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Extetapévn EAnvikn [epidnyn

Ymv evomro ovty Ba Tapovclactel GLVOTTIKE 1 SOOKTOPIKN dStaTpPn,
dtvovtog ELeacT oTo amoTEAEGIOTA KOl 0T GLUUTEPACATA. TV opyn Oa meptypapel
10 TPOPAN O TOL KANONKE VO EMAVCEVTPOGEYYIOEL 1] EpYOGI0 VTN KO EV CLVEXELD TO
Bewpntikd vroPabpo kot M pebodoroyio Pacel TV omoiwv mpoceyyioTNKE TO
TPOPANUA, KaBDG Kot To AmOTEAEGHATO TNG LEAETNG.

1. Ewayoyn

Ta pé€taila kot ta LKA padlovoLKALdLa, Yvmotd o NORM, etvar dpbova oto
TePPAAAOV KOl Ol GUYKEVTIPADOGELS TOVG EEAPTOVTOL OO TN YEWAOYia TG mEpLoyns. Ot
OVYKEVTPMOELG OVTEC LTOPOVV VO LETARANOOOV AOY® Plopmyavik®y pacTnplotHTmy,
ommg n e£0pvén, n omoia ennpedlet To TEPPAALOV Oyl LOVO TOTKA (£30POG) HALA Kot
extetapéva (vddativo otkosvotnua). ['a tov Adyo avtd n Piroypagio ivar mhovcia
o€ UEAETEG TTOV APOPOVV GTNV EMOPACT] TOV UETAAL®Y AOY® TNG EKUETAAAELONG TOV
opvyeiov. Ao v GAAN TAELPE, N HEAETN TNG QPUVOIKNG POSIEVEPYELNG GTO OpVYEILN
elval omavioTEPT Kol E0TIOGUEVN Kuplwg G€ opuyeio avOpaka, pwsEOpov, ovpaviov,
neTpelaiov Kot xpucsov. Mia devtepn onuavtiky EAAENYT OV TapoTPEiTOL 6T d1Ebv
BiBroypapia, TEPQ amd TNV ATOLGI0 LEAETNG TG PLGIKNG PUSIEVEPYELNG GE KAOE TOHTO
opvyeiov, givor n amovcio peAEng g emPépuvons TV eE0PLKTIKMV SL0OIKAGLOV GTO
Bardooio mepBarlov.

Ta televtaio ypdvia mpaypatomoleiton pio moO OAOKANPOUEVN HEAETN OF
SAPOPOLG TVTTOVG OPVYEIDV OTTOL GLVOLALETAL 1| PLCTKY| PASIEVEPYELDL KO TO, LETOAALL
Kuplwg oto £6apog kot oe nuata. H emioyn tTov untpodv outdv — £34Qouvg Kot
Unuatov - dev etvan Tuyaia, aArd Baciletal 6t oK Tdom mov gpeavifovy OGO Ta
pETAALD OGO Kol TO. POdLOVOLKAISIN KOl TPOGPOPAOVIOL GTIG UNTPEG OVTES. QG €K
TOUTOV, TO NUOTO UTOPOVV VO YPNCYOTOOo0V Yo YMPIKEG KOl YPOVOAOYIKES
LEAETEG OTIG TEPLOYES EVOLAPEPOVTOG. Ot ypovoroyikég peréteg facilovion otnyv ¥prion
YPAKTNPIOTIKOV padtovovkdiov (?1°Pb, ¥7Cs) mpokeipévov vo avrictoymBel to
BaBog tov N uatog 6Tov TUPNVA e KATOL ¥POVIKT Ttepiodo. Me tov 1pdmo avtdv ot
TUPNVES WNHOTOS EYovV ypNnciomomBel EMTLYADS Y0l TOV VTOAOYIGHO TOV PLOLOV
Wnuatoyéveong, v ektignomn g HOALVONG Kol TNV OVOIKOSOUNGT 1GTOPIK®V
yeyovotemv emPdpouvong AOy® TG pakpoypdviag emidpacng Ttov  avlporivov
EPYOUCLOV.

Emmpocbétmg, 1 yopikn Kot 1 YPOVOAOYIKY UEAETN] TOV TEPOYDV OV
yopaxtnpilovior amd eE0puvkTIKEG dwodkacieg kobioTtotal €MTOKTIKY €WK GE
TEPUTAOCELS TOVGNG AELTOVPYIOG TOV OAUOKAGIOV aLT®V. META TN OAOKANP®OT TV
eEOPLKTIKAV O1EPYOCIDV Ol TEPAGTIEC EVATOUEIVACEG TOGOTNTES TMOV ATOPPLUUATOV
KO TOV EMNPEACUEVOV £00QDV (cLUTEPIAAUPAVOUEVOVY Kol TOV IKNUATOV), KaOOS Kot
N U 6ot SEPLoT VTMOV 03N YOLV 6TV VTTOPEN TNYDOV LOAVVON G Ko/1 EXOpAoNG
Tov  TEPPAAAOVTOS Y1O0L YPOVIKG OSLIGTAUATO 7OV  (TAVOLV KOl TIG YUMETIEG.
Svuminpopatikd agilel va onuemdel 6t Ta opuyeia edpalovtal Kovid 6e duvnTIKa
evaiocntec meployéc OmMG motdpo, Alpves kol mopdktieg {OVES, HOG KOl TO VYPO
otoyeio eivan avaykaio og dlepyacieg OTMS 0 SLYOPIGUOC TOL LETAAAEDLOTOG.

O eproyég eVOLPEPOVTOG TNG TOPOVGUG SIOUKTOPIKTG SLATPIPNG ApOopOovV GTIG
napdkTieg LOveg dVO KOpLoV eE0pLKTIKOV TTeploy®Vv ™G EALASOC, To XTpatdvt Kat To



Aavpro. Kat ot 000 meployég eivor yvootég yia Tig eE0pLKTIKES TOVG dPACTNPLOTNTEG
amd apyaloTATOV YPOVOV Kol TNV EKUETAALELOT TV opvkT®V PBG (oc1dnpomupitn,
oc@aAepitn kot yaAnvitn). Ot diepyacieg e£0pvéng otnv Tpmd@TN TTEPLOYT Gvve)ilovTal
KOO KOL GNUEPD, EVA GTT OEVLTEPN EYOLV TaGEL £0M Kot 30 ypodvia mepimov (apyég
¢ dekaetiog Tov 1980). Kot 6Tig 000 TEPMTOGEIS VIPYE COANVOS OLOYETELONG TOV
amopplupdTov enimievone oto BaAddooio mepifdArov kabmg kot evamdbeon ToV
OTEPEMV AMOPPIUUATOV TNG EE0PVKTIKTG dlepyaciog o€ ddpopa onueia TG xepoaiog
TEPLOYNG KO KaTd pKog Tov yertvialovtov notapmv (Stamatis et al. 2001; Kelepertsis
et al. 2006; Alexakis 2011; Charalampides et al. 2013). EmutAéov, o KoAmog g
Iepiocov, o6mov PBpioketar 10 Xtpatdvi, OTmG Kot to Aavplo givor yvootd yuo
dpacTNPOTNTEG OMWS TO YAPEUO KOl O TOVPIGHOC, EVD Ol KOTOIKNGIUEG TEPLOYES
eopalovtal Kovid TG EE0PVKTIKEG EYKATAGTAGELS 1 OTO LETAAAEVTIKG OTOPPILLLLOTOL.
Eivat yopakpiotikn n mepintmon g meployns Tov Aovpiov, 6Tov 0AOKANPT 1) TOAN
éxel ytiobel ko avoamtvyBel emdvo oe «Bovvdy amoPPIUUATOV TG €E0PVKTIKNG
ddwaciog.

Me Baon t Pphoypagic n perétn tov 600 €£OPLKTIKOV TEPOYDV EXEL
npaypatoronfel katd kOplo Adyo 6To ¥epcaio KOUUATL Tov TePPEAlovTog (€00¢pog
KoL TOTAULN), EVO EAAYIGTN TANpoPopia glval YVOGTN Yo TO TOPAKTIO Kot BOAAGG10
tuqua. H meproyn tov Aavpiov €xet pekemBet oe faBog petd v eykatdreyn tov
e€OPLKTIKOV  SodKaCIDV, €V 1 TEPLOYN TOL XTpatwviov €xet  pehetnOel
TEPIOTAGLOKA Kot 6TOpadikd. TOco oty mepintwon twv EAANVIKOV opuyeiwv 660 Kot
TOV VTOAOITOV TyKOSUIWS, 1 LEAETN TG EMPAPLVONG TOV OVTA TPOKAALOVV APOPdL
Kuplog oto pHéTaAla Kot dev Aappdvel vrdy T LKA padlovoLKAIdIL To. omoia
EUTMEPLEYOVTOL OTIG TOCOTNTES TOV UETOALEVTIKMOV OTOPPUYLUATOV, OTTMG AvapEpOnKe
napandve. Ev katokAieiol, kivntpo g ddaktopikng datpiPng Nrav va avomtuydel
pio peBoooroyio yio t perémn mopdktiov meploydv (1 Boracciov meptPdArovtog
YEVIKOTEPQL) OGOV 0POPE GE CLYKEVIPMOOELS LETOAAMV KOl QLUGIKMOV PASIOVOVKALIIWV.
Avtikelpevikol 6tdyol ¢ epyaciog frov TOG0 N YWPK OGO Kol 1) YPOVOAOYIKT LEAETN
TEPLOYDV OV YELTVIALOVV [Ee 0pvYEin, 0ol omoiol Kvouviav 6e Tpelg AEoveg: (o) Tov
VTOAOYIGUO TNG O0GTTOPAS TOV PLGIKMV POOLOVOLVKALSI®Y 610 BaAdooio teptBdAiov,
(B) TV 1ot0op1Kn avolkodOunon g avlpomoyevovg dpacTnplOTNTAG TG TEPLOYNG KoL
(y) Vv extipnon g HeTAAMKNG Kot padloAoyikne emBdpovvons oto Baidooio (Kot
TOPAKTIO) TEPPAALOV.

2. OzopnTiko vaofadpo

Ot GLYKEVTIPAOGELS TOV PAOIOVOVKAII®MV KOl TOV HETAAA®V HETPHONKAV HECH
eoopotookomiog yaupo xot eBopioyetpiog aktivov X. Ot peBodoroyieg avtég
Bacilovtar omv aAdnAemidpacn TV oktiveov youpo kot X pe v VAN Kot v
aviYVeLoT AVTAOV LE TO KATOAANAO aviyveuTikd cvotuo. H ekmoum aktiveov ydupo
etvar mopnvikng @vcemc, cvpPaivel dtav €vog moupnvag yaver v mAgovalovca
evépyela di€yepong Kot cuvnmg N aktTvoBoiia yappo akolovbel Tig depyacieg ™G
amodlEyepong GApa kot PIto OT®G OTIS TEPUITAOCELS TOV (QUOIKAOV POUSIEVEPYDV
oelpov. Katd v ekmouny] aktiveov yappo o mopnvog LETOmITTEL omd o Steyeppuévn
KOTAOTOON G€ 0 KOTACTAON YOUUNAOTEPNG EVEPYEWS KOL 1 EVEPYELNKT] SL0pOPA
petald tov 000 KATAoTACE®V omeAevbepdvetal pe T Hopen ¢otoviov. H



aKTIVOBOALD YA aviyVEDLETAL AOY® TG OAANAETIOPACNC TNG LE TNV VAN HECH TOV
POTONAEKTPIKOD POVOUEVOL, TOV Qoatvopévovr Compton kot Tng didvung yEveong.

H axtivoforio X eivor atopukng ¢vcewmg kol opeiletal oty avadldtaln Tov
OTOUKOV MAEKTPpOVI®V Tov  akoAovBobv  @ovopeva GOAANYNG MAEKTPOVI®V,
E0MTEPIKNG UETATPOMNG 1 OTOUIKNG OEYEPONG HE TEYVNTO TPOTO OTMC OECHES
QOPTIGUEVOV COUATIOIMV DYMANG evépyetog N 0éopeg aktivav X. Kotd ) ddpkeia
TETOL®V POVOUEVAOV KATOL0 MAEKTPOVIO OMOKTH KIVNTIKY EVEPYELD, OTOOEGUEVETOL
Ao TN KatdoToon (oTolPddn) EAAYIOTNG EVEPYELNG TTOV PPIoKETOL KOl APTVEL ol KEVN
0éom oV oTo1Pada. X1 cLVEKELD, KATO0 NAEKTPOVIO avAdTEPTG 0TAOUNG Bl Kivn el
0€ KOTOOTAGELS YOUNAOTEPNG EVEPYELNG TPOKEIUEVOL VO KOADWEL TNV Kevh Béom
exnéunmovrag £tol oktiveg X. H oaxktwvoforion X umopel vo aviyvevBel péocm g
OAANAETIOPAGNG TNG KE TNV VAT, LE TO POTONAEKTPIKO POIVOLEVO KOL TO POIVOUEVO
Compton.

[Tpokeévov va extiunbel to eminedo tng poOAvvong 660 aeopd ota LETAAAN
Exouv dtapopembel diapopot deikteg OTmg To Poptio poivveng (Pollution Load Index
(PLI) kot 0 dgiktng epumhovticpod (Enrichment Factor (EF)), ot omoiotl emhéyOnkav kot
omv egpyacia oavt). Kdartt avtictoryo dev vmépyer 6060 a@opd oTo QLGIKA
PadLOVOLKAISI KAOMDG Kot GTIG TEYVNTA EMOVENUEVEG CLUYKEVTIPAOGELS AVTAOV AOY® TOV
avOporoyevav dpactnpotitov. [lap’ 6la tavta 6e ovt) ™ dbakTopKn daTpipn
eMAEYOM KAV G TpoceyyioelS 1 cLYKPLON He pia Teployn mov Bempeitat avemnpEaotn
amo TS ovVOPAOTIVEG dPASTNPLOTNTES, KAOMDS KOl 1| GUYKPLIOT| LLE TOV TOYKOGUIO UEGO
OpO GLYKEVIPDGEMV TOV QUOIKAOV PAdIOVOLKAMOIMV, TPOKEWEVOL va ekTiundetl o
EUTAOVTICUOG G PLGIKA padtovovkAidta. Emiong, ypnoponombnke kot 1o Aoyiopuxo
ERICA yo tov vmoAoytopd g padievepyod 66ong og Eufia - un avlpomvo — dvia
(BA. mo kGt vrokepdiaio 3).

‘Eva. A0 onuovtikd KOUUATL TG €PYAciag MTavV 1 YPOVIKY OvadOUNsN NG
avOpomvng enidpacns otig mePLoyEg evolapépovtog. ' tov Adyo owvtodv Mrav
avaykoio n ¥povordynon tov mupnvev 1KHOTOG, EVVOMVTOS TNV OVTIGTOIYN oY TOV
BaBovg wWnuotog pe Kdamoiwo ypovikn mepiodo. H ypovoldoynom pmopel va
npaypatorombel pe ) ypMomn padlovoukAdimv mov vrdpyovv 610 TEPPariov gite
Puokdv (m.y. 2%Pb) site teyvtav (F'Cs). Yrdpyovv Stdpopa padiovovkAidia mov
YPNOUOTOIOVVTOL GE EPUPLOYES YPOVOALOYNOTNG, Ol SLUPOPETIKOT Ypdvol NUmNS TOVG
opwg 1o kabotodv  katdAAnAa Yo Bpoyvmpdbecpeg M pokpompdOeceg
YPOVOAOYNGELS, O1 OTOiEg UTOPOVYV v KOUOEVOVTOL atd YPOVIKES TEPLOSOVS NUEPDV
puéExpt Kot moAAdV ypdvav. Mia dAAN mpocéyyion mov viobetOnke otnv mapovoa
gpyacio oy n xpNnon TS OTATICTIKNG TPOKELEVOL VO avadELBoHV TUXOV CLGYETIGELS
petalld padlovoukAdimv, HETAAA®MY Kot GAA®DV TOPAUETP®V OTMG 1] KOKKOUETPIO.

3. Koowoag ERICA

O xwowkag ERICA Baciomke otov kmdtka MCNP (MCNP4C) étolr dote va
TEPAAUPAVEL KOl VO TPOGOUOIMVEL KATO1EG PAGIKES 10€UTEC YEWUETPiES EUPLOV OVI®OV
KOl TIC OAANAETIOPACELS TOV aKTIVOPBOMOV GApa, PTo Kot YAUpa péoa 1 yop® omod
avtd. Me tov kodwko ERICA vrmoloyiloviar pe ocvuvinpnrtikd tpdémo ot pvOuoi
paodlEVEPYOD dO0NG TV EUPLOV - UN avOpOTIVOV — OPYOVIGUAOV KOl VO, GUYKPIvOvTOL
pe kdmowo Opro mov €£yovv viobetnoel Oebveic opyavicpoi Kot apopodv o1
POSOTPOCTACiO TV EUPLOV OpYaVIGU®VY Kol ToV Tepifdriovtog yevikotepo, (Brown



et al. 2008). Xtov vmoloyioud TtV puOudv dd6ce®V Aapfdvoviar VIOYY HOVO ot
aKTIVOPOAlEG GAQa, Prta Kol YAUUO, Ol OToieg £Y0VV JSOPOPETIKOVS GUVIEAECTEC
BapvnTag 6TOV LITOAOYIGUO TNG 0OGNGS, Ta SLAPOPa. 6TAd N {ONG EVOS 0pYOVIGHOD (TT.Y.
Y0, EVAAKOG OPYOVIGHOC), 01 01dpopeg LopPég Comg (.. {da, pUTA), TO GYNUO TOV
0PYOVIGLOV, N LAl TOL 0PYAVICUOD Kol TO SLAPOPO. €101 OIKOGLGTNUATOV OTTOV oLV
ot opyoviocpoi. Emiong, otov vmoloyiopd tomv padlevepy®v d0cemv Aapfdvovtol
VIOYV TOGO 01 UNTPIKOT TLPTVES OGO Kal 01 Buyatpikol, GtV TEPITTWST TOL 01 YPSHVOL
nuong tov dedTtepv eivar pikpdtepol TV déka Muepmv. Ot eEl0DGEG TTOV
TEPLYPAPOVY TOV EGMTEPIKO Kot eEMTEPIKO pLOUO dOoMG GE Evav opyavioud givar ot
edng:

Dy, = Z(Z EYip, (E)+| NV(E)quV(E)dE] (E&. 1)

D, = Z(Z EY,(1-, (E) + | NV(E)E(l—cov(E))dEj (EE. 2)

omov,

V AVOPEPETOL GTO LAPOPETIKO £100G TG akTvoPorias (GApa, younAng evépyestog frita,
VYNNG evépyelng Prita, eotovia), Ei avagpépetor omnv evépyslo amodtéyepong Tov
gkdotote podtovovkidiov (MeV), Yi avagépetar oto mAnboc TV Slokpitdv
EKTEUTOUEVOV EVEPYEIDV v amodiéyepon (amodiéyepon™), NW(E) avagpépetonr 610
EVEPYELOKO (QAGHO EVOGM VIAPYEL GLVEYNG ekmoumy aktivoBoliog (amodiéyepon™
MeV?Y) ko @u(E) avagépetor 6ty mocoTNTo TG EVATOTIOEUEVIC EVEPYEING GTOV
0pYOVIGUO.

Evtovtotig, Onmg pumopet va £ytve coQEg omd TNV TopATEvVe GUVOTTIKY TEPLYPAPN
tov KMdtKa ERICA, éyovv eloayBel moAAEG TaPAdOYEC GTOV KMIKO OGOV apopd OTIG
10€0TEC TPOGOUOIMUEVES YEWMUETPIEG, 0N 00N TV TOPAYOUEVOV PadIOVOLKASI®V,
OTO.  YPNOUOTOIOVUEVO  PadIOVOLKAIOIL  AapBdvovtog vrdywy v padlevepyo
GOPPOTiOL KOl TO EVOOUOTOUEVO TEPOAUATIKE Oedopéva. AOY® TV TOAADV
TAPUdOY®V aVTOV, KPpinke oKOTPO vo SOKIHOCTOVV GTNV TopoLGO epyacio ot
kodtkeg MCNP (MCNP-CP/MCNPX) kot ERICA og éva vmobetikd cevapro. H
ovpeovia petald Tmv 600 KOTKOV NTav IKOVOTOMTIKY — VIO 8% Y10 TOV E0MTEPIKO
pLOud d6omg Kol evtog 12% yo tov eEmTePkd pLOUO SOOMG- Yo TOV EAEYYO T®V
KOOIK®V 610 amAd vrofeTikd ocevdplo €vOG GOPOIPIKOV TEANYIKOD WOPLOV TOL
eEeTOoTNKE.

Emiong, o kmdwag ERICA éyet tn duvatdtnto vo EKTYUNGEL TIG GUYKEVIPDOGELS
padievépyelag o Odpopeg uNTpeg (. vepd, WNUHOTA) YPNOYOTOIDOVTAS OTAL
povtéda Olacmopds padtovoukAdiov Paciopéva oe  gpyacieg tov  Atebvoig
Opyaviopob Atopuknc Evépyeiag (IAEA, 2001). Avtd ta povtéda gival cuvTnpnTikd
Kot £(0VV oXeOAOTEL DOTE VO EKTYLOVV TIG GLYKEVIPADGELS TOV POSIOVOVKALS WV GTNV
ATULOGPALPO KOL TO VOATIVO OUKOGVGTI LA, TTPOKELLEVOL 01 EKTILMWEVOL pLOLOT 0OGEDV
VO UMV VTOEKTILOVV TV TPAYLATIKOTNTA TAVE® amd Eva mopdyovto tov 10. To poviéla
JOTOPAG EKTLLOVV TIG GLYKEVIPADGELG PASIEVEPYELNG GTO VEPO 1] TOV AEPQ, BEMPDOVTOG
pio. CNUEWKN TTNY CLUVEXOVS EKQOPTMONG Kot Ml EXKPATNON 1ooppomiog N nui-
16oppomiag HETOED TV OMEAEVOEPOVUEVOV PASIOVOVKMIIOV KOl TOV GTOLEIDV TOV
nepifdrrovtog. Ta dobéotpa poviéda draomopdsg cvpnepiiappdvoov pkpn (< 400
km?) o peydin (>400 km?) Aipvn, ekBoAn motopod, ToTdp, mopditio {hv Kot oépa.



[Ipwv v evoopdtwon avtodv Tov poviédmv otov kmdtka ERICA, ta amotehéopatd
ToVG eEAEYYOMNKOV e Ta Snpocievpéva mopadelypata Tov epyacimv Tov IAEA.

4. Ilewpopoatikéc owataterg

O emheypéveg BOAAGTIEC TTEPLOYEG TOL €V AELTOVPYIO KOL TOV EYKOTOAEUUEVOL
opvyeiov Bpiokovtar otn Bopeta kat kevipikn EALGSa, 610 ZTpatdvi kot 6to Aavpio,
avtiotoiyws. Kat ot 600 meproyéc yapaktnpilovratl and dpactnprotntes e£06pvéng, amod
mv apyordtnto péxpt onuepa. Ta empavelokd deiypato Kot To SelypoTo TupnveV
wAuotog mov cLAAEYONKaV amd TG 000 TEPLOYEG WEAETNG, TPOETOYAGTNKOAY
KOTOAMA®G Yyl TNV HETPNOT TOL TOGOCTOL AUUOL-TAE®G, TNV UETPNOM NG
GLYKEVIPMOONG EVEPYOTNTOG KO TN UETPNOT TOV GLYKEVIPOGEMV LYVOCTOLEI®MV Kot
Bopéwv petdAAov 0Tmg Exovy meptypagel avaAivtikd adrob (Eleftheriou, 2014; Pappa
et al., 2016; Pappa et al., 2018). Ot peTpNoEIS PAGUOTOOKOTIOG YAULO YLO. TOV
VIOAOYICUO TOV GULYKEVIPMOEMY EVEPYOTNTOS TPOYULOTOTOMONKAY KLpimwg O©TO
EMnvicd Kévtpo Oaloooiov Epsuvvev (EAKE®E) kot oto EfBvikd Metoofio
[Tolvteyveio (EMII), evd ypnoomomOnioy Kot to epyactipla Tov Apiototereiov
[Movemotmuiov Oescarovikng (AIIO) kot Tov EOvikod Kévipov Epgvvag Duoikdv
Emompov (EKEDE) «Anuokpitogy. Amd v GAAn mievpd ot avoADGELS
KokKopeTpiag (mocootd  dppov-ilemc), tyvootoyeimv Kol KOPI®OV  GTOXEI®MV
npoypatoromdnkav ota gpyastpla tov EAKEG®E.

Ta Bacikd yopaKTNPIoTIKA TG TEWPAUATIKNG SIUTAENS PACLATOCKOTIOS YOO
eaivovtol 6to kAT oynua:

Aviyveotiig L I yY
o
IIpo-

EVIGYLTIG

Yymin
tdon

Ew. 1 Ta facikd yopoKTNpIoTIKA TOV OVIXVEVTIKOD GLGTHUATOS Gacuotookoniog yaupa (ADC:
LETATPOTENS GNULATOG 0vaA0YLKOD og Yynolakd, MCA: ToAuditavikog avaAvTig)

Ot TEpaPOTIKEG OATAEELS TV EPYOCTNPIMV GTO OO0 TPAYLLOTOTOMONKOY Ot
LLETPNGELG TOV GLYKEVIPMGEMV padlevépyelas aivovior oty Ek. 2:

o) H nepapatikn didtaén too EAKEGE B) H Bwpdxion tov aviyvevt tov EAKE®E



Q) H newpapotiky didraén tov of EKEOE 1) H 6wpdkion tov aviyvevr tov EKEDE

Ew. 2 To gpeuvntikd epyoactnplo, Tov YpNCIHonofnkay oty Topovco epyacio

[Tpv v pétpnon tov SerypdTov To aviyveuTikd cuatiuato Baduovoundnkoy
OGOV aQOPE GTNV EVEPYELNKN OLKPLITIKY KAVOTNTO KOl TNV amdALT omdO300N Yo
EKTETAUEVEG YEMUETPIEG LKPOV KoL HEYAAOV Oykov. ['a va kadlvgbet £va peydio pHépog
TOV EVEPYEOKOD EDPOVE YPNCILOTOMONKAY Ol EKTETAUEVES THYEC Tov 228U yia Tig
YapmAéc evépyetec, Tov P2EU o Tic pecaisg svépysiec kot tov K yio Tig vymhée
evépyeleg. Ot TapayOUeEVEG KOUTVUAEG ATOAVTNG amddoons dtopBmnkay emmAéov yia
(QOWVOUEVO TPAYUATIKAG COUTTMONG KOl £VOOOUTOPPOPNONG UEGHD TOL AOYIGUIKOD
EFFTRAN (Vidmar, 2005) mpokeévon vo, Tpoceyyicovuy TV ECOTEPIKN YEOUETPIa
(m.x. mokvétTTa) TV dyvootov detypdtov. H mocotikny avdivon tov detypdtov
TpaypaTonolEitol yeypokivnta péow tov Aoyiopikod SPECTRW (Kalfas et al., 2016).

[No ™ pétpnon tov petdAlov ypnoyoromdnke n eBopioipetpio axtivov X Kot
M TEWPAUATIKT] OLATOEN TTOL VAOTOMONKOV Ol LETPTOELS POAIVETOL GTO TOPOUKAT® GYNLLOL:



ANIXNEYTHE
LIINOIPIEMOY
Nal(T1)

ANAAOTTKOZ
METPHTHX POHZ

AEYTEPEYON
KATEYOYNTHPAX

BOHOHTIKOZX
KATEYOYNTHPAT

TENNHTPIA
AKTINON X

Ew. 3 To oyedidypappo tov pbopiciopetpov aktivov X (WDXRF PW-2400).

Ot kapmoreg Pabpovopnons mopacKELACTNKAY Yo TOV TPOGOIOPIGUO TV
KOplov otoyeiomv, Pacilopeves o éva PEYEAO GUVOAO TMIGTOMOMUEVOV LAMK®OV
avagopds. Emmiéov, epappoocmmkav Swopbdocelg untpag ywo  Pektioon g
axpiferog g pétpnong. Mia mopdpota dtadtkacio dSeEnydn yio Tov TpoGo1opIo o TmV
Y(VOGTOEI®V YPNOILOTOIDOVTAS TTPOTLTO. VAKE Kot Tto Aoywopkd Pro-Trace. To
Aoyiopikd mepthapfavet (o) Eva cuvoro amd 25 delypata eEAEyyov oty idwa yempetpio
pe to ayvoota mpog pétpnon oetyparta, (B) mpdtuma avapopds evog 1 TOAAATADY
otoyyelov, (y) olopBmoelg ovvieheotav eSacBévnong palog xor (8) €va €0pog
ovykevipaoemv 40 otoyyeiov petasy Be ko U. Kdbe éva amd ta 40 yyvootoyyeia
Babuovopeitar pepovopéva Evavit mepiocodtepov and 200 debvac motomompuévav
vAMkov avapopdc. H avéivon PBacileton oe gubeieg Pabuovounomng ovo onueiov
YPNOUOTOIOVTOS EVa TANOOC VAIKAOV e AmOTEAEGHLO TTOV YapakTNpileTor amd vyNnAn
akpipela. H mocotikomoinon tov cuyKevIpOGE®V TV HETOA®V KaBMOG Kol OAEG Ol
d10pHDOGELS TPOYUOTOTOLOVVTOL CVTOUOTOTOINUEVO LEG® TOL AoYlGHKoL Pro-Trace.



5.  Amoterhéopota ko Epunveia
2TpoTvi

Mo ™ ypovordynon tov mupivev 1KRHATOG EPAPUOGTNKOY T YPOVOAOYIKA
povtéha Pooi{opevo oto padiovovkAidia tov 2%Pb wkou tov B'Cs, pe ta omoia
vroAoyionkav ot pvBuol Wnuatoyéveong oy meployn Tov Xtpatwviov mg (0.26 £
0.06) cm y* ko (0.23 £ 0.01) cm Y1, avrictoiywc. Eniong, omv neproyf Tov KoAmov
¢ leprocov, eMyedncav 30 empaveloxkd detypato WKAUOTOC KOTd UHKOG TOV KOATOV
TPOKEWWEVOL  vo  peAetnBel 1 emidpaon TV avOpoOTIiVOV  HETAAAELTIK®OV
OPACTNPOTATOV GTNV TEPLOYN OGO APOPA GTIG CVYKEVIPMOELS TOV POUOIOVOVKAIII®MV
Kol TV LETAAM®V. Evdeiktikd Oa avapepBovv mo k4Tm Koot amd To amoTEAECUATO.
Ta delypata opyavodnkov pe Bdorn tig meployés dstypotoinyiog: (o) Kovtd oty
TPOPANTA POPTOEKPOPTMGNG GTNV TEPLOYN TOV XTPAT®VIoL, (B) 6T0 VITOAOUTO ApLdvi
TOV ZTPAT®VIOL, () 0TI UN TOPAKTIES TEPLOYES, oTa pEpata (8) Tov Kokkivoraxka
kat (&) tov Karatly Adkkov kot (01) oto Mpdvt g Iepiocov. Emmpocsbétmc, ta
OTOTEAEGLOTOL KOTTYOPLOTTO 0N KAV GTO YPAPNLATO LE BACT] TIG OLUPOPETIKEG UNTPEC:
(a) Baddooia Wnpata (umie), (B) nuota amd ) demaer 0dAaccas-oktg (GKoVpo
kitpwvo), (y) deiypato amd v maporio (kaes), (0) Whnata and tov mubuéva tov
pepdtov (okobpo mpdovo) kor (g) Wnuata amd v 0xOn tov moTapdV (avolKTo
TPAcvo). Ot GUYKEVIPAOGELS TV padiovoukMdiny e ceipdg tov 238U (24Th, 21%Pb,
226Ra) éyovv mg eENG:
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Ewk. 4 Ta anotelécporto Tng 6elpdc Tov 228U 660V apopd ota mopdictia kot ota un mapdktio, (STRS,
STRY) tufpoata tov KoArov g lepiocon. H cuykévipmon evepydtmtag tov 2#Th (dkhog), 22°Ra
(tptywvo) kor 2°Pb (tetplymvo) omekoviletol 610 MO MAV® YpAeNULe AAUPEVOVTIAC VIOV TIC
Sapopeg puntpeg (Baidooto WCnpato (pumhe), npota ond ) demopn OdAoccag-axtig (oKovpo
KiTpvo), detypato omd v mopaiia (kaes), inpata omd tov mduéva Twv pepdtwv (6Ko0po TPAGIVO)
Ko 1Gapato amd Ty oxon TV ToToU®V (avolKTO TPAGIVO).

v Ewodva 4 anstcovioviar ot cuykeviphoslg svepydmrag tov 22°Ra, 21%Pb
ko 24Th Yo OAec TIC TEPOYEC (TPOPANTOL POPTOEKPHPTMONC TOV TPATOVIOV, AUAVL
Yrpatoviov, péuata Kokkivoraxkka kot Kaiatln Adkkov kot Mpdvi Ilepiocov). Ot



OLYKEVTIPMOELG EVEPYOTNTOG TV TPOUVAPEPHEVT®V pad1oOVOLKAOIV KoV Koy amd
(10-100) Bq kg, (10-150) Bq kg™ xar (20-200) Bq kg, avtictoiyme. Ot péyioteg
GUYKEVTPMGELS evepyoTnTac Tov 22°Ra eMjpfnoav kovid oto Xtpatdvt (amoPddpa
(POPTOEKPOPTMOONG KL ALUAVL), EVA 01 EAGYIOTEG TAPOTPNONKOY KOVTIA GTO PEUO TOV
Kohratln Adxxov kot oto Apdave g Iepiocod (deiypo avagopds). Emiong, ot
OVYKEVIPMOELS evEPYOTNTOS TV Un Topdktiov dstypatov (STRE, STRI) Bpébnkav
070 1010 eminedo pe ekeiveg Tov AMpoviod ¢ [epiocon. Ot GUYKEVTPMOGELS EVEPYOTNTOG
0V ??°Ra 610 H0AGGG10 TVOUEVO NTOY TOPOUOIES [E EKEIVES GTNV GO THC ToPOaAiog
Kot 6T1G EKPOAES TV pERATOV. AVTI 1) TOPATHPNGT, VITOINADVEL OTL TOGO TO BOAICT10
0G0 Ko T0 YePcaio (TapdKTIo) HEPOS TOV ZTPAT®VIOV £Yovv ennpeactel e&icov amd
T1G €E0PVKTIKEG dpaoTnPLOTNTEG AOY® TG amdbeone towv amoPfintov. EmmAiéov, N
woyvpn oAANAemidpaon petald G aKTAg Kol TG TopaAiog eottiog ToV Koptkov
oLVONK®OV UTOPEL VoL 001 YNGE GE OLOYEVOTOINGT TV GLUYKEVIPMOGEMY GTIG OVTIGTOLYES
utpec. Ocov apopd otov mubuéva Tov AMpévo Tov XTtpatwviov, mopatnpnnke n
eAayoTn Ty Yoo Oha o padtovoukAidia mov efgTdotnkay e ospdc Tov 28U ot
0¢éon STRS, n onoia Bewpeitor Ty vroPddpov, Kabdg sivor Tapdpoa pe oLTH TOL
Mpéva g lepiocov (dsiypa avapopds). Ot Yauniés GLYKEVTIPMOGELS EVEPYOTNTAS TOV
vAkdv NORM 1ov delypatog STRS vrodeikviovy 61t to Bdpeto tpupa g amoPddpag
(POPTOEKPOPTMOONG, eV EMMNPEAGTNKE A0 TIS OpacTNPLOTNTEG EEOPLENS OTTMG TO VOTLO
e, Emmiéov, ot cuykeviphosic evepydmrog 22°Ra dev petaplidnioy onuavTikd
Katd pfkog tov notapiov detypdtov (STR10#, STR11  #) yeyovog mov vrodnimvet
TNV TOPOVGIL PUGIKAV SEPYACLOV UETAPOPES VAKOD. O1 GLYKEVTIPADGELS EVEPYOTNTOG
tov 2%Pb gppdvicav vymidtepec TéC amd exeive tov 2%Ra ota Seiyporo Tov
Boracciov TuOuéva Kot TV EKBOADY TOV PELLATOV, VO PpédnKav Tapdoteg - evtog
afeorodtnrag - pe TIg TYéC Tov 22°Ra otal Setypoto TG Gpov ™S mapadiog Kot TG
6xONG TV pepdtov. Ot vymidtepeg Tuég Tov 2%Pb 6e cuyKkpion e exetvec Tov *°Ra
mov mapatpnOnkav otov Baldoocio mubuéva kot otic eKPoAég TV PERATOV
VIodekVOoVVY deutepedovssg Tyéc 2OPb (m.y. atpoc@oipiky evomdfeon) eKTOC omd
™V OIapén Tov pMTpIKow padtovovkidiov (?°Ra). H ywpiky katovouy tov 24Th frav
TapOpoto. pe anTh Tov 22°Ra, evéd o1 vYMAOTEPES GLYKEVTPOGELS evepydTTaG TOL 234Th
o€ GUYKpLon pe eketvec Tov 225Ra, avadsticvhouy TV avicoppomio VIO TG GEIPAC TOV
28U {omg Myo m™c mo éviovng mpoopdenong tov Th ota iuote. Emopévac, ot
YOPIKEC KaTovopéc Tov 225Ra kot 24 Th cuvdéovtar pe TG EE0PUKTIKEG SPUsTNPIOTNTES
KOVTO GTO ALAVL TOV ZTPATOVIOV.

10
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Ew. 5 Ot ovykevipdoelg tov yvootoryeiomv (As, Cu, Pb xou Zn) o1ig moparTieg Kot U TopaKTiEg
neproyég (STR8) tov KoAmov g lepioso, 6mov 10 As (otavpds), o Cu (kvxrocg), o Pb (pdpfog) kot
0 Zn (teTpymvo) anewkovifoviar Aappavovioag vadyy kot Tig SlapopeTikés untpeg (Baidooia
Wnpato (umedke), Knuoato amd ™ demapn Bdloccac-axthg (ckovpo Kitpvo), deiypata amnd v
mapario (kagé), Hnato arnd tov Tbpéva Tov pepdtov (ckobpo Tpdotvo) kot itnpata oo Ty oxon
TOV TOTOU®V (0VOIKTO TPAGTVO).

Ot ovykevipwoelg tov As, Cu, Pb, Zn kot Mn koudvOnkav peta&d (10-4300) ug
gl (1-300) pg g2, (30-2500) pg g2, (5-4000) pg glkar (40-30000) pg g, aviiotoiywg
(Ew. 5). H yopum katavoun tov yvoototyeiov (As, Cu, Pb, Zn) kot tov Mn givar
Tapopoo pe exeivn Tov 22°Ra, 6mov o1 péy1oTeg TYEC TapATNPHONKAY GTO AUEVL TOV
Yrpat@viov, WUTépws Kovtd omv amofddpa @optockpoptwons. Ot TES TV
wpoovoeephEvtav petdAiov petwdnkav katd 50% oto pépa tov Kokkivorakka, Evad
ot eAMdyoteg TéG petprnkav otov Koaiatln Adxko kot to Apdvi g lepiocod. v
TEPINTOON TOV HETAALMV, 01 GLYKEVIPMGELS LETAED TOV TPOOVOPEPHEVTOV TEPLOYDV
detypatoAnyiog dépepav péypt kot 2 té&eic peyéboug kat dgv pmopovv va amodofovv
OTO PLOIKE YOPOKTNPLOTIKA TOV OELYHATOV OTMG 1 Katovoun peyébovg KOKkwv, M
opyavikn VAN N N opukToAoYia, aALA 6TIG OpacTNPLOTNTEG £E0PLENG Kot 6T dtdfeo
amoPANTOV (CTEPEDV 1 GTEPEDV-VYPAOV HECH TOL ay®YOV). Ol GLYKEVIPAOGELS TMV
petdAlov oto onueio ostypatoinyiog STRS mapovsiocav emiong Tig eldyloTeg
OLYKEVTIPAOGELS OGS 6TO0 MVt g lepiocov, yeyovog mov vrootpilel Ta oTotyEia
amd T dedopéva Tov 22°Ra 611 T0 Popeto T TG amofadpag dev emnpedotnKe amd
T1G ovOp®TOYEVELG dpACTNPLOTNTEG OTIMG TO VOTLO TUT|LLOL.
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Ew. 6 Ot cuykevipdoelg TV Kipltmv ototyeiov otig mapdktieg meployés Tov KoAmov g Iepioco.
O1 oVYKeVTp®GELG TOV S Bpébnkay KdT® Tov AayicTov opiov aviyvevoyotntag (LDM) kot étot dev
amewovifovtar oto ypaenua. Ot ypouués peto&d tov onueiov sival yio ™ SEVKOALVGT TOV
avoyvoot. Ot cvykevipaoelg tov Al (kdkhog), Fe (tpiyovo), S (poufog) and Mn (tetpdymvo) éxovv
opyavmBel Aopfdavovtoag vToyy kot TG d1dpopeg untpeg (Bordooio itnuata (umAe), Whoto amod
demaen 0dhacoag-aktig (cKovpo Kitpvo), deiypoto and v mapario (kagé), Whnoto and tov
mobpéva Tev pepdtmv (6kovpo Tpacvo) kot npata oo Ty Ox0n TeV ToTApdV (avolKTd TPAcvo)).

H yopum xotavoun twv Fe, S kot Mn egivar mopopown pe ekeivn tov
yvootoyeiov kot Tov 2°Ra. Ta Fe kot S sivan To kOpia 6Totyeio Tov c1dnpomupitn
(FeS»), éva and ta Paoikd EKUETAAAEDGILA LETAAAEDLOTA, EVD TO Mn gival HéPog Tov
podoyxpwaoitn (MnCOz3) gvog GOVOPOUOL - UN EKUETOAAEDGLLOV - OPLKTOV. LVVETMG,
VILAPYOVY VYNAEG GLYKEVIPDOGELS AVTAOV TOV LETAAA®MY GTO ATOPPUTTOUEVA OTOPANTO
elte MOym ¢ amodoong ¢ nebddov emimievong (tov FeSy) site Adym ¢ amevbeiog
amOPPIYNG VAIKAOV oL 0gv ypnoytorotovvtol epmopikd (MnCO3). Qg ek todtov, ot
péyiotec ovykevipaoels tov Fe, S kow Mn kateypdonoav oto Xtpatmvi (amoBdpa
(POPTOEKPOPTOONG KOl AUEVOC) OOV €lvol EYKOTECTNUEVO KOl TO EPYOSTACLO
enimievong kabaog Ko dAAeg eyKaTaoTAoES (T.Y. Ay®YOS POPTOONS EUTOPEVLATOG,
AyWYOS amOpPYNG OTMOPPLUUATOV TiTAELONG). AvEnuéveg GLYKEVTPOOELS Ppédnkay
emiong oto pevpo Koxkkivorokkov, kabmg 1 andbeon tov amofANTov KoTd HNKog TV
PELOTOG TPAYUATOTOOVVTIOY Yo TOAAQ ypovio. Evtovtolg, ot amopoakpucpéveg
neployés amnd 1o Xtpotdvi (pépo Koratly Adkkov kot Apévog — Iepiocov)
napovciolav eAdylOTEG OLYKEVIPOGES pHeTdAAwv péypt 3 1a&eic  peyéboug
YOUNAOTEPEG aMO TIG TIWES GTO AUAVL TOV LTPOUTOVIOL KOl GE OPIGUEVEG TEPUTTMGELS
KATo amd 10 EAAyIoTo Opto aviyvevong g nebodov (LDM) 6rmg S, vmodeikviovtag
po pn emnpeoacpévn meployn ond Tig dpactnpromeg eE6pvénc. H ywpikn katovoun
tov Al givar oyeddv opoloyevig LETaEL TV onueiov dsrypatonyiog, ETopévac M
OLYKEVTIPMOOT] OLTOV TOL HETAAAOL dev €xel emnpeoctel amd TG avOp®TOYEVEIQ
OpPaCTNPLOTNTEC.

O1 KOTAKOPLPEG KOTAVOLEG TV GLYKEVIPAOCEMV T®V tyvootoryeimv (As, Zn, Cu
kot Pb) kot tov kdplov otoyeiov (Al, Fe kot Mn) kabog kot o1 poég evamdfeonc palog
aVTAOV Yo ToV TopdkTio Tupnva Tov KoArov g Iepiocon answovifovtor oty Eucova
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7. Zopeovo pe avtd to Tpodid, o Tupnvag TV Inudtemv propel va yoplotet oe d0o
uépn: 1o avo (0-11 cm) ko to kbt (12-27 cm).

As concentration (ppm) Zn concentration (ppm)
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o) Kataxdpoueeg kotavopég g ocuykévipoong tov  f) Katakdpupeg Katavoprés g cuyKEVIPMOONS TOV

As ka1 g pon evarndBeong nalog (ASys) Zn ka1 g pon evandbeong nalog (Znys)
Cu concentration (ppm) Pb concentration (ppm)
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v) Kotokdpogeg katavoués g cuykévipmong tov  8) Kataxdpueeg Katavopés e cLyKEVIPOONS TOL

Cu ko g pon| evamddeong palag (Cuys) Pb a1 g pon evandbeong nalog (Pbxs)
Al concentration (ppm) Fe concentration (ppm)
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€) Koataxdpupeg kotavopésg e ouykévipwons tov  o1) Katakdpupeg KaTavoprEg TG GLYKEVIPOGONG TOL
Al xar g pon evandBeong pnalog (Alxs) Fe ko g pon| evomoOeonc palac (Fexs)
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Mn concentration (ppm)
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0) Kataxdpoeeg katavopssg e ovykévipoong tov Mn kot tng por evarddeong patog (Mnys)

Ew. 7 Ot xotoKOpOPES KATAVOLES TOV GUYKEVIPMGEWOV TOV yvootoryeiov (As, Zn, Cu kot Pb) kot tov
KOpuwv otoyeiov (Al, Fe kot Mn), koBdg kot Tov podv gvamdBeong g Lalag oavtdv yio ToV TopaKTIO
moprva STR1 tov Kéimov g Iepiocot.

0Oco apopd 6T KATAKOPLPES KOTOVOUEG TOV LYVOGTOLXEI®V Ol VYNAITEPES
ovykevipwoels tov As, Cu, Zn kot Pb Bpébnkoav oto kdto tpuqpa (12-27 cm ) tov
mopNva 1CALOTOG Kat SEPEPOY oo To ave tunua (0-11 cm) kotd Evav mapdyovta Tov
3. [TapdpotEg KATOKOPLPES KOTAVOUES TapaTnPHONKaV 6T cLYKEVTPOOELS Tov Al Kot
tov Fe, 0mmg autéc TV tyvootoyEimv, LOVo OV Ol TIHES TOL KATM TUNLOTOG TOV
nopnva fray 20-30% vyniotepes amd avTég TOL Ave TUMHOTOC. AvtiBeTn KoTakOpLET
KOTOVOUN ELPAVIGAV 01 GVYKEVTPMGELS Tov Mn gv cuykpicet pe Tig Tpoavapepbeioeg,
OOV Ol TIWEG GTO AVE® TUNUA TOV TLVPNVA TV LYNAOTEPES Omd ekelveG TOL KAT®
TULOTOG KOTA £Vov Tapdyovta Tov 4. O katakOpLEeg poEG TG EvAmoTiOEneEVNG Lalog
aKoAoHONGOV TIG KOTAVOUEG TOV GUYKEVTIPMGE®MY OV YapokTnpilovv Kabe PETOAAO
KOl £KOVAY T EVKPIVI TO TOTIKA aKpATATO OTIG TEPTOGELS TV AS, Zn kan Fe. Ot
KATOKOPLOES poég TV evamoTifépevov poldv vroAoyiotTnKay emiong Kot yio. to
pvoikd padtovoukAidia (?Ra, 28Ac, 22U, “K) kot spueavicay Tapopol Hopen e
avTéG TV tyvootoyeiov kot tov Al kot Fe. T'a Adyovg cuvtopiog ta ypoenuato. oev
TaPOVGIALOVTaL GTO KOUUATL TNG EKTETANEVNG TTEPIANYMG.

Ot ovykeviphosi, tov padtovovkmdiov (?Ra, 28Ac, 2°U, “K) mov
petpnOnkav oto ilnuo tov Balacsciov TvOUEVA ypNGILOTOONKAY Y10 TOV VTOAOYICUO
0V pLOULOY padievepydv dOGE®MV Gt EUPia - Un avOp®OTIVO OVTO- KOl 6TV EKTIUNON
g Stoomopdg Toug (2°Ra, 2*U) péow tov kdduca ERICA.
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Ew. 8 Olikog, ecmtepkdc kot eEmtepkds puBudg do6one vy ta Bordooio éupio dvia, OT®G
TPOEKLYAY ATd TIC GUYKEVIPMGELS TV QUGIKAY podtovoukhidiov kat tov ¥'Cs oto empoveioxd
npata tov Tubuéva tov Apéva Tov Zrpatwviov (KoArog Iepiocov).

H enidpaon g padievépyelog pmopet va BempnBel apeintéa, kabndg oe OAES TIG
TEPIMTMOEL; Ol GLVOMKEG 00GelS vRoAoyiommkay kotd dvo Théewg peyéboug
xapmAotepes amod T1g Tpotetvopeves TéG g IAEA (1992) kot UNSCEAR (1996) v
TOVG VIPOPLOVS OpYaVIGHOVC. Ot KHPLOL GLVTEALEGTEG TV GLVOAMK®MV TOGOGTMV dOCTG
Bpédnkav va eivon 2°Ra (1.8 pGy ht) xon 22Th (5.3 10! pGy h?), xo0dg 1660 avtd
T0. pOdOVOVKAIdI OGO kot ot Buyatpikol Tovg mupNveg eivor GAQa ekmopmol kot
GUVEIGQEPOVY CNUOVTIKG 6T padievepyo d0o1. O kmdwkas ERICA Bewpet padievepyod
1ooppomio. petaéd Tov 2°Ra kat tov Buyatpicdv tov (222Rn, 218At, 218po, 214pDp, 2B,
214P0), k0Odg ko petald tov 22Th kot v Buyatépav tov (*2*Ra, 22°Rn, 215Pg, 212Pp,
212pg, 212Bj, 208T]) (Brown et al., 2008). Me Bdon ToUC VTOAOYIGHOVC TO GUTOTAUYKTOV
Ehafe vynAdTEPA TOGOGTA PLOLOL dOoNS amd 9 £wg 10 Popéc VYNAOTEPES amd TIC
d00g1g TV GAA®V opyavicp®dy. O KOPLOG GUVTEAEGTHG GTOVG GLVOAKOVG PLOLOVS
d00NGg NTav 1N €0MTEPIKN 0001, AOY® TOV OSWCTOUEVOV GAPA TLUPNVOV OTTWG
avaeEépOnke TPONYOLUEVMG, VM 1 €EMTEPIKN OOCT Y10 TOAAEG TEPUTTAOGELS €lval
apeAnTéa oe cvykplon pe v ecwtepikn. H e€mtepikn) 06on kabictoton onpovtikni
Y10l TOLG OPYOVIGHOVG OV {OoVV KOovTA N TAv® oto {inua (1.y. PevOikd yapia, 6iBvpa,
pokpo@vkn). Ot Aapfavopsvor sEotepikoi puOuoi ddonc amodidovrar kvping oto K
Ko kotd devtepov oto 2?°Ra, cuvendg, mapd T pikpr cvveispopd tov °K otov
VTOAOYIGUO TNG GLVOMKNG dOoNC, o Tpémel va Aapfdvetal vTOYN Yo TIC TEPIMTMCELG
opyavVIcUAOV TToL Ppickovtal kovid otov Badldooio Tvbuéva.
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Ew. 9 H Suacnopé tov 25Ra (dvm) kot tov 25U (16tm), kaddg Kot 1) EKTILOUEVT EKTOCT] TG ETNPEUCUEVC
meployng otov KOoAmo g [eptocod AOYm TV HeTOAAELTIKGVY dpacTNPLOTNTOV (EVOOUATOUEVT EIKOVAL).

H dwaomopd avtdv Tomv padiovoukdioy ekTiunnke yio to padtovoukAido Tmv
26Ra ka1 23U, kaBdg 1 YOPIKT TOVS KATAVOUT EMNPEALETOL OO TIC SPACTNPIOTNTEC
gEOPLENG. O EKTINDEVES KO LETPUEVES GUYKEVIPOGELS EVEPYOTHTAG TV 22°Ra kat
25U, suppavodoay tkavomomTikd eviog 27% kot 25% avtictoiyoc. H Babpovounon
TOV HOVTEAOL LE TN YPNON TOV TEPALATIKOV 0£d0UEVOV Tapeiye puOLOLS amdppymg
120 Bq st kou 14 Bq s yia ta 22°Ra xan 25U, avtictoiymg. H ektipdpevn Stacmopd
EULPAVIOE PEYIOTEG CLYKEVIPMOOELS EVEPYOTNTOS KOVIO GTNV TEPLOYN NG amoPadpog
(POPTOEKPOPTOONG Kol Yo T OV0 PadlOVOLKAISIN, Ol OMOIEC HEIDVOVTIOL HE TNV
amopdkpovvon ond v amoPfddpa. EmmAéov, ot TiHéG ™S aKTOYPAUUNG ELOAVIGAY
YOUNAOTEPO EMIMEOD GULYKPITIKA HE TO KEVIPO TOL AUEVO ZTPOTOVIOV. XTOLG
TOPOYOLEVOLS YAPTES OLOCTIOPAS YPNOHOTOONKOY HUOVO TO. EKTILMUEVA OEOOUEVOL
Kol Yoo 00To T TEWPapaTIKd ogdopéva (my. STRS, STR7) dev meprhapfdvovror oe
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avtovg. Téhog, ot Tipég vroPfadpov mov eMedncav otic Tomobesiec mov Ppickovion
TOAD pokpld amd 10 onueio amopoptionc/andppwyng (my. STRY, STRI10)
YPNOUOTOMONKAY YO0 TNV EKTIUNON TNG ETMQAVELNG TNG EMNPEACUEVNG TEPLOYNS
(evoouatouéveg eikdveg). H emmpeacuévn meployn kot tov 600 padlovoukidimv
eueavilel éva MUKLKAIKO oynuo yopw amd v amoPdbpa kot ekteiveTon oTal
amopoakpvopuévo onueio dstypatoAnyiog (STR9, STR10) adrid Oyt onv aktoypapun.
H apeintéa enidpaon ota onpeio detypatoAnyiog g aktoypapung emPepfaidonke
amo TIG YOUNAES TWES Tov petprOnkay oto pépa tov Korotln Adkkov (STRI1) ko
oto Apdvi g Iepiocov (STR12). Me Bdon tovg yapTeg SOOTOPAS £xEL EXNPENCTEL
poévo 10 PoOpelo tunpo Tov KOATOL TG lEPIGGOV AOY® TOV UETOAAELTIKMDV
JpacTNPOTATOV Kot Oyl TO KEVIPIKO 1 10 vOTlo Tuqua. H emnpeacpévn meproym
exteivetan oe emedvela 21 km? ‘Etot, n mokn ¢ lepiocod umopei va OsmpnBei
OC(QOANG TTEPLOYN Y10 OLOLUOVT), TOVPIOTIKES OPUCTNPLOTNTES KOl YAPELLOL.
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Ew. 10 H yopw1| kotavopn tov mopayoviov eumlovtiopod yio to As, Cu, Zn, Pb and Mn. Qg
GUVTNPNTIKO GTOLKEIO Y10 TOV VTOAOYIGUO TOV TOPAYOVIMV EUTAOVTIGHOD ypnoipomomdnke to Al
KOl G TEPLOYN avapopds to Apdvt g Iepiocov. H ta&vopnon tov napaydviov eUTAoVTIGHOD
YIVETOL [LE TN XPNOT XPDLUOTOS, HTTOV TO OVOIKTO TPAGIVO AVTITPOCOREVEL TIV ATOVGI0 EUTAOVTIGHOV,
TO GKOVPO TTPAGIVO EAGYIGTO EUTAOVTIGLO, TO UTTAE HETPLO EUTAOVTIGHO, TO LOP HETPLO TTPOC GoPapd
gUmAOLTIONO, TO KiTpvo cofapd epumlovTiopnd, 10 TOPTOKOA TOAD coPapd eUmAOVTIGHO Kol TO
KOKKIVO EEQPETIKG GOPaPO EUTAOVTIGHO.

O1 mapdyovtec epmiovtiopov (EFS) vroloyiotnkav pe Pdon tig cLuYKEVIPOOELS
TOV 1yvootoeiov, Tov Mn kot tov Al mov yapakmmpilovv v meployn HEAETNG.
XOopupova pe Toug extiumpevoug EFS, ov meproyég detypatoinyiog pumopovv vo
KkatnyopromomBodv  petald eEapetikd  coPapod  EUTAOLTIGHOD KOl OTOLGIOG
EUTAOLTIoHOD avaAdY®G e TiC TortoBeaieg detypatoinyiog. Etvatl mpopavég 6t 1 o
EMNPEACIEVT] TEPLOYN €IVl TO XTpaTdVL (TOG0 BaAdosio 660 Kot yepoaia) 0G0 apopd
ota Zn, As kot T0 Mn, €01 1 TEPLOYN KOVTA TNV amoPdfpa popToEKPOPTMONG
kaBmg ko 1 dupog ¢ mapoiio (STR2 b2). Axoun kot av ta Zn ko As eival
yvootoyeio ko To Mn givon éva kOplo ototyeio, 10 deVTEPO gRPavilel puKpOTEPO
EUTAOVLTIOUO G€ oUYKPLoT UE Ta Zn Kol As. AVTO avadelkvOEL OTL TOL ATOPPITTOUEVDL
andPAnta mov yoapaktnpilovv apeotepa ta mepiPdirovia (Baidooio Kot yepooaio)
opeilovtal ota eKUETOAAELGIHO peToAdevpata (Y., P.B.G., mlobow oe Zn ko
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nocdtteC amd apoevomupitn (As)). Avto emPefoardveror kKot amd Tov ToAD coPapo
eumAovtiono o€ Pb 610 Zrpatdvi (emiong pétailo mhovoto ota petariedpota P.B.G.).
O 010popeTIKOC TOTOG EUTAOVTIGHOV 6TO pEHO ToL Kokkivorakkov m.y. o eEopetikd
coPapog epumAovTiondg o Zn / Mn kot 0 ToAD coPapog eUmAovTIoUOg o€ As umopel
va. amod00el OTIG OlOPOPETIKEG GUYKEVIPAOGEIS UETOAAWV TOv yopaktnpilovv Ta
amopprpbévta viakd. To pépa tov Koaiotln Adkkov upmopel vo Bempnbel wg
avemnP£aoTO and TIG OpaoTNPLOTNTEG €EOPLENG UG Kot EUPAVICE YOoUNAd 1 / Kot
KaOOAOV EUTAOVTIONO, €KkTOC amd éva onueio detypatoAnyiog (STRI1 1b). O
eEapetikd cofapdc eumrovticpndc tov STR11 1b pmopel va cvoyetiotel pe v
napovcio. avénuévov twov Fe kot S oe avtd 1o detypo. Ocov agpopd otov
eumhovtiopd tov Cu, 1o Ztpotdvi Ko to pépa Tov Kokkivorlakka givor coPapd
eumlovtiopéva, eved 1o péua tov Kolotln Adkkov kou m moapaiio g leptocod
eupavicay Tég mov yopakpitovv to QLokd VroPabpo ¢ mepoyng. o va
oLVoyicovUE, 1 KATATOEN EUTAOVTIGHOD TV HETOAA®Y oto inua Ppédnke g e&ng:
Zn> As> Mn> Pb> Cu.
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Ew. 11 Ot katokOpuQEG KATAVOUEG TOV TAPAYOVI®V EUTAOLTIoNOD Yo ta AS, Cu, Zn, Pb ko Mn ctov
mapdrtio mopnva npatog tov KoAmov g Iepiocon. Qg cuvtnpntikd 6ToryElo 6TOVG VTOAOYIGHLOVG
ypnowonomnOnke 1o Al, evd 01 GLYKEVTIPOGELG TV PETAAA®V 0td TOV o)LoTOABO TOv PAOLOV TN I'Mg
(Wedepohl, 1995) (apiotepd) kot ekeivav Tov o Pabiod onpeiov and tov un rapdktio Toprve (STRS)
(0€&16) ypnoomomOnkay exiong otovg vVwoAoyiopovs. H ta&ivouncn tov napayovieov EUTAOVTIGHOD
yiveton pe ) ypfon YPOUUTOS, OTOL TO TPAGIVO OVTITPOCHOTEVEL TNV OMOVGI0 EUTAOVTICUOD 1| TOV
EAAYIOTO EUTAOVTIGHO, TO UTAE UETPLO epmAovTiond, t0 pof pétpro mpog coPapd epmiovtiond, to
kitpwvo coPfopd epmiovtiopd, 10 TOPTOKOAL TOAD GOPopd EUTAOVTIONO KOl TO KOKKIVO €EalpeTIKA
cofapd EUTAOVTIGHO.

XPNOOTOIDVTAG MG CLYKEVIPAOGCELS AVAPOPAS eKEIveES Tov GYIGTOMOOV NG
I'mg, ohoxAnpog moprvag nuatog (STR1) yapaxtnpiotnke g e&alpetikd oavotpd
eumiovtiopévog (EF> 50) oe As, Pb xou Zn katd v ta&ivounon Birch ko Davies
(2003). O gumrovTicpdg TOL v péEpovg Tov Tupnva, (0-11cm) Bpédnke coPfapdg kot
uetpiog cofapog yia to Mn ko Cu, oviiotoiywg. Xto Katm pépog (12-27 cm) o
EUTAOLTIOUOG NTay Kupiwg peTpimg coPapdc Kot yia Tta 000 pétaria. Me Baon Tig
OLYKEVTPMOELG TOV UETPNONKay otov un mapdktio moprva (STRE), o epmiovtiopdg
010 Gve tunuo tov mapdktiov wopnve STRI1 Bpédnke va elvar pétprog, petpiong
coPapog, coPfapdg Kot ToAd coPapdc yua ta Cu, Pb, Zn ko Mn / As, avtiotoiymg. Xto
KAT® PEPOG TOV TLPTVOL O EUTAOVTICUOG XOPAKTNPIOTNKE MG LETPLOC, LETPIS cOPapPOS
ka1 coPoapdg yie Mn, Cu ko As / Pb / Zn, avtictolywg. H oepd tov gpumiovtiopon
HETOAAOL 6TO INUa YPNCYLOTOLDOVTOS TO GYLoTOAMB0 ¢ avagopd Ntav Pb> As> Zn>
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Mn> Cu, eve avt 1| kotdtaln aAraée oe As> Zn>Pb> Mn> Cu ypncG1ponoidvog tov
un moapaktio mopnva STRE w¢ avagopd. Evtovtolg, n Katnyoplomoinon moapEpeve
oYedOV M 10, eV KAmoleg WIKPES aAlayEc mapatnpnOnkay yuo ta Cu kor Mn. TNa
TOPAdELYHO, O TLPNVOS TV INUATOV YopokTnpiotnke ¢ HeTpimg Eviova
eumiovtiocpévog o Cu oOtav ypnowomomdnkav ot Twég tov oY1oTOAB0L, VO
YOPOKTNPIOTNKE ¢ UETPIMG eUmAOVTIGUEVOC 610 Cu OTov YpnoormomoOnKay Tipég
tov STRS. A6 v GAAN TAgvpd, 1 Ta&vounon twv As, Zn kot Pb otov mopnva tov
Unuatov dAhace onuavtikd, vrodeikvoovtag 0Tt ypelaletal pia éva o Padv onpeio
070 {{nua Tov PN TEPAKTIOL TVPVA 1 £VOG TTLO LAKPIVOS TUPNVaG Yo Vo eEakpiPmBbel
av 1M EMAOYN TOV YPNOLUOTOOVHEVOL deiypatog Tov Tuprva STRE amotedel kadod
EKTPOGMTO TOV OIKOCLGTHUOTOG 1] AOTELTAL 1) ETAOYT VOGS KAADTEPOL LITORAOPOVL.

Aadpio

[Mopdpoteg mpoceyyicelg VAOTOWONKAY Kol Yio T HEAETN TG AvOpOTOYEVODG
EMIOPAONG AOY® TOV HETOALEVTIK®V SPAGTNPLOTATOV GTNV TEPLOYT TOL Acvpiov. Ao
11g efetaldueveg moapdktieg mePoxEs tov Acvpiov M mo emPapopévn amd TIC
UETAALELTIKES dpacTnplotnTeg NTav 0 KOoAmiokoc tov O&uydvov, 6mov o pvOuog
nuotoyéveong vmohoyiotnke ota (0.33 + 0.03) cm y! amé to 2°Ph. O1
GLYKEVTPOGELS TOV 13/ CS NTa apketd younhég e amoTéAecio va pny sivor evdidicpira
to. Tomikd axpdtata. o Adyovg cvvtopiog dev Ba TapovclacTOHV AVOALTIKG TO
amoteAéopato TG mepoyng tov O&uyovoy, aAAd pio PKpn avaeopd GUYKPLTIKA pE
mv mepoyn tov Xtpatwviov. Omwg ko otnv mepimtwon Tov Xipotoviov ot
GLYKEVIPAOGELS TOV PLUGIKOV PAOIOVOLKAIOV avéndnkay Ady®m TV PETOAAEVTIKMOV
OPACTNPOTATOV Kol 0KOAOVOODGOV TNV YOPIKN Kol KATOKOPLOYN KOTOVOUY TMV
yvootoyeiov (AS, Zn) kol tov kopwwv otoyeiov (Fe, Mn). ITap ‘6Aa tavto ot
GLYKEVIPAOGELS TOV PAOOVOLKAMOIV Bpeébnkay apketd yapnAdtepeg v GuYKpIoeL e
ekelveg ToV LTpat@Viov, ETOUEVOS eV VITAPYEL KATO0G PAOIOAOYIKOS Kivouvos. AT
MV GAAN TAELPA, 01 GLYKEVTPOGELS TV tyvootoryeimv (As, Cu, Pb, Zn) ka1 tov Mn
Bpédnkav ota idw emimeda e eKEIVEG TOV ZTPOUTOVIOL AVOOEIKVVOVTOS o EEAPETIKA
EMNPEACUEVT] TTEPLOYN, OTT®G eMPEPaidONKE Kot amd TOLG TAPAYOVTES EUTAOVTIGHLOV.

To a&oonueioto ommv mepoyn tov O&vuydvov glval OTL GTIC KOTAKOPLPESG
KOTOVOUEG TV CLYKEVIPMOEWMV TMOV UETAAA®V dgv moapatnpeiton kdmowo peiwon,
akopo kot 30 xpovio PETO TNV WOV TOV UETOAAELTIKOV OPACTNPOTHTOV CTNV
neproyn. [MBavég artieg yio T1g akOpo SOTNPOVUEVES VYNAEG GLYKEVIPDOGELS TOV
HETOAM®V oTov KoATioko Tov O&uyovov elvar m éxkmivon AOyw Ppoydv twv
poAvcpévav yepooiov tunudtov tov O&uydvov 1N M aAAnAemidpoacn HECH TV
Boracciov peopdTov e 1o poivopévo Tunpe tov KéArov tov @opukod.
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6. Xvumepaoporo,

2IpoTvi

SOUTEPAGUOTIKA, 1) YOPIKN HEAETN TOL KOATOL NG lepiocov avédeite v mo
EMNPEACUEVT TTEPLOYN OGOV 0POPE GTO PALOIOVOLKALSI KOl TAL LETAAA TO AUAVL TOV
2tpat@viov. ZOUEOVO HE TN YOPKN HEAETN KOU TO HOVTEAO Oloomopdg ot
dpaoctnprotntes eE6pLéNg emnpéacav to Popelo TuNpa Tov KOATOL NG leptocol Kot
£pBacav péEypL To pecaio TUNUA TOV KOATOV, VA 1 vOTIA TTEPLOYN OV EMNPEACTNKE.
‘Etor, M mOAn g Iepiocov pmopei vo Bewpnbel aceaing meployn yio dtopovi,
Toupopd kot yapepo. Iloapd T avENpéveS CLYKEVIPAOGELS POdIOVOLKADI®MY €V
ovykpicel pe to Apdvt g lepiocov kot Tov TaykOGHo HEGO OpPo Yo TO £00POG, O
PadIOAOYIKOG KivOuvog Yl Tovg un  ovOpdmivoug EUPlovg opyavIGHOVG MTOV
apeAntéoc. Amo v GAAN TAELPd, 0 eUTAOLTIGUOC peTdAhov Bpédnke coPapdg oe
TOALG omueion SEyHOTOANYIOG KOl Lo EVOEIKTIKN KOTATOEN EUTAOLTIGHOV OTA
detypata empaveiog Nrav n €€ng: Zn> As> Mn> Pb> Cu.

21 BaAdootia TEPOY TOV ZTPATOVIOL €V LILAPYOLV JEGOUEVO LOKPOYPOVIOG
napakorovOnong. Qg ek toOTOL, 0 OCLAAEYONG MOPAKTIOG TVPNVOS WKNHLATOG
YPNOLOTOmONKE Yo TV avaddunon g avBpomoyevoig enidpacng otny meproyr. Ot
LEYIOTEG CLYKEVIPMGELS PAdIOVOLKAMOIV Kot LETAAA®V Bpédnkav peta&d tov 1908
kot tov 1970. Q01600 0 PadOAOYIKOS Kivouvog Mtav emiong ApEANTEOS, VO O
eUTAOLTIONOG Ppébnke coPapdg, €dkd katd tnv oo mepiodo (1908-1970). Mia
EVOEIKTIKY] KATATOEN EUTAOVLTIGUOV UETGAAOL oTOV mupnva nuatov ntov As>
Zn>Pb> Mn> Cu. H avadounon mg avBpomoyevoig emidpacns oAokAnpoOnke
oLVOLALOVTOG TIG GLYKEVIPMOELS PAOIOVOLKAOIOV Kol UETAAA®V KOODG KOl TIC
EKTILOUEVEG POEC evamoTOEpevNG ndloc. Ot mepiodol TV KHPLOV JEPYUCIDV TOV
armotune®ONKav oTovg TVPNVES WNHUOTOG NTAV 1 EKUETAAAELGN TLPITNH YOO TNV
napaywyn Oeukod o&éog katd tnv mepiodo 1912-1920, n petwpévn ekpueTdAAELON TOV
petaAlevpatog Aoyw tov Agvtépov Ilaykoopiov TToAépov katd v mepiodo 1935-
1945, n oAdaynq ot pEBOdO aVAKTINGONG TOV WUETUAAELLOTOC AOY® OlUPOPETIKOV
YEOAOYIKOV YOPOKTNPIOTIKAOV TOV OPLKIAV Kol 1 AETOVPYIOL TOL EPYOGTAGIOV
enimhevong g OAlvpmadag katd ™ ddpkewn tov 1950-1970, ko téhog N mawon
amoppyng anoPfAntev oto Boddooio tepifaiiov Katd v mepiodo Tov 1980-2010. Ev
TELELN 10(LPY GLGKETION HETAED TOV padtovovkdiov (°Ra, 2°U) kot tov petddlov
(As, Cu, Pb, Zn, Mn) onwg ektiundnke pEcm TG OTATIOTIKNG OVAALOMG Kot
Aoppdvovtag vroyn 1o HOVIEAO O0GTOPAS TMOV  PadlOVOLKAWIOV pmopel va
amoteAécovy pia EVOEIEN Yia TNV SUGTOPA TOV LETAAAMY GTNV TEPLOYT.

Aavpio

M. mopdpol  TPOGEYYIOT, GULUTEPIAOUPBOVOUEVOV TOV  YOPIKOV Kot
YPOVOAOYIK®V Katavopdv 6to Boldccio mepifailov, Tpaypoatomodnke oto Aavplo
pe emikevipo tov KoAmicko tov O&uydvov. To Aavplo Ppioketar xovid oe €va
EYKUTAAEAEYUUEVO OpLYEl0 Kot avTIpeTonlel TOV avTikTumo TG €EOPLENG TOV
HETOAM @V, KaODG €xel avamtvuyfel emdveo oto vmoAeippato Kol To. omOPANTO TOV
eEopuKkTIKOV dpactnprotitov. O aviiktumog avtdg eivar eEavig Kot 6to BaAdooto
Tunpa Tov Aovpiov. Onmg Ko otnv TEPITTOON TOL LTPATWVIOV, 01 GLYKEVIPMOELS
paodlovoukKAdiov avénnkav efotiag g €E6pvéng, 1060 01O YDOPO OGO Ko
KATOKOPLQO, MOTOCGO ALTEG Ol TIHEG BpEOnkay TOAD YaunAOTEPES Ol TIC AVTIGTOTXES
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070 XTpaT®Vl. ATO TNV GAAN TAEVPA, Ol GLYKEVIPMOELS LETAAA®Y GTOV KOATIGKO TOV
O&uyovov mapovoiocay TIHEG TOPOUOIEG He ekelveg TOL Auéva Tov ZTpotwviov. H
KOpLaL d1apopd petad Tmv 600 HEAETOOUEVOV TEPLoy®V (ZTpatdvt Kot Aavplo), eivol
OTL 1 EMOPOOT TOV UETAAAEI®Y GTO XTPATMOVL EIVOL OUAVTIKT KOTE TN SLAPKELN TOV
1908 - 1970, evd ot0 Aadpro givar onuavtikn kotd to teAevtaio 100 ypovia (1920-
2014). Iopd v wavon g e£dpuéng, 30 ypdvia mpv, N TOPOVSio TOV UETAAA®V
eEaxoAovBel va etvorl epeavig Kot uTd 0QPEIAETOL GE ATOPPIULOTO OO TOV TEPAGUEVO
a1V 6Ttov Oppo Tov ®opkov. To amdPANTO VAIKO PETOPEPETAL AOY® TMV SIEPYUTUDV
BoAdoolog KUKAOQOPIOG KOl TNG OLVOUIKNG LETAPOPAS ICNUATOV HE OMOTEAEGHA TN
pnoAvven G yEpoaiog meEPLOYNg KOVIQ 6Tov KOATioko Tov O&uyovov. Opoing 0nmg
KOl OTO XTPOTAOVL 0 HETOAMKOG EUTAOVTICUOG NTaV GoPapodg TOGO YwPKd 660 Kot
ypovoroywd. H mo poAvopévn mepiodog mov apopovoe ota otoryeio Pb kot Cu ftav
katd v tepiodo Tov 1900-1930, evd doov apopd ota dAla pétailo (As, Zn kot Mn)
1N 7o poAvcpévn mepiodog ntav ta tedevtaio 100 ypovia. Emmpocheta, 0Tmg kot otnv
vdOeom TV LTPATOVIOL, EMNPEAGTNKE V1o TOAAG YPOVIA KO 1 LN TOPAKTLO TEPLOYN
oV Aawpiov, OT®MG PAVNKE 0 TIG VYNAEG TYES LETAAL®Y GTOV U1 TOPAKTIO TUPTVOL.
Ot yopiég Kot KOTaKOPLPEG LEAETES TOV LETAAA®MV ATOKAALY OV OTL 1) SLOPOUT TMV
UETOAMKOV amopppdtmv ard tov KOAro tov ®opikod katevfhvetol 6Tov KoATicKo
0V O&uyovov kKaBmg kot 6t Makpovnco pécwm g Bordooiog KukAogopiog kot TG
Suvapkng TV nudtov.

211 XPOVOAOYIKY] AVOdOUNOT| EVIOTICTNKAV TEGGEPLS TEPI0O0L AstTOLPYiaG: O) M
nepiodog 1860-1900 dmov 1 amddoon TS epapprolopevng nebodov ftav younin Kot ot
apyoieg okmpieg ypnoonomdnkav g npdteg VAES, B) N mepiodog 1900-1930 6mov N
Beitiwon g neBdo0v avaktnong eiye g amotéAlesa TV oOENGN OA®V TV LETAAA®V
KOl TV GLYKEVIpOGE®V Tov 22°Ra, y) v mtepiodo 1930-1980 6mov kabiepdbnke n
uébodog avaxtnong ya tov Pb, evd ta As, Zn ko Mn amoppintoviay kabmg 6gv Tov
owovoKd ekpetaAledoa eketvn v mepiodo kot d) v mepiodo 1980-2014 dmov 1
peta-e£opuktikn emidpacn elval epeovig ite AOy® TG KOTAVOUNG TV amoPfANT@V
070 Yepcoio TUMua M / Kol AOY® HETOPOPAS EMPAPLUEVOL VEPOD OO TOV YEITOVIKO
KoAmo tov ®opikov.

H perétm avm Ba copPdarel mepoattépm oTov UTAOVTIGUO TOV VPICTAUEVOV
TANPOPOPLOV GYETIKA LLE TNV ACPAAELD, TNV OTOKOTAGTOCT KOl TNV VITOGTNHPIEN TOV
eBvik@V Kot S1eBvav opyovIGL®OY 0G0V 0pOpE GTNV TPOGTAGIO TOL TEPPAALOVTOG KO,
EVOEYOUEVMC, TOV OYEOOCUO OGS OTPOTNYIKNG TOPAKOAOVONoNS Yo TOPOUOIES
neproyés. H pedétn avt emiong Oa vrootnpilet T1g Kovmvieg otn Ay anoQdcewmy
LG KOl Ol HEAETOVHEVEC TEPLOYES Elval YVOOTEG YU TIG KOWMVIKEG TOVG
dpacnpomteg Omwg o tovpopds. H mpotewvduevn pebBodoroyio pmopel va
epappootel oe dAleg EAANVIKEG (Ko Oyl Lovo) mapdktieg meployés Ommg n Kafdaia
(Bropnyavio. @OCEOPIKOV MTAGHATOV, £YKATAOTAGES metpelaiov), to AMPEpL
(meproym e£6pvENG Aryvitn, 1 Prounyavia topéviov) kou n Itéa (Bropnyavia Boéit) M
oT1g TapBéveg meployég mov TpoPAémovtan yio peAAovTkKEG dpactnplotreg eE6pvENC.
EmumAéov, 10 povtého extipmong g padievepyolh d00MG Kol dGTOPAS UTOpEl va
BeAtiwbel ko va emkvpwbel pe TOV TEWPAUATIKO TPOGOOPIGUO TOV OvVaYKOimV
TOPOUETPOV 1 TN CLYKPLON TEPOUATIKOV KOl EKTIUOUEVOV pLuOUdV d00EmV GE
éuProvg opyavicpovg (my. pakpo@vkn). Avtn n pebodoroyio pmopel emiong va
EQUPUOOTEL 08 AALEC UNMTPES, OTTWG 01 BlO-CLGGMOPEVTES (TT.). PVKLO, LOOIWL).
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Abstract

In this PhD work the utilization of the NORM - metal association and the
application of a radiological model (ERICA) to estimate radionuclide and metal
dispersion in the marine sediment, was performed. Thus, the affected area due to the
anthropogenic activities was determined. Except for the spatial investigation, the
marine area was also studied in a temporal aspect. The combination of the estimated
sedimentation rates with the mass flux determination, lead to a well-determined time
scale. Therefore, the acquired data was verified by historical records of the area. To
conclude, in this work a methodology has been established to study natural
radioactivity (NORM) near metal mining areas, to assess the mining activities in the
area and to verify their impact on coastal areas, using chronological records.

The established methodology was tested in two cases: an ongoing mining area
(Stratoni, lerissos Gulf) and an abandoned one (Oxygono Bay, Lavrio). The first has
been for the last decades, a subject of investigation concerning environmental
contamination due to the mining activities and waste deposits including mine tailings,
flotation tailings, metallurgical slags, waste rock and pyrite concentrate stockpiles. The
latter was influenced by the intensive mining and metallurgical activities over the past
100 years, which resulted in the production of huge volumes of wastes (e.g. slags,
tailings) and their deposition in piles around Lavrio area, near the coastline or dumped
into the sea.

For this reason surface seabed sediments, water samples and sediment cores were
collected from the marine environment in order to investigate spatially and temporally
the impact of the mining activities. A method for assessing the distribution of
contamination due to the enrichment of metals and radionuclides in the sediment was
introduced. In the spatial study surface sediments were collected for the determination
of natural radioactivity, major elements and trace metals. Their measurements were
held in the laboratory by means of gamma-ray spectrometry and X-ray spectroscopy,
while the results were combined with in situ gamma-ray measurements in the seawater,
using the Nal system KATERINA. The trace metals concentrations were used for the
assessment of enrichment in the sediments. The radioactivity concentrations were
utilized for the enhanced NORM study and the estimation of the sediment-water
coefficient Kd, useful for the dose rate assessment in the biota incorporated in the
ERICA Assessment Tool. Possible correlations between trace metals, radionuclides
and other parameters such as granulometry and mineralogy, were also investigated
using a standard statistical software package (SPSS). To complete the spatial
investigation, the dispersion of natural radionuclides (*?°Ra, 2*°U) was estimated using
a simplified generic model incorporated in ERICA and the affected area due to mining
was determined.

The temporal study was applied in the sediment cores and included not only the
statistical analysis and enrichment factor estimation, but also the radiochronology of
the core and the excess mass fluxes estimations. The radiochronology was based on
natural (**°Pb) and artificial (**Cs) radionuclides, while the obtained trace metal
profiles were verified by historical data. The estimated sedimentation rate
(radiochronology), was utilized in the mass flux determination, which describes the
surficial mass deposition per year and supported the unfolding of historical records
included in the trace metal and radionuclide profiles. Therefore, the 100-year impact
due to the anthropogenic activities was assessed.
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Chapter 1

Introduction

Metals and natural radionuclides, known as NORM, are abundant in the
environment and depending predominantly on the regional geology, their
concentrations vary considerably. In addition, NORM concentrations can be altered
due to various industrial activities, such as mining. According to the European
Commission (European Commision (EC), 2003), fossil fuel power stations, mining and
metal processing, extraction of oil and gas, phosphate industry, production of titanium
oxide pigment, exploitation of zirconium, rare earth processes and production of
cement, all contribute towards the alteration of NORM concentrations in the
environment. Among the aforementioned industries, mining has a large impact on the
environment not only locally (soil), near the mine location, but also at a larger scale
(aquatic ecosystems) because of acid mine drainage, mining-milling operations,
erosion of waste dumps, wastewaters, disposal of tailings and dust (Salomons, 1995;
Allan, 1997; Razo et al., 2004; Li et al. 2006; Shukurov et al., 2014) and accidents
(Riba, 2002).

Due to the known ecological impacts of mining, there are many long term studies
(e.g. over decades) investigating metal concentrations (both trace and major) in
different type of mines (e.g. copper, pyrite, lead, tungsten, manganese, antimony, Pb-
Zn, Cu-Ag-Au-Zn, bauxite). On the other hand, the study of natural radioactivity in
mines is poorer, due to the fact that the influence of the elevated activity concentrations
to human and non-human health, was discovered much more recently. Thus, the
published radionuclide investigation has been mainly focused on a much more limited
variety of mines, such as coal, phosphate, uranium, oil and gold. Additionally, the time
difference between metal and radionuclide investigations resulted in lack of data
regarding the combined studies of these two parameters.

Due to the differences in scientific approaches for the study of mining impact
different matrices have been studied for metals and radionuclides. For example, metal
measurements have been performed in streams, lakes, groundwater, soils, plants and
sediments (Li et al., 2006; Becker et al., 2001; Kerfoot et al., 2004; Yellishetty et al.,
2009; Batista et al., 2007; Li et al., 2014; Rowan et al., 1995; Villa et al., 2011, Kusin
etal., 2017), while solely NORM studies have been held in recent years, mainly in soil,
water bodies (e.g. drainage basins, groundwater, river) and mussels (Njinga and
Tshivhase, 2017; Jodlowski et al., 2017; Chalupnik et al., 2017; Saidu and Bala, 2018;
Bezerra et al., 2018; Doering and Bollhofer, 2017).

Among the aforementioned matrices, those studied the most near mines, are soil
and sediment, because both serve as a sink for contaminants and contain the
depositional record of contamination. Therefore, surface and core sediments have been
previously used to provide spatial and temporal information focusing mainly on metal
concentrations, despite the fact that both metals and radionuclides are particle reactive
and adsorbed by sediments. This is verified by the utilization of core sediments for
metal accumulation and pollution assessment with regards to the description of past
environmental conditions and history contamination investigation (Valette-Silver
1993) based on well-established radiological methods such as 2!°Pb and/or ¥'Cs
(Vaalgamaa & Korhola, 2007; Ruiz-Fernandez & Hillaire-Marcel, 2009; Sanchez-
Cabeza & Ruiz-Fernadez, 2012; Szarlowicz et al., 2013; Baskaran et al., 2014).
However, as previously mentioned these studies have not been performed for
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radioactivity. An effort has been attempted in recent years to fill the gap of combined
metal-radionuclide studies, thus spatial investigations have been performed in soil
media (Liang et al., 2017; Bai et al., 2017; Alashrah and El-Taher, 2018) and milk (Giri
etal., 2011) amongst other matrices (Doering & Bollhofer, 2016). In additiona, vertical
investigations have been applied in streams, river and lakes (Wennrich et al 2004;
Pavlovic et al. 2005; Grygar et al. 2016; Noli & Tsamos 2018). However, the literature
still lacks radionuclide and metal studies in marine environments, especially in
response to multi-metallic mines.

Another aspect of the mining activities, is the remaining impact after the
cessation of the industry, due to high radionuclide and metal concentrations
accumulated in the affected sediments and wastes. Therefore, spatial and temporal
investigation is important not only for ongoing but also for abandoned mines. For this
reason, different matrices such as plant, biota, soil and sediment (surface and core)
have been studied in abandoned metallic mines worldwide to investigate the post-
mining effect (Komnitsas et al. 1995; Rowan et al. 1995; Larsen et al. 2001; Navarro
etal. 2008; Bech et al. 2012; Gomez-Gonzales et al. 2015; Garcia-Ordiales et al. 2017),
however focusing only on metal concentrations.

1.1 The status of coastal areas characterized with mining activities

According to the reasons mentioned above, mines are usually situated in the
vicinity of rivers, lakes or coastal areas. Specifically, the latter acts as a receptor for
both water transfer contaminants (river and drainage basin routes) and/or direct waste
disposal. In this work two coastal areas of Greece, Stratoni and Lavrio, were studied,
where mining activities occur (Stratoni) and have ceased (Lavrio). The status of both
areas regarding wastes follows:

1.1.1 Coastal area of Stratoni

The wider area of Stratoni at lerissos Gulf, is known for its ore deposits and long-
term mining from ancient times (600 BC) until today. Stratoni is characterized by
mixed sulphide and manganese ore deposits, which have been - and still are -exploited
to extract different minerals such as pyrite (FeS>), sphalerite (blende) (ZnS), galena
(PbS), arsenopyrite (FeAsS), rhodochrosite (MnCQOs), chalcopyrite (CuFeS»), bornite
(CusFeSs) and magnetite (FesOa). The first three minerals are known as P.B.G. The
mining activities resulted in affecting the area due to different type of wastes and waste
disposals. For example, mine tailings, flotation tailings, metallurgical slags, waste rock
and pyrite concentrated stockpiles (Kelepertzis et al., 2006; 2012), are some of the solid
wastes produced. Part of the solid wastes (mine and flotation tailings) was and is still
stored for future gold exploitation, while others (e.g. metallurgical processes) were
disposed at various locations between Stratoni and Stratoniki, along the streams of
Stratoni area (Charalampides et al., 2013; Kelepertzis et al. 2006). As far as the marine
environment is concerned, both mine and flotation tailings were dispersed in it. The
former were directly discharged into the nearshore environment until 1983 (Kelepertzis
et al., 2013), while the latter were also directly discharged into marine environment
through a pipeline. Flotation tailings are characterized as a slurry mixture of finely
ground solids and process water, which is discharged daily. Other facilities, also
located at Stratoni port, include a flotation plant, a load hoper and feeder and a transfer
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and ship loader conveyor. Metal concentrations have been monitored for the terrestrial
region (soil, rivers) by the exploration company (Kelepertzis et al., 2006, 2012;
Lazaridou-Dimitriadou et al., 2004), and for the marine sediment by personal initiatives
(Sakellariadou, 1987; Stamatis et al., 2002). lerissos Gulf is a touristic region
characterized by commercial fishing grounds, industrial and agricultural activities, it is
thus of special interest to investigate the impact of those activities.

1.1.2 Coastal area of Lavrio

The wider area of Lavrio, located at Lavreotiki Peninsula, eastern Attica, bears
mixed sulphide ore bodies which developed along contacts of schist with marble
(Kontopoulos et al. 1995). More specifically, the P.B.G. massive sulfide mineralization
of Lavrio is composed of Ag-bearing galena (PbS), pyrite (FeS.), sphalerite (ZnS),
arsenopyrite (FeAsS) and chalcopyrite (CuFeS;). Lavrio is the area which hosted
mining activities from ancient times (3000 B.C.) until the 1980s, producing silver and
lead. A huge volume of wastes were produced due to the intensive mining and
metallurgical activities, such as slags, tailings and low grade ore. These wastes were
deposited in piles around Lavrio area, near the coastline or dumped into the sea.
(Stamatis et al., 2001; Alexakis 2011). An extensive study and mapping of the disposed
waste has been performed by the Institute of Geology and Mineral Exploration
(IGME), was focused on the terrestrial region. The contamination in Lavrio has been
also studied for different matrices such as mine wastes, soil, streams, groundwater,
dust, animals, plants, urine, blood and teeth of children (Stamatis et al. 2001; Aberg et
al. 2001; Xenidis et al. 2003; Alexakis 2011). Few data are known for the marine
environment such as the geochemical studies of Lavrio port (Haralambides and
Sakellariadou, 2008) and of the eastern marine part of Lavreotiki peninsula (Zotiadis
and Kelepertzis, 1997). The focus on the terrestrial region is explained because Lavrio
city expands from close to the waste stockpiles to on top of them, exposing the 10000
inhabitants to metal contamination. Additionally, Lavrio is also a touristic region,
which attracts among others those who participate in wind-surfing.

1.2 Radionuclide and metals as environmental tracers for mining
activities

In the beginning of this chapter, the occurring studies near mine areas regarding
different matrices (e.g. soil, sediment, water) and parameters (metals and
radionuclides) were presented. It became clear that the parameters are investigated
separately depending on the type of the mine (e.g. bauxite, copper, uranium), while
combined investigations of these parameters in the marine environment for on-going
and abandoned mines are absent. Nevertheless, among the studies which combined the
metal-radionuclide concentrations, some key elements are commonly measured, such
as ??°Ra, 2%°Th, As, Cu, Pb, Zn, Mn, Al and Fe (Giri et al., 2011; Wennrich et al. 2004;
Doering &Bollhofer, 2016; Grygar et al. 2016; Bai et al., 2017; Liang et al., 2017,
Alashrah & El-Taher, 2018; Noli &Tsamos, 2018), indicating a required investigation
of these elements in different type of mines.
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1.3 Motivation and objectives of this study

The impact of the mining activities, as well as the utilization of sediments to
study the mining footprint became clear in this work. The sink-like behavior of the
sediment was taken into consideration in the studies of mining impact near aquatic
environments (e.g. rivers, lakes), however the analogous investigation in the marine
environment is characterized by lack of published data. Additionally, the spatial studies
in the marine environment have been performed spontaneously and not in for consistent
monitoring purposes, thus the need to obtain retrospective information of past events
due to the absence of long-term monitoring data arose. The utilization of both spatial
and vertical studies in marine environment to estimate the affected area and to identify
and assess previous impacts due to mining in a temporal manner, is a methodology
developed in this work. Moreover, in this work the combination of radionuclides and
metals as key elements has been implemented, so as to assess the radiological and
metallic impact both spatially and temporally.

The spatial metal impact was estimated rapidly using pollution indices (e.g.
enrichment factor, pollution load index), while the radioactive influence was achieved
by applying a specified and simplified software for the radiological risk assessment
and the radionuclide dispersion determination (ERICA). This way, the affected area
based on NORM concentrations was determined and the statistical correlations among
radionuclides and metals, indicated a possible metallic affected area. In the case where
no strong correlations were observed or the dispersion model could not be applied, a
spatial estimation was performed utilizing the experimental data and geostatistical
methods via ArcGIS®.

Working in the same pattern, the vertical metal and radionuclide profiles were
transformed to temporal profiles using radio-chronological models (**°Pb, *'Cs). Then
the temporal profiles were utilized for the reconstruction of pollution events and were
validated with historical data. This way the metallic contamination was also assessed
temporally. Moreover, the determination of the rate of the disposed mass assisted in
further analysis of past event reconstruction. In the present work an indicative vertical
assessment of mining impact was proposed in case of the absent parameters such as
sedimentation rates and major element concentrations. This approach reveals the
sediment core layers which correspond to pre-mining periods.

To summarize, in this work a multidisciplinary approach is proposed, combining
nuclear (gamma ray spectrometry) and atomic physics (XRF spectroscopy), as well as
geology and geochemistry, to study a multi-parametric problem: the impact of
anthropogenic activities on radioactivity and metal concentrations in the marine
environment near mining areas. The main objectives of the developed methodology is
(a) to study the dispersion of radionuclides, (b) to reconstruct the contamination events
and (c) to assess the contamination, spatially and temporally, for both radionuclides
and metals. A well-organized sampling outline is required in order to secure precise
geographic coordinates and undisturbed sediment cores, for the calibration and
validation of the dispersion model, as well as the history reconstruction and verification
of the chronological models.
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Chapter 2

Theoretical background

The radionuclide and metal concentrations of the present work were obtained via
gamma-ray and X-ray spectrometry, respectively. Thus, in this chapter the basic theory
regarding the gamma-ray and X-ray emission and detection are presented. The
radiological and metal assessment was also performed in this work, in a horizontal
(spatial) and vertical manner, in which the time was incorporated. The process of the
radiological assessment will be presented in chapter 3, while in this chapter the
pollution indices are mentioned, which were utilized for the metal assessment.
Additionally, chronological models which are based on radionuclides and are useful
for integration of time in vertical radionuclide and metal profiles are presented. Lastly,
the basic theory regarding the performed statistical analysis is also included in this
chapter.

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

capture, internal conversion or artificial atomic excitation using high-energy beams of
charged particles (e.g. electrons, protons) or X-rays. The electron during e.g. the
excitation process, is ejected from the bound state having a kinetic energy equal to the
excitation energy minus electron’s atomic binding energy. The excited atom or an
electron from another state will move preferentially to the lowest possible energy state
so as to fill the vacant spot (Ei), emitting X-rays. The electron transitions are
characterized by the letters K, L, M, etc. which represent the final energy state (Es).
Therefore, transitions to the L state, from other initial state, are called L X-rays. These
discrete characteristics X-rays, can be used as atom’s fingerprints. The emitted
electromagnetic radiation (X-ray) during an electron transition is characterized by the
frequency:

E; — E¢
~ h

A4 (Eq 2.1)

where,
Ei is the energy of the initial orbit (state), E is the energy of the final orbit (state) and
h is Planck’s constant.

According to Moseley’s law the energy of the X-ray depends on the atomic
number and it may range from a few eV (light elements) to few hundreds of keV
(heaviest elements).

Ex=hv=E;—E;=k(Z—-a)? (Eq. 2.2)
where,

Z is the atomic number, k is a constant for a particular spectral series and a is a
screening constant for the repulsion correction due to other electrons in the atoms (Van
Grieken RE & Markowicz AA, 2002).

During the atomic electron rearrangement, the released energy can be either
emitted through a photon (radioactive emission) or absorbed by a bound electron of a
higher shell, causing its ejection. This radiationless transition is called Auger effect and
the emitted electron is called Auger electron. The Auger effect increases with a
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decrease between the energy states, while reaches a peak for low-Z elements. This
effect is not in the scope of this work.

Additionally, X-rays can be emitted in a continuous (not discrete X-rays)
spectrum when electrons or high-energy charged particles (e.g. protons, a-particles),
lose energy in passing through the Coulomb field of a nucleus. During this interaction,
the radiant energy (photons) lost by the electron is called Bremsstrahlung. The
continuous spectrum can be produced by the acceleration of electrons in a voltage tube.
However, the emission of continuous X-ray radiation is not in the scope of this work.

2.2 Gamma-ray emission

Gamma emission is the process where the nucleus loses its surplus excitation
energy and it is usually a by-product of alpha and beta decay. In gamma emission, the
nucleus goes from an excited state to a state of lower energy and the energy difference
between the two states is released in the form of a photon. The gamma rays are
monoenergetic and the gamma emission is described as:

X" = X4y (Eq. 2.3)
where,
X" indicates the excited nucleus.

The half-lives of gamma emission range usually from 107 s to hours or days.
A competing process to gamma emission is internal conversion, in which the nucleus
de-excites by transferring its energy directly to an atomic electron. This process is one
of the main processes which contribute to X-ray radiation as mentioned before (see
2.1), however this process is not studied in the present work.

Radioactivity is the process by which an unstable atomic nucleus loses energy
by emitting radiation. It can be divided in two main categories, natural and artificial,
depending on the origin of radioactivity, anthropogenic and non-anthropogenic,
respectively. Natural or artificial radioactive nuclides with Z>82 (elements above
208pp) tend to gradually decay via alpha, beta and gamma emission. In this work, the
latter emission process will be discussed in detail. The origin of radioactive nuclei can
be Big Bang, cosmic processes (e.g. supernova), or nuclear reactions occurring on
Earth due to natural or anthropogenic causes. Except from radioactive isotopes that are
present in materials around us, such as rocks and minerals and were condensed with
the Earth 4.5 10° y ago, there are natural sources of radioactivity due to nuclear
reactions occurring in the atmosphere (e.g. ®H, *C). The natural radioactivity or
naturally occurring radioactive materials (NORM) belonging to the first category can
be divided into three groups: (a) 22U, (b) 2°U and %*?Th series (Fig. 2.1).
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Fig. 2.1: The decay series of natural radioactivity (Mermier & Seldon, 1969)

Radioactive decay law
An unstable isotope decays exponentially in time, as stated by the radioactive
decay law. The decay rate (9N ) is proportional to the present number of atoms (N) of
dt

radionuclide in the source, assuming that no new nuclei are introduced into the source.
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dN
A=— ’ =AN (Eq. 2.4)
where,
A is the activity or rate of disintegration of the radionuclide (Bg) and A is the
disintegration or decay constant (s). The units of activity are the Becquerel (Bq),
which represents one decay per second or Curie (Ci) equal to 3.7 10° Bq.
The decay constant (1) represents the probability of a radionuclide to decay per

unit time. The number of radionuclides N(t) follow the exponential behaviour (Eg. 2.5)
N(t)=N,e™ (Eq. 2.5)
where,

No is the number of radionuclides at t=0 s. The decay equation describes also the
radioactivity A(t), as it is proportional to the number of radionuclides.

If p(t) is the probability that a nucleus will decay between t and t+dt then the
mean lifetime (1) which represents the needed time for a sample of radionuclides to
decay to 1/e of its initial activity is defined as:

) j:tp(t)dt ) j:te*ﬂ%dt 1
et [etadt A

A more convenient magnitude is the half-life (t12) of the radionuclide,
representing the time during which radioactivity decreases to the half of its original
value.

N(t,,) :lj oz :l: 2 :|n_2 Eq.2.7)
N, 2 2 ty,

In the case of voluminous samples the term of specific activity is used to
describe the activity of a radionuclide per unit mass (Bq kg™) or per unit volume (Bq
m?3), assuming uniformity in activity distribution.

When a radioactive decay results in the production of a radioactive nucleus,
which is also radioactive and decays to a third radioactive nucleus, a radioactive chain
is generated. The original nucleus is called “parent” nuclide, while the produced
radioactive products are referred as “daughters” or “progenies” of the parent nuclide.
The Bateman’s equation describes the number of atoms of the i isotope Ni(t) of the
series (N;i(0)) at time t=0 and N; (O) 0 for i >1) (Tsoulfanidis & Landsberger, 2015).

N (8) = Ay - N(O)ZH :

(Eq. 2.6)

Ge—4) (Fa.2.8)
There are three types of equilibrium

a)  secular equilibrium (Ai<<Ai+1): the daughter nuclide is decaying in the same rate
at which it is produced

b)  transient equilibrium (Ai<Ai+1): the daughter nuclide decays with the characteristic
decay constant of its parent

c)  non equilibrium (Ai>Ai+1): the parent nuclide decays quickly and the daughter
activity rises to a maximum and then decays with its characteristic decay
constant.

k]
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2.3  X-ray detection

The X-rays are also photons of lower energy than gamma rays, thus they can interact
with matter through the main processes of photoelectric effect and Compton scattering.
As mentioned above the emission of characteristic X-rays is preceded by ionization of
inner atomic shells as a result of the photoelectric effect (see section 2.4.1) and
Compton scattering (see section 2.4.2). The K shell electrons, as the most tightly bound
to the atom orbit, are the most important for the photoelectric effect in the energy region
considered in X-Ray spectrometry. However, the photoelectric effect cannot occur in
the case of photon energy below the binding energy of a given shell. Another
mechanism with which X-rays interact with matter is the elastic or coherent scattering
called Rayleigh. During Rayleigh scattering the incident X-ray photon interacts with
the whole atom and the electrons oscillate in the X-ray photon frequency, while the
photon scatters without changing its energy and no energy is transferred to the atom.

2.4  Gamma-ray detection

The primary processes with which gamma rays interact with the matter are the
photoelectric effect, Compton scattering and pair production. These processes are
described briefly below.

2.4.1 Photoelectric effect

During the photoelectric effect (Fig. 2.2) a photon (gamma ray) interacts with a
bound atomic electron, resulting in the disappearance of the photon and the ejection of
the atomic electron from the atom. The free electron is called photoelectron and is
characterized by a kinetic energy of

E,=E -E, (Eg. 2.9)
where,
Ee is the kinetic energy of the photoelectron, E, is the photon energy and Ep is the
binding energy of the electron to the atomic orbit.
The photoelectric effect always occurs on bound electrons, so as to conserve

momentum. Thus the nucleus absorbs the recoil momentum.

Photon POSltlve

+ € (free electron)

Fig. 2.2: The photoelectric effect

2.4.2 Compton scattering

During Compton scattering or Compton effect (Fig. 2.3) a photon scatters from
a free or nearly free atomic electron, resulting in a less energetic photon and a scattered
electron carrying the energy lost by the photon. The kinetic energy of the scattered
electron is given by

E.=E,-E, (Eq. 2.10)

where, Ee is the kinetic energy of the scattered electron, E, is the photon energy and E,
is the energy of the scattered photon.
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Fig. 2.3: The Compton scattering (or effect)

Y,» EY’ (scattered photon)

2.4.3 Pair production

In the pair production process (Fig. 2.4) a photon creates an electron-positron
pair, while the photon disappears in this process. In order to conserve the momentum,
this process occurs in the presence of a third body, usually a nucleus. Additionally, the
photon energy must be at least 1.022 MeV, equals to the rest masses of electron-
positron pair. According to the conservation of energy, the kinetic energy of the
electron and the positron is given by

E_+E.=E —(mc?)_ —(mc®) . =E —1.022MeV (Eq. 2.11)

where,
Ee is the kinetic energy of the electron, Ee" is the kinetic energy of the positron, E, is

the photon energy and mc? is the rest mass of electron or positron.
The electron and positron share the available kinetic energy

1
E, =E, =~ (E,~1022MeV) (Eq. 2.12)

During pair production the original photon is eliminated, however two photons
are created when the positron is annihilated.

e, E.-
Photon / ©
ANNND> + —_ +
v, E, o ~E = 0511 MeV

(positron annihilation)

E,=0.511 MeV

Fig. 2.4: The pair production. In this process the disappearance of the photon is followed by the
positron-electron pair creation. After the positron annihilation, two 0.511 MeV photons are produced.

Upon completing the description of the main processes with which gamma rays
interact with matter and thus can be detected, it is important to present the dominance
of these processes as incident photon energy (E,) and the atomic number (Z) change.
The dependence of the three main gamma ray interaction processes, with E, and Z, is
depicted in Fig. 2.5.
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Fig. 2.5: The main gamma-ray interaction processes and their dominance regions (Tsoulfanidis &
Landsberger, 2015).

2.5 Sediment quality guidelines and indices

Contaminants such as metals and radionuclides, are characterized by their
affinity to sediments. Thus, sediments can behave like sinks to the elements entering
the aquatic environment. Nevertheless, the trapped elements can be recycled back to
the water column, where they pose a threat to aquatic environments via the variation
of the physico-chemical characteristics of the overlying water and sediment. In order
to determine the extent of contamination in an aquatic system using the (heavy) metal
load in the sediments, it is important to establish indicators of contamination and the
natural level of these substances. The sources of metals in the aquatic system can be
multiple, with the main ones being geochemical processes, agriculture,
industrialization (e.g. mining, metallurgy) and waste disposal (e.g. leachates from
landfills). Therefore, the input of metals in the aquatic environment can be atmospheric
fallout, geological weathering, accidental leaks, dumping wastes and runoff of
terrestrial systems (industrial and domestic effluents).

The contamination assessment of metals in the aquatic environment has been
studied for many years and different approaches have been proposed. There are many
established indicators used for the contamination assessment such as the
geoaccumulation index (lgeo), contamination factor (CF), enrichment factor (EF),
pollution load index (PLI), contamination degree (Cd), modified degree of
contamination (mCd), potential ecological risk index (RI) and ecotoxicological sense
of metals using sediment quality guidelines (SQG). The first four methods are the most
common, however all the aforementioned methods are described briefly below. In this
work EF, PLI and SQG have been applied. As it will be clear from the following
description of the methods of contamination assessment, there are no indicators
regarding the natural occurring radioactive materials (NORM) and the technically
enhanced ones (TENORM), especially in the aquatic (UNSCEAR, 2000) environment.
An approach to estimate sediment quality guidelines was attempted by Thompson et
al. (2005), near an uranium mining in Canada, withougt satisfactory results. However,
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an approach to assess TENORM, could be a comparison with a background area and
the comparison with the world median concentration of natural radionuclides in the
soil (UNSCEAR, 2000).
Geoaccumulation Index (lgeo)

The accumulation index was proposed by (Muller, 1979) so as to determine and
define metal contamination in aquatic sediments by comparing current concentrations
with background levels determined by

l o =100, Gy (Eq. 2.13)
1.5B,

where,

Cn is the concentration of the examined metal (n) in clay fraction (<2um) of the
sediment sample, Bn is the geochemical background values of the metal of interest (n)
in fossil argillaceous sediment (e.g. average shale) and 1.5 is the background matrix
correction factor due to lithogenic effects.

The accumulation index consists of seven grades and the highest grade (6)
reflects 100-fold enrichment above the background values. The classification of the
sediment contamination based on the grades of lgeo index are: Igeo < 0 (grade 0)
represents an unpolluted area, 0<Igeo <1 (grade 1) indicates an unpolluted to
moderately polluted area, 1<Igeo <2 (grade 2) indicates a moderately polluted area,
2<Igeo <3 (grade 3) indicates a moderately polluted area to strongly polluted area,
3<Igeo <4 (grade 4) indicates a strongly polluted area, 4<Igeo <5 (grade 5) indicates a
strongly to extremely polluted area and Igeo >5 (grade 6) indicates an extremely
polluted area.

Contamination Factor (CF or Cy)

The contamination factor can be determined as the ratio between the metal

concentration in the sediment and the background value of the metal.
C

CF =2 (Eq. 2.14)

n
where,
Cn is the concentration of the examined metal (n) of the sediment sample (usually from
surficial sediments) and By is the geochemical or preindustrial background values of
the metal of interest (n).

In the case of Cy>Bn the sample is contaminated or enriched in the examined
element, while for Cn<B, the sample is not enriched. According to Hakanson (1980)
CF<1 indicates low contamination; 1<CF<3 moderate contamination; 3<CF<6
considerable contamination and CF>6 very high contamination. The substances
Hakanson (1980) took into account for the estimation of contamination factor were
PCB, Hg, Cd, As, Cu, Pb, Cr and Zn. The contamination factor was introduced mainly
for lake systems, but it has been generalized in different aquatic systems (e.g. coastal
areas).

Enrichment Factor (EF)

Another approximation to estimate any potential impact due to anthropogenic
activities on marine sediments is the enrichment factor (EF) for metal concentrations
above an uncontaminated background value (Salomons and Forstner, 1984). The EF
represents the normalized metal concentration in the sample to a reference or
background material free of contamination. This technique involves the metal
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normalization to a conservative non-anthropogenic element, which also reduces the
grain size effects in the sediment samples (Salomons and Forstner 1984). A variety of
elements can be fitted for metal normalization, but Al and Fe are the most commonly
used. For the selection of the proper normalizing element was adopted the methodology
described by Karageorgis et al. (2009). Based on this methodology Al was selected as
normalizing element, as it showed the minimum coefficient of variation (V). In this
work Al was used as metal normalizer and the EF is given in:
C

sample

Al

EF = T“‘p' (Eq. 2.15)
gr

Al

bgr

where,

Csample is the concentration of the examined metal, Alsample the concentration of the
normalizer metal, Cpg. the concentration of the examined metal in the reference or
background sample and Alygr the concentration of the normalizer metal in the reference
sample.

Enrichment factor above a certain threshold indicates the level of
contamination. The classification of enrichment is given according to (Birch and
Davies (2003): where EF<I indicates no enrichment, EF<3 a minor enrichment,
3<EF<5 a moderate enrichment, 5<EF<10 a moderately severe enrichment, 10<EF<25
a severe enrichment, 25<EF<50 a very severe enrichment, and EF>50 an extremely
severe enrichment. Furthermore, according to Salomons and Forstner (1984) and using
the continental crust concentrations if EF>4, then the enrichment is due to other sources
except from weathering (e.g. anthropogenic).

Pollution Load Index (PLI)

The pollution load index was introduced by Tomlinson (1980) so as to classify
the metal level in estuaries and it is based on the determination of the highest
contamination factors (CF) according to the following equation. The main idea of PLI
is to give an overall level of metal toxicity by estimating the number of times by which
the metal concentrations in the sediment exceeded the background concentration.

PLI =/CF,-CF,---CF, (Eq. 2.16)

where,
CFi is the concentration factor of the metals of interest for i=1, 2, ... n

The classification of PLI can be divided into two levels: polluted (PLI>1) and
unpolluted (PLI<1).
Contamination Degree (Cd)

To facilitate pollution control Hakanson (1980) proposed the degree of
contamination by estimating the overall contamination:

C, =) .CF, (Eq. 2.17)
i=1

where,
CFi is the concentration factor of the metals of interest for i=1,2,..n.

The classification of contamination according to Hakanson (1980) is: Cd<8 low
degree of contamination, 8< Cd<16 moderate degree of contamination, 16< Cd<32
considerable degree of contamination and Cd>32 high degree of contamination
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indicating serious anthropogenic impact. The substances Hakanson (1980) took into
account for the estimation of the degree of contamination were PCB, Hg, Cd, As, Cu,
Pb, Cr and Zn. Therefore, the Cq and its classification are restricted to only these
substances and cannot be generalized.

Modified Degree of Contamination (mCd)

Due to the restrictions of the degree of contamination factor, Abrahim (2005)
introduced a generalised form of Hakanson’s Cgq, achieving an overall average value
for a range of contaminants at estuaries. The main modifications refer to the use of the
mean concentration from at least three samples, there is no upper limit of the included
metals and as baseline values can be utilized the concentrations of the lower part of the
core or of similar nearby uncontaminated sediments. The modified equation is
determined as:

n
CF
me, - ,Z:l: ! (Eq. 2.18)
n
where,
CF is the contamination factor of the i" element (or contaminant) and n is the number
of the analysed elements.

The classification of mCy is the following: mCgy<1.5 indicates nil or very low
degree of contamination, 1.5<mC¢<2 low degree of contamination, 2<mCg¢<4 moderate
degree of contamination, 4<mCg<8 high degree of contamination, 8<mCgy<16 very high
degree of contamination, 16<mCy<32 extremely high degree of contamination and
mMCg>2 ultra high degree of contamination.

Potential Ecological Risk Index (RI)

The potential ecological risk index is calculated by the sum of the risk factors
as proposed by Hakanson (1980) for lake ecosystems. It is a method to assess the
characteristics and environmental behavior of metal contaminants in sediments.

8 8
RI =) Er.=>Tr-CF, (Eq. 2.19)
i=1 i=1

where,

Eri is the risk factor, Tr; is the toxic-response factor for a given substance (PCB, Hg,
Cd, As, Cu, Pb, Cr and Zn) and CF; is the contamination factor of the examined
substances. Tr; is a function of the bioproduction index (BPI) and assuming an
intermediate value of BP1=5 the TR; values become PCB=40, Hg=40, Cd=30, As=10,
Cu=5, Pb=5, Cr=2 and Zn=L1.

The classification of Rl is: RI<150 indicates low ecological risk for the lake or
basin, 150<RI<300 moderate ecological risk for the lake or basin, 300<RI1<600
considerable ecological risk for the lake or basin and RI>600 very high ecological risk
for the lake or basin.

Sediment Quality Guidelines (SQG)

The sediment quality guidelines are metal concentrations, that can be used in
environmental risk assessment, so as to evaluate the potential of adverse impacts on
aquatic organisms or can be utilized as environmental guidance and serve as national
benchmarks. The SQG can be derived either mechanistically incorporating chemical
and biological factors for the estimation of contaminant bioavailability or empirically
using statistical analyses between sediment concentrations and biological effects.
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Usually, they are characterized by two screening levels low and high (SEL or ISQG
high). The low effect level (LEL or PEL or PEC or ISQG low) implies that adverse
effects are not expected on the benthic life if the total trace element concentration is
below this value, while the severe effect level (SEL) indicates that harmful effects are
expected to occur in the benthic community if the concentration in the sediment is
above this value. (Thompson et al., 2005).

As it has been clear in the description of the methods to assess contamination,
the establishment of background or reference value is necessary for the determination
of contamination. For the establishment of background values (pre-anthropogenic
concentrations) different ideas have been proposed according to several empirical
methods (e.g. use of global mean concentrations, pristine areas within the same
ecosystem, pristine fluvial sediments, use of sedimentary cores of high depth), with the
main ones being (Salomons and Forstner, 1984; Birch, 2017):

(a) the concentrations of the average shale composition (global mean concentrations)
(b) the utilization of fossil aquatic sediments by environments characterized as
standards

(c) the values of recent deposits in relatively unpolluted areas and

(d) the utilization of short, dated sedimentary cores, which provide historical records
of occurring events. Despite the estimation of the background levels, the core sampling
may inform us of the element changes over an extended period of time. The study of
sediment cores is suited for the distinction of natural metal enrichment in zones of
mineralization and anthropogenic activities near mining and smelting processes.

2.6  Sediment chronological models

An important aspect of sediments is that behave as sink for contaminants, thus
they can be used not only to assess the contamination level but also to record the impact
of natural processes or anthropogenic activities. Sedimentary cores can be useful to
provide retrospective information on the past characteristics of the aquatic environment
and can be dated by means of certain granulometric characteristic, by pollen
assemblages or by isotope measurements (Salomons and Forstner, 1984). During the
last decades natural and artificial radionuclides have been used for chronological
applications and the estimation of the sedimentation rates in the aquatic systems. The
origin of the artificial radionuclides may be due to nuclear tests in the early 1960’s,
nuclear accidents (e.g. Chernobyl, Fukushima) and possible river runoff near nuclear
power plants. In this work, some dating methods of sediments based either on natural
or artificial radionuclides are going to be presented briefly. Among the radiodating
methods those based on ?'°Pb and **’Cs have proved to be advantageous (Salomons
and Forstner, 1984). The described methods will be focused on the marine
environment.

Natural radionuclides:

Be (t1/2=53.3 d) is a natural radionuclide produced in the upper atmosphere by
cosmic ray spallation of nitrogen and oxygen.The dating method can be performed so
as to estimate short-term accumulation rates in the near-shore and lake sediments for
more than 200 days. The "Be is distributed by atmospheric deposition and thus can be
useful for studying short-term and seasonal variation of sediment reworking
(Krishnaswami et al., 1980).
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2%4Th (t12=24.1 d) can be used so as to determine particle-mixing rates in near-
shore sediments. The equilibrium between the parent (?*®U) and the daughter (***Th)
nuclide results in the production of 2%*Th at a constant rate in the water column. The
parent nuclide is conservative element in the seawater, however 2**Th is very particle-
reactive element and rapidly removes from the solution by binding with suspended
particular matter. Thus the Z*Th/2%U disequilibrium (excess 2%4Th) in the upper
centimetres of the core can be utilized to determine rates of biogenic particle mixing
and rapid diagenetic reactions near the sediment-water interface. The short half-life of
234Th is sensitive to seasonal changes on at least a 100 day timescale. Additionally, the
distribution of excess 2**Th can be proved useful in the study of transport-reaction
processes, particulate sedimentation and resuspension (Aller et al., 1980; Rose et al.,
1994).

210pp (t12=22.3 y) is a natural radionuclide (>*8U series) and has been used as
radiotracer in many processes (e.g. ocean biochemistry, atmospheric deposition and
contamination, sedimentary processes, sediment radiochronology). The excess 21°Pb is
an additional portion of 22°Pb found in the sediment apart from the one produced in-
situ by the parental 2?°Ra. The excess 2*°Pb supply in the near-shore zones can be
atmospheric deposition, production from ?%°Ra in the soil, riverine sediments and
advective-diffusive inputs from circulating water masses (Radakovitch et al., 1999).
The sedimentation rate can be determined from the slope of the least-square fit for the
excess 2%Pb concentrations plotted versus depth or by various models whereby the
radioactive decay correlates with mass flow rates. The proposed °Pb models
incorporated in this work are presented in section 3.4.2. The 2:°Pb method is suited for
dating events occurring during the last 100-200 years.

32Sj (t12=500 y) is a natural radionuclide produced in the atmosphere by
interactions of cosmic ray particles with atmospheric argon nuclei. It can be used for
chronology studies at a 2000 year timescale. According to Krishnaswamy et al. (1971)
if the sediments are rich in biogenic skeletal remains, then the 32Si dating method is
analogous to *C and is based on the 32Si/Si ratio. However, if the sediments are
deficient in biogenic silica, a proposed method is the selective leaching of precipitated
silica to obtain the 32Si/Si ratio.

Artificial radionuclides:

%Fe (t12=2.7 y) is an artificial radionuclide produced by nuclear weapon testing
and it can be utilized for a 10 year timescale. According to Krishnaswamy et al. (1971)
using the known global fallouts of >°Fe during 1963-1964 and finding these signals in
the upper part of a core sediment, they can contribute to the estimation of sedimentation
rates.

137Cs (t12=30.1y) is an artificial radionuclide produced by atmospheric nuclear
weapon testing and nuclear accident. The main fallout events were in the early 1950s
and peaked in 1963 due to weapon testing, while in 1986 due to the Chernobyl Nuclear
Power Plant accident. As in the case of *°Fe, the correspondence of the fallout events
to the measured signals in different depths of the core, can estimate the sedimentation
rate. The ¥'Cs method is suited for dating events occurring during the last 100-200
years.

239.240py (t1,=24.1 y (*°Pu), t12= 6561 y (**°Pu)) the plutonium isotopes have
been introduced into the environment due to nuclear weapon testing. Assuming that
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the nuclear fallout has been characterized by a constant average 23%24°Pu/%Sr ratio, then
the records of ®Sr can define the time-dependence and latitude-dependence of Pu
fallout (Krishnaswami et al., 1980). The plutonium isotopes are reactive and remove
from the water column faster than the “typical soluble” fallout nuclides (e.g. *°Sr, **Cs)
by particulate materials, thus can be used as tracers to study sedimentation.

Stable isotopes:

The stable isotopes of organic carbon (*3C) and nitrogen (**N) are natural source
indicators of sedimentary particulate organic matter. These concentrations can be used
complementary as geochemical information to unfold the interpretation of the radio-
dating cores.

The application of the described radio-dating methods is restricted by other
parameters such as low activity concentrations, presence of coarse sediments, post-
depositional sediment mixing etc.

2.7  Statistical Models

Statistical methods can be useful in the planning, designing, data-collecting,
analysing and interpreting the research findings. However, in order to not misuse
statistical analysis, proper statistical tests must be performed and thus the basic
parameters (e.g. sample size, power analysis, statistical errors) must be well
understood. The data can be organized into two types of variables, quantitative and
qualitative. A variable is any characteristic that can be measured or counted and its
value varies between data units in a population and may change over time. Statistics
try to describe the relationship between variables in a sample population, either by
providing a summary of data of the sample and it is called descriptive statistics or by
deducting inferences about the whole (or larger collection of the) population and it is
called inferential statistics. Descriptive statistics can describe the shape, centre and
spread of a dataset, using indices such as mean, median, mode, range, variance,
standard deviation etc., however in this work we will focus on the inferential statistics.

As mentioned above, inferential statistics are a group of techniques to generalize
an inference for the whole population based on the data collected from a sample.
Therefore, they include estimation, associations within the data (correlation),
modelling relationships within the data and hypothesis testing. Among the
aforementioned inferences the associations within the data were examined in the
present work. A hypothesis is proposed for the statistical relationship (e.g. data set
associations) between two statistical data sets, or a data set and data determined by a
model. This hypothesis is compared to an alternative idealized null hypothesis, which
assumes no relationship between the two data sets. The rejection or approval of the null
hypothesis is performed by hypothesis testing. The p value is the probability of the
event or the relationship between the population variables to occur by chance if the null
hypothesis is true. If p value is below the selected significant level of 0.01 or 0.05, then
the result is highly significant (very probably true) or significant (probably true),
respectively, and the null hypothesis can be rejected. In the case where the p value is
higher than the significance level of 0.05, then the result is not significant and the null
hypothesis cannot be rejected. The significance level indicates how likely a pattern of
the data is due to chance and the most common used level is 95%. However, the
statistical packages give the converse level (5% or 0.05) indicating that the result has
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a 5% chance of not being true. The significance level can be affected by the sample
size, as in small samples large differences between the samples can be non-significant
and the opposite.

The numerical data (quantitative variables)-as the ones of this work- can be
analysed using either parametric or non-parametric statistical analysis. The main
difference among the two techniques is that the first assumes normal distributions and
homogeneity of variances, while the latter does not require normal distributions
(distribution-free). Nevertheless, non-parametric distributions may be useful when the
assumptions of normality are not met, but have less power to detect the significant
differences than the parametric ones. For multi-samples the common parametric tests
are one-way or two-way analysis of variance (ANOVA) and Pearson correlation
coefficient, while the non-parametric tests are Kruskal-Wallis test, Jonckheere test,
Friedman test and Spearman rank order.

Non-parametric methods are more widely applied than the parametric ones, as
they demand less assumptions and are simpler. They are more flexible as the model
structure is not specified a priori, but it is determined by the data. In this work, a
parametric (Pearson correlation coefficient) and a non-parametric (Spearman rank
order) analysis were followed, using Statistical Package for the Social Sciences
(SPSS). Pearson correlation coefficient (r) measures the linear correlation between two
variables and ranges from -1 to 1, where -1 represents negative linear correlation, 0 no
correlation and +1 positive linear correlation. The intermediate values (among -1 and
+1) indicate the intensity of the linear correlation. Spearman's rank correlation
coefficient (rho or p) measures the statistical dependence between two variables using
a monotonic function. The correlation coefficient ranges from -1 to +1, where the
intermediate values indicate the intensity of the monotonic dependence between the
samples. Spearman’s rho analysis represents a general correlation coefficient.

41



Chapter 3

Dose estimation and radionuclide dispersion using
ERICA and MCNP5 codes

An important task of the present work was the estimation of dose rates in non-
human biota due to natural and artificial radionuclides, as well as the dispersion of
natural radionuclides near coastal areas. The software package used for this effort was
the ERICA Assessment Tool. In the following sections some basic information
regarding the theoretical background of ERICA and the incorporation of it in this work,
will be described. Additionally, a small introduction regarding the general-purpose
Monte Carlo Neutral Particle code (MCNP) will be presented, as the code was used as
a check point of ERICA in a hypothetical scenario.

3.1 Theoretical background

In general, ERICA development was based on MCNP code (MCNP4C) so as to
include and simulate some basic ideal geometries of biota and the interactions of alpha,
beta and gamma radiations in the matter. However, many assumptions were introduced
in ERICA regarding divergences from the ideal theoretical simulated geometries, the
location of the generated radionuclide sources, the radionuclide inputs taking into
account secular equilibrium hypotheses and the incorporated experimental datasets.
Thus, despite the integration of MCNP in ERICA, it was considered appropriate to test
the two codes in a hypothetical scenario, as mentioned before.

3.1.1 MCNP /MCNPX simulation code

MCNP is a general purpose Monte Carlo code for the transport of all kinds of
particles and among its capabilities it can be applied for radiation protection and
dosimetry purposes. The code was developed by Los Alamos National Laboratory, it
is distributed by the Radiation Safety Information Computational Center for the United
States and by the Nuclear Energy Agency internationally. MCNP code uses the Monte
Carlo statistical method, which generates random numbers to solve problems that
might be deterministic in principle. Thus, the code can simulate experimental cases so
as to determine the interaction of neutrons, electrons and photons with the matter. The
simulated interactions are established on data bases, incorporated in the system, which
include cross-section data of these interactions. The experimental case such as
geometry, materials, radioactive sources etc. must be described in detail.

In this work the MCNP5 code and the extensions of it (MCNP-CP, MCNPX)
codes were used to simulate the non-human biota of the studied area, utilizing the
measured activity concentrations of natural (e.g. %*°Ra, “°K) and artificial (**'Cs)
radionuclides. The MCNP-CP is an extension of MCNP5 and provides the capability
to simulate the whole decay diagram, and not specific energies, of a gamma emitter.
Therefore, it is useful to describe summing effects, which become critical in cases
where the distances of the radioactive source and the detector are small (below 10 cm).
The MCNPX code was also used to simulate ion (e.g. alpha particles) interactions with
matter, as heavy ions are not included in MCNP5 code. The basic units of MCNP are
centimeters (length), MeV (energy), sec (time), KT (temperature), atoms barn® cm™
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(atomic densities), g cm™ (mass densities) and MeV collision™ (heat number). In this
work the energy deposition tally (F6) (MeV g*) was used and the description of the
MCNP-ERICA test case will be presented in section 3.2.2.

3.1.2 ERICA Assessment Tool

The ERICA Assessment Tool is a software system to assess the radiological risk
to biota and has been based on ERICA Integrated Approach, an objective of the EC-
EURATOM 6™ Framework Programme (Brown et al., 2008). The main scope of this
approach was to quantify the environmental risk firstly by combining environmental
transfer and dosimetry data to estimate the exposure values and secondly by comparing
these values with exposure levels of known detrimental effects.

ERICA adopts a tiered structure, whereby includes two generic screening tiers
(Tier 1, 2) and a third site-specific tier. Tier 1 is a conservative tier, is based on the
activity concentrations of the media and utilize pre-calculated environmental media
activity concentration limits to estimate the risk quotients. Tier 2, is a more flexible
tier, whereby the assessor may edit most of the parameters such as concentration ratios,
distribution coefficients, dose conversion coefficient etc. and can calculate the dose
rates. The last tier, Tier 3, is also flexible and provides the option of probabilistic
assessment when the probability distribution functions are defined. In present work,
the dose rates and the dispersion of radionuclides were estimated Tier 2 for the marine
environment. Thus, many of the parameters, assumptions and calculations, which will
be described in this chapter (ch. 3) will be focused on Tier 2 for an aquatic/marine
environment case. For a more detailed and general description of the ERICA software
please see Brown et al., (2008); Brown et al., (2016); Beresford et al., (2007); ERICA
manual among all other literature regarding ERICA.

ERICA has been applied in various applications worldwide, after its release
(Brown et al., 2016) such as (a) to estimate potential environmental impact in European
countries due to geological disposal facilities, (b) to compare its results with newly
introduced environmental regulations, (c) to quantify the environmental impact due to
operating and planned nuclear power stations, (d) to derive radiological quality
guidelines in uranium mines of Australia or (e) to assess the impact of uranium mining,
(f) to evaluate the impact of surface deposited radioactive wastes in Europe and
Australia, (g) to assess the impact of medical facility releases and (h) to estimate the
exposure of biota after Fukushima accident. According to Beresford et al. (2007) the
main structure of the ERICA Integrated Approach, incorporated in the ERICA Tool is:
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Fig. 3.1 The structure of the ERICA Integrated Approach. Management: refers to the decision make
before, during and after an assessment, Assessment: refers to the estimation or measurement of
activity concentration in environmental media and organisms, the definition of exposure conditions
and the dose rate estimation, Characterization: refers to the estimation of the magnitude of adverse
effects to biota by comparing the output data with existing effect analyses.

Dose concept

As absorbed dose (Gy), the energy absorbed per unit mass in a given organism
or whole body is defined. The most important type of radiations which contribute to
the absorbed dose in environmental conditions are alpha, beta and gamma radiation.
The rest such as neutrons, heavy ions and fission fragments are of less relevance. It is
known that different types of radiation cause different effects even in the case of similar
absorber dose. The difference in the biological effect due to the different type of
radiation, is expressed in the human dosimetry as equivalent dose (Sv), combines the
absorbed dose with radiation weighting factors and has a stochastic nature. However,
this approach cannot be applied in the case of non-human biota, where the radiation
effects have a deterministic nature and usually refer to morbidity, mortality, reduced
reproductive success and induced mutations (germ or somatic cells). Therefore, in
ERICA, different default weighting factors for alpha, beta and gamma radiations have
been included, which can be modified in Tier 2.
Reference organisms

Representative organisms of typical ecosystems (terrestrial, aquatic) have been
chosen to represent (a) different life stages (e.g. egg fish, adult fish), (b) wide range of
life forms, (¢) organism’s shape, (d) organism’s masses, () ecosystems and (f) habitats.
As “reference organism” is defined “a series of entities that provide a basis for the
estimation of radiation dose rate to a range of organisms which are typical, or
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representative, of a contaminated environment. These estimates, in turn, would provide
a basis for assessing the likelihood and degree of radiation effects” according to Brown
et al.,, 2016. The reference organisms of marine environment are phytoplankton,
macroalgae, vascular plant, zooplankton, polychaete worm, benthic mollusk, benthic
fish, pelagic fish, bird, mammal, reptile, sea anemones/true corals and colony of sea
anemones/true corals.
General assumptions

In order for the dosimetric model to cover a wide range of exposure situations, it
had to assume numerous simplifications regarding the variability of biota’s sizes,
shapes and habitats. The main simplifications accepted by the model are that (a)
spheres and ellipsoids approximate the organisms’ shape, (b) the radioactivity
distribution is homogenized in the whole body for the internal dose rate calculation and
not specific calculation is held for the different organs, (c) the radionuclide kinetic in
the organism is not taken into account and equilibrium concentration in the whole body
is assumed and (d) different source-target relationships are considered for the external
dose rate calculation, so as to represent typical situations (e.g. the organism lives on or
in the contaminated soil). Thus, ERICA estimates mean absorbed dose rates (internal
or external) for the whole body of the organism.
Radiation types

In ERICA different radiation weighting factors (wf) have been implemented so
as to assess the biological effectiveness. The types of radiation included in the dose
calculations are: (a) alpha particles, (b) low-energy electrons (Eg < 10 keV) with
discrete or continuous energy, (c) high-energy electrons (Eg >10 keV) with discrete or
continuous energy, (d) high-energy photons (E, > 10 keV). The default values of
radiation weighting factors are 10 for alpha particles and fission fragments, 3 for low-
energy electrons and 1 for all other types of radiation.
Radionuclide decay chains

For some radionuclides their radioactive daughters have been also accounted in
the dosimetric model, when the half-lives of the latter are less than 10 days. Thus,
secular equilibrium is assumed between parent and daughter nuclides.
Dose rate calculation

The dose rate (uGy h) calculation is based on the activity concentration in the
media or the organism, as well as on a set of parameters such as dose conversion
coefficients (DCCs), distribution coefficients (Kqs), concentration ratios (CRs) etc. All
these parameters will be described below, where special attention will be given to the
most important parameter (DCC) in the dose rate calculation. The dose rate is divided
in two fractions, internal and external, which are calculated separately and the sum of
these components gives the total absorbed dose rate. The internal dose rate (be ) is

int

given as:

Dibnt = ZcibDCCiern,i (Eq. 3.1)

where,

CP is the average (whole body assumption) concentration of radionuclide i in the

b
int,i

reference organism b (Bq kg* fresh weight), DCC?.. is the internal dose conversion

coefficient for the specific radionuclide (uGy h™ per Bq kg fresh weight) defined as
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the ratio of the dose rate of the organism to the average activity concentration of the
organism (see “Parameters” paragraph below for DCC full description).

The external dose rate (D'b ) is calculated as:
ext

DY, =X v.> cDec, (Eq.3.2)

where,
Vv Is the occupancy factor (the time fraction that the organism b spends at a specified
position z in its habitat), C*' is the average concentration of radionuclide i in the

reference media of a given location z (Bq kg™ in fresh weight of soil/sediment or
Bq It in water), DCC, . is the external dose conversion coefficient for the specific

ext,zi
radionuclide (uGy h per Bq kg™ fresh weight or Bq I), defined as the ratio of the
dose rate of the organism to the average activity concentration of the media.
Parameters

The main parameters of ERICA used for the dose rate calculations are
concentration ratios (CRs), distribution coefficients (Kgs), percentage dry weight soil
or sediment, dose conversion coefficients (DCCs), radiation weighting factors (wf) and
occupancy factors. All these parameters cannot be changed in Tier 1, but can be altered
in Tiers 2 and 3. A brief description of most parameters will be presented below,
whereas special care will be held for the DCC, CR and Ky parameters.

Dose Conversion Coefficient (DCC)

As DCC is defined as the absorbed dose rate per specific source activity (uGy
h™ per Bg kg™) in organism or medium and can be expressed in terms of a key quantity
for calculating internal doses, the absorbed fraction ¢(E), which depends on the energy
E. As o(E), the fraction of energy emitted by a radiation source within the target tissue,
organ or organism is defined. In the case of an aquatic reference organism, the
organism is within a quasi-infinite homogeneous medium and the activity is assumed
to be uniformly distributed in the whole body. The densities of the medium and the
organism are the same. Taking all these into account the internal and external
components of DCC for mono-energetic radiation can be expressed as a function of
o(E):

DCC,(E) = Ep(E) (Eq. 3.3)
DCC.,, (E)=E(1-¢(E)) (Eq. 3.4)

As mentioned before the external DCC has a meaning only if the organism and
the surrounding medium are of the same density and elemental composition. In an
infinite homogeneous medium with uniform isotropic radiation sources, the DCC per
unit source strength cannot exceed the full absorption limit, which is the adsorbed dose
in uniform infinite media. Thus, for any given nuclide, the upper limit for the DCCs
equals to:

DCC, (E) ~5.76-10“E (Eqg. 3.5)
where,
D, is the upper limit of DCCs in pGy h Bqt Kg and E is the source energy in MeV
average over the source emission spectrum (discrete and/or continuous):
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E:Z(ZEM +jNV(E)EdEj (Eqg. 3.6)

Therefore, the analytical equation describing the internal and external components of
DCCs are:

D =Z(Z EYi, (E)+] NV(E)Ecov(E)dEJ (Eq. 3.7)

Do = Z(Z EY.1-9,(E)) +I NV(E)E(l—cov(E))dEj (Eq. 3.8)

where,
v states the radiation types (alpha, low-beta, high-beta, photons and spontaneous fission
fragments), Ei the decay energy of radionuclide in MeV, Y the yield of the discrete
energy radiations per decay of the radionuclide in decay?, Ny(E) the energy spectrum
for continuous energy radiations of type v in decay MeV?, ¢,(E) the absorbed
fraction.

According to Ulanovsky and Prohl, (2006) and Ulanovsky et al., (2008) if the
organism (Hosseini et al., 2008) dimensions are much smaller than the radiation range
in the medium then DCCint—0 due to the escape of radiation from the body and

DCC,,, — 0. On the other hand, when the size of the organism is much larger than the

radiation range in the medium, then DCC, . — coand DCCext — 0. The ranges of alpha

int

particles and low-energy electrons are small (< 50-100 pum), so in many cases the
practical relevance absorbed fractions are high ¢(E) = 1. Therefore, according to

equations 3.3and 3.4, DCC,, = DCC_ and DCCex~ 0. On the contrary, for really small

organisms and for longer range radiations (high-energy electrons and photons), ¢(E) =
0, thus DCCint= 0 and DCC_,, = DCC .

Weighted internal, external and total (sum of internal and external component)
dose rates taking into account the radiation types are estimated by:
DCCint = \Nflowﬁ DCCint,Iow-ﬁ + \Nfﬂ+y DCCint,ﬂ+y +\1\fo DCCint,a (Eq 39)

DCCext = VVflowﬁ’ DCCext,Iow-ﬂ + \Nfﬁ+y DCCext,ﬂ+y (Eq 310)

where,
wf are the radiation weighting factors, with default values of 10 for alpha particles and
fission fragments, 3 for low-energy electrons and 1 for all other types of radiation (e.g.
high-energy electrons and photons). If unweighted absorbed dose rates are required the
default wf values can be altered by the assessor and set equal to unity.

Summarizing the theory regarding the DCC parameter it can be seen that the
DCC data can be categorized according to (a) radionuclide, (b) reference organism, (c)
internal irradiation, (d) external irradiation and (e) radiation types (DCC for alpha
radiation, DCC for low beta radiation and DCC for high beta-gamma radiation). As
mentioned above, in the case of radioactive chains, in the DCC calculation the daughter
nuclides of a parent nuclide are also included assuming secular equilibrium, if they
have half-lives shorter than 10 days. Special care was also given to the shapes,
dimensions and masses of the reference organisms, in order to represent and include
real cases.
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Briefly, the absorbed fraction (¢(E)) and therefore DCC was estimated through
Monte Carlo code (MCNP4C), assuming infinite water medium surrounding the
organism, internal sources in the organism, homogeneous distributed for spheres and
ellipsoids in the mass range of 10°-10° kg for photon and electron sources with
energies ranging from 10 keV to 5 MeV. The differences between absorbed fractions
for spherical and non-spherical bodies depend on (a) mass of the body, (b) shape of the
body, (c) type of the source particles and (d) energy of the source particles. Thus, in
the ¢(E) calculation the sphere geometry was simulated using MCNP4C and by
producing a re-scaling factor RF(E,M,n), which depends on the energy (E), the mass
(M) and the non-sphericity parameter (1), the ERICA team was able to produce DCC
values for a wide range of organisms with an assumed ellipsoidal shape. This
coefficient of variation following this approximation was determined for electron
sources to be up to 10%, whereas for the majority of the studied energy and mass values
did not exceed 3%. In the case of photon sources the uncertainties were up to 15%,
where for most of the energy and mass values they were between 5 and 10%. According
to Ulanovsky and Prohl, (2006) the DCC estimation can be extrapolated to body masses
outside the studied range of 10--10° kg, but the limits and assumptions of ERICA must
be taken into account.

Concentration Ratio (CR)

For the exposure assessment in the biota, the activity concentrations of
environmental media and organisms are needed. If adequate measured data are
unavailable, the activity concentrations of radionuclides in biota can be calculated
indirectly by multiplying the corresponding media activity concentrations (water for
aquatic ecosystems) by equilibrium concentration ratios (CRs) and vice versa. For
Tiers 2 and 3 the activity concentrations of the media can be estimated by dividing the
activity concentrations of the biota by the corresponding CR. For aquatic ecosystems
the concentration ratio (or concentration factor or bioaccumulation factor) is defined
as:

C.,
CR,; ==
, Ciaq

(Eq. 3.11)

where,
CR;j,i is the concentration ratio for the j organism and i radionuclide (dimensionless or
I kg, Cj,i is the activity concentration of i radionuclide in the whole body of j organism

(Bq kgt fresh weight) and C is the activity concentration of i radionuclide in aqueous

phase (Bq I1), typically filtered water.

The CR method usually assumes that an organism is in biochemical equilibrium
with its surroundings. However, the required time for the equilibrium to be attained
depends on the physical half-life of the radionuclide and the biological half-life of the
element in the organism, thus the assumption of instant equilibrium adopted by ERICA,
may result in poor predictions regarding the concentrations in organisms in some cases
(Hosseini et al., 2008). The core problem of these poor predictions is that in reality
radionuclides are retained in some organisms and then are returned to the medium
surrounding them after days or years and not instantly. Furthermore, according to
Hosseini et al. (2008) the influence of physical and chemical reasons on uptake and
depuration at different trophic levels is needed for a long-term and robust prognoses
taking into account the contaminant behavior and fate. For example, the changing
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conditions in an aquatic environment may influence the contaminant transfer and affect
the water-organism radionuclide concentration. This will lead to different radionuclide
concentrations in high trophic-level organisms, where the main contaminant source
will be the ingested food. In such a case the accumulation of contaminants in high
trophic-level organisms cannot be assumed as a linear process.

Ideally, CR data must refer to the whole organism as the DCC and the dose rate
calculations refer to the whole body. However, in some cases the available data refer
to tissue types (soft/edible/muscle/hard tissues) and/or organs. Thus, the conversion of
partial CRs to whole-body CRs were needed and were calculated as:

> fCR

Cory = R (Eq. 3.12)

where,

Cwmitow is the conversion factor so as to convert a muscle CR to a whole-bofy equivalent
CR, fi is the fractional mass of the organ/body part i, CR; is the concentration ratio of
the organ/body part and CRw is the concentration ratio of muscle or flesh.

In the marine environment conversion factors were not calculated for
photoautotrophic reference organisms (i.e. phytoplankton, macroalgae and vascular
plant) as the CR data of these organisms either already refer to the whole body or the
sampled tissues were not specified. For the heterotrophic reference organisms if the
registered CR data were specified for the different tissue/organ part, the conversion
factors were estimated.

Default CR values are incorporated in ERICA for each default element and
reference organism. These values have derived from reviews of original publications
(such as (International Atomic Energy Agency (IAEA), 2004)). Nevertheless, in many
cases, no empirical data were available, therefore the gaps in the CR database were
filled by various methods such as taxonomic/similar species analogues, biochemical
analogues and transfer modelling approaches (Hosseini et al., 2008). Due to these
approximations, ERICA provides the assessor with information of the origin of the
derived CRs.

Distribution coefficient (Kq)

The water-sediment distribution (or partition) coefficient (Kq) is an important
parameter used in estimating the migration potential of contaminants present in
aqueous solutions in contact with surface, subsurface and suspended solids (United
States Environmental Protection Agency (USEPA), 1999). The Kq value is a direct
measure of the partitioning of a contaminant between the solid and aqueous phases, it
is an empirical metric to account for various chemical and physical retardation
mechanisms (e.g. surface adsorption, absorption into the solid structure, precipitation,
physical filtration of colloids), it varies greatly between contaminants and it is a
function of aqueous and solid phase chemistry. Kgs also vary significantly depending
on the location, thus, if possible, site specific data must be acquired. Kq is used in
aquatic environments to derive activity concentrations in sediment from water
concentrations and vice versa, assuming equilibrium between the media. The Ky is
defined as:
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Ky == (Eq. 3.13)

where,

Kaq is the distribution coefficient (1 kg™), Csi is the activity concentration in the sediment
(Bq kg dry weight) of the radionuclide i and Cy,i is the activity concentration in the
water (Bq It usually filtered water) of the radionuclide i.

Percentage dry weight soil/sediment

The estimated activity concentrations in biota and water, through CRs and Kgs
require activity concentrations in dry weight portion of sediment. On the other hand,
the external dose rate estimation requires fresh weight activity concentrations. To
enable the conversion from dry weight to fresh weight activity concentrations, the
percentage of dry weight in sediment is needed. If this value is not given, ERICA
assumes 100% dry matter, which leads to conservative (overestimated) dose rates.
Radiation weighting factors (wf)

The radiation weighting factors have been already mentioned in the DCC
section and they are used in order to assess the different biological effect in the
organism due to different types of radiation. The wf default values in ERICA are 10
for alpha particles and fission fragments, 3 for low-energy electrons and 1 for all other
types of radiation (e.g. high-energy electrons and photons)

Occupancy factors

Occupancy factor is the fraction of time that an organism spends at a specified
location in its habitat. The maximum percentage of occupancy is 100%, it can be
divided in other percentages if the organism resides in more than on media, it is not
necessary the sum of the occupancy factors to be 100% in case where the radius of the
organism’s residing region is larger than the radius of the contaminated area and it can
be modified by the assessor. The default occupancy factors of ERICA have been
selected to estimate conservative dose rates, meaning to maximize the dose. The
occupancy options according to ERICA manual in aquatic ecosystems are:

1. water-surface (when an organism spends time on the surface of the water (e.g.
duck))

2. water when an organism spends time swimming through the water column (e.g.
pelagic fish)

3. sediment-surface (when an organism spends time near the bottom of the water
column (e.g. benthic fish) or lives on the surface of the sediment (e.g. macrophytes)

4. sediment (when an organism spends time in the sediment (e.g. marine polychaete
worm) and actually is buried in the sediment).

Tier 2 and dosimetric module description

This work will be focused on Tier 2 and not on the other tiers (1 and 3). More
details regarding Tiers 1 and 3 can be found in Beresford et al. (2007), Brown et al.
(2008) and ERICA manual. The dosimetric relationships (DCC calculations) have been
implemented in a dosimetric module, which has been integrated into ERICA Tool. The
dosimetric module refers to a uniform isotropic model (Eqgs 3.3 and 3.4) applied for
aquatic organisms (this work) to estimate their external and internal exposure, for mass
ranges from 10 kg to 10° kg based on pre-calculated absorbed fraction values and
linked with the electronic database with the decay properties of 838 radionuclides
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(nearly any known radionuclides) (Ulanovsky et al., 2008). The flowchart of this
dosimetric module is shown in Fig. 3.2.

‘ Radionuclide, organism, mass, shape ‘

External Internal Internal External External Internal
exposure exposure exposure exposure exposure exposure
Shape
‘ In soil ‘ ‘ On soil }-7
Source
geometry
Volume
External Internal External
eXposure exXposure *  eXposure
DCC DCC i DCC

Fig. 3.2 The flowchart of the dosimetric module integrated in the ERICA Tool (aquatic and terrestrial
ecosystems)

At Tier 2 the total (internal and external) weighted estimated dose rates for each
reference organism included in the assessment are compared with dose rate screening
values that were selected by the user to assess the situation. The screening dose rate
values included in ERICA (Tier 1, 2 and 3), which can be selected by the assessor are
two: (a) 10 pGy h™ for all ecosystems and (b) 40 uGy h't and/or 400 uGy h* depending
on the ecosystem. ERICA’s default incremental screening value (10 uGy h*) applies
to all ecosystems and was derived by a deliverable of ERICA project (ERICA manual,
see section 10.12). This screening dose rate was calculated so that generic ecosystems
(freshwater, marine and terrestrial) be protected from effects on structure and function
under chronic exposure to radionuclides. Additionally, it was the result of a chronic
exposure analysis of 26000 data. The 40 pGy h screening value is set for terrestrial
animals and aquatic species of aquatic mammals, reptiles, amphibians and birds, while
the 400 pGy h value is set for terrestrial plants and all other aquatic species not
mentioned above (e.g. fish, worms). These values were derived from the IAEA (1992)
and UNSCEAR (1996) reports and are real benchmarks below which populations are
unlikely to be significantly harmed based on reviews of scientific literature. In the case
where the assessor use his/hers own screening values, they must be justified as these
values are used for comparison reasons to assess the exposure and produce risk
quotients:
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DRy,
RQuq =5pm (Eq. 3.14)

where,

RQorg is the risk quotient for reference organism, DRorq is the estimated total dose rate
(uGy h™) and SDR is the screening dose rate (uGy h) selected by the user at the
assessment context stage.

As have already been mentioned, Tier 2 is a flexible tier, where activity
concentrations of organisms and media (water and/or sediment) can be inserted, many
parameters (Kqs, CRs, wf, occupancy factors and percentage dry weight in sediment)
can be altered and new organisms or isotopes can be inserted, taking into account the
necessary data for their descriptions (e.g. mass, shape, Kq, CR, etc.). Additionally, the
objective of Tier 2 is to identify situations where there is a very low probability (e.g.
few percent) that the dose to any selected reference organism exceeds the adopted
screening dose rate. Thus, this screening test uses two RQ values, the expected one and
the conservative one. The former is calculated using the expected values for input data
(assessor) and the parameters. The latter is calculated by multiplying the expected RQs
with uncertainty factors (UFs).

The uncertainty factor is an approximation applied to account for uncertainty
in the dose-rate estimation. According to ERICA manual “The uncertainty factor is
defined as the ratio between the 95th, 99th or any other percentile (above the expected
value) and the expected value of the probability distribution of the dose rate (and RQ).
To estimate the UF, it is assumed that the dose rate and the RQ, follow exponential
distributions with means equal to the estimated expected values. In this case the UFs
corresponding to the 95th and 99th percentiles are equal to 3 and 5 respectively. Under
these assumptions and selecting a UF = 3, if the estimated expected value multiplied
by the UF is equal to or lower than one, then the probability that the RQ exceeds 1 is
equal to or lower than 5%. This is the same as saying that the probability of the
estimated dose rate exceeding the screening dose rate is equal to or lower that 5%”.

In Tier 2 the expected (RQexp) and conservative RQ (RQcons) values are reported
for every organism selected in the assessment. Depending on the RQexp and RQcons
values a concluding assessment or having to conduct a more detailed assessment is
decided by the assessor (ERICA provides a colored index to assess the exposure
according to the RQexp and RQcons Values):

1. if RQcons< 1 (green cells) for all organisms then the probability that the screening
dose-rate has been exceeded is low, the environmental risk is arguably negligible
and the risk assessment can be terminated.

2. if RQexp< 1and RQcons > 1 (amber cells) for any organism then the probability that
the screening dose-rate has been exceeded is substantial and further work is needed
either to reduce the uncertainties in the dose-rate estimation, thus possibly RQcons
will fall below 1 or to check the results with available effect data or background
dose rates, therefore the risk will be proved minimal.

3. if RQcons> 1 (red cells) for any organism then the screening value has been exceeded
and further assessment must be conducted e.g. by using Tier 3.

Tier 2 also contains an effect tab, which consist of a series of tables for each
reference organism group for the ecosystem under assessment. This information is

provided so as to compare the predicted dose rates for the selected organisms with a
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summary of information about the known biological effects in ionizing radiation on
non-human biota included in FREDERICA database (Copplestone et al., 2008).
Through this comparison an idea regarding the expected radiation effects may support
the assessor to decision making. The flowchart of Tier 2 incorporated in ERICA Tool
is shown in Fig. 3.3.

‘ Describe transfer pathways, use conceptual model
¥

Enter, amend (or add new) radionuclides, select ecosystem, uncertainty
factors, dose-rate screening level. Select or define new reference organism

i i
Use empirical data Use JAEA SRS-19
or bespoke model Generic models
Review & edit | Review & edit N R:"?lew_%lte_dlt Ll Enter.medLa a?df.or
K and CR, occup. factors rad. weighting M organism activ ity
factors concentrations

L

‘ Calculate dose rates ‘

‘ Test against dose rate screening level ‘

Risk Quotients — output results — evaluate vs background — record decision

4 Run DCC module to add or update:
Recommend stop 1) A new radionuclide from ICRP-38
assessment and 2) A new organism geometry :
exit Parameterise: .-
Enter radionuclide, ecosystem type, mass of organism, non-
sphericity of organism, height above ground (bird only) etc.
Output=Unweighted DCC (e.g. Gy h'! per Bq kg'1)

sojel asop jsureSe Surueelng 7 MHAILL

Fig. 3.3 The flowchart of Tier 2 incorporated in ERICA Tool (Beresford et al., 2007; Brown et al,
2008)

Dispersion model

ERICA Tool and specifically Tiers 1 and 2, enable the assessors to estimate the
media activity concentrations from discharge data using “transport” models based upon
IAEA Safety Report Series (SRS) 19 (IAEA, 2001). These models are screening ones,
designed to estimate levels of radionuclides in atmospheric and aquatic systems, and
simultaneously try to minimize the possibility that the calculated results would
underestimate real doses by more than a factor of 10. The dispersion models estimate
activity concentrations in water or air assuming a single source of continuous release
and an equilibrium or quasi-equilibrium has been established among the released
radionuclides and the relevant components of the environment. The available transport
models in ERICA are (a) small lake (< 400 km?), (b) large lake (>400 km?), (c)
estuarine, (d) river, (e) coastal and (f) air. According to Brown et al. (2008) the
implementation of these models in ERICA has been tested by comparing their results
with those of IAEA examples (original publication) and those of other codes which
implement SPR-19 models. This work refers to coastal marine regions, thus the
detailed description of the coastal model will follow bellow.
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The coastal generic model is based on a steady state and vertically averaged

advection-diffusion equation.
U ac:W tot azC:W tot AIC
ot _ fot

OX y ayz i ~w,tot (Eq. 3.15)

where,

Cw, wot is the concentration of the radionuclide of interest (Bq m), U is the velocity of

flow in the x (longitudinal) direction (m s) (0.1 m s as a default), &y is the (lateral)

dispersion coefficient in the y axis (m? s%), Ai is the radionuclide decay constant (s™).
The scale of the mixing length becomes larger as the radionuclide plume

spreads further in coastal waters, therefore the lateral dispersion coefficient is assumed

to be a function of the longitudinal distance (Eq. 3.16) (IAEA, 2001):

1.34
£, =3.44107 [uij (Eq. 3.16)

The solution of the advection-diffusion equation is calculated as:
72810°U%(y-y)"  Ax
~ 962 U 0.17Qie x%3 U (qu 3.17)

w,tot D X1,17
where,
Qi is the discharge rate of the selected radionuclide (Bq s), D is the water depth at the
radionuclide discharge effluent outfall (m), y, is the longitudinal distance between the
release point and the shore (m), y is the location of the receptor (along the shoreline or
in the sea), x is the longitudinal distance (along the coastal current direction) between
the release point and a potential receptor (m). The rest of the notation is as in Eq. 3.15.

The coastal model has some limitations or requires some assumptions, whereby
the main ones are: (a) the shoreline is straight along the x axis (y = 0), (b) the water
depth (D) is constant, (c) the coastal current (U) is constant and is parallel to the
shoreline and (d) the longitudinal dispersion is not important. These limitations are
described by the following equations:

TD<x<810"m (Eqg. 3.18)

‘y—yo

C

2 <<3.7 (Eq. 3.19)

According to equation 3.18 the coastal model can be applied for distances up
to 100 km from the discharge point.

3.2 Materials and Methods

After the description of ERICA and Tier 2 especially, the application of ERICA
in the study areas is presented in this section. In order to estimate the dose rates
(Stratoni, Oxygono Bay) and the radionuclide dispersion (Stratoni) some features of
ERICA were altered, some assumptions were adopted and some default parameter
values were used. Additionally, as mentioned before in section 3.1.1, even if ERICA
is based on MCNP code (MCNP4C), a test case (dose rate estimation in a hypothetical
organism) was examined in present work using ERICA and MCNP5/MCNPX codes,
so as to better understand ERICA and test the assumption of full absorption limit
(according to the external dose rate definition, the sources must be around the
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organisms, while ERICA assumes internal sources in the organisms and the remaining
energy fraction “escaping” from the organism equals to external exposure).

3.2.1 Radionuclide dispersion (Stratoni)
Implementation field

The followed procedure to apply the coastal dispersion model at the study area
of Stratoni (lerissos Gulf), is presented in Fig. 3.4. The lerissos Gulf was parameterized
in two different grid distances using the ArcGIS 10.2 software®: (a) a dense grid of
160 points (receptors) every 100 m (Fig. 3.4b), close to the Stratoni port; and (b) a less
dense one of 230 points (receptors) every 1000 m (Fig. 3.4a), covering the remaining
region of the gulf . As potential discharge source, eleven (11) release points (Fig. 3.4c)
in the vicinity of the load out pier area of Stratoni port were tested, including the STR1
sampling point which exhibited the highest activity concentrations (see chapter 5-
chapter of results). For each one of these points the coastal model was properly altered
so as to adjust the depth of the source (D), the release point to shore distance (y) and
the release point to receptor distances (x) according to the source coordinates. The
bathymetry of the region is known, with a mean seabed slope of approximately 5%.
Therefore, the inserted distance to the model, between the release point and the receptor
considering the bathymetry, remains almost the same. For the coastal current velocity
(V), the results of a 2D-hydrodynamic-model applied in the lerissos Gulf were utilized
(Chantzi, 2012). This model estimates the current velocities taking into consideration
the physical characteristics of the gulf (e.g. bathymetry, river discharges, wind
direction, wind force). The map of the estimated current velocities (mean values and
directions) for an Eastward wind of 5 bft (Beaufort) was utilized in this work as this
combination of wind direction and wind force represents the prevailing wind in the
area. The radionuclide discharge rate (Q) was thus the only free parameter that had to
be determined with respect to the experimental data. The activity concentration in the
sediment is derived from the activity concentration in the water using the distribution
coefficient (Kg).

The model was calibrated regarding the discharge rates (Q) of selected
radionuclides by using the radionuclide activity concentrations measured in the surface
sediment samples. With the aim of obtaining the optimum Q for each one of the 11
release scenarios, a number of successive runs of the model were executed using
different Q values until the difference between the estimated and experimental activity
concentrations was minimized for all the sampling points. The total activity
concentration estimated at the sampling points was assumed to be the sum of the
transferred activity and the background activity concentrations. The transferred activity
was estimated via the coastal generic model, while the background activity was set
equal to the one of the reference sample collected at lerissos port (site STR12). This
sampling point, which was the most distant site from the point source, exhibited the
minimum observed concentration values of radionuclides (and major/minor elements),
and therefore was considered less affected by anthropogenic activities (see chapter 5-
chapter of results). The release scenario that exhibited minimum deviation from the
experimental data for the radionuclides of interest (??°Ra and Z*°U) was finally selected
as the most realistic. The boundaries of the affected region due to the discharge area in
the inner part of the gulf derived from the points for which the estimated activity
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concentrations became similar (within uncertainties) to the background values.
Mapping

In order to estimate the activity concentration in the (whole) surface of the
affected area, without running the ERICA Tool, three interpolation methods were
tested. These methods were the Inverse Distance Weighting (IDW) (Shepard, 1968),
the Empirical Bayesian Kriging (Gribov & Krivoruchko, 2012) and the Spline (Franke,
1982; Mitas and Mitasova, 1988) interpolation method. Different numbers (e.g. 4, 6,
8, 10, 12) of neighboring points, necessary for the interpolation, were tested for the
Kriging method and the IDW method. The IDW method provided the same results
(saturation) taking into account more than 4 neighboring points, while for the Kriging
method the difference in the interpolation between the minimum (4) and the maximum
(12) neighboring points was up to 28%. Additionally, the estimated values (ERICA
Tool) were grouped in classes and were compared with the grouped interpolated data,
keeping the same number of classes. This comparison revealed no difference between
the mean value of the classes of ERICA estimation and the classes of the IDW
interpolation. However, the mean value of the classes of ERICA estimation differed
from the classes of the Kriging interpolated data up to 10 % or 40 %, considering four
(4) or twelve (12) neighboring points, respectively. Therefore, 4 points were selected
as neighbors for the interpolation, in order to minimize the computational time. The
aforementioned methodology was also implemented using four (4) points in the same
area for the Spline interpolation method. The differences between the mean values of
the five classes of ERICA estimated data and the mean value of the classes of Spline
interpolation were much higher (up to 60%), therefore this method was not used. In the
end, the results of the IDW method and the Kriging method were compared with ten
randomly selected ERICA estimated points. Although the IDW method was
independent from the number of neighboring points and the mean values of IDW
classification did not differ from the estimated value classification, the Kriging method
reproduced satisfactorily the random estimated data (difference up to 14% for most
points, except one 26%) from the ERICA tool.
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Fig. 3.4 The flowchart of the dispersion model application in Stratoni (lerissos Gulf).
3.2.2 MCNP5 and ERICA comparison at a hypothetical case

The scope of this work was to compare the internal and external dose rates
obtained by two codes (MCNP-CP code and the ERICA Assessment Tool), in an unreal
simple case scenario — a spherical pelagic fish — for some radionuclides (pure
alpha/beta/gamma emitters or/and beta and gamma emitters). Some of the studied
radionuclides are observed in marine environments. MCNP/ MCNPX is a general
purpose Monte Carlo code for the particle transport of all kinds, while ERICA is a more
specified software tool for assessing the radiological risk to non-human biota
(terrestrial, freshwater and marine environments). A spherical pelagic fish was created
in both codes bearing the same characteristics (radius 5.130 cm, density 1 g cm, mass
0.566 kg) while the activity concentration of all radionuclides in the water medium was
assumed to be 1Bq I

The assumptions and parameters used by ERICA for the dose rate estimations,
were included in the dose rate calculations by the MCNP-CP code. The dose rates (in
uG h'h) of seventeen radionuclides (*°K, *7Cs, 21%Pb, 219Bij, 208T1, 57Co, 134Cs, 1311, 13|,
1401 a, ®ONi, 21%Po, 242Cm, 2%!Pa, %°Sr, Y and 3H), some of which are also included as
default radionuclides in the ERICA database, were estimated by the two codes. The
40K and 2°®TI radionuclides are not included in ERICA and were inserted as explained
below.

ERICA case

In the ERICA whole-body-dose-rate calculations the important parameters of a
marine organism to be inserted are:(a) the characteristics of the organism (radius (in
cm), density (in g cm?®), mass (in kg)), if a new organism is created, (b) the
concentration ratio (CR) of the radionuclide of interest, (c) the distribution coefficients
(Kg) of the radionuclide of interest if the organism resides in the seabed and (d) the
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activity concentrations of the media (sediment and water for aquatic environments)
where the organism resides. Moreover, ERICA includes default marine organisms (e.g.
pelagic fish) of ellipsoidal geometry. In this work the pelagic fish geometry was altered
from ellipsoid to sphere, to facilitate the MCNP geometries, while the default CRs of
pelagic fish, were inserted in the new geometry. For the dose rate estimation of 21°Pb
and °°Sr, the contribution of 21°Bi and *Y were also taken into account by default in
ERICA, respectively, as the half-lives of daughter nuclides (?1°Bi, *°Y) are less than 10
days (in 2%T1 case this assumption of ERICA is not valid as it decays in a stable isotope
(*8Pb)). Additionally, weighted total dose rates are estimated by ERICA through the
application of weighting factors (dimensionless) (see “Radiation weighting factors
(wf)” in section 3.1.2).

The “°K and 2%TI isotopes are not included in the default-radionuclides
database of the ERICA Tool, however they were added as described in ERICA manual
and briefly mentioned in Brown et al. (2008). The CR and Kg parameters of 2%T| were
inserted from the IAEA Technical report (IAEA, 2004) for the cases of marine
organisms and ocean margin, accordingly. Due to the lack of literature data regarding
40K, potassium was inserted in the ERICA Tool using the CR of Na (IAEA, 2004),
while the Kq was calculated by measured data of “°K activity concentration in sediment
and water of Stratoni port (lerissos Gulf) and Oxygono Bay (see 3.2.3 section and
Pappa et al., 2016).

Monte Carlo case geometry

The MCNP-CP code, instead of older MCNP versions (e.g. MCNP5) takes into
account the whole cascade scheme of a radionuclide. Two different geometry cases
were simulated with the Monte Carlo. The first where the particles (histories) were
generated inside the fish volume and the energy deposited in the fish volume (internal)
and in the water volume around the fish (external) were recorded using the energy pulse
height *F8 tally (Fig.3.5a). The second where the histories were generated in the water
volume (around the fish) and the energy deposited inside the fish was also recorded
using the *F8 tally (Fig. 3.5b). The second geometry was tested only for five (**K, ¥'C,
210pp and 2%8TI) from the seventeen radionuclides, as it requires more computational
time so as to keep the density of generated particles in the two geometries (see below)
the same. With the first geometry the calculation of both internal and external dose
rates is feasible, while in the second geometry only the external dose rate was
calculated. The first geometry approximated the external dose rate calculation of
ERICA, while the second one corresponds to (the definition of) the external dose rate
concept. With the aim of associating the external dose rates of the two geometries, it
was crucial to keep the (density of) histories that escape the water volume and reach
the fish volume in the second geometry to be the same as the (density of) histories that
escape the fish volume and deposit their energy in the water volume in the first
geometry. Thus, the ratio of generated histories to the volume of interest (fish volume
in the first geometry and water volume in the second geometry) was kept the same in
the two geometry cases.

The effective (spherical) water volume — a quasi-infinite homogeneous medium
volume, where the organism resides - was calculated using as radius the length
attenuation of the highest gamma-ray of the isotope, assuming the loss of 10000 to 1
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gamma-ray photons. In the cases of radionuclides with high photon energies of low
intensities, the effective volume was calculated using the attenuation length of the
maximum gamma energy with intensity 0.1% at least (higher energies with lower
intensities were excluded). In the case of pure beta or alpha emitters, the effective
volume was calculated by lengthening the fish effective radius with the endpoint beta-
decay-energy range or the alphas’ range. The histories generated in the fish volume
were 10°. The energy cutoffs in MCNP-CP for photons were the default ones (1 keV)
and for electrons, 10 keV or 3 keV to match the ERICA Tool assumptions. The activity
concentration in the water was assumed to be 1 Bq I"* for all radionuclides. The activity
concentration in the fish —for the first geometry case- (calculated using the CRs of the
ERICA Tool) was 1 Bq kg, 84 Bq kg, 33000 Bq kg™, 33000 Bq kg, 5000 Bq kg,
5300 Bq kg?, 84 Bq kg, 9 Bq kg, 9 Bq kg, 11263.5 Bg kg, 250 Bq kg™, 80000
Bq kg, 1400 Bq kg, 50 Bq kg, 25 Bq kg™, 25 Bq kg?, 1 Bq kg™ and for “°K, *'Cs,
Zlon, 2loBi, 208-|-|7 57C0, 134CS, 131|, 132|1 140|_a, 59Ni, 210p0, 242Cm, 231Pa, 9OSr, 0V and
3H, respectively. As mentioned before, the ERICA Tool assumes secular equilibrium
between the parent and the daughter nuclides, if the half-life of the latter is less than 10
days, as in the cases of 21°Pb- 2°Bj and *Sr-*°Y. Therefore, in the MCNP-CP code
these radionuclides were simulated separately.

(=)

water

a) 1% geometry b) 2" geometry
Fig. 3.5 The simulated geometries executed by MCNP code (the gray color represents the generated
histories).

The external dose rates in uGy h't of °K, ¥C, 2%Pb and 28Tl radionuclides for
the first geometry and second geometry cases are presented in Table 1. In the table are
presented: (a) the radionuclide of interest, (b) the estimated dose rate with the ERICA
Tool and the Monte Carlo code, (c) the ratio of the dose rate estimated by the Tool to
the one calculated using the MCNP-CP code and (d) the statistical error of the Monte
Carlo simulations (in %). The major contribution in the external dose rates, was
observed for the ¥’Cs and 2%TI radionuclides compared to the one of “°K and 21°Pb,
for both geometries (Table 1). The *¥7Cs and 2%8TI radionuclides are characterized by
medium and high energy gamma-ray photons, thus the energy deposition of these
radionuclides is higher than the energy deposition due to 2*°Pb. The external dose rate
of 40K was also lower than the one of **’Cs and 2%TI, even though °K is characterized
by a high energy gamma-ray (1460 keV) emission. This difference is explained through
the decay scheme of “°K, as only a branching ratio of 10.7% is followed by the 1460
keV gamma-ray photon. The external dose rate results obtained by both codes were in
good agreement — up to 12% - for all radionuclides. The external dose rate results
obtained by both codes (ERICA and MCNP-CP) for the second geometry were in good
agreement — within 6 % - for all radionuclides. In both geometry cases the external
dose rate calculations (using the MCNP-CP code) were in good agreement with the
ERICA Tool estimations, therefore the external dose rate calculation using these two
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alternative ways (ERICA approximation (1% geometry) and external dose rate concept
(2" geometry) proved to be equivalent. The great advantage of the ERICA
approximation was naturally the much reduced computational time. Thus for the
remaining twelve studied radionuclides, the approximation of ERICA (1% geometry)
was selected in order to test other decay types (e.g. pure beta, pure alpha, beta-gamma).

Table 1 External dose rates in calculation in pGy h using ERICA and MCNP-CP code (for
two different geometries).

1%t geometry 2" geometry
Radionu | ERICA MCNP- | D.R Error MCNP- D.R Error
clide CP (%) CP (%)
0K 8.8710° |8.7710° |1.01 |0.88 9.4510° | 0.94 7
187Cs 2.8810* |2.8710% | 1.00 |0.16 2.7210% | 1.06 2
210pp 6 | 9.35 107 1.56 7.59 107 2
210Bj 48110 45310 0.88 241 3.99 10° 101 3
2087 1.7810° |1.7810° |1.00 | 0.07 1.80 102 | 0.99 6
D.R. : the difference ratio between ERICA and MCNP-CP
Error is the statistical error of the Monte Carlo simulations

In Table 2, the results of the external dose rate calculation using ERICA and
MCNP/MCNPX codes for all studied (seventeen) radionuclides are summarized. The
error in the second geometry is higher due to the small number of generated histories
for the given volume. The external dose rates were in good agreement (up to 12%), in
all cases of (high) beta-gamma decays (*°K, *'Cs, 210Pb+210Bj, 208T], 34Cs, 13|, 132],
140 a), as well as (up to 6%) in the cases of pure high-beta emitters (°°Sr, °°Y). The
case of low energy beta radiation was tested (*H), where the external dose rate has no
physical meaning as the number of electrons expected to escape the fish volume and
deposit their energy in the water volume were insignificant. This fact was verified by
the MCNP simulation, as the external dose rate was 9 orders of magnitude lower than
the internal one and it was not included in Table 2. The low energy beta radiation was
also verified for the *°Ni nuclide, which decays with electron capture mode and emits
only X-ray photons up to 7 keV. The external dose rate was not included in Table 2,
for the same reason as 3H. Finally, the alpha radiation (*:°Po, 2#2Cm, 2%'Pa) case was
also tested. Even if the alpha decay radiation does not contribute in the external dose
rate estimation (see 2°Po and 2*2Cm cases not included in Table 2), the calculated
external dose rate of 23!Pa (alpha, beta and gamma emitter) was found 23% higher than
the one calculated by the MCNP-CP code.
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Table 2 The external dose rate results in pGy h* using ERICA and MCNP-CP/MCPX codes for
different decay procedures.

ERICA MCNP- D.R. Error comment
CP (%)

K 8.87 10° | 8.7710° | 1.01 0.88 beta-gamma
B¥7Cs 2.8810* | 2.87 10* | 1.00 0.16 beta-gamma
210 -7

210';? 4.8110° Zgg 186 0.88 ;ii beta-gamma
2087 1.7810° | 1.7810° | 1.00 0.07 beta-gamma
13Cs 7.9210% | 7.9110* | 1.00 0.08 beta-gamma
131 1.9310* | 1.9210* | 1.00 0.12 beta-gamma
132) 1.1710° | 1.16 10° | 1.01 0.09 beta-gamma
140 a 1.2110%° | 1.2110% | 1.00 0.07 beta-gamma

alpha decay (pure alpha (*°Po, *Cm), alpha-gamma (**!Pa)

210pg - - 13.91 | pure alpha (MCNPX)

242Cm - - - 14.13 | pure alpha (MCNPX)

231pg 7.09107 | - 16.65 | mcnp-x (only alpha)

21pg 1.92 10° 14910° | 1.23 0.93 mcnp-cp (only gamma & beta),
3keV cutoff

beta decay (pure high (>10keV) beta (**Sr+%°Y), pure low (<10keV) beta (3H)

05y 5 | 7.58 107 4.34 endpoint beta energy range

0y 248 10 2.4410° 0.99 1.50

*H - - - 10.19 | ~ mean energy, 1keV cutoff

beta-gamma decay (low gamma or only X-ray photons)

>Co 6.0910° | 6.07 10° | 1.00 0.11 3keV cutoff

%Ni - - - 5.36 x-ray range, 3 keV cutoff

D.R. : the difference ratio between ERICA and MCNP-CP
Error is the statistical error of the Monte Carlo simulations

As shown in Table 3, the internal dose rates were higher than the external ones,
as many radionuclides are characterized by alpha decay, beta decay and emit high
energy electrons, X-ray and gamma-ray photons. Additionally, the alpha and beta-
electron ranges are shorter than the X-ray and gamma-ray photon ranges and the radius
of fish geometry, therefore all the alpha decay particles and beta decay electrons
deposit practically their whole energy inside the fish volume, while the X-ray and
gamma-ray photons only partially. The ERICA and MCNP-CP estimated internal dose
rates were in good agreement (up to 8%), in all cases of (high) beta-gamma decays
(K, 17Cs, 210pp+210B;j, 208T| 134Cg 131) 132] 1401 3) as well as (4%). in the cases of
pure high-beta emitters (°°Sr, ®°Y). In the case of low energy beta radiation (°H) the
estimated internal dose rates of ERICA and MCNP code differed by a factor of 3, due
to the weighting factors assumption of the ERICA Tool. The weighting factor
assumption was also verified for the °Ni nuclide (low-beta radiation), which decays
with electron capture mode and emits only X-ray photons up to 7 keV. The low X-ray
photons produce low beta electrons, therefore ®Ni can be thought as “pure” low beta
emitter for the estimation of the internal dose rate (in ERICA). In the alpha radiation
case for the internal dose rate estimation, the energy deposited due to alpha radiation
must be weighted by a factor of 10 in the total internal dose rate estimation. The factor
of 10 difference between ERICA and MCNPX code, is verified in the cases of pure
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alpha (**°Po, 2*Cm) and alpha-gamma decays (**!Pa). If this factor is taken into
account the internal dose rates calculated by both codes were in good agreement (up to
2%).

Table 3 The internal dose rate results in uGy h* using ERICA and MCNP-CP/MCPX codes for different
decay procedures

ERICA MCNP-CP | D.R. Error (%) | comment
0K 3.03 10* 2.80 10* 1.08 - beta-gamma
187Cs 1.53 107 1.58 102 0.97 - beta-gamma
210 -1
210';? 8.35 ;"gg 10 1.00 815 beta-gamma
2087 2.55 2.66 0.96 0.08 beta-gamma
13Cs 1.68 10 1.69 102 0.99 0.07 beta-gamma
131 1.24 103 1.26 103 0.99 0.09 beta-gamma
132) 3.87 103 3.9110° 0.99 0.00 beta-gamma
140 5 4.95 5.05 0.98 0.00 beta-gamma
alpha decay (pure alpha (?*°Po, 2*2Cm), alpha-gamma (**!Pa)
210pg 2.4410° 2.44 102 10.00 - pure alpha (mcnp-x)
242Cm 4,93 10! 4.92 10.02 - pure alpha (mcnp-x)
231pg 1.4310? - mcnp-x (only alpha)
231py 1.44 9.01 10 9.98 ) r3nkcen\|/o-cp (gamma & Dbeta),
beta decay (pure high (>10keV) beta (**Sr+°°Y), pure low (<10keV) beta (°H)
%Sy ” 2.93 102 - endpoint beta energy range
5y 15710 133102 0.96 -
H 8.2310° 3.26 10°® 2.53 - ~ mean en.,1keV
beta-gamma decay (low gamma or only x-ray photons)
5Co 1.98 10 1.08 10! 1.83 0.14 3keV
SN 2.3110° 8.28 10* 2.79 0.12 x-ray range, 3 keV

D.R. : the difference ratio between ERICA and MCNP-CP
Error is the statistical error of the Monte Carlo simulations

To conclude, in this work the internal and external dose rates for a marine
organism (pelagic fish) were calculated using two different codes, a general purpose
MC code (MCNP-CP/MCNPX) and a more specialized one (ERICA Tool). A good
agreement of the calculated dose rates — up to 8% for the internal dose rate and up to
12% for the external dose rate - using the two codes for a simple case scenario was
obtained. Additionally, two different geometry cases were tested for the external dose
rate calculation using MCNP, the first geometry case approximated the ERICA Tool
external dose rate estimation and the second one was the external dose rate as routinely
defined in physics. In both cases the agreement was satisfactory (up to 6%), therefore
the ERICA approximation is well established for the pelagic fish case.

3.2.3 Dose rate estimation

Tier 2 of the ERICA Assessment Tool was used to calculate dose-rates for a number
of marine organisms which are common in near shore marine environments such as the
study areas (Stratoni, Oxygono Bay) of this work. The maximum values of activity
concentration in the sediment of 2Ra, 22Ra, 22*Ra, 2'°Pb, 2*°U and ¥'Cs were utilized
in the dose rate estimations. The default values of dose conversion coefficients (DCCs),
concentration ratios (CRs) and sediment-water distribution coefficient (Kgs) were used.
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Additionally, as the contribution of “°K in the marine environment cannot be
considered negligible, the radionuclide was added to the radiological model. All the
parameters were added prior to the calculations according to the following procedures
and assumptions: (a) the dose conversion coefficients were calculated via a dosimetric
module (Ulanovksy and Prohl, 2006; Ulanovsky et al., 2008), (b) the Kq values are
highly depended on environmental factors and (c) the CR of 4°K is not available in the
database of the tool neither in recent bibliography. Regarding (b), Kq data of “°K are
not available for marine environments and thus an estimated value of “°K activity
concentration in the seawater based on the salinity was used (the “°K activity
concentration in the sediment was determined via the gamma-ray measurement of itself
in a HPGe detector). The activity concentration of “°K in seawater was calculated by
converting a representative salinity value to activity concentration (Tsabaris & Ballas,
2005). Concerning (c), the similarities of the chemical properties between potassium
and sodium were taken into account and the values for the latter were used as obtained
from the IAEA technical report (IAEA, 2004). It is also mentioned that for the case of
polychaete worms the CR value of crustaceans was used, considering them similar
reference organisms living in and/or so close to the seabed.

Especially for the case of Oxygono Bay, salinity measurements were not
available. Therefore, an approximation was followed where the Kq value of “°K was
obtained as the ratio of sediment activity concentration to seawater activity
concentration (Pappa et al., 2018). The latter value was measured via the KATERINA
underwater in-situ detector system (Tsabaris et al., 2008). However, this approximation
could not be applied for the other natural radionuclides (23U and ?*?Th daughters), as
their activity concentrations in the seawater were below the minimum detectable
activity (MDA) of the KATERINA system and thus, the default Kq values of these
elements were used for the dose rate calculation.

The main uncertainty of the aforementioned approximation in Oxygono Bay, is
that the seawater “°K activity concentration resulted from “°K measurement in the
seawater column, 1 m above the sediment and not in the seawater-sediment interface,
where the equilibrium among the two phases (liquid and solid) is assumed and Kg is
defined. Two ERICA runs were executed using the site specific Kq values of Stratoni
and Oxygono. The former is closer to Kgq definition as the “°K value in the seawater
was measured indirectly via a salinity meter located in the seawater-sediment interface.
Comparing the total dose rates of each reference organism inserted in ERICA, based
on the two Kq values, the differences were below 2% except from zooplankton where
the differences are 9%, thus this procedure (using KATERINA system for “°K seawater
measurements) was considered a good first approximation if site specific data do not
exist.
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Chapter 4

Materials and Methods

In this chapter the following topics are described: the characteristics of the
studied areas (Stratoni, Lavrio), the sampling procedures, the sample preparation, the
measurement methodologies, the chronological models and the approach of the mass
flux estimation.

4.1  Sampling and field work

This work is focused on marine areas near mining locations, which have been
affected by anthropogenic activities. Generally, naturally occurring radioactive
material (NORM) measurements have been held near mining areas of e.g. gold, coal,
uranium etc., as the NORM concentrations of the residual masses after the mineral
exploitation were expected to increase. However, these studies have been performed in
other type of mines, like those mentioned before, and not in multi-metallic mines, as
well as they have been focalized on the terrestrial areas (soil, river and lake matrices)
and not in the marine ones. To summarize, the NORM study regarding the marine
environment of mines is scarce. Thus, in the present work two marine areas near multi-
metallic mines, an operating and an abandoned one, were studied for their
environmental status through processes that produce NORMs and metals. In both cases
samples from the coastal area (marine and terrestrial) were collected to study the
interaction between the marine and terrestrial coastal areas.

4.1.1 Study area

The selected marine areas of the operating and the abandoned mine are located
in the north and central Greece, in Stratoni and Lavrio, respectively. Both areas are
characterized by mining activities, since ancient times until nowadays.

4.1.1.1 Stratoni

Stratoni is located in lerissos Gulf, in Chalkidiki Peninsula in northern Greece.
The gulf is characterized by a surface of 116 km? and a volume of 8.30 x 10° m?, is one
of the larger semi-enclosed water bodies in the Thracian Sea and is considered
important nursery and fishing ground of North Aegean Sea for pelagic species (Sylaios
et al., 2006). lerissos Gulf has an elliptical shape with a northwest-southeast
orientation. The bottom is steep near the coast and the isobaths increase away from the
coast, whereby the 50-m isobaths is lying very close to shore. Moving seawards
(northeast) the slope diminishes and reaches a maximum depth of 80 m at the central
part of the gulf. The mouth of the gulf is closed by a southeast-sloping sill with a depth
of 65-70 m (Perissoratis et al., 1989; Sylaios et al., 2006).

Stratoni lies between latitudes 40° 30 and 40° 23.9” and longitudes 23° 49’ and
23° 53.10°. For the sake of completeness a brief description of the geology and
mineralization, as well as the physiography and hydrology of the terrestrial part of the
study area follow.
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Geology and mineralization

Stratoni is part of the mining area, well known as Kassandra mining district,
(Mavres Petres, Madem Lakkos and Stratoniki deposits) which is characterized by
polymetallic mineralization. Kassandra mining district is part of the Serbo-Macedonian
Massif (SMM), characterized by Paleozoic or older age geotectonic units (Kerdilion,
Vertsikos) and various chronologically younger (Tertiary) post-orogenic granitoids.
The SMM is divided into two lithostratigraphic and tectonic units, the lower Kerdilion
Formation in the eastern part and the upper Vertsikos Formation in the western part
(Gilg and Frei, 1994), which are separated by the Stratoni-Varvera fault. The Kerdilion
formation consists of migmatitic biotite gneisses, hornblende gneisses, amphibolite
lenses and two phlogopite-bearing marble horizons and the Vertsikos Formation is
composed of two mica gneisses, garnet-, staurolite- and kyanite-bearing mica schists,
amphibolites, metagabbros and ultramafic bodies (Gilg and Frei, 1994). Additionally,
Kassandra mining district is composed from metamorphic host rocks, igneous rocks,
hydrothermal minerals (Cu skarn, porphyry Cu mineralization, carbonate-hosted Pb-
Zn-Ag-Au replacement ores). The Mavres Petres, Madem Lakkos and Stratoniki
deposits are controlled by the northwest-southeast trending Varvara- Stratoni fault. The
primary minerals in these deposits are pyrite (FeS2), galena (PbS), sphalerite/zinc
blende (ZnS), while secondary ones are arsenopyrite (FeAsS), rhodochrosite (MnCOs),
chalcopyrite (CuFeSy), bornite (CusFeSa4) and magnetite (Fe?*Fe*,04) (Kelepertsis et
al., 2006; Kelepertzis et al., 2012). Some of the gangue minerals - meaning
commercially worthless material that surrounds, or is closely mixed with, a wanted
mineral in an ore deposit - are quartz (SiOz), rhodochrosite (MnCOs) and calcite
(CaCoO0:s).

Physiography and hydrology of terrestrial area

Kassandra mining district belongs to the catchment region of the wider area of
Stratoni. The streams (Piavitsa, Kerasia and Kokkinolakkos) of the drainage basin have
their source in the foothills of Stratonikon Mountain, are located northward of Stratoni—
Varvara fault, follow a general north—south direction and discharge in Asprolakkas
stream. Asprolakkas stream has a west—east direction, flowing toward the north part of
lerissos Gulf. The wider area of Stratoni is characterized by mountainous relief with
approximately 92% of the surface covered by deciduous forest, and by a well-
developed dendritic style drainage network (Kelepertzis at al., 2012). The elevation
reach 600 m in the west part of Stratoni’s wider area and gradually decrease towards
the sea. Stratoni is characterized by typical Mediterranean climate, with rainy winters
and dry-warm summers. The average pluviometry of the area is 650 mm, whereby the
50% of the annual rainfall occurs between November and February. The area is
classified as mining concessions, however it is adjacent in the north to a protected area
of NATURA 2000 (Kelepetsis et al., 2006) and thus the mining activities have raised
environmental pollution concerns in recent years.

4.1.1.2 Lavrio

Lavrio (municipality of Lavreotiki) is a town of south-east of Athens at
Lavreotiki Peninsula. The region runs along the western coast of the Aegean Sea. The
study area is the coastal part of Lavrio and lies between latitudes 37° 45.6” and 37°
41.9° and longitudes 24° 3.6° and 24° 53.5°. Additionally, includes the bays of
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Thorikos, Delenia, Perdika and Oxygono, whereby emphasizing in the latter. Again,
for the sake of completeness a brief description of the geology and mineralization, as
well as the physiography and hydrology of the terrestrial part of the study area follow.

Geology and mineralization

The Lavreotiki area belongs to the Attico-Cycladic gaotectnic zone and its rock
formations can be subdivided into two distinct units: (a) the autochthonous Attica unit
and (b) the overthrust cover or Lavrion unit. The former consists of marble (often
dolomitized), mica schist and mafic-ultramafic rocks. The latter is a allochthonous
formation, trust on top of the metamorphosed Attica unit and it costists of phyllite,
quartzite, sericite-chlorite schist, metamorphosed mafic rocks and marble
intercalations (Demetriades & Vergou-Vichou, 1999). Lavreotiki Peninsula is rich in
mixed sulfide (galena (PbS), sphalerite (ZnS), pyrite (FeS2)) and iron-manganese ores
(manganese bears ankerite (Ca(Fe,Mg,Mn)(COs),) or rhodochrosite (MnCOs) with
baryte (BaSOs), fluorite (CaFz), quartz (SiO2)). Except from these primary minerals, in
the Lavretoki Peninsula have been identified many secondary minerals, mainly
sulphides, arsenates, carbonates, chlorides, fluorides, phosphates, hydroxides,
molybdates, oxides, silicates, sulphates, sulphosalts, vanadates and native metallic
elements (Demetriades & Vergou-Vichou, 1999). In the primary minerals of mixed
sulphides, exist minerals associated with other elements such as As, Ag, Au, Bi, Cu,
Ni, Co etc. Accessory -secondary mineral which is present in small amounts in a rock,
but is not characteristic of the rock - and gangue minerals of the mixed sulphides are
fluorite (CaF,), barite (BaSOs), ankerite (Ca(Fe,Mg,Mn)(COs)2), quartz (SiOy),
chalcedony (SiOz), calcite (CaCOs), kaolinite (Al2Si2Os(OH)a), etc.

Physiography and hydrology of terrestrial area

The landscape of Lavrio is hilly or semi-hilly and the elevation reaches 373 m.
Intense parts of the relief appear in some parts of the basin where ravines exist
(Stamatis et al., 2002). The climate of Lavrio is a typical Attica Mediterranean type,
with long, dry periods (May to October) mainly in the summer and a short, wet period
in the winter, when the highest precipitation is experienced. The average annual rainfall
is 385 mm.

4.1.2 Sampling methodology

In this subsection the field work performed in both studies areas (Stratoni,
Lavrio) is described. In both cases, two sampling surveys were held, a preliminary and
a more extended. The matrices studied were sediment (beach sand, seafloor) in both
areas and seawater in Stratoni case. Especially for Stratoni, sediments (streambed,
streambank) from the two main streams discharging in lerissos Gulf were also collected
as the scope of this work was to perform a thorough study regarding the coastal area.
Stratoni is located near or at a mining district where the mining operation is still on-
going. Little data are published regarding the impact of these activities in metal
concentrations, while no data are available concerning NORM concentrations at the
terrestrial and marine region. On the other hand, in Lavrio, an extended study has been
performed mainly from the Institute of Geology and Mineral Exploration (IGME) and
the literature is rich in studies held in the area regarding mainly the mining
anthropogenic impact to the terrestrial part. Nevertheless, no data are available
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concerning NORM concentrations at the terrestrial and marine region. All this work
has been published or held after the cessation of the mining activities in the late 1980’s,
therefore in the present work the rivers or streams discharging in Lavrio coastal area
were excluded.

Stratoni

Two sampling campaigns (July 2012, June 2014) and a complemental one (July
2015) were held in the coastal and offshore area of lerissos Gulf, respectively. During
the preliminary study (July 2012) 9 surface sediments were collected from the upper
seabed layer (approximately 2 cm) by a diver, so as to estimate the seafloor’s current
status (sample code S#). In the same locations oceanographic measurements (e.g.
salinity, temperature) were performed using a portable CTD (Conductivity-
Temperature-Density) instrument. The sampling locations were organized to represent
the status of the area near Stratoni’s flotation plant (load out pier area of Stratoni port,
the adjacent area of Stratoni port), the estuary of the main stream (Kokkinolakkos)
affected by the mining activities and the reference site. The selected reference site was
lerissos port as it is located in the middle of the coastline of lerissos Gulf, at a distance
of approximately 13 km from Stratoni area and approximately 9 km from
Kokkinolakkos estuary.

The second sampling survey (June 2014) was more detailed, wherein samples
were collected from the marine and the terrestrial area (sample code STR#). The marine
samples included sediment (surface, core) and seawater samples, while the terrestrial
ones included only surface sediments. The surface-sediment marine samples were
collected from the seafloor and the sea-coast interface and the water marine samples
were collected from the sediment-seawater interface keeping in mind the locations and
the scope of the preliminary survey. The terrestrial samples were collected from the
beach sand of lerissos Gulf and the riverbed and river bank of the two main streams
(Kokkinolakos, Kalatzi Lakkos). In total 30 sediment and 8 water samples were
collected. Additionally, a sediment core (code CS, approximately 30 cm depth) was
also collected near the load out pier area of Stratoni port (point STR1 in the map), so
as to study the anthropogenic impact of previous years. In all the marine locations CTD
measurements were conducted. The surface seafloor sediments, sediment core and
seawater samples were collected by a diver. The sample collected at the sea-coast
interface (STR12_a) of lerissos port was discarded, due to its coarse nature (grain size
above 3 mm).

The complemental sampling was held by the crew of research vessel “Aegeao”
of HCMR in July 2015, wherein a core sediment (approximately 30 cm depth) and a
surface sediment sample were collected using box-corer (code STR#). These sites were
located offshore of Stratoni port. The surface sample of the core (STR8) (1.5 km distant
from the load out pier) and of site (STR9) (6.0 km distant from the load out pier) were
used as input for the dispersion model estimation while the maximum depth of STR8
core was used as background to estimate the metal flux profiles. The sampling locations
of all campaigns are shown in Fig. 4.1 and the performed field work, the site
coordinates (in decimal degrees) and site oceanographic measurements are presented
in Table 4.
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Fig. 4.1 The map of sampling points for preliminary (squares) and extended (black dots) surveys. The
preliminary survey was held in July 2012 (code S#), the second survey took place in June 2014 (code
STR#) and the complemental sampling occurred in July 2015 (STR8 and STR9 sites).

Table 4 The sampling data of lerissos Gulf. The types of samples (s.w.: seawater, s.s.: sediment, c.s.: core sediment)
collected in each station for all sampling campaigns (July 2012 _code S#, June 2014 code STR#, complemental
sampling July 2015 _STR8 and STR9) followed by oceanographic parameters are summarized below. The “s.s.” sample
includes sediment from seafloor (code STR# a), sea-coast interface (STR#_b), riverbed (code STR# a) and/or
riverbank (STR#_b). Beside the name of samples coded STR# (second sampling) the name of the samples of the

preliminary sampling is given inside the parenthesis.

Station Latitude Longitude | Depth | Temp* | Salinity | DO** S.\W. | S.S. | CS.
(m) ) (%0) (mg L™
S1 40.506500 | 23.830667 |0 26.9 34.20 -
20 21.4 35.90 - N
S2 40.510667 | 23.832333 |0 26.7 34.40 -
20 19.6 26.40 - N
S3 40.514157 | 23.834162 |8 26.5 28.80 -
22 20.5 29.60 - N
sS4 40.515500 | 23.831167 | - - - - N
S5 40.511500 | 23.829558 | 6 - - - N
S6 40.506833 | 23.826000 | 4.8 27.2 22.70 - N
S7 40.467833 | 23.826500 | 2.4 27.2 34.50 - N
S8 40.449833 | 23.835167 | 2.3 26.9 34.00 - N
S9 40.398334 | 23.885033 | 3.4 26.8 34.60 - N
STR1 (near S4) | 40.516033 | 23.833638 | 0.0 25.1 30.20 7.56
5.0 24.8 30.60 7.53
103 | 246 30.24 7.33 N EERE
STR1 a 40.515028 | 23.829287 | - - - - N
STR1 b 40.515147 | 23.829116 | - - - - \
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Table 4 Continue...

Station Latitude Longitude | Depth | Temp* | Salinity | DO** S.\W. | S.S5. | C.S.

(m) (°C) (%o) (mg L™)
STR2 (S5) 40.511500 | 23.829558 | 0.0 25.3 25.76 7.79

5.2 25.3 25.96 7.60

9.2 26.3 25.60 7.30 R
STR2 a 40511694 | 23.828106 | - - - - N
STR2 b 40.511809 | 23.827742 | - - - - N
STR2 b2 40512011 | 23.827652 | - - - - N
STR3(S2) 40.510667 | 23.832333 | 0.0 23.9 26.00 8.07

6.4 23.9 27.40 8.04

135 |[223 26.85 8.44 NEE
STR4 (S3) 40.514150 | 23.834167 | 0.0 245 | 25.30 7.88

111 | 223 25.80 7.91

204 | 287 27.57 8.19 R
STR5 40.518162 | 23.837434 | - - - - \
STR6 (near S1) | 40.507267 | 23.830183 | 0.0 25.9 25.99 7.58

45 25.7 25.06 7.62

8.5 - - - \
STR7 (S6) 40.506100 | 23.825683 | 0.0 25.6 25.03 7.78

45 25.9 25.34 7.61 NEE
STR8 40504917 | 23.839333 [58.8 |- - - \
STR9 40.504675 | 23.897715 | 796 |- - - N
STR10 (S7) 40.467783 | 23.826383 | 5.8 260 [2414 |759 R
STR10 la 40.466967 | 23.825442 | - - - - \
STR10_1b 40.467258 | 23.825268 | - - - - \
STR10_1h2 40.467084 | 23.824939 | - - - - \
STR10 2a 40.461122 | 23.815165 | - - - - N
STR10 2b 40.461312 | 23.815333 | - - - - \
STR11 40.408333 | 23.872500 | 0.0 25.2 28.04 7.72

2.3 25.1 28.32 7.69 R E
STR11 Oa 40.408393 | 23.871782 | - - - - N
STR11 Ob 40.408129 | 23.871660 | - - - - N
STR11 la 40.407949 | 23.871512 | - - - - \
STR11_1b 40.407944 | 23.871318 | - - - - \
STR11 2a 40.407279 | 23.870420 | - - - - \
STR11 2b 40.407127 | 23.870056 | - - - - \
STR12 (S9) 40.398333 | 23.885550 | 0.0 24.7 30.07 7.76

1.8 250 |30.70 7.59

3.3 25.8 28.88 7.30 EE
STR12 a 40.398744 | 23.883957 | - - - - N
STR12 b 40.398621 | 23.883838 | - - - - \
STR13 a 40.447330 | 23.834449 | - - - - \
STR13 b 40.447026 | 23.833905 | - - - - \

*Temp: Temperature ** DO: Dissolved Oxygen

Lavrio

Two sampling surveys were held along the east part of Lavreotiki Peninsula in
2014 (January and April) and 2016 (October). The preliminary survey was held in
January 2014, where surficial samples of beach sand (code P#) and coastal marine
sediments (code I#) were selected at four bays Delenia, Oxygono, Thorikos and
Perdika to determine the most affected area due to mining activities in the adjacent
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region of the remediated site of Thorikos. Among those bays, Oxygono was selected
for further investigation as the maximum concentrations were observed in this region.
Therefore, two sediment cores, one near the coast (core 1) and the other in the offshore
(core 2), were selected in April 2014 for the history reconstruction of the study area.
The length of each core was about 52 cm. The coastal core was collected by a diver at
4.5 m depth and was located 50 m from the coast. The offshore core was collected by
the HCMR’s research vessel “Aegaeo” at 45 m depth (using a core sampler) and it was
located at a distance of approximately 1880 m from the coast (between Lavreotiki
Peninsula and Makronisos Island). The deep slice of the offshore core was selected to
define the background level of the area, as it exhibited the minimum observed
concentrations for the studied trace metals. Additionally, in October 2016 a more
detailed study, focused on Oxygono Bay occurred, where five surficial coastal
sediments (code N#) of approximately 2 cm depth were collected by a diver, so as to
determine the spatial distribution of radionuclides and metals. A total of 14 samples
(beach sand and coastal sediment) were collected during all sampling surveys. The
sampling locations are shown in Fig. 4.2 and their coordinates (in decimal degrees) and
sampling dates are presented in Table 5.

Thoricos Bay

2 «—— Oxygono Bay
%5%‘4 core 2
o

Lavrio Port

Perdika Bay

Fig. 4.2 The map of sampling points for all surveys. The preliminary survey of the eastern coastal
area of Lavretoki Peninsula was held in January and April 2012 (code I#, P#, core 1 and core 2) and
the second sampling survey was focused on Oxygono Bay and took place in October 2016 (code N#).
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Table 5 The sampling data in decimal degrees of Lavreotiki Peninsula.

Sample | Latitude Longitude | Sampling date Comment
core 1 37.719556 24.062874 April 2014 52 cm length
core 2 37.716500 24.083167 52 cm length
11 37.702418 24.064149 seafloor

P1 37.702026 24.062229 beach sand
12 37.719021 24.063628 seafloor

P2 37.719744 24.062137 | January 2014 beach sand
13 37.737820 24.061029 seafloor

14 37.757983 24.074870 seafloor

P4 37.758369 24.074017 beach sand
N1 37.719550 24.063833 seafloor

N2 37.718800 24.064733 seafloor

N3 37.717217 24.064133 | October 2016 seafloor

N4 37.718333 24.063367 seafloor

N5 37.719367 24.062650 seafloor

4.2 Sampling preparation

The sediment cores were sliced every 1 cm and with the surface sediments (e.g.
seafloor, riverbed) were treated appropriately, using a standard procedure prior to
radioactivity (gamma-ray spectrometry) and trace metal/major element measurements
(X-ray fluorescence spectrometry). During this process (IAEA, 2003; Tsabaris et al.,
2012a) the sediment samples were cleaned of stones, shells and algae, grains of size
greater than 2 mm were discarded and finally the remaining sample (< 2 mm) was dried
(105 °C for 24 h at least) and pulverized via a twin mill with agate mortars in a fine
grain powder (< 63 pum). Before and after the drying, the wet and dry density,
respectively, of the samples were measured. Additionally, before and after the
pulverization, grain size distribution analysis or granulometry (see section 4.7) via
sieving and density determination of the obtained homogenized powder were
performed, respectively. The dry density measurement is important in the mass flux
estimation (see section 4.5), the grain size distribution may be associated with
discrepancies of NORM and trace metal/major element concentrations, and the density
value of the pulverized sample is necessary for the self-attenuation corrections of low
energy (< 100 keV) radioactivity measurements. During all these processes the used
equipment (e.g. agate mortars, cylindrical containers) is cleaned in every step with
deionized water, to avoid contamination among samples. The sample preparation was
held in the sedimentology lab of HCMR.

4.2.1 X-Ray Fluorescence spectrometry (trace metals/major elements)

X-ray fluorescence (XRF) spectrometry can be applied for qualitative analysis as
it can recognize a majority of elements between beryllium and uranium and it can be
implemented for quantitative analysis (from pg g* to 100%). The main principle of
XRF analysis is that the irradiated surface using primary X-rays, represents the whole
sample and the preparation of the samples and the standards should ensure this
condition. The XRF technique is very sensitive and requests clean samples, e.g.
fingerprints on a sample can affect the result of the analysis. Thus, the preparation of
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samples for the trace metal/major element measurement via X-ray fluorescence
(Karageorgis et al. 2005), provides a smooth surface for irradiations and ensures a
reproducible geometry. According to this methodology, 5 g of the sediment-powder
were mixed with 1.25 g of wax powder and pressed (20 tn for 20 s) in a pellet (standard
aluminum cup of 31 mm diameter), so as to determine trace metal concentrations. The
pellet’s surface must be free from cracks and wrinkles before the trace metal analysis.
For the major element measurement, 0.6 g of the pulverized sample were fused with
5.4 g of flux (50:50 Lithium Meta- Borate, Lithium Tetra-Borate) and 0.5 g of Lithium
Nitrate with 5.4 g of flux (50:50 Lithium Meta- Borate, Lithium Tetra-Borate) and 0.5
g of Lithium Nitrate, wherein a few drops of LiBr were used as non-wetting agent. The
major elements are determined as oxides (Na2O, MgO, Al>Os, SiOz, TiO2, Fe20s3, K20,
Ca0, P20s and MnO), thus the loss on ignition (LOI) must be measured to verify the
correct preparation of the fused samples. The LOI determination is obtained by heating
1 g of dry sediment in a muffle furnace for 1 h at 1000°C and by weighting the samples
before and after heating.

LOI is an empirical parameter, used for the assessment of the content of non-
volatile organic matter in the sample. It expresses the mass change as a result of heating
a sample under specific conditions and it is given as a weight percentage of the dry
mass. It should be noted that generally inorganic substances (e.g. H20, SOz, O2) can be
released or absorbed, among them some are volatile under the reaction conditions, thus
the loss of volatile inorganic substances can occur and give high values in the results.
Possible causes wherein inorganic substances volatilize are (a) chemically bound water
which is released during heating, (b) iron or other present metals in the sample in
metallic state which can be oxidized during heating and produce lower results, (c)
sulphides present in the sample which can be oxidized to sulphate during heating and
produce lower results, (d) explosive ignition wherein the residue from the crucible is
lost and this contributes to the LOI and (e) calcium hydroxide or calcium oxide present
in large amounts which can be combined with sulphuric oxides liberated during
ignition or with carbon dioxide formed during ignition producing lower results.

4.2.2 Gamma-ray spectrometry (radionuclides)

In order to obtain NORM concentrations by gamma-ray spectrometry technique,
the pulverized samples were air-tightly sealed to standard cylindrical containers for 20
days to achieve secular equilibrium between radium ??°Ra and radon daughters (>**Pb,
214Bj). Cylindrical containers of different volumes, made by polyethylen with thickness
of 0.5 mm from the side and 1 mm at the top and bottom part were utilized depending
of the available sample quantity. The air-tight sealing, in order to verify possible radon
escape, was determined experimentaly. A few samples were measured in different time
periods of 0, 20, 30 and 40 days and the activity concentrations of 2Pb and ?'“Bi were
determined. In all cases the values of 21*Pb and ?**Bi were found the same — within
uncertainties- for all time periods, verifying negligible radon escape. For the standard
geometry of 68 mm inner diameter and 18 mm inner height (volume: 65 cm?®), a mass
of 50 g to 100 g is needed depending on the grain size distribution of the samples. If
the mass sample is not enough to fill the “big” standard geometry, the remaining
volume is filled with a non-radioactive material (usually talcum powder), so as to all
the prepared samples have the same geometry. This step is important for the self-
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attenuation corrections among the samples and the calibration sources (standards).
Additionally, in order not to change the matrix composition and sample homogeneity,
a thin film is added between the sample and the non-radioactive material (e.g. talcum
powder). This geometry is described in detail in EFFTRAN code and appropriate
correction factors are produced for each sample separately. These correction factors
are inserted in the equation of determining the activity concentration (see ET parameter
in section 4.2.2). In case of samples wherein the usable mass is very little (< 30 g),
mainly in the case of cores, such as the offshore core (core 2) of Lavrio study area, a
different standard “small” geometry of 36 mm inner diameter and 5 mm inner height
(volume: 5.7 cm®) of a plexiglass container is used, filled with 5 g to 9 g of the fine
pulverized powder. A part of samples (coastal sediment core of Lavrio) were re-
measured for 2°Pb in a germanium planar detector (see section 4.3.1), thus these
samples were put in cylindrical containers of polyethylene of 59 mm inner diameter
and 18 mm inner height (volume: 49 cm?).

4.3  Spectrometry systems

The main methods used in present work were gamma-ray and X-ray spectrometry
for the determination of radioactivity (mostly NORM) and trace metal/major element
concentrations, respectively. In the following subsections a succinct description
regarding the gamma-ray detectors and X-ray spectrometer, the experimental set-up
and the performed calibrations for both systems (gamma-ray, X-ray) is presented.

4.3.1 X-Ray spectrometer

X-ray fluorescence spectrometry has been an irreplaceable technique for
elemental qualitative and quantitative analysis. Different type of spectrometers are
commercially available such as wavelength-dispersive (WDXRF), energy-dispersive
(EDXREF) or total reflection (TRXRF). In this work a brief presentation of a WDXRF
instrument will be presented. Generally, WDXRF spectrometers are typically
employed for both routine and non-routine analyses of a wide range of products such
as ores and minerals, oils, glasses, powders, solutions. This type of spectrometer was
obtained by the Biogeochemical laboratory of the Institute of Oceanography (HCMR),
mainly for its application in geological research.

4.3.1.1 Spectrometer characteristics

The WDXRF system of HCMR includes the Phillips PW-2400 XRF
spectrometer, employing a 3 kW rhodium (Rh) tube and a set of 8 crystals capable of
measuring all elements from beryllium (Be) to uranium (U) in a non-destructive
manner. Two detectors are used: (a) a gas flow proportional counter using argon and
(b) a scintillator. The system may determine chemical elements in solids, powders as
well as liquids and is accompanied by a 30-position robotic sample changer. All
operations are computer controlled and the software is running under Microsoft
Windows. The software (e.g. Panalytical’s Pro-Trace) can perform a qualitative and
semi-quantitative analysis of the unknown sample. The latter is a first approximation
of the sample composition. A full quantitative analysis can be also carried out, using
known standards e.g. certified materials or self-made standards for the calibration. The
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accuracy and precision of the analysis depends on the quality of the samples and the
standards.

4.3.1.2 Experimental set-up

Basically, the experimental set-up incorporated in the WDXRF spectrometer
that was briefly presented above, is shown in Fig. 4.3. More specifically, the
spectrometer consists of: (a) a high voltage supply, (b) an X-ray tube, (c) 8 diffraction
crystals, (d) 2 collimators, (e) 2 detectors, (f) a multi-channel analyzer (g) a sample
handling system and (f) control electronics. The X-ray tube is supplied with a super
sharp end-window Rh target and is characterized by thin window, as well as by a short
distance between the sample and the anode. The emitted photons from the X-ray tube
excite simultaneously all the elements in the sample. The Rh target, incorporated in the
X-ray tube, is a general purpose target proper for heavy metal excitation (medium
performance) and light element analysis (high performance). Additionally, the
operation of the tube remains constant at 3kW, so as to enhance the life of the tube.
The spectrometer includes also primary beam filters to remove characteristic tube lines
or to improve the peak to background ratio, which are placed between the X-ray source
and the sample. The provided filters are: (a) brass (100, 300 um), (b) Al (200,750 pm)
and (c) Pb (1000 um). The selection of the filters can be performed via the analytical
software.

Additionally, the WDXRF system of HCMR consists of 8 analyzing/
diffraction crystals (or monochrometers). The crystal is a stack of thin layers of similar
thickness, wherein each layer reflects the different energies of the characteristic
radiation emitted from the sample into different directions. The reflected X-rays,
emitted from the excited sample and obeying the Bragg’s law, are those of interest
which must be measured by the detectors. However, others with slightly different
energy (wavelength) are also reflected and interfere with the energy measured by the
detectors. Thus, the collimators (primary and secondary) are utilized to obtain parallel
X-rays and exclude those which do not fall exactly at the required angle on the
analyzing crystal. The Nal(TI) scintillation counter is used for the detection of K,
radiation (for measurement of elements between Cu and U), while the proportional
counter is used for the L, radiation (for measurement of elements between Be and Cu).
Both detectors produce an electrical pulse when an X-ray photon enters the detector.
The pulse height is analog to the incoming photon energy, is amplified and counted by
a multi-channel analyzer. As mentioned above, the WDXRF system consists of a 30-
position robotic sample changer and all the operations, including calibration and
analysis, are computer controlled.

4.3.1.3 Calibrations and LDM

Calibration curves were prepared for the major element determination, based on
a large set of certified reference materials. Additionally, matrix corrections were
applied to improve accuracy. A similar procedure was performed for the minor and
trace metal determination using standards and Pro-Trace software. The software
includes (a) a set of 25 high purity blanks, in the same geometry as the unknown
samples, (b) single- or multi-element reference standards, (c) mass attenuation
coefficient corrections and (d) concentration standards for 40 elements ranging among
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Fig. 4.3 The schematics of the wavelength-dispersive PW-2400 X-ray spectrometer
Be to U. Each one of the 40 minor and trace elements is calibrated individually against

more than 200 internationally certified reference materials. The analysis is based on
two-point calibration lines forced through the origin, thus the overall performance can
be characterized by high accuracy and precision.

The stability of the WDXRF system is controlled periodically, by checking the
temperature and the instrument drift over time. Regarding the temperature control, a
synthetic multi-element sample is scanned (approximately 10 times) prior to analysis
of unknown samples until stable conditions are achieved for all subsystems (e.g. X-ray
tube, detectors, analytical crystals). Concerning the second control parameter
(instrument analytical drifting), another synthetic multi-element sample is scanned in
a monitoring base (e.g. every week) or in cases of a change in the WDXRF subsystems
(e.g. new gas detector windows). Using the differences in the measured intensities, the
software generates correction factors, which applies automatically in the following
measurements of the unknown samples. During calibration, the analytical accuracy is
also checked, prior and after every batch of unknown samples, using certified reference
materials as unknown samples. The continuous comparison between the measured
certified materials and the assigned ones ensures the reproducibility and accuracy of
the measurements, achieving measurements with 95% confidence level. The quality
control of the determination of metal concentrations (trace metal and major elements)
was verified via the reference materials of MESS-2 and PACS-2 provided by the
National Research Council of Canada. More information regarding the uncertainty of
the metals of interest as well as the difference among the reference and the measured
values are presented in Annexes V and I, respectively.

The low detection limit (LLD) is a minimum theoretical estimation of the
smallest analyte amount that can be detected in a specimen, however it is not
representative of true experimental results. Therefore, the limit of determination of the
method (LDM) is determined for the XRF spectrometry, which is defined as the
concentration of an element equivalent to two standard deviations of the same
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representative concentration. LDM takes into account the uncertainties of sample
preparation, instrument statistics and counting statistics. The LDM of the XRF method
was calculated using a series of 6 to 10 replicate international certificate samples,
measured in the same experimental conditions:

(Eq. 4.1)

where,
Cm is the sample concentration, n is the number of the sample produced by the same

certified material and C is the mean concentration value, which is calculated as:

ZCm (Eq. 4.2)

4.3.2 HPGe detectors

The gamma-ray spectrometry was performed via high purity Germanium
detectors (HPGe). As their name suggests, HPGe detectors are semiconductor
detectors manufactured by germanium (Ge). The higher atomic number of Ge
comparing to Si (other type of semiconductor detectors), results in larger linear
attenuation coefficient, which leads to a shorter mean free path. Therefore, Ge is
preferred for hard X-ray or gamma-ray detection to achieve higher detection
efficiency.

4.3.2.1 Detector characteristics

The radioactivity measurements are characterized for their high energy
resolution. Four HPGe detectors were utilized of four different laboratories. The
detectors were: (a) Ortec GEM-FX8530P4 (50%), (b) Canberra GC5021 (50%), (c)
Canberra GL2020R and (d) Canberra GMX-90-220-S (100%) of the laboratories: (a)
Marine Environmental Radioactivity Laboratory (MERL) at HCMR, (b) Nuclear
Laboratory of Physics Department of National Technical University of Athens
(NTUA), (c) Department of Physics of the Aristotle University of Thessaloniki
(AUTH) and (d) Institute of Nuclear and Particle Physics of National Center for
Scientific Research (NCSR) “Demokritos”. Most of the samples were measured at
laboratories (a) and (b). The basic characteristics of the used gamma-ray detectors are
presented in Table 6. More information regarding the operation of HPGe detector and
the gamma-ray detection system are included in section 4.3.1.2 (Experimental set-up).
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Table 6 The basic characteristics of the used gamma-ray detectors

HCMR NTUA AUTH NCSR
Company Ortec Canberra Canberra Canberra
Detector code GEM-FX8530P4 | GC5021 GL2020R GMX-90-220-S
Detector type p-type coaxial p-type coaxial | p-type planar | n-type coaxial
Nom. rel. eff. @ 50% 50% - 100%
Energy range (keV) 0-1800 50-1800 0-200 0-1800
Detector’s window C-fiber Al Be Mg
Window’s thickness (mm) | 0.8 1.8 0.5 mm 1.5
Detector diameter (mm) 84.8 63.5 50.5 75.6
Detector length (mm) 32.1 63.5 20 91.9
Useful surface (cm?) 56.5 317 20 44
Useful volume (cm®) 275 233 40 400
Operational voltage (V) +4800P +3500 +3100 -5000
FWHM (keV), 1.33 MeV | 1.77" 2.1 0.7° 2.05

a) Nom. rel. eff.: nominal relative efficiency

b) The detector of HCMR has been repaired, the new operational voltage is +2700 V and the FWHM is 1.72
keV at 1.33 MeV. During samples’ (code S#) measurement period the detector operated in a lower voltage
(+3700 V) than the optimum one.

¢) The detector of AUTH is specialized for low energy measurements, thus the FWHM value of 0.7 keV
corresponds to energy of 0.12 MeV.

In many cases, re-measurements were performed to determine 2°Pb
concentrations, useful for the sedimentation rate and the mass flux estimations, in
detectors appropriate of low-energy measurements (< 45keV) (see the “energy range”
characteristic of Table 6). For convenience reasons a summarizing table (Table 7)
shows the realized measurement for each gamma-ray spectrometry laboratory.

Table 7 The information of the performed radioactivity measurements for every gamma-ray laboratory

Code | Location | Geometry? | Sampletype® | HCMR NTUA | AUTH | NCSR
S# . big surface (9) R+21%Pp ©

STR# Isetrr?stsoonsl_ big surface (29) R+21Pp
STR1 Gulf big core (27 cm) 210pp R

STR8 big core (27 cm) R+%21%Pp

I#,P# big surface (7) R

N# Oxygono | big surface (5) R+210Pp

corel | - Lavrio | big core (52 cm) R 219pp

core 2 small core (52 cm) R

a) The geometry column describes the geometry of the cylindrical boxes used in the measurements. “Big”
geometry is referring to those of 65 cm® volume (and 49 cm® volume for AUTH laboratory) and the “small”
geometry to those of 5.7 cm? volume).

b) The parenthesis beside the sample-type characteristic (surface or core sediments) represents the number of
samples. In the core sediment case, the core was sliced every 1 cm, thus the length of the core indicates the
number of samples.

c) The letter “R” describes radionuclide measurements (natural or artificial (**’Cs), not 22°Pb). When, 2°Pb
measurements are also performed, then the indication “+?°Pb” is added.

An additional detection system was also applied in both sites of Stratoni port and
Oxygono Bay to measure the natural radioactivity in the seawater and contribute to the
determination of a Kgy-parameter approximation as mentioned in section 3.2.3. The
applied detection system was KATERINA, which is an underwater in-situ low
resolution spectrometer (Tsabaris et al., 2008). This system is designed for qualitative
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and quantitative (Bq m) radionuclide detection in marine environment. However, it
was used only for the estimation of “°K Kq parameter as the activity concentrations of
other natural radionuclides (?*8U and #*2Th daughters) in the seawater, were below the
minimum detectable activity (MDA).

4.3.2.2 Experimental set-up

The main characteristics of the detection system are (a) the HPGe detector, (b)
the detector’s preamplifier (pre-AMP), (c) the high voltage supply (HV), (d) the
amplifier (AMP), (e) the analog-to-digital converter (ADC), (f) the multi-channel
analyzer (MCA), (g) the uninterruptible power supply (UPS) and (j) the computer (PC).
These characteristics are presented in Fig. 4.3:

HPGe |

detector | ADCMCA™) PC
Pre-
AMP
HV
supply

Fig. 4.4: The basic characteristics of the detection system, applied for gamma ray spectroscopy.

The high voltage supplies the p-n junction of the detector so as to form and
expand the depletion region, with the depletion depth given by:

2V,
eN

o
112

(Eg. 4.3)

where,

Vo is the reverse bias voltage, ¢ is the dielectric constant of the semiconductor, e is the
elementary charge (1.6 107%° C) and N is the net impurity concentration of the initial
semiconductor material.

When fully depleted the electric field inside the crystal is almost uniform and
charge carriers drift under a constant electric field. The signal is extracted from the
detector via the preamplifier, without significantly degrading the intrinsic signal-to
noise ratio. Moreover, the preamplifier is installed in the cryostat package, as close as
possible to HPGe crystal, so as to minimize the overall capacitance. At the next step,
the signal is processed through the amplifier for counting and pulse-amplitude (energy)
spectroscopy applications. During this step, all the pulse-shaping controls are
performed, needed to optimize the performance of the analog electronics, such as the
pulse-height shaping where the amplitude of the preamplifier is increased from
millivolt range into the 0.1-10 V range or the energy resolution optimization, where
the overlap between successive pulses is minimized. Additionally, spectroscopy
amplifiers incorporate a circuit of pole-zero cancellation to eliminate the produced
amplified-pulse undershoot, produced by the long exponential decay on the
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preamplifier output pulse. The amplified analog signal is converted, through a
mathematical function, into a digital one, via the analog-to-digital converter. Firstly,
the signal is sampled, secondly is quantized and finally is digitally coded. The multi-
channel analyzer uses the ADC output to record incoming pulses and stores the pulse
information based on amplitude. The counted different amplitudes are stored in a range
of few thousand channels (usually 4096 channels) and thus a histogram of frequency
against pulse amplitude is produced and sent to the computer. This mode is applied in
gamma spectroscopy to analyze the energy distribution of various nuclear processes
(e.g. nuclear decay). The recorded spectrum can be further analyzed by gamma
spectroscopy software, like SPECTRW (Kalfas et al., 2016). An important aspect of
the detector system is the shielding surrounding the HPGe detector crystal. The used
detectors and their shielding, for the different nuclear laboratories, are shown below,
in Fig. 4.5:
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a) The experimental set-up of HCMR b) The shielding of HCMR’s detector

¢) The experimental set-up of NTUA d) The shielding of NTUA’s detector

g) The experimental set-up of NCSR h) The shielding of NCSR’s detector

Fig. 4.5 The experimental laboratories utilized in this work

The different shielding results in different radiation backgrounds due to the
contribution of ambient natural radioactivity. This contribution depends on the
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thickness of the Pb shielding, the detector’s location (e.g. subsurface, surface), the
building materials of the laboratory and possibly the distance from the sea (the HCMR
lab is located near the sea).

4.3.2.3 Calibrations and MDA

The basic calibration needed for the radioactivity quantification, is the
determination of the detector’s full-energy peak efficiency (FEPE). Additionally, the
energy calibration of the detection system and the energy resolution calibration, are
important for the analysis of the unknown samples and the control of detector’s
linearity. The energy calibration consists of the experimental function determination
(first or second order polynomial), describing the energy dependence of the channel
number in the spectrum. It can be applied manually or automatically by the software
using calibrated sources and it can be used to check the linearity of detection system
(preamplifier-amplifier-ADC-MCA):

E, =a+b-ch+c-ch’ (Eq. 4.4)
where,

E, is the gamma-ray energy, ch is the channel number for the peak center corresponding
to E,, and a, b, and c are the calibration determined constants.

The resolution calibration, known as Full-Width at Half Maximum (FWHM)
calibration, describes the peak width versus the spectral energy. This parameter
characterizes the system performance in separating different photon emissions in a
narrow energy range. The energy resolution depends on: (a) the statistical fluctuations
of charge carries produced in the detector, (b) the electronic noise in detector itself, the
preamplifier and the amplifier and (c) the incomplete collection of the charge produced
in the detector (Tsoulfanidis & Landsberger, 2015). The total FWHM is calculated by
the quadrature sum of the FWHM values for each individual source of fluctuation:

(FWHM )tzotal = (FWHM )itatistical + (FWHM )ioise + (FWHM )iollection (Eq 45)

The most frequently types-of-efficiency used are: (a) the total detector
efficiency and (b) the full-energy peak efficiency. These efficiencies can be either (a)
intrinsic, (b) absolute or (c) relative. As intrinsic total detector efficiency is defined the
probability of an incident gamma with a specific energy will be recorded by the
detector. As absolute total detector efficiency is defined the probability of a gamma
which is emitted from a specific source will be recorded in the detector. The intrinsic
efficiency depends on the gamma radiation energy and the length of the detector, while
the absolute total efficiency also depends on the radius of the detector and the source-
detector distance (or practically the solid angle). The relative efficiency can be
determined as the ratio of the absolute efficiency (total or full-energy peak) to the
efficiency of a standard. For quantitative measurements the absolute full-energy peak
efficiency (or absolute efficiency for simplicity) of the detector is usually used, as the
number of the full energy events is not sensitive to perturbing effects e.g. scattering
from surrounding objects or spurious noise.

For the determination of the absolute efficiency of the unknown sample, the
absolute FEPE of the detector must be known. Therefore, a function describing the
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FEPE versus the gamma-ray energy (E,) must be produced using radioactive standard
sources. These sources are characterized by a wide energy range, can contain a number
of monoenergetic (e.g. “°K) or multienergetic radionuclides (e.g. *?Eu) or mixtures of
several radionuclides. In this work the used standard sources of extended geometry are
presented in Table 8:

Table 8 The used standard sources for the absolute full-energy peak efficiency (FEPE) calibration

Source Activity Production | Energy range | Density

(Bq) date (keV) (gecm?)
Big 238235* | 730+34/34+1 | 6/12/2011 | 25-300 1.45+0.01
g\f;ometr%/S 12y 67004200 20/2/2001 | 120-1400 0.020+0.008
f:mZ) K 11331 1/6/2008 | 1460 0.70040.008
Small** | 2825y* | 69+6/3.2+0.3 | 10/6/2015 | 25-300 1.45+0.01
g\e/orge;ry 12y 1380430 14/10/2009 | 120-1400 1.465+0.008
ng) ' K 14216 1/6/2008 | 1460 1.070£0.008

*Natural soil sample collected from the mountainous Epirus region near Perivleptos village was
calibrated based on >2Eu to determine the low energy FEPE values (Eleftheriou, 2014)

**The absolute efficiency calibration with source standards of small geometry was performed only for
the NTUA detector for the samples of core 2 of Lavreotiki Peninsula (see Table 7 section 4.3.2.1).

The FEPE values were determined by:

counts

Eoo(E))=—"
P g t'ly.&td

(Eq. 4.6)

where,
counts are the recorded incident gammas, t is the acquisition time, I, is the intensity of
the gamma-ray of energy E, and Asw is the absolute activity (in Bq) of the standard
source.

The fitting functions applied in the FEPE values so as to reproduce via
interpolation a whole energy range efficiency curve of the present work was either an
empirical (Eq. 4.7) (Kalfas et al., 2016) or a polynomial one (Eq. 4.8). The FEPE
functions were selected to reproduce satisfactorily the efficiency of the measured
extended geometry samples. The uncertainty budget of the absolute efficiency was
determined taking into account the uncertainties of the experimental values, the mean
uncertainty of the parameters and the divergence from the experimental values, and
ranged between 2% and 5% depending on the energy region. In the quantitative
calculations of the sample’s absolute activity, the efficiency value of 5% was used for
the whole energy range.

(E.) 2 Eq. 4.7

& = L4,

"~ 1000c+ E° (Ba. 4.7
b ¢ d

eE)=a+—+—+—= (Eq. 4.8)

2 3
E}/ E7 E}/
where,

e(E,) is the interpolated FEPE, E, is the energy of the gamma-ray and a, b, c and d are

the fitting parameters.
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Fig. 4.6 The full energy photopeak efficiencies (FEPE) of the used detectors from the three
laboratories of HCMR, NTUA and NCSR. The efficiency of AUTH’s detector is not presented, as its
energy range was 0-200 keV. During samples’ (code S#) measurement period the HCMR detector
operated in a lower voltage (+3700 V) than the optimum one (+4800 V). The detector was fixed and
its new optimum operational voltage is + 2700 V.

The standard sources used at the absolute full-energy peak efficiency
calibration, as well as all the unknown-to-be-measured samples are placed on the
detector’s window (practically in touch geometry). The final step of the FEPE
calibration includes corrections regarding (a) true coincidence summing effects (TCS)
especially for the >2Eu source, as well as (b) self-absorption corrections. The latter is
important for analyzed peaks of energy below 100 keV and depends mainly on the
source’s density and source/sample intrinsic geometry. Thus, self-absorption
corrections of all sources are referred to a hypothetical sample with a specific density
(1.2 g cm™®) similar to the unknown samples which will be measured. The corrected
FEPE values regarding TCS and self-attenuation effects are presented in Table 11-2
(see Annex II) for all the utilized detection systems. The two type of corrections (a and
b) have been also performed during the quantification of the absolute activity of the
unknown samples, as many natural radionuclides (e.g. 2**Pb, 2*Bi) are multi-energy
gamma-ray emitters and are characterized by TCS effects, and the density of the
sediment samples varies from region to region due to many reasons such as the geology
of the area and the distance from the shore (coast, offshore). The corrections regarding
TCS and self-attenuation, both during the FEPE determination and radionuclide
quantification in the collected samples, were realized via EFFTRAN code (Vidmar et
al., 2005; 2011). The contribution of the ambient natural radioactivity was recorded
periodically and was subtracted by the source spectrum, using a non-radioactive sample
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(e.g. talcum powder), with the same geometry (volume: 65 cm? or 5.7 cm®) as that of
the standard sources and the unknown samples.

The quality control and quality assurance of radionuclide determination for
HCMR laboratory was validated via the certified reference material IAEA-385. For all
the measured radionuclides the mean |z| score was calculated to be 1.1, while in all
cases no outliers (|z|>3) were found. More information regarding the calibration are
presented in Annex Ill. Additionally, intercomparison exercises were performed
among the laboratories of HCMR, NTUA and NCSR. The calculated activity
concentrations of the radionuclides of interest were found in good agreement — within
uncertainties- which verify the reliability of the obtained results. Moreover, an
additional intercomparison exercise was realized between the laboratory of HCMR and
SCK-CEN, where the activity concentration of 2!°Pb was calculated via gamma- and
alpha- spectrometry, respectively. The 2%Pb determined at SCK-CEN was
systematically lower (up to 40%) than the one determined at HCMR. Nevertheless, the
agreement between the two laboratories is acceptable, due to the high uncertainties of
alpha-spectrometry methodology (up to 38%).

The minimum detectable activity (MDA) for each HPGe detector of the
laboratories (HCMR, NTUA, NCSR, AUTH) is presented below. MDA is defined as
the minimum quantity of a radionuclide that can be detected, taking into account the
experimental set-up and the geometry. In the present work, the MDA was determined
for the whole energy spectrum, using the background of the ambient activity
concentration - of each laboratory - as the lower limit above which the measured values
can be accepted. The MDA was calculated as:

MDA 271 4.65\B (Eq. 4.9)
et-m-l
where,
B is the number of background counts in the area of interest, ¢ is the FEP efficiency, t
is the acquisition time and I, is the intensity of the gamma-rays

The number of background counts (B) is calculated as:

_ (B1+B2)'N
2

B (Eq. 4.10)

where,
B1 and B; are the sum of the counts left and right of the area of interest and N is the
number of channels of the area of interest.

The MDA*I, spectra were determined for all the used HPGe detectors and (a)
the different type of shielding or (b) the different characteristics of each detector (e.g.
relative efficiency, detector window) or (c) the optimum operational voltage (HCMR
detector) are depicted in them. More specifically, part of the sample measurements was
held in the detector of HCMR, which was not operating in the optimum voltage (+4800
V) but in a lower one (+3700 V), thus the higher MDA values are observed for this
system, especially for the higher energies. Additionally, the different types of shielding
between the laboratory of HCMR and NTUA, result in higher values of MDA
regarding the first laboratory (see energy range from 400 keV to 1400 keV). Lastly, the
highest relative efficiency of the NCSR’s detector, leads to lowest MDA values
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comparing with all the other systems. The MDA*I, spectra are presented in Fig. 4.6.
The MDAX*I, spectrum of AUTH laboratory is presented separately, as this detection
system was used for low energy (< 200 keV) measurements only. The scripts for the
production of MDAX*1, spectra are presented in Annex IV.

12
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Fig. 4.7 The minimum detectable activity (MDA) multiplied by the intensity (I,) of the gamma-ray
emission for the detection systems of HCMR, NTUA and NSCR (above) and AUTH (below). These
spectra offer the MDA values for the photopeaks of interest.
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4.4 Quantification

After the sample preparation, the applied calibrations and the sample
measurements, the sample analysis follows. The latter can be realized in two steps, the
first is the qualitative analysis and the second is the quantification one. In this chapter,
the quantification process of radionuclide, trace metal and major element analysis are
presented, as well as the calculation of the uncertainty budget. This process is the final
step before obtaining the results and it is strongly depended on the determined
calibration curve, as well as the spectra analysis. In the case of trace metal and major
element analysis, the quantification is realized through a commercialized WDXRF
detection system, thus the required procedures (e.g. re-calibration of the system,
attenuation corrections) are applied automatically. On the other hand, the radioactivity
quantification and every step included in it, have been carried out manually.

4.4.1 Heavy metal concentration

The commercialized WDXRF system may determine chemical elements in
solids, powders as well as liquids and is accompanied by a 30-position robotic sample
changer. All operations are computer controlled and the software is running under
Microsoft Windows. The software (e.g. Panalytical’s Pro-Trace) can perform a
qualitative and semi-quantitative analysis of the unknown sample. The latter is a first
approximation of the sample composition. A full quantitative analysis can be also
carried out, using known standards e.g. certified materials or self-made standards for
the calibration. The qualitative and quantitative analysis method of the WDXRF system
is based on the height of the peak. This height is used to identify the elements present
in the sample, as well as to measure the intensities (practically the peak top). This is
possible as the peak positions are known. Thus, by measuring only the height
(intensity) of the peak, the analysis is complete in an accurate and fast way. The net
intensities are used in the quantification, meaning that background (under the peak)
must be subtracted from the spectrum. The determination of the background is achieved
by measuring a few background positions close to the peak, which are clean from other
peaks, and by interpolating the measured intensities at these positions.

The obtained net intensities can be converted into concentrations, using
calibration curves. These curves are produced by measuring one or more reference
materials, thus they describe the relationship between the concentrations and the
intensities of elements. When this relationship is determined, the concentrations of
unknown elements are calculated by adjusting the measured intensities of the unknown
elements to those of the calibration curve. In theory, the intensity of an analytical line
is linearly proportional to the concentration of the analyzing element. In practice the
intensity can be either attenuated or enhanced due to the presence and concentrations
of other elements in the unknown sample. This problem is called matrix effect and
many matrix models have been proposed to solve it. The main equation these models
are called to solve is:

C, =D +ERM, (Eq. 4.11)
where,
Ci is the concentration of analyzing element i, Ri is the intensity of analyzing element
i, Di and E; are parameters determined by linear regression and M; is the matrix
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correction factor. Two standards are required to calculate the D and E parameters, while
M is calculated for each individual standard when D and E are determined for all
elements.

The solutions of the aforementioned equations are realized using fundamental
parameter method, which calculate accurately the matrix correction factors by
describing fully the matrix. The main hypothesis of the fundamental parameter is that
the sum of all concentrations in the sample must be 1, thus one element can be
eliminated from the system of equations. Usually, that element is a major component
such as Fe. Before the sample analysis, two standards are utilized to determine D and
E. Knowing these factors and using iterative methods until convergence is achieved
between the calibration intensities and sample intensities, the element concentrations
of the sample can be obtained.

4.4.2 Radioactivity concentration

The methodology of the photo-peak analysis is described in detail in Pappa et
al., (2016); Patiris et al., (2016). In brief, prior to measurement the unknown samples
are kept shielded for 20 days (see section 4.2.1) to achieve secular equilibrium between
radium ?%°Ra and radon daughters (21*Pb, 2“Bi). The shielded days are calculated as
five times the half life of radon (ti>= 3.8 d). The quantification of the sample’s activity
concentration is determined by:

_counts-TCS-ET
g-t-l -m

A

(Eq. 4.12)

where,

A is the absolute or specific activity concentration (in Bg kg™), counts is the number
of the recorded gamma-rays of a specific photo-peak with energy (E,), TCS is the
correction of the true coincidence summing effect for the specific photo-peak of energy
(Ey), ET is the self-absorption correction between the geometry of the calculated
absolute FEPE and that of the unknown sample, ¢ is the absolute full energy peak
efficiency (FEPE) of the analyzed peak, t is the acquisition time (in sec), I, is the
intensity of the recorded gamma-ray and m is the (net) dry mass of the pulverized
sample (in kg).

In case of determining activity concentration from more than one photo-peaks
then of the weighted average is calculated as:

M-

Y Aw
A= (Eq. 4.13)

W,
i=1

=

where,

A is the weighted average of the activity concentration, Ai is the activity concentration
calculated by the i photo-peak and wi is the weight of each photo-peak, defined as the
inverse square of the activity concentration uncertainty.
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The contribution of the ambient natural radioactivity is recorded periodically
and subtracted from the sample’s spectrum using the sample of the talcum powder as
mentioned before. In case where the activity concentration of a radionuclide can be
determined by more than one photo-peak, then the final activity concentration results
from the weighted average of the activity concentrations of the different photo-peaks.
The analyzed photo-peaks from an unknown spectrum of natural radioactivity are
presented below. The methodology of the photopeak analysis is described in Patiris et
al. (2016). All the analysed photopeaks were corrected for TCS and self-attenuation
effects (see section 4.3.2.3).

Table 9 Characteristic analyzed peaks.

Radionuclide series  Isotope Energy (keV) (Intensity)

238 Z5Th 63.3 (3.8%), 92.6 (5.4%)
234pg 1001 (0.84%)
26Ra  186.2 (3.5%)

24Bj  609.3 (46.1%), 1120.3 (15%), 1238.1 (5.9%),
1764.5 (15.9%),

214ph  295.2 (19.2%), 351.9 (37.1%)
20ph  46.5 (4.1%)

2%y 2%y 143.8 (11.0 %), 185.7 (57.2%)
282Th 28Ac  338.4 (11.3%), 911.2 (26.6%), 964.6 (5.05%),
969.0 (16.2%)

212ph  238.6 (43.5%), 300.1 (3.3 %)

2B 727.3 (6.64 %), 1620.7 (1.5 %)
28T  583.2 (30.36%), 860.6 (4.5 %)

- 18Cs  661.7 (85.2%)

- 0K 1460.8 (10.67%)

4.5 Uncertainty estimation

The results derived during the quantification process are followed by an uncertainty,
which includes the uncertainties of the method and laboratory. In the next subsections
the uncertainty calculation regarding the gamma-ray and XRF measurements, is
described. For both measurements the calculated uncertainty include the 95 % of
confidence level. The calculated relative uncertainties of radionuclides, trace metals
and major elements are included in Annex V.

4.5.1 Heavy metal uncertainty concentration

The total uncertainty of trace metal and major element concentration is
determined as:
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Uyee = k\/u(RW)z +RMSZ, +U(Cpy )2 (Eq. 4.14)

bias
where,
k is a coverage factor, receiving a value of 2 for 95% confidence level, u(Rw) is the
standard deviation of the laboratory reproducibility, RMSpias is the square root of the
bias values (practically the divergence between the measured and the assigned values
of the certified materials), u(Crer) is the average uncertainty of the assigned values.

The RMS uncertainty is calculated as:

> (bias, )
RMS, . = % (Eq. 4.15)
where,
bias is the bias of compound i (the divergence between the measured and the assigned
value of the certified materials) and | is the number of the used certified materials.

4.5.2 Radioactivity uncertainty estimation

The uncertainty budget is determined taking into account the photopeak-counts
statistical uncertainty, the intensity of the gamma-rays, the efficiency of the detector
and the sample mass:

o 2 o 2 2 2
Oa _ (ﬂj +(_‘J +(°'_j +[%] (Eq. 4.16)
A cps I & m

where,

A is the activity concentration (in Bq kg™), cps is the number of photopeak-counts per
acquition time, I, is the intensity, ¢ is the detector’s FEPE efficiency, m is the sample
mass and oi is the uncertainty of every i (A, I, €, m) parameter.

In the case of determining an activity concentration from more than one photo-
peaks then the uncertainty of the weighted average is calculated as:

>w(A-A)

o=t (Eq. 4.17)

where,
o Is the uncertainty of the weighted average of the activity concentration, A; is the

activity concentration calculated by the i photo-peak and wi; is the weight of each photo-
peak, defined as the inverse square of the activity concentration uncertainty.

4.6  Proposed chronological models

The radiochronology of a sediment core can be achieved by estimating the
sedimentation rate (SR). Among other radionuclides, in the present work, two
radionuclides, a natural (*:°Pb) (Appleby & Oldfield, 1978) and an artificial (*3'Cs)
(Tsabaris et al., 2012b) were selected for the SR estimation. The different origins,
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meaning the different physical processes contributing to these radionuclides, provide
two independent methodologies to SR calculation, where usually the 3'Cs
methodology is utilized to verify the SR estimated via 2°Pb measurements. The vertical
profiles of the aforementioned radionuclides were utilized in the radiometric dating. A
brief description of the applied models follows.

4.6.1 2Pp tracer

The total activity concentration of #'°Pb consists of a supported and an
unsupported part (excess). The first is due to ??°Ra presence in the sediment of the
sampling location, while the latter is due to the transfer of ??2Rn to the sampling
location and subsequent sedimentation of aerosols containing also long-lived 2%2Rn
daughter products. Therefore, the unsupported portion (>*°Pbex) can be determined by
subtracting the activity concentration of 2?°Ra (average value of 22°Ra progenies) from
the total activity of 2!°Pb so as to remove the supported portion. In the present work
three 2°Pb-based radio geochronological models (CF:CS, CIC and CRS) were tested,
while the CF:CS was applied in the sampling areas of interest, as it provided more
consistent sedimentation rate (SR) values. The main assumptions of these models are
(a) the non-disturbance of the sediment, (b) the ideal deposition of 2*°Pbex fluxes and
(c) the non-depositional redistribution of sediment. In brief, the Constant Flux:
Constant Sedimentation model (CF:CS ) assumes a constant SR, which can be
estimated by the slope of the logarithmized 2'°Pbex activity concentration:

A
Ini==zi Eq. 4.18
AR (Eq. 4.18)
where,
Ao and A, are the unsupported activity concentrations in the sediment core surface and

the remaining i slice of the sediment core (Bq kg™), respectively, A is the 2°Pb

radioactive decay constant (0.03114 y™Y), zi is the depth (cm) of the i*" slice and SRis
the mean sedimentation rate of the sediment core (cm y™2).

The Constant Initial Concentration (CIC) model assumes that the initial 21°Pbex
concentration must be constant when each sediment layer is formed. Therefore the time
is estimated as:

1
t =zln% (Eq. 4.19)
where,
Ao and A; are the unsupported activity concentrations in the sediment core surface and
the remaining i slice of the sediment core (Bq kg™?), respectively and A is the 2°Pb

radioactive decay constant (0.03114 y1).

The Constant Rate of Supply (CRS) model assumes that the ?°Pbex flux is
constant in the sediment surface. Thus the time can be estimated by the accumulated
deposit of 21°Phey activity AD, which practically is the activity inventory:

~ ADydm

In

_|ni—1 TH =
A A [ ADdm

1
= (Eq. 4.20)
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where,
ADo and AD; are the unsupported activity inventories in the sediment core surface and
the remaining i'" mass depth of the sediment core (Bq m2),

4.6.2 ¥Cstracer

The *¥'Cs radiodating is based on the **’Cs peaks due to nuclear tests (1963) and
Chernobyl accident (1986). These peaks can be observed in the ¥*¥’Cs profile and thus
allow the estimation of the mean sedimentation rate according to:

SR = tz—l (Eq. 4.21)
where,
t is the year of the collected sediment core and z; is the depth where the *’Cs peaks
corresponding to nuclear incidents (i= 1963, 1986) were found.

4.7  Mass fluxes, Grain size analysis, Statistical analysis, Trace metals
in seawater

Mass fluxes

The evaluation of both geochemical and industrial input of metals into aquatic
sediments is established by means of mass flux (MF) calculations. A necessary
requirement is the application of this method in undisturbed sediment core samples
combined with accurate dating methodology (Salomons and Forstner, 1984). The
excess flux was calculated in the sediment cores with well estimated sedimentation
rate, for trace metals, major elements and long-lived radionuclides using the following
formula (Cochran et al., 1998; Spencer et al., 2003):

MF, =(M,); SR - (Eq. 4.22)

where,
MF; is the excess metal flux for the i'" depth interval (ug y* cm?), Mxs the excess metal
concentration for the i depth interval (ug g*), SRi the mean sedimentation rate at the
i"" depth interval (cm y!) and pi the sediment dry bulk density (g cm™3).

In the present study, as baseline elemental concentration was considered the
maximum depths of the offshore cores at each study area. The excess metal flux (MF;)
was determined by subtracting the elemental concentration of the i depth from this
baseline elemental concentration.

Grain size analysis

Particle size determination characterizes the physical properties of the sediment
and effects also the chemical composition of the material, as fine grain particles have
high active surfaces and adsorb or absorb contaminants (e.g. radionuclides and metals).
In many cases, the observed variations of contaminant concentrations may be attributed
to the grain size distribution in the sediment sample. Thus, in order to verify if the
elevated radionuclide and metal concentrations obtained in this work are mainly
attributed in the physical properties of sediments and/or to other causes, such as mining,
this parameter should be determined. A rough estimation of the grain size distribution
was performed in the samples. The core sediment subsamples were split into sand and
mud fractions by wet and/or dry sieving through a 63 pm mesh. The sand-mud
separation was conducted, in order to investigate the grain size effect in the
radionuclide and trace metal/major element concentrations.
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Statistical analysis

In this work, a parametric (Pearson correlation coefficient) and a non-parametric
(Spearman rank order) analysis were followed, using Statistical Package for the Social
Sciences (SPSS) for the surface and core sediments (see section 2.7 regarding statistical
analysis theory). The first statistical analysis (Pearson) measures the linear correlation
between two variables, thus due to this restriction (linearity) it was applied for a small
part of the data and was abandoned. The latter statistical analysis (Spearman) measures
the statistical dependence between two variables using a monotonic function.
Therefore, this general correlation was estimated in the majority of the data sets. The
statistical analysis may reveal possible associations between radionuclides and metals,
as well as among the contaminants and sediment physical properties, indicating the
origin of these contaminants and the composition of disposed wastes.

Trace metals in seawater

In order to investigate possible metal impact in the seawater of lerissos Gulf,
water samples were collected in the sediment - seawater interface. The seawater work
was realized in a smaller scale, comparing to the sediment study, and can be used only
as complementary tool. The seawater samples were appropriately treated for trace
element concentration measurements (ICP-MS). The trace metal measurement in the
seawater was held at the Trace Metal Laboratory of HCMR as described in Kalantzi et
al. (2016). Briefly, about 15 mL of seawater sample passed through the ion-exchange
resin via a peristaltic pump. The trace metals were held in the column and then eluted
with 1M HNO3. The seawater sample was pre-concentrated to 3 mL of 1M HNO3 and
then measured using ICP-MS analysis. The trace metal determination in the eluates of
the seawater samples was conducted using ICP-MS (Thermo- XSeries Il). The
accuracy of the trace metal analysis was tested against the CASS certified reference
material provided by the National Research Council of Canada with z scores indicating
satisfactory performance (|z| < 2) for all metals studied (Kalantzi et al. 2016).
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Chapter 5

Results

In this section the results are presented for each study area. More specifically, the
following results include (a) the sedimentation rate, (b) the activity concentrations of
key radionuclides, (c) the trace metal and major element concentrations, (d) the mass
fluxes of metals and radionuclides of interest, (f) the dose rates for non-human biota,
as well as (g) the grain size distribution of sediments. All these parameters contribute
to investigate the areas of interest in a spatial and a temporal basis.

5.1 Stratoni

Stratoni is the area that hosted, hosts and will be hosting metal mining activities.
As mentioned before in the sampling and study area description (section 4.1) two main
surveys took place in 2012 and 2014. During first sampling seafloor sediments were
collected, while during the second sampling surface (seafloor, river, beach sand) and
core sediment samples were collected. Both the spatial and vertical distributions of the
results of second sampling will be presented in the same subsection, if the title of the
subsection does not refer differently. The results of 2014campaign will be presented in
this section, while those of 2012 survey will be used for comparison as discussed in
section 6.3.

5.1.1 Sedimentation rate

The sedimentation rate (SR) of Stratoni marine region, was estimated near the
load out pier area (STR1), implementing two independent radiochronological methods
based on ¥’Cs and 2%Pb activity concentration profiles. The first radionuclide is
artificial, while the latter is natural. The vertical profile of $3’Cs and the correspondence
of the ¥’Cs-peak maxima to historical nuclear accidents (e.g. nuclear tests in 1963,
Chernobyl accident in 1986), as well as the logarithmized excess ?'°Pb versus depth
are depicted in the following figures (Fig. 5.1):
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a) the *¥’Cs method (MDA = 0.6 Bq kg?) b) the 22°Ph method, utilizing the constant flux :

constant sedimentation (CF:CS) model
Fig. 5.1 The two sedimentation rate estimation methods applied in location STR1 (load out pier area)
of Stratoni port
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The ¥7Cs activity concentrations corresponding to the nuclear incidents were
found above the MDA values (0.6 Bq kg™*). Among the aforementioned proposed 2:°Pb
chronological models (section 4.4.1), in Stratoni area was utilized the constant flux:
constant sedimentation (CF:CS) model. This model was selected as it can be
satisfactorily applied in a wide range of environments (Eleftheriou et al., 2018), since
in long term basis the flux and sedimentation process can be assumed constant. The
SRs utilizing independently the maxima of ¥’Cs, which correspond to the incidents of
1963 and 1986, were calculated at (0.21 + 0.02) cm y* and (0.24 + 0.01) cm y7?,
respectively. The estimated sedimentation rates are consistent within uncertainties and
the produced differences in sediment ages ranged from <1 to 16 y among the surface
and the deepest layers of the core (110 y before), respectively. Thus the mean value
(0.23 £ 0.01 cm y!) of these SRs was utilized for the validation of 2°Pb radiometric
model. The SR, applying the *’Cs and 2°Pb methods, was estimated to be (0.23 +
0.01) cm y* and (0.26 + 0.06) cm y, respectively, revealing a satisfactory agreement
within uncertainties. The validation of 2!°Pb radiometric model was performed via
137Cs sedimentation model. The difference of the ages produced by the two calculated
sedimentations rates was up to 10 years. The uncertainties of both sedimentation rates
were estimated via the slope of the graphs (Fig 5.1) and include an age uncertainty
ranging from 1 to 50 years for 2!°Pb and from 1 to 10 years for *’Cs among the surface
and the deepest layers of the core, respectively. Theefore, the mean sedimentation rate
was used in the historical reconstruction of metal and radionuclide observed values at
Stratoni port (STR1). Near Stratoni port a core (STR8) was also collected, however the
SR calculation was not performed due to the little amount of sample mass, despite the
sampling per 2 cm.

5.1.2 Radioactivity and trace metal/major element spatial distribution

Thirty (30) samples were collected in the marine and terrestrial coastal
environment of lerissos Gulf. The results are presented according to the sampling
regions, as well as the different matrices. The regions are (a) the load out pier area of
Stratoni port, (b) the Stratoni port, (c) the offshore region (STR8, STTR9), (d)
Kokkinolakkos stream, (e) Kalatzi Lakkos stream and (f) the lerissos port, and are
indicated by a title in the graphs (Fig. 5.2-5.8). The sampling was organized in this way
so as to describe the affected region due to anthropogenic activities (cases a and b), the
main streams of the drainage basins (cases d and €) and a reference region (case f),
which was located far enough from the occurring mining activities of Stratoni. The
results are also classified for the different matrices, which are indicated using colors.
The used colors are: a) blue for marine sediments, b) dark yellow for sea-coast interface
samples, ¢) brown for the beach sand samples, d) dark green for the streambed samples
and e) light green for the streambank samples.

Another reference sample is the deep sediment slice of the offshore core (STR8),
since the content of such slice corresponds to past years of the last century, before the
beginning of the industrial mining. This sample will be used for the enrichment factor
and mass flux estimations, described in 6.1.4, of the coastal core. The activity
concentrations of key NORMs and *¥’Cs, as well as the concentrations of trace metals
(As, Cu, Pb, Zn) and major elements (Mn, Al, Fe) are described in detail. The
variability concentrations of the selected metals (e.g. As, Cu, Pb, Zn, Mn, Al, Fe) and
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radionuclides (e.g. ?*°Ra, 23°U) were found to be key indicators of the mining-activities
impact to marine and terrestrial coastal environment.

The activity concentrations of the 238U series (3*Th, 21%Pb, ??°Ra), 2?6Ac, 25U,
40K and ¥’Cs, as well as of trace metals and major elements are presented below. The
226Ra is assumed to be in secular equilibrium with radon progenies (**Pb, 2“Bi) and
the concentrations of 28Ac represent the whole 2*2Th decay series since similar
concentrations - within uncertainties - were obtained among ?%Ac, 2?Pb, 212Bi and
208T], The calculated relative uncertainties of radionuclides, trace metals and major
elements are included in Annex V. All the other measured trace metals and major
elements are presented in Annex VI.
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Fig. 5.2 The 23U series activity concentration results regarding the coastal and offshore (STRS,
STR9) parts of lerissos Gulf. The activity concentrations of 2*Th (circle), ??°Ra (triangle) and ?'°Ph
(square) are depicted corresponding to the different matrices ( blue for marine sediments, dark yellow
for sea-coast interface samples, brown for the beach sand samples, dark green for the streambed
samples and e) light green for the streambank samples).

In Fig. 5.2., the activity concentrations of 2?°Ra, 2°Pb and ?**Th are depicted for
all regions (load out pier area of Stratoni, Stratoni port, Kokkinolakkos stream, Kalatzi
Lakkos stream and lerissos port). The activity concentrations of the aforementioned
radionuclides ranged from (10 - 100) Bq kg%, (10 - 150) Bq kg* and (20-200) Bq kg™,
respectively. The maximum activity concentrations of 2?Ra were obtained near
Stratoni (load out pier and port), while the minimum ones were observed near Kalatzi
Lakkos stream and lerissos port (reference sample). The activity concentrations of the
offshore samples (STR8, STR9) were also found in the same level as those of lerissos
port. The activity concentrations of 2?°Ra in the seafloor were similar to those at the
beach sand and stream estuaries. This observation, especially for Stratoni seafloor and
beach sand, may indicate that both the marine and terrestrial (coastal) part have been
affected equally by the mining activities due to waste disposals. Additionally, the
strong interaction between the coast and the beach due to weather conditions, may
resulted in homogenizing the content of materials in the corresponding matrices.
Regarding seafloor of Stratoni port, a minimum value is observed for all the studied
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radionuclides of 28U series at STRS5 site, which is considered a background value as it
is similar to the one of lerissos port. The low activity concentration of NORMs of STR5
sample indicate the north part of the load out pier area, has not been affected by the
mining activities as the south part of the load out pier area. Additionally, 2°Ra activity
concentrations did not change significantly along the stream samples (STR10 #,
STR11 #) implying the presence of natural transport processes. The activity
concentrations of 2!°Pb exhibited higher values than those of ??°Ra at the seafloor
samples and stream estuaries, while they were found similar - within uncertainties - to
2%5Ra values at the beach sand and streambank samples. The higher values of #°Pb
comparing to those of ??°Ra at seafloor samples and stream estuaries, may indicate
secondary sources of 2%Pb (e.g. atmospheric deposition) except from its parent
radionuclide (??°Ra). The spatial distribution of 24Th was similar to the one of ?*Ra
and the higher activity concentrations of 2*Th comparing to those of ?°Ra, reveal a
disequilibrium within 28U series maybe due to Th affinity to sediments. The spatial
distribution of ?2°Ra and 2**Th are associated with the mining activities near Stratoni
port.
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Fig. 5.3 The %2Th series activity concentration results regarding the coastal and offshore (STRS,
STR9) parts of lerissos Gulf. The activity concentrations of 22Ac represent the whole 22Th decay
series, as similar concentrations were obtained - within uncertainties - among ?2Ac, #2Pb, ?*?Bi and
208T|, The activity concentrations are depicted corresponding to the different matrices (blue for marine
sediments, dark yellow for sea-coast interface samples, brown for the beach sand samples, dark green
for the streambed samples and e) light green for the streambank samples).

The activity concentration of 22Th decay series ranged between (10 +2) Bq kg™
and (180« 7) Bq kg™ (Fig. 5.3). Almost all samples exhibited a mean value of (30 + 2)
Bq kg, while at some specific sites the activity concentrations of 2*2Th decay series
were found elevated compared to the mean value. The elevated concentrations may be
associated with the physical (e.g. organic matter content) or geological (e.g. presence
of oxides) characteristics of the samples. The almost homogeneous spatial distribution
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of 228 Ac, as well as the studied daughter radionuclides of 22Th series, indicate that the
activity concentration of this decay series is not affected by the occurring mining
activities.
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Fig. 5.4 The 235U activity concentration results regarding the coastal and offshore (STR8, STR9) parts
of lerissos Gulf. The activity concentrations are depicted corresponding to the different matrices (blue
for marine sediments, dark yellow for sea-coast interface samples, brown for the beach sand samples,
dark green for the streambed samples and e) light green for the streambank samples).

The activity concentrations of *°U ranged from (0.8 £ 0.1) Bq kg™ to (5.8+ 0.7)
Bq kg? (Fig. 5.4). The spatial distribution of 2*U was similar with the one of ?%Ra,
where the maximum activity concentrations were observed at Stratoni port, especially
near the load out pier area and decreased when the distance from the load out and the
beach increase. The minimum activity concentrations were found at lerissos port and
this area is defined as background area. Additionally, elevated values of 2°U were
found in the offshore samples (STR8, STR9) maybe due to the higher mud content,
while the elevated values of 2%°U obtained at Kalatzi Lakkos stream may be associated
with other physical characteristics such as the content of organic matter into the sample.
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Fig. 5.5 The “°K activity concentration results regarding the coastal and offshore (STR8, STR9) parts
of lerissos Gulf. The activity concentrations are depicted corresponding to the different matrices (blue
for marine sediments, dark yellow for sea-coast interface samples, brown for the beach sand samples,
dark green for the streambed samples and e) light green for the streambank samples).

The activity concentration of “°K ranged from (350 = 20) Bq kg™ to (1200 + 120)
Bq kg (Fig. 5.5). The “°K spatial distribution can be classified in 3 main regions: (a)
Stratoni port and offshore samples (STR8, STR9), (b) load out pier area,
Kokkinolakkos Stream and lerissos port seafloor and (c) Kalatzi Lakkos Stream and
lerissos port beach sand. The activity concentration of “°K at the three aforementioned
regions exhibited a mean value of (630 + 50) Bq kg, (420 + 40) Bq kg and (1050 +
105) Bq kg, respectively. The observed differences among regions may be associated
with the mineralogy of the area.
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Fig. 5.6 The ¥Cs activity concentration results regarding the coastal and offshore (STR8, STR9)
parts of lerissos Gulf. The activity concentrations are depicted corresponding to the different matrices
(blue for marine sediments, dark yellow for sea-coast interface samples, brown for the beach sand
samples, dark green for the streambed samples and €) light green for the streambank samples).
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The activity concentration of *’Cs was found to be (0.8 — 20) Bq kg™ (Fig. 5.6).
For most sampling points *3'Cs exhibited values below 2.4 Bq kg™, while in the cases
where elevated levels were observed, such as the offshore sample STR9 and the
riverbank sample STR10 2b, they may be attributed to a combination of physical
characteristics like organic matter and grain size distribution.
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Fig. 5.7 The trace metal (As, Cu, Pb and Zn) concentration results regarding the coastal and offshore
(STR8) parts of lerissos Gulf. At the offshore sample (STR9) only radioactivity measurements have
been performed for the application of the dispersion model incorporated in ERICA Tool. The metal
concentrations of As (cross), Cu (circle), Pb (rhombus) and Zn (square) are depicted corresponding
to the different matrices (blue for marine sediments, dark yellow for sea-coast interface samples,
brown for the beach sand samples, dark green for the streambed samples and e) light green for the
streambank samples).

The concentrations of As, Cu, Pb, Zn and Mn ranged among (10-4300) ug g?,
(1-300) ug g?, (30-2500) pg g2, (5-4000) ug gt and (40-30000) pg g2, respectively
(Fig. 5.7). The spatial distribution of trace metals (As, Cu, Pb, Zn) and Mn (Fig. 5.7)
is similar to the ones of 2?°Ra and 2*°U, where the maximum values were observed at
Stratoni port, especially near the load out pier area. The values of the aforementioned
metals were reduced by 50% at Kokkinolakkos stream, while the minimum values were
found at Kalatzi Lakkos and lerissos Port. However, in the case of metals, the
concentrations among the aforementioned sampling regions differed by up to 2 orders
of magnitude. It is evident that these great differences cannot be attributed to physical
characteristics of the samples such as grain size distribution, organic matter or
mineralogy, but the main contributor are the mining activities occurring in the area and
the disposal of wastes (solid or solid-liquids through the pipeline). The concentrations
of metals at sampling point STR5 exhibited the minimum concentrations like at lerissos
port, which supports the evidence from ??°Ra data that the north part of the load out
pier area has not been affected by the anthropogenic activities as the south part. All the
other measured trace metals and major elements are presented in Annex V1.
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Fig. 5.8 The major elements (Al, Fe, S and Mn) concentration results regarding the coastal part of
lerissos Gulf. At the offshore samples (STR8, STR9) only radioactivity measurements have been
performed for the application of the dispersion model incorporated in ERICA Tool, thus this sites are
not included in the figure. The concentration of S in some sampling point was below the LDM (Limit
of determination of the method), therefore they are not depicted in the graph. The lines between the
points (e.g. solid, dashed) are used only for convenience so as to guide the eye. The metal
concentrations of Al (circle), Fe (triangle), S (rhombus) and Mn (square) are depicted corresponding
to the different matrices (blue for marine sediments, dark yellow for sea-coast interface samples,
brown for the beach sand samples, dark green for the streambed samples and e) light green for the
streambank samples).

The spatial distribution of Fe, S and Mn are similar to those of trace metals, 2°Ra
and 2%U. Fe and S are the main metals of pyrite (FeS.), one of the basic exploited ores,
while Mn is part of rhodochrosite (MnCOs) a gangue mineral which surrounds the
mineral of interest. Therefore, high concentrations of these elements are present in the
disposed waste, either due to the flotation method efficiency (FeSz) or to direct
discharge of minerals not commercially exploited (MnCQOs3). Hence, the maximum
concentrations of Fe, S and Mn were obtained at Stratoni (load out pier and port) where
the flotation plant and other facilities (e.g. load hoper, flotation tailing pipeline) are
established. Elevated concentrations were also found in Kokkinolakkos Stream, since
waste disposals took place for many years. However, the distant areas from Stratoni
(Kalatzi Lakkos Stream and lerissos port) exhibited minimum concentrations of metals
up to 3 orders of magnitude lower than the values at Stratoni port and in some cases
below the LDM (Limit of Determination of the Method) such as S, indicating a non-
affected area by mining activities. The spatial distribution of Al is almost homogenized
among the sampling points, hence it is not strongly affected by anthropogenic activities
at the regions of study. All the other measured trace metals and major elements are
presented in Annex VI.

5.1.3 Trace metal/major element and mass flux vertical distribution

The concentrations and mass fluxes of some trace metals and major elements for
the coastal core (STR1) are presented below in Figs. 5.9 and 5.10. The radioactivity,
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trace metal and Mn measurements are also presented for the offshore core (STR8) and
are depicted in Figs. 5.11 and 5.13. The results of trace metal and Mn of the offshore
core will be presented in correspondence to those of the coastal core (STR1). The
calculated relative uncertainties of radionuclides, trace metals and major elements are
included in Annex V.

STR1 coastal core results

The results of trace metal (As, Zn, Cu and Pb) concentrations and mass fluxes
are shown in Fig. 5.9. According to these profiles, the sediment core can be divided
into two parts: the upper (0-11 cm) and the lower (12-27 cm).
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Fig. 5.9 The metal concentration and mass flux profiles of trace elements (As, Zn, Cu and Pb) in STR1
(coastal) core.

The concentrations of As, Zn, Cu, and Pb in the sediment core ranged between
(1.4-2.2)-10% ng g?, (2-6)-10° pg g?, (100-250) pg gt and (2.5-4.0)-10° pg g?,
respectively. The maximum values were found in the lower part of the core and were
up to 3 times higher than those obtained in the upper part. In concentration profile of
As the maximum concentration was found at 12 cm sediment depth, which was
followed by a linear gradual decrease to values similar to those of the upper core part.
Furthermore, the concentrations of Mn, Al and Fe are depicted in Fig. 5.10 and
exhibited values of (4 — 12)-10% ug g?, (40 - 60)-10° ug g* and (70 - 85)-10° pg g2,
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respectively. The maximum values of Fe and Al were measured at 12-27 cm (lower
part) of the core and were 20-30% higher than those observed at 0-11 cm (upper part).
On the other hand, the highest concentrations of Mn were obtained in the upper part of
the core exhibiting values up to 4 times higher than those of the lower part.

The excess fluxes of Al and Fe ranged between (0 - 5)-10% ug y* cm™? and (14 -
20)-10% png y* cm?, respectively. The maximum values of the Fe excess flux were
observed at 12 cm and 20 cm depth, as As and Zn excess flux profiles. The maximum
values of Al excess flux were found at the lower part of the core (11 - 27 cm), as those
of Cu and Pb excess flux profiles.

The excess metal fluxes were calculated for the aforementioned trace metals
based on the satisfactory agreement of the sedimentation rates using the 2!°Pb and *’Cs
dating methods. The method of the calculation of metal fluxes is described in detail in
chapter 4. The As excess flux ranged between (350 — 650) ug y* cm™. Additionally,
two local maxima of 650 pug y* cm2and 550 pg y* cm were observed at 12 cm and
at 20 cm, respectively. The Cu and Pb metal fluxes ranged between (30 — 95) ug y*
cm? and (0.4 — 2)-10° pg y* cm™, respectively, wherein the maximum values were
obtained in the lower part of the core (11-27 cm). The metal flux profile of Zn exhibited
values of (0.6:- 1.2)-10° pg y* cm? and two local maxima were also found at 12 cm
and 20 cm.
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Fig. 5.10 The metal concentration and mass flux profiles of major elements (Al, Fe and Mn) in STR1
(coastal) core.
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STR8 offshore core results

The trace metal and Mn concentrations of the STR8 offshore core (white points)
exhibited elevated values at the first 12 cm, which decrease in deeper layers (Fig. 5.11).
The concentrations of As, Zn, Cu, Pb and Mn of the offshore core were found to range
between (50-480) pg g2, (240-630) pg g2, (30-80) nug g*, (300-900) ug g* and (0.9-
2.2)-10° ug g2, respectively. The calculated relative uncertainties of trace metals and
major elements are included in Annex V.
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Fig. 5.11 The concentration profiles of trace metals (As, Cu, Pb, Zn) and Mn of the coastal core
(STR1_black points) and the offshore core (STR8_white points).

These elevated values cannot be attributed solely to the fine grain fraction of
STR8 core, as the sand-mud vertical distribution changes slightly between the upper
part (0-12 cm) and the lower part (13-27 cm) of the core (see section 5.3.1.6). The
vertical distribution among cores, the coastal (STR1) and the offshore (STR8), indicate
that both have been affected by the anthropogenic activities, wherein STR8 core in a
lesser extent, as it is evident by the one-order-of-magnitude lower values of trace metal
and Mn concentrations comparing to STR1 core. The mining activities have affected
the coastal area for many years, as shown by the high concentrations of trace metals
and Mn in STR1 profile. Additionally, this impact reached the offshore area (STR8),
however for fewer years, as indicated by the elevated values, were found only in the
first 12 cm.
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5.1.4 Radioactivity and mass flux vertical distribution

STR1 coastal core results

According to the metal profiles presented above, the sediment core STR1 can be
divided in two parts: the upper (0-11 cm) and the lower (12-27 cm). The same trend
show the radioactivity measurements of ??°Ra, ?®U and “°K. The radionuclides of
226Ra, 235U, 228 Ac and 4°K exhibited values of (75-120) Bq kg™, (4.8-13.4) Bq kg, (30-
40) Bq kg? and (570-860) Bq kg, respectively (see Fig. 5.12 a-d). The activity
concentrations of 228Ac represent the whole 22Th series, as similar values were
obtained for 212Pb, 212Bi and 2%8TlI.
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Fig. 5.12 The excess metal flux and activity concentrations of the long-lived radionuclides, as well as 22Ac,

assuming secular equilibrium with its parent nuclide. in STR1 (coastal) core of lerissos Gulf.

At the upper part, the activity concentrations of 22°Ra, 23U and “°K were 2 times
less than those of the lower part of the core. However, a homogeneous profile, within
uncertainties, was observed for 228Ac, exhibiting a mean value of (30 + 3) Bq kg*. The
excess metal flux (in 10-3 Bg y* cm™) was also calculated for the long-lived natural
radionuclides and 22Ac, assuming it is in secular equilibrium with its parent nuclide
232Th. The mass flux values of ?°Ra (*®Rays), 28Ac (%8 Acys), 2°U (**®Uys) and “°K
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(“°Kxs), exhibited values of (18 - 32)-:10° Bq y* cm™, (0.3-3.0) 10° Bq y* cm™, (0.3
to 2.7) 10° Bq y* cm2 and (20-120) 102 Bq y* cm™, respectively. In the activity
concentration and mass flux profiles of 2°Ra, 2*°U and *°K the lower values were found
in the upper part of the core (0-10 cm), compared to the deeper layers. Two local
maxima (see excess metal profiles of Fe, As and Zn) were also obtained at 12 cm and
21 cm.

STR8 offshore core results

The activity profiles of ?°Ra, 23U, ?8Ac and “°K of the offshore core are
presented below. The activity concentrations of the aforementioned radionuclides
exhibited values of (13-30) Bq kg, (2.7-4.1) Bq kg, (25-35) Bq kg and (460-650)
Bq kg?, respectively. For the offshore core the excess metal flux estimation was not
performed, as the sedimentation rate calculation was not possible.
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Fig. 5.13 The radionuclide activity concentration profiles of the offshore core (STR8). 28Ac represents the 232Th
series as similar values were found for 22Pb, 212Bi and 2T,

At the upper part of the core (0-11cm), the values of 2%’Ra, “°K and 2*°U were
found higher than those of the lower part (12-27 cm), while 222 Ac was characterized by
a homogeneous profile. The different values of these radionuclides between the upper
and the lower part indicate that the concentrations of 2Ra, “°K and 23U have been
affected by the mining activities occurring in the area. However, the anthropogenic
impact at the offshore core is lesser as the radionuclide profiles exhibited lower values
in it (STR8) comparing with those of the coastal core (STR 1). Additionally, the impact
of the mining activities reached the offshore core (STR8) and lasted for quite some
time as it can be identified by the enhanced radionuclide concentrations of the upper
layer (till 11 cm), compared to background values (deepest slice). Finally, comparing
the 22Ac profiles for both cores, it is safe to assume that this radionuclide is not affected
by the mining activities. This assumption supports the first hint originated by the spatial
distribution of 22 Ac discussed in section 5.1.2.
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5.1.5 Dose rate assessment

The average measured values of activity concentrations of 2%°Ra, *°K, 228Th,
228Ra, 21%Ph, 1¥7Cs and U in the seafloor sediments were used for the dose rate
estimation implemented by ERICA Assessment Tool. The radionuclides of 22Th and
228Ra are assumed to be in secular equilibrium with their daughters 222Ac and 2°Pb,
212Bj and 2%8TI, respectively. The total dose rates, as well as the external and internal
fractions, absorbed by the reference organisms are depicted in Fig. 5.14.
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Fig. 5.14 Total, internal and external dose rates of marine biota based on the measured activity
concentrations of natural and *¥Cs radionuclides in the seafloor sediment of Stratoni port.

The radiation effect can be considered negligible possessing no significant risks,
as in all cases the total dose rates were calculated to be two orders of magnitude lower
than the proposed screening values by IAEA (1992) and UNSCEAR (1996) for aquatic
biota. The main contributors to the total dose rates were found to be ?*°Ra (1.8 pGy h°
Y and ?6Th (5.3 10" uGy h'l), as both radionuclides and their progenies are alpha
emitters resulting in a significant radiological impact due to alpha particle nature
(energies of several MeVs, strong interaction with matter). The ERICA Tool assumes
secular equilibrium among ?%°Ra and its progenies (??Rn, 28At, 28Po, 214pp, 214Bj,
214p), as well as among ?2Th and its daughters (**Ra, 2°Rn, 21%Po, 212Pb, ?12Po, 21?Bj,
208T1) (Brown et al., 2008). The reference organism of phytoplankton received the
major dose rates exhibiting values 9 to 10 times higher than the dose rates received by
other organisms. The main contributor to the total dose rates was the internal fraction,
due to the alpha emitters as mentioned before, while the external fraction for many
cases is negligible comparing to the internal one. The external fraction becomes
significant for the organisms living close to or in the sediment (e.g. benthic fish,
crustacean, mollusk-bivalve, polychaete worm, macroalgae). The received external
dose rates are attributed mainly to “°K and secondly to ?°Ra, thus despite the minor
contribution of “°K to the total dose rate calculation, it should be taken into account for
the cases of organisms which reside close to or in the seafloor.
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5.1.6 Grain size analysis

Spatial distribution

Grain size distribution measurement were performed in detail for the samples
of the first survey in 2012. According to this work (Pappa et al., 2016) all the samples
can be considered to have comparable to the reference site (lerissos port) grain size
distribution. Meaning that the grain size effect, the affinity of metals and radionuclides
to different grain sizes, is similar among the sampling points and the observed
differences of radionuclides and metals cannot be attributed to different sediment
textures. Thus, the grain size measurement was not held for the surface samples of the
second survey in 2014,

Vertical distribution

A rough estimation of the grain size distribution was performed in the samples,
determining the mud-sand portions. The sand-mud vertical distribution for both cores,
coastal (STR1) and offshore (STR8) are depicted below.
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Fig. 5.15 Mud-sand vertical distribution of the STR1 coastal core (left) and the STR8 offshore core
(right) at lerissos Gulf.

STR1 core is characterized as muddy sand, while the offshore core (STR8) is
characterized as sandy mud according to Folk’s classification (Folk 1954). The coastal
core can be slightly divided into two parts: the upper part (0-11 cm), which consists of
60-70% sand and 40-30% mud and the lower part (12-27 cm), which consists of 80%
sand and 20% mud. The offshore core can be also slightly divided into two parts: the
upper (0-12 cm), which consists of 60% sand and 40% mud and the lower one (13-27
cm), which consists of 70% sand and 30% mud. The elevated concentrations of
radionuclides and metals in both cores, and especially in the coastal core, cannot be
solely attributed to the grain size distribution.

5.1.7 Trace metal measurements in seawater

In order to investigate possible metal impact in the seawater of lerissos Gulf,
water samples were collected in the sediment- seawater interface. The metal
concentrations of Cu, Pb, Zn, Ni and Cd are presented below, in Table 10.
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Table 10 Trace elements concentration in seawater.
Station Cu | Pb | zn | N | cd
(ng L™
STR1 0.36 6.80 3.34 0.19 0.095
STR2 <LDM 0.13 0.44 0.14 0.013
STR3 1.22 22.71 1.08 0.31 0.091
STR4 0.15 151 0.52 0.18 0.016
STR7 0.11 0.23 1.47 0.18 0.008
STR10 <LDM 0.23 0.57 0.20 0.011
STR11 <LDM 0.14 0.50 0.22 0.011
STR12 0.16 0.14 0.61 0.22 0.012
LDM: Limit of Detection of the Method

The concentrations of Cu, Pb, Zn, Ni and Cd ranged within the Limit of Detection
of the Method (LDM) - 1.22 ug L™, 0.14 -22.71 pg L, 0.44 —3.34 ug L, 0.14-0.31
ng Ltand 0.008 —0.095 ug L, respectively. The maximum values of almost all metals
were observed at the sampling points of the load out pier area (STR1) and the adjacent
site (STR3). The Cu, Pb, Zn, Ni and Cd concentrations at STR1 and STR3 sampling
points were up to 8, 161, 5, 1.4 and 8 times higher than the values at lerissos port
(STR12). The minimum values of metals were obtained for Pb, Zn and Ni at STR2 and
for Cd at STR7. The Pb, Zn and Ni concentrations at STR2 were 5%, 28% and 37%
lower than the values at lerissos port. The concentration of Cd at STR7 was 33% lower
than the one at lerissos port, while the measured metal concentrations at Kokkinolakos
(STR10) and Kalatzi Lakkos (STR11) estuaries were the same as those at lerissos port.

5.2 Lavrio

Two sampling surveys were also held along the east part of Lavreotiki Peninsula
in 2014 and 2016, where surface sediments, a coastal (core 1) and an offshore (core 2)
sediment cores were collected. The area hosted for many years mining activities,
however the last 30 years all mining activities are ceased. In this work surficial samples
were collected in different bays, focusing on Oxygono Bay, to study the mining impact
spatially. In the same bay the coastal core was sampled to investigate the anthropogenic
impact of previous years (temporal study). Additionally, the second core was utilized
to investigate the mining impact at the offshore part of Lavreotiki Peninsula. Both
results of the spatial and vertical distributions will be presented in the same subsection.

5.2.1 Sedimentation rate

Coastal core (core 1) results
The aforementioned proposed 2'°Pb chronological models (section 4.6.1), were
applied in Oxygono Bay (core 1) and the results are presented below, in Fig. 5.16:
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Fig. 5.16 The applied radiochronological models in Oxygono Bay based on 2°Pb (CF:CS, CIC, CRS)
and 1¥’Cs. CF:CS —Constant Flux:Constant Sedimentation, CIC- Constant Initial Concentration, CRS
- Constant Rate of Supply.

Among the proposed models based on 2°Pb excess concentrations, great
discrepancies were observed for CIC and CRS models, while a good agreement was
obtained between CF:CS model and the sedimentation estimations utilizing **’Cs. The
observed discrepancies are due to the hypotheses incorporated in each model. This
investigation of applying appropriate models for the sedimentation rate estimation,
suggests the implementation of CF:CS and *’Cs models. Thus, The vertical profile of
137Cs and the correspondence of the **’Cs-peak maxima to historical nuclear events
(e.g. nuclear test in 1963, Chernobyl accident in 1986), as well as the logarithmized
excess of 21°Ph versus depth are depicted in the following figures:
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Fig. 5.17 The two sedimentation rate estimation methods applied in coastal core (core 1) of Oxygono Bay.

The SRs utilizing independently the maxima of 3’Cs, which correspond to the
incidents of 1963 and 1986, were found (0.26 £ 0.01) cm y* and (0.25 £ 0.01) cm y!,
respectively. The estimated sedimentation rates are consistent within uncertainties and
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the produced differences in sediment ages ranged from <1 to 8 y among the surface
and the deepest layers of the core (200 y before), respectively. The radiodating methods
based on ¥’Cs and ?1%Pb, revealed similar sedimentation rates of (0.26 + 0.01) cmy?
and (0.33 £ 0.03) cm y!, respectively. However, the sedimentation rate determined by
the ¥’Cs method was not used for the reconstruction of historical levels of metals and
radionuclides at Oxygono Bay, as the signals of Chernobyl accident and nuclear tests
were not clearly distinguished in 3’Cs profile. Additionally, the counting statistics
were low and the activity concentrations of *’Cs were near the MDA values (0.6 Bq
kg™) for the whole core.

Offshore core (core 2) results

The radioactivity measurements were determined with large uncertainty due to the
small quantity of mass sample and the low values of activity concentrations (the gravel
nature of the sediments samples characterize the offshore area of Lavrio). Furthermore,
the exponential decrease of 2'°Pb activity concentration, as well as *’C values were
not distinct and the sedimentation rate estimation for this core was not applicable.

5.2.2 Radioactivity and trace metal/major element spatial distribution

The presented results refer to the work held mainly during the main surveys
(April 2016, October 2016), including the surface and sediment core samples at
Oxygono Bay, as well as the sediment core located offshore of Oxygono Bay. The
results of the preliminary survey (January 2014), including surface samples from
Oxygono and neighbouring bays (Thorikos, Delenia, Perdika) have already been
discussed in the master thesis of Michalopoulou, (2014) and presented in a conference
Michalopoulou et al., (2015). Thus, the latter will be only used in the interpretation
section of next chapter (chapter 6).

The activity concentrations of natural radionuclides (?*°Pb, 2%Ra, 2**Th, ?%Ac,
235U and “°K) and *3Cs at the surface sediments of Oxygono Bay are presented in Table
11. The #%b activity concentration ranged among (42-112) Bq kg* and the maximum
value was obtained at N5 station, the nearest sampling point to the coast. The spatial
distribution of the activity concentrations of the other radionuclides (??°Ra, 2Ac, °U,
0K and 13'Cs) was almost homogeneous, exhibiting mean values of 9, 13, 2.3, 159 and
1.3 Bq kg%, respectively. The minimum values of 2°Ra and 2?8 Ac were observed in the
south part of Oxygono Bay (N3, N4). 2*Th was also determined and ranged among
(30-47) Bq kg™ exhibiting up to 4 times higher values compared to those of ??°Ra.
Hence, secular equilibrium between 2*Th and ??°Ra cannot be assumed. This
difference may be attributed to the particle-reactive nature of thorium (Rose et al.,
1994) or to the metal post-mining impact (Abril et al., 2018). The calculated relative
uncertainties of radionuclides, trace metals and major elements are included in Annex
V.
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Table 11 Activity concentration of 21°Ph, 210Pbgy, 234Th, 26Ra, 28Ac, 235U, “°K and artificial radionuclide ¥7Cs in the
surface sediments. The MDA values are given in Fig. 4.7 for each detection system.

Station | 2°Pby: | 210ppy, | 24Th I 226Rg | 228 | 235 | oK | 137Cg
Bq kg?

N1 42+£5 30+£5 30+4 | 114+06 [ 140+1.1 |24+£03 | 184+£12 |1.2+£0.2

N2 94+8 84+8 47+£6 [95+1.1 170+£12 | 13£02 | 175+11 | 1.2£0.2

N3 50+ 4 46+ 4 32+£3 14.7+£0.3 102+£09 | 27+£02 | 1369 |13+04

N4 53+ 6 47+ 6 31£3 1 6.6+0.5 10.5+£15 |3.0+£0.6 | 191+12 | 1.2+0.3

NS5 112+10 |101+£10 [29+£5|119+05 [132+1.1 |23+03 [111+8 [1.5+04

The concentrations of trace metals (As, Cu, Pb, Zn) are presented in Table 12
and their values ranged among (2.1-8.6)-10% ng g%, (46-102) ug g2, (2.3-3.9)-10° pg
gland (4.9-12.5)-10° pg g, respectively. The spatial distribution of trace metals
exhibited maximum concentrations at the nearest station to the coast, N5, and minimum
values at the south part of Oxygono Bay (N3, N4), like ?°Ra and ?%Ac activity
concentrations. All the other measured trace metals and major elements are presented
in Annex VI.

Table 12 Trace metal (As, Zn, Cu, Pb) and major element (Mn, Al, Fe) concentrations in the surface
sediments of Oxygono Bay.

Station | As (-10% | Cu | Pb(-10%) [ Zn(-10%) | Mn(-10%) | Fe (-:10%) | Al(-10%)

(nggh)

N1 4.2+0.5 70+4 2.52+0.12 | 7.2+0.7 9.3+0.5 12.7+0.6 | 23.3+1.2
N2 4.3+0.5 74+4 2.94+0.14 | 7.4+0.7 7.5+0.4 12.4+0.6 | 17.2+0.9
N3 2.1+0.3 46+2 3.00+£0.14 | 5.7+0.5 4.2+0.2 7.8+0.4 20.5+1.0
N4 2.1+0.3 50+3 2.30+0.11 | 4.9+0.4 5.0+£0.2 8.0+0.4 21.6+1.1
N5 8.6+1.1 10245 | 3.91+0.18 | 12.5+1.1 | 11.3+0.6 | 20.6+1.0 | 14.4+0.7

Additionally, large variations were also observed in the spatial distribution of Mn
and Fe, wherein they exhibited values of (4 to 11)-10° ug g™ and (8 to 21)-10° ug g%,
respectively. The maximum concentrations were also observed at station N5. The
spatial distribution of Al was almost homogeneous, exhibiting a mean value of 19-10°

nug g™
5.2.3 Trace metal/major element and mass flux vertical distribution

Coastal core (core 1) results

The concentrations and mass fluxes of some trace metals and major elements for
the coastal core (core 1) are presented below. Regarding the offshore core (core 2),
only radioactivity, trace metal and Mn measurements were performed. The results of
the trace metals and Mn of the offshore core will be presented in correspondence to
those in the coastal core (STR1).

According to radionuclide and metal profiles the sediment core can be divided in
three parts: the upper (0-28 cm), the middle (28-38 cm) and the lower (38-52 cm). The
calculated relative uncertainties of radionuclides, trace metals and major elements are
included in Annex V.
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Fig. 5.18 The metal concentration and mass flux profiles of trace elements (As, Zn, Cu and Pb).

The As, Zn, Cu and Pb concentrations exhibited values of (0.5-5.5)-10° pg g%,
(3.5-9.0)-10% png g%, (40-210) ug gt and (2.4-4.8)-10% pg g2, respectively. The vertical
distribution of As and Zn revealed higher concentrations in the upper part of the core,
approximately 6 and 2 times, with respect to those of the lower part. However, in the
Cu and Pb vertical distribution, a peak was observed in the middle part of the coastal
core (28-38 cm). In this peak, Cu and Pb concentrations were found 3 and 2 times
higher, with respect to those in the upper and lower part of the core. The trace metal
excess mass fluxes were determined in the coastal core, taking into account the
sedimentation rate value. The excess mass fluxes of As, Zn, Cu and Pb ranged between
(0.3-3.3)-10% pg y* cm?, (1.5-5.5)-10% ug y* cm?, (10-110) pg y* cm2 and (1.2-
2.3)-10% pg y'* cm?, respectively. For all trace metal vertical distributions, the mass
flux profiles exhibited similar trend as the concentration profiles.
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Fig. 5.19 The metal concentration and mass flux profiles of major elements (Al, Fe and Mn).

The Al, Fe and Mn concentrations ranged between (1.4-2.3)-10* pg g2, (2-
15)-10* pg g%, and (1.5-11.0)-10° ug g2, respectively. As in trace metal profiles, the
Fe and Mn concentrations in the upper part of the core, were 4 times, for both elements,
higher than those of the lower part. The values of Mn in the middle part increased
linearly between the concentrations of the lower part and those of the upper one. Al
profile exhibited a peak with a maximum value during 1910-1930 (28-34 cm), as in Cu
and Pb profiles, which was 1.5 times higher than those of the lower part, respectively.
The Al concentrations varied in a lesser extent and were found at the upper part higher
by up to 20% than those of the lower part of the core. The excess mass fluxes of Al,
Fe, and Mn exhibited values of (1-6)-10% pg y* cm?, (1 -9)-10* pg y* cm, and (1-
7)-10° ug y'* cm, respectively. In all major element vertical distributions, the mass
flux profiles exhibited a similar trend as the concentration profiles.

Offshore core (core 2) results

At the offshore core only trace metal (and radioactivity) measurements were
performed. Additionally, the metal flux estimation was not applied as the
sedimentation rate determination was not possible due to the gravel nature of the
sediment samples. The trace metal and Mn results of core 2 are presented in
correspondence with those of core 1.
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Fig. 5.20 The concentration profiles of trace metals (As, Cu, Pb, Zn) and Mn of the coastal core (core
1 black points) and the offshore core (core 2_white points).

The profiles of As, Cu, Pb, Zn and Mn at the offshore core exhibited values of
(20-80) pg g™, (8-20) pg g™, (40-200) pg g, (40-200) g g, (150-500) pg g,
respectively. Based on the measured concentrations, the core consists of two distinct
parts: upper (0-18 cm) and lower (18-52 cm), wherein in the former part the values
were up to 3 times higher than in the latter part. Additionally, comparing the
concentrations of the offshore core with those of the coastal core, they were found to
be up to 2 orders of magnitude lower, indicating an influenced area in a lesser extent
due to past anthropogenic activities. All the other measured trace metals and major
elements are presented in Annex VI.

5.2.4 Radioactivity and mass flux vertical distribution

Coastal core (core 1) results

According to radionuclide profiles the sediment core can be divided in three
parts: the upper (0-28 cm), the middle (28-38 cm) and the lower (38-52 cm), as
mentioned above. The activity concentrations of 22°Ra, 2°U, 22Ac and “°K exhibited
values of (4-16) Bq kg?, (8-16) Bq kg*, (1.5-3.5) Bq kg* and (130-200) Bq kg?,
respectively. At the upper part the values of 22°Ra and 2?8 Ac were found 2 times higher
than those of the lower part, while in the middle part they increased linearly between
these values. However, the profiles of 2®U and “°K were homogeneous, within
uncertainties, exhibiting mean values of 2.5 Bq kg™* and 180 Bq kg, respectively.
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Fig. 5.21 The excess metal flux and activity concentrations of the long-lived radionuclides, as well as
228 ¢, assuming secular equilibrium with its parent nuclide.

The excess mass flux was also calculated for the long-lived natural radionuclides

and their results are depicted above. Although ?%Ac is not a long-lived radionuclide,
the mass flux estimation can be considered as 2*Th mass flux estimation, assuming
secular equilibrium between them. The mass fluxes of 22°Raxs, 228Acxs, 2°Uxs and *°Kys
exhibited values of (0-5.5)-10° Bq y* cm, (0-3)-10° Bq y* cm?, (0-0.7)-10° Bq y*!
cm? and (50-85)-10° Bq y?! cm?, respectively. Similarly, as in metal mass flux
profiles, the radionuclide mass flux profiles exhibited the same trend as the
concentration profiles.

Offshore core (core 2) results

The excess mass fluxes of natural radionuclides were not determined for the
offshore core, because the sedimentation rate models based on ?'°Pb and **’Cs were
not applicable as mentioned in section 5.2.1. Despite the analysis of the low-statistics
spectra, radionuclide profiles were not obtained due to activity concentration large
discrepancies. Thus, the ranges of activity concentrations are given below, wherein
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226Ra, 23U, 228A¢ and “°K exhibited values of among detector’s system MDA and 18
Bg kg?, 6.7 Bq kg!, 18 Bq kg! and 300 Bq kg*, respectively. The activity
concentration of 2*’Cs was below the detection system’s MDA. These values were
similar to the activity concentrations of the coastal core.

Table 13 The activity concentrations of natural radionuclides measured in the offshore core (core 2)
of Lavrio offshore marine area.
226Rg | 2287 ‘ 235 | 40K
. (Bg kg™)
core 2 min MDA MDA MDA MDA
max 18 18 6.7 300

5.2.5 Dose rate assessment

For the dose rate assessment, the maximum activity concentrations of 21°Pb, ?°Ra,
228Th, 228Ra, 2°U, 0K and *’Cs, measured in the surface sediment of Oxygono Bay,
were utilized. The total dose rate was calculated, which can be divided into the internal
and external fractions. Additionally, the total dose rate of each radionuclide per
organism was determined and the results are shown below.
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Fig. 5.22 Total, internal and external dose rates of marine biota based on the measured activity
concentrations of natural and *3’Cs radionuclides in the seafloor sediment of Oxygono Bay.

The radiological risk was found to be negligible, as all the estimated dose rates
were more than two orders of magnitude lower compared to the proposed screening
levels for aquatic biota (400 uGy h') (IAEA, 1992; UNSCEAR, 1996). Among the
studied organisms, Phytoplankton received the maximum total dose rate (0.65uGyh™).
The major contributor to the total dose rate was the internal fraction as discussed in
section 5.3.1.5, while the external fraction contribution became noticeable for the
habitants of the seafloor (e.g. crustacean, polychaete worm) due to sediment activity
concentrations.
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5.2.6 Grain size analysis

The vertical distribution of the grain size analysis was implemented to support
the data interpretation. This analysis was conducted roughly determining the sand-mud
or gravel-sand-mud portion. The spatial study regarding the grain size distribution
(surface samples) was not performed since the grain size distribution results during the
preliminary survey, as well as the surface samples of the coastal sediment core (core
1) revealed that the samples are characterized by highly sandy content. Additionally,
all the samples collected in Oxygono Bay are close to the shore, not exceeding 150-m
distance. Thus, the surface sediments were assumed to be sandy and the small
differences of grain size distribution that may be observed among them are not the main
contributor to the spatial distribution of radionuclide, trace metal and major element
concentrations.
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Fig. 5.23 Mud-sand-(gravel) vertical distribution of the core 1 coastal core (left) and the core 2 offshore
core (right) at Oxygono Bay and Lavrio offshore area, respectively.

Both the coastal (core 1) and offshore (core 2) sediment cores were sliced per 2
cm and grain size distribution analysis was performed for each sample. According to
Folk’s classification (Folk, 1974) core 1 was characterized as muddy sand, while core
2 as muddy sandy gravel. The percentages of sand and mud in core 1 were 80-100%
and 0-20%, respectively, while in core 2 the percentages of gravel, sand and mud
ranged among 25-60%, 20-55% and 15-20%, respectively. Especially in core 1 a
distinct area is observed in the middle part of the core, at 28-32 cm, wherein the mud
portion reached 40%.
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Chapter 6

Data interpretation

In this chapter the interpretation of the obtained results, using other processes
such as the enrichment factor estimation and assessment, the reconstruction of past
events, the statistical analysis and the comparison with previous data or neighbouring-
area values or Mediterranean data will follow. The results will be interpreted according
to the area of study, combining all measured parameters performed in this work.

6.1 Stratoni

The elaboration of results oriented to study the processes of potential
contamination in a spatial and temporal basis. The spatial study, which is related to the
area affected by the mining activities, was performed through the dispersion models,
while the temporal study was implemented by using the vertical profiles of the
measured data (radionuclides, trace metals, major elements and grain size distribution).

6.1.1 Estimated dispersion area

The dispersion of natural radionuclides was performed by ERICA Tool, which
incorporates a generic transport model proposed by IAEA, as described in section
3.2.1. The measured activity concentrations of 2°Ra and 2*U in the surface seafloor
sediments were utilized. The dispersion of these radionuclides was estimated, as their
spatial distribution (see section 5.1.2) indicated an affinity with the occurring mining
activities. The measured data of the preliminary study (in 2012) were used for the
calibration of the generic model, while the experimental data of the main survey (in
2014) were utilized for the quality control of the model. In order to estimate the activity
concentration in the (whole) surface of the affected area, without running the ERICA
Tool, ArcGIS 10.2 software package® was applied for the interpolation of the ERICA
estimated values. The simplified 1D transport model was implemented assuming a
continuous point source release. This assumption approximates the discharged
processes in Stratoni port, where the flotation tailings are discharged directly in the
marine environment via a pipe. This type of wastes consists of a slurry mixture of finely
ground solids and process water. The dispersion of the aforementioned radionuclides
and the affected area estimation are depicted below, in Fig. 6.1.
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Fig. 6.1 The dispersion of ?°Ra (upper) and 2°U (lower), as well as the affected area of lerissos Gulf due
to mining activities (zoomed in figure).

The comparison between the estimated and measured activity concentrations of
226Ra and 25U, revealed a satisfactory agreement up to 27 % and 25%, respectively.
Only in two sites (STR5 for ?®Ra and STR7 for 2*°U) the measured data were not
reproduced satisfactorily, wherein the estimated to measured differences exceeded
50%. This may be due to the different wind direction and current velocity values of
these locations (STR5, STR7) compared to the recommended values. Especially,
regarding the STR5 site, background activity concentrations were measured, indicating
a negligible transfer material from the load out pier area due to the water current
direction described in Chantzi (2012). However, ERICA Tool cannot reproduce this
current direction as assumes an opposite one from the source (load out pier area) to the
point of interest (STR5).
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The model calibration using part of the experimental data provided discharge
rates of 120 Bq st and 14 Bq s for 22°Ra and 2%U, respectively. The dispersion pattern
also showed maximum activity concentrations near the load out pier area, for both
radionuclides, which decreased with increasing distance. Furthermore, the shoreline
values exhibited lower levels comparing with the center of Stratoni port. In the
produced contours only the estimated data were utilized, thus the experimental data
(e.g. STR5, STRY) are excluded. The background values, obtained at the far-located
sites from the discharge point (e.g. STR9, STR10) were used for the estimation of the
affected area (zoomed figures in Fig. 6.1). The affected area of both radionuclides has
a semicircular pattern around the load out pier area, extended to the distant sampling
points (STR9, STR10) but not to the shoreline. The negligible impact to the shoreline
sampling points was verified by the low measured values at Kalatzi Lakkos (STR11)
and lerissos port (STR12). Thus, the north part of lerissos Gulf has been affected,
extending at 21 km?2. The dispersion model revealed that the affected area due to mining
activities is the north part of lerissos Gulf and reached up to the middle of the gulf.
Thus, the south part of the gulf is unaffected and lerissos city can be considered a safe
region for inhabiting, tourism and fishing.

6.1.2 Comparison between 2012 and 2014 sampling surveys

The radionuclide concentrations of 2°Ra and 2*°U of the preliminary survey in
2012 (Pappa et al., 2016) are depicted in the same graph - below - with those of the
main survey in 2014 (present work). During the preliminary survey only the seafloor
of lerissos Gulf was studied, thus the depicted concentrations refer to the surface
marine samples for the same locations. The only exception is the sample representing
the load out pier area (STR1), which was not located in the same sampling point in the
two surveys.

¢ *  Ra 2012

~ 807 o MRa 2014
= 5 " Py_2012
g 00T g 3 o By 2014
: : ¢ g ¢
2 40 1 L) 3
£
=
S 20t s =
g 67 1t
L L

21 h o g

0 : f t : :

strl  str2 str3  strd  str6  str7 str10 strl2

locations
Fig. 6.2 The activity concentrations of 26Ra and 2*U measured in the seafloor sediments of lerissos
Gulf.

Generally, the spatial distribution of the two surveys is similar, exhibiting
maximum values near the load out pier and decreasing with increasing distance.
Additionally, the activity concentrations are also similar, with the exception of STR1
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point due to the different locations. Therefore, an almost constant situation can be
observed in the seafloor status within the two sampling years. This observation is also
verified by the top 2 cm of the coastal core (STR1) radionuclide profiles, wherein the
concentrations are similar within uncertainties. In some cases (STR2, STR3, STR10)
226Ra concentrations of 2014 survey are higher than those of 2012 survey, in contrast
to the other sampling points. These “reversal concentrations” may be attributed to the
water current direction in the area of these sampling points, as these sites are near the
coast, meaning not deep enough and are affected by the currents and the wave height
or the river discharges (STR10). Additionally, the observed differences of the
uncertainties the activity concentrations between the two surveys are attributed to the
detection system. The activity concentrations of 2012 were obtained via a HPGe of
50% relative efficiency, while those of 2014 were measured by a HPGe of 100%
relative efficiency. Thus, the latter has lower values of uncertainty due to statistics.

6.1.3 Incidences identification with historical data

During 1908 to 1970 (core’s lower part 12-27 cm) the maximum concentrations
of natural radionuclides (?°Ra, ?°U, “K), trace metals (Cu, Pb, Zn) and major
elements (Al, Fe) were observed. This period represents the industrial activity in the
area, meaning the exploitation of mixed sulfide - manganese ores, held mainly by the
Hellenic Chemical Products and Fertilizers Company (AEEHPL). The exploited ores
included pyrite (FeS.), sphalerite (ZnS) and galena (PbS), known as P.B.G. Taking into
account the excess mass flux profiles of Fe (Fexs), As (Asxs), Zn (Znxs) and ?*Ra
(*®Raxs), five operational periods were observed: a) 1912-1920, b) 1920-1935, ¢) 1935-
1945, d) 1950-1970 and e) 1983-2014. The flux vertical distributions incorporating the
dating model resolved efficiently the plant operation periods. However, the historical
reconstruction of plant operational periods, could not be achieved solely by the metal
concentration profiles.

AEEHPL Company bought Kasandra mines in 1912, so as to exploit pyrite
(FeS2) of Madem Lakkos deposit and produce sulfuric acid. Almost simultaneously,
during 1920-1935, began the exploitation of P.B.G. ores. This process is depicted in
the increment of Fe and As concentrations and mass fluxes, during this period,
indicating a pyrite (FeS2) and arsenopyrite (FeAsS) waste disposals. The pyrite
disposal is attributed to the efficiency of the used ore-separation method, while the
arsenopyrite disposal indicates a presence of this ore in the form of secondary mineral
in P.B.G. ores, which was characterized by low percentage of As. The similar chemical
characteristics of arsenopyrite as those of pyrite, resulted in its disposal during the
separation method. During the same period (1920-1935) an increment was observed in
Cu and Pb mass flux profiles, indicating the low efficiency of the ore separation, either
included in the pyrite wastes or/and the P.B.G. wastes. For the same period Mn
concentrations and mass fluxes exhibited low values, attributed to exploitation of pure
P.B.G. ores free from impurities such as rhodochrosite (MnCO3). Additionally, the
elevated concentrations and mass fluxes of ??°Ra, during 1920-1935 have a similar
trend as Fe and As. These elevated values may be correlated to Stratoni’s granitoids
hosting the P.B.G. ores, which consist of secondary uranium minerals (Persianis et al.,
2010; Papadopoulos et al., 2013).
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In the concentration and mass flux profiles of As, Fe, Zn and ??Ra — and other
metals - a local minimum is obtained during 1935-1945 reflecting the impact of the
Second World War to mining activities. The further increment of As during 1950-1970
may be attributed to the alteration of the flotation method in order to achieve higher
efficiency of P.B.G. recovery or to the exploitation of P.B.G. minerals with higher As
percentage. During this period AEEHPL company abandoned the production of
sulfuric acid based on FeS, thus the flotation method was altered. This is the reason
for the observed local maximum of Fe, not as high as during 1920-1935. Moreover, the
high levels of Fe in mass flux profile during 1950-1970, may be attributed to the
exploitation of Mavres Petres deposit, instead of Madem Lakkos. The former is
characterized by P.B.G. minerals with lower Fe percentage comparing to the latter. For
the same period the lower values of °Ra concentration and mass fluxes, may reflect
the different location of the P.B.G. minerals, further away from the granitoids,
comparing to the P.B.G. location of 1920-1935 period.

The observed decrement of As during 1970-1975 may be attributed to the fact
that arsenopyrite enriched in As was not disposed in the marine environment. This type
of arsenopyrite, after its separation from the P.B.G. ores, was sent at Olymbiada’s
newly-built flotation plant for further exploitation, as the percentage of Au being hosted
in it was significant. Therefore, the remaining arsenopyrite wastes at Stratoni’s
flotation plant consisted of low percentages of As. During 1983-2014, the lowest values
were observed in all concentration and mass flux profiles (except from those of Mn).
The minimum values represent the cessation of tailing discharge into the marine
environment (Kelepertzis, 2013). Additionally, Al concentrations and mass fluxes were
decreased form 1920 until 1970, which may reflect the location of the exploited P.B.G.
ores. In the period between 1920 and 1935 the ore location was close to granitoids and
pegmatite veins, characterized by high Al concentrations, whereas later (1950-1970)
their location was further away from the pegmatite veins. The maximum values of Mn
concentration and mass flux, observed during 1983-2014 show the transport processes
in the coastal environment. The presence of this element in Kassandra deposits is in
the form of rhodochrosite (MnCQO3), a light mineral which can be easily transported in
the coastal environment due to the wave movements. The different type of tailing
discharges can be shown by the mud content of the sediment core (core 1), where after
1965 reaches its maximum value (up to 40%).

The applied method by combining the dating models with the mass flux vertical
distribution reconstructed the mine operation periods from 1908-2014. The main
identified processes and periods were: the exploitation of pyrite for the production of
sulfuric acid during 1912-1920, the decrease of mining activity during 1935-1945 due
to the Second World War, the alteration of the exploited ores due to the type of ore
exploitation and the construction and operation of Olymbiada’s flotation plant during
1950-1970; and finally the end of tailing discharging into the marine environment
during 1980-2010.

6.1.4 Enrichment factor and Pollution Load Index

Spatial data interpretation
The enrichment factor (EF) was estimated for the surface samples using as
reference lerissos port seafloor sampling point (STR12) and Al as normalizer.
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Additionally, in this work, all the major element and the majority of trace metals
showed variations in the sediment cores and surface samples. Thus, for the selection of
the proper normalizing element was adopted the methodology described by
Karageorgis et al. (2009). Based on this methodology Al was selected as normalizing
element, as it showed the minimum coefficient of variation (V). In order to verify that
lerissos port seafloor is a pristine area and can be used as reference site, the EF of this
sampling point was estimated utilizing the concentrations of the shale of the continental
crust (Mn: 850 nug g, As: 13 ng g%, Cu: 45 ug g%, Pb: 20 pg g, Zn: 95) (Wedepohl,
1995). The EF estimation of lerissos port revealed a pristine region with no enrichment
(the EF values exhibited values of Mn: 0.2, As: 1.3, Cu: 0.2, Pb: 0.1, Zn: 0.1). The used
colors depicted in the following graph, Fig. 6.3, represent the enrichment classification
(Birch & Davies, 2003), where light green refers to no enrichment (EF< 1), green refers
to moderate enrichment (1<EF<3), blue refers to moderately severe enrichment
(3<EF<5), purple refers to moderately severe enrichment (5<EF<10), yellow refers to
severe enrichment (L0<EF<25), orange refers to very severe enrichment (25<EF<50)
and red refers to extremely severe enrichment (EF>50).
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Fig. 6.3 The spatial distribution of Enrichment Factors (EFs) of As, Cu, Zn, Pb and Mn. The element
of Al was used as conservative element for the estimation of EFs, as well, as the elemental
concentrations of lerissos port seafloor was utilized as reference. The light green color represents no
enrichment, the green color minor enrichment, the blue moderate enrichment, the purple moderately
severe enrichment, the yellow severe enrichment, the orange very severe enrichment, and the red
extremely severe enrichment.

The EFs were estimated using trace metal, Mn and Al concentrations,
characteristic of the study area. According to the estimated EFs, the sampling areas can
be divided into different enrichment classes among extremely severe and no
enrichment depending strongly on the sampling locations. It is evident that the most
contaminated area is Stratoni (both marine and terrestrial parts) in Zn As and Mn,
especially the load out pier area and the beach sand (STR2_b2). Even if Zn and As are
trace metals, and Mn is a major element, it exhibits lower enrichment compared to Zn
and As. This reveals that the disposed wastes characterizing both environments (marine
and terrestrial) are due to the processed ores (e.g. P.B.G. rich in Zn followed by
arsenopyrite (As)). This is also verified by the very severe enrichment in Pb at Stratoni
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(another metal rich in P.B.G. ores). The different type of enrichment in Kokkinolakkos
Stream e.g. extremely severe enrichment in Zn/Mn and very severe enrichment in As,
may be attributed to the different metal concentrations of the disposed wastes. Kalatzi
Lakkos Stream can be considered as unaffected by mining activities as exhibited minor
or/and no enrichment, except from one sampling point (STR11_1b). The extremely
severe enrichment of STR11_1b may be correlated with the presence of elevated values
of Fe and S in this sample. As far as Cu enrichment is concerned, Stratoni and
Kokkinolakkos Stream were severely enriched, while Kalatzi Lakkos and lerissos port
beach sand consisted of background levels. To summarize, the order of metal
enrichment into the sediment was found to be Zn>As>Mn>Pb>Cu.

Data interpretation for STR1 (coastal) core

The enrichment factor of trace metals (As, Cu, Pb, Zn) and Mn were estimated
for the coastal core (STR1). The concentration of Al was also measured only for the
deepest slice of the offshore core, as it was utilized as reference sample in the
enrichment factor estimation. More adequate for the estimation of the EF index are the
deepest layers of an unaffected sediment core (e.g. offshore). However, as a feasibility
study was estimated the EF of the background sample based on the concentrations of
the continental crust. This approach is proposed not only for the verification of the
correct selection of the background sample but also for providing EFs that can be
compared in a global scale. Thus, the concentrations of the shale of the continental
crust were also used in the EF estimated profiles. The EF estimations based on the
deepest slice of STR8 core or the continental shale are depicted below, in Fig. 6.4,
where colors were applied in the graph so as to describe the enrichment classification.
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Fig. 6.4 The Enrichment Factor (EF) profiles of As, Cu, Zn, Pb and Mn. The element of Al was used for
the estimation of EFs as conservative element, as well as the elemental concentrations of the shale of the
continental crust (Wedepohl, 1995) (left) and of the deep pre-mine layer of STR8 core (right). The light
green color represents no enrichment, the green color minor enrichment, the blue moderate enrichment,
the purple moderately severe enrichment, the yellow severe enrichment, the orange very severe
enrichment, and the red extremely severe enrichment.

Using the continental concentrations reference, the whole sediment core (STR1)
was characterized as extremely severely enriched (EF>50) in As, Pb and Zn utilizing
Birch and Davies (2003) classification. The enrichment of core’s upper part (0-11cm)
was found severe and moderately severe for Mn and Cu, respectively. In the lower part
(12-27 cm) the enrichment was mainly moderately severe for both metals. Based on
the concentrations measured in the deep pre-mine layer of STR8 core the enrichment
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of STR1 core was found to be moderate, moderately severe, severe and very severe for
Cu, Pb, Zn and Mn/As, respectively. In the lower part of the core the enrichment was
characterized as moderate, moderately severe and severe for Mn, Cu and As/Pb/Zn,
respectively. The order of the metal enrichment into the sediment using the shale as
reference was Pb>As>Zn>Mn>Cu, while this order changed utilizing the STR8
deepest slice as reference to As>Zn>Pb>Mn>Cu. Nevertheless, the classification
remained almost the same for Cu and Mn with slight changes. For example the
sediment core was characterized as moderately severely enriched in Cu when using the
shale values, while it was characterized as moderately enriched in Cu when utilizing
STR8 values. On the other hand the classification of As, Zn and Pb in the sediment
core altered significantly. This difference in the classification indicate that the use of
global continental crust data might not be representative for the area of study, as it
represents a rough estimation and it should be used with caution and only for
comparison reasons in global aspect. However, for the future a deeper layer of a more
distant offshore sample could be utilized to verify the EF classification of this work,
based on the ecosystem background.

Data interpretation for STR8 (offshore) core

As discussed in the result section (5.1.3) the upper part of the core may have been
influenced by anthropogenic activities, however in a lesser extend as the trace metal
and Mn profiles exhibited values 2 orders of magnitude lower than STR1 core.
Therefore, in order to study the depth of contamination in the offshore core, a
simplified index, Pollution Load Index (PLI) was determined. This index takes into
account the concentrations of the metals of interest, each one normalized to the
concentrations of a reference site, though it does not exclude the grain size effect. In
this work, as reference sample was utilized the deepest slice of STR8 core. PLI was
also applied in the STR1 (coastal) core, in order to compare the pollution in the offshore
and coastal part, taking into account a conservative approach, wherein only the trace
metals and Mn with highest observed concentrations were included. The results are
presented in Fig. 6.5.
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Fig. 6.5 The PLI estimation for the coastal (STR1) core and the offshore (STR8) core at lerissos Gulf.
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According to Tomlinson et al. (1980) all PLI values above 1 indicate a
progressive deterioration in the area, which is the case for the whole length of both
cores. However, as mentioned above the PLI estimation in this work was performed
conservatively, taking into account that the lower part of STR8 core (14-27 cm) having
PLI less than 2 can be considered not affected by the mining activities and is
characterized by background levels. This assumption is demonstrated by the one order
of magnitude lower PLI values of STR8 core comparing with STR1 core. The upper
part of the core was indeed affected by anthropogenic activities as PL1 exhibited a value
of 4. To summarize PLI was a simplified, conservative and useful parameter so as to
identify the contamination in the offshore core and estimate the depth of the
contamination.

6.1.5 Statistical analysis

Spatial statistical analysis

In the present study potential statistical associations of natural radionuclides with
major elements, trace metals and LOI (Loss of Ignition) were investigated. LOI is a
meter of the organic content in the samples. The associations were estimated for all the
surface sediments (marine and terrestrial) in order to investigate their current behavior
and to obtain a significant number of samples for the statistical analysis. The statistical
analysis was performed via the Spearman’s rank-order (rs) association due to
significant difference from a normal distribution. For this purpose, the IBM SPSS
Statistics v. 20 software package was used. The results are depicted in Table 14 and
can be organized in five main groups: (a) 2°Ra and 23°U were found significantly (0.57-
0.83) and moderately (0.38-0.55) positively associated with trace metals and major
elements (except from Al), respectively (b) ?Ac was moderately (0.44-0.53)
positively associated with 22°Ra, °U and Al, (c) “°K was significantly (0.63) positively
associated with Al and moderately (0.41-0.63) negatively associated with trace metals,
(d) trace metals are strongly (0.71-0.95) associated with each other, as well as with
major elements and (e) Al is significantly (0.52- 0.69) non associated with trace metals
and other major elements, while it was moderately and significantly (0.44-0.63)
positively associated with 222Ac and “°K, respectively.

Group ‘a’ indicates the presence of radionuclides in the wastes of the P.B.G ore
separation. Generally, P.B.G. ores do not contain natural radionuclides but As, Pb, Zn,
Fe and S. Nevertheless they are surrounded by granitoids, which are not exploited
economically (gangue) and are characterized by secondary uranium minerals. Other
gangue minerals near the P.B.G. ore is rhodochrosite (MnCOs), while secondary
minerals such as chalcopyrite (CuFeS,) are also present. Thus, the wastes of P.B.G. ore
separation consist of gangue material and therefore 22°Ra, 2°U, as well as trace metals
(As, Cu, Pb, Zn) and major elements (Fe, S) due to the efficiency of the method, which
separates the secondary and gangue minerals. The latter explains the positive
association among trace metals and major elements observed in the surface sediments
(group ‘d”). According to groups ‘b’, ‘c’ and ‘e’, it is evident that the spatial distribution
of 228Ac and “°K is associated with Al. The negative association of Al with the wastes
of the exploited ores, may indicate the absence of pegmatites (rich in K due to minerals
like feldspars) in the disposed wastes in the surface of lerissos Gulf and thus the
homogeneous spatial distributions of Al and 222Ac represent the mineralogy of the
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study area. The non-homogeneous distribution of “°K may be attributed to the different
pegmatite composition between Stratoni and lerissos regions but may also indicate
dilution effects in the Stratoni port. LOl was moderate to significant positively
associated with 22°Ra, 23U, trace metals and major elements (except from Al) revealing
an organic content in the samples, which partially contributes to the spatial distribution
of the aforementioned elements.

Table 14 The results of statistical association (Spearman's rho (rs)) among radionuclides, trace metals, major elements and LOI (Loss of
Ignition) of the surface sediments (N=31) of lerissos Gulf.

26Ra | 228Ac | 2™U K As Cu Pb Zn Mn Fe Al S LOI
22Ra | rs 1.000 | ,487™ | ,767™ | -.090 ,646™ | 574" ,656™ ,640™ 611" 578" -.273 ,832"™ ,493™
Sig. .006 .000 .629 .000 .001 .000 .000 .000 .001 152 .000 .008
28AC | s 487" | 1.000 | 527" | .186 .041 137 112 .038 .096 218 443" -.147 123
Sig. | .006 .002 316 .829 469 .555 .840 .613 257 .016 514 532
25y rs ;767" | 527" | 1.000 | .036 402" 441" 414" 421" .349 ,388" -117 ,546™ ,540™
Sig. | .000 .002 .849 .028 .015 .023 .021 .059 .038 .545 .009 .003
K rs -.090 | .186 .036 1.000 -,489™" | -,489™ -,429" -,405" -,479™ -,630™ ,634™ -.071 -.270
Sig. | .629 316 .849 .006 .006 .018 .026 .007 .000 .000 .755 164
As rs ,646™ | .041 402" | -,489™ | 1.000 867 ,944™ ,941™ ,928™ ,907" -,678™ ,867"" 6717
Sig. | .000 .829 .028 .006 .000 .000 .000 .000 .000 .000 .000 .000
Cu rs 574" | 137 4417 | -,489™ | 867" | 1.000 ,816™ 878" 887" ,870™ -,5680™ ,718™ ,684™
Sig. | .001 469 .015 .006 .000 .000 .000 .000 .000 .001 .000 .000
Pb rs ,656™ | 112 414" | -429" ,944™ | 816™ 1.000 ,895™ ,892™" ,866™" -,5695™ ,730™ 571
Sig. | .000 .555 .023 .018 .000 .000 .000 .000 .000 .001 .000 .002
Zn rs ,640™ | .038 421" | -,405" ,941™ | 878 ,895™ 1.000 ,952™" ,828™ -,674™ ,884™ 657"
Sig. | .000 .840 021 .026 .000 .000 .000 .000 .000 .000 .000 .000
Mn rs ,611™ | .096 .349 479" | 928" | 887" ,892" ,952™" 1.000 ,855™" -,687" 787 ,603"™
Sig. | .000 .613 .059 .007 .000 .000 .000 .000 .000 .000 .000 .001
Fe rs ,578™ | .218 ,388" | -,630™ | ,907™ | ,870™ ,866™" ,828™ ,855™" 1.000 -,521™ 612" ,640™
Sig. | .001 257 .038 .000 .000 .000 .000 .000 .000 .004 .002 .000
Al rs -273 | 443" | -117 | 634 -,678" | -,580™ -,695"" -,674™ -,687" -,521" 1.000 -,685™" -.369
Sig. | .152 .016 545 .000 .000 .001 .001 .000 .000 .004 .000 .053
S rs ,832™ | -.147 | 546™ | -.071 8677 | 718 ,730™ ,884™ 7877 612" -,685™ 1.000 498"
Sig. | .000 514 .009 755 .000 .000 .000 .000 .000 .002 .000 .022
LOI rs 493" | 123 ,540™ | -.270 6717 | ,684™ 571 657" ,603™ ,640™ -.369 498" 1.000
Sig. | .008 532 .003 164 .000 .000 .002 .000 .001 .000 .053 .022

* Spearman association is significant at the 0.05 level (2-tailed) **. Spearman association is significant at the 0.01 level (2-tailed).

Statistical analysis for STR1 (coastal) core

The statistical analysis was also performed via the Spearman’s rank-order (rs)
association for the radionuclide, trace metal, major element, sand-mud percentage and
LOI. Despite the discrete areas observed in the coastal core (upper and lower part) the
whole core was utilized in statistical analysis to obtain a significant number of samples.
The statistical analysis was performed for 222Ac, but no significant associations were
obtained with the aforementioned parameters and thus it was not included in the
following table. Three main groups can be distinguished: (a) natural radionuclides
(**Ra, 25U, 4°K) which were significantly (0.50-0.70) positively associated with Cu,
Zn, Fe and strongly (0.62- 0.93) associated with Pb, Al and sand fraction, (b) trace
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metals (Cu, Pb, Zn) were strongly (0.61-0.92) positively associated with each other, as
well as Fe, Al and sand portion and (c) Mn which was very strongly (0.64-0.93)
negatively associated with trace metals (Cu, Pb, Zn), major elements, and sand fraction,
while it was found to be significantly positively associated with mud fraction.

Table 15 The results of statistical association (Spearman's rho (rs)) among radionuclides, trace metals, major elements, LOI
(Loss of Ignition) and sand-mud percentage of the coastal sediment core (STR1) (N=27) of lerissos Gulf.

25Ra | U K As Cu Pb Zn Mn Fe Al LOI sand mud
26Ra | 1s 1.000 17 ,925™ -.078 622" ,858™ 672 -,899™ | 519™ ,925™ .386 7027 -,694™
Sig. .000 .000 712 .001 .000 .000 .000 .008 .000 .057 .000 .000
235 Is 17T 1.000 ,678™ .294 ,698™ ,696™ ,758™ -,665™ | ,602™ ,620™ ,585™ 674 -,663™
Sig. | .000 .000 154 .000 .000 .000 .000 .001 .001 .002 .000 .000
K Is ,925™ 678" 1.000 -.065 ,560™ ,810™ 6717 -,863™ | ,499" 877 ,400" ,736™ -, 724
Sig. | .000 .000 756 .004 .000 .000 .000 .011 .000 .048 .000 .000
As Is -.078 .294 -.065 1.000 ,591™ .008 ,524™ .153 ,612™ -.137 ,399" -.067 .079
Sig. | .712 .154 .756 .002 .968 .007 465 .001 514 .048 756 713
Cu Is ,622™ ,698™ ,560™ ,591™ 1.000 ,728™ ,916™ -,636™ | ,899™ ,624™ 6237 429" -,422"
Sig. | .001 .000 .004 .002 .000 .000 .001 .000 .001 .001 .037 .040
Pb Is ,858™ ,696™ ,810™ .008 728" 1.000 782" -,926™ | ,655™ 912" ,566™ ,684™ | -675™
Sig. | .000 .000 .000 .968 .000 .000 .000 .000 .000 .003 .000 .000
Zn Is 6727 ,758™ 6717 ,524™ ,916™ ,782™ 1.000 -,6477 | 832" ,665™ ,664™ 547 -,535™
Sig. | .000 .000 .000 .007 .000 .000 .000 .000 .000 .000 .006 .007
Mn Is -,899™ | -665™ | -,863™ | .153 -,636™ | -,926™ | -,647 | 1.000 -573™ | -,942" | -,475" | -,670™ | ,662™
Sig. | .000 .000 .000 .465 .001 .000 .000 .003 .000 .016 .000 .000
Fe Is ,519™ ,602™ ,499” ,612™ ,899™ ,655™ ,832™ -,573™ | 1.000 547 ,568™ .361 -.351
Sig. | .008 .001 .011 .001 .000 .000 .000 .003 .005 .003 .083 .093
Al Is ,925™ 620 877 -.137 ,624™ 912" ,665™ -,9427 | 547 1.000 373 647 -,640™
Sig. | .000 .001 .000 514 .001 .000 .000 .000 .005 .066 .001 .001
LOI Is .386 ,585™ ,400" ,399" ,623™ ,566™ ,664™ - 475" ,568™ 373 1.000 241 -.224
Sig. | .057 .002 .048 .048 .001 .003 .000 .016 .003 .066 .258 .294
sand | Ts ,702™ 674 736" -.067 429" ,684™ 547 -,6707 | .361 647 241 1.000 -,999™
Sig. | .000 .000 .000 756 .037 .000 .006 .000 .083 .001 .258 .000
mud | Is -,694™ | -663™ | -,724™ | .079 -,422" -675™ | -,535™ | ,662™ -.351 -,640™ | -.224 -,999™ | 1.000
Sig. | .000 .000 .000 713 .040 .000 .007 .000 .093 .001 .294 .000

* Spearman association is significant at the 0.05 level (2-tailed) **. Spearman association is significant at the 0.01 level (2-tailed).

Group ‘a’ indicates that the wastes disposed in the marine environment of
Stratoni port consisted of granitoids and pegmatites, characterized by uranium and K
minerals (e.g. feldspars), respectively. These gangue materials (granitoids and
pegmatites) were located near the exploited P.B.G. ores and during separation they
were disposed along with small amounts of the ore itself, thus radionuclides included
in gangue minerals were associated with Cu, Pb, Zn, Fe included in P.B.G. ores. The
efficiency of the separation method is also the main contributor of the high trace metal
and major element concentrations, as well as for their positive association (group ‘b’).
Additionally, the obtained positive association of sand with natural radionuclides, trace
metals and major elements (except from Mn), reveals that these elements were
adsorbed into the sandy portion of the slurry mixture waste, which was discharged
through a pipeline in the marine environment. Lastly, the negative association of Mn
with the aforementioned parameters, indicate a waste disposal pure from P.B.G. ores
or granitoids and pegmatites and/or an additional process transferring these wastes (e.g.
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waves). This can be explained by the fact that Mn is present in the Stratoni area in the
form of rhodochrosite (MnCO3) mineral located near the P.B.G. ores, which when
disposed in the marine environment transfers by the sea currents, as Mn is a light
element. The positive association of Mn with mud fraction, verifies this assumption.
LOI was weakly to moderately positively associated with radionuclides, trace metals
and major elements (Fe, Al) (0.40-0.66), while it was weakly negatively (0.48)
associated with Mn, indicating an organic content in the P.B.G. ores, granitoids and
pegmatites and not in rhodochrosite (MnCQO3). The organic content is a low contributor
to the obtained radionuclide, minor element and major element concentrations.

6.1.6 Seawater

The mandatory limits provided by the Greek legislation (OGG, 2009), presented
in Table 5, refer to the deposition of water in the aquatic environment either for water
supply uses or for swimming purposes. The heavy metal concentrations (Cu, Pb, Zn,
Ni, Cd) obtained in the seawater sampling points were well below these mandatory
limits. Additionally, the concentrations of Cd and Ni in the seawater were well below
the Environmental Quality Standards (EQS) recommended values proposed by the
European Directive 2013/39/EU. However, the water concentrations of Pb at the sites
STR4, STR1 (load out pier area) and STR3 were in the same level, 5 and 17 times
higher than the EQS values, respectively. In all the other water sampling points, the
concentration of Pb was well below the EQS thresholds. According to
Paraskevopoulou et al., 2014 the risk to observe toxic effects in the organisms is high
only when the metal concentrations exceed the EQS values.

6.2 Lavrio

The elaboration of results will be realized spatially and temporally, as described
in the title of each subsection. The temporal elaboration will contain the time aspect
using the vertical profiles of the measured data (radionuclides, trace metals, major
elements and grain size distribution).

6.2.1 Estimated dispersion area

Oxygono Bay is a shallow system characterized by small surface and open
mouth. The collected sampling points of Oxygono Bay are located in a special grid to
cover the surface till a mean depth of 10 m. Thus, the spatial interpolation was
performed in Oxygono Bay area via the empirical Bayesian Kriging (Gribov and
Krivoruchko 2012) method in ArcGIS 10.2 software®, utilizing the data of the surface
marine sediments during the preliminary and main surveys (2014 and 2016 sampling)
and the surface sample of the coastal core (core 1). The activity concentration of natural
radionuclides in Oxygono Bay revealed low radioactivity values with homogeneous
spatial distribution (e.g. ?Ac, 2°U) except from ??°Ra. The produced interpolated
spatial distribution (see Fig. 6.6), can be considered only as an indicative picture due
to the limited number of data — seven points. Three distinctive regions can be observed
(a) near N5 and core 1 surface samples, (b) at the north part of Oxygono bay and (c) at
the south part of the bay.
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Fig. 6.6 The interpolated spatial distribution of 2Ra in Oxygono Bay.

The maximum activity concentrations of ?2°Ra was observed in the first region
indicating a possible association with the elevated concentrations in the beach sand
sample (P2) and a more influenced area from the mining activities. Additionally,
elevated concentrations of 22°Ra in the northern part of Oxygono Bay, may be attributed
to a) material transport enriched in radionuclides from the terrestrial part of the area
and/or b) to the material transport form Thorikos Bay, in which the waste materials
were disposed and they were advected to Oxygono bay due the prevailing north wind
direction at the area. The minimum values were determined at the southern part of the
bay, representing a less affected area. To conclude, Oxygono bay is affected by
disposed wastes during the last century at Thorikos bay. The waste material is
transported due to marine circulation processes and sediment transport dynamics
resulting in the contamination of the continental area close to Oxygono bay.

6.2.2 Incidences identification with historical data

The vertical distribution of natural radionuclides (?°Ra, ?8Ac), trace metals (As,
Cu, Pb, Zn) and major elements (Mn, Fe, Al) obtained in the coastal core (core 1) of
Oxygono Bay, identified three periods of mining activities: (a) 1860-1900 (core’s
lower part 38-52 cm), (b) 1900-1930 (core’s middle part 28-38 cm), 1930-1980 (core’s
upper part 12-28 cm). In these profiles it is also evident the presence of the
aforementioned parameters after the cessation of the mining industry (0-12 cm) during
1980-2014 (nowadays), revealing a post-mining effect. The radionuclide, trace metal
and major element profiles exhibited maximum values during 1930-2014 and
minimum ones during 1860-1900. Between these periods (1900-1930) an increment
was observed for some elements (e.g. 2?°Ra, As, Mn), while a peak was obtained for
others (e.g. Cu, Pb, Al) reaching the maximum value around 1920.

Lavreotiki Peninsula hosted mining activities from 3000 BC until 100 BC,
generating ancient slags and wastes due to the exploitation of galena (sphalerite) for
the production of Ag and Pb. During 1860-1875 minimum observed values of
radionuclides and metals correspond to the presence of the ancient wastes. In 1875
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Serpieris Company started to exploit these types of wastes as raw material to produce
As and Pb, and expanded during 1875-1900 to the exploitation of the mixed sulfide
ores (rich in Zn) also for the production of Ag, Pb.

As mentioned above around 1920 a linear increment was obtained in radionuclide
and metal profiles In the following period (1920-1930) the Pb and Cu concentrations
decrease drastically, while those of ?2°Ra, As, Zn and Mn remain constant exhibiting
maximum values. The observed radionuclide and metal values increment are attributed
to the newly-discovered flotation method which was immediately adopted in the
exploitation/ore separation activities. The good efficiency of the flotation method
provided high recovery values. However the economically exploited metal was Pb and
all the other recovered metals (As, Zn, Mn) were disposed. During this period the mud
content increases (20%-40%) indicating the presence of finer grains in the produced
tailings comparing with previous periods of operation.

However, elevated Pb concentrations were obtained in the year around 1920,
despite the adaptation of the flotation method. These elevated values can be attributed
to the exploitation of oxidized ores resulting in a low Pb recovery. Thus, in the
following period (1920-1930) the decreasing concentrations of Pb indicate the
utilization of non-oxidized ores. The exploitation of oxidized ores contributed to Cu
and Al profiles as a peak is observed in each of them. These peaks are associated with
the composition of the oxidized ores, containing small quantities of Cu, as well as
slimes of shale enriched in Al. When the utilization of oxidized ores was abandoned,
the concentrations of the aforementioned metals were reduced at the levels of pre-
operational periods (around 1875). These observations regarding the exploitation of
different ore types were also depicted in the peaks of Cu, Pb and Al mass flux profiles
during 1900-1930.

The most important aspect of metal profiles, was that all exhibited similar values
as those of 1930-1980 period, after the cessation of mining in Lavrio area (early 1980s).
Thorikos Bay may be the main contributor to this post-mining effect as strong north
winds and currents may transport sediment from Thorikos to Oxygono Bay after
resuspension and deposition processes. Other contributors, may be processes like rain-
wash, transferring material into the coast originated from the adjacent contaminated
terrestrial part.

Mass flux profiles in the coastal sediment core (core 1), did not provide further
information, as in the case of Stratoni, for the reconstruction of the aforementioned
events. Nevertheless they can be used as baseline information of the temporal mass
deposition at the study area.

To conclude the identified operational periods were the following: a) the period
during 1860-1900 where the low efficiency of the applied method and the use of
ancient slags as raw material are depicted in the minimum observed values regarding
metals, b) the period during 1900-1930 where the improvement of the recovery method
that was implemented in the mining process resulted in the increase of all metals and
226Ra concentrations and c) the period during 1930-1980 where the almost constant
values of metal concentrations reveal the establishment of the applied mining method
and the disposal of As, Zn and Mn as elements without economical interest. The waste
materials in the area are still evident during the period of 1980-2014, although the mine
operations stopped in the early 80s, as demonstrated from the metal concentrations, the
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metal mass flux and the EF values that remain similar compared to the previous
operational mining period (1930-1980) indicating a past - mining effect for 30 years,
either due to the waste distribution in the terrestrial part and/or due to the water transfer
contaminants originated from the neighboring gulf of Thorikos

6.2.3 Enrichement Factor and Pollution Load Index

Spatial result interpretation

The Enrichment Factor (EF) estimation of trace metals (As, Cu, Pb, Zn) and Mn
was performed for the surface sediments of Oxygono Bay and the results are presented
below, in Table 16. The deepest slice of the offshore core (core 2) was utilized as
reference sample. According to the adopted classification (Birch & Davies, 2003) the
enrichment of Oxygono Bay can be considered extremely severe for As and Zn, very
severe to extremely severe for Pb, severe to extremely severe in Mn and minor to severe
for Cu. The enrichment order was found to be As>Zn>Pb>Mn>Cu. The maximum EF
values were calculated in the sampling point near beach sand (N5) and the minimum
ones were observed at the southern part of Oxygono Bay (N3, N4).

Table 16 Enrichment factor (EF) estimation for the surface sediments based on the elemental
concentrations of offshore core’s (core 2) deepest slice.

Station As Cu Pb Zn Mn

N1 108 5 32 92 32

N2 151 6 52 129 35

N3 60 3 44 83 16

N4 60 3 32 68 18

N5 361 11 82 262 63

The Pollution Load Index (PLI) was also determined in Oxygono Bay and the
corresponding values were interpolated spatially via ArcGIS 10.2 software®. The
simplified index (PLI) indicated a progressive deterioration in the area according to
Tomlinson et al. (1980), as all the PLI values were well above one. Additionally, the
spatial distribution of EF was similar to PLI interpolated spatial distribution, which
includes the effect of all studied trace metals (As, Cu, Pb, Zn) and Mn. The results are

shown in Fig. 6.7.
\ m
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Fig. 6.7 The interpolated spatial distribution of Pollution Load Index (PLI) incorporating trace metal
(As, Cu, Pb, Zn) and Mn concentrations. PLI < 1 indicates no contamination or that the baseline levels
of contaminants are present, while PLI > 1 indicates progressive deterioration (Tomlinson et al.,

1980).
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Data interpretation in core 1 (coastal)

The EF profiles of As, Cu, Pb, Zn and Mn, determined for the coastal sediment
core are depicted in Fig. 6.8. Two reference values were utilized, the elemental
concentrations of the shale of the continental crust and those of the deepest slice of the
offshore core. The EF estimated with the first approach is presented in the left graph
and the latter in the right graph. The concentrations of the continental crust for the
estimation of the EF were used as a feasibility study for the selection of the background
sample. According to first approach, the adopted classification revealed extremely
severe enrichment in As, Pb and Zn and moderately severe enrichment in Cu for the
whole core. On the other hand, the enrichment of Mn was found very severe in the
upper part of the core, and severe in the middle and lower parts. The enrichment order
was As>Pb>Zn>Mn>Cu. According to the second approach the calculated EF values
were found up to an order of magnitude lower than those estimated with the first
approach. Nevertheless, the enrichment classification did not change for As, Zn and
Mn. In the cases of Pb and Cu the enrichment altered from extremely severe to very
severe and from moderately to moderate severe, respectively. The new order of
enrichment was As>Zn>Pb>Mn>Cu.
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Fig. 6.8 The Enrichment Factor (EF) profiles of As, Cu, Zn, Pb and Mn. The element of Al was used for the estimation
of EFs as conservative element, as well as the elemental concentrations of the shale of the continental crust (Wedepohl,
1995) (left) and of the deep pre-mine layer of STR8 core (right). The green color represents no or minor enrichment, the
blue moderate enrichment, the purple moderately severe enrichment, the yellow severe enrichment, the orange very
severe enrichment, and the red extremely severe enrichment.

Based on the EF classification the anthropogenic influence in the area occurred
mainly during the last century (1920-2014). Additionally, during 1900-1930 the area
was affected mainly by Pb and Cu concentrations, as the distinct EF peaks reveal during
this period, where Cu classification altered from moderate to severe enrichment. This
short term anthropogenic impact, can be attributed to the different mining methods or
type of ores (e.g. oxidized) discussed in section 6.2.2.

The EF estimation is a useful parameter in order to determine the contamination
and reveal the most contaminated periods. Thus in Oxygono Bay the most
contaminated period regarding Pb and Cu was during 1900-1930, while concerning the
other metals (As, Zn and Mn) the most contaminated period was the last 100 years.
Additionally, the remaining contamination due to transport of waste material from
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Thorikos Bay and/or the terrestrial part of Oxygono Bay is still evident during the last
30 years (1980-2014), after the cessation of mine exploitation in the early 1980’s.

Data interpretation in core 2 (offshore)

The EF estimation was not possible for the offshore core (core 2), as major
element measurements were not performed. Additionally, as discussed in the result
section (5.2.3) the upper part of the core may have been influenced by anthropogenic
mining activities, however in a lesser extend as the trace metal and Mn profiles
exhibited values more than two (2) orders of magnitude lower than core 2. Therefore,
in order to study the depth of contamination in the offshore core a simplified index,
Pollution Load Index (PLI) was determined and the results are presented in Fig. 6.9. In
this area, as reference sample was utilized the deepest slice of core 2. The PLI was also
applied in the core 1 (coastal), so as to compare the contamination level of the two
cores. As in Stratoni area only the trace metals and Mn with the highest observed
concentrations were included.
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Fig. 6.9 The PLI estimation for the coastal core (core 1) at Oxygono Bay and the offshore core (core
2) at Lavreotiki Peninsula offshore area.

According to Tomlinson et al. (1980) all PLI values above one (10 indicate a
progressive deterioration in the area. The middle-half of core 2 (16-52 cm) exhibited
values below two (2) can be considered either no contaminated or consisted of baseline
levels of contaminants. This assumption may be verified by the one order of magnitude
lower PLI values of corel comparing with core 2. The upper part of the core was indeed
affected by anthropogenic activities as PLI exhibited a value above 3.

PLI exhibit significant information for studying the pollution dispersion in the
coastal area of Lavreotiki since the data of core 1 and core 2 validate that path of the
waste material at Thorikos bay is advected to Oxygono bay as well as to the direction
of Markonisos Island via marine circulation and sediment dynamics. The PLI data at
the first layer (till 16 cm) of the distant core exhibit values above the threshold ones
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revealing that the area close to Makronisos Island is also affected while the deep part
(below 16cm) is not affected from the mining activities.

6.2.4 Statistical analysis

The statistical analysis was performed only for the coastal core samples, so as to
investigate possible associations among radionuclides, trace metals, major elements,
LOI and sand-mud portion. All the samples of the core were used for the statistical
analysis, in order to obtain a significant number of required data. The statistical analysis
was performed for the radionuclides of #°U and “°K but no significant associations
were obtained with the aforementioned parameters and it was not included in the
following table. Four main groups of association can be observed: (a) the significant
positive (0.53-0.73) association of natural radionuclides (**°Ra, ?22Ac) with trace
metals and major elements (Mn, Fe), (b) the strong positive association of trace metals
with each other and major elements and the significant positive association with mud
content, (c) the significant positive association between Cu and Al and (d) the
significant negative association of LOI and sand fraction with radionuclides, trace
metals and major elements. Despite the production Pb metal from the exploited P.B.G.
ores, this element was not associated with the studied parameters, only a weakly
positively association (0.57) was observed with the organic content. This implies that
the disposed wastes produced by the P.B.G. ore separation were clear of Pb.
Additionally, the wastes were consisted of the main metals of P.B.G. ores (e.g. Zn, Fe),
as well as of granitoids characterized by uranium minerals and iron-manganese ores
(e.g. ankerite, rhodochrosite) surrounding or penetrating them. Thus, the good
association among natural radionuclides, trace metals and major elements (group ‘a’
and ‘b’) reveals the waste nature. Additionally, the trace metal of As is also positively
associated with the aforementioned parameters, since in the primary minerals of mixed
sulphides, are present minerals associated with other elements such as As, Ag, Au, Bi,
Cu (section 4.1.1.2). The positive association of the aforementioned parameters with
the mud fractions indicates that the studied elements are adsorbed into the fine grains
of wastes. The organic content or/and the sediments with coarser grains (sand) do not
contribute to the elevated concentrations. Lastly, the positive association between Cu
and Al, may be attributed to the utilization of oxidized ores for the Pb production,
which is characterized by Cu concentrations, as well as fine grains rich in Al (slimes).
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Table 17 The results of statistical association (Spearman's rho (rs)) among radionuclides, trace metals, major elements, LOI
(Loss of Ignition) and sand-mud percentage of the coastal sediment core (core 1) (N=26) of Oxygono Bay.

26Ra | 28Ac | As Cu Pb Zn Mn Fe Al LOI sand mud

226Rg | rs 1.000 ,765™ 739" 527 -,443" 677 727 6757 276 -, 779" | -,506" 510"

Sig. .000 .000 .006 .023 .000 .000 .000 181 .000 .014 .013

2870¢c | rs ,765™ | 1.000 793 | 577 | -.292 ;753" | 738" | ,654™ | .300 -,644 | -653™ ,686™

Sig. | .000 .000 .002 .148 .000 .000 .000 146 .000 .001 .000

As rs 739 793" 1.000 445" -.283 ,919™ ,798™ ,846™ 275 -, 7707 | - 573" 593

Sig. | .000 .000 .023 162 .000 .000 .000 .183 .000 .004 .003

Cu rs 527 S77 445" 1.000 .199 432" 543" 242 795" | -.299 -, 719" ,716™

Sig. | .006 .002 .023 .329 .027 .004 .245 .000 138 .000 .000

Pb rs -,443° | -292 -.283 .199 1.000 -.183 -, 440" | -558" | .302 573" -.241 228

Sig. | .023 .148 162 .329 371 .024 .004 143 .002 .269 .296

Zn rs 677 753" ,919™ 432" -.183 1.000 730 7627 .389 -, 7157 | -,631™ ,653™

Sig. | .000 .000 .000 .027 371 .000 .000 .054 .000 .001 .001

Mn rs 727 | 7387 | ,798™ | 543™ | -440" | ,730™ | 1.000 ,689™ | ,398" -,659™ | -471" ,501"

Sig. | .000 .000 .000 .004 .024 .000 .000 .049 .000 .023 .015

Fe rs 675 ,654™ ,846™ 242 -,558™ | 762" ,689™ 1.000 102 -, 7677 | -.402 .393

Sig. | .000 .000 .000 .245 .004 .000 .000 627 .000 .063 .071

Al rs 276 .300 275 795" | .302 .389 ,398" .102 1.000 -.140 674" ,689™

Sig. | .181 146 .183 .000 .143 .054 .049 627 .504 .001 .000

LOI rs - 7797 | -644™ | - 7707 | -.299 5737 | -,715™ | -,659™ | -,767"" | -.140 1.000 .354 -.381

Sig. | .000 .000 .000 .138 .002 .000 .000 .000 .504 .097 .073

sand | rs -506" | -,653™ | - 573" | -,719™ | -.241 -,631™ | -471 | -.402 -,674™ | 354 1.000 -,991™

Sig. | .014 .001 .004 .000 .269 .001 .023 .063 .001 .097 .000

mud | rs 510" ,686™ | ,593™ | ,716™ | .228 ,653 | 501" .393 ,689™ | -.381 -,991™ 1.000
Sig. | .013 .000 .003 .000 .296 .001 .015 .071 .000 .073 .000

* Spearman association is significant at the 0.05 level (2-tailed) **. Spearman association is significant at the 0.01 level (2-tailed).

The association of the parameters in the specific area of study provided
significant information regarding the contributors (e.g. granulometry) of the elevated
concentrations of radionuclides, the correlation among radionuclides and the exploited
minerals, as well as the association of radionuclides and metals in the disposed wastes.

6.3 Comparison of radioactivity, trace metals and Mn concentrations
with areas affected by anthropogenic activities in Mediterranean
countries

In this section the concentrations of natural radionuclides, trace metals (As, Cu,
Pb, Zn) and Mn obtained in the present work are compared with previous studies held
near the study areas and in Mediterranean countries characterized by industrial
activities. Furthermore the data of this work are compared with global values (like
radionuclide world median, average value of Earth’s shale and sediment quality
guidelines). The compared data originate from marine environment or rivers. The data
are given in the following table.
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Table 18 Comparison of radioactivity, trace metals and Mn concentrations of the present work with areas affected by
anthropogenic activities in Greece and Mediterranean, the world median radionuclide concentration for soil, the shale of
the continental crust and sediment quality guidelines.

Natural radioactivity Heavy metals
2Ra | %Ac | PU | YK As [Cu |[Pb [Zn [Mn
(Ba kg™) (ng g%
STR1 core | min 75 30 5 570 1400 | 100 | 2500 | 2000 | 4000
(coastal) * max 120 40 13 860 2200 | 250 | 4000 | 3000 12000
STRS core | min 13 25 2.7 460 50 30 | 300 | 240 940
(offshore) ! max 30 35 4.1 650 480 |80 |900 |630 2200
lerissos Gulf * | min 10 10 0.8 350 10 1 30 5 40
(surf) max 100 180 5.8 1200 4300 | 300 | 2500 | 4000 30000
core 1 (coastal | min 4 8 1.5 130 500 |40 | 2400 | 3500 1500
core)?! max 16 16 35 200 5200 | 220 | 4800 | 9000 11000
core 2 (offshore | min MDA | MDA | MDA | MDA | 20 8 40 40 150
core)? max 18 18 6.7 300 80 20 | 200 | 200 500
Oxygono B. | min 5 10 1.3 111 2100 | 46 | 2300 | 4900 4200
(surf)! max 12 17 3.0 191 8600 | 102 | 3910 | 12500 | 11300
Oxygono B.2 seafloor | 10 8 <25 180 3400 | 120 | 3300 | 6900 7200
beach 20 7 <25 100 890 | 140 | 6000 | 8100 | 4300
Perdika B.? seafloor | <2 4 <2.5 70 50 8 200 | 100 340
beach <2 <5 <25 80 70 15 |390 | 180 950
Thorikos B.? seafloor | 8 12 <25 230 -* - - - -
Delenia B. 2 seafloor | 9 - <25 340 35 13 | 120 144 330
beach 6 9 <25 300 34 12 | 150 150 390
Previous measurements near our study areas
lerissos G. | min - 180 | 1600 | 890 -
(Stratoni)® max - 206 | 2300 | 930 -
Stratoni rivers* il - - - - 13 30140 3 080
max - - - - 2700 | 180 | 3400 | 4500 69400
Olympias min - - - - 6 3 13 - 210
rivers® max - - - - 1090 | 150 | 2000 | - 127000
o min - - - - 6 3 20 15 -
Lavreotiki P.* e == i i i 2857 | 270 | 448 | 5763 |-
Greece (industrial areas)
. ;[ min 26 20 2 350 - 20 |10 70 -
Thermaikos G." 1= o 70 |60 7 542 | - 170 | 220 | 360 |-
Itea G. | min 13 20 - 50 - - - - -
(bauxite)® max 70 90 - 490 - - - - -
. o | Min 16 13 - 240 - - - - -
Amvrakikos G. max 20 20 . 870 . . . - -
_ o | min 2 5 0.3 60 - - |- - -
Saronikos G717 60 |20 66 |380 |- = - - -
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Mediterranean

Izmir B_Turkey': min 10 14 - 250 - 9 <DL 17 380
- max 12 16 - 350 - 40 16 90 900

Didim min 9 6 - 410 - - - - B

B_Turkey?®? max 10 7 - 670 - - - - -

, 13 | min 8 10 - 190 - - - - -
Izmit B_Turkey max 30 40 - 870 - - - - -
Nador min - - - - - 10 16 60 -
L_Morocco' max - - - - - 400 | 330 1300 | -

, 15 | Min 14 15 - 30 - - - - -
Tinto R_estuary max 54 1 : 250 n - - - -

, 15 | Min 4 16 - 20 - - - - -
Odiel R_estuary max 50 35 . 110 - - - - -
world median 16 35 30 - 400 - - - - -
av. shale?’ - - - - 13 45 20 95 850
OMEE 8 SEL - - - - 33 110 | 250 820 | 1100
NOAA®S ERM - - - - 70 270 | 218 410 | -
FDEP® PEL - - - - 64 170 | 160 300 |-
ISQG*® High - - - - 70 270 | 220 410 | -
USEPA high - - - - 33 149 | 128 459 | -
OMEE 8 lowest - - - - 6 16 31 120 | 460
NOAA®S ERL - - - - 8 34 47 15 -
FEDP 18 TEL - - - - 8 28 21 68 -
ISQG*® low - - - - 20 80 50 200 | -

Abbreviations: B: bay, G: gulf, L:

lagoon, R: river, P: peninsula, MDA: Minimum Detectable Activity,

DL : Detection Limit,

SEL.: Severe Effect Level, ERM: Effects Range-Medium, PEL.: Probable Effect Level, ERL: Effects Range-Low, TEL: Threshold

Effect Level

1. present work 2. (Michalopoulou, 2014) ;( Michalopoulou et al., 2015). 3. (Stamatis et al., 2002) 4. (Kelepertzis et al., 2012)
5. (Lazaridou- Dimitriadou et al., 2004) 6. (Zotiadis & Kelepertzis, 1997) 7. (Eleftheriou, 2014) for radionuclide values;
(Christophordis et al., 2009) for metal values 8 (Karagiannidi et al., 2009) 9. (Papaefthymiou et al., 2013) 10. (Eleftheriou et
al., 2013) 11. (Akozcan, 2012) for radionuclide values; (Akozcan & Ugur Gorgun, 2013) for metal values 12. (Akozcan, 2012)
13. (Ergul et al., 2013) 14. (Maanan et al., 2015) 15. (Hierro etal., 2012) 16. (UNSCEAR 2000) - World median of soil

17. (Wedepohl 1995) - Average continental crust (shale) concentrations (United States Environmental Protection Agency

(USEPA), 2000) 18. (OMEE 1993), (USEPA 2000), (ANZECC 2000) - Sediment Quality Guidelines
* The (-) means not available data

A clear conclusion of the above table is than near industrial areas the
multidisciplinary approach of studying natural radioactivity and metal concentrations is
scarce, despite the fact that many industrial activities influence both parameters.
Generally, the activity concentrations of all natural radionuclides (?*°Ra, 2°U, ?®Ac,
40K) obtained in Oxygono Bay or wider area of Lavrio, were lower among the other
selected Greek and Mediterranean marine areas, as well as lower than the world median
values. The mining activities occurred in the area enhanced NORM concentrations, but
not over screening levels. On the other hand ??°Ra and 2%°U in Stratoni area exhibited
the highest values comparing with other Greek and Mediterranean marine areas and
were found well above the world median. Additionally, 22Ac values of Stratoni were
characteristic of Greek radioactivity 222Ac levels. The concentrations of “°K in both
study areas were similar with Greek and Mediterranean values, and the slightly elevated
values may be attributed to the different mineralogy among the comparing areas.
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Despite the low activity concentrations of natural occurring radionuclides
(NORMs), especially at Oxygono Bay, the trace metal and Mn concentrations in both
study areas were found much higher than in neighboring areas such as Olympias’s rivers
for Stratoni and Perdika Bay, Delenia Bay and Lavreotiki Peninsula for Oxygono.
However, Stratoni’s rivers, investigated in previous studies, exhibited similar values as
those of present work collected in the terrestrial and marine area. This enforces the idea
that both the terrestrial and marine parts have been affected by the waste discharges.
Lastly, the trace metal and Mn concentrations of the coastal samples (surface and cores)
in both study areas were orders of magnitude higher than those of the industrial areas of
Greece and Mediterranean. Furthermore, the metal concentrations were higher
compared to the upper threshold of sediment quality guidelines, indicating the
significant impact of metallic mines in the environment of the study areas. Regarding
the offshore cores, the metal concentrations in both study areas exhibited values similar
to other Greek and Mediterranean industrial areas. Moreover, the high metal values of
the offshore cores were found similar to the lower threshold levels of sediment quality
guidelines, implying a mining impact to the offshore marine parts.

In the Mediterranean Sea, the distribution of metals is primarily controlled by the
dilution process, marine circulation and surface seawater dynamics. In this work it is
demonstrated that the relatively high content of these metals in Stratoni and Lavrio
mine areas at the surface layer as well as at the deep layers of the cores, is due to the
industrial mining activities that take place around the coasts of both areas.
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Chapter 7

Conclusions

In this work the impact of metallic mining activities was investigated regarding
natural radioactivity and metal concentrations in the marine sediment of two coastal
areas, Stratoni and Lavrio. The study of these parameters was performed both spatially
and temporally. Stratoni is a metallic mine still in operation, while Lavrio hosts the
remains of an abandoned metallic mine processes. The latter area was selected so as to
study the post-mining effect, as the surface and core sediments were collected almost
30 years after the cessation of the mine. Additionally, the developed and established
approach in the case of the abandoned mine may be implemented in the on-going mine
(Stratoni), contributing to further understanding of the mining impact and enhance
protection measures (e.g. improved discharge regulations). In order to achieve an
efficient description of the marine areas, targeting sampling was performed, where the
surface and coastal core sediments were collected by a diver, while offshore core
sediments were collected via a box-corer with the Research Vessel “Aegeao”.

To summarize, in the spatial study (surface samples) of lerissos Gulf, where the
on-going mining of Stratoni occurs, the most contaminated area, regarding
radionuclides and metals, revealed to be Stratoni port and especially the load out pier
area of Stratoni. The radionuclide and metal contamination affected the neighboring
stream (Kokkinolakos) of Stratoni until the offshore part in a lesser extent, however it
did not influence the distant regions of Stratoni such as Kalatzi Lakkos stream and
lerissos city or the north part of the load out pier area. The spatial distribution of
radionuclides was also verified and expanded via the radionuclide dispersion model,
which estimated the radionuclide (?®Ra, 2°U) discharged rate and determined the
affected area of lerissos Gulf. According to the dispersion study the mining activities
influenced the north part of the gulf and reached until the middle part of the gulf, while
the south region remained unaffected. Thus, lerissos city can be considered a safe
region or residence, tourism and fishing. Despite the elevated concentrations of
radionuclides, in comparizon with the world median for soil and for lerissos port, the
radiological risk for non-human biota was negligible. On the other hand the metal
enrichment was found severe in many sampling points; an indicative order of
enrichment in the surface samples was Zn>As>Mn>Pb>Cu.

In the marine area of Stratoni long-term monitoring data are absent. Therefore,
two sediment cores were collected near the load out pier area and the offshore region
(1.5 km away from the load out pier) to assess the radiological and metallic mining
impact in a temporal manner. Additionally, the core of the load out pier area was
utilized for the reconstruction of past events. The maximum radionuclide and metal
concentrations were found between 1908 and 1970. The radionuclide ?*Ra
concentrations were found to be above the world median for soil, however the
radiological risk was negligible regarding biota. On the other hand the metal
concentrations exhibited values an order of magnitude higher than the sediment quality
guidelines and the enrichment was found to be severe, especially during the same
period (1908-1970). An indicative order of metal enrichment in the sediment core was
As>Zn>Pb>Mn>Cu. Regarding the offshore core, the radionuclide and metal impact
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reached the upper part of the core indicating an offshore influence for many years.
Again the radiological risk was not significant, while an indication of metal enrichment
was also verified in the upper part of the offshore core utilizing pollution load index
(PLI).

The reconstruction of past events was accomplished using the radiodating
methods based on 2*Pb and *¥'Cs, and by combining radionuclide and metal
concentrations, as well as their estimated mass fluxes. The mass flux profiles
contributed to the further vertical analysis of the mining impact in a temporal aspect
and the main identified processes and periods were found to be the exploitation of
pyrite for the production of sulfuric acid during 1912-1920, the decrease of mining
activity during 1935-1945 due to the Second World War, the alteration of the exploited
ores due to the type of ore exploitation and the construction and operation of
Olymbiada’s flotation plant during 1950-1970; and the end of tailing discharging into
the marine environment during 1980-2010.

The statistical analysis performed, revealed different associations among
radionuclides and metals, in the spatial and vertical studies. Additionally, the strong
association among radionuclides (??°Ra, 2°U) and metals (As, Cu, Pb, Zn, Mn), as well
as taking into account the radionuclide dispersion model, may indicate an affected area
due to metals. In order to investigate any possible impacts to the water column, metal
concentrations were also collected in the seawater-sediment interface. According to
this study, the metal concentrations for most metals were found well below the
Environmental Quality Standards (EQS). Only, seawater Pb exhibited values above
EQS in some sampling points, indicating that the risk to observe toxic effects in the
organisms is high.

A similar approach including spatial and temporal studies in the marine
environment, was incorporated in Lavrio and focused on Oxygono Bay. Lavrio is
located near an abandoned mine and suffers from the post-mining impact as it is
developed on top of the residuals and wastes of the mining activities. This impact is
also evident in the marine part of Lavrio. Like in Stratoni case, the radionuclide
concentrations had increased due to mining, both spatially and vertically, however
these values were found well below Stratoni and the world median for soil. Therefore,
the radiological risk is also negligible. On the other hand, the metal concentrations in
Oxygono Bay exhibited values similar to those of Stratoni port and the load out pier
area, again both spatially and temporally. The main difference between the two studied
areas (Stratoni and Lavrio), is that mining impact in Stratoni is significant during 1908
- 1970, while at Lavrio it is significant during the last 100 y (1920-2014). Despite the
cessation of mining, 30 years previously, the post-mining effect is still evident and this
is due to disposed wastes during the last century at Thorikos bay. The waste material
is transported due to marine circulation processes and sediment transport dynamics
resulting in the contamination of the continental area close to Oxygono bay.

The spatial metal enrichment was found to be severe following an order of
As>Zn>Pb>Mn>Cu. Regarding the vertical metal enrichment, the order was found
similar to the spatial one (As>Zn>Pb>Mn>Cu). The most contaminated period
regarding Pb and Cu was during 1900-1930, while concerning the other metals (As, Zn
and Mn) the most contaminated period was during the last 100 years. Additionally, as
in Stratoni case the offshore region of Lavrio has been affected, as elevated metal
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values and high pollution indices were found in the upper part of the offshore core,
located 1.9 km away from Oxygono Bay, indicating an influence for many years. The
spatial and vertical metal studies (including both cores of Lavrio area) revealed that the
path of the waste material at Thorikos bay is advected to Oxygono bay as well as
towards the direction of Markonisos Island via marine circulation and sediment
dynamics.

The reconstruction of past events was also achieved and was verified by historical
data as in the case of Stratoni. The only difference was that the mass flux parameter
did not contribute further in the temporal analysis. In the temporal analysis four
operational periods were identified: a) the period during 1860-1900 where the
efficiency of the applied method was low and ancient slags were used as raw materials,
b) the period during 1900-1930 where the improvement of the recovery method
resulted in the increase of all metals and ??°Ra concentrations, c) the period during
1930-1980 the establishment of the applied mining method was established and As, Zn
and Mn were disposed as they were not exploited economically and d) during 1980-
2014 where the post mining effect is still evident either due to the waste distribution in
the terrestrial part and/or due to the water transfer contaminants originated from the
neighboring gulf of Thorikos. Lastly, the statistical analysis performed on the sediment
core of Oxygono Bay provided significant information regarding the contributors (e.g.
granulometry) to the elevated concentrations of radionuclides, the correlation among
radionuclides and the exploited minerals, as well as the association of radionuclides
and metals in the disposed wastes.

As mentioned in the comparison section (6.3) in the Mediterranean Sea, the
distribution of metals is primarily controlled by the dilution process, marine circulation
and surface seawater dynamics. This work demonstrates that the relatively high content
of these metals in the Stratoni and Lavrio mine areas at the surface layer, as well as at
the deep layers of the cores, is due to the industrial mining activities that take place
around the coasts of both areas.

The main achievements/conclusions of the present work are:

a) Provision of new data in the marine region.

b) Enrichment of the literature in metal (trace and major) and natural radioactivity
measurements near mines.

c) Provision of baseline information regarding the marine sediment and the most
contaminated regions of each area

d) Clarification of the direct disposal of wastes in the marine area

e) Determination of the sedimentation rates of both regions

f)  An estimation of the radionuclide dispersion and the discharge rate of 2?°Ra and
235U

g) Determination of the affected area regarding NORM concentrations. In addition
the work has proposed other interpolation methods for the estimation of metal and
radionuclide spatial distribution (ERICA, ArcGIS)

h) A reconstruction of the impact of past events and verified them with historical data

i) A proposal of the metal flux estimation as an extra parameter to unfold the
temporal impact

J)  An assessment of the metal influence in a spatial and temporal manner (last 150
years)
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k) An assessment of the radiological risk

I) An assessment of the metal influence of the offshore cores, which were
characterized by incomplete datasets (no major element measurements)

m) An assessment of the metal contamination in the seawater

n) Determination of possible correlations between metals and radionuclides and

0) A proposal of some key elements for mine impact studies (**°Ra, 2%?Th, As, Cu,
Pb, Zn, Mn, Al and Fe).

This study will further contribute to the enrichment of the existing information
concerning safety, remediation and support to national and international organizations
regarding environmental protection and eventually to the design of a monitoring
strategy for such areas. The information gathered will support social organizations
since the study areas are well known for tourism and industrial activities, as mentioned
above. The introduced methodology can be implemented in other Greek coastal regions
near densely populated industrial areas such as Kavala (phosphate fertilizer industry,
oil land facilities), Aliveri (lignite mining region, cement industry) and Itea (bauxite
industry) or in the cases of pristine areas scheduled for future mining activities.
Moreover, the model of radiological dose rate estimation and dispersion can be further
developed and validated by determining site specific data or obtaining experimental
dose rate values in some biota (e.g. microalgae). This work may be also implemented
in other matrices, such as bio-accumulators (e.g. algae, mussels).
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Annexes
I. Quality Assurance and Quality Control (metals)

Metal measurements

The measurement validation for trace metal and major element concentrations
was performed by the reference materials MESS-2 and PACS-2 provided by the
National Research Council of Canada. Table I-1 presents the differences between the
measured (HCMR lab) and reference values of PACS-2 for some of the elements of
interest.

Table I-1 The comparison between the measured and certified values, verifying the quality of the
measurement with the XRF system of HCMR.
Trace metal concentrations (ng g*)
Measured | Uncertainty* | Reference | Uncertainty |z|
value value score
As 27.0 14 26.2 15 0.4
Co 11.0 0.6 11.5 0.3 0.8
Cr 94 3 90.7 4.6 0.6
Cu 291 4 310 12 15
Mn 432 5 440 19 0.4
Mo 6.0 0.2 5.43 0.2 1.9
Ni 39.0 1.3 39.5 2.3 0.2
Pb 172 3 183 8 1.3
Sb 11.0 0.6 11.3 2.6 0.1
Sn 21.0 1.1 19.8 2.5 0.4
Sr 265 2 276 30 0.4
V 130 2 133 5) 0.6
Zn 354 6 364 23 0.4
Major element concentrations (%
Measured | Uncertainty* | Reference | Uncertainty |z|
value value score

Fe203 5.66 0.05 5.85 0.08 2.0
CaO 3.04 0.03 2.8 0.3 1.2
Ti,O 0.693 0.009 0.74 0.05 0.9
Al2O3 12.39 0.12 12.5 0.6 0.2
K20 1.40 0.04 1.49 0.06 1.2
MgO 2.39 0.04 2.4 0.2 0.2
Na>O 4.3 0.4 5.0 0.3 15
P.0s 0.203 0.005 0.22 0.01 15
SOs 2.72 0.12 3.2 0.3 15
Si,O 99.5 0.2 99.8 0.2 1.2
*The uncertainty of the measured values is the standard deviation of the method and laboratory
reproducibility
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The FEPE values for all the detection systems (HCMR, NTUA and NSCR) are

I1. Full Energy Peak Efficiency (FEPE) Values

Summing (TCS) and self-attenuation effects. The final values describe a source of big

presented below in Table I1-1. The values were corrected regarding True Co
geometry (65 cm?®), filled with a sediment-like sample of 1.2 g cm.
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I11. Quality Assurance and Quality Control (radionuclides)

The measurement validation for activity concentrations was performed by the
reference material IAEA-385 provided by the International Atomic Energy Agency.
Table 111-1 presents the differences between the measured (HCMR lab) and reference
values of IAEA-385 for some of the elements of interest

Radionuclide measurements

Table 111-1 The comparison between the measured and certified values, verifying the quality of the
measurement with the HPGe system of HCMR.

Radionuclide | Measured | Uncertainty | Reference | Uncertainty | |z| score
value value
40K 591.1 5.3 611 11 1.6
B37Cs 27.8 0.4 26.54 1 1.1
2087 10.7 0.3 11.6 2.1 0.4
212Bj 36.0 0.9 34.2 3.1 0.6
212pp 35.1 0.6 37.3 3 0.7
214Bj 18.7 0.3 19.6 1.1 0.8
2l4pp 18.4 0.3 21.6 1.2 2.6
226Ra 23.3 1.9 22.7 1.1 0.3
28/ 35.3 0.4 315 1.4 2.6
235 1.5 0.2 1.36 0.14 0.3
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HCMR
2700 V

HCMR
3700 V

IV. Minimum Detectable Activity Codes (MDA)

The graphs of Mininimum Detectable Activity (MDA), for all the used detection
systems (see Fig. 4.7) were calculated as shown below. The utilized columns were:
col(1) the number of channels, col(2) the calculated energies (in keV), col(3) the counts
of each channel, col(4) the determined efficiency for each channel and col(5) the
estimated FWHM for each energy peak.

Energy FWHM FEPE MDA

Calibrat.

a=8.796 a=1.1376 a=19.93522 calib=0.4311 ‘calibr. constant
b=0.4311 b=0.0006 b=2.051604 time=79200 'measurement time
c=-4.35e-10 x=col(2) €=524.6653 mass=0.075 'kg bgr sample mass
x=col(1) y=a+b*x d=3.03268 for i =2to 4095 do
y=a+b*x+c*x"2  putyintocol(5) x=col(2) de(i)=cell(5,i)*3

put y into col(2)

y=a*x"b/(1000*c+x"d)
put y into col(4)

N(i)=de(i)/calib
suml=cell(3,i-1)
sum2=cell(3,i+1)
bgr=(sum1+sum2)*N(i)/2
mdal=2.71+4.65*sqrt(bgr)
mda=mdal/(cell(4,i)*time)
cell(6,i)=mda/mass

end for
a=11,182 a=2.7649 a=22.6363 calib=0,3635'calibr. constant
b=0,3635 b=0.0006 b=1.57882 time=86400 'measurement time
c=-6e-8 x=col(2) c=137.06339 mass=0,075 'kg bgr sample mass
x=col(1) y=a+b*x d=2.59988 fori =210 4095 do
y=atb*x+c*x"2  puty into col(5) x=col(2) de(i)=cell(5;i)*3

put y into col(2)

y=a*x"b/(1000*c+x"d)
put y into col(4)
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N(i)=de(i)/calib
suml=cell(3;i-1)
sum2=cell(3;i+1)
bgr=(sum1+sum2)*N(i)/2
mdal=2.71+4.65*sgrt(bgr)
mda=mdal/(cell(4;i)*time)
cell(7;i)=mda/mass

end for



NTUA
3500 V

NCSR
5000 V

AUTH
3100 V

Energy
Calibrat.
a=6.6055
b=0.4355
c=-7.08e-8
x=col(1)
y=a+h*X+c*x"2
put y into col(2)

a=1.2705
b=0.5256
c=-2e-18
x=col(1)
y=a+b*X+c*x"\2
put y into col(2)

a=3.1675
b=0.1954
c=-5e-6
x=col(1)
y=a+b*x+c*x"2
put y into col(2)

FWHM

a=1.2595
b=0.0018
x=col(2)

y=a+b*x
puty into
col(5)

a=1.4426
b=0.0009
x=col(2)
y=a+b*x

put y into col(5)

a=0.4578
b=0.0025
x=col(2)
y=a+b*x

put y into col(5)

FEPE

a=0.00291

b=20.20692
c=-1973.55688
d=45147.20677
x=col(2)
y=a+(b/X)+(c/x"2)+(d/x
/\3)

put y into col(4)

a=5.007296
b=2.099415

c=100

d=2.817371

x=col(2)
y=a*x"b/(1000*c+x"d)
put y into col(4)

a=0.0409
b=0.0006
¢=-0.000002
x=col(2)
y=a+b*x+c*x"\2
put y into col(4)
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MDA

calib=0.4355 'calibr. constant
time=90000 'measurement time
mass=0.075 'kg bgr sample mass
for i =2to0 4095 do
de(i)=cell(5,i)*3
N(i)=de(i)/calib
suml=cell(3,i-1)
sum2=cell(3,i+1)
bgr=(sum1+sum2)*N(i)/2
mdal=2.71+4.65*sqgrt(bgr)
mda=mdal/(cell(4,i)*time)
cell(6,i)=mda/mass

end for

calib=0.5256 'calibr. constant
time=86400 'measurement time
mass=0.075 'kg bgr sample mass
for i =2to0 4095 do
de(i)=cell(5,i)*3
N(i)=de(i)/calib
suml=cell(3,i-1)
sum2=cell(3,i+1)
bgr=(sum1+sum2)*N(i)/2
mdal=2.71+4.65*sqrt(bgr)
mda=mdal/(cell(4,i)*time)
cell(6,i)=mda/mass

end for

calib=0.1954 ‘calibr. constant
time=253030 'measurement time
mass=0.075 'kg bgr sample mass
fori=2to 2014 do
de(i)=cell(5,i)*3
N(i)=de(i)/calib
suml=cell(3,i-1)
sum2=cell(3,i+1)
bgr=(sum1+sum2)*N(i)/2
mdal=2.71+4.65*sqrt(bgr)
mda=mdal/(cell(4,i)*time)
cell(6,i)=mda/mass

end for



V. Relative uncertainty values

The relative uncertainties of radioactivity, trace metal and major element
concentrations for all the measured samples are presented in Table V-1. The differences
in the relative uncertainties of radioactivity measurement are attributed to the different
relative efficiencies of the detection systems, the shielding sourrounding them and the
masses of the samples (e.g. the sediment samples of core 2 were of “small” geometry,

meaning ~9 gr).

Table V-1. The relative uncertainties (%) of radioactivity, trace metal and major element
concentrations. The title “surface” refer to surface seafloor samples, while STR 1, STR 8, core 1 and
core 2 refer to core sediments of Stratoni and Lavrio.

lerissos Gulf Lavrio
surface | STR1 | STR8 |surface | corel | core?2
210pp 20 12 - 10 24 -
234Th 7 - - 13 - 27
2R3 6 2 7 7 9 18
214pp 8 4 9 6 12 31
214Bj 8 5 11 11 16 14
228
Radioactivity 212?5 171 1; ﬂ 191 ;g 3_0
212Bj 18 25 23 16 28 -
208T] 13 17 17 9 20 32
235y 9 13 10 13 21 -
187Cs 21 29 20 21 22 -
40K 9 6 11 7 11 6
As 12
Cu 9
Trace metals Ph 5
Zn 5
Major h,ﬁ: 2
elements
Al 5
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V1. Measured data of all trace metals and major elements

The values of all measured trace metals in the surface samples of lerissos Gulf

are presented in Table VI-1.
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The values of all measured major elements in the surface samples of lerissos Gulf

are presented in Table VI-2.

Table VI-2 The major element concentrations in the surface sediments of lerissos Gulf.

Sample name

Lol | Al | si| P | K|ca|Ti| Fe [Na|[Mg| S | Mn

(%)
STR1 8.6 427 1209 |0.08 186 |6.76|022| 752 | 164|179 | 3.60 | 1.06
STR1 a 125 363201004154 664|018 | 819 | 0.81 | 1.78 | 2.59 | 2.65
STR1 b 6.6 479 1284 10.04 | 228 | 463 |0.16 | 411 | 062 | 1.18 | 1.60 | 0.92
STR?2 7.0 543 | 257 [ 0.05 | 213 | 518 | 0.24 | 486 | 099 | 151 | 2.00 | 1.07
STR2 a 4.2 471308004234 |318|016 | 3.81 | 0.64 | 1.07 | 1.52 | 0.80
STR2 b 7.8 428 | 26.0 | 0.04 | 1.97 | 538 | 0.17 | 455 | 055 | 1.76 | 224 | 1.72
STR2_bh2 208 | 270 | 144 |1 0.08 | 1.09 | 2.90 | 0.15 | 20.03 | 0.70 | 1.03 | 2.00 | 0.84
STR3 74 1462|240 |0.05]195|6.03|020]| 577 | 091|167 |320]0.71
STR 4 11.2 | 510|248 | 0.05| 202|628 | 019 | 477 | 116|161 | 1.00 | 0.58
STR5 3.2 5521338004206 |308|023| 1.77 [154]1.16 | 0.03 | 0.04
STR6 8.5 460 | 26.4 |1 0.04 | 209 | 597 | 0.18 | 405 | 0.83 | 1.62 | 1.64 | 1.07
STR7 8.3 423 1229 |0.05]146 | 670|027 | 7.88 | 093 | 222|232 | 0.76
STR 10 4.1 6.23 1299006139213 |064 | 583 | 124194012 | 0.46
STR 10 la 20 |[480]365/003|144 086 |025| 3.00 | 0.66]0.95]|0.03]0.35
STR10_1b 2.7 511 | 346003 148128 | 031 | 3.99 | 0.69 | 1.20 | 0.03 | 0.58
STR10_1b2 3.2 435|306 004|104 |235|[043| 862 |0.65|1.17]0.10 ] 1.93
STR10 2a 5.9 643 13031004 160164035 475 | 0.79|233]0.03|0.38
STR10_2b 130 | 873 |220]006 | 147|227 | 042 | 711 | 048 | 3.76 | 0.05 | 0.27
STR13 a 1.5 343 1393002 127087016 | 1.72 | 0.64 | 0.72 - 0.07
STR13 b 1.6 3.69 386002125 ]09 | 020| 212 | 0.68 | 0.84 - 0.09
STR11 1.3 786 | 343 1003309140013 ] 055 | 254 ]015]0.01]0.01
STR 11 Oa 11 7.29 1352002 336|132 |0.08]| 037 | 2.26|0.10 - 0.02
STR 11 0Ob 0.5 6.65 | 36.7 | 0.01 | 3.40 | 0.87 | 0.03 | 0.25 | 1.82 | 0.04 - 0.01
STR11 la 116 [685]1299]019]265|173 011 | 097 |186|0.32]0.170.03
STR11 1b 7.1 475 1286|004 | 223 |470|016 | 418 | 0.67 | 1.24 | 1.20 | 0.90
STR11 2a 0.5 7.32 1358|002 345|106 | 0.05] 024 | 2.05 | 0.06 - 0.01
STR11 2b 0.7 759 1354|002 |346|1.06 | 005 023 | 2.12 | 0.07 - 0.01
STR12 9.3 466 130.1/003|173 746|017 | 066 | 156 |0.79 | 0.01 | 0.04
STR12 b 4.1 562 | 345[001 |29 | 343|003 | 013 | 151 0.36 - 0.01

LOI: Loss Of Ignition
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The values of all measured trace metals in the coastal sediment (STR 1) samples

of lerissos Gulf are presented in Table VI-3.
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The values of all measured major elements in the coastal sediment (STR 1)
samples of lerissos Gulf are presented in Table VI-4.

Table VI-4 The major element concentrations at the coastal sediment (STR 1) samples of lerissos
Gulf.

Depth |LOA| Al | si | P | K |ca| Ti | Fe [ Na|Mg]| S | Mn
(cm) (%)

1.0 | 862 | 4.27]20.9]0.08|1.86|6.76 | 0.22 | 7.52 | 1.64 | 1.79 | 3.60 | 1.06
25 | 886 |4.19|21.4 007|182 |7.45|022 697|150 | 1.82|3.18 | 1.05
35 |11.33|4.15/20.9|0.07 | 1.80 | 7.51 | 0.21 | 7.44 | 1.41 | 1.82 | 2.36 | 1.00
45 |10.05|4.09 |21.0|0.07 | 1.80|7.06|0.22|7.43|1.26 | 1.79 | 3.20 | 0.98
55 | 9.87 |4.15|21.2|0.08|1.82|6.86|0.21 | 754 | 1.21 | 1.79 | 3.16 | 0.98
65 |19.90|3.93|20.8 007|151 |6.14|0.22|6.63|0.83|1.79|1.20 | 0.55
75 | 11.61|4.23|21.1]0.07 |1.82|6.83|0.20 | 7.26 | 1.04 | 1.83 | 2.80 | 0.93
85 | 875 |4.29/20.9|0.07|1.86|6.74|0.21|7.34|2.06 | 1.79 | 3.20 | 0.95
95 |11.00 | 4.25|20.4 | 0.07 | 1.85 | 6.30 | 0.20 | 8.42 | 1.57 | 1.77 | 3.08 | 0.74
10.5 | 14.18 | 4.70 | 19.5 | 0.06 | 2.05 | 6.26 | 0.19 | 8.55 | 1.47 | 1.85 | 2.08 | 0.64
115 | 15.44 | 5.11|18.9|0.06 | 2.16 | 6.19 | 0.17 | 855 | 1.32 | 1.92 | 1.60 | 0.58
125 | 1651 | 5.23 | 18.4 | 0.06 | 2.18 | 6.22 | 0.17 | 8.64 | 1.28 | 1.98 | 1.68 | 0.55
135 | 16.71 | 5.02 | 18.7 | 0.06 | 2.16 | 6.33 | 0.18 | 8.67 | 1.23 | 1.94 | 1.60 | 0.57
145 |13.89 | 5.14 | 18.2 | 0.05 | 2.14 | 6.26 | 0.17 | 8.60 | 0.97 | 1.96 | 3.20 | 0.54
155 | 15.64 | 5.15 | 18.2 | 0.05 | 2.18 | 6.34 | 0.17 | 8.80 | 1.03 | 2.00 | 2.32 | 0.52
16.5 | 17.02 | 5.32 | 18.0 | 0.05 | 2.22 | 5.78 | 0.16 | 8.75 | 0.91 | 1.94 | 2.24 | 0.4
17.5 | 16.45 | 5.35 | 18.7 | 0.05 | 2.28 | 5.59 | 0.16 | 8.55 | 1.10 | 1.84 | 2.00 | 0.44
185 | 16.23 | 5.47 | 18.6 | 0.05 | 2.31 | 5,52 | 0.16 | 7.91 | 1.09 | 1.83 | 2.40 | 0.43
195 | 14.27 | 5.45 | 18.4 | 0.05 | 2.29 | 5.81 | 0.16 | 8.84 | 1.00 | 1.91 | 2.80 | 0.46
205 | 15.38 | 5.53 | 18.7 | 0.05 | 2.36 | 5.35 | 0.16 | 8.73 | 0.92 | 1.80 | 2.36 | 0.45
215 | 15.48 | 5.72]19.2 | 0.05 | 2.41 | 5.31 | 0.16 | 8.43 | 1.02 | 1.81 | 1.80 | 0.43
225 | 13.72 | 5.69 | 19.3 | 0.05 | 2.39 | 5.37 | 0.16 | 8.43 | 0.95 | 1.80 | 2.60 | 0.42
235 | 15.05 | 5.79 | 19.6 | 0.05 | 2.43 | 5.28 | 0.16 | 8.26 | 1.18 | 1.77 | 1.72 | 0.42
245 | 13.42 | 5.47|19.7|0.05 | 2.30 | 5.47 | 0.17 | 8.05 | 0.87 | 1.76 | 2.81 | 0.50

255 | 1383|581 (195|0.05|246|531|0.17|805|1.11|1.78|245|0.42
LOI: Loss Of Ignition
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The values of all measured major elements in the offshore sediment (STR 8)

samples of lerissos Gulf are presented in Table VI-5.
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The values of all measured trace metals and major elements at the surface

samples of Lavrio coast are presented in Table VI-6.
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The values of all measured trace metals at the coastal core (core 1) sediments of

Lavrio are presented in Table VI-7.
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of Lavrio are presented in Table VI-8.

The values of all measured major elements at the coastal core (core 1) sediments

Table VI-8 The major elements concentrations of coastal core (core 1) sediments of Lavrio

Depth [LOd| Al | si | P | K | ca| Ti | Fe | Na|[Mg]| s | mn
(cm) %)

1 |1404] 19 [ 130 ] 005|059 | 122 | 019 | 126 | 076 | 1.21 | 541 | o0.80
3 |1538] 1.9 | 133 ] 005 | 062 | 122 | 0.19 | 128 | 1.36 | 121 | 414 | o087
5 [1330] 18 | 120 | 005 | 053 | 11.3 | 018 | 148 | 057 | 1.26 | 5.85 | 0.90
7 |1387] 1.8 | 125 | 004 | 057 | 123 | 0.9 | 132 | 057 | 1.21 | 585 | 081
9 |1428| 1.8 | 121 ] 005 | 055 | 123 | 0.18 | 135 | 0.73 | 1.22 | 583 | 083
11 |11.86| 1.9 | 126 | 0.05 | 057 | 12.2 | 0.19 | 131 | 0.64 | 1.22 | 6.61 | 0.80
13 |1132] 19 | 127 | 005 | 055 | 121 | 0.19 | 132 | 0.63 | 1.27 | 6.65 | 0.80
15 |1304| 1.8 | 130 | 005 | 057 | 129 | 019 | 131 | 067 | 120 | 6.05 | 0.82
17 |1438| 18 | 124 | 005 | 056 | 1.3 | 0.9 | 146 | 1.06 | 1.26 | 533 | 0.91
19 |1407| 1.9 | 125 | 005 | 057 | 11.5 | 0.19 | 13.8 | 0.94 | 1.22 | 499 | 085
21 |1370| 1.8 | 12.7 | 0.05 | 058 | 11.8 | 0.19 | 133 | 0.97 | 1.21 | 5.80 | 0.82
23 |1420] 1.9 | 130 | 0.05 | 058 | 12.2 | 0.18 | 125 | 059 | 1.22 | 561 | 0.79
25 |14.00] 1.9 | 128 | 005 | 055 | 11.8 | 019 | 133 | 0.63 | 1.22 | 553 | 0.84
27 |1384| 1.8 | 122 | 005 | 055 | 122 | 0.18 | 133 | 058 | 1.22 | 6.01 | 0.81
29 | 1432 | 20 | 124 | 005 | 058 | 12.1 | 0.17 | 132 | 053 | 1.24 | 584 | 081
31 |1464| 23 | 11.8 | 005 | 0.62 | 12.3 | 0.18 | 12.7 | 0.80 | 1.28 | 6.01 | 0.74
33 |1576| 2.0 | 140 | 0.04 | 0.63 | 138 | 017 | 9.1 | 0.88 | 1.15 | 5.01 | 051
35 |17.27| 2.2 | 144 | 004 | 060 | 140 | 017 | 75 | 0.84 | 1.12 | 5.01 | 037
37 |2038| 2.0 | 16.0 | 0.03 | 0.63 | 163 | 0.19 | 49 | 0.80 | 1.09 | 272 | 0.22
39 |2249] 2.0 | 158 | 003 | 0.63 | 200 | 018 | 47 | 1.00 | 121 | 0.08 | 0.22
41 | 2500 | 1.6 | 145 | 003 | 057 | 188 | 0.16 | 38 | 122 | 1.10 | 158 | 017
43 | 2431 15 | 140 | 003 | 052 | 203 | 015 ] 30 | 082 | 1.03 | 253 | 013
45 | 2711] 14 | 132 ] 002 ] 051 ] 209 ] 015 ] 24 | 121 ] 108 ] 176 | 0.00
47 | 2518 | 16 | 138 | 003 | 056 | 19.8 | 0.18 | 35 | 099 | 1.08 | 190 | 0.6
49 | 2567 | 15 | 147 | 003 | 054 | 201 | 0.16 | 26 | 092 | 1.05 | 152 | 0.00

LOI: Loss Of Ignition
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The values of all measured trace metals at the offshore core (core 2) sediments

of Lavrio are presented in Table VI1-9.
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