in the survey allow the assess-
ment of its ‘fitness-for-purpose’ for this sampling target. ‘Fitness-for —purpose’ is defined as the
property of data, produced by a measurement process that enables a user of the data to make tech-
nically correct decisions for a stated purpose (Thompson and Fearn, 1990). For Cr, since the pro-
portion of measurement uncertainty contributes less than the empirical limit of 20% to the total
variance, logistical factors, related mostly to the ease of applying the sampling protocol, have the
main role in the selection of the most appropriate sampling scheme for the objective of estimating
the mean metal concentration in the soil. For the particular field the optimal sampling scheme for
this objective appears to be the regular grid because it is fast and simple to set up and should there-
fore be least prone to location errors. The grid size of 40m is also judged appropriate for delineat-
ing the Cr concentrations across the site. On the contrary for Pb, the used sampling protocol is judged
as not fit-for-purpose because the magnitude of sampling variance exceeds that of geochemical vari-
ance. As a consequence it does not allow the realistic spatial interpretation of the Pb data across the
site. In this instance a different sampling protocol has to be applied in order to delineate the ele-
ment’s concentration within the sampled area. Triangular grids are usually performing better when
the aim is to delineate contamination hot-spots within an area.

5. Conclusions

This survey demonstrated that it is possible to estimate uncertainty in field sampling by using
ANOVA following a nested design of sampling and analytical duplicates on an area of contami-
nated land. The heterogeneity of the elemental concentration within the sampling target affects the
magnitude of precision and makes the sampling variance the dominant factor in the estimation of
measurement uncertainty.

The performance of the sampling protocol has been evaluated and compared with criteria based on
fitness-for-purpose considerations. The 40m x 40m grid used in this trial proved to be fit-for-
purpose for Cr but suspect for Pb, using a fitness-for-purpose criterion of 20%. The main factor af-
fecting the suitability of the sampling protocol is the degree of heterogeneity of the sampling target.
Alarge degree of variation on the estimated mean was observed for Pb, showing the significant role
of soil variability on the outcome of analytical measurements on site investigations. Estimates of the
uncertainty associated with the sampling protocol could be made. In the instance of Pb, the large sam-
pling precision dominates the total uncertainty. The main reason is the great variability in Pb con-
centration at the sample target related to its origin from the lead shots. This is contrasted to the more
homogeneously distributed Cr concentration in soil related to the local geology.
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Abstract

The Greek region is characterized by intense geodynamic activity with widespread volcanic, geot-
hermal and seismic activity. Its complex geology is reflected in the large variety of chemical and iso-
topic composition of its gas manifestations.

Basing on their chemical composition the gases can be subdivided in three groups, respectively CO,,
CH, or N,-dominated. On oxygen-free basis these three gases make up more than 97% of the total
composition. The only exceptions are fumarolic gases of Nisyros that contain substantial amounts of
H,S (up to more than 20%) and one sample of Milos that contains 15% of H,. CO,-dominated gases
with clear mantle contribution in their He isotopic composition (R/R, corrected for air contamina-
tion ranging from 0.5 to 5.7) are found along the subduction-related south Aegean active volcanic arc
and on the Greek mainland close to recent (upper Miocene to Pleistocene) volcanic centers. These
areas are generally characterized by active or recent extensive tectonic activity and high geothermal
gradients. On the contrary, gases sampled in the more external nappes of the Hellenide orogen have
generally a CH - or Ny-rich compositions and helium isotope composition with a dominant crustal
contribution (R/R, corr < 0.2).

The chemical and isotopic characteristics of the emitted gas display therefore a clear relationship
with the different geodynamic sectors of the region. Gas geochemistry of the area contributes to a
better definition of the crust-mantle setting of the Hellenic region.

Key words: natural gas manifestations, gas chemistry, He- and C- isotope composition.

1. Introduction

The Hellenic territory has a very complex geodynamic setting deriving from a long and complicated
geological history. Many of the geologic features of Greece are still argument of strong debate and
Zeilinga de Boer (1989) defined its geodynamic situation as “The Greek enigma”. The Hellenic ter-
ritory is also the site of intense seismic activity (Burton et al., 2004) and enhanced geothermal gra-
dient (Fytikas and Kolios, 1979). This together with the presence of an active volcanic arc favours
the existence of many cold and thermal gas manifestations.

Until now only scarce data on chemical and isotopic composition of these gas manifestations have
been published. Furthermore these data are either limited to single volcanic/geothermal systems
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Fig. 1: Geographic distribution of the sampled gas manifestations.

(Marini and Fiebig, 2005; D’ Alessandro et al., 2008) or if considering geographically wider areas
they refer only to their chemical (Minissale et al., 1989; 1997) or to their noble gas isotopic (Shimizu
et al., 2005) composition. In the present study both the chemical and the isotopic composition (C,
He) of 52 samples collected along the whole Hellenic territory has been analysed in an attempt to
reveal possible relationships with the geodynamic situation.

2. Study area and methods
2.1 Geological setting

The Aegean region is a concentrate of the main geodynamic processes that shaped the Mediter-
ranean region: oceanic and continental subduction, mountain building, high-pressure and low-tem-
perature metamorphism, backarc extension, post-orogenic collapse, metamorphic core complexes,
gneiss domes are the ingredients of a complex evolution that started at the end of the Cretaceous with
the closure of the Tethyan ocean along the Vardar suture zone (Jolivet and Brun, 2008).

The Greek and west Anatolian region was affected by a Tertiary and Quaternary volcanism with an
orogenic signature. The oldest products are of upper Eocene-Oligocene age and are exposed in lim-
ited volumes in the northern part of Greece. The volcanic activity reached a climax in the Lower
Miocene and was exhausted by the Middle Miocene (Yilmaz et al., 2001).

The Paleogene Hellenide orogeny of Greece and its eastward continuation into western Turkey re-
sulted from collision of the Apulian microcontinental fragment in the Eocene to Oligocene with the
Pelagonian, Rhodope, and Serbo-Macedonian fragments, which had previously accreted to the south-
ern margin of Eurasia in the Cretaceous. Subsequent extension in the Aegean was rapid, likely due
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to subduction rollback over residual oceanic crust of the African plate, whereas Anatolia had been
bounded by African continental crust south of Cyprus since the Early Miocene. This regional ex-
tension and the thermal effects of asthenospheric upwelling, related to changes in the geometry of
subducting slabs, have been interpreted as causing magma genesis principally within the lithos-
pheric mantle (Pe-Piper and Piper, 2002).

At the south Aegean Volcanic Arc the volcanic activity started during the Upper Pliocene (Fytikas
et al., 1986) and is still active today mainly in the form of solfatara activity. The calc-alkaline vol-
canic activity of Southern Aegean region developed in various volcanic centers from Sousaki to
Nisyros through Methana-Poros, Milos and Santorini. The volcanic products are dominated by lava
domes and lava flows with associated minor pyroclastic breccias and felsic ignibritic covers
(Mitropoulos et al., 1987). The final activity of this orogenic cycle is characterized by the presence
of K-rich shoshonites and latites with ultrapotassic character.

2.2 Sampling and analytical methods

A total of 52 samples were collected along the whole Hellenic territory (Fig. 1). Free gas samples
were taken from natural gas manifestations like fumarolic discharges, soil gases, mofettes, gas bub-
bling in cold or thermal waters and also from wells drilled either for groundwater or carbon dioxide
abstraction or for geothermal exploration. Water for dissolved gas analyses were collected in glass
vials sealed underwater.

Fumarolic gas discharges and soil gases were collected at a depth of 50 cm through steel or nylon
tubes connected to a syringe while bubbling gases were collected through inverted funnels. Samples
were then stored into glass flasks equipped with vacuum stopcocks.

Gas concentrations were measured at INGV in Palermo using the GC Perkin Elmer Clarus 500
equipped with Carboxen 1000 columns, HWD and FID detectors with methanizer. The gas samples
were injected through an automated injection valve with a 1000 L loop. Calibration was made with
certified gas mixtures. Analytical precision (10) was always better than +5%. The detection limits
were about 1 ppm vol. for CH,, 2 ppm vol. for H,, 6 ppm vol. for He, 20 ppm vol. for CO,, 200 ppm
vol. for O, and 500 ppm vol. for N,. He concentrations less than 6 ppm were determined during He
isotopic analysis with a detection limit of about 0.1 ppm. Dissolved gases in water samples were ex-
tracted using the head-space equilibration method according to Capasso and Inguaggiato (1998).

Analyses of carbon isotopes of CO, were carried out by using a Finnigan Delta plus mass spec-
trometer. Values of carbon isotope of CO, are expressed in %o vs. V-PBD, accuracy being 0.1 8%o.
The method proposed by Capasso et al. (2005) was used for determination of the 8'*C of total dis-
solved inorganic carbon (TDIC). The theoretical equilibrium composition of a free CO, gas phase
was calculated considering the fraction of all dissolved carbon species (H,CO5, HCO5™ and CO5*)
and the relative fractionation factors.

The He-isotope ratio in the gas samples was analysed directly from the sample bottles after purifi-
cation in the high-vacuum inlet line of the mass spectrometer. The isotope composition of dissolved
He was analysed by headspace equilibration, following the method proposed by Inguaggiato and
Rizzo (2004). He isotopes were measured with a modified double-collector mass spectrometer (VG
5400-TFT). *He/*He ratios, determined against an air standard, are referred here to the atmospheric
ratio (R, = 1.386 x 107%) as R/R,. Measured values were corrected for the atmospheric contamina-
tion of the sample on the basis of its “He/*Ne ratio (Sano and Wakita, 1985) determined with a
quadrupole mass spectrometer (QMS, VG Quartz).
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3. Results and discussion
3.1 Chemical composition of the gases

The results of the chemical analyses are listed in Table 1. They are reported as dry gases excluding
water vapour, which is significant only in the fumarolic gas samples of Nisyros. The gas samples dis-
play a very large variability in chemical composition. Helium ranges from 0.4 up to 2940 ppm and
shows a fair positive correlation with N,. Only 21 samples have detectable H, (> 2 ppm) concentra-
tions ranging from 5 up to 149000 ppm. Oxygen concentrations range from below the detection limit
(<200 ppm — 11 samples) up to 193000 ppm. The concentrations of N,, CH, and CO, range from 600
to 978000, from less than 1 to 915000 and from 27 to 993000 ppm respectively. The last three species
represent always the main gas component and all the samples can be subdivided in N,”, CH, and CO,"
dominated gases. On oxygen-free basis these three gases represent generally more than 97% of the
total composition. The only exceptions are fumarolic gases of Nisyros that contain substantial amounts
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Fig. 4: R/R, vs. He/Ne plot of the natural gas manifestations of Greece. A, M and C represent three possible
end-members: atmospheric air, MORB-like mantle and crust. The mixing lines between A and M and between
A and C are also plotted.

of H,S (up to more than 20%) and one sample of Milos that contains 15% of H,.

The O,-N,-CO, triangular plot (Fig. 2a) reveals that only few samples plot close to the point repre-
senting atmospheric air excluding important contaminations for most samples. Furthermore most
samples display N,/O, ratios much higher than the atmospheric one indicating that the atmospheric
component deriving from meteoric recharge has probably been modified by redox reactions in the
subsoil. Great contributions of N, deriving from slab-sediments can be ruled out by the N,/Ar ra-
tios, which are generally close to the atmospheric, or the air-saturated water ratios (Fig. 2b). Fur-
thermore most of the samples show a strong contribution of helium deriving either from a crustal or
a mantle source.

The CH,-N,-CO, triangular plot (Fig. 3a) shows that only 6 samples display a CH,-dominated com-
position comprising all 3 samples collected in the Peloponnese, two samples of central Greece and
one of northern Greece. N,- and CO,-dominated gases display on the same plot a mixing line (Fig.
3a). To the latter group, the most abundant (32 samples), belong all the samples collected along the
active south Aegean volcanic arc (Fig. 3b) except one sample of Milos (Fyriplaka) contaminated with
atmospheric air (Fig. 2a). Most of the N,-dominated gases were collected in northern Greece (Fig. 3a).

3.2 Isotopic composition of the gases

The results of the isotopic analyses are listed in table 1. He isotopic values, expressed as *He/*He ratio
normalised to the atmospheric one (R, = 1.386 x 107), range from 0.03 to 5.78 R/R,. Measured val-
ues corrected for the atmospheric contamination of the sample on the basis of its *He/**Ne ratio
(Sano and Wakita, 1985) display a similar range (R/R, corr 0.03 — 5.86). Such a wide range is in-
dicative of different sources for the helium in the studied gases.

In Figure 4 the measured R/R, values are plotted against the “He/*Ne ratio together with the char-
acteristic composition of three possible sources, the atmosphere (A), a MORB-like mantle (M) and
the crust (C). The plot excludes strong atmospheric contaminations because only few samples dis-
play low “He/*Ne ratios close to the characteristic end-member of atmospheric air. Samples col-
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CO,/*He = 110", 2710 and 1710", respectively (Sano and Marty, 1995).

lected along the volcanic arc display the highest mantle contribution with all but the samples col-
lected at Sousaki having values above 1 R/R,. A few samples, among which are all those collected
in the Peloponnese, display a prevailing crustal imprint (R/R, < 0.2). Most of the samples display
intermediate helium isotopic composition (R/R, between 0.2 and 1) evidencing contributions of both
deep sources (mantle and crust).

The carbon isotopic composition of CO, in the free gas samples ranges from —19.6 to +0.5 8"*C %o
(vs. V-PDB). For the dissolved gas samples the theoretical isotopic composition of gaseous CO, in
equilibrium with the liquid phase has been calculated from the following measured parameters, tem-
perature, 6'°C of the total dissolved inorganic carbon, dissolved CO, concentration and alkalinity,
considering all fractionation factors between gas and all dissolved carbon species (Zhang et al.,
1995). The obtained values range from —24.3 to —1.4 8"3C %o. All CO,-dominated gases display a
narrower range spanning from —6.4 to +0.5 8"*C %o and in this group the samples collected along
the volcanic arc have still narrower range (-2.0 - +0.5 8'*C %o).

Considering the 8"*C(CO,) values and the CO,/*He ratios (Fig. 5), samples collected along the vol-
canic arc plot on the mixing line between the mantle and the limestones end-members. This pattern
further excludes important contributions from organic sediments to the fluids deriving from the de-
scending slab. A small contribution from organic sediments can be detected in the CO,-dominated
gases of mainland Greece deriving probably from crustal sources. On the contrary CH,- and N,-
dominated gases display sometimes a strong organic contribution and low CO,/*He ratios probably
due to CO,-depleting processes (carbonate precipitation, CO, reduction, etc.).

3.3 Geographical distribution

Measured R/R, values of the Greek gas manifestations display an increasing trend going from north
to south and from west to east (Fig. 6). A similar trend has been previously also evidenced by Shimizu
et al. (2005) for the south Aegean volcanic arc. Based on the ¥Sr/%Sr ratios of the least evolved
rocks, they attributed this pattern to increasing crustal contamination of ascending magma.
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Fig. 6: Variation of measured R/R, values of the Greek gas manifestations vs. latitude (left) and longitude
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Fig. 7: Relationships between He isotopic compositions measured in the natural gases and the recent volcanic
manifestations of the Hellenic territory.

Crustal contamination along the volcanic arc could be due to several processes. For example, Pe-
Piper and Piper (2005) subdivided the arc in an older part comprising Methana and Milos and a
more recent part comprising Santorini and Nisyros. Volcanism is considered to be slowly decreas-
ing in the western sector, and the ascent of new magma from the mantle, being currently much lower
than in the eastern part, supports a lower *He flux. A further significant difference between the east-
ern and western parts of the arc is in the type of volcanism. Santorini and Nisyros (in the east) are
both characterized by central stratovolcanoes with large calderas and frequent eruptive activity dur-
ing historical time (Pe-Piper and Piper, 2002). This volcanic environment facilitates the easy and
rapid ascent of mantle fluids, and a corresponding lower probability of crustal contamination. In
contrast, Methana and Milos (in the west) exhibit numerous monogenic centres accompanied by
lower eruptive rates (Fytikas et al., 1986), which is compatible with a higher crustal contamination
in the emitted fluids.
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Gases with a clear crustal imprint in their He isotopic composition (R/R, < 0.2) are found almost ex-
clusively in the western part of Greece. In this area where the more external nappes of the Hellenide
orogen crop out, the thickness of the crust reaches the highest values of the Hellenic region (> 40 km).

Gases with intermediate He isotopic composition (R/R, 0.2 - 1) have been collected across the most
internal terrains of the Hellenide orogen. In this area crustal thinning, due to extensive tectonics,
favoured the recent (< 10 Ma) volcanic activity and either direct or magma-mediated mantle fluids as-
cent. This area is also the site of enhanced geothermal gradient (Fytikas and Kolios, 1979). Notewor-
thy almost all sites where gas samples with intermediate He isotopic composition (Fig. 7) have been
collected fall close to recent volcanic centers and/or within the zones of highest geothermal gradient.

4, Conclusions

The 52 gas manifestations sampled along the whole Hellenic territory can be subdivided, on the
basis of their chemical composition, in CH,- N,- and CO,-dominated. The former two groups, al-
most all collected in the western part of the country, display also very low R/R, values (< 0.2) high-
lighting their crustal origin. This region is characterised by a high crustal thickness (up to > 40 km)
and absence of recent (< 10 Ma) volcanic manifestations. On the contrary samples collected in the
eastern part of Greece, where instead the crust is thinner (20 — 30 km) and recent volcanic manifes-
tations are widespread, the gases have generally CO,-dominated composition and intermediate R/R,
values (0.2 — 1) evidencing a significant contribution from a mantle source. Finally, a strong man-
tle contribution was found in the samples collected along the south Aegean active volcanic arc,
which all display a CO,-dominated composition and high R/R, values (1 —5.8). CO, carbon isotopic
composition and the CO,/*He ratio of the latter gases evidence a mixing between a mantle and a lime-
stone source excluding any contribution from sedimentary material. This is also confirmed by the
measured N,/Ar ratios, which are all close either to the atmospheric or to the air-saturated water
ratio. A small contribution from sedimentary material, probably of crustal origin, can be highlighted
in the CO,-dominated gases of continental Greece.
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Abstract

Urban soil is generally contaminated to a variable degree depending on its proximity to contamina-
tion sources. Traffic is one of the main sources of urban contamination; lead (Pb) from the use of
leaded petrol, zinc (Zn) and cadmium (Cd) from tyre wear, antimony (Sb) from break pads, and the
platinum group elements (PGEs) from the wear of catalytic converters, are some typical elements
that often reach high concentrations in the urban environment. Lead was also a key ingredient in
white paint, and in towns with a high proportion of white wooden houses very high concentrations
were found in soil. Crematoria can or have emitted mercury (Hg). Coal and heavy oil fired munici-
pal power and heating stations emit sulphur (S), silver (Ag), vanadium (V), bromine (Br) and barium
(Ba). The use of impregnated wood may have resulted in high concentrations of arsenic (As), espe-
cially in kindergartens (nursery schools) and playgrounds. Building materials (plaster and paint)
may also contain high concentrations of organic contaminants, especially polychlorinated biphenyls
(PCBs), which again end up in urban soil. Coal and wood burning, the use of diesel fuel, and the pro-
duction of coke, all lead to the emission of polycyclic aromatic hydrocarbons (PAHs). There exist
countless other sources of local contamination in towns, and there is thus every reason to be concerned
about the quality of the urban environment, and the suitability of soil for sensitive land uses, such as
schools, playgrounds, parks and vegetable gardens. Contaminated urban soil may contaminate indoor
dust and, therefore, to an increased human exposure to toxic chemicals. Consequently, the distribu-
tion of toxic contaminants in urban soil needs to be documented and known by city administration to
avoid costly mistakes in land use planning, and further spreading of highly contaminated materials.

The EuroGeoSurveys ‘Geochemistry’ Expert Group during the compilation of a proposal to the Di-
rectors for a European wide urban geochemistry project, using a harmonised sampling and analyt-
ical methodology, it discovered that many urban geochemical studies have been performed in Europe
by National Geological Surveys, which are not known to the wider geoscientific community. Since,
the results of these studies are directly related to our quality of life, the EuroGeoSurveys ‘Geo-
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chemistry’ Expert Group decided to publish at least one case study from each country in a book,
which will be available in the second half of 2010. A concise description of some of these studies will
be given in this paper.

Key words: urban geochemistry, toxic chemical elements, contamination, soil, dust, Europe.

1. Introduction

The town is a heterogeneous complex structure that has been developed by humans as a necessity
for protection, collaboration, trade, efc., and is growing, changing, but also decaying, and its build-
up is never completed. Since, urban areas in Europe are growing, the quality of their environment
is becoming an important issue in the 21% century, following the serious degradation with the release
of many toxic chemical elements and compounds by industrial processes, beginning from the in-
dustrial revolution, with a peak after the Second World War, as well as the modern style of living.

Industries were, and still are, variously located within the urban structure of many European towns.
Since, the 1970s an attempt is, however, being made in many countries to develop industrial estates
outside the urban structure. But, within the urban environment remain brownfield sites, and the enor-
mous effort of their redevelopment in order to reduce the pressure on greenfield sites. However, this
does not solve the contamination problem that has been developed over tens or hundreds of years
in many urban centres, which may apparently be exacerbated in the not too distant future. At the be-
ginning of the 20" century about 15% of the world’s population was living in towns, and recent pro-
jections indicate that by the year 2030 the urban population will be two times as large as the rural.
This increase will consume an important natural resource, soil; part of it will be completely lost
through sealing, and the other will most likely loose its multi-functionality, because of contamina-
tion and compaction.

In comparison to atmosphere and water bodies, many contaminants are not diluted in soil, but are
accumulated over time. In many cases, soil functions as a sink, with both inorganic and organic sub-
stances being adsorbed on soil colloids (e.g., humic matter, clay minerals, iron and manganese hy-
droxides). Often, toxic substances are converted in soil to other, more stable, insoluble forms. Besides
soil composition, the types of substances that accumulate in soil are governed by pH, redox condi-
tions, and micro-organisms. A characteristic of urban areas is the wide distribution of fly ash and con-
struction materials with neutral to basic pH values. Such conditions increase the immobilisation of
many substances in urban soil. If soil conditions change, however, these substances can be remo-
bilised and may enter ground or surface water.

Due to heterogeneity and continuous change of urban areas, it is important to understand, therefore,
the distribution of chemical elements in the various environmental compartments (soil, atmosphere,
road dust, house dust, water), and the methods for distinguishing human induced geochemical anom-
alies, i.e., areas with chemical element concentrations above the natural geochemical baseline vari-
ation. The variable character of the natural geochemical baseline of chemical elements is an
important concept that should be understood by decision-makers and planners; in simple terms, it
means that elevated element concentrations, may be geochemically anomalous in one environment,
whilst they can be part of the natural baseline concentrations in another; this continental scale nat-
ural geochemical baseline variation is well portrayed in the EuroGeoSurveys’ “Geochemical Atlas
of Europe” (http://www.gtk/publ/foregsatlas/). Therefore, geochemical maps of urban areas are
needed to display the geographical distribution of chemical elements and compounds, in order to
allow reliable recognition of contaminated areas.
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Since, many health related problems are linked to the state of the urban environment, the European
citizens are entitled to know the quality of not only the land their houses are built on, but also that of
schools, parks, playgrounds, recreation areas, and workplaces. Estate agents would like to know the
quality of the land they are marketing, and insurance brokers the potential risks on their customers.

2. Geochemical state of urban land

Concentrations of many potentially harmful elements (PHEs) are enhanced in the urban environment
as a result of atmospheric and terrestrial contamination and the nature of urban ground, which is
often disturbed and in-filled and frequently bears little relation to the residual soil, bedrock and su-
perficial cover of the surrounding rural hinterland. Even in completely undisturbed urban areas, such
as parks, many PHEs signatures are elevated in comparison to the rural natural geochemical base-
line concentrations, due to atmospheric contamination, littering, urban surface run-off and other fac-
tors. Hence, it is necessary to establish the overall urban geochemical signature, so that areas of
concern within a town can be highlighted, and detailed site investigation and contamination studies
can be assessed in terms of the urban geochemical profile in addition to the rural baseline chemical
element variation. It should be noted that systematic urban surveys do not replace the need for site-
specific contaminated land investigations, but such data provide the citywide framework and con-
text to more detailed assessments.

Urban soil is generally contaminated to a variable degree depending on its proximity to contamina-
tion sources. Traffic is one of the main sources of urban contamination; lead (Pb) from the use of
leaded petrol, zinc (Zn) and cadmium (Cd) from tyre wear, antimony (Sb) from break pads, and the
platinum group elements (PGEs) from the wear of catalytic converters, are some typical elements
that often reach high concentrations in the urban environment. Lead was also a key ingredient in
white paint, and in towns with a high proportion of white wooden houses very high concentrations
were found in soil. Crematoria can or have emitted mercury (Hg). Coal and heavy oil fired munic-
ipal power and heating stations emit sulphur (S), silver (Ag), vanadium (V), bromine (Br) and bar-
ium (Ba). The use of impregnated wood may have resulted in high concentrations of arsenic (As),
especially in kindergartens (nursery schools) and playgrounds. Building materials (plaster and paint)
may also contain high concentrations of organic contaminants, especially polychlorinated biphenyls
(PCBs), which again end up in urban soil. Coal and wood burning, the use of diesel fuel, and the pro-
duction of coke, all lead to the emission of polycyclic aromatic hydrocarbons (PAHs). There exist
countless other sources of local contamination in towns, and there is thus every reason to be con-
cerned about the quality of the urban environment, and the suitability of soil for sensitive land uses,
such as schools, playgrounds, parks and vegetable gardens. Contaminated urban soil may contami-
nate indoor dust and, therefore, to an increased human exposure to toxic chemicals. Consequently,
the distribution of toxic contaminants in urban soil needs to be documented and known by city ad-
ministration to avoid costly mistakes in land use planning, and further spreading of highly contam-
inated materials.

Next to soil, other natural materials could be sampled, as road dust, house dust, and attic dust. The
chemical composition of each of these materials reveals a specific aspect of the urban environment.
Road dust characterises mainly the current active sources of contamination. House dust is the material
that children especially come mostly in contact with, and is characteristic of the narrow local home con-
tamination. Attic dust, although not of direct concern to the quality of the home environment, it pre-
serves a long record of past contaminating sources. Surface and ground water is an additional medium
of concern that is closely associated with the quality of life of the population in some urban areas.
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Of concern in the home environment are the levels of natural radon, which are based on geological
factors, relation to mines and mine tailings, as well as the concentration of radium and radon in
water supplies. Radon gas can penetrate houses from many sources and in different ways. In gen-
eral, high levels of radon are associated with granite, igneous rocks, shale, slate, dirty quartz sedi-
mentary rocks, phosphate deposits and some beach sands, which may contain high levels of radon
progenitors, i.e., uranium, or thorium. The most important contributor to indoor radon is the soil
from which radon can be drawn through large and small subsurface gaps in the house foundations.
A map of radon distribution should be produced to help planners and builders to site houses, or hous-
ing estates, on ground with low radon emission, and/or to reduce natural radon penetration in the
home environment.

3. National Geological Surveys and urban issues

Soil contamination is becoming a key issue, and urban planning needs soil that is fit for human use,
and is a matter that should be tackled efficiently. At European level, an initiative called “Soil and
Land Alliance of European Cities and Towns” has been founded with the aim to make an active con-
tribution to sustainable use of soil in communities [http://www.soil-alliance. org/e_manifesto.htm].
Production of a high quality compatible database on the geochemistry of urban soil is time con-
suming and costly, and especially if information down to the property level is required, since such
systematic studies demand the use of the same sampling, sample preparation and analytical method-
ology, as well as data presentation. Existing urban soil geochemical databases from various sources
have problems of data comparability, because different approaches to sampling, sample preparation
and chemical analysis have been used.

Each European urban area has its own unique development, which is a result of many variables
linked to historical, social, economic, cultural, geographical and climatic issues. Differences in liv-
ing habits, land use practices, and use of building materials, may have resulted in different ways
contaminants are stored in the various types of natural soil. Such a European wide comparison of the
geochemistry of urban areas, using exactly the same methodology in all the investigation steps, will
document the local peculiarities, and possible mistakes that have been made in one region do not
need to be “transferred” to another. It is, therefore, strongly believed that there is a lot to be learned
by such a well-coordinated European comparison of the geochemical state of the urban environ-
ment, and city administrators and planners will have at their disposal a high quality database for ef-
ficient urban planning.

Such systematic work in urban areas can only be carried out by national Geological Surveys, because
they have the scientific expertise for such studies, and the infrastructure to maintain the required Ge-
ographical Information System databases to be accessed by each citizen. Something that has already
been demonstrated by the production of the Geochemical Atlas of Europe (Salminen et al., 2005; De
Vos, Tarvainen et al., 2006), and the pending Geochemical Atlas of Agricultural and Grazing land
soil, which has started in 2008 (EGS Geochemistry, 2008; Reimann et al., 2009).

4. Methods

4.1 General

Since, it is important to have comparable results across Europe, a field sampling manual for urban
geochemical investigations in Europe is under compilation by the EuroGeoSurveys Geochemistry
Expert Group, and should be released in 2010. Some of the principles have, however, been agreed,
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and are described herein. The average sampling density should be 4 soil samples/km?. In order to
cover the urban area uniformly, it is proposed to collect soil samples from the central nodes of a 500
x 500 m grid. The sampling density can, however, be varied in sections of the town where contam-
ination is suspected to the central nodes of a 250 x 250 m grid (16 samples/km?), and in the sur-
rounding rural area to the central nodes of a 1000 x 1000 m grid (1 sample/km?).

There was a lively discussion with respect to the thickness of soil to be sampled, and whether sin-
gle or composite samples should be collected. The different proposals were 0-2 cm, 0-5 cm, 0-10 cm
and 0-20 cm. It was finally decided to collect surface soil samples down to a depth of 10 cm, after
removal of surface litter, since this will give the best impression of anthropogenic impact. There is
still disagreement, however, between single or composite soil samples. Collection of composite soil
samples from four to five sub-sites up to a distance of 10 m around the central node is considered
that it will give greater reproducibility and representativeness. This could be argued as suitable for
natural situations, but in areas where humans have intervened for tens or hundreds of years, as is the
case of urban environments, the variation could be enormous even at very short distances, since the
principles governing the distribution of elements in the natural environment are no longer applica-
ble. Hence, a composite soil sample may end-up diluting a significant point pollution target. Single
spot soil samples have the advantage of representing precisely the site from which they have been
collected. Reproducibility may not be good, but this is expected, because there are no rules about the
spatial distribution of human induced contamination.

Soil samples should be collected from parks, playgrounds, sport fields and schoolyards, because
these are the areas used by children and teenagers alike. Extensively used sites are preferred as, for
example, in a grass covered park the most suitable site shall be where the grass has been worned
through continuous use.

All field teams shall be provided with the same sampling equipment, purchased from the same source.
At each sample site, GPS coordinates and field observations shall be recorded, and digital photo-
graphs taken; the recommendation is to take four general landscape photographs of the surrounding
environment (North-East-South-West), and a site photograph showing details of soil texture.

Soil samples to be air dried and sieved to <2 mm (the standard fraction used in soil sciences) and pul-
verised to <0.063 mm prior to laboratory analysis. It is suggested to firstly analyse the samples by an
aqua regia digestion. Total element concentrations (XRF or multi-acid-extraction) should be meas-
ured as well. A weak extraction would provide valuable information about availability, needed for the
toxicological evaluation of the results. Because most weak extractions are quite element specific, it
will not be easy to decide which one to use. Probably the Canadian “water extractable” standard, de-
veloped for the North-American geochemical mapping programme, is the best choice. All chemical
analyses for a particular suite of parameters must be carried out in one laboratory only. All samples
need to be randomised, and quality control samples (standards and duplicates) included at regular in-
tervals (one in ten). Finally, all samples shall be submitted to the laboratory as one single batch.

Additional standard information needed for soil samples includes: pH, organic matter (e.g., LOI as
a proxy), and grain size analysis.
5. Results

Urban geochemical results are presented concisely from Berlin (Germany), Lavrion (Hellas), Madrid
(Spain) and Prague (Czech Republic). There are many other case studies from Naples (Italy), Ljubl-
jana (Slovenia), Trondheim, Bergen and Oslo (Norway), Stassfurt (Germany), and many others that
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will be published in a book entitled “Mapping the chemical environment of urban areas” (Johnson
et al.,2010).

5.1 Berlin, Germany

About 4000 topsoil samples (0-20 cm) were taken in industrial and suburban areas of Berlin at a vari-
able density between 20 and 40 samples/km? in densely populated and industrial parts of the city, and
at a lower density (1-2 samples/km?) in the suburbs (Birke & Rauch, 1997, 2000; Birke e al., 2000).
The soil samples were air dried, sieved through a 2 mm nylon screen, and milled with an appropri-
ate mill (planetary ball mill with agate grinding jars) to a grain size of <63 ym. The <2 mm fraction
was analysed for 11 major elements (Si, Al, Fe, Mg, Ca, Na, K, P, S, total C, TOC) and 41 trace ele-
ments (Ag, As, B, Ba, Be, Bi, Br, Cd, Ce, Co, Cr, Cs, Cu, F, Ga, Ge, Hg, I, In, La, Mn, Mo, Nb, Ni,
Pb,Rb, Sb, Se, Sn, Sr, Ta, Te, Th, Ti, T1, U, V, W, Y, Zn, Zr). Electrical conductivity and pH were also
determined. Hydrocarbons, aromatics, volatile halogenated compounds and polychlorinated diben-
zodioxins and dibenzofurans (PCDD/PCDF) were analysed only in topsoil from the central part of
Berlin. For the urban Berlin area the estimated median value is 0.98 ng ITE/kg for PCDD/F’s.

The spatial distribution of Al, K, Si, Na, Rb, Zr, Nb, Co, Sc, and Ti is mainly of geogenic origin, i.e.,
related to the chemical composition of parent material.

Industrial areas tend to be characterised by contamination of top- and sub-soil with respect to Cu,
Cd,Zn, Hg, Pb and Sn. Industrial and commercial areas often display considerably elevated values
for Mo, Ni, As, Ag, Cr, Sb, Sr, TOC, Fe, Mn, Mg, P and, especially, Pb and Hg.

Wooded areas show no great enrichment, except for Cd and Zn. In the area around Berlin, strong and
extensive anomalies occur near iron and steel industries and construction materials industries, as
well as in the vicinity of sewage treatment plants. There is local heavy-metal pollution (Hg, Cd, Zn)
from the sewage treatment plants north and south of Berlin.

Urban geochemical studies in Berlin, and other German cities, have shown that toxic elements (e.g.,
Cd, Cu, Cr, Hg, Ni, Pb, Zn and As) are enriched in soil by 1.8 to 8.9 times the natural geogenic con-
centrations (Table 1).

Especially in the polluted soil of old industrial sites, peak values of 2050 times the geogenic back-
ground were measured for Cu, 1780 times for Hg, and 1638 times for Cd. This means that, taking a
soil of 1.2 g/cm? density and the median concentration values from Berlin as an example of a large

Table 1. Topsoil element concentrations in Berlin (in mg/kg; n=3,746)

Element Arithmetic Highest mode Element Arithmetic Highest mode
mean mean
As 44 24 F 280 200
B 17.6 130 Hg 029 0.04
Be 1.14 1.0 Ni 8.1 2.1
Cd 0.65 0.08 Pb 85.8 217
Co 19 <1.0 Sb 292 2.1
Cr 28.7 122 Sn 7.6 16
Cu 53.1 6.0 Zn 166 193
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city, the topsoil (0-20 cm depth) contains about 834 tonnes (t) As, 74 t Cd, 5,366 t Cr, 6,660 t Cu,
40.6 t Hg, 1,646 t Ni, 16,377 t Pb and 27,580 t Zn.

5.2 Lavrion, Hellas

Lavrion is a town 55 km to the south-east of Athens. Historically is a unique place, together with its
surroundings, in the classical history of Hellas, since the mining of argentiferous galena provided the
financial means for the Golden Age of Pericles during the 5th Century B.C. Almost two-and-a-half
thousand years later (1865-1989 A.D.) was again a centre for mining and ore-smelting activities. Such
a unique place in World history deserved a unique integrated environmental impact study, leading to
recommendations for the necessary remediation measures that must be taken in order to make the area
safe for habitation (Demetriades et al., 1997; Demetriades, 1999a, b, c,d, e, 2010; N.T.U.A., 1999).

The following sample types were collected from an area of 7 km?, covering the urban and suburban
parts of Lavrion: (i) parent rocks (n=140), (ii) metallurgical processing residues (n=62), (iii) over-
burden including residual soil from 0-5 cm (n=224), (iv) house-dust (n=127), (v) metallurgical pro-
cessing wastes and residual soil for particle-size analysis (n=21), (vi) ground water (n=15), (vii)
metallurgical processing wastes for particle characterisation (n=31), and (viii) overburden from drill-
hole core and vertical profiles (n=165). In addition, biomedical samples (n=235) collected during the
last cross-sectional epidemiological study in March 1988, and soil samples for an agronomy study
(n=583) were also utilised.

To begin with, the geochemistry of parent rocks, which depicts the natural levels of elements at the
archetype state was studied (Table 2). Subsequently, human intervention followed with the ex-
ploitation of the mineral resources of the greater Lavrion area and the Lavreotiki peninsula, which
had severe effects on the chemistry of soil. The enormous amount and expanse of metallurgical
wastes in the Lavrion urban area contributed, together with other factors (aerial, fluvial, efc.), in the
contamination of soil by Pb, Zn, As, Sb, Cd, Cu, Hg, etc. The geochemical investigation of the soil
cover revealed the intensity and extent of contamination (Table 2). House dust is also severely con-
taminated (Table 2). Use of a sequential extraction method has given information about the geo-
chemical behaviour, leachability, mobility and potential bioaccessibility of chemical elements in
soil and house dust. These parameters were significant in the assessment of the effects of environ-
mental contamination on the health of the local population.

Exposure to local environmental pressures is indicated by high Pb concentrations in child blood
(5.98-60.49 pg/100 mL, mean 19.43 pg/100 mL, n=235), and deciduous teeth (0.97-153.26 ug/g,
mean 9.88 pug/g, n=82), as well as by high As levels in 24 hour urine As (0.53-77.23 ug/24h, mean
8.59 i1 g/24h,n=261) (Stavrakis et al., 1994), and total As in urine (9.7-1279 ug/L, mean 163.1 ug/L,
n=65) (Demetriades et al., 2008). The child blood-Pb levels, together with the geological, geo-
chemical, metallurgical processing wastes and land use variables, were used in the risk assessment
and subsequent environmental management scheme for the Lavrion urban area.

The percentage proportion of the Lavrion urban-suburban area with potentially hazardous element
concentrations to human health is: (a) 100% for As, Pb, Cd and Zn, (b) 90 to 99% for Ag, V and Sb,
(c) 45 to 68.8% for Cu and Mo, and (d) 13.8 to 33% for Ba, Ni and Cr. It is concluded, therefore,
that the multi-element contamination of the Lavrion overburden/soil and house dust is extremely
high, and presents an unacceptable risk on the quality of life of the local population, and is also po-
tentially hazardous to plants and animals. Hence, it is highly urgent to rehabilitate the whole area by
suitable remediation techniques.
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Table 2. Statistical parameters of inorganic elements in samples of surface soil, house dust, parent rocks
and metallurgical processing wastes, Lavrion, Hellas (values in mg/kg).

Element Overburden samples, including residual soil House dust | Parent rocks |Metallurgical
(n=224) (n=127) (n=140) | processing
wastes (n=62)
Min. Max. Mean Median Median Median Median
Agh* 14 204.6 17.8 12.1 481 05 189
As 50 24,000 2,194 1,290 750 15.6 2492
Ba 64 4555 663.2 479 473 210 243
Be** 02 2.7 1.1 1 05 05 0.5
Cd 4 925 68 38 163 0.5 20.6
Co 3 106 17.7 16 8.1 20.5 238
Cr 2 1,083 264.2 183 114 20 732
Cu 43 4,445 357 186 179 25 630.5
Mo** 17 108.9 6.9 49 4.1 05 3.6
Ni 40 591 1414 127 84 545 385
Pb 810 151,579 11,578 7,305 3,091 2 20,750
S <6.8 567 121 121 - 2.5 189
\ 26 325 86.1 75 425 9 463
Zn 591 76,310 10,872 6,068 3,044 57 39,800

SOverburden: Sb (n=90); **Rock: Ag , Mo (n=155); Be, Sb (n=48).

5.3 Madrid, Spain

The Madrid investigation was a multi-media urban geochemical study that covered an area of 400
km?,i.e., (1) 1730 top soil samples (0-20 cm) were collected at a density of 4 samples/km? from pub-
lic gardens, buildings sites, efc.; the <180 pum fraction was analysed for major and trace elements by
ICP-AES following (a) partial extraction by hot HNO,+HCI acid (leach for 6 hours at 100°C), (b) a
hot tetra-acid digestion (nitric, perchloric, fluorhydric, chloridric), and also (c) total contents by
INAA (48 elements), (2) 248 soil samples at a density of 0.6 samples/km? were taken for the deter-
mination of organic compounds, such as volatile halogens, extractable halogen organic compounds
(EOX), PAHs, and PCBs, (3) 302 pavement and sidewalk dust at a density of 0.75 samples/km?
were collected by sweeping a surface of 15-20 m?, and the <180 pm fraction was analysed for major
and trace elements, and (4) 25 leaf samples were collected from plants and after ashing at 550°C total
element concentrations were determined for 48 elements by ICP-AES and INAA.

The levels of most organic compounds were always below the detection limits of analytical meth-
ods, except EOX that showed some local contamination of small extension and intensity.

Overall the soil geochemical and dust patterns were of lithogenic origin, except locally where they
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are disturbed by human factors due to the allochthonous nature of transported materials. The most
significant anthropogenic signatures in soil with respect to total element contents were (a) Cu, Pb,
Zn,P,Ni, Sb, Ag, (+Cd, Co, Cr) patterns that are ascribed to industrial and airport activities and fer-
tilisation with sewage sludge, (b) Br, Organic Matter, Cr, (+Sb, Co, Pb, P, Mo) have a strong rela-
tionship with traffic and burning of liquid and solid fuels, and (c) Au has its own pattern, as it does
not show any correlation with other elements. Geochemical patterns from partial extraction analy-
ses are similar to those from total extraction, although the levels are lower; for some contaminants,
however, patterns are more distinct, as is the case of W, which delineates more clearly pollution
from the airport and some metal industries. An interesting observation was the distortion of natural
geochemical patterns from the waste demolition dumps in the suburban area of Madrid, and the lo-
calised contamination by metallic elements.

Settled dust had contamination signatures from traffic, and fuel combustion, but also it delineated
some new anomalies of industrial origin at the south-eastern, eastern and northern parts of Madrid.

The conclusion of this study was that Madrid has a similar contamination problem as other large in-
dustrial cities, and that the collected information would be useful for the establishment of a moni-
toring network for the detailed study of local polluted areas.

5.4 Prague, Czech Republic

The soil geochemical survey of Prague covered an area of 550 km? at a density of 1 sample/km?
(Duris, 1999; Zimova et al., 2001). The whole study area was divided into 1 km? grid cells, which
were subsequently subdivided into 4 quadrants for sampling purposes. From each 1 km? cell a com-
posite sample was made by taking a surface soil sub-sample (0-20 cm) from each quadrant. The soil
samples were air dried (=20°C), sieved through a 180 pm nylon screen, and ground to <75 pm for
analysis. In addition, pavement dust was collected at selected road junctions in 1996 and 1999.

Concentrations of some inorganic and organic pollutants in soil are tabulated in Table 3. The Prague
results show that Pb has elevated concentrations over the whole urban area, and the highest levels
are in the city centre together with Cu and Hg. Similar patterns are observed with respect to PAHs
and PCBs.

Changes of Pt, Pd and Pb concentrations in pavement dust at selected road junctions from 1996 to
1999 are shown in Table 4. It is indeed interesting to observe the drop in Pb, since the introduction
of unleaded petrol, but also the rise of Pt and Pd from the use of catalytic converters.

Table 5 shows the concentrations of selected elements in child body tissues. Since, the Prague en-
vironment has elevated levels of contaminants in soil, the urban geochemical survey results are
being evaluated from the public health risk point of view.

6. Conclusions

These urban geochemical studies have provided a comprehensive geochemical data base that permits
differentiation between the natural geochemical background and local anthropogenic contamination.

It is also quite apparent from these studies that toxic element concentrations in topsoil vary consid-
erably in an urban environment. Elevated values primarily reflect land use and the type and volume
of industrial production.

The above studies have also shown that different sampling, sample preparation and analytical meth-

XLII, No 5 — 2346



Table 3. Statistical parameters of inorganic and organic pollutants in surface soil (0-20 cm), Prague
(values in mg/kg, unless otherwise stated).

Element Minimum Maximum Arithmetic Geometric Median
mean mean

Sb 0.1 8.6 1.3 1.6 09
As 7 102 18 16 16
Be <0.8 3 1.5 14 14
Sn <7 60 8 6.6 4
Cr 48 187 83 82 82
Cd <04 9.1 0.5 05 04
Cu <7 152 45 39 37
Ni <7 103 32 29 31
Pb 13 420 74 62 58
Hg <0.03 245 0.33 0.25 0.23
Tl <0.05 0.89 0.15 0.13 0.14
\Y 14 89 37 36 35
Zn 41 912 201 173 167

PAHs (ug/kg) 211 95176 8379 3699 3319

PCBs (ug/kg) 3 7527 118 43 39

Table 4. Changes of Pt, Pd and Pb from 1996 to 1999 in pavement dust at selected road junctions in Prague.

Road junction Pt (nglkg) Pd (nglkg) Pb (mglkg)
1996 1999 1996 1999 1996 1999
Argentinskd, Plyndrni 103 222 6 91 410 376
Spojovaci Konévova 77 317 7 191 360 312
Zitnd, Mezibranska 171 502 32 164 690 427
V Botanice, Zborovska 72 44 15 18 344 132
Barr. most (Smichov) 41 983 5 329 785 335
Vitézné ndmesti 25 61 5 17 414 271
Pod mag. U Bulhara 89 362 13 119 335 348

Table 5. Concentrations of Cd, Cu, Hg, Pb and Zn in child body tissues (in pzg/L). It is noted that the
WHO upper admissible limit for Pb in child blood is 100 pg/L.

Body tissue | Statistics Cd Cu Hg Pb Zn
Median 0.15 1058 0.57 33 5202
Blood Minimum 0.015 S 0.04 8 2500
Maximum 3.6 2074 78 247 8900

Median 0.235 10.1 0.25 3.73 547

Urine Minimum 0.035 0.799 0.01 0.16 54
Maximum 591 460 87.5 36.2 2952
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ods have been used, making, therefore, very difficult the comparison of results. Since, it is very im-
portant at the European level to have results that are compatible, the EuroGeoSurveys Geochemistry
Expert Group, with the approval of Survey Directors, will be carrying out in 2010-11 an urban geo-
chemical survey in at least ten cities with exactly the same methodology of sampling, sample prepa-
ration, laboratory analysis and map plotting.

In conclusion, the distribution of toxic contaminants in urban soil needs to be documented and re-
sults made known to town authorities for planning purposes in order to avoid costly mistakes in
land use planning, and further spreading of highly contaminated materials.
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Abstract

An ‘Atlas’ is a collection of maps usually published in a book form. A ‘Geochemical Atlas’ is a
thematic special purpose atlas with maps describing the geographical distribution of chemical
elements and other physico-chemical parameters in different natural sample media, such as
stream sediment, overbank or floodplain sediment, stream water, ground water, soil, plants, etc.
Because our standard of living and health depend closely on the chemistry of near-surface ma-
terials, such atlases that provide data on the state of our environment are important for policy
and decision makers, but also for researchers and citizens alike. The EuroGeoSurveys Geo-
chemistry Expert Group is dedicated to provide harmonised multi-purpose geochemical data
bases, and has already published the Geochemical Atlas of Europe, and is in the process of
preparing the Atlas of Ground water Geochemistry of Europe, and the Atlas of Agricultural and
Grazing Land Soils. An important aspect is that all raw data, quality control information, sta-
tistics, maps and interpretation texts are freely available for downloading through the internet.

Key words: geochemical atlas, stream water, ground water, bottled water, soil, overbank sedi-
ment, floodplain sediment, harmonisation of methods, INSPIRE, REACH, Europe.

1. Introduction

Let us start from the right beginning! What is an Atlas? According to Encyclopaedia Britannica
(2010) an atlas is ‘a collection of maps or charts, usually bound together’. Where does this
name come from? The name is derived from a custom, which was initiated by Gerardus Mer-
cator, the Flemish cartographer (1512-1594), in the 16" century who used the figure of the
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Titan Atlas, holding the globe on his shoulders, as a frontispiece for his books of maps. Who
was the Titan Atlas? According to Hesiod’s Theogony, Atlas was the son of Titan lapetus and
the Oceanid Clymene (or Asia) and brother of Prometheus (creator of humankind). He was one
of the Titans who took part in their war against Zeus (the chief deity of the Pantheon, the Hel-
lenic Olympian Gods). Upon loosing the war, Zeus for his punishment condemned him to sup-
port the pillars that held heaven and earth apart. The place was probably the highest peak of the
Atlas Mountains in north-west Africa.

The ‘Atlas’ over time has evolved, and in addition to maps and charts, Atlases often contain pic-
tures, tabular data, facts about areas, and indexes of place-names keyed to coordinates of latitude
and longitude or to a locational grid with numbers and letters along the sides of maps. Thematic,
or special purposes, Atlases deal primarily with a single subject, such as agriculture, geology, cli-
mate, history, industry, languages, population, religions, resources, or other characteristics of a
geographical area. One such thematic category is ‘Applied Geochemistry’, a discipline that can
indeed produce many different thematic atlases, containing a multitude of maps showing the ge-
ographical distribution of chemical elements in different sample media, such as stream sedi-
ment, overbank or floodplain sediment, stream water, ground water, soil, plants, efc.

Why are Geochemical Atlases important? The answer is given by Darnley et al. (1995, p.X)
‘Everything in and on the earth - mineral, animal and vegetable - is made from one, or gener-
ally some combination of, the 90 naturally occurring chemical elements. Everything that is
grown, or made, depends upon the availability of the appropriate elements. The existence, qual-
ity and survival of life depend upon the availability of elements in the correct proportions and
combinations. Because natural processes and human activities are continuously modifying the
chemical composition of our environment, it is important to determine the present abundance
and spatial distribution of the elements across the Earth’s surface in a much more systematic
manner than has been attempted hitherto’. Systematic geochemical mapping is, therefore, con-
sidered as the best available method to document changes in the levels of chemical elements
in materials occurring at or below the Earth’s surface.

Where can Geochemical Atlases be used? The systematic geochemical information in the at-
lases can be used for (a) state of the environment reports, (b) mineral exploration, (c) agricul-
ture, (d) forestry, (¢) animal husbandry, (f) geomedicine or medical geology, (g) determination
of natural background values for environmental risk assessment, etc. The list of end-users is,
in fact, very long, when it is realised by policy makers and regulators that our living and work-
ing environment, and humans themselves, depend on the chemical composition of near-sur-
face earth materials. What is required is education from the primary school age to university that
our health and quality of life depend, to a large extent, on the chemical composition of our en-
vironment. When we understand how significant the above statement by Darnley et al. (1995)
is, then we will begin to use efficiently the information in Geochemical Atlases.

2.The EuroGeoSurveys Geochemistry Expert Group

The EuroGeoSurveys Geochemistry Expert Group (EGS Geochemistry Group) has been in ex-
istence, under different names and forms of the association of European Geological Surveys,
since 1986, i.e., Working Group on Regional Geochemical Mapping (Western European Geo-
logical Surveys, WEGS), Geochemistry Task Group (Forum of European Geological Surveys,
FOREGS), Geochemistry Working Group and finally Geochemistry Expert Group under Euro-
GeoSurveys, the Association of Geological Surveys of Europe (http://www.eurogeosurveys.org/).
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The EGS Geochemistry Group has always been very active and forward in its proposals to the
European Geological Survey Directors. It has carried out considerable research work on the har-
monisation of sampling, sample preparation, laboratory analysis of samples, quality control of
methods, and has produced many reports and publications, which can be viewed at http://www.
gtk fi/publ/foregsatlas/ and http://www.globalgeochemicalbaselines.cu/.

Presently, the EGS Geochemistry Group has undertaken to carry out many significant projects,
including (i) the geochemical mapping of agricultural and grazing land soil, (ii) geochemistry
of ground water, (iii) urban geochemical mapping of selected cities, (iv) publication of a book
on the chemistry of urban environments, and many other initiatives. An important aspect of all
these projects is that of harmonisation of methodologies, since this is the only way to produce
comparable results across political boundaries, and to comply with the European Union’s IN-
SPIRE directive (Infrastructure for Spatial Information in the European Community at http://in-
spire.jrc.ec.europa.eu/).

3. Geochemical Atlas of Europe

Since the 1950s Geological Surveys have been documenting the natural geochemical background
variation of chemical elements in a variety of sample materials, mainly for mineral exploration
purposes (Garrett et al., 2008). The generated data at the national scale are often not compara-
ble at the European scale (different sampling strategies, different materials and equipment used
for sampling and sample preparation, different sample preparation protocols, different analyti-
cal protocols, efc.), and are, therefore, not able to provide a harmonised pan-European or Global
geochemical ‘baseline’ (Bolviken et al., 1996). A reference network is, therefore, needed, where
local data can be tied into European and Global scale data. International collaboration assisted
UNESCO to establish in 1988 the IGCP 259 ‘International Geochemical Mapping’ project and
presently the IUGS/TAGC ‘Global Geochemical Baselines’ project, the aims of which are to es-
tablish a harmonised global geochemical reference baseline for over 60 determinands in differ-
ent sample media for environmental and resource applications (Darnley et al., 1995; Darnley,
1997; Demetriades, 1998). The terrestrial surface of the Earth was divided into 5000 grid cells
of 160 x 160 km (area 25,600 km?), and named the Global Reference Network (GRN). Although
the proposed sampling density is low, approximately one sample site per five thousand square
kilometres (1 site/5000 km?), applied geochemists have been using quite effectively such low-
sample density surveys to cover large areas for the last forty years.

The EGS Geochemistry Expert Group, as an input to the global project, carried out the geo-
chemical baseline survey in 26 European countries, according to an agreed field sampling pro-
tocol (Salminen, Tarvainen et al., 1998). Samples of stream water, stream sediment, topsoil,
subsoil, floodplain sediment and humus from approximately 800 drainage basins, identified on
the Global Reference Network within Europe, were collected, using the agreed standardised
field sampling methods (Demetriades et al., 2008; Fedele et al., 2008; Lima et al., 2008).

Following sample preparation, all samples were sent to Slovakia for homogenisation and split-
ting into subsamples for analysis. All samples were subsequently analysed for the same suite of
determinands at the same laboratory, since this is the only way to produce comparable results.
Chemical analysis of all samples was completed in 2004, and data subsequently collated and
examined for error, and determinand distribution maps plotted by the Geological Survey of Fin-
land. Maps and introductory texts were published in Part 1 (Salminen et al., 2005), and the in-
terpretation, together with specialised papers, included in Part 2 (De Vos, Tarvainen et al., 2000).
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Fig. 1: Geochemical distribution of total Ni in the <2 mm fraction of soil >50 cm depth (Salminen et al.,
2005, p.357).

Both parts, including analytical data and photograph archive can be downloaded from URL
http://www.gtk fi/publ/foregsatlas/. The two volume atlas contains about 400 thematic maps de-
scribing the geochemistry of surface materials in Europe, and one example is given below.
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3.1. Distribution of nickel (Ni) in subsoil

High Ni values in subsoil occur in areas with mafic/ultramafic substrate, such as Hellas, Alba-
nia, Liguria (Italy) and Corsica, N. Ireland (Antrim plateau basalt), central Norway and north-
ern Scandinavia with greenstone belts (Fig. 1). There are pronounced differences in subsoil
between northern (low) and southern (high) Europe. The break follows the maximum extent of
glaciation, marking an important geochemical difference between old and strongly weathered
soil (S. Europe), and young, coarse grained and less weathered soil (N. Europe). The large dif-
ferences in Ni levels show that it is impossible to define one background range for the whole
of Europe.

4. European Ground water Geochemistry

While the geochemistry of surface water is documented in the EuroGeoSurveys ‘Geochemical
Atlas of Europe’ (Salminen et al., 2005; De Vos and Tarvainen et al., 2006), the geochemistry
of ground water has not yet been documented in a comparable way at the European scale. Such
data are, however, urgently needed in connection with the EU Water Directive. At present the
European Environmental Agency anticipates to build up a database from each Member State’s
water quality monitoring databases. The EGS Geochemistry Expert Group’s experience, how-
ever, with previous compilations of all geochemical data in Europe, has clearly demonstrated
that this attempt will face serious problems of homogeneity of the collected data, based on var-
ious sampling and analytical methods. Since, the policy of EuroGeoSurveys is to provide data
of high integrity and compatible across political boundaries, the EGS Geochemistry Expert
Group proposed that the Geological Surveys themselves to use their own resources and to start
a Europe-wide mapping of ground water quality following the ‘Geochemical Atlas of Europe’
example (low density sampling, harmonised equipment and sample protocol, all analysis car-
ried out in one laboratory only, efc.). Because ground water is not a ‘simple’ sample medium,
and all Geological Surveys cannot provide the necessary funds, in order to obtain a first and in-
expensive approximation of ground water quality at the European scale, it was decided to sam-
ple bottled water, which could easily be purchased from supermarkets by each national
representative and other colleagues. It was known that the storage and preservation conditions
of bottled water in supermarkets across Europe undoubtedly varied, but it was considered a
worth while effort to test if this water could provide an inexpensive first approximation to
ground water quality. Therefore, available bottled waters in Europe were purchased from No-
vember 2007 to March 2008, and sent to Bundesanstalt fiir Geowissenshaften und Rohstoffe
(BGR) in Germany for analysis.

All bottled waters were stored in refrigerators, and analysed by different methods for pH, EC,
Ag,Al, As, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Hf, Hg, Ho,
I,K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, Pb, Pr, Rb, Sb, Sc, Se, Sm, Sn, Sr, Ta, Tb, Te,
Th, Ti, T1, Tm, U, V,W, Y, Yb, Zn, Zr, Br, HCO4~, Cl-, F-, NH,*, NO,~, NO;~, PO /-, SO,*and
SiO,. Duplicate bottled water samples were purchased from different supermarkets, and repli-
cate and multiple analyses were performed for quality control purposes, and the estimation of
measurement uncertainty. Since, bottle materials are known to affect the chemical composi-
tion of contained water, both glass and “plastic” bottles (polyethylene terephthalate, PET) of the
same brand were purchased, and leaching tests were carried out. It was found that at a pH of
6.5 leaching of elements from bottle materials is negligible, but it becomes serious at a pH of
3.5, i.e., PET bottles contaminated the contained water with Sb, and clear glass bottles with

XLII, No 5 — 2354



Na
mg/L l%
8160 ; .

620

306

76.3 #

6.00 L
0.400 e “ap

.
0 500
o°
-5
. -
EGS Geochemistry Expert Group European Groundwater Geochemistry — bottled water

Fig. 2: Geochemical distribution of Na in bottled water (EGS, 2010).

Ce, Pb, Al, Zr, Ti, Hf, Th, La, Pr, Fe, Zn, Nd, Sn, Cr, Tb, Ag, Er, Gd, Bi, Sm, Y, Lu, Yb, Tm,
Nb and Cu, whereas green bottles leach more Cr, Fe and Zr. A detailed account of all procedures
followed, quality control results, and leaching tests will be given in the atlas, which is under
preparation (EGS, 2010). Although the analytical results are in the process of verification an ex-
ample is given below.

4.1 Distribution of sodium (Na) in bottled water

Sodium varies in bottled water from 0.4 to 8160 mg/L, with a median of 15.5 mg/L (n=884).
The map of Na in bottled water shows high local variation (Fig. 2). This is a surprising obser-
vation. Given the high Na concentration in sea water, one may expect higher Na concentra-
tions in coastal areas, rather than far inland. There are two possible explanations, i.e., (i) it
could be related to culture, a tendency towards stronger, more mineralised, ‘tasty’ mineral wa-
ters in Eastern Europe, but it could also be related to (ii) geology and the deep sedimentary
basins that are exploited in those areas for mineral water, giving rise to Na-rich brines. The
Carpathian Mountain Range, as well as the Dinarides, is marked by high Na values. The wells
with the highest Na concentrations (up to 8160 mg/L) occur in Slovakia and Hungary. Wells ab-
stracting water from Hercynian granite in France and Portugal also show somewhat increased
Na concentrations, an indication of long residence time and water-rock interaction.

5. Geochemical Atlas of Agricultural and Grazing Land Soils

The geochemical atlas of agricultural and grazing land soils is under preparation (GEMAS).
This is essentially a follow-up project of the ‘Geochemical Atlas of Europe’, but concentrating
on soil, and the reasons for carrying out this project follow. The administration of REACH (Reg-
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istration, Evaluation and Authorisation of Chemicals), the new European Chemicals Regulation
adopted in December 2006 (http://ec.europa.eu/environment/chemicals/reach/reach_ intro.htm/),
and the pending EU Soil Protection Directive, require additional knowledge about ‘soil quality’
at the European scale. REACH specifies that industry must prove that it can produce and use its
substances safely. Risks, due to the exposure to a substance during production and use at the
local, regional and European scale, all need to be reliably assessed. In contrast to human-made
organic substances that do not occur naturally in the environment, all industries dealing with
natural resources will face in the near future a number of specific questions: (i) Most of their
‘products’ occur also naturally — the natural background variation needs to be established, in ad-
dition to a methodology to differentiate the industrial impact from the natural geogenic back-
ground; (ii) What is the ‘bioavailability’ of metals and other chemical elements in soil? and (iii)
What is the long-term fate of metals and other chemical elements added to soil?

The GEMAS project will deliver good quality and comparable exposure data of metals in agri-
cultural and grazing land soil; in addition soil properties known to influence the bioavailabil-
ity and toxicity of metals (and other elements) will be determined in soil at the European scale.

The sampling at a density of 1 site/2500 km? was completed at the beginning of 2009 by col-
lecting 2211 samples of agricultural soil (Ap-horizon, 0-20 cm, regularly ploughed fields), and
2118 samples from land under permanent grass cover (grazing land soil, 0-10 cm), according
to an agreed field protocol (EuroGeoSurveys Geochemistry Working Group, 2008).

All samples were shipped to the laboratory of the Geological Survey of Slovakia for sample
preparation, where they were air dried, sieved to <2 mm using a nylon screen, homogenised and
split to subsamples for analysis. They are analysed for (1) 53 chemical elements following an
aqua regia extraction, (2) pH in CaCl,, TOC, LOI, grain size (on a selection of samples), total
C and total S, (3) total concentrations of 39 elements by X-ray fluorescence, (4) Pb and Sr iso-
topes, (5) prediction of soil properties by mid infrared (MIR) measurements and (6) determina-
tion of K values for selected elements on selected samples. The aqua regia results were received
in September 2009 and were subjected to a rigorous quality control procedure before their ac-
ceptance (Reimann ez al., 2009). Because of the complexity of the project, and confidentiality
of results, the Geochemical Atlas will be ready by 2013, and an example is given below.

5.1 Distribution of strontium (Sr) in agricultural soil

Natural variation of Sr is large (4 orders of magnitude) and can be reliably mapped as is shown
in Figure 3. Nature, geology and climate are the major driving forces for its distribution patterns,
while anthropogenic anomalies, as input by fertilisers are not recognisable at this scale. It is clearly
indicated that there is not one background value for a sizeable area. Strontium, together with other
elements, shows substantially lower concentrations in North than in South European agricultural
soil. Surprisingly, recent volcanism (Cyprus, Sicily, mainland Italy) and active fault zones and
plate margins are often better indicated by Sr anomalies than some of the major limestone areas,
except those of eastern Spain, southern France, Italy, and Paris Basin in France.

6. Conclusions

European wide geochemical maps are designed to reveal large continental scale geochemical
anomalies or patterns; it is stressed that patterns of local significance cannot be observed in
such low density sampling surveys. Nevertheless, continental scale geochemical surveys pro-
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Fig. 3: Geochemical distribution of aqua regia extractable Sr in the <2 mm fraction of agricultural soil (0-
20 cm) (Reimann et al., 2009, Fig. 7, p.28).

vide us with invaluable information about the natural and human induced concentrations of
chemical elements in sample media of the near-surface environment, where we live on, grow
our crops, raise our livestock, and from which we extract our drinking water, and other raw
materials, including mineral wealth. Our quality of life and health depend, in fact, on the chem-
ical composition of water (surface or ground water) and soil, whether residual (developed di-
rectly on bedrock) or alluvial (transported by river water and deposited during flood episodes
on floodplains).

The European wide projects, carried out by the EuroGeoSurveys Geochemistry Expert Group,
have, therefore, demonstrated that low-density geochemical mapping can provide the needed
information about the geochemical background variation in natural soil, stream water, ground
water, stream and overbank or floodplain sediments. Thus, the EuroGeoSurveys ‘Geochemical
Atlases of Europe’ provide European policy-makers, researchers, applied geochemists and cit-
izens alike with sound data about the geochemical state of environmental media that our stan-
dard of living and health are closely related to. They also provide the ‘geochemical baselines’
against which the next generations will quantify changes, whether natural or human-made.

Production of such harmonised strategic baseline geochemical databases and maps is only pos-
sible, because of standardisation of all procedures of sampling, sample preparation, chemical
analysis and data management across political boundaries. Without harmonisation of methods,
it is impossible to produce meaningful continental scale geochemical databases and maps. It is,
therefore, important for scientists working for the production of European wide databases and
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maps to understand the concept of harmonisation of methods, and to apply it in their work.
Otherwise, valuable time, effort and financial resources will be wasted in the production of in-
compatible data across political boundaries.

Finally, geochemical maps at a variety of scales are needed for different purposes (Reimann et
al.,2009). However, low density geochemical mapping lays the foundations for regional geo-
chemistry and research in environmental sciences (Smith and Reimann, 2008). The relative
importance of a variety of geochemical processes that govern the geochemistry at the Earth’s
surface can only be distinguished and evaluated from the study of continental or global scale
maps, since many processes will not be recognised at the too detailed local scale.
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Abstract

The Aegean region represents an active convergent zone, where continental micro-plates exhibit a
complex interaction between the African and the Eurasian plates. The calc-alkaline volcanic activ-
ity of the Southern Aegean region developed in various volcanic centers from Soussaki to Nisyros
through Methana-Poros, Milos and Santorini. Milos Island has been an active volcano till the middle
of Quaternary and is at present characterized by a high enthalpy geothermal system. The volcanism
started 3.5 Ma ago and still continues up today in the form of post-volcanic manifestations.

Most quiescent volcanoes released large amounts of CO, and H,S through fumarolic activity and soil
diffuse degassing. Numerous small fumaroles occur in various places, mainly at Kalamos and
Adamas volcanic areas. Also along the southern coast of the island there are volcanic gas
manifestations in the sea. Gases were sampled from fumaroles at Kalamos area as well as from
north east part of Adamas village. Furthermore many soil gases were sampled at 50 cm depth and
analyzed for their chemical composition. Apart from atmospheric gases (N, and O,), which some-
times contaminate the samples, the main gas phase is CO,. Sometimes also H,S, CH, and H, are
present in high amounts while CO and He are always present in trace amounts. The He isotopic
composition highlights a significant mantle component.

CO, and H,S concentrations higher than in the normal atmosphere can be stimulating for plant
growth until certain levels and detrimental above them. As for many active geothermal areas of the
world also H,S and CO, concentrations measured in the area of Milos could be of concern for
human health.

Key words: Volcanic gases, Health hazard, Environmental impact, South Aegean Volcanic Arc, Milos
Island.

1. Introduction

A volcanic gas is a relatively heterogeneous mixture, mainly dominated by steam (up to 99 % v/v),
where a large number of other gas compounds are dispersed: SO,, H,S,HCI, HF, H,,N,, CO, CO,,CH,
and other hydrocarbons, noble gases, COS, etc. with contents that may range from ppbv or ppmv to
few % v/v. The determination of gas species at low to very low concentrations is not only an analyti-
cal challenge, being some compounds in trace amounts to be considered useful indicators of impend-
ing eruptive events (e.g. Chiodini et al., 1993; Giggenbach, 1996; Delmelle & Stix, 2000). The yearly
flux of carbon from sub-aerial volcanoes in volcanic arcs has been estimated at 13.5% (range of 5-25%),
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of the mid-ocean ridge flux of 2.1 x 10" moles of carbon (Marty and Jambon, 1987).

Morner and Etiope (2002) have recently evidenced that the contribution of geothermal systems to
lithospheric carbon degassing, although at present poorly constrained, is probably higher than vol-
canic degassing. An accurate quantification of CO, and CH, fluxes from low-enthalpy geothermal
systems would therefore add important data for the accurate quantification of their contribution to
the earth’s carbon budget and to the global climate change. Both gas species have in fact important
greenhouse effects and prediction of future climate scenarios rely heavily on a better quantification
of their fluxes between all geochemical spheres.

H,S is a toxic gas producing multiple effects. It is colourless gas with unpleasant odour of bad eggs.
In nature large amounts are produced during processes of biological decomposition. A major part of
the atmospheric hydrogen sulphide is of natural geothermal origin. Air pollution is of anthropoge-
nous type as well. Industry is the main source - coke ovens, cellulose production, artificial fibbers,
natural gas and oil-product refining.

Contact of man with this gas is affected through the respiratory system. Scanty information exists
on possible penetration through the digestive tract. The gas is absorbed by the organism through the
lungs. In the liver and kidneys it is transformed into tiosulphates and sulphates. It is eliminated
through the lungs, urine and fecal matter. Health effects are as follows - low concentrations may ir-
ritate the mucous tissues and cause conjunctivitis, and high concentrations may cause serious dam-
ages of the respiratory organs.

The aim of this paper is present the geochemical characterization of the main fumarole degassing
and the soil gases of Milos Island geothermal field. Possible impact on the surrounding environ-
ment and on human health is also discussed.

2. Geological setting

The Aegean region represents an active convergent zone, where continental micro-plates exhibit a
complex interaction under the influence of the overall N-S convergence between the African and the
Eurasian plates. Apart from the compressional trench zone, the rest of the Aegean region is domi-
nated by an extensional regime as evidenced by predominantly extensional fault plane and the pres-
ence of numerous normal faults (Mckenzie, 1972; Angelier et al., 1977; Dewey and Sengor, 1979).
The volcanic arc lays ca. 150 km above the subduction zone, which forms an amphitheatre-like con-
ical plane, with a maximum depth of 190 km at the central part of the South Aegean Volcanic Arc.
(Spakman et al., 1988; Truffert et al., 1992; Papadopoulos et al., 1986; Papazachos, 1990), (Fig. 1).

The stratigraphy of Milos Island is composed, from the bottom to the top, by altered crystalline
metamorphic basement, Neogene sediments, old volcanic tuffaceous formations, ignimbrites, old
rhyolitic rocks, old dacitic and andesitic members, pyroclastic rocks, younger tuffs, lahar in differ-
ent places, younger volcanics of acid composition and quaternary formations. Regarding its geo-
logical characteristics, the intensively eroded crystalline metamorphic basement appears in a very
limited area (SE coastline). A not continuous series of Mio—Pliocenic marine sediments is lying
above the crystalline basement; it begins with reddish conglomerates and ends up with well-bedded
limestones, which at places turn to sandstones (Fytikas, 1977).

From Upper Pliocene Milos was affected by an extensive volcanism, which lasted until late Quaternary
(Fytikas et al., 1986). The composition of Milos volcanic rocks shows a calcalkaline character ranging
from andesites to rhyolites. The youngest Upper Pleistocene volcanic activity is concentrated in corre-
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Fig. 2: Main geological units of Milos volcanic island (From Fytikas, 1976 modified). 1=Metamorphic basment;
2=Neogene sediments; 3= Basal pyroclastic series (Middle-Upper Pliocene); 4= complexes of domes and lava
flows (Upper Pliocene); 5= Upper Pleistocene volcanics: pyroclastic series (5a), lava domes (5b) and Halepa
and Plaka domes (5¢); 6= Fyriplaka and Trachilas Rhyolitic complexes of Upper Pleistocene; 7= freatic activ-
ity products; 8= Quaternary sediments; 9= Radiometric ages from Angelier et al. (1977), Bigazzi and Radi
(1981), Fytikas et al. (1976).
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Fig. 3: a,b) Fumaroles at Kalamos degassing area, c¢) Crater of Fyriplaka volcano, d) Surface secondary min-
erals due to alteration phenomena of H,S emanation, north of Adamas geothermal field. The locations of these
photographs are noted on the map of Fig. 2.

spondence of the volcanic centres of Fyriplaka in the South and Trachilas in the North. In Trachilas the
explosive activity began with the formation of a tuff ring mainly composed by pyroclastic surges; the surge
deposits gradually pass to block and lapilli and finally to lava flows (Fytikas et al., 1986; Mitropoulos et
al., 1987; Kelepertzis and Kyriakopoulos, 1991; Kyriakopoulos, 1998).

In the Fyriplaka area at least two tuff rings can be identified: a larger one (about 1500 m in internal
diameter) and an inner and smaller one. The explosive activity leading to the formation of these tuff
rings alternated with effusive episodes producing lava flows which ran to the NW and reached the
sea inside the Gulf of Milos (Fytikas et al., 1986), Fig.2.

A decrease in the water content interacting with the magma is generally observed in the evolution
of the eruptions: they usually start as phreatic and successively evolve into phreatomagmatic and
magmatic activity; lava flows close the eruptive cycles (Fytikas et al., 1986).

3. Sampling and analytical methods

A total of 26 samples were collected from Kalamos and Adamas areas were intense gas emanation
is occurring. The localities sites of the volcanic areas Kalamos and Fyriplaka in the south part and
Adamas at the central part of the island are reported in Figure 3. Free gas samples were taken from
natural gas manifestations like fumarolic discharges, soil gases, and mofettes and were collected at
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a depth of 50 cm through steel or nylon tubes connected to a syringe while bubbling gases were col-
lected through inverted funnels. Samples were then stored into glass flasks equipped with vacuum
stopcocks. Furthermore 78 samples of soil gases were analysed in the field for CO, concentration
with a portable IR spectrometer.

Gas concentrations were measured at INGV in Palermo using the GC Perkin Elmer Clarus 500
equipped with Carboxen 1000 columns, HWD and FID detectors with methanizer. The gas samples
were injected through an automated injection valve with a 1000 L loop. Calibration was made with
certified gas mixtures. Analytical precision (10) was always better than +5%. The detection limits were
about 1 ppm vol. for CO and CH,, 2 ppm vol. for H,, 6 ppm vol. for He, 20 ppm vol. for CO,,200 ppm
vol. for O, and 500 ppm vol. for N,. Analyses of carbon isotopes of CO, were carried out by using a
Finnigan Delta plus mass spectrometer. Values are expressed in 8%o vs. V-PDB, accuracy +0.1 8%o.

4. Health hazard from volcanic gases

Regarding health hazard related of volcanic gases at least 455 million people worldwide live within
potential exposure range of a volcano that has been active in recent times. The effects of SO, on peo-
ple and the environment vary widely depending on (1) the amount of gas a volcano emits into the
atmosphere; (2) whether the gas is injected into the troposphere or stratosphere; and (3) the regional
or global wind and weather pattern that disperses the gas.

The volcanic gases that pose the greatest potential hazard to people, animals, agriculture, and prop-
erty are sulfur dioxide, carbon dioxide, and hydrogen fluoride. Locally, sulfur dioxide gas can lead
to acid rain and air pollution downwind from a volcano.

Because carbon dioxide gas is heavier than air, the gas may flow into in low-lying areas and collect
in the soil. The concentration of carbon dioxide gas in these areas can be lethal to people, animals
and vegetation, Table 1.

Table 1. Physiologic effects of human exposure to H,S (Beauchamp et al. 1984; WHO 2003).

Exposure ppm Effect/observation
0.01-0.13 Odor threshold
03 Distinct odor
2 Bronchial constriction in asthmatic individuals
35 Increased eye complaints
510 Increased blood lactate concentration, decreased skeletal muscle cit-
rate synthase activity, decreased oxygen uptake
3.5-20 Eye irritation
20 Fatigue, loss of appetite, headache, irritability, poor memory
50 Marked irritant action on conjunctiva and respiratory tract
100-200 Olfactory paralysis
250 Prolonged exposure causes pulmonary edema
500-1,000 Immediate death
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Fig. 4: — (a) He-N,-CO, and (b) CH,-N,-CO, triangular plot of the gas samples collected at Milos. Dark gray
squares and the geothermal well composition are from literature data. Dashed line shows the mixing between
atmospheric air and geothermal gases. The arrows indicate CO, loss.

4.1 Hydrogen sulfide (H,S)

Hydrogen sulfide (H,S) is a colorless, flammable gas with a strong offensive odor. It is sometimes
referred to as sewer gas. At low concentrations it can irritate the eyes and acts as a depressant; at high
concentrations it can cause irritation of the upper respiratory tract and, during long exposure, pul-
monary edema. A 30-minute exposure to 50 ppm results in headache, dizziness, excitement, stag-
gering gait, and diarrhea, followed sometimes by bronchitis or bronchopneumonia, while
concentrations above 500 ppm can be lethal within short time (Table 1). Continuous exposure to
high concentration should be avoided. Moreover various studies (Loppi, 1996; Tretiach and Ganis,
1999) highlighted the adverse effects of volcanic/geothermal H,S on nearby growing vegetation.

4.2 Carbon dioxide (CO,)

Volcanoes release more than 130 million tonnes of CO, into the atmosphere every year. This color-
less, odorless gas usually does not pose a direct hazard to life because it typically becomes diluted
to low concentrations very quickly whether it is released continuously from the ground or during
episodic eruptions. But in certain circumstances, CO, may become concentrated at levels lethal to
people and animals. Carbon dioxide gas is heavier than air and the gas can flow into in low-lying
areas; breathing air with more than 30% CO, can quickly induce unconsciousness and cause death.

5. Results and discussion
5.1 Geochemistry of the gases

Although Milos Island is not currently volcanically active, it is the site of intense old and recent hy-
drothermal processes. At the present time a high geothermal gradient (> 2,5 H.F.U.) occur. The high
heat flow caused intense hydrothermal activity, which is responsible for many phreatic explosions. In
some places the hydrothermal activity is expressed by the occurrence of many hot springs (30-85°C),
fumaroles (98-102°C), hot grounds (100°C at a depth of 30-40cm) and submarine gas emissions, wide-
spread on and around the island. Fyriplaka volcano is the expression of the most recent volcanic ac-
tivity on the island and includes fumaroles, solfataras and hot grounds (Fytikas et al., 1986).

A preliminary survey of volcanic gas analyses shows that, with very few exceptions, the predomi-
nating constituents making up more than 95 % of the volcanic gas discharge are water vapor and
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Table 2. Chemical composition of gas samples of Milos Island.
sample  |type| date |He | H, | O, N, |CO| CH, | CO, | H,S |d"C R/RaHe/Ne
ppm|ppm| ppm | ppm ppm ppm | ppm |ppm| %o

Milos C1 o1 060007 | 5 | <2 | 194900 789400 37 | 36 | 1200 | 100 | nd. | nd. | nd.
Fyriplaka
Milos 21 e 1 060007 | 8 | 492 | 168500 7256000 63 | 171 197200 | 200 | nd. | nd. | nd.
Fyriplaka
Milos C3

. FG | 1062007 | 8 |1873| 145500581400 11 | 471 2636002000 | -1.5 | nd. | nd.
Fyriplaka
Milos C4 e 062007 | 8 | 91 | 187500 (771100 34 | 20 | 10600 | 100 | nd. | nd.| nd
Fyriplaka
Milos G5 1 e 1 062007 | 5 | 29 | 182000 760900 4 | 46 | 40600 | 200 | nd. | nd. nd.
Fyriplaka

Milos Fyriplaka| FG |20-06-2007) 6 | 5 193800777800, 1 | 3.2 | 1500 | nd. |-0.1 | nd.| nd.

Milos Adamas | SG |20-06-2007| 12 | 596 | 101600 416000, 3.9 | 986 |482800| nd. | 0.3 | nd. | nd.
Mﬂos' BG |21-06-2007| 45 | 8 | 33300 |119400] 17 | 7533 838100/ nd. | nd. | nd. | nd.
Paleochori 1
Milos
Paleochori 2
Milos
Paleochori 3
Milos
Paleochori 4 6615 1905300/ n.d. | nd. [2.52]20.23

8
Milos Fyriplaka| FG |12-10-2007| 8 | 432 | 142600 (627400 6 | 334 [226000| nd. | nd. | nd. | nd.
MilosMad 1 | BG |12-10-2007| 69 | <2 | 2800 [73000| 1 | 4877 |896200 nd. |-09 |3.37|37.76
5
4

BG |21-06-2007) 69 | <2 | 19000 |85700| 14 10100 874400| nd. | nd. | nd. | nd.

BG [21-06-2007| 49 | <2 | 12000 |62900| 10 | 7929 1901000| nd. | 0.3 |2.57|12.51

BG |21-06-2007| 37 | <2 | 13800 |52700

Milos Mad 2 | SG |13-10-2007| 7 | 237 | 166400 |668500 109 |160000| nd. | 1.6 | nd.| nd.

Milos 1 o5 19102007 15 | 284 | 32800 1315300
Paleochori

Milos M1 | SG |21-03-2008| <5 | 1304 | 170000 680100 1.6 | 206 |129600| nd. | nd. | nd. | nd.
MilosM2 | SG |21-03-2008| 10 | 486 | 152600 635600 1.8 | 313 201500 nd. | 1.7 | nd. | nd.
Milos M3 | SG |21-03-2008| <5 | 664 | 1673006720000 1 | 99 |153300| nd. | nd. | nd. | nd.
Milos 1 Sinopi | BS |5-09-2008 | 50 | <2 | 9200 [39100| 1.5 | 2636 [944100| nd. | nd. |2.97|12.64

1593 1650600 nd. | -0.2 | nd. | nd.

Mﬂ"SDZEA}?maS BG [12:08-2008| 15 | 13 | 425 |20700 1.5 | 1405 966100 nd. |-13|3.04| 6.14
Milos 3
.| BS [12:08-2008| 14 | 29 | 3800 |12500| 32 | 7448 957000 nd. |-04 | nd.| nd.
Paleochori
Milos 4 Adamas| SG | 5-09-2008 | 12 | 1418] 50300 1993000 3 | 1717 [750600/ nd. |-0.7 | nd.| nd.
MilosS | 5o 4092008 | 26 | 6660| 91600 3489001 14 | 5167 511800| nd. | nd. | nd. | nd,
Paleochori
Milos6 | 5o 5092008 | 80 119 52100 11438000 13 |11000/657400| nd. | nd. | nd. | nd.
Paleochori 0
Milos DEH | BG 10062009 28 | <2 | 4700 |33400| 16 | 2625 [951200/ nd. | 0.4 | nd. | nd.
E"Vlv’i‘l’lr?i‘;ry nd. 12000/ 11000 |35000| nd.| 100 92600015000 nd. | nd. | nd.

Type: FG = fumarolic gas; SG = soil gas; BG = bubbling gas; BS = gas bubbling in sea.water — n.d. = not deter-
mined. (*) data from Minissale et al. (1997)
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species containing carbon and sulfur in their various oxidation states such as CO,, CO, SO,, Sg and
H,S together with H,. In the case of Milos gases, water vapour is an important component only of the
fumarolic gases. In the present study only the dry gas composition (i.e. excluding water vapour) has
been determined and the analytical results are shown in table 2. Apart from atmospheric gases (O, and
N,) deriving from air contamination, the main gas is CO,. The O,, N, and CO, contents evidence a
clear mixing trend between two end-member represented by the atmospheric air and a CO,-dominated
geothermal gas. Isotopic composition of the CO,-carbon, displaying values close to 0%o (range from
-1.5 to 1.6 %o), indicates that the main CO, source may be the reaction between the acidic hy-
drothermal solutions with underlying Neogene limestone deposits (Fytikas, 1989) as well as from
thermal decomposition of subducted marine sediments. But a contribution from mantle CO, cannot
be excluded. Such contribution is strongly suggested by the isotopic composition of the helium whose
values (R/R, ranging between 2.5 and 3.4) highlights a mantle component of at least 50% for this gas.

The He-N,-CO, triangular plot (Fig. 4a) shows two alignments. The first belongs to the mixing trend
between atmospheric air and the geothermal gas. The second pointing towards the He vertex is prob-
ably due to processes responsible of CO, loss like carbonate precipitation or CO, dissolution in
water. The last process is mostly evident in those gases which where collected from manifestations
bubbling in sea-water.

The gas composition of one exploratory well (Table 2) evidences the enrichment in H,S of the ge-
othermal fluids at Milos. But this gas is partially lost in the shallow environment due to dissolution
in condensing water vapour and oxidation processes. Such processes producing H,SO,-rich con-
densates are responsible of the low pH values (2.9) measured in the fumarolic condensate at Aghia
Kiyriaki, on the south coast of Milos (Dominico and Papastamataki, 1975). The CH,-N,-CO, trian-
gular plot (Fig. 4b) further evidences the processes that bring to CO, loss and the mixing processes
between geothermal and atmospheric gases.

Carbon dioxide in the soils of Milos shows a wide range of concentrations from 0.01 to 99.8 %
(table 3). Concentrations sustained by biologic activity within the soils are generally less than a few
% , while higher concentrations are clearly due to uprising geothermal fluids. Notably the highest con-
centrations were found at Adamas and Kalamos areas close to the sites of the most recent volcanic
activity (Fig. 5).

5.2 Gas hazard and environmental impact

Volcanic/geothermal areas release huge amounts of gases, which apart from having important in-
fluences on the global climate could have a strong impact both on the local environment and on
human health. Gases have both acute and chronic effects. Carbon Dioxide and Sulphur gases are the
main gases responsible for acute mortality due to their asphyxiating and/or toxic properties. The
problem has long been neglected until the “Lake Nyos” catastrophe in 1986, in which about 1700
people were killed by a volcanic CO, emission, attracted the worldwide attention of the mass media.

Gas hazard is largely underestimated because it acts also during quiescent periods and also in areas
were volcanic activity is nowadays extinct. Furthermore, although the frequency of occurrence is rel-
atively high, the number of victims of each lethal accident is generally low and often the real cause
of death is not properly recognized. As a consequence, the recently published database of volcanic
disasters and incidents of the 20th century (Witham, 2005), which attributed the death of 2000 per-
sons and the injury of nearly 3000 to volcanic gases, is probably largely incomplete. The most dan-
gerous gas species is CO,, responsible of more than 90% of the victims and of the worst episodes
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Table 3. Soil CO, concentrations at -50 cm depth (in vol %) of Milos geothermal field.

ID | LAT | LONG | ALTITUDE | CO, ID LAT | LONG | ALTITUDE | CO,
1 | 36.668 | 24493 146 793 41 | 36.677 | 24.485 68 0.50
2 ] 36.669 | 24493 146 6.99 42 | 36.695 | 24.545 55 0.05
3 | 36.668 | 24.493 133 2.30 43 | 36.695 | 24544 17 0.05
4 |36.668 | 24.493 145 377 45 | 36.694 | 24544 17 0.21
5 ]36.668 | 24.493 146 12.80 | 46 | 36.694 | 24.538 95 022
6 |36.667 | 24493 138 11.17 | 47 |36.675 | 24513 27 7.58
7 ]36.667 | 24.492 145 490 48 | 36.675 | 24515 30 022
8 | 36.667 | 24492 140 7.90 49 | 36.675 | 24513 27 1.30
9 ]36.667 | 24.492 140 6.90 50 |36.675 | 24513 27 20.20
10 | 36.666 | 24.492 140 0.09 51 |36.731 | 24.448 10 2207
11 | 36.666 | 24.493 140 6.42 64 | 36.731 | 24.448 10 54.60
12 | 36.666 | 24.493 148 0.18 65 | 36.731 | 24.448 10 77.08
13 | 36.665 | 24.493 144 0.09 66 | 36.731 | 24.448 10 95.70
14 | 36.665 | 24.493 144 0.78 67 | 36.731 | 24.448 10 48.70
15 | 36.665 | 24.493 144 0.14 68 | 36.731 | 24.448 10 99.80
16 | 36.666 | 24.494 144 0.22 69 | 36.731 | 24449 10 79.80
17 | 36.666 | 24.494 106 0.14 70 | 36.731 | 24.449 10 55.70
18 | 36.667 | 24.494 106 0.19 71 | 36.731 | 24449 15 220
19 | 36.667 | 24494 106 0.54 72 | 36.731 | 24449 8 1.30

20 | 36.667 | 24.493 138 1.29 73 | 36.731 | 24450 8 0.99

22 | 36.667 | 24.493 138 1.78 74 | 36.731 | 24450 11 0.90

23 | 36.667 | 24.493 138 270 75 | 36.731 | 24.448 6 18.00

24 | 36.667 | 24.493 136 046 76 | 36.731 | 24.448 6 18.00

25 | 36.666 | 24.493 144 0.27 77 | 36.731 | 24.449 6 2.80

26 | 36.666 | 24.492 131 0.06 78 | 36.730 | 24.449 5 1.15

27 | 36.666 | 24.491 114 7.71 79 | 36.731 | 24.448 6 60.00

28 | 36.665 | 24491 133 1820 | 80 | 36.731 | 24.448 9 20.00

29 | 36.665 | 24.491 110 2.10 81 | 36.732 | 24.448 9 5.10

30 | 36.665 | 24.491 110 1.70 82 | 36.732 | 24.447 11 3.00

31 | 36.666 | 24.491 114 0.70 83 | 36.732 | 24.446 13 0.25

32 | 36.666 | 24491 114 122 84 | 36.732 | 24.445 30 0.20

33 | 36.667 | 24491 124 1.14 85 | 36.732 | 24.448 21 0.10

34 | 36.669 | 24492 128 1.30 86 | 36.733 | 24.448 32 0.10

35 | 36.670 | 24492 91 507 87 | 36.734 | 24.448 44 0.10

36 | 36.670 | 24492 109 2.62 8 | 36.735 | 24.447 51 0.10

37 | 36.670 | 24491 109 142 89 | 36.736 | 24.446 58 0.10

38 | 36.668 | 24.491 130 0.50 90 | 36.737 | 24.445 69 0.15

39 | 36.671 | 24490 112 0.22 91 |36.731 | 24450 11 0.10

40 | 36.674 | 24487 77 001 92 | 36.731 | 24451 25 0.10
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Fig. 5: Distribution of the soil gas sampling points of the four sampling areas on a shaded relief map.

(Lake Nyos and Lake Monoun, Cameroon and Dieng Plateau, Indonesia), but lethal episodes are also
attributed to sulphur gases (SO, and H,S).

Being heavier than air, CO, and H,S can accumulate in topographic depressions and enclosures, and
in areas with high fluxes their concentrations can exceed 10% and 100 ppm, respectively, which can
be lethal to both animals and humans. At Milos Island hazardous concentrations of CO, (more than 90
%) and H,S (up to 2000 ppm) are measured near the main emanation Kalamos and Fyriplaka areas.

People living in anomalous degassing areas are generally aware of the danger posed by gas accu-
mulation, but nevertheless volcanic gases cause many fatalities each year worldwide (Witham, 2005).
Even though the gas hazard at Milos appears restricted to limited areas, it should not be neglected,
especially its effects on the most exposed people: children, workers involved in excavation activi-
ties and tourists who use public baths.

The H,S dispersing in the surrounding atmosphere displays concentrations of some ppm that pro-
duces surely annoying smell and represents also a potential chronic health impact for the nearby
living persons. Furthermore oxidizing reactions in the atmosphere transforms H,S in SO,, locally in-
creasing the acid burden through wet and dry deposition. Such processes are more intense during the
summer season when high temperature and strong incoming solar radiation increases the formation
of strong oxidant species like OH and O;.

Furthermore, where gas emanations are very high, the soils are altered and covered with thin layers
of secondary minerals as alunite, magnesite and sulphur. In these areas, the extreme acidity of the
fumarolic condensates, which is responsible of the high mobility of harmful elements during alter-
ation processes, could negatively impact biota of the surrounding terrestrial and marine environ-
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ments. Although such impact at Milos has not been studied yet, it is worth noting that vegetation
around the hydrothermal manifestations is very stunted probably due to the bioaccumulation of the
mobilized toxic elements.

6. Conclusions

The main gas manifestations at Milos show a typical hydrothermal composition. Excluding water
vapour, the main gas species is represented by carbon dioxide. Its carbon isotopic composition points
to a main origin from carbonate rocks although a significant mantle contribution cannot be ruled out.
Other typical hydrothermal gases like hydrogen, methane and hydrogen sulphide display sometimes
concentrations up to a few percent.

Soil gases show characteristic mixing trend between atmospheric air and deep geothermal gases. The
latter implies their highest contents close to the fumarolic areas of Adamas and Kalamos. These
areas show very high risk of gas hazard, and gas emissions could have a strong impact on the local
environment.
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Abstract

A total of 65 surface soils and 8 rock samples from the area surrounding the city of Kavala, North-
ern Greece, was collected and analyzed for their contents in 10 major and 32 trace elements. The
extraction of the elements from the < 200um soil fraction was based on the digestion of 0.1g of each
sample with 2ml HNO;. The analytical methods used were ICP-OES and ICP-MS and the elements
determined were Al, Ca, Cl, Fe, K, Mg, Na, P, S, Si, Ag, As, B, Ba, Cd, Ce, Co, Cr, Cs, Cu, Ga, Ge,
Hg, La, Li, Mn, Mo, Ni, Pb, Rb, Sb, Se, Sn, Sr, Th, Ti, U, V, W, Y, Zn and Zr. Comparisons between
the concentrations of the surface soil samples and the surrounding rock samples indicate that the
majority of major, as well as, of trace elements are found in the surface soils of Kavala with such
concentrations that are considered as the product of natural processes such as the weathering of par-
ent rocks and pedogenesis. However, there are some major elements (Cl, Na, S) and trace elements
(Ag, As, Pb, V, Zn) that are present in the surface soils of the study area with elevated concentra-
tions that cannot be regarded as the sole product of natural processes, but as the result of both, nat-
ural and anthropogenic activities, especially for the samples that are situated inside the industrial
area of Kavala.

Key words: geochemistry, environment, soil, rock, Kavala, Greece.

1. Introduction

As it is known, soils and sediments are principal environmental sinks for both major and trace ele-
ments. Their content in soils is derived, either through natural processes such as the weathering of
parent rocks, or through anthropogenic activities such as industry and agriculture. Since Potentially
Toxic Trace Elements (PTTE) are regarded as one of the main sources of pollution in the environ-
ment, the study of their distribution is very important, especially from an environmental point of
view, explicitly because many human activities mobilize and redistribute elements in the environ-
ment, often causing adverse effects. Elevated concentrations of PTTE in soils and sediments may re-
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sult in an increased uptake of PTTE by crops and vegetables which, in turn, may have a negative ef-
fect on animals and human health (Hesterberg 1998; Fernandez-Turiel et al., 2001; Georgakopou-
los et al., 2001; Kabata-Pendias and Pendias, 2001; Cui et al., 2005).

The objectives of this study were to describe the chemical dataset collected and to investigate the
geochemical identity of the surface soils of the Kavala area, with the intention of identifying the
possible elemental sources in the area, whether natural and/or anthropogenic. In order to reach this
goal, several methods where applied. However, in this paper are presented the results of the com-
parison between the elemental concentrations of the surface soils and the surrounding rocks of the
Kavala area.

2. Study area - Geological setting

The study area is the city of Kavala, its industrial zone and their surroundings (Fig. 1). The climate
of the area shows general Mediterranean characteristics. The mean temperature is 4.0°C in January
and 24.5°C in July, while the prevailing wind is from SE (H.N.M.S. 1978, Petalas et al., 2004). Land
uses in the area may be divided into four categories: agricultural, uncultivated, industrial and resi-
dential (Fig. 1). The main industrial activities are the Phosphoric Fertilizer Industry (P.F.I.) and the
Kavala Oil land facilities. The first industry produces phosphoric fertilizers, pesticides and other
similar products and its main byproduct is phosphogypsum, while in the second industry oil desul-
phurization takes place. Other activities include some small enterprises that exploit and market local
marbles and the Xifias Fishery enterprise which terminated its activities during the undertaking of
the present research. Also, near the Kavala Oil land facilities and the Xifias Fishery, several uncon-
trolled landfill sites exist.

The study area is a part of the Rhodope massif and it consists of metamorphic and plutonic-eruptive
rocks (Fig. 2). The main rock types in the area are: a) gneisses and schists, b) limestones and marbles,
¢) granitic and granodioritic rocks and d) sedimentary deposits. The intense plutonism of the Rhodope
is represented by granites, granodiorites, monzonites, quartz monzonites and diorites of Eocene,
Oligocene, and Miocene age (Kilias et al., 1999; Christofides et al., 2001, Pe-Piper and Piper 2002).
Additionally, Pyrite-Blende-Galena (PBG), Au, Cu, Mn, and Fe mineralizations and ore deposits are
widespread in the study area (Filippidis et al., 1996; Vavelidis et al., 1996, 1997) (Fig. 2).

3. Methodology
3.1 Sampling and sample preparation

In total, 65 surface soil samples were collected between November 2002 and January 2003 (Fig. 1).
Surface soil was selected because it is very sensitive to anthropogenic influences. This kind of sam-
ples is well suited for gaining information on the long-term impact of trace metals accumulation
(Ramsey, 1997, Fernandez-Turiel et al., 2001, Kabata-Pendias and Pendias, 2001). Along with the
soil samples, 8 rock samples from the surrounding rocks of the study area were collected. An effort
was made so all the major rock types present in the area were represented (Tables 1 and 2).

All soil samples were dried in an oven at 40°C. After sieving, the < 200um fraction was used due
to the fact that environmentally available trace elements mainly remain in this fraction (Fernandez-
Turiel et al., 2001, Kabata-Pendias and Pendias, 2001, Papastergios et al., 2009). The rock samples
were crushed and pulverized in an agate mortar and followed the same procedure as the soils did.

The elements analyzed were extracted with analytical grade, concentrated (65%) HNO;. The HNO,
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Fig. 2: Simplified geological map of the study area. Locations of rock samples and mineralizations are in-

cluded (modified from Papastergios, 2008).

extraction procedure is a very strong acid digestion that puts in solution almost all elements that
could become “environmentally available” (Walsh et al., 1997, Sastre et al., 2002). Analytical grade
HNO; has been selected in order to work with extreme analytical conditions, and maintain, at the
same time, the compatibility of the leachate with the input solution in ICP-MS and ICP-OES (direct
determination after dilution). In the present work, a 0.1 g aliquot of each sample was placed into 14
mm diameter polyethylene tubes. Then, 2 ml of HNO; were added. All samples were placed in a ro-

tary shaker for 24h. After the extraction procedure, the solution was filtered in
The volume flasks were made up volume with Milli-Q type deionized water
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3.2 Analytical methods

Ten major (Al, Ca, Cl, Fe,K,Mg,Na, P, S and Si), and 32 trace element (Ag, As, B, Ba, Cd, Ce, Co,
Cr, Cs, Cu, Ga, Ge, Hg, La, Li, Mn, Mo, Ni, Pb, Rb, Sb, Se, Sn, Sr, Th, Ti, U, V, W, Y, Zn and Zr)
concentrations were determined in all samples by Inductively Coupled Plasma — Optical Emission
Spectrometry (ICP-OES) and Inductively Coupled Plasma — Mass Spectrometry (ICP-MS). A Perkin
Elmer Optima 3200RL with a Perkin Elmer Autosampler AS-90+ was used for the ICP-OES analy-
ses, while a Perkin Elmer Sciex Elan 6000 with a Perkin Elmer AS-91 automatic sampler was used
for the ICP-MS analyses. The analyses were performed at the SCT-UB (Scientific Technical Serv-
ices of the University of Barcelona), Barcelona (Spain). Details on ICP-MS analysis can be found
in Fernandez-Turiel et al. (2000).

In order to check the quality of the results, the same methods were applied to the reference materi-
als CANMET SO-1, SO-2,S0-3, SO-4, as well as to four replicates of a randomly selected sample.
The methodology used, achieved precise analysis for practically all reference materials. Many ele-
ments exhibited Relative Standard Deviations (RSD) lower than 3%, and some around 1% (e.g.,
Ca, Mg, Fe, Al, Pb, Sr). Exceptions were Na, S, Cl, B, Cd, Ge, Hg, Sb and Se, probably due to their
low concentrations (close to the quantification limits) in the reference materials. In regard to the ex-
traction procedure’s repeatability, many elements exhibited RSD values lower than 5%. Similarly,
some of the worst values could be attributed to the low concentrations of these elements. Detailed
results regarding the methodology used are given in Papastergios (2008).

4. Results and discussion

Before comparing the results between the soils and the surrounding rocks, the concentrations of the
surrounding rocks were compared with similar rock types, in order to disclose any unusual concen-
trations. The average concentrations of carbonates, shales and granites, as given by Faure (1992)
were used for these comparisons. The results revealed that, only Ag (in marbles and granites) and
Cd and Co (in marbles) are found with, relatively, elevated concentrations. The rest of the elements,
for all rock types of the study area, are found within normal ranges (Papastergios, 2008).

4.1 Major elements

Table 1 shows the average leached concentrations for the major elements of the surrounding rocks and
the surface soils of the study area. The two most abundant elements for both the surrounding rocks
and surface soils are Ca and Fe, with an average concentration of 124.64 g kg'! and 27.98 g kg'! for
Caand 8.28 g kg and 6.35 g kg'! for Fe, respectively. This came as no surprise, as marbles are the
dominant rock type and Fe mineralizations are common, in the area (Fig. 2). Concerning the sur-
rounding rocks, Mg and Al are the next two elements with high concentrations, around 2.3 g kg! and
they are followed by P, Cl, Na, Si and S, which all have concentrations lower than 1 g kg!'. The order
changes slightly, for the surface soils. After Ca and Fe, the elements with the highest concentrations
are Al, Mg, Na and Cl with average concentrations between 4.5 and 1.0 g kg'!. The rest of the elements
(P, S and Si) have concentrations below 1.0 g kg

A series of comparisons were generated between the surface soil samples and the surrounding rocks
samples (as a total and separately with each rock type) of the study area (Table 1). The aim of the
comparisons was to identify whether the surrounding rocks of the study area could provide the sur-
face soils of Kavala with their elemental content.

The results indicate that Al, Ca, Fe, K, Mg, P and Si are found in the surface soils of the present study
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Table 1. Average leached concentrations for the major elements (in g kg™) of the surface soils and the
surrounding rocks of the study area, and Enrichment Factors (EF) of the comparisons between
the leached concentrations of the surface soils and the surrounding rocks.

Element Rocks (total) Marbles Gneisses Granites Soils
Al 2.11 0.05 265 3.63 4.50
Ca 124.64 365.78 5.35 278 27.98
Cl 037 0.90 021 0.02 1.12
Fe 8.28 0.61 10.35 13.88 6.35
K 1.26 0.01 1.75 201 1.38
Mg 240 371 1.60 1.89 2.83
Na 031 0.30 0.10 0.53 1.88
P 0.56 0.53 0.70 0.44 0.72
S 0.15 0.29 0.07 0.09 0.68
Si 025 0.16 0.26 0.34 0.26

Enrichment Factors (EF)

Element RoSc(l)(isls(tVost.al) Soils vs. Marbles|Soils vs. Gneisses|Soils vs. Granites
Al 2.1 96.9 1.7 12
Ca 02 0.1 52 10.1
Cl 30 12 54 70.2
Fe 0.8 104 0.6 0.5
K 1.1 150.7 0.8 0.7
Mg 12 0.8 18 15
Na 6.1 6.2 19.6 36
P 13 13 1.0 1.6
S 45 23 9.6 79
Si 1.0 16 1.0 0.8

as a result of natural processes, such as the weathering of parent rocks and pedogenesis, since their
Enrichment Factors (EF) are lower than 3 (Table 1). On the other hand, Cl, Na and S are found in
the surface soil samples with concentrations that seem to be elevated (EF larger than 3) and that
could not have been provided solely by the erosion of the surrounding rocks. In the case of S, po-
tential sources could be the PBG ore occurrences and the Kavala Oil land facilities, with the second
being, most likely, the case, especially since almost all elevated values are found in its vicinity. The
S deriving from the desulphurization of the oil is stacked in opencast sites inside the Kavala Oil
land facilities and hence, is freely transferred by the wind. Additionally, the samples with, both Cl
and Na elevated values, are found in the same area (Papastergios 2008). In fact, almost all samples
that show elevated values are common. According to Kabata-Pendias and Pendias (2001) elevated
Cl values are connected with the usage of mineralized waters and/or fossil fuels (i.e., oil, carbon, gas
etc). Although, the transfer of sea water aerosols and the deposition of NaCl particles on the surface
soils cannot be excluded.
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4.2 Trace elements

Table 2 shows the average leached concentrations for the trace elements of the surrounding rocks and
the surface soils of the study area. For the calculation of the descriptive statistics, values that were
below the detection limit for each element were substituted by half its detection limit. For the sur-
rounding rocks, only Mn had an average concentration larger than 100 mg kg (269.45 mg kg™!),
while for the surface soils two elements (Mn: 524.2 mg kg! and Zn: 147.68 mg kg!) had concen-
trations above 100 mg kg!. Elements with concentrations between 100 and 1 mg kg! were Sr, Ti,
Ba, Zn, Rb, Cr, Cu, Ni, Ce, Pb, Th, Y, V, B, Li, La, Co, As, W, Cs, U, Mo, Ga and Sn, for the sur-
rounding rocks, while the respective elements for the surface soils were Ba, Ti, Pb, As, Sr, Ce, Cu,
V,Rb, Cr,Ni, La, Y, B, Co, Th, Li, Ga, Zr and Cs. The rest of the elements, either for the surround-
ing rocks (Se, Zr, Cd, Sb, Hg, Ag and Ge) or the surface soils (U, Se, Ag, Cd, Sn, W, Sb, Mo, Hg
and Ge), had concentrations that were below 1 mg kg

The comparisons between the surface soil samples and the surrounding rocks samples indicate that
B, Ba, Cd, Ce, Co, Cr, Cs, Cu, Ga, Ge, Hg, La, Li, Mn, Mo, Ni, Rb, Sb, Se, Sn, Sr, Th, Ti, U, W, Y,
and Zr are found in soils of the Kavala area with concentrations that could have been provided
through natural processes, since they have EF that are lower than 3 (Table 2). On the contrary, Ag,
As, Pb, V and Zn show elevated concentrations which must not be attributed to the weathering of
parent rocks, alone. The PBG ore occurrences of the study area may be regarded as possible con-
tributors. However, with the exception of few samples located in the west part of the study area, the
rest of the samples are situated far away from the PBG ore occurrences and near the industrial area
of Kavala. In fact, the samples that are situated inside the industrial area of Kavala have larger con-
centrations than those situated outside (Fig. 1, Table 3) and, moreover, most of the samples with the
elevated concentrations are found in the direction the prevailing wind blows (Papastergios et al.,
2004, 2007, Papastergios 2008). Furthermore, all of the aforementioned elements have been con-
nected to anthropogenic activities such as the ones taking place in the study area (Kabata-Pendias
and Pendias 2001); therefore, these activities must have contributed to the elevated concentrations
of the former elements in the surface soils of the study area. Additionally, given that the elemental
content of the surrounding rocks has been found to be within normal ranges, the influence of the an-
thropogenic activities on the surface soils of Kavala, especially near its industrial area seems very
likely, particularly, since the majority of the elevated concentrations are found near that area.

The negative influence of the local anthropogenic activities has been suggested for organic pollu-
tants (Grigoriadou et al., 2008a, b) and heavy metals in street dust and roadside soil along the major
national road in Kavala’s region (Christoforidis and Stamatis, 2009), by other researches as well. In
fact, recently developed research, regarding the prefecture of Kavala, has reported that it has a higher
rate of mortality (per 1000) by approximately 20% due to cancer, cardiac and pulmonary diseases
than compared to the National average and that this observation could be linked to local environ-
mental contamination activities (Theophanides et al., 2007).

5. Conclusions

The comparisons between the surface soil samples and the surrounding rocks of the study area in-
dicate that the majority of the major elements (Al, Ca, Fe, K, Mg, P, Si), as well as of the trace ele-
ments (B, Ba, Cd, Ce, Co, Cr, Cs, Cu, Ga, Ge, Hg, La, Li, Mn, Mo, Ni, Rb, Sb, Se, Sn, Sr, Th, Ti,
U, W.,Y, Zr) are found in the surface soils of Kavala with such concentrations that are considered as
the product of natural processes such as the weathering of parent rocks and pedogenesis. However,
there are some elements, both major (Cl, Na, S) and trace (Ag, As, Pb, V, Zn) that are present in the
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Table 2. Average concentrations for the trace elements (in mg kg') of the surface soils and the
surrounding rocks of the study area, and Enrichment Factors of the comparisons between
the concentrations of the surface soils and the surrounding rocks.

Enrichment Factors (EF)

Rocks Soils vs. | Soils Soils S‘?slls
Element Marbles | Gneisses | Granites | Soils Rocks VS. VS, X
(total) Granites

(total) | Marbles | Gneisses

Ag 0.07 0.07 0.07 0.07 0.64 93 9.5 9.0 94

As 1.85 1.96 177 1.81 55.06 298 280 310 303

B 533 550 8.62 1.86 8.02 15 15 09 43
Ba 3282 19.59 39.25 39.62 97.24 30 50 25 25
Cd 041 1.01 0.15 0.05 0.58 14 0.6 38 12.7
Ce 827 262 1247 9.72 2378 29 9.1 19 24
Co 4.13 6.44 2.66 329 6.83 1.7 1.1 26 2.1
Cr 17.78 126 20.22 31.85 16.08 09 12.8 08 05
Cs 1.60 0.04 0.62 4.13 1.55 10 364 25 04
Cu 15.54 347 19.68 2347 22.33 14 64 1.1 10
Ga 143 0.05 212 213 258 18 543 12 12
Ge 0.03 0.02 0.03 0.04 0.04 12 2.1 12 09
Hg 0.09 024 0.02 0.02 0.07 0.7 03 33 3.8
La 474 4.14 5.18 491 1191 25 29 23 24
Li 496 0.26 5.15 9.45 5.65 1.1 216 1.1 0.6
Mn 26945 | 7202 | 340.87 | 39545 | 52420 19 73 15 13
Mo 1.44 0.08 1.76 249 028 02 35 02 0.1
Ni 11.10 18.08 6.35 8.85 14.90 13 08 23 1.7

Pb 8.08 4.16 11.63 8.44 62.36 11 150 54 T4

Rb 18.04 022 22.58 3132 16.69 09 772 0.7 0.5

Sb 0.12 0.06 0.15 0.13 030 26 49 19 23
Se 0.96 1.90 058 0.58 0.80 08 04 14 14
Sn 128 028 1.60 195 043 03 15 03 0.2

Sr 8326 | 16634 9.86 73.60 35.59 04 02 3.6 0.5

Th 6.10 040 10.23 7.68 5.65 09 14.1 0.6 0.7

Ti 7531 1.64 14485 | 7944 74.52 10 455 05 09

U 152 0.17 049 390 0.90 0.6 54 1.8 0.2
\ 557 1.09 1.75 7.88 1842 33 17.0 24 23
W 1.85 529 0.18 0.07 043 02 0.1 23 6.5
Y 558 755 520 397 10.71 19 14 2.1 27
Zn 24.69 16.03 23.89 34.14 | 147.68 6.0 92 6.2 43
7r 0.74 0.19 039 1.63 199 27 104 52 12
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Table 3. Comparison between the soil samples that are inside the Industrial Zone (IZ) and those

found outside (RS).
1Z RS 1Z RS
element average average element average average
Al* 435 481 Ge 0.03 0.05
Ca* 31.96 19.65 Hg 0.09 0.03
CI* 1.57 0.18 La 9.94 16.05
Fe* 6.36 632 Li 5.88 5.16
K* 145 1.24 Mn 492,03 591.61
Mg* 3.09 231 Mo 0.36 0.11
Na* 2.60 0.37 Ni 14.98 14.73
p* 0.82 051 Pb 64.60 57.67
S* 0.93 0.15 Rb 15.60 18.99
Si* 0.25 0.28 Sb 032 0.26
Ag 0.83 0.22 Se 0.82 0.75
As 66.56 30.96 Sn 0.56 0.15
B 10.70 241 Sr 45.67 14.46
Ba 99.63 92.23 Th 5.14 6.73
Cd 0.61 0.52 Ti 85.68 51.13
Ce 19.64 3244 U 0.85 1.00
Co 6.56 7.39 \ 18.25 18.77
Cr 16.35 15.50 W 0.53 021
Cs 1.59 147 Y 9.65 12.93
Cu 26.81 12.94 Zn 192.73 53.30
Ga 272 2.30 Zr 1.98 201

1Z: samples inside the industrial zone. RS: samples outside the industrial zone (reference samples). Con-
centrations are expressed in mg kg except for those elements marked with asterisk, which are expressed
ingkg!.

surface soils of the study area with elevated concentrations that cannot be regarded as the sole prod-
uct of natural processes. In these cases, it seems very likely that the anthropogenic activities taking
place in the industrial area of Kavala have contributed, at least partly, to these elevated concentra-
tions, especially for the samples situated inside the industrial zone of Kavala. Additional statistical
treatment of the data presented herein would provide further insight in the relationships between
the elemental content of the surface soils and the natural and anthropogenic processes taking place
in the study area.
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Abstract

Recent studies have widely used beachrock samples for isotopic and dating techniques; however
the source matrix of the analyzed samples varied. Bulk rock material, skeletal fragments, allochems
and pure cement have been used in different studies. Basic parameters of each technique are cru-
cial for the accuracy and the reliability of the obtained results, affecting each time important agents.
This study includes isotopic analyses (6"°C, 6'*0) of marine carbonates (beachrocks) from the coasts
of N. Greece (Thassos island). The sub-sampling was carried out along beachrock cores, following
different procedures and protocols. The obtained results show in general expecting differences in iso-
topic composition of the samples. Experiments that included heating of the samples show an influ-
ence on oxygen isotope. Different separation and selection of sampling material affect majorly the
isotope of carbon (*C). Differences are attributed to the origin of the carbonate component of the
analyzed material. The study indicates that a full-range of comparison experiments should be im-
plemented in order to define in detail the analytical parameters that affect isotopic measurements.
The results of that kind of studies will be used not only in stable isotope analyses but also in a vari-
ety of methods used in palaeoclimatic and palaeoenvironmental research.

Key words: marine cements, beachrock, sampling, stable isotopes.

1. Introduction

The rapid cementation of beach sediments in the intertidal zone leads to the formation of charac-
teristic synsedimentary lithified structures termed as beachrocks (Rey et al., 2004). Beachrock is a
hard, rocky, coastal formation, lithified in the intertidal zone by carbonate cements. The importance
of beachrocks can be rendered in three main topics: their impacts on coastal evolution (Cooper
1991), their role as sea-level indicators (Hopley, 1986; Caldas et al., 2006) and the information they
contain regarding the coastal processes of cementation and palacoenvironmental evolution (Long-
man, 1980; Vieira and De Ros, 2006).
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There have been numerous mechanisms proposed for beachrock cementation by calcium carbonate
(Scholten, 1972):

1. Abiotic precipitation from evaporation of sea water (Ginsburg, 1953; Emery et al., 1954;
Stoddart and Cann, 1965; Moore and Billings, 1971; Milliman, 1974; Beier, 1985).

2. Abiotic precipitation from ground water (Russell, 1962, 1963; Deboo, 1962; Russell and
Mclntire, 1965).

3. Abiotic precipitation in the salt water-fresh water mixing zone (Schmalz, 1971; Moore,
1973).

4. CO2 degassing from beach ground waters (Hanor, 1978).

Several studies have been carried out using the isotopic signature of carbonate cements in the ma-
rine-phreatic environment. Authors have used in the past stable isotopes (Beier, 1985; Chaves and
Sial, 1998; Friedman, 2004; Holail and Rashed, 1992; Land, 1970; Vieira et al., 2006) based on
whole-rock samples and isolated cement. The case of whole-rock sampling for isotopic analysis car-
ries wide erroneous parameters which may lead to false isotopic fingerprints for the carbonate pre-
cipitates and thus to misleading conclusions on diagenetic environments and palaeoclimatic
interpretations. For reference, Vieira et al. (2006) attempted to determine the origin of Holocene
beachrocks in NE Brazilian coast by measuring the isotopic composition of bulk-rock samples after
defining their cement petrography. The range of isotopic values reached up to 11,4%¢ and 3,9%o for
0"*C and 0'%0 respectively, indicating “contaminated” samples by allogenic carbonates. Also, Land
(1970) studied the diagenetic features between phreatic and vadose beachrocks from Bermuda, in-
dicating a wide range of 8'*C values (2,2 to -6,8%o) and relatively lower differences in 6'*O. Other
studies used beachrock cement (e.g. Chaves and Sial, 1998; Calvet et al., 2003; Spurgeon et al.,
2003; Friedman, 2004; Guerra et al., 2005) isolated by simple techniques, achieving lower range of
isotopic values however showing wide differences between same environment of precipitation.

This study aims to compare the isotopic composition of specific levels inside a carbonate formation
like beachrock. In particular, samples from the same level were analyzed, differing from each other
on the sampled material. Bulk rock sample, macroscopic and microscopic selection, stirred and dried
material are some of the selected methods of sample extraction for isotopic analysis. The results are
plotted on diagrams and compared, in order to evaluate the reliability and suitability of sampling
methods for isotopic analysis. Samples were taken from the same level of the formation in order to
avoid differences of values originated in different precipitation conditions.

2, Setting of the study area

The studied beachrock used in this work is located in Thassos Island (N. Greece), in Northern Aegean
Sea. The study area is located at the west coast of the island, between Skala Sotira and Skala
Kallirachis villages (Fig. 1). The beach is 375 m long and reaches width of 25 m (Psomiadis et al.,
2009a). Coastal sediments are fine to medium well graded sand with some gravels on the south side
where a stream is discharging.

The prevalent rocks in the area are gneiss and marbles. The basins that end up to the study area in-
clude Holocene sediments, Miocene marbles, marbles and gneiss alternations and Maries gneiss
(Mountrakis, 1985). Two local ephemeral streams end up to the study beach, with a total length of
26,48 km, which cross carbonate rocks and transfer similar sediments to the coast. The area of Thas-
sos is characterized by coastal — marine climatic type, transitional to continental climate (high sum-
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Thassos Is.

Fig. 1: Simplified map showing the area of study. The studied beachrock is located at the west coast of Thas-
sos Island, between Skala Sotira and Skala Kallirachis villages.

mer temperature, storms), due to the slight distance of the island from the coast of Macedonia at the
north. The average annual temperature is 15,8°C, the average annual precipitation is 770 mm and the
prevalent wind direction is NW for the western part of the island (study area). The exposed beachrock
is located in the swash zone and dips gently seawards (mean 5°), following the arrangement of the
beach. The main body of the formation has a total length of 305 m and exposure width 2-10 m. The
height of the beachrock at its underwater face reaches up to 70 cm. This face is quite steep and has
been undercut in many places, resulting in cracking, collapsing, even in displacement of blocks of
the formation. Ultra-sonic velocities recorded that deeper layers are less porous than surficial, indi-
cating older age at the bottom (Psomiadis et al., 2009b). At the north end, a jetty separates the study
beach from the prolongation of the coastline at the north.

3. Methods
3.1 General

Beachrock formation from S .Kallirachis beach (Thassos Island, N. Greece, Fig. 1) was drilled and two
cores were used in the experimental procedure. The cores were 8 and 20cm long each and their di-
ameter was 2.5cm. Whole-rock samples were separated from the cemented sediments. The different
procedures of sample handling included specific parameters that may cause isotopic fractionation
(e.g. temperature). The techniques are separated to mechanical and physico-chemical. The first group
consists of a) whole-rock grinding, b) macroscopic separation by light grinding, vibration and selec-
tion of pale dry grapes, ¢) microscopic separation by stereo-microscopic selection of carbonate grains,
and d) microscopic selection of quartz grains with carbonate cement coating. The physico-chemical
procedures included a) whole-rock processing by light grinding, dilution in distilled water by stirring,
extraction of CO5™ solution and drying in room temperature (approx. 48h), and b) whole-rock pro-
cessing by light grinding, dilution in distilled water by stirring, extraction of CO; solution and dry-
ing in oven at 70°C for 24h. All samples were grinded to powder after processing and 8'*C and 830
isotopic ratios were measured (vs. PDB standard) on a Thermo Delta V Plus isotope ratio mass spec-
trometer equipped with a GasBench II device at Stable Isotope Unit, .M.S., NCSR Demokritos,
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Fig. 2: Carbon isotopic variation of beachrock samples, processed by 6 different techniques (4 mechanical and
2 physicochemical). M1: whole-rock grinding, M2: macroscopic separation by light grinding, vibration and se-
lection of pale dry grapes, M3: microscopic separation by stereo-microscopic selection of carbonate grains,
M4: microscopic selection of quartz grains with carbonate cement coating, PC1: whole-rock processing by
light grinding, dilution in distilled water by stirring, extraction of CO3- solution and drying in room tempera-
ture (approx. 48h), PC2: whole-rock processing by light grinding, dilution in distilled water by stirring, ex-
traction of CO3- solution and drying in oven at 70°C for 24h.
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Fig. 3: Oxygen isotopic variation of beachrock samples, processed by 6 different techniques (4 mechanical
and 2 physicochemical). Legend same as Figure 2. The two cores are correlated relatively to the beachrock
surface, in order to have one reference depth for all samples. The number of samples per technique varies, de-
pending on the physical or chemical tolerance of the material during the laboratory experimental processing.
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Athens, after addition of H;PO, for CO, production at 72°C. The standards used for comparison were
NBS 19 and NBS 18 carbonates and an internal Carrara marble standard.

4. Conclusions-Results

Carbon and oxygen isotopic composition of the samples was plotted in diagrams versus their depth
from beachrock surface (Fig. 2 and 3). Isotopic variation of 6'*C indicates a general similarity for
most techniques, with a light divergence for M1 and a total alteration for M3. Except from the fact
that these two techniques included the fewer samples, resulting in lower analytical resolution, their
differentiation from the other techniques could be attributed to material composition (especially for
M3) as the microscopic grain selection results in more thorough carbonate material separation for
analysis. Regarding the oxygen isotopic variation, the observed alterations can be dissociated in two
basic causes: either physicochemical implications through processing (temperature, PC1 vs PC2) or
material composition (M1, M2 vs M4). In particular, the physicochemical techniques reach a good
agreement in variation but they show an alteration (8'*0 enrichment in PC2), which is attributed to
possible temperature effect on diluted and re-precipitated carbonate crystals during processing (Clay-
ton, 1961). Techniques M1 and M2 gave similar results, whereas M4 follows same isotopic varia-
tion versus depth relatively to M1 and M2 but shows a §'#0 enrichment, probably due to different
material composition (totally bulk material for M1 and M2 versus carbonate coating around quartz
grains for M4. M3 is presented irregular to the other techniques in that case too.

In conclusion, isotopic composition of whole-rock beachrock samples is affected in different inten-
sity by the experimental processing during preparation for analysis. Carbon and oxygen isotopes
show different variation due to their sensitivity to physicochemical agents. The material composi-
tion affects greatly 8'3C, while 6'30 is influenced mostly by temperature, and secondly by the pu-
rity of the carbonate material. Further research should focus on specific parameters like mineralogy
of cement, affecting the isotopic fingerprint of carbonate cements.
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Abstract

The purpose of this work was to investigate the soil heavy metal contamination of the area between
Koropi and Vari, in Attica, Greece and to determine their anthropogenic or/and geogenic-lithogenic
origin. Soil samples were taken from two different depths of 23 uncultivated sampling sites. Deter-
mined heavy-metal concentrations ranged widely; mean values in several sites were elevated and
much higher than the soil grand mean worldwide. The higher Co and Ni contamination was found
in the lower soil depth (10-25cm), while for Cd, Zn, and Pb in the upper depth (0-10cm). These re-
sults, in connection with the performed Hierarchical Cluster Analysis and Principal Component
Analysis, indicate that there are two contamination sources. The first, concerning Co-Ni, is a ge-
ogenic-lithogenic source and the second, concerning Zn-Cd and Pb, is considered as an anthro-
pogenic source. Since in the study area there is no evidence of an existing anthropogenic source
(e.g. an industry) and the parent material does not confirm and give reason for the elevated Zn, Cd
and Pb contents, it could be concluded that this contamination was due to ancient metallurgical ac-
tivities in the area.

Key words: soil contamination, heavy metals, anthropogenic factors, geogenic- lithogenic factors,
HCA, PCA, Vari, Attica.

1. Introduction

Heavy metal soil contamination is a serious environmental problem, mainly due to its impact on human
health (Fytianos et al., 2001, Imperato et al., 2003; Selinus et al., 2005; Girard et al., 2005; Shakeri et
al., 2009; Zhuang et al., 2009; Singh et al., 2010). Heavy metals are found in the crust in less than
0.01% (Kabata-Pendias and Pendias, 2001). The existence of heavy metals in soils is attributed to both
anthropogenic and geogenic (particularly lithogenic) factors. The main human activities resulted in
environmental contamination are: mining and smelting, industrial activities, agricultural practices, fos-
sil fuel combustion, waste disposal, transportation etc. and they have been discussed in numerous re-
ports and publications (e.g. Alloway, 1995; Dudka and Adriano, 1997; Kabata-Pendias and Pendias,
2001; Wong et al., 2002; Girard et al., 2005; Selinus et al., 2005; Kribek et al., 2010).

The presence and distribution of heavy metals in soils is influenced mainly by the parent material,
the chemical and physical soil properties, the metal speciation, and the climatic conditions. The min-
eral content of the parent material is one of the most important factors for the amount of trace ele-
ments in soils, irrespective of classification or the amount of weathering (Burt et al., 2003).

XLII, No 5 —2390



481934

490084
4191946 y 4191946

U 4185627
490984

483627 634 [= = w— —]
0 2500

Fig. 1: Map showing the locations of the soil sampling sites. a) Ts-J1d, Pirnari dolomites, b) J.mr1, J.schl:
Lower marble, schists intercalations respectively, ¢) K1.sch, K1.K: schists, recrystallized limestones respec-
tively, d) K7 k: limestones, e) O: ofiolites, f) Ms.m, st, c: marls, loams, sandstones, conglometates, g) Pt: Pleis-
tocene deposits, h) Q.cs, sc: Quaternary undivided old and new talus cones and scree (1.G.M.E. KOROPI-VARI
sheet 2004 Geological map, 1:50.000).

Soil contamination can be distinguished according to the intensity, the number, and the distance of
pollution sources. “Diffuse” contamination is the contamination due to 1) a numerous sources,
which are poorly identified, 2) sources that are in long distances (dozens of kilometres and some-
times hundreds), 3) mobile sources (vehicles, airplanes etc.). Contamination of this kind is usually
moderate. “Punctual” contamination is due to an identified source, often close to the contaminated
soil. This kind of contamination could be due to industrial activities or a heavy vehicle circulation
in highways. Referring to a small region, the displacement of a punctual contamination to a diffu-
sive one is given by the following example: the atmospheric emissions by a Pb smelter are a punc-
tual contamination for surrounding soils but they contribute to a diffusive contamination as they
move away. In this case, we have a pollution zone “diffuse of proximity” around the source and in
many kilometres (Robert, 1996 in Girard et al. 2005).

Our previous studies (Lazaris, 2008) showed that in the forest (uncultivated) area of Vari, Attica
(Fig. 1) multiple contaminants co-exist; namely Pb, Cd, Ni, Co, and Zn were determined in the soil
horizons. The purpose of this work is to determine the concentrations of the heavy metals Cd, Zn,
Pb, Co, and Ni in the soil of the study area and to investigate whether the possible elevated con-
centrations found are due to anthropogenic or geogenic sources.

2. Materials and Methods

2.1 Study area and Sampling

The study area belongs to the Attic-Cycladic geotectonic zone of Greece. It is localized by a rec-
tangular with X,Y coordinates of upper left corner [481934, 4191946] and lower right corner
[490984,4185627]. The lithologic formations of the study area are dolomites, marble, schists, lime-
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stones, ofiolites (mafic rocks), marls, loams, sandstones, and quaternary deposits (Fig. 1). For cen-
turies, the non-forest area was used for agricultural purposes, which through the years has been
transformed to a light industrial one. The last few years though, there is an important urbanisation,
legal and illegal. Soil sampling was conducted during October 2008. Twenty three sample sites were
chosen (Fig.1) in uncultivated areas and soil was collected from two different depths in each sam-
ple site: i) 0-10cm (A depth) and ii) 10-25cm (B depth), making the number of samples forty six.
The samples have been transported to the laboratory the same day and have been air-dried at room
temperature for several days and passed through a 2mm stainless-steel sieve. Sub-samples were
taken for further analysis.

2.2 Analytical Methods

Soil characteristics were determined following standard procedures. Measurement of soil pH in 1:1
(w/v) soil to deionised water agitated for 1 hour. Organic matter concentration was determined by
the Wakley-Black method which is based on K,Cr,0,-H,SO, oxidation (Nelson and Sommers,
1982). The determination of total carbonate was performed as equivalent CaCO; percentage using
a Bernard calcimeter (Allison and Moodie, 1965). Particle size distribution was determined by Hy-
drometer method (Bouyoukos, 1951). Heavy-metal concentrations were determined by extraction
with Na,EDTA (ethylenediamine tetraacetic acid) which extracts the exchangeable, carbonate-bound,
Fe and Mn oxide-bounds, and a significant quantity of organic-bounds (Clayton and Tiller, 1979).
The method involves shaking 10g of soil with 80cm? of 0.005M EDTA (pH=6.0) in polypropylene
tubes for 15 hours at 20°C. EDTA extraction procedure was chosen because it is widely accepted as
a successful extractant and it is traditionally proposed for calcareous soils (Quevauviller et al. 1996;
Quevauviller et al. 1998). The samples for the extraction procedure (Na,EDTA) were centrifuged for
20min at 3000rpm (=1500g) to compact most of the soil at the bottom of the tubes. The supernatant
was filtered through a Whatman No 42 filter paper. The filtrates were analyzed for heavy metals
using flame atomic absorption spectrometry (FAAS).

2.3 Statistical Processing

Descriptive statistics and multivariate statistical processing were performed. The data were classi-
fied into two groups according to their sample soil depth. Hierarchical Cluster Analysis (HCA) and
Factor Analysis (FA) and namely the Principal Component Analysis (PCA) were applied with the
use of SPSS 11.0.0 in order to obtain a visual interpretation of data and to detect similarities or dif-
ferences among them. HCA is used to identify relatively homogeneous groups. The dendrograms
were extracted using the Ward method and squared Euclidean distance and there has been a z stan-
dardization of the data. PCA analysis, a central tool in chemometrics, was performed using varimax
rotation in order to make interpretable components. The component number was selected by using
the Kaiser criterion (eigenvalue higher than 1).

3. Results- Discussion

Most soils of the study area are Alfisols and in particular suborder Xeralfs. Their mean organic mat-
ter content is 0.05 (A depth) and 0.04 (B depth), while mean pH value in both depths is 8.0. The soils
are characterised as silty loamy, with clay mean values of 0.13 (A depth) and 0.18 (B depth) and cor-
responding silt values of 0.41 and 0.55 respectively (Table 1).

Heavy metal -EDTA extracted- concentrations ranged widely among sample sites (data not shown);
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Table 1. Descriptive statistics of soil properties and heavy-metal concentrations (mg kg™
for A, B depths.

A OM, ©pH, (CaCO, CLAY, SILT, Pb, Cd, Co, Ni, Zn,
Min. 001 770 010 004 024 965 000 050 000 129
Max. 008 830 050 023 068 177912 178 1598 1858 2322
Mean 005 801 011 013 041 16935 060 7.19 698 621
Std.Dev. 002 013 002 006 0.3 38137 047 454 457 488
B OM, pH, CaCO, CLAY, SILT, Pb, Cd; Co, Ni, Zn,
Min. 001 77 001 008 034 1066 000 014 000 040
Max. 007 84 038 032 070 164988 145 1844 2577 1365
Mean 004 800 009 018 055 16136 053 830 943 352
Std.Dev. 001 015 093 008 008 34931 039 566 636  3.12

Grand mean* 25% 0.175%*% 790*%  22% 64%
Geometric mean**
OM=O0rganic Matter

determined mean values of the measured heavy metals in several sites were elevated and much higher
than the soil grand mean worldwide (Table 1), as they were reported by Kabada-Pendias and Pendias
(2001). Maximum, minimum, and mean values of the examined elements of the entire study area are
presented in Table 1. Significant differences and elevated standard deviations were observed.

The higher Co and Ni contamination is found in the lower depth (10-25cm) indicating that they are
derived from the parent material, while for Cd, Zn, and Pb in the upper depth (0-10cm) probably due
to anthropogenic sources.

It is well known that cobalt and nickel are concentrated in soil horizons rich in organic matter and
clays (Van Hullebusch et al., 2006; Lin et al., 2008). They are immobile in alkaline conditions since
their oxides, hydroxides, and carbonate forms are very insoluble, while in acid conditions dissolu-
tion and leaching are more likely to occur (Alloway, 1995). The study area is not an acidic one and
therefore Co and Ni are in a rather immobile form indicating that leaching is difficult to occur. There-
fore, it could be suggested that the higher contents in the B depth originate from the parent mate-
rial; this suggestion is amplified by the presence of relicts of ofiolites, meta-mafic veins, and
carbonate rocks (I.G.M.E. Geological map, issue Koropi, 1:50.000) in the area, which inherit the
highest amounts of Co and Ni in soils in accordance with Alloway (1995) and Kabata-Pendias and
Pendias (2001).

Zn and Cd are very mobile and bioavailable metals, and their higher contents in A depth suggest their
anthropogenic origin. Specifically for lead, measured values were extremely high and in some sites
were 80 folds higher than the worldwide grand mean, i.e. 1779.12 and 1649.88 mg kg™ compared
to the grand mean of 25 mg kg™'. This result indicates that in the case of lead the source of contam-
ination is a punctual source. Since in these specific sample sites there is no evidence of an existing
anthropogenic source (e.g. an industry) and the parent material does not confirm and give reason for
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Fig. 2: Dendrogram for the descriptors using Ward Method (A depth).

the elevated Zn, Cd, and Pb contents, it could be concluded that probably in this sites there were an-
cient metallurgical activities. These are in accordance with the findings of Kakavoyianni (2003)
which indicate that in the antiquity, the area has been used as an illegal workshop of metallurgy. An
archaeological excavation in Lambrika area in 2003 revealed the existence of many litharge frag-
ments (a product resulting from smelting of Pb). Archaeologists interpreted it as a small workshop
of Early Helladic I period (3200-2800 BC) (Kakavoyianni, 2003). The existence of Pb could be in-
terpreted only as a relict of smoke (chimney dust) in soil, since smoke liberates a significant portion
of Pb and less Zn and Cd (Mousoulos 1976, Godin et al. 1985). Moreover, since half-lives for these
metals are: 70-510 years for Zn, 13-1100 years for Cd, and 740-5900 years for Pb (Kabata-Pendias
and Pendias, 2001), it could be concluded that their concentrations were much higher in the past.

Further analysis of the measured heavy-metal concentrations was conducted in order to ensure and
reinforce the above mentioned suggestions. Hierarchical Cluster Analysis and Principal Component
Analysis were performed in order to define their lithogenic or anthropogenic origin and to identify
the possible sources of the contamination, although Burt et al. (2003) reported that the separation of
natural from anthropogenic sources of trace elements is difficult in soils

Hierarchical Cl r analysi
A DEPTH

Dendrogram for the descriptors (Fig.2) shows that two main clusters are extracted: the Co-Ni and
the Cd-Zn and Pb cluster, indicating that these metals originated from two different sources. A sig-
nificant subdivision of the Cd-Zn and Pb cluster into two was observed, showing that Cd-Zn is
highly associated to each other, while Pb stands alone. Co and Ni are moderately associated to each
other. All three clusters are either slightly correlated to each other or not at all.

B DEPTH

The dendrogram for B depth (Fig. 3) is similar to that of A depth indicating the same sources of ori-
gin. The group of Co-Ni is totally isolated from both Cd-Zn and Pb clusters. Again Pb is almost un-
correlated to the group of Cd-Zn; the metals of the latter group are strongly associated to each other.
Nevertheless, Co and Ni are much more correlated to each other in B than in A depth. This is the only
difference between the clusters of the dendrograms for the two depths.

Factor analysis

Four factors are excluded, which account for 87.39% of the total variance in A depth (Table 2) The
first component explains the 36.26% of the total variance and is positively and strongly related to
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Fig. 3: Dendrogram for the descriptors using Ward Method (B depth).

Table 2. Principal Component Analysis (Varimax ~ Table 3. Principal Component Analysis (Varimax

Rotation Method with Kaiser Normal- Rotation Method with Kaiser Normal-
ization) for A depth. ization) for B depth.
Component Component
1 2 3 4 1 2 3 4
oM, 011 010 093 -007 OM, 082 -009 0.14 004
pH, 010 -062 052 -047 pH; 030 -088 007 002
CLAY, 081 039 -022 0.1 CLAY, 039 018 076 031
SILT, 095 009 006 009 SILT, 024 004 092 -001
Pb, 020 -007 -003 090 Pby 015 006 010 096
Cd, 092 014 006 024 Cd, 092 026 012 0.1
Co, 039 060 021 047 Coy 037 079 015 030
Ni, 016 090 015 -020 Ni, 030 065 056 -028
7ZnA 080 -0.12 048 001 Zny 084 003 -020 0.14

% Variance 3626 1943 1643 1527 % of Variance  30.69 2140 20.65 1349
Cumulative % 3626 5569 72.12 87.39 Cumulative %  30.69 5209 7274 86.23

clay, silt, Cd, and Zn. The second component, which explains the 19.43% of the total variance, shows
high correlation to Ni and a moderate one to Co. The third component with a 16.43% of the total vari-
ance has a high factor loading for organic matter. The fourth component, accounting for the 15.27%
of the total variance, has a very high factor loading for Pb.

Table 3 represents the four factors that are retained in the analysis and account for the 86.23% of the
total variance in B depth. The first component accounts for the 30.69% of the total variance and is
composed of very high factor loadings for Cd, Zn, and organic matter. The second component, ex-
plaining the 21.40% of the total variance, has a high factor loading for Co and a less high one for
Ni. The third component with the 20.65% of the total variance has a high factor loading for clay. The
fourth component explaining the 13.49% of the total variance has a very high positive factor load-
ing for Pb.
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The results of Hierarchical Cluster Analysis are in accordance with the results of Factor Analysis
showing that there are two different contamination sources in the study area: the first source is con-
nected to Cd, Zn, and Pb and is considered as the anthropogenic source, while Co and Ni originate
from the second lithogenic source and are more correlated in depth B than in depth A, showing their
probable lithogenic origin.

4. Conclusions

Measured EDTA extractable concentrations of Cd, Zn, Pb, Co and Ni ranged widely among sample
sites and substantial differences were observed. The results of HCA and FA analysis of soil proper-
ties and heavy-metal concentrations satisfactorily describe the presence of the five heavy metals in
the soil of the study area. The factors and the clusters excluded are in agreement with each other
showing two sources of pollution. Firstly the lithogenic source, which provides the heavy metals Co
and Ni, with higher concentrations in B depth (lower depth), and secondly the anthropogenic source,
which provides the heavy metals Cd, Zn, and Pb, with higher concentrations in A depth. Determined
lead concentrations were extremely high and in connection with its long lasting half-life in soils
(740-5900y) this metal can threaten the health of animals and humans upon entering in food chain.
Since there are not any minerals containing Pb in the lithologic formations of the area or any in-
dustries that would produce such concentrations, it could be concluded that probably in this sites
there were ancient metallurgical activities. Indeed, this is in agreement with the findings of archae-
ological excavations which indicate that in the antiquity the area has been used as a workshop of met-
allurgy.
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Abstract

Humic substances naturally occur in Miocene/Pliocene-aged lignite at very high concentrations.
Here biomarkers in the bitumen-free extract of humic acids from Thracian lignite, Bulgaria, are stud-
ied. Applying methods of organic geochemistry a broad range of compounds are isolated and char-
acterised. Species are classified according to abundance, possible source input and diagenetic
transformation. A feature of humic acids derived from Thracian coal is the extremely high content of
16a(H)Phyllocladane, ~60% of aliphatic fraction, or 1.6 wt.% of initial lignite. The high diterpenoids
content, especially with abietane skeleton, proved the conifer contribution to the peat-forming helo-
phytes, i.e. Cupressaceae s. str., Podocarpaceae, Araucariaceae, Taxodiaceae, Phyllocladus, Piceae.
Tightly-trapped, linear long-chain fatty acids (FAs) are the main constituents of the acidic fraction of
humic acids. Their distribution patterns indicate a dominant higher plant origin. The presence of
0aOH-FAs and hopanoid acids assumes bacterial activity in the plant material reworked. A hint for
the input of plant biopolymers, i.e. cutin, suberin, is the relative high content of “even” carbon num-
bered wOHFAs and a,w-alkanedioic FAs. “Even” numbered short-chain wOHFAs could originate
from cutin-derived constituents of the needles of numerous species of gymnospermous families.

Key words: Thrace, lignite, humic acid, biomarker, fatty acid, palaeoenvironment.

1. Introduction

According to topographic, morphotectonic, lithologic and genetic characteristics Neogene coals in
Bulgaria are divided into four coal-bearing provinces: Dacian, Thracian, Sofia, Strimon-Mesta
(Siskov, 1997). The Thracian is the largest one hosting the main energy resources of the country.
Palaeobotanical data of the Thracian lignite supports the presence of Taxodiaceae issue remains
(twigs, cones, wood, etc.) along with a floral composition being similar to this of the mires in tem-
perate climates. The results from previous studies (Bechtel et al. 2005) indicated that the larger part
of the Thracian coal deposits is derived from coniferous flora, which is the main source of resinous
organic matter. The results confirmed a low Angiospermae/Coniferales ratio due to the high abun-
dance of coniferous fragments in the lignite. The huge amounts of 160.(H)-Phyllocladane the vari-
ety of tricyclic diterpanes and their polar counterparts proved the gymnosperm contribution at a
molecular level (Stefanova et al., 1995). There were also some chemical indicators for the presence
of angiosperm debris in the source material (Stefanova et al., 2002).

Humic substances naturally occur in Miocene/Pliocene lignites at very high contents (~70%) and
could be considered representative for coal organic matter. The aim of the present study was to as-
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sess biomarker assemblage of humic acid from Thracian coal-bearing province with the aim to en-
rich the information on coal precursors and maturation degree inasmuch humic substances are firmly
involved in coal formation.

2. Geological setting

The Thracian coal-bearing province hosts three deposits, namely these of Maritza-East, Maritza-
West (Early-Middle Miocene) and Elhovo (Pliocene) located in the Thracian depression, which is
filled with sediments of the lower (Palacogene) and upper (Neogene) coal-bearing molasse. Coal for-
mation started in Late Oligocene and continued through Miocene into Pliocene. It took place in
highly peneplaned coastal areas covered by eutrophic mires. Younger sedimentary sequences of
varying thickness occur from west to east due to compensation from the formation of the Black Sea
and gradual marine regression to this direction. The Maritza-East lignite deposit (maximum thick-
ness 25 m) is a good example of the long-lasting peat accumulation in this region.

3. Methods
3.1 Bulk characteristics

One sample from Maritza-East lignite, seam “Troyanovo North”, was extracted for humic acids
(HA) preparation. Some rank parameters of Neogene coals in Bulgaria were published in Siskov
(1997). Briefly, Maritza East lignites were described by the following characteristics, in %: R~ 0.20;
Wr—64.4; Chf - 65.0, VM % — 55 8 and calorific value in MJ/kg, Q% —22.31.

Isolation and fractionation of humic acids were described in a previous paper (Stefanova et al.,
1993). To get an extractable portion (bitumen “free”) of humic acids, about 6 g were extracted with
chloroform under 100 atm at 80°C (3 x 20 min) (Dionex equipment). Acids and neutrals were
separated from the bitumen-“free” fraction on a SiO,/KOH column (McCarthy and Duthie, 1962).
Hydrocarbons, ketones and esters were separated from the other neutrals applying liquid
chromatography and using for elution diethyl ether/petroleumether mixtures of increasing polarity
(Grasset and Ambles, 1998; Vilkova et al., 2009). Acids were identified as methyl esters. Hydroxyl
FAs were determined as TMS ethers/methyl esters after classical methylation of the acid fraction with
trimethylsilyldiazomethane (Hashimoto et al., 1981).

3.2. GC-MS study

The products were analyzed by capillary GC using a Hewlett-Packard 6890 GC (split injector,
250°C; flame ionization Detector (FID), 300°C) with a fused silica capillary column (SGE BPX
5%, 30 m length, 0.25 mm id., 0.25 um film thickness) and helium as carrier gas. The GC was
temperature programmed from 60 to 300°C at 5°C min-1 (isothermal for 20 min final time). The GC-
MS analyses were performed on a Trace GC Thermo Finnigan coupled to a Thermo Finnigan
Automass (with the same GC conditions). The MS was operated in the electron impact mode with
a 70eV’s ion source energy and the ion separation was operated in a quadripolar filter. The various
products were identified on the basis of their GC retention times, their mass spectra (comparison with
standards) and literature data. SIM was used for acids visualization: m/z 74 for linear fatty acids; m/z
98 for linear a,w alkanedioic FAs; m/z 103 for aOH- and ®OH FAs; m/z 191 for hopanoic acids.
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Table 1. Classification, abundance and source of biomarkers in neutral fraction (in rel.%).

Classification Abundance Higher plants Bacteria Uncertain
Acyclic alkanes: 19.37
ie. n-alkanes, ketones 19.06 17.98 ? 1.08
isoprenoids 031 031 trace -
Terpenoids: 71.88
ie. sesquiterpenoids 041 041 -
diterpenoids 68.75 68.75 -
sesterterpenoids 0.40 - 0.40
triterpenoids 8.32 - 0.32
Total 97.25
4. Results

For Thracian lignite HAs “free” bitumen amounted 110 mg/g TOC. After fractionation on SiO,/KOH
column the material was separated into neutrals (~ 1/3 of the applied sample), acids (~ 1/3) and po-
lars (~ 1/3).

4.1 Neutral fraction
The main homologue series GC-MS registered in the neutral fraction are:

* Hydrocarbons with long chains, nC,3+nCs;, maximizing at nC,q, with strong “even” carbon
numbers domination, CPI 2.8;

* Ketones with long chains, nC,;+nCs;, with nC,4 in maximal content, CPI 4.0. One iso-ketone
structurally related to phytol was registered as well;

* Diterpenoids were in a high preponderance due to the presence of huge amounts of tetra-
cyclic diterpenoid 16a(H)-Phyllocladane (Str.I);

* Tri-, sesqui-, and sesterpenoids were in subordinating quantities compared to diterpenoids;

* Hopanoids (Hs), i.e. 17f3-(H)22,29,30-trisnorhopane (H,;) and the range of H,o-H5, 17p(H),
21B(H)-hopanes.

Table 1 presents a classification scheme, the abundance and possible sources of biomarkers in HA
grouped according to Wang and Simoneit (1990).

4.2 Acidic fraction

The acidic fraction was composed by linear long chain fatty acids (nFAs), their functionalized ana-
logues a- (¢OH-FAs), o-(wOH-FAs) hydroxy fatty acids and dicarboxylic fatty acids (a,0-di-
FAs). Their patterns of distributions are illustrated in Figure 1. The following acid series were
mass-spectrometrically identified:

* linear long chain FAs, methyl esters (nC,,+nCs,), nC,g maximal, with “even” carbon num-
ber prevalence, 44.9 rel.% of acidic fraction ( Str. III);
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¢ linear long chain a.,w alkanedioic FAs, dimethyl esters (nC 4, nC,(+nCs,) with a distribution
similar to nFAs, 3.18 rel.% (Str. IV);

* 0OH-FAs as 2-(trimethylsilyl)oxy, methyl esters, nC,,+nC,; (nC,; in trace), 1.2 rel.% (Str. V);

* wOH-FAs as trimethylsilyloxy, methyl ester derivatives, nC,,+nCy, strongly maximizing at
nCig, 3.32 rel. % (Str. VI);

e dehydroabietic acid, methyl ester, 0.8 rel.% (Str. VII);
* hopanoic acids, methyl esters, i.e. C5,0f3, C;,pp and C;,pp, < 1 rel.% (Str. VIII).

Apart from the above mentioned acids some alkylated phenols were detected as well. They proba-
bly were produced during accelerated “free” bitumen extraction under pressure or are end products
of diagenetic transformations of lignin moieties. One diterpenoid ketophenol, totarol 3-one (Str. II),
was highly abundant (5.2 rel.%) in the acidic fraction.

4.3 Data analysis

In some papers dedicated to humic substances organic solvent soluble portion of humic acids was
named hymatomelanic acids. It is still contestable were hymatomelanic acids a separate group of
compounds or could be considered as lipids. Their origin received special attention in the study of
Lehtonen et al. (2001), where the achievements in the field were discussed.

4.3.1 Neutral fraction

The aliphatic hydrocarbons in the bitumen-free fraction comprise long chain n-alkanes from nC,,
to nCjs, the major component being the nC,qy alkane. They show a clear odd/even carbon number
predominance indicating a dominant plant input (Kolattukudy, 1976).

Terpenoids at different ratios depending on plant communities compose aliphatic fraction (neutrals).
A striking feature of Thracian lignite HA is the extremely high content of 16(H)-Phyllocladane
(~60% of aliphatics or 1.6% of initial coal).

The identified diterpenoids demonstrated the presence of Gymnospermae in the coal-forming plant
community of Maritza-East lignite. Furthermore, phenolic ketoditerpenoid indicated a specific input
of organic matter from conifers of the Cupressaceae/Taxodiaceae or Podocarpaceae as the most
abundant trees in the coal-forming mire (Stefanova et al., 2002).

Actually, biomarker assemblage of humic acids resembled biomarker compositions of Maritza-East
lignite lithothypes and their polar constituents already described in previous paper (Stefanova et al.,
1995). All data support strong Gymnospermae contribution to the palaeomire.

4.3.2 Acidic fraction

Acids demonstrate some novelty concerning humic acids structure. Our results proved the high abil-
ity of humic acids to retain hydrophobic species. We suppose that functionalised fatty acids are in-
tegrated parts of humic acids inherited from precursors.

Fatty acids are common constituents of humic acids. Their forms of linkage have been studied by
several researchers in a suite of papers devoted to humic acids in soils, peat, lignite, etc. (Ambles,
2001; Grasset et al., 2002; Guignard et al., 2005; Deport et al., 2006; Védlkova et al., 2009). Except
“free” fatty acids extraction, authors used thermochemolysis in the presence of different alkylation
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reagents, i.e. TMAH, TEAAc, to distinguish strongly trapped and esterified FAs. It is worth noting
that according to them the major part of FAs occurs as “free” constituents being trapped within the
network.

Linear long chain FAs are the main constituents of the acidic fraction of humic acids, amounting
about a half of GC amenable compounds. The distribution pattern of “free” nFAs presents a long
mode maximizing at nC,g with strong “even” carbon numbered dominance. Such a distribution in-
dicates a dominant higher plant origin. In the samples under study there were not unsaturated and
branched chain FAs.

One order less of magnitude was the content of o, -alkanedioic FAs with “even” carbon numbered
dominance. Sources of long members could be suberin and cutin from higher plants or products of
FAs microbial w-oxidation. A hint for the input from plant biopolymers is the relative high content
of “even” numbered ®OH-FAs (Fig.1). Actually hydroxyl FAs are the second in abundance. Allard
(2006) published a comparative study on the chemical compositions of humic acids extracted from
soil, agricultural soil and lignite deposits based on the data for bound lipids, carbohydrates and
amino acids compositions. ®WOH-FAs were determined only in soil humic acids being completely
absent in lignite HAs. It should be emphasized that humic acids from Maritzsa-East lignite con-
taining a high content of xylite-rich lithotype, are comparable with these of soil organic matter.
“Even” numbered short-chain wOH-FAs (C,,,C,,,C,¢) have been reported as characteristic cutin-
derived constituents of needles of numerous species of gymnospermous families (Oros et al., 1999).
The data coincides well with the conclusions based on the diterpenoids assemblage assuming pre-
dominant gymnospermous contribution. The input of suberin is indicated by the presence of linear
long-chain FAs, a,m—alkanedioic FAs, WOH-FAs and long-chain alcohols (not described here as
registered in humin), all suberin building blocks (Kolattukudy, 1980).

0—OH-FAs are in a lowest content compared to the other linear FAs. According to Cranwell (1982)
they are by-products of the a-oxidation of FAs and are not source specific biomarkers.

The presence of hopanoid acids assumed bacterial activity in the reworking process of the plant ma-
terial. The dominance of 33 hopanoid acids is in agreement with the immaturity of the lignite sample.

5. Conclusions

Biomarker assemblage of humic acids from Maritza-East lignite, Bulgaria, proved a strong gym-
nospermous contribution to the palacomire. A feature of the Thracian lignite HAs was the extremely
high content of 16a. (H)-Phyllocladane (~60 % of aliphatics or 1.6 % of initial coal). The identified
diterpenoids demonstrated the presence of Gymnospermae in the coal-forming plant communities.
Phenolic ketoditerpenoids indicated a specific input of organic matter from conifers of the Cupres-
saceae/Taxodiaceae or Podocarpaceae as the most abundant trees in the coal-forming mire.

Tightly—trapped linear long-chain FAs were the main constituents of the acidic fraction of humic
acids. Their distribution pattern indicated a dominant higher plant origin.

The presence of hopanoid acids assumed bacterial activity in the plant material reworked. A hint for
the input from plant biopolymers, i.e. cutin, suberin, was the relative high contents of “even” car-
bon numbered ®OH-FAs and o,w—alkanedioic FAs.

“Even” numbered short-chain wOH-FAs could originate from cutin-derived constituents of needles
of numerous species of gymnospermous families.
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Appendix: Structures cited in the text

H
Str.l. 16a(H)-Phyllocladane Str.1l. Totarol-3-one
CH3(CH,),COOH HOOC(CH,),COOH
Str.I11. Fatty acid Str. IV. a,o Dicarboxylic acid

OH
I
CH;(CH,),CH -COOH OH-CH,(CH,),COOH
Str. V. aOH Fatty acid Str. VI. ® OH Fatty acid
COOH
Str. VII. Dehydroabietic acid Str. VIII. BBC;, Hopanoid acid
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Abstract

The Pb-Zn-Ag carbonate-replacement deposits in the Lavrion district are genetically related to a 7-
10 Ma-old granodiorite, felsic dikes and sills. These deposits are hosted in the Upper and Lower
marble and schists of the Cyclades Blueschist unit and occur along the major Legraina detachment
fault. Carbonate-replacement orebodies occur as “mantos” and veins, dominated by base metal
sulfides and Ag, Bi, Sn, Sb, As, and Pb sulfosalts. Calculated carbon and oxygen isotope composi-
tions of the hydrothermal fluid range from 0°C, of -13.7 to 0.8 per mil and 60, 0f 4.2 t0 27 4
per mil, at 400°, 350°, 320°, 300°, 250° and 200°C. These isotopic compositions reveal water-to-
rock ratios ranging from 4.8 to 52.6%, which reflect intense interaction of the ore fluid with the host
rock in a water-dominated, transitional closed to open hydrothermal system.

The range of 6°*Sy, for sulfides in the deposits were from -8.5 to 6.8 per mil, for similar tempera-
tures, whereas for barite-fluorite veins from 0S¢ of -43.6 to -16.4 per mil, at 200°, 150° and
100°C. This range implies that there was contribution from a magmatic sulfur component exsolved
from the Plaka pluton, as well as contribution from a metasedimentary component. Based on the iso-

a. .
. . . SO .. .
topic signature of sulfur for barite, the log——=1 ranges from -6.7 to -7.6, comprising an increase
s,
29ag)

in the fluid influx. Isotopic temperatures based on pyrite-galena and sphalerite-pyrite pairs revealed
at least three major events of carbonate-replacement ore deposition, (i) at ~ 360°, (ii) 320°-280° and
(iii) 260°-200°C.

Key words: polymetallic ores, ore fluid, carbon, oxygen, sulfur isotopes.

1. Introduction

The Lavrion district is famous for the production of Pb (~ 1.4 Mt, at 20%) and Ag (~ 3.5 kt, at 400
g/t) since the Golden Age of Athens (Conofagos, 1980). Recent mining in this area was mainly con-
ducted by Compagnie Francoise des Mines du Laurium (~ 0.9 Mt, at 3% Pb and 4.2 kt Ag, at 140
g/t, Conofagos, 1980). The area is considered as the northern part of the Cycladic Blueschist Belt,
which is one of the most spectacular Alpine orogenic belts worldwide (Blake et al., 1981). Within
this belt, various types of base and precious metal ores including skarn (i.e., Serifos, Lavrion and
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Fig. 1: Simplified geological and ore deposits map of Lavrion (modified after Marinos and Petrascheck, 1956).

Tinos), epithermal veins (i.e., Lavrion, Antiparos, Tinos, Mykonos and Ikaria), and carbonate-re-
placement deposits (i.e., Lavrion and Sifnos) were reported by Melidonis, (1980), Salemink (1985),
Skarpelis (2002), Voudouris et al. (2008a, b), Tombros et al. (2007; 2008; 2009) and St. Seymour et
al. (2009a, b). In addition to the above ore styles, a porphyry- and breccia-hosted and supergene
mineralization has also been identified in the Lavrion district (Bonsall et al., 2007). Different genetic
models have been proposed for the formation of the carbonate-replacement Pb-Zn-Ag deposits at
Lavrion i.e., granitoid-related (Leleu, 1966), Mississippi Valley- (Kalogeropoulos and Mitropoulos,
1983) and manto-type (Skarpelis, 2002). The present study investigates the provenance of the
La\frio'n mineralizing fluid, based on the calculated values of its 6"Cy,, 8"*Oy,o and 8*'Sy,g iso-
topic signature.

2. Geological Setting

The Lavrion district has been the focus of intense research and numerous studies (e.g., Marinos and
Petrascheck, 1956; Economou and Sideris, 1976; Papanikolaou and Syskakis, 1991; Bonsall et al.,
2007; Skarpelis, 2007; Skarpelis et al., 2008; Baziotis et al., 2009). Two different Alpine nappes
were distinguished locally (Fig. 1): The “Cyclades Blueschist Belt”, at the base, which was initially
a Mesozoic continental margin. It is composed of an underlying meta-volcanosedimentary sequence,
i.e., comprises of Mesozoic neritic carbonates and overlying Tertiary meta-flysch and meta-clastic
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rocks (Kaesariani schists), sandwiched between the Upper and Lower marbles, at the top (Fig. 1)
(Marinos and Petrascheck, 1956).

During the Tertiary, it experienced two episodes of regional metamorphism. The first occurred at ~
70 Ma, during collision between the Apulian microplate and Eurasia, and reached the blueschist to
eclogite facies (T,,,, =450-550°C and a P, = 12-18 kbar; Brocker and Pidgeon, 2007). This event
was followed by an episode of greenschist to amphibolite facies metamorphism, at 25-18 Ma (T,
=450°-480°C and P,,,, = 5-7 kbars), which occurred as a result of isothermal decompression and ex-
humation (Wijbrans et al., 1993). Finally, contact metamorphism during Miocene was associated with
the intrusion of the 8.3 to 11.9 Ma-old Plaka granodiorite and 7.3 Ma, felsic dykes and sills (Altherr

and Siebel, 2002; Skarpelis et al., 2008).

The Cyclades Blueschist unit in the area is tectonically overlain by the “Upper unit” ophiolites i.e.,
a heterogeneous unit composed of unmetamorphosed Permian to Mesozoic sediments, intercalated
ophiolitic fragments, Tertiary-greenschist facies rocks and Late-Cretaceous medium pressure-high
temperature rocks (also called prasinites, Baltatzis, 1996; Photiades and Carras, 2001) (Fig. 1). It is
separated from the Cyclades Blueschist unit by a detachment fault that formed during the early
Miocene as back-arc extension dominated the Cyclades (Skarpelis, 2007). During this extensional
period, granodioritic magmas intruded these units, and hornfels developed around the margins of the
Plaka pluton (Skarpelis et al., 2008) (Fig. 1).

3. Types of Sulfide Mineralization and Their Paragenesis

There are several types of sulfide mineralization present in the Lavrion district, which are related to
progressive decrease in temperature of formation: (i) porphyry-style, low-grade, molybdenite min-
eralization in the proximity of Plaka granodiorite, which occurs as quartz tension gashes and minor
stockworks. It is associated with the potassic alteration assemblage of orthoclase-albite-sericite-
biotite (Bonsall et al., 2007; Voudouris et al., 2008a, b), (ii) Ca-Fe skarn, hosted in schists and mar-
bles located at the margins of Plaka pluton, with the assemblages magnetite and magnetite-hematite
representing endoskarns (stage I), and pyrite-pyrrhotite and Fe-rich-sphalerite-pyrite-Ag-rich-galena
(= arsenopyrite-bismuthinite-chalcopyrite-mackinawite-glaucodote-native bismuth-scheelite-
tetradymite, T < 581+£3°C, Glatz, 1967) to form exoskarns (stage II) (Marinos and Petracheck, 1956;
Leleu et al., 1973; Economou et al., 1981; Bonsall et al., 2007), (iii) breccia-porphyry dike miner-
alization which contains minor amounts of arsenopyrite, pyrite, magnetite, pyrrotite, Fe-rich spha-
lerite and chalcopyrite (stage I), galena, argentian tetrahedrite and tennantite, freibergite, wurtzite and
enargite (stage II) and marcasite, argentian galena, and Bi-Cu-Ag-Pb-Sn-sulfosalts (stage III)
(Economou and Sideris, 1976; Bonsall et al., 2007; Voudouris et al., 2008a, b) and (vi) carbonate-
replacement Pb-Zn-Ag mantos, chimney-orebodies and veins (e.g., vein 80) with the generalized as-
semblage: pyrite, arsenopyrite, pyrrhotite, loellingite, rammelbergite, sphalerite (with Fe = 10 wt. %),
greenockite, niccolite, laggisite, gerdorsfite and chalcopyrite (stage I), pyrite, argentian chalcopyrite
and tetrahedrite, enargite, luzonite, freibergite, wurtzite (with Fe < 2 wt. %), and galena (stage II),
marcasite, argentian galena, bournonite, miargyrite, pyrargyrite-proustite (T = 192°C, Hall, 1966),
stephanite, nuffeldite, argentite, polybasite, pearsite, chalcocite, stannite, petrukite, isotropic-orpi-
ment (T =265+5°C, Hall and Yund, 1964), stibnite, native Bi, As and Au, covellite, and Bi-Cu-Ag-
Pb-Sn-sulfosalts (cosalite, aikinite, lilianite, isotropic matildite, T = 195 + 5°C, (Craig, 1967),
bismuthite, ramdohrite, semseyite, wittichenite, emplectite and mummeite (stage III). These ores
are related to carbonatization of the schists and silicification of the marbles, and late formation of
vein and vuggy fluorite, siderite and barite. These hypogene stages were followed by a supergene
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one (stage V) with more than fifty different minerals including, native Au and Ag (Skarpelis and
Ardyraki, 2008).

4. Samples and Methods

Material for stable isotope studies was obtained from calcite intergrown with Pb-Zn-Ag sulfides, as
well as smithsonite, cerussite, aragonite, and pyrite, sphalerite and galena, from the Ca-Fe skarns,
carbonate-replacement ores. Additionally, late barite and gypsum, host marbles and Plaka granodiorite
and associated porphyritic dikes and sills were sampled. Samples were collected from underground
and surface locations at Plaka, Kamariza, Sounio, Esperanza, Adame, Avlaki, Villia, Megala Pefka,
Christina, and Sounio deposits. All minerals analyzed were hand picked and checked under a binoc-
ular microscope to ensure a purity of >95 %. Isotopic compositions of oxygen and carbon were ana-
lyzed on a Thermo-Finnigan Delta-Plus XL mass spectrometer, at the Stable Isotope Research Facility,
Indiana University. Carbon and oxygen in carbonates were liberated as CO, by treating the samples
with 100 % phosphoric acid at 75°C (Clayton et al., 1989, in Lefticariu et al., 2006). Sulfur was re-
leased as SO, from sulfides and sulfates by heating samples to 1,100°C in the presence of CuO (Fritz
etal., 1974, Lefticariu et al., 2006) and then, measured using a Finnigan MAT 252 mass spectrome-
ter. The isotopic ratios are reported in standard d notation per mil relative to V-SMOW for oxygen,
V-PDB for carbon, and V-CDT for sulfur. Analytical precision was better than + 0.05 per mil.

5. Conditions of Emplacement of the Plaka Pluton

In order to estimate the conditions of emplacement of the Plaka pluton, we have used the amphibole
geobarometer (based on the variation in the AI** content of the amphibole as a function of pressure),
utilizing the experimental calibrations of Schmidt (1992). The composition of the analyzed amphi-
boles varies from the crystals core to the rim from 1.21 (Al,05 =7.06 wt. %) to 0.87 (Al,05 =5.99
wt. %), which mirrors ascent of the granodiorite magma. The spectrum of the calculated pressure val-
ues ranges between 2.75 to 1.15 kbars. Temperatures of crystallization were calculated by using the
Vyhnal et al. (1991) geothermometer which is a function of the pressure. The calculated tempera-
tures range between 725° and 685°C for the above pressure values.

6. Carbon and Oxygen Isotopes

Twelve carbon and oxygen isotope analyses were obtained from calcite in the carbonate-replacement
mineralization and five metamorphic calcite from the Upper and Lower Marbles. Ten additional iso-
topic values for calcite are from Bosnall et al. (2007) and fifteen of cerrusite, late aragonite and
phosgenite from Gilg and Boni (2004).

Calcite in carbonate-replacement from Kamariza, Villia, Esperanza, Adame and M. Pefka deposits dis-
plays values of 8'*C =-8.6 to -3.1 and 6'*0 = 18.4 t0 34, 8"*C =-11.8 to -8.3 and 8*0 = 34.0 to 38.7
t0,03C =-13.5t0-14 and 8'*0=18.0t028.6,0*C=-12.0t0-2.0 and 6'*0=21.2t026.1, and 6*C
=-15.6 and "0 = 18 per mil, respectively. Based on the calcite-water and CO,-water equations of
Ohmoto and Rye (1979), the calculated isotopic values, for the same locations, were: 8"*Cq, =-6.7
to -2.2 and 8"* 0y, = 8.9 t0 26.2 (at 400°, 350°, 320°, 300°, 250° and 200°C), 8"*C¢p, =-9.3t0-5.8
and 8" Oy, = 4.2 to0 8.9 (at 300°C), 8"Cc(, = -10.8 to -4.4 and 8"*Oy, = 13.7 to 24.3 (at 320°C),
0"Ccp,=-9.2100.8 and 8"*Oyy, = 16.2 to 21.2 (at 350°C), and 6"°C, = -13.7 and 6'"*Oyy, = 26.6
per mil (at 300°C) (Fig. 2).

Calcite in the Upper and Lower marbles display measured isotope values of 0'*°C =-6.7 to -2.8 and
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Fig. 2: Carbon versus oxygen isotope diagram for hydrothermal and metamorphic calcite showing stable iso-
tope systematics of hydrothermal fluids from Kamariza, Villia, Speranza, Adame, M. Pefka, Lavrion deposits
(the marine limestone and “igneous calcite” boxes after Bowman (1998) are indicated and the estimated §'*O
and 0'*C values of Miocene-age meteoric water for southern Europe from Zachos et al., 2001).

EZ4 Cerrusite, Kamariza
B Phosgenite, Kamariza
RSN Aragonite, Kamariza

frequency (%)

Fig. 3: Histogram of the frequency of the 8'Oy,, values of cerussite, aragonite and phosgenite from the Ka-
mariza deposits.

080 = 13.2 to 29.8 per mil (Lower marble from Kamariza and Sounio deposits) and 6*C = -10.9
to -4.8 and 80 = 27.7 to 28.4 per mil (Upper marble from Villia and Sounio). Based on the same
equations of O’Neil et al., (1969) and Ohmoto and Rye (1979), the calculated isotopic values were:
0BC =-3.7t0-2.6 and 60 = 10.4 to 27.0 (Lower marble, at 420°C; obtained from Knoll, 1988),
and 0°C = -8.0 to -2.3 and 80 = 3.5 to 14.6 (at 315°C), 8*C =-10.8 to -4.4 and 6'30 = 13.7 to
24.3 (at 320°C; obtained from Knoll, 1988) (Fig. 2).
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Fig. 4: Histogram of the frequency of the temperature values obtained by isotope geothermometry from the
Plaka, Kamariza, Sounio, Speranza, Adame, Villia and Avlaki deposits.

Finally, the isotopic compositions of cerussite, aragonite and phosgenite range from 8'30 =-25.9 to
24.6 (some of the measured values were adopted from Gilg and Boni, 2004, and are for the Kama-
riza and Adame deposits), 6'30 = 30.0 to 33.0 and %0 = 27.1 to 28.7 per mil (both from Kamariza).
These correspond to isotopic calculated values of 8'*Oy,, that range from 17.1 to 32.8,26.2 to 27.3
and 27.0 to 29.0 per mil (at 100°C) (Fig. 3).

7. O0xygen and Hydrogen Isotopes

Oxygen and hydrogen isotope compositions of quartz from Plaka granodiorite range from 6.8 to 9.1
and from -70 to -78 per mil (one measured value was obtained by Altherr et al., 1988). These cor-
respond to calculated 8"*Oy,(, fluid values of 5.3 to 5.9 per mil and -55 to -62 per mil, at 700°C. The
0'®0 and 0D values from quartz in skarn of 10.8 and -76 per mil corresponds to 6Oy, = 3.2 per
mil and 6Dy, = -67, at 500°C (Baltatzis, 1981).

8. Sulfur Isotope Study and Temperature of Sulphide Deposition

Temperature determinations for primary sulphide deposition based on 0*S isotopes, were obtained for
the isotopic coexistence of the pyrite-galena and sphalerite-galena pairs according to the equations of
Ohmoto and Lasaga (1982). The calculated temperatures during sulphide deposition range between
358° to 306°C for Plaka, to 359° to 225°C for Kamariza, 350° to 260°C for Villia, 300° to 225°C for
Adame, 320° to 220° C for Sounio, 300° to 225°C for Speranza, and ~ 200°C for Avlaki (Fig. 4).

A 8*S isotope value obtained from arsenopyrite in the skarn (high temperature mineralization, Plaka
area) is 7.3 per mil, which corresponds to a calculated value of 6*Sy,4 of 6.8 per mil (based on the
arsenopyrite-H,S equation of Ohmoto and Lasaga, 1982, at T= 400°C, Economou et al., 1981) (Fig.
5). The 8*S measured isotopic values of pyrite from Plaka, Villia, Kamariza, Sounio, Speranza and
M. Pefka locations display a range of &S values of -2.6t03.9,43t05.7,=1.3,-32t0-04,-1.8
t0-0.9,-3.7t04.5,=0.4 and = -2.7 per mil, respectively. Based on the equations for pyrite-H,S of
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Fig. 5: Histogram of the frequency of the 8*Sy,¢ values of arsenopyrite, pyrite, sphalerite, galena, barite and
gypsum from the Plaka, Sounio, Kamariza, M. Pefka, Spiliazeza, Speranza, Villia, Adame, Sounio, Christina,
Avlaki deposits.

Ohmoto and Rye (1979) and Ohmoto and Lasaga (1982), the calculated 6**Sy;,g values are -1.6 to
29,32t04.6,=0.3,-2.1t00.8,-2.8t0-0.2,-1.5t02.2,=-0.7 and = -1.2 per mil, in the fluid, at T
=200°, 250°, 300°, 320° and 350°C (Fig. 5).

Values of 8*S of sphalerite from Villia, Adame, Kamariza, Sounio, Spiliazeza, Speranza, Christina
and M. Pefka exhibit a range from 4.2 t0 4.8,-1.6t0 1.6,-3.7to-1.1,-2.8 t0-1.2,-3.9t0 1.3,0.6 to
4.1,=-1.4 and = 9.4 per mil, respectively. The calculated values for the isotopic composition of the
fluid (based on the sphalerite-H,S equation of Ohmoto and Rye, 1979; Ohmoto and Lasaga, 1982)
were 0*Sys=3.9t04.5,-18t014,-3.3t0-0.8,-2410-0.7,-331t0-0.7,04 t0 3.7, -1.0, and =
9.1 per mil, at the same temperatures, respectively (Fig. 5). The 6*S values for galena from Plaka,
Villia, Adame, Kamariza, Sounio, Speranza, and Avlaki range from -3.3t04.1,2.3t03.9,-34t0 1.5,
-471t0-04,-50102.6,0.2to 1.7 and 2.7 to 3.6 per mil, respectively. The calculated values (based
on the galena-H,S equation of Ohmoto and Rye, 1979; Ohmoto and Lasaga, 1982) were 8**Sy,s= -
25t06.0,4.1t05.6,-18t01.6,-28t01.7,-8.5t0-1.1,2.0to 3.5 and -0.2 to 1.7 per mil, at the same
temperatures (Fig. 5).

Finally, sulfur isotope compositions of barite and gypsum from the Kamariza and Sounio deposits
reveal values of 6**S which range from &*S= 17.3 to 20.4 and = 23.5, and = 0.2 per mil, corre-
sponding to calculated 8*Sy,5 of -19.5 to -16.4, = -35.0 and = -43.6 per mil (based on the barite-
H,S and gypsum-H,S equations of Kusakabe and Robinson, 1977 and Ohmoto and Rye, 1979, at
T =200°, 150° and 100°C) (Fig. 5).

Calculations of water-to-rock ratios were performed by assuming a closed system for the early min-
eralized stages, at T = 300°C (as evidenced by the occurrence of calcite veins mainly as stockworks),
and an open system for the late ones, at T < 300°C. Calculations were achieved by using the equa-
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tions adopted from Taylor (1974). The calculated isotopic compositions reveal water-to-rock ratios
with values of, 6.6 to 10.1% (for Villia), 8.5% (for Adame), 8.9 to 52.6% (for Kamariza), 29.6% (for
Speranza), 40.3% (for Sounio) and 2.6% (for Plaka).

9. Discussion and Conclusions

Oxygen and carbon isotope data suggest multiple sources for the ore fluid, i.e., magmatic and meta-
morphic (Fig. 2). There is a recognizable depletion in 6'3C and §'30 values which can be the result
of interaction of modified high-temperature magmatic fluids with the hosts or to have formed under
medium to high water-to-rock ratios, i.e., 4.8 to 52.6%. This depletion is also correlated to simple
cooling of the fluid, from 400° to 150°C, which was caused by mixing of the Ag-bearing fluid with
meteoric waters had entered the highly permeable carbonate-host.

The oxygen and hydrogen isotope compositions are consistent with magmatic water composition,
and are similar to those characterizing the Tinos, Mykonos and Serifos granitoids and skarns
(Tombros et al., 2007, 2008; Tombros, 2009 and St. Seymour et al., 2009a, b). However, granitoids
in Lavrion area are weakly affected by alteration (e.g., silicification, propylitization, carbonatization,
and sericitization, Bonsall et al., 2007) due to their interaction with the mineralizing fluids; as it was
depicted from the 6Dy, values of the Plaka granitoid. For the early stages of Lavrion ores the cal-
culated 6'*Oy, and 8Dy, isotopic values reflect the dominance of a magmatic component, whereas
the late-stage fluids are consistent with isotopic exchange of the mineralizing fluid with Miocenic
meteoric waters.

The mixing hypothesis of the fluid is also supported by the 8*Sy,, data: The calculated 6*Sy,, com-
positions of sulfides i.e., 8**Sy;,o = -8.0 to 9.0 per mil from the Lavrion deposits are interpreted to
reflect a double source. The positive 8*Sy,,, values could have been the result of the direct addition
of magmatic volatiles to the hydrothermal fluid (e.g., 8*Sy;, = 6.8 per mil from skarn-arsenopyrite).
The negative 8*Sy,(, values can be explained by the introduction of isotopically light sedimentary
sulfur into the hydrothermal system from the enclosing metasedimentary rocks, at higher logfo, con-
ditions. Sulfur isotope compositions 8*Sy;,, of barite and gypsum from carbonate-replacement ores,
range from -43.6 to -16.4 to per mil and reflect seawater sulfate values of Miocene (e.g., -40 to -20
per mil, Ohmoto and Rye, 1979).

Temperatures based on 6**S pyrite-galena and sphalerite-pyrite pairs revealed at least three thermal
pulses during deposition of the carbonate-replacement ore: (i) ~ 360°, (ii) 320°-280° and (iii) 260°
to 200°C. Telescoping phenomena i.e., co-existence of minerals which belong to different parage-
netic stages is apparent in the Lavrion ores. This can be explained by the protracted period of the ore-
forming event of more than 2 Ma (10 to 8 Ma, Skarpelis, 2007). A primary closed, channelized
hydrothermal system was operational in Lavrion in the early stages resulted in As-rich skarn de-
posits (T < 500°C). Then, the hydrothermal system in the late stages of its evolution had opened
(T = 100°C), and resulted in the precipitation of fluorite-barite ores.
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Abstract

Open pit mining of a high sulfidation epithermal type deposit at Kirki (Thrace, NE Greece) resulted
in the formation of an acid pit lake by infilling of the open cast by rain and drainage waters after
mine closure. The acidic and oxidative pit lake waters show high concentrations of trace metals
largely due to the high toxic metals content of the ore, the limited buffering capacity of host rocks
and the direct exposure of the ore zone to weathering. The floor of the pit lake is covered by a fine-
grained mineral precipitate that comprises mainly detrital minerals, originating from erosion of the
rocks exposed on the walls of the open pit. Secondary anglesite, several species of the jarosite-group,
rozenite, melanterite, gypsum, bukovskyite, beaverite, scorodite and minor goethite are also de-
tected. The mineral precipitate presents significant heavy metal content indicating effective removal
of metals from the acidic waters. The speciation/mass transfer computer code PHREEQC-2 and the
MINTEQ database were employed for geochemical modelling of the equilibrium between the acidic
pit lake waters and the secondary phases of the mineral precipitate.

Key words: Acid pit lake, mineral precipitate, high-sulfidation ore, geochemical modelling, Kirki.

1. Introduction

Pit lakes are unique water bodies. They are developed as a result of open cast mining. When the activ-
ity ceases, the open pit is back filled with groundwater and surface water (Lu et al., 2003). The rate of
filling is defined by climatic and geologic conditions, as well as the regional hydrologic characteristics.

Assessment of the environmental risks of pit lake development is an imperative for the mining in-
dustry and the public, especially in cases of high sulfidation deposits that are characterized by high
concentrations of toxic metals (Plumlee et al., 1999). Pit lakes forming from such deposits pose a
significant threat to the environment since they are often acidic containing elevated concentrations
of metals (e.g. Fe, Al, Pb, Cu, Zn, Mn, Cd) and metalloids (e.g. As, Sb), and show high acid gener-
ation potential and very low buffering capacity (Latanzi et al., 2008; Sperling & Grandschamp,
2008; Shevenell et al., 1999).

Quantification, prediction and evolution of pit lake systems require the use of numerical models
(such as PHREEQC), which take into account the relevant thermodynamic, mineralogical and geo-
chemical data, as well as other parameters such as changes in pit lake volume, effects of seasonal
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Fig. 1: View from north of the Kirki (Ag. Filippos) acid pit lake.

weather patterns, processes occurring on pit walls above the lake surface (Gimber et al., 2008). The
aim of this paper is to provide information on the function of the small pit lake developed at the aban-
doned Kirki (Agios Filippos) high sulfidation mine. The results of this study can be used for future
evaluation of various remediation options for the pit lake.

2. Site description

The Kirki (Agios Filippos) high sulfidation deposit is hosted into the Eocene-Oligocene volcano-sed-
imentary rock sequences of SE Evros county and is associated with orogenic calc-alkaline to
shoshonitic magmatism. The high sulfidation epithermal type mineralization is developed between
two sub-parallel fault zones that form the western and the eastern part of the open pit. The ore is rich
in base-metals sulfides and various Pb- and As-bearing sulfosalts (Skarpelis, 1999). Galena shows
the highest degree of weathering among other sulfides and sulfosalts. The low degree of oxidation
of pyrite and sphalerite is reasonably explained by their rather chemical purity (Triantafyllidis &
Skarpelis, 2004). Studies by Triantafyllidis (2006) showed that in the upper part of the oxidation zone
sulfates, hydrosulfates and sulfoarsenates are the predominant secondary mineral phases. Anglesite
is the major oxidation product, followed by lower proportions of osarizawaite, beaverite, linarite
and beudantite (Triantafyllidis & Skarpelis, 2004). At lower levels of the oxidation zone, carbonates
are additionally identified. Secondary carbonates include cerussite, hydrocerussite, smithsonite, azu-
rite and rosasite. The mineralogy of efflorescences appearing on the walls of the open pit is indica-
tive of highly acidic and oxidative conditions. Efflorescences of Fe-bearing (e.g. siderotile, copiapite,
rhomboclase) and Cu-bearing sulfates (e.g. chalcanthite), arsenates (scorodite) and sulfoarsenates
dominate over Pb and Zn sulfates.

Since mine closure in 1997, an acid pit lake has been formed by infilling of the open pit by rain and
drainage waters (Fig. 1). The height of the water column fluctuates, depending on the annual rain-
fall. The waters from the pit lake show low pH, high Eh values and increased concentrations of dis-
solved toxic metals through the year (Triantafyllidis & Skarpelis, 2006). The topography of the mine
prevents overflow and dispersion of acidic waters into the drainage system of the area.

A yellowish to orange-yellowish, fine-grained, unconsolidated mineral precipitate with an average
thickness of 20cm covers the floor of the pit lake and yields significant heavy metal content. The min-
eral precipitate comprises mainly detrital quartz, dickite/kaolinite, pyrophyllite and feldspar, origi-
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nating from erosion of the rocks exposed on the walls of the open pit. Semiquantitative analyses in-
dicate that Fe-bearing sulfates (jarosite group minerals, melanterite, rozenite, butlerite), sulfoarse-
nates (bukovskyite) and arsenates (scorodite) dominate over other secondary minerals (e.g. anglesite,
beaverite, wroewolfeite and gypsum) (Triantafyllidis & Skarpelis, 2006).

3. Sampling - analytical methods

Drill core samples down to a depth of 200m from the surface were used for the mineralogical in-
vestigation of secondary mineral phases. Samples of mineral precipitate from the open pit and ef-
florescences from the mine walls were collected and dried at room temperature. Water samples from
the open pit were collected in September 2001, June 2003 and December 2004, applying standard
sampling techniques. Temperature, pH and Eh were measured on site using a WTW pH 320/Set-2
electronic pH-meter. Water samples were filtered through a 0.45 um Millipore filter and acidified
with 1 M HNO3. Details of the analytical technics implemented in this study can be found at Tri-
antafyllidis (2006), Triantafyllidis & Skarpelis (2006) and Triantafyllidis et al. (2007).

4. Analytical data used

The physicochemical data for the pit lake waters, the geochemical data of the mineral precipitate,
and the mineralogy of the precipitate are given in Tables 1, 2, and 3 respectively (Triantafyllidis &
Skarpelis, 2006).

Table 1. Physicochemical characteristics of pit lake waters (Dissolved ions in mg/It, Eh in mV)
(from Triantafyllidis & Skarpelis, 2006).
| pH | Eh | SO, | Cd [ Co | Cu | Fe | Mn [ Ni [ Pb | Zn
September 2001

Mean 3.1 235 | 2300 | 382 | 026 | 162 | 75 | 1697 | 1.76 | 224 | 4255
Stan.Dev. | 0 1.58 | 130 | 007 | 001 | 025 | 026 | 34 | 003 | 003 | 122
June 2003
Mean 29 248 | 1700 | 271 | 0.4 | 12.1 | 27.1 | 1120 | 1.30 | 090 | 2825
Stan.Dev. | 006 | 4.62 75 006 | 001 | 013 | 1.04 | 191 | 004 | 002 | 34

Ag, Hg, As, Sb below detection
Total Radioactivity: 16.48 — 151.62 pCi/lt

Table 2. Chemical analyses of the mineral precipitate (Major elements and Fe in wt %, trace ele-
ments in ppm) (from Triantafyllidis & Skarpelis, 2006

Si0, | ALO, | CaO [ Cr,0, | K,0 | Mg0 | Na,0 | P,0, | TiO, | LOI
Min 309 [ 12727 04 [ 002 | 182 | 06 | 016 | 01 | 043 | 114
Max 595 | 2271 | 063 | 003 | 3.0 | 091 | 037 | 0.9 | 064 | 229
Mean 538 | 175 | 052 [ 002 | 239 [ 076 | 028 | 014 | 055 | 184
Stan. Dev. 120 | 44 [ 009 [ 001 | 058 | 014 | 009 | 003 | 01 | 516

LOI: Loss on ignition
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Table 2 continued.

Fe | Pb | Zn | Cu [ Mn |[As| Cd | Ni | Sb | Co | Ag | Bi | U

Min 621 | 3219|3195 | 473 | 591 | 497 | 22 | 22 | 26 | bd. | 72 | 84 |bd.
Max 20.78 | 6748 | 4789 | 958 | 2017 |1582] 46 | 31 38 | 20 | 11.3 | 136 | 11
Mean 11.38| 5087| 4231| 710| 1256 889 32 | 25| 31 4 891 98| 6

Stan.Dev. | 591 | 1050 | 621 | 147 | 577 | 475| 7.3 3 56 | 66 | 15 | 28 |44

Hg: below detection limit
b.d.: below detection

Table 3. Semiquantitative analyses of secondary minerals identified in the mineral precipitate
(from Triantafyllidis & Skarpelis, 2006).

Jarosite group minerals

(jarosite,ghydlionium jarosite) (K, H,0)Fe;(S0,)(OH); XXX
Wroewolfeite Cu,(SO,)(OH), -2H,0 X
Beaverite PbCu(Fe, Al),(SO,),(OH), XX
Gypsum CaS0O, -2H,0 XX
Anglesite PbSO, XX
Scorodite FeAsO, 2H,0 X
Bukovskyite Fe,(AsO,)(SO,)(OH) - TH,0 X
Goethite Fe(OH), XX
Melanterite FeSO, -7H,0 X
Rozenite FeSO, -4H,0 X
Butlerite FeSO,(OH) -2H,0 X
Mineral abundances: XXX very abundant, XX medium, X low

5. Application of PHREEQC geochemical code

The correlation between the chemistry of the acidic pit lake waters and the mineralogy of the min-
eral precipitate was investigated with the use of the geochemical code PHREEQC-2 (Parkhurst &
Appelo, 1999) and in particular the 2.12 edition.

There are two basic approaches to geochemical modeling: chemical equilibrium and chemical ki-
netics, with the first, and most common, being employed in this study. In general, equilibrium mod-
els can be divided into the following categories: forward (reaction path models) and inverse.

Forward models are used for prediction of water chemistry evolution. In this case the starting water
chemistry is defined and an attempt is made to model water evolution by precipitation of mineral
phases. During each step the program transfers a small amount of mass from reactant to products.
Then it calculates mass distribution among the products and saturation indices of pre-determined
phases. Then, the program checks whether the water is supersaturated relative to those phases.

Inverse models are based on mass balance calculations for solid phase and dissolved species in a geo-
chemical system. In this case, we examined the precipitation of the mineral phases identified in the
pit lake after mixing of two different water types.
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Table 4.

Physicochemical characteristics of the solutions used for PHREEQC modeling
Solution 1 (meteoric waters) Solution 2 (acidic pit lake waters)
Temperature 25°C Temperature 25°C
pH 6 pH 3
pe 4 pe 4
density lgr/em? density lg/em?
S (as SO,) 2300 mg/L
Cu 16 mg/L
Mn 170 mg/L
Zn 425 mg/L
Fe Tmg/L
Pb 2 mg/L
Na 10 mg/L
K 2mg/L

6. Geochemical modeling

Thermodynamic data was taken from MINTEQ database (Allison et al., 1991). Imported parame-
ters in the system involved: Fe (total), Pb, Zn, Cu, Mn, SO, and pH. Cobalt was not taken under
consideration since it is not included in the MINTEQ database. Several different scenarios were em-
ployed for the system “acidic pit lake waters — precipitate mineralogy” .

6.1 Forward modeling

The first scenario involved the possibility of direct precipitation of the identified secondary phases,
as a result of supersaturation due to evaporation, or excessive input of toxic metals, sulfates and ar-
senates to the pit lake, at a given time period. Application of the PHREEQC geochemical code
showed that direct precipitation is impossible largely due to the low heavy metal and sulfate load of
the pit lake waters.

6.2 Inverse modeling

Inverse modeling was applied to verify hypotheses on the origin of the identified secondary phases
in the mineral precipitate. Two cases were examined. The first case involved the study of the chem-
ical characteristics of a theoretical solution that resulted after mixing slightly acidic meteoric water
(Table 4, solution 1) with a potential acid drainage in several ratios, to check if that solution is in equi-
librium with the secondary phases identified in the precipitate. For the second case, the acidic pit lake
waters were used as the potential acid drainage (Table 4, solution 2). Once more, the behavior of mix-
ing the slightly acidic rain water with the potential acid drainage in several ratios was investigated.

1% case: The potential acid drainage was based on thermodynamic data from MINTEQ database. The
mineralogy of the Kirki high sulfidation deposit is very complex with a diversity of sulfides and
sulfosalts and, unfortunately, for most of these minerals there is no data. This geochemical model
showed that potential acid drainage with thermodynamic data only for pyrite, galena and sphalerite
cannot sufficiently interpret the secondary mineralogy of the precipitate.
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Table 5.

Saturation indices of secondary minerals in equilibrium with the acidic pit lake waters,

based on the PHREEQC-2.12 geochemical code

Mineral Saturation index (MINTEQ) | Formula (MINTEQ)

Anglesite 0.66 PbSO,

Bianchite -493 ZnS0,x6H,0

Cerussite -1.62 PbCO,

Ferrihydrite -1.58 Fe(OH),

Goethite 2.82 FeOOH

Goslarite 4774 ZnSO,x7H,0

Hematite 10.64 Fe,0,

H30-jarosite 0.94 (H,0)Fe4(SO,),(OH),

Jarosite 1.87 KFe,(SO,),(OH),

Na-jarosite -0.89 NaFe,(SO,),(OH),

Larnackite -3.42 PbOxPbSO,

Lepidocrockite 1.94 FeOOH

Maghemite 0.24 Fe,0,

Magnetite 507 Fe,0,

Melanterite 591 FeSO,x7H,0

Smithsonite -4.33 ZnCO;

2m case: Development of this model with PHREEQC, for mixing of the aforementioned solutions
in ratio 95:5 (95% solution 1 and 5% solution 2), leads to a final solution that is in equilibrium with
the majority of the secondary phases identified in the pit lake mineral precipitate (e.g. anglesite,
goethite, jarosite), as well as other secondary phases that cannot be detected with X-ray Diffrac-
tometry (e.g ferrihydrite) (Table 5).

It is worth mentioning that similar results arise with different mixing ratios (e.g. 99 to 1). Another
characteristic of this model is the thermodynamic equilibrium of several secondary Fe phases, while
the concentration of Fe in the acidic pit lake water are relatively low (7.5 to 27 mg/L).

7. Conclusions

The Kirki (Agios Filippos) high sulfidation deposit is rich in base metals sulfides (e.g. pyrite, galena,
sphalerite) and sulfosalts (e.g. enargite, tennantite, jordanite). Lead and Cu-bearing sulfates and hy-
drosulfates dominate in the upper part of the oxidation zone of the Kirki deposit, whereas at lower
levels supergene carbonates are present. During the last ten years, an acid pit lake was formed by
infilling of the open pit by rain and drainage waters. The highly acidic pit lake waters show high con-
centrations of dissolved toxic metals. The pit lake waters are characterized by increased toxic met-
als concentrations as a result of:

— Oxidation of sulfides and sulfosalts and the partial release of their toxic load to the environment
due to the presence of mildly acidic and oxidative meteoric and drainage waters.
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— Washing and dissolution of soluble secondary phases (efflorescences) formed on the walls of the
open pit.

— The direct contact of the highly acidic and oxidative waters of the pit lake with grains of sulfides
and sulfosalts present at the level of pit lake water.

The model developed with PHREEQC for the Kirki pit lake system shows that meteoric waters
plays a key role in deposition of secondary phases in the pit lake. In particular, mixing of slightly
acidic meteoric waters with the acidic pit lake waters in ratio 95:5 or higher, may successfully lead
to the formation of anglesite, goethite, jarosite group minerals, hematite and ferrihydrite. On the
other hand, due to lack of thermodynamic data, there are no conclusions concerning beaverite,
scorodite, bukovskyite, wroewolfeite and siderotile.

Finally, it is very important to state that the aforementioned model for the Kirki pit lake system is
based on a critical limitation, being the organic activity within the pit lake waters. It is known that
the role of aerobic bacteria is critical in the initial oxidation/weathering of primary sulfides and sul-
fosalts (Stokes, 1954; Walsh & Mitchell, 1972; Trafford et al., 1973; Ivarson & Sojak, 1978; Crepar
et al., 1979; Evangelou, 1983), as well as their catalytic behavior in the formation of secondary
phases present in pit lakes precipitates. Further study aims to shed light on the role bacteria play for
the evolution of the Kirki pit lake system.
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Abstract

In the central part of Greece bauxite ore deposits are systematically exploited since more than fifty
years, initially by a French industrial group and since few years by a Greek investment group. This
“economical” activity uses the non renewable mineral resources of bauxite, non renewable energy
sources, as well as significant amount of water and it exports to the environment pollutants and
byproducts. CO,, NOx, F, PAHs are diffused to the atmosphere, polluting the soil of the adjacent area.
Big amount of red mud is deviated to the sea, covering an extended shelf area and parts of deeper
marine areas. The aim of this work is to evaluate this “economic” activity using principles of the
sustainability science. In its broadest definition, sustainability refers to the ability of a society to
continue functioning into the future without being forced into decline through the exhaustion or
overloading of key resources.

1. Introduction

Bauxite, the ore that contains a high concentration of aluminum hydroxide minerals, is the row ma-
terial for the aluminum industry. Bauxites generally consist of mixtures of the minerals gibbsite
[Al(OH);], boehmite, and diaspore [AIO(OH)], clay minerals such as kaolinite [Al,Si,O5(OH),],
quartz (Si0,) and anatase and rutile (TiO,). The worldwide bauxite reserves, the bauxite production
and the alumina (aluminum oxides-hydroxides) production are given in Table 1. Greece is the largest
bauxite producer of the European Union. Bauxite offers high concentration of Al,O5 and is the most
important commodity of Greek aluminum mining industry. The exploitation of bauxite ores in Greece
begun in 1925 in the Parnassus area (central Greece). The mineral industry of Greece is mainly ex-
port orientated, in order to meet the demand of the globalized mineral market.

At present time one company in Greece is activated in the elaboration of bauxite extracting pure alu-
mina (aluminum oxide) and then from the alumina aluminum, the “Aluminum of Greece S. A.,
[AtE]”. Bauxite exploitation activities are the driving (D) forces acting as pressures (P) for the en-
vironment. Space is needed, non renewable mineral resources as well as energy resources and big
amounts of fresh water are used. These activities release significant amount of byproducts in the
environment, climate gas emissions, inorganic and organic pollutants, bauxite residues, etc. These
pressures are the factors changing the state (S) of the environment, impacting (I) the human society.
Changes in the state of the environment and impacts on the human society trigger responses (R). Au-
thorities, investors, citizens groups, non governmental organizations (NGOs), scientists, called to-
gether “stakeholders” have to establish a common language to plan, to meet decisions and measures,
to reorientate the development priorities and to apply progressively the sustainability principles.
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Table 1. Bauxite reserves (in million metric tones), bauxite production (in thousand metric tones) and
alumina production (in thousand metric tones) [Reference year 1998]
(American Bureau of Metal Statistics, Inc. Secaucus, NJ 1980, 1985 U.S. Geological Survey,
Mineral Commodity Summaries, 1990-1998, modified)

Nr Country | Bauxite Reserves | Country Pf)?lllll);itti(?)n Country P[?(}:illrii?gn
1 Guinca 7,400,000 Australia 45,000 Australia 13,385
2 Brazil 3,900,000 Guinca 16,500 Un. States 5,090
3 Australia 3,200,000 Jamaica 12,606 Jamaica 3411
4 Jamaica 2,000,000 Brazil 12,500 China 3,000
5 India 1,500,000 China 8,500 Brazil 2,756
6 China 720,000 India 6,000 Russia 2,300
7 Guyana 700,000 Venezuela 4,500 Venezuela 1,800
8 Suriname 580,000 Suriname 4,000 India 1,700
9 Venezuela 320,000 Russia 3,400 Suriname 1,600

10 Greece 300,000 Guyana 2,600 Irland 1,200

11 Russia 200,000 Greece 2,500 Greece 750

The aim of this work is to present this complicated net of human activities, behaviors and actions in
the case study bauxite exploitation in Greece and to discuss if the logical DPSIR scheme (D=drivers,
P=pressures, S=state, [=impact, R=response) can be introduced in the greek community as a whole and
if the sustainability principles can find fruitful substratum in the Mediterranean country, called Greece.

2. Bauxites ore deposits in Greece

The major bauxite deposits of Greece are geological formations hosted within carbonate rocks of dif-
ferent geological ages of the Parnassos — Ghiona geotectonic zone - Hellenides (central Greece).
Three bauxite horizons (B1, B2, B3) are distinguished, intercalated with shallow-water limestones
of the Upper - Jurassic to Middle Cretaceous carbonate sequences of the Parnassos — Ghiona zone.
The (paleo)geographical distribution of the three bauxite horizons (B1, B2, B3) shown in Fig. 1 in-
dicates a displacement of the formation areas from the NE place of the older B1 bauxite horizon to
SW direction where the younger B2 and B3 bauxite horizons are formed (Petraschek & Mack, 1978).
The bauxite reserves of Greece are estimated in approximately 300 billion tons (Papastavrou, 1986).
The economically most important bauxite formations occur in the upper (B3) horizon, which expands
over extended distances as continuous layer of 1-10 m in thickness. This horizon shows a pisolithic
and/or oolithic texture and a red to red-brown color (Valeton et al., 1987). The mineralogical com-
position of the bauxite formations of the Parnasssos — Ghiona zone shows mainly boehmite or di-
aspore and in lesser amounts gibbsite, kaolinite, hematite, goethite (Valeton et al., 1987, Laskou,
2001, Laskou & Andreou, 2003). The average chemical composition of the bauxite samples is: 55%
Al1203,20% Fe203, 3-5% Si02,0.5-1.0% Ca0, 2-2.5% TiO2 and 10-14% loss of ignition. The av-
erage concentration of trace elements is: 450 ppm Ni, 700 -900 ppm Cr, 50-70 ppm Zn, 500-600 ppm
Zr and 37 ppm Sr. (Valeton et al., 1987, Laskou & Economou-Eliopoulos, 2007).
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Greek bauxite offers high concentration of Al,O;, low of CaO, low loss of ignition and low hu-
midity comparing to the largest bauxite exporters of the globe (Guinea, Australia, Jamaica, Brazil
and China). However Greek bauxite has the disadvantage of high SiO, concentration, which makes
it difficult to process (Laskou & Andreou, 2003).

3. Bauxites mining in Greece

Three bauxite mining industries are active at present time in Greece, the S&B industrial minerals
S.A., Delphi Distomo S.A. and ELMIN S.A. with a total production of ~2.500.000 tons/year. Ap-
proximately 900.000 tons/year (year 2005) are directly as bauxite exported. The main export targets
of Greek bauxite are European Union countries as well as Russia, Ukraine and Romania. The main
domestic bauxite consumer is “Aluminum of Greece S.A.” [AtE] subsidiary of the Delphi Distomo
S.A., which consumes ~1,500,000 tons/year. The “Aluminum of Greece S.A.”[AtE] produces alumina
and aluminum. In the mining of bauxite the extension and shape of the deposits are determined by field
geology studies and if needed by core drilling. After the fixation of the bauxite mining sites and the
establishing of the necessary infrastructure, the bauxite is broken up, often with the aid of explosives,
and removed with conventional earthmoving equipment. It is then transported to the clients.

4. Bauxite industry in Greece

In Greece only one company is dealing with extraction of alumina (aluminum oxide) from bauxite
and aluminum from alumina, the above mentioned “Aluminum of Greece S. A. [AtE]”, which is
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sited in Antikyra bay, Gulf of Corinth. The “Aluminum of Greece S. A. [AtE]” was founded in 1960
and it started the production 1966. The first owner was PECHINEY (1960-2003). In 2004 “Alu-
minum of Greece S. A. [AtE]” was soled to ALCAN and ALCAN soled the company to MYTILI-
NAIOS financial group (2005). The information about the history of the company, the procedures
of alumina and aluminum extraction as well as about mineral ores and energy resources used, about
byproducts accumulation and about future plans of the company, are gained from a recently carried
out Technical Report of the “Aluminum of Greece S. A. [AtE]” company (Aluminum of Greece S.
A. [AtE], 2007).

Extraction of alumina from the bauxite: Pure alumina (aluminum oxide) is extracted from baux-
ite by the Bayer process. In the Bayer process bauxite received from the mines is crushed, usually
by a hammer mill to small particles and well blended. Lime (CaO) is added to assist in the extrac-
tion of alumina, to scavenge impurities, and later to enhance clarification. This mixture then flows
to agitated storage tanks and is metered into high-temperature (~255°C) sodium hydroxide digesters
(NaOH), where alumina is extracted from the bauxite as sodium aluminate (NaAlO,). Pure alumina
is then precipitated (by lowering temperature to 50-70°C) from the solution as a hydroxide
[AI(OH]5), filtered, washed, and then calcined to pure alumina (Al,0O5) at 1100-1200°C.

Digestion Precipitation Calcination
AlO(OH)+NaOH — NaAlO,+2H,0 — 2Al(OH), —
NaAlO,+H,0 Al(OH), + NaOH AlLO, +3H,0

This procedure leaves behind the impurities as an insoluble residue, mainly consisting of hematite
(Fe,05), titania (TiO,), and silica (SiO,). For the production of one tone of alumina two tones of
bauxite are needed. The “Aluminum of Greece S. A. [AtE]” produces more than 750,000 tones alu-
mina yearly.

The extraction of alumina from the bauxite is supported from two smaller industrial units:

a. The unit producing CaO (needed by the extraction procedure) from limestones coming from
the geological formations exposed near the industrial field.

b. A unit producing thermal energy, needed also for the procedure. Using as energy resource
imported crude oil.

Extraction of aluminum metal from the alumina: Aluminum metal is extracted from the alumina
electrolytically by the Hall-Heroult process. In this process, the purified alumina is dissolved in an
electrolyte consisting mainly of molten at ~960°C cryolite (NaF.AlF;). Consumable carbon anodes
are employed, producing carbon dioxide and carbon monoxide, which escape from the cell while the
molten aluminum accumulates at the cathodic bottom and is siphoned out periodically. The aluminum
produced is normally 99.6-99.9% pure. The typical impurities are iron, silicon, titanium, vanadium,
gallium, and manganese, coming from the anode but also from impurities in the alumina. The “Alu-
minum of Greece S. A. [AtE]” produces approximately 170,000 tones aluminum metal yearly.

Uses of Aluminum: The market for aluminum comprises containers and packaging [foil, plastic, and
paper laminants and pouches are used for packaging a wide variety of food and nonfood products] build-
ing and construction [doors and windows are generally produced], transportation [commercial and mil-
itary aircrafts, use of aluminum in automobiles to reduce weight, in marine service, in space vehicles],
electrical [high voltage electrical transmission lines], consumer durables, machinery and equipment.
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5. Bauxites exploitation activities and environment in Greece
5.1 Natural environment

The bauxite exploitation is a complicated human activity. It needs and it uses space, ore material re-
sources, energy resources, water. The production procedure leads also to a huge amount of byprod-
ucts, which affect the environment and have significant impact to the humans health and the society.
All the information on which is based this unit is the recently carried out Technical Report of the
“Aluminum of Greece S. A. [AtE]” company (Aluminum of Greece S. A. [AtE], 2007).

Space: For the bauxite mining it is necessary to establish transport infrastructure in the mountains
to reach the mining sites, which are changing the natural environment. The mining procedures re-
sult to harvesting of trees and local concentration of overburden, which are removed and set aside,
contributing to environmental changes. No data are found about the area in which the mining ac-
tivities are extended.

The industry itself occupied one field of 770,000 m?, where the industrial plants are sited and a sec-
ond field, in the same order of extension, where the employees of the industry are living. Both sites
are plain areas near the sea, where olive trees were cultivated 50 years ago and are totally harvest-
ing changed in industry field and residence area respectively. The company is owner of an expro-
priated 50 years ago extended area of 7,050,000 m?.

Ore material resources: The “Aluminium of Greece S.A [AtE]” company obtains the bauxite
mainly from the bauxite ore mining of the adjacent area (Delphi — Distomo S. A.) as well as a smaller
amount imported from Africa (tropical bauxite). In the year 2006 the “Aluminium of Greece S.A
[AtE]” consumed more than 1,760,000 tones bauxite.

Use of limestones for the production of CaQ: The company uses yearly more than 125.000 tones
of limestones (production of ~62,000 tones/year lime).

Energy resources: Table 2 gives a breakdown of the energy required from the “Aluminum of Greece
S. A. [AtE]” to produce aluminum. The energy for mining and refining comes from fossil fuels.
Crude oil is used also by the Beyer process (refining the ore) as well as by the Hall-Herout process
(smelting). From Table 2 it can be seen, that smelting consumes ~90% of the total electric power.
The company obtains the energy required from the National Energy Network of Greece in a tariff
significant lower than this of the normal electricity consumer.. The sources covering the electricity
requirements of the “Aluminium of Greece S. A. [AtE] are showing in Table 3.

Fresh water use: Water is commonly used throughout the aluminum industry for cooling, clearing
and dissolving purposes. The “Aluminum of Greece S. A. [AtE]” consumed in the year 2006
~4,000,000 m*water to cover the industrial requirements and 225,000 m? as potable water. The com-
pany gains this water quantity through exploitation of the ground water of the area.

Byproducts:

Climate gases emissions: The “Aluminum of Greece S. A. [AtE]” produces as byproducts climate
gases emissions. The annual emission of CO, is more than 1.000.000 tons. The emission of CF, is
~8.2 t/y (CO, equivalent ~53.300 t/y), ~0.05 kgr/t Al and of C,F ~0.8 t/y (CO, equivalent ~7,500
t/y), ~0.005 kgr/t Al.

SO, emissions: The total SO, emission reaches~16,000 t/y, having as the main source the bad qual-
ity of crude oil, which contain ~2.7 - 3.00 % S.
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Table 2. Energy required for the production of Aluminum of the “Aluminum of Greece S. A. [AtE]”.

Electrical energy | Thermal energy | Thermal energy
MWH/year Crude oil Diesel
t/year m’/y
Mining and transportation of bauxite ~480
Refining ore (Bayer process) ~200,000 ~250
Smelting (Hall-Herout process) ~2.300,000 ~231456
Electrolysis [2.200.000 MWH/year]
Other [115.000 MWH/year]
General requirements ~10,000
Total ~2,500,000 ~231456 ~730

Table 3. Sources covered the electricity requirements of the “Aluminum of Greece S. A. [AtE]”.

Total electrical energy required ~2.500.000 MWH/year
Covered by: Coal burning (lignite) 50%

Hydropower 50%

Renewable energy sources 0%

NOx emissions: The total NOx emission reaches ~1390 t/y, having as source the thermal energy re-
sources.

Fluoride emissions: The total (gaseous and particulate) emissions of fluoride from primary alumina
electrolysis plants of the company “Aluminum of Greece S. A. [AtE]” reaches ~270 t/y, making
1.65 kgr/t Al. Measurements carried out from the company in atmospheric particles show the pres-
ence of fluoride in distances more than 8 km from the industry. Indicative values of fluoride in the
atmospheric particles are following:

0-2 km distance from the industry ~800 pg/week,
2-4 km distance from the industry ~80 pg/week,
4-6 km distance from the industry ~27 ug/week,
6-8 km distance from the industry ~20 pg/week,

>8 km distance from the industry ~8 ug/week.

Benz (a) Pyrene emissions (BaP emissions): From the industry an important quantity of PAHs (Pol-
yAromativHydrocarbons) is emitted in the atmosphere. Measurements carried out from the company
in atmospheric particles show concentrations of total PAHs fluctuating from 5 -9 mg//m? (measure-
ments of 2006). Data available for Benz (a) Pyrene emissions of the company “Aluminum of Greece
S. A.[AtE]”, show concentration from 0.05 — 0.5 mg/m®. PAHs and Benz (a) Pyrene are emitted in
the atmosphere by paste plants, anode plants and primary smelters.

Bauxite residue deposited: The bauxite residue materials are defined as the materials remaining after
the extraction of the alumina. It has a brown red color and a mud texture. The “Aluminum of Greece
S. A. [AtE]” company produces an amount of approx. 700,000 t/y of this byproduct. All these
amounts of red mud are canalized to the sea in a depth of 110 m and a distance from the coastline
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of 2.200 m. In the red mud discharge area the submarine topography is totally changed. A number
of six lobes on the shelf area are formed with an elevation from 7 m to 37 m. Through gravity mass
movements a part of these deposits are moved to the deeper zone of the marine area (depths of 700
— 800 m). Indicative chemical composition of the red mud is showing below.

Fe,0, 40-46 % Sio, 712 %
ALO, 14-25 % Na,0 2227 %
Ca0 8-14 % TiO, 6.0 %

The area covered from the red mud shows high heavy metals concentration. Using as reference sam-
ple a pre-industrial sample of a core of the red mud area the enrichment factor of some heavy met-
als is calculated. The enrichment factor for Cr is 44, for cobalt 11, for Ni 29, for As 64 and for Pb
25 Data stem from a report of the“Aluminum of Greece S. A. [AtE]”, based on studies carried out
from the Hellenic Center of Marine Research (HCMR).

Spent pot lining and Hazardous waste deposited: The quantity of spent pot linings from electroly-
sis pot rooms deposited after removal of materials for reuse and recycling reaches 104.244 t/y, the
amount of hazardous wastes deposited reaches 12.212 t/y (year 2006).

5.2 Social environment

The “Aluminum of Greece S. A. [AtE]” gives in its report (Aluminum of Greece S. A. [AtE], 2007)
the information that provide a safe workplace for employees and gives emphasis on the prevention
of accidents in the workplace. However no data are available for the Lost Time Incident (LTT), the
number of lost time accidents, the fatalities and the employee exposure and health assessment.

6. Bauxites exploitation viewed under the sustainability framework

6.1 The European programme of Aluminium for Future Generations -
The “Sustainable Development Indicators (SDI)”

The interest groups related to bauxite exploitation have to be committed to navigate all their activ-
ities following the general principle of the sustainability, i.e. “meeting the needs of the present, with-
out compromising the ability of future generations to meet their own needs”. This means meeting
the needs of modern society by

» taking seriously into account that bauxite ore resources and energy resources used, are not re-
newable and fresh water quantity is limited,

* reducing the environmental impact,

* demonstrating social responsibility towards employees, customers, local communities and
society as a whole.

The European Aluminium Association (EAA) and its member companies, through the Aluminium
for Future Generations programme, developed 34 measurable “Sustainable Development Indicators
(SDI)” to be systematically tracked and transparently reported by the European aluminium indus-
tries, on a dynamical process and a future pathway towards sustainability. Sustainability is more
than just an initiative it is a philosophy that have to run right through the industry influencing every
activity and decision.

Shortly to mention the 34 measurable “Sustainable Development Indicators (SDI)” are related to the

XLII, No 5 —2432



-production [SDI 01.Total Production Alumina], -policy and management efforts (SDI 02. Sustain-
ability mission statement; SDI 03.Plant certification, (ISO 14000, OSHAS, etc)], -competitiveness
[SDI 04 Aluminium use per capita; SDI 05. R&D expenditure (R&D investment/year); SDI 06
R&D persons employed; SDI 07 Value added], -revenues and investments [SDI 08 Total revenue;
SDI 09 Capital investments], -employee development and relations [SDI 10 Training performance
(~hours for job training/person/year); SDI 11 Wage level; SDI 12 Total number of employees], -
community relations [SDI 13 Community expenditure (for social, cultural, sports, and others); SDI
14 Community dialogue; SDI 15 Community health initiatives], -health and safety [SDI 16 Lost
time incident rate (lost time accidents), SDI 17 Total recordable incident rate; SDI 18 Fatalities; SDI
19 Severity rate; SDI 20 Employee exposure and health assessment], -resource use at global level
[SDI 21 Bauxite area mined; SDI 22 Mine rehabilitation rate], -resource use at european level [SDI
23 Energy consumption (electric energy/tonne of product in kWh), (other energy/tonne of product
in MJoule); SDI 24 Renewable electric energy in %; SDI 25 Fresh water use (m*/tonne of product)],
-emissions [SDI 26 Climate gases emissions (in kilogram of CO, equivalent per tonne produced);
SDI 27 Fluoride emissions. (in kilogram per tonne produced); SDI 28 BaP emissions (Benz a pyrene
emissions/tonne produced); SDI 29 Bauxite residue deposited (kgr/tonne of alumina produced); SDI
30 Spent pot lining and Hazardous waste deposited (kgr/tonne of alumina produced), product life
cycle [SDI 31 Use phase; SDI 32 Aluminium recycling; SDI 33 Life Cycle; SDI 34Recycling ma-
terial flow].

6.2 The Greek programme of Aluminium for Future Generations -
The “Sustainable Development Indicators (SDI)”

The only one aluminum company in Greece, the “Aluminum of Greece S. A. [AtE]” produces
~750,000 tons per year alumina [SDI 01], while the European total production (in 2005) reached the
amount of 6.786.000 tons. 50% of the produced aluminum and 20-25 % of aluminum products are
exported mainly in Europe. Unknown are the policy and management efforts of the company related
to the sustainability mission statement of the company [SDI 02] and the plant certification, (ISO
14000, OSHAS, etc [SDI 03]).

The competitiveness indicators for the “Aluminum of Greece S. A. [AtE]” show 15,5 kg aluminium
per capita [SDI 04], while for Europe the indicator is 24,2 kg/person, No data are found about the
R&D expenditure (Research &Development investment/year) [SDI 05], R&D persons employed
[SDI 06], Value added [SDI 07]. No data are found about revenues and investments [SDI 08], [SDI
09], employee development and relations [SDI 10], [SDI 11], [SDI 12], community relations [SDI
13], [SDI 14], [SDI 15], health and safety [SDI 16], [SDI 17], [SDI 18], [SDI 19] [SDI 20], resource
use at global level [SDI 21], [SDI 22]. In the above mentioned “Sustainable Development Indica-
tors” [SDI] we can add the total number of employees [SDI 12] reaching ~1000 persons.

Some important “Sustainable Development Indicators” [SDI] are calculated from the author for the
production activities of the “Aluminum of Greece S. A. [AtE]”, related to resource use at European
level and the emissions (Table 4). The electric energy consumption in kWh per ton of product [SDI
23] reaches the value of 14.706 kWh (for Europe 804.7 kWh, data for 2005). The calculation of the
production of primary aluminum of 170,000 tons/year is taken into account. No renewable electric
energy is used from the company [SDI 24]. The fresh water used (m*/tonne of product) [SDI 25]
reaches the value of 23.5 m*/tonne of product (for Europe is 12.7 m*tonne of product, data for 2005).

For the emissions the “Sustainable Development Indicator” [SDI] for the climate gases emissions
is calculated (in kilogram of CO, equivalent per ton produced) [SDI 26]. The 1,000,000 tones of CO,
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Table 4. Sustainable Development Indicators of the European Aluminium Industry.

SDI Nr “Sustainable De.velzlopment Ir.ld'%cators” [SDI] Europe | AtE
European Aluminium Association 2005
RESOURCE USE AT EUROPEAN LEVEL 804.7 14,706

SDI 23 | Energy consumption (electric energy/tone of product in kWh) 457 | 0%

SDI 24 | Renewable electric energy in % 127 | 235

SDI 25 | Fresh water use (m*tonne of product)

EMISSIONS
SDI26 | Climate gases emissions (in kilogram of CO2 equivalent per tone pro-

duced) 134 | 5294
SDI 27 | Fluoride emissions. (in kilogram per tone produced) 096 | 1.65
SDI 28 | BaP emissions (Benz a pyrene emissions kgr /tone produced) 1.11 -
SDI29 | Bauxite residue deposited (kgr/tone of alumina produced) 706 | ~800
SDI30 | Spent pot lining and Hazardous waste deposited (kgr/tonne of alumina

produced) 128 | 154

Source: European Aluminium Association: Sustainability of the European Aluminium Industry 2006

corresponds, according to US Environmental Protection Agency (http://www.epa. gov/RDEE/en-
ergy-resources/calculator.html) to approximately 900.000 CO, equivalent and gives the SDI 26 in-
dicator ~5.300 kilograms of CO, equivalent per ton produced. The European middle value is 134
kilograms of CO, equivalent per ton produced (Table 4). The fluoride emissions indicator [SDI 27]
is calculated in 1,65 kilograms per tone produced (the European middle value is 0.96 kilograms per
tone produced). No significant data were available for the Benz-a-pyrene (BaP) emissions indica-
tor [SDI 28].

The bauxite residue deposited indicator [SDI 29] is ~800 kgr/tonne of alumina produced (the Euro-
pean middle value is 706 kilograms per tone produced). The spent pot lining and hazardous waste
deposited indicator [SDI 30] is calculated in 15.4 kgr/tone of alumina produced (the European mid-
dle value is 12.8 kilograms per tone produced).

No data are found for the product life cycle, use phase [SDI 31], aluminium recycling [SDI 32], life
cycle [SDI 33] and recycling material flow [SDI 34].

6.3 A plan for the aluminum industry in Greece based on the sustainability
principles is needed

As it is mentioned above, at present time one company in Greece is activated in the elaboration of
bauxite, the “Aluminum of Greece S. A., [AtE]”. These activities are the driving forces (D) acting
as pressures (P) for the environment. Space is needed, non renewable mineral resources as well as
energy resources and big amounts of fresh water are used. These activities release significant amount
of byproducts in the environment. All these pressures are the factors changing the state (S) of the en-
vironment, impacting (I) the human society. The changes in the state of the environment and the
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impacts on the human society trigger responses (R). Authorities, investors, citizens groups, non gov-
ernmental organizations (NGOs), scientists, called together “stakeholders” have to establish a com-
mon language to plan, to meet decisions and measures. The “Sustainable Development Indicators”
[SDI] shown in Table 4 indicate that the company has to change exploitation and elaboration prac-
tices in order to converge the company SDIs towards the European SDIs.

A reorientation of the development priorities and the progressively application of the sustainability
principles gain importance in this procedure. The spiral D-P-S-I-R scheme is a logical tool to be ap-
plied. The only question remaining open is if the greek society is mature to participate in those pro-
cedures.

The companies, mainly the “Aluminum of Greece S. A., [AtE]” and the public authorities related to
the mining and industrialization of bauxites have not any plans and any politicies for the manage-
ment of the unrenewable resources. For the protection of the environment no important measures are
undertaken. The public services in local, regional and central levels are totally manipulated from the
industry interest group. The scientific community of the most of the public services, research cen-
ters, universities, generally does not react to this situation. And if some scientists try to search the
state of the environment in the area near the industry activity, the entrance in the industry field is for-
bidden (research team from the University of Patras). Even worse is the situation for researchers from
the Hellenic Center of Marine Research (HCMR), who announce results of their measurements
(Anagnostou & Hatjianestis, 2009). They are confronted with justiciable measures from the com-
pany, carrying out this procedure in “harmonical” collaboration with directors of the Research Cen-
ter. Small citizen groups and initiatives as well as Non Governmental Organizations are the only
“healthy” part of the greek society.

The company spends efforts for communication with local communities and authorities and some
money to gain a positive resonance from the local community with expenditures for social, cultural,
sports and other community activities and to form also a citizen revetment against the pressure of
the Non Governmental Organizations and the citizen initiatives.

7.The way out

The educational and scientific research communities have to find the way first to emancipate them-
selves and then to play the leading role for the society, which is permanently in crisis (economical,
societal, cultural). Managing the environment is not simple. Managing the natural resources, pro-
tecting the function of the nature, giving priority to the biodiversity, solving the survival problems
of many human communities, all these are questions waiting for answers. Integration and partici-
pation are showing the way out.
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Abstract

Greece'’s geology favours a potent and dynamic use of mineral resources, which became a major in-
centive of the country’s mining business, and economic and social growth. Among the Non-Energy
Metallic Minerals (NEMM) commodities, base and precious metals, in particular copper and gold,
is becoming an increasingly important and rapidly growing target of the mining industry. In the re-
gion of central Macedonia, where most of their deposits are hosted, the NEMM occur in a wide
range of genetic types related to Alpine orogenic and subduction related ore forming processes ex-
tending from Mesozoic to Cenozoic times, and culminating during the Tertiary (Arvanitidis and
Amov, 2006). From the global metallogenetic point of view the post-Alpine Tertiary geodynamic
systems in SE Europe are potential in producing high-grade ore deposits of base and precious metal
sulphide minerals. The classification of NEMM mineralizations to specific genetic types, along with
the geological knowledge available, is contributing (a) to more efficient exploration and prospect
evaluation (b) to safer assessment of ore potential and economic perspectives (c) to rational man-
agement of resource production, and (d) in applying sustainable development practices.

1. Introduction

This paper focuses on the NEMM of central Macedonia in northern Greece (Diakakis and Stephanidis,
1994) using new metallogenetic aspects for implementing low-risk exploration campaigns, reducing
environmental footprints and securing sustainable supply and use of commodities (Arvanitidis, 2003).

2. Regional Geology and Mineralizations

The sulphide mineral deposits in Greece are mainly located, in the Rhodope and Serbomacedonian
zones. The western and central parts of the Rhodope zone consist mainly of Paleozoic high-meta-
morphic rocks, but its eastern part is dominated by Tertiary volcanics. The Tertiary volcanic belt ex-
tends through the northern Mediterranean, Romania, Bulgaria, Greece, Turkey and Iran and is
characterized by subduction — related intermediate to felsic volcanics (Jankovic et al., 1980; Hein-
rich and Neubauer, 2002) (Fig. 1). The belt hosts numerous vein — type (e.g. Kirki, Madjarovo) and
stratiform (e.g. Essimi) Pb — Zn sulphide mineralisations as well as epithermal gold (e.g. Konos,
Perama; Michael et al., 1995; Voudouris et al., 2007) and porphyry copper deposits (Frei, 1995;
Tobey et al., 1998). The highly metamorphosed carbonate and silicate rocks to the west, contain
vein and massive sulphide replacement mineralisations, ranging from base metal (e.g. Thermes,
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Fig. 1: Regional geotectonic map of southeast Balkan showing the major metallogenetic belts and related min-
eralization types (European Goldfields Inc, pers. Com.).

Madam) to polymetallic (e.g. Farasino, Pangeo) compositions, and stratabound karst — related Pb —
Zn sulphide (e.g. Thassos) to manganese (e.g. Drama) deposits. The Serbomacedonian zone repre-
sents the accretionary back land beneath which the African plate was subducted. The zone is a com-
plex metamorphic terrain of schists, gneisses and marbles that are often mineralized and intruded by
Variscan granitic rocks. It trends NW, is some 500 km long, and is host to numerous deposits, in-
cluding Olympias and Stratoni polymetallic deposits, and Skouries and Pontokerasia, porphyry cop-
per in Greece, Sasa and Zletovo Pb — Zn deposits, and Bucim porphyry copper in the Former
Yugoslav Republic of Macedonia, as well as the Lece polympetallic deposit in Serbia — Montene-
gro. In the case of the polymetallic and/or Pb — Zn sulphide replacement deposits such as Olympias,
Stratoni and Madem Lakkos, they are controlled by a combination of the marble horizons, that con-
tain the carbonates which were replaced and the deep — seated faults developed as part of the crustal
re-working of the area and subsequent fluid movements along these. The porphyries are mainly part
of the Variscan volcanism. The Skouries deposit is a typical representative of sub-alkaline copper
porphyry forming a near-vertical pipe intruded into amphibolite and biotite schist country rock.

Genetic Types
NEMM mineralization in the region of central Macedonia comprises (Fig. 2).
Mesozoic mid-ocean types in terms of,

* Magmatic/ophiolites hosted chromite, Fe-