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EYXAPIXTIEX

H oweio ddaxtopikn StatpiPny amotedel 10 1€A0g €vOg HEYAAOVL, EMIMOVOL
0AAG Kol LVOPTOCTIKOD TAELO00 TOL ATOPAGIc Vo EEKIVIG® TPV KAmola ypovia
TOPACLPOUEVOG OO TNV HEYAAN HoL emiBupia vo avéNom TO EMIMEDO TOV YVHOCEMV
LoV GTO QVTIKEILEVO TNG €60POAOYING Kot (oG VTOPOGKOVGAG OydmnG Yo TNV £PEVVA.
¥10 1a&idt ovTd, elpon VTLYNG JOTL YVOPLGA, HOPAcTnKe, 0E0NnKa e avOpmdTOLG,
avtoAlaco 10éeg Kol TPOPANUATIOHOVS TOGO OE EMOTNUOVIKO OAAG KOl OF

STPOGMOTIKO EMITEDO.

[Ipdtov amd O6Aovg Ba Mbeda vo gvyaploTio® Tov emPAETOVIO KaONnynT
ot g dwtpPng k. lodvvn Mdéooa, Tov pe eumoTevdnKe Kot LoV £KOVE TV TIUN
va kK@vovpe polt avtd to tagion. Ora avtd ta xpovia o k. Macoag Ekiewve emipova To
pdtio Tov 6 OAo POV T EAATTOUATO KOl £6Tiale HOVO o€ OTL KOAO pUmopel vo pe
yopokInpilel, STNPOVTIOS £T61 o cuveyn Betikn evépyela 1 omoia otdOnKe tKovn
va e Bondnoet va Eemepdom OAa oL T TOL EUTOSLN TTOL ELPOVIGTNKAY GTH TOPEIN LoV
ov TN 0edopévn oTiyun pov @avéviovoay ovumépPinta. Tov Bewpd peydro pov
OUOKOAO OTO OvTIKEILEVO NG €dapoAoying, Le KaBodynoe opBd dote va emtevydel
N Oevépyeta evOg LEYAAOV OYKOV EPYUCTNPLIK®V OVOADGEDMV KOl TEWPAUATIKOV, LE
éuabe TG VoL GKEPTOUOL KoL VO Wyve Yo AVCELS, e pOnoe 6Tn cuyypoen pbpwv
KaOdG eniong e 0dnynoe Kot og aveepedvnta Yo LEVOL LOVOTTATIH OTtMG EKEVO NG
oToTIOTIKNG. TOV €VYOPIOT® Yo OAEG EKEIVEC TIC ATEAEIMTEG MPES OV UPLEPIOCE OE
péva, okAnpng OOVAELHG, Yo va Byel To KaAdtepo dvvatd amotédecpa. Télog, dev
UTOp® va. Unv avagépm otL o K. Mdooag dev otdfnke dimha pov pdévo wg Kabnyntg

OALG e oTNPIEE KOl OE TPOCMOTIKO EMIMEGO KO TPOYUATIKA TOV EVYOPIGTO YU QVTO.



‘Eva peydio evyopiotd otov emikovpo kobnyntn kot HEAOG TG EXTOUEAOVG
emtponng K Atovoon [Naomoapdto mov yo axopo pio eopd £€6mce TO TAPOV KOl GE
avtn] pov t mpoomdbewa. O k. [Noomapdrog eivor o dvOpwmog mov pe otnpilet
AVEAMTIOG OO T TPOTTLYLOKEG OV ¥POVIA £ TOPO, ayOYYLOTO KOl LE OOTEIPELTN
0€lnon kot vropovn, pe fonda va Eemepdom eumdola kot ad1EEoda mov eppaviovton
O€ 0T MOV TN TOopein, KOl TPAYUATIKO OTOTEAEL TN Yo EUEVO OV TOV £XM

daokaro Kot ¢piro.

Na ekppaoo Tig evyaptotieg pov otnv kadnyntpia k. [oawacidnn Nopgoddpa
HEAOG NG TPYEAOVG EMTPOTNG, TOL 1 oTNPEN NG 6€ KOUPkd onpeio awtod TOoL
JB0KTOPIKOD, HOL £0MCE TN dLVOTOTNTA VO cLVEYIo® TNV TOpeio. OV TPOS TNV
EKTAPOOT] TOV GTOY®V HOoL. OgpUéC €VXOPLOTIEG VO EKQPACEH EMIONG KOl GTOV
avaminpot kadnynt k. Oyoidm Kov/ivo péhovg g tpiperong emtponig, 6mov
ot ovyvég ovlntoelg pag Kot 1 aviodiaynq omdyewv pe Pfondnce ta péyioto ot
Aon moAAdv mpoPAnudtov. Na gvyoploticm tov kabnynt kot dievbovt tov
epyaotnpiov Edagoroyiag & I'empywmne Xnueiog, k. Movotdka NikdAao, mov pov
napeiye kabe dvvary SlEVKOALVGON TOGO OGOV APOPA OTIS EPYACTNPLOKES VITOJOUES
oAAG Ko Tov gvéMkTov wpapiov gpyacioag. O k. Movotdkog vanpée 04oKAAOS oL
ko’ OAn 1N yewmoviK® pov mopeia, Kol 0gv apvinONKe TOTE VO OV APIEPDGEL YPOVO
omote 10 YpelOpovy. Ogpud gvYOPIOT® €mioNg TOV av. Kadnynm K. Zaitdvn
Kovotavtivo ka1 v av. kebnynrplo ka. Moton Ocoddpa, pEAN G entapeAons
EMITPOTNG, TOL LOV EKOVOV TNV TIUY| VaL givan aloAoyNTég TNG S10AKTOPIKNG S TPPNG

Hov.

2TOVG YDPOVG TOV EPYACTNPION E0APOAOYING, GLVAVAGTPEPOLOLY KON UEPIVA
pe moAAOVG Kot KOAOVG GLUVAOEAPOVS TOVG omoiovg Ba MBeia va avapépw. Tov Ap.

Opéotn Kaipn mov dev pe aenoe oty vo AMIOyuyno® Kot Hov £0ve movIo
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Kovpdylo ko kdBe dvvary Ponbeta. Tov mopacKevaoTy TOL €pyacTnpiov HOG K.
21éMo AdAAa Tdvto pe 1o YOUOYEAD, TPOBVLUOG Vo TapPAcYKEl KAOE £PYACTNPIOKY
dtevkoivvon. Na evyapiotiom tovg Ap. Adevn Iodvvov, vroy. Adktop ZTéA10
I'epovtion, Ap. I'dvvn Avactomovro, vmoy. Awaxktop Pio Ilavayidtov, vmow.
Awdxtop Zropdm Kapacsiin, Ap. Muvptd Towvid, Ap. Nava Kappadia, 6ot toug
e€aipetol ovvaderpol. Na evyoploTIC® EMIONG TOLG TPOTTVYLAKOVG PolTNTEG Pdvia
Eicoa, EAevbepia Kapapovvtlov, Xpiotiva Avaoctacio Aila ko I'epdoipo Tortoéin
OV TPUYLOTOTOINCAV TIG TTUYIOKES TOVG UEAETEC GLUUETEXOVTOG OTO, TEPOUOTIKG

10V 3 kot 4°° péPouvg aVToH TOL HOAKTOPLKOV.

Téhog, vimB® v avaykn va euyaploTIom To LEAN TIC OIKOYEVELNS OV, TTOV
oMoV avTd TOV Kopd Pov cuumapoctdinkay, pe otnpiéay VAKA kot nfwd 6e avtn ™
dVGKOAN EMAOYN HOV Kot £€1EAV AGTEIPELTI VITOLOVT AVTIAAUPBAVOUEVOL TNV HEYOAN

npoondfeio Tov Empene vo KATAPAALD OGTE VA VITAPYEL EVA EMTLYES ATOTEAEGLAL.



Abstract

From ancient times until recently, mining and metallurgical activities in the
greater Lavrion area, Greece, have resulted in the production of large amounts of
metal wastes that enrich the surrounding soils with toxic metal(loid)s. Since the area
is inhabited, soil dust inhalation, consumption of vegetables grown on the
contaminated soils and of dairy products from small ruminants grazing in the area,
may impose a real threat for the health of the local residents.

The main targets of this research were to study the geochemical behavior of
As and heavy metals in the surface soils of Lavrio, to assess the effect of chelating
and reducing agents on the availability of As, Pb and Zn in a mine affected soil from
the Lavrio area and to test the possibility to remediate the Lavrion surface soils by
enhanced phytoextraction using the Chinese brake fern Pteris vittata L. This study is
divided in four sections.

In the first section the chemical partitioning and behavior of Zn, Cu, Ni, Cr,
Cd, Pb, and As was investigated in the top soils (0-15cm) of Lavrion. BCR sequential
extraction was applied to 29 topsoil samples and four chemical fractions of the
studied elements were defined i) exchangeable / acid soluble (F1) ii) reducible (F2)
iii) oxidisable (F3) and iv) residual (RF). Total concentrations of all elements were
above the geochemical background. Zinc, Pb, Cd, and As median total concentration
values were 4, 9, 1.4, and 17 times higher than the respective Dutch intervention
thresholds, indicating severe soil pollution. Most of Cd (78.2%), Pb (69.7%), and Zn
(53.3%) were found in F1+F2 sum, suggesting high availability under modified
conditions that periodically can occur in soils. Copper, Ni, As, and Cr were mainly

associated with the residual fraction. Principal component analysis results showed that



F2 fraction of all studied elements was associated to Fe oxides, confirming the crucial
role of Fe oxides in metal(loid)s sequestration in the soil matrix.

The aim of the second section was to assess As partitioning in the soils of the
Lavrion area, by applying Wenzel and BCR (Community Bureau of Reference)
sequential extraction procedures (SEP) to 29 top soils and to correspondingly discuss
on the findings. The results of the Wenzel SEP showed that As was mainly bound to
the well-crystallized (33.3%) and to the amorphous / poorly-crystalline (30.1%)
oxides of Fe, Al, and Mn. According to the BCR scheme, most of the total As
(78.4%) was retained in the residual phase. Low mobility factor values (Wenzel:
0.34%; BCR: 1.56%) clearly demonstrate the low availability and mobility of As in
the studied soils. The specifically-sorbed / inner-sphere and the reducible fractions of
As, obtained by the Wenzel SEP, were positively correlated with clay and Fe oxides
content, respectively. The reducible As fractions of both SEPs were negatively
correlated with carbonates content indicating that carbonates may partially influence
As sorption on Fe oxides. The comparative evaluation of the two SEPs showed that
the application of the BCR protocol in contaminated soils cannot provide reliable
information on As sequestration in soils but it can be a first estimate of As labile
forms.

In the third section, a laboratory incubation experiment was conducted using a
top soil (0-15 cm) from the studied area in order to investigate the effect of EDTA,
Sodium dithionite, Olive mill wastewater and their combinations, on As, Pb, and Zn
mobility and partitioning over time. Soil samples were incubated for 1, 3, 7, 15, 30,
60, and 90 days. At each incubation time the easily mobilizable fraction of the
elements was obtained by (NH4)2SO4 (for As) and CH3COOH (for Pb / Zn). EDTA

and all treatments that contained EDTA resulted to significantly higher available
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concentrations of the metal(loid)s than the non-EDTA treatments. Sodium dithionite,
as reducing agent, did not alter the mobility of the studied elements and when
combined with EDTA suppressed the efficacy of EDTA. Olive mill wastewater
(OMW) enhanced only As mobility, probably due to competition between As and P
added with OMW for sorption sites. To investigate the treatment effect on elements
distribution among the soil chemical fractions, two different sequential extraction
protocols (SEPs), Wenzel (for As) and BCR (for Pb, Zn, Fe, and Mn) were applied to
the soil samples incubated for 90 days. The results of both SEPs strongly indicated
that the increased amounts of As, Pb, and Zn in the easily mobilizable / exchangeable
fractions obtained for the EDTA treatments were mainly due to the ability of EDTA
to complex metal(loid)s bound to amorphous oxides of Fe / Mn.

Finally, in the fourth section, a pot experiment was conducted to evaluate the
effect of Na,-EDTA 0.01 M (E) and olive mill wastewater 15% (OMW) on As, Pb,
and Zn uptake by Pteris vittata L. grown in a soil from the Lavrio area. A two-factor
experimental design was followed; 3 treatments (E, OMW, and E + OMW) x 2
batches (single or double dose). Six weeks after the P. vittata transplanting, all pots
received the selected dose of each treatment (Batch I). At 8 weeks, in half of the pots,
a second dose of the same treatments was added (Batch Il). Plants were harvested
after 10 weeks and As, Pb, and Zn concentrations were determined in fronds and
roots. Depending on the element, both treatment and batch effects were significant. In
Batch Il, EDTA application resulted in a 55% increase of As and 9- and 4-fold of Pb
and Zn concentrations in the fronds, while OMW treatment substantially reinforced
plant uptake when combined with EDTA. Roots to fronds translocation of the
metal(loid)s highly increased in Batch Il. After harvest, composite soil samples of all

treatment—batch combinations were subjected to sequential extraction (Wenzel for As
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and BCR for Zn / Pb), but no significant alteration of As, Pb, and Zn partitioning in

the soil phases was detected.
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Iepiinyn

ATO TV apyatdTNTo UEXPL TPOCPATO, Ol UETOAAEVTIKES KOl LETAAAOVPYIKES
OpacCTNPOTNTEG OTNV €LPVTEPY] TMEPLOYN TOL Aavpiov, glyav ®G omoTéEAECUO TNV
TOPUY®YN UEYOA®V TOCOTNTOV HETOAAELTIKOV / HETAAAOVPYIK®OV OamoPANTOV TO
omoio, EUTAOVTICOV GTOJLNKE Ta E3APN TG EVPVTEPNG TTEPLOYNG LE TOEIKAE oToLKE D,
Agdopévov OtL M meEPLoyN €ivol KOTOKNUEVY, 1) EGTVOTN €J0PIKOD KOVIOPTOV, M
KOTOVAAMON  AQ)XOVIKOV 7OV  KOAAEPYOUVTIOL OE  PUTACHEVA  €0G(pN KOl
YOAOKTOKOUIK®OV TPOTOVT®V amd UNPUKAGTIKA OV BOCKOLV GTNV TEPLOYN, UTOPEL va
OTOTEAEGOVV TTPOYLLOTIKY] OTEIAT] Y10 TNV VYEID TOV KATOIK®V TG TEPLOYNG.

Ot koprot 6tdHYol TG TOPOLGAS OTPPNG NTAV 1 UEAETN TNG YEOYMNUKNG
SLUTEPLPOPAS TOL As kol BapémV HeTAAL®V Ge em@avelokd £daen tov Aavpiov, n
exktipmon g emidpacng YNMKOTOMTIKOV KOl OVOYOYIKOV TOPAYOVI®V GTN
dwheoomro twv As, Pb xou Zn oe pumoacpévo €d6apog oand efopuktikég /
LETAALELTIKEG  OpooTnplotnTeg Kot 1 dgpevvnon g duvatdTNTog
(QLTONTOPPVTAVONG TMV EMPOVEINKDOV €00P®V Tov Adavpiov pe ™ péBodo g
EVIOYLUEVIG PuTOEEIYMYNG YPNOoTOLdVTaG TO eUTO Pteris vittata L. H peiétn avty
amotedeiton amd to akdlovba Téccepa LEPT.

210 TPOTO UEPOG OlepeLVIONKAV Ol YMUIKEG HOPPEG KO 1| YEWYNUIKN
ovuneptpopd tv Zn, Cu, Ni, Cr, Cd, Pb, kou As ot empaveiokd €daen (0-15¢cm) tov
Aovpiov. H pébodog oadoykng ekyvilong BCR gpappocmke oe 29 odelypota
EMUPOVEIOKOD £3A(POVG KOl TPOGOOPIGTNKAV TEGGEPU YNUIKA KAACUATO TOV VIO
peAétn otoyeiov 1) avtaAla&io / d1oAvtd og acBevéc o0&y (F1) ii) avaymywo (F2)
ii1) o&ewwoo (F3) kot iv) vroreppatikd (RF). Ot olikég cuykevipdoels OAOV TV

oToElov Ntav TAve amd T0 yeoynukd vroPadpo. Ot didpeces OMKEG TIHEG TV
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ovykevipooewv Tov ZNn, Pb, Cd kot As ntav 4.9, 1.4 ko 17 popéc vynrotepeg omd ta
avtiotoryo, OALaVOIKA Oplor TapEUPOONC, VTOINAMVOVTIOS CNUAVTIIKY PUTOVOT] TOV
edapovg. To peyoddtepo pépoc tov Cd (78.2%), Pb (69.7%) a1 Zn (53.3%)
Bpénkav ota xkAdopato F1 + F2, vmoonidvovioag vynin owbeciuotnra twv
OTOYEIOV AVTOV 6€ TEPITTO®ON AAAAYNC TOV ed0QIKOV cuvOnk®mv. O Cu, to Ni, to AsS
kol 10 Cr Bpébnkav vo cvvdéovior Kupimg He TO VLTOAEWWUOTIKO KAdouo. Ta
KUPLOTEPO, amoTeAEouaTa TG aviilvong kopiov cuvictwomv (PCA analysis) £dei&av
011 10 KAMAopa F2 6Awv tov ototyeiov mov peletinkav cuvdéeton pe ta o&eidta Tov
Fe, emPePardvovrog tov kpico poéoAo tov ofewiov tov Fe otn cvykpdinon tov
LETAAL®V KOl TOV PLETOAAOEWDMY GTO £30(POC.

O o16Y0¢ TOL deVTEPOV UEPOVS NTAV 1] LEAETT TNG YEWYNUIKNG GUUTEPLPOPEG
tov AS og 29 esmpavelokd £dapn g gupvTEPNS mEPONS Tov Aavpiov, pe Vv
EPAPLOYN TOV OLO JAPOPETIKAOV HEBOdWV dladoykng ekyvAong, Wenzel koaw BCR.
Ta aroteréopota e pebooov khaopdtmong Wenzel €dei&av 0Tt 10 As cuvdetan
Kuping pe ta kpvotarhkd (33.3%) ko to dpopea (30.1%) o&eidw twv Fe, Al kot
Mn. Zopeova pe ™ pébodo BCR, 10 peyoddtepo HEPOC TNG OMKNG CLYKEVTIPMONG
0V AS (78.4%) eppaviotnke GLVOESEUEVO TNV VTOAEUUATIKY @AoT. Ot yapuniég
TIEG Tov ovvieheotn kwvntkotntag (Wenzel: 0.34%, BCR: 1.56%) katadeikviovv
caP®G TN YOUNAY SoBeGILOTNTA Ko KV TIKOTNTO TOV As oTa Vtd perétn daoen. To
EOIKMOG TPOSPOPNUEVO (COUTAOKE E0OTEPIKNG OTIPASAG) KAl TO AVOYDYIHO KAAGLOL
0V As, cOpeova pe ™ péBodo Wenzel, cuoyetiotnioy Betikd pe v meplekTikdTTa
TOV £00POV o€ Gpylho kot pe ta o&gidwa Tov Fe avrtiototya. To avaydypo kidopo
apEOTEP®V TV OLO HEBOSMV GUOYETIOTNKE OPVNTIKA LE TNV TEPIEKTIKOTNTA GE
160dVVapo ovBpakikd acBEotio, yeyovog mov dgiyvel OTL Tal avOpaKIKE UTOpoLV v

EMNPEACOVY UEPIKMOG TNV TPospdenon tov AS ota o&eida tov Fe. H ocuykpirikn
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a&loA0YNo” TV 0V0 HEBOOMV KAAGUAT®ONG £0€1EE OTL 1) EQAPLLOYN TOV TPMOTOKOAALOL
BCR og pumacuéva €0den dev pumopel va mapdoyel a&lomioteg TANPOQOPIEC GYETIKA
HE TIG YNUIKEG HOPQES TOV AS 6TO £00(pOC, OAAL UTOPEl VO AMOTEAECEL O TPAOTN
extipnon mg odesdTNTOC TOV.

210 1pito pépoc g SwTpPng avtng oEENKON €va melpapo enmacewmv
YPNOUOTOIOVTOG EMPOVELNKS £50pog (0-15 cm) amd TV VIO PEAETN TTEPLOYN Y1 VL.
dtepevvnBei n emidopacn tov EDTA, tov 618g10vddovg vatpiov, TV vypdv amofAToV
EAOLOVPYEIWV KOl TOV GLVOVLOGUAOV TOVG GTH KIVNTIKOTNTO KOl TIG YNLHKES LOPQES TV
As, Pb kot Zn pe tov ypovo. Aetypata edapovg enmdotnkay yia 1, 3, 7, 15, 30, 60 kot
90 nuépeg. Xe KaBe ypdVo EMMACNS TO EVKOAN KIVITOTOMGILO KAAGHO TV GTOLYElV
exyvAiotnke pe (NHa)2SO04 (o to As) ko pe CH3COOH (yuwo ta Pb / Zn). To EDTA
Kot Oleg ot petayepioeic mov mepieiyov EDTA odnynoav oe onuovtikd vyniotepeg
OLBECIEG GLYKEVIPAOGELS TOV GTOLXEIMV amd OTL ekeiveg mov dev mepieiyov EDTA.
To 619e10vddeg vATPlo, OC Avay®YIKO HECO, OEV EMNPEOCE TNV KWNTIKOTNTO TOV
otoyyelov mov peremOnkav, evd Otav ocvvovdomnke pe EDTA xotéoteihe v
aroteleopatikdtnto Tov EDTA. Ta vypd andfinta ehatovpyeiov (OMW) evicyvoav
™V KvnTikdTta povo tov As, mbavmg AOY®m Tov avtayovicpol peta&d tov As kot
tov P mov mpootébnie pe 1o OMW yia tig 8éceig mpocspogpnong. o ) depedhivnon
™G EMOPAONG TOV UETAYEPICEDV GTNV KOTAVOUTN TOV GTOEIOV GTO KAAGLOTO TOV
€04povg 611G 90 NUéPES, PaPUOGTNKAY TO. OVO TPOTOKOAAN SLOSOYIKAOV EKYVAMGEDV
(SEPs), Wenzel (ywn 1o As) ka1 BCR (v ta Pb, Zn, Fe ka1 Mn). Ta anoteréopota
Kot TV dVo peBddwV KAacudtwong £de&av £viova 0Tl ot avénpéves mocdtteg As,
Pb ka1 Zn ota edkora Kivnromomoipa / avtoAlGELo KAAGHOTO TOV TopoThpHOnKay

pe tig petayepioelg mwov mepielyav EDTA ogeildtov kupiwg oty KOvVOTNTO TOV
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EDTA vo oynuoatifet ooumioko pe ta vwd UeAETN otolyelo To omoio Mrav
ovvdedepéva Kupimg pe to dpopea o&eidia tov Fe / Mn.

Téhog, oto té€Tapto péPog delnydn meipapa Beppoknmiov yio va aoroynOel
n enidpacn tov EDTA kot tov vypdv amofintov eatovpyeiov (15% YAE) om
npoéoAnyn Towv As, Pb kat Zn and 1o gutd Pteris vittata L. n omoio kahAiepynOnke o€
YABOTPEG pE €00p0¢ omd TNV meployn tov Adavpiov. AkorovOnOnke meEPApATIKOG
oyedloondc pe 6vo mapdyovieg kau 8 emavainyelg [3 petayepiosic (E, YAE, kot E +
YAE) x 2 ceipéc (Lovi 1 Sumhn epoppoyn tov petoyeipioewv)]. ‘E&L eBdopddeg petd
N HETAPVTEVOT] TV PLTAOV QTEPNG, O OAES TIG YAAGTPESG TPOCTEONKE N EMAEYUEV
doom kdBe petoyeipong (Adon I). Ztig 8 gfdopdodeg, otig picég and TG YAASTPEC,
npootédnke i devtepn o0d6om tev v petayepicewv (Adon II). Ta o@utd
ovykopioOnkav 10 eBdopddec HeTE T HETAPOTEVGT KO Ol GLYKEVIPAOGELG TV AS, Pb
Kot Zn mpocdlopictnKav o€ pUALA Kot pilec. Avaroya pe 1o otoryelo, N eXidpacn Tov
napdyovta petoyeipion kot d0ong frav onuavtikn. Xtn Aoon 1L n epappoyn EDTA
elye og amotéleopa avénon kotd 55% g cvykévipmong Tov As Kot katd 9 ko 4
(QOPES TOV GLYKEVIPOCEWMV TV Pb kot Zn otar @UALD TNG OTEPTG, EVO M peTayeipion
pe YAE evioyvoe onuoviikd tv mpoOcAnymn tov otoyegiov amd to eutd otav
ovvdvdotnke pe EDTA. O cvviedeotig avakatavoung (TF) tov otoyegiov and Tig
pileg ota EOAAL TG OTEPNS awéNOnKe onpavtikd ot Adon 1. Metd ™) cuykopudn
TOV PLTAOV, T E00PIKA OElYHATO ATO OAOVS TOVG GLVIVOGLOVG LETOUXEIPIONG - dOONS
voPAnnkav oe dadoywkn ekyvion (Wenzel yia to As ka1 BCR ya ta Pb / Zn),
OAAG SEV aviyveDONKOV GNUOVTIKEG SLOPOPOTOMGELS OTIS YNIUKES Loppég Tav AS, Pb

Kot Zn 670 £004p0C.
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1. EIXAT'QI'H

1.1  Pomaven tov edapoug ue fopéo uétaiio,

H pomovon tov edapmnv pe Bapéa pétailo mpoépyetot gite amd 10 UNTPIKo
VAKO gite and avOpwmoyevelg mnyég dnwg acTikd / frounyavikd amdfAinta, e£0pvén /
eneepyacio petoAievpdtov, KOTAAOUTO TG KOVONG TOL AvOpaKa, QUTOPAPLOKO,
Mmbopato, VAIKG acBEcTmong, 1WG eneéepyaciog AVHATOV, aépleg 0mobEcelg KA.,
mov emnpedlovy TOCO TO OCGTIKA 000 Kol To YePYKE &daen. Ot pumot mov
amelevbepovoviar omd TG avOPAOTIVEG OPACTNPLOTNTES EIGEPYOVIOL GTO E30POC
aKOAOLODVTOC CLYKEKPIUEVOLG Proynuikods KOKAOVG Kol 1 «TOYM» TOVG OV
e€apTaToL LOVO amd TIC YNIKEG Kol QLUGIKEG O10TNTES TOL £6APOVG (OTTWS 1 UNYOVIKNY
oLOTACT, N TOGHTNTO KOl TO €I00C TOV OPYIMOTVPITIKOV OpPLKTOV, To 0&eidia /
vopoteidn Fe kar Mn, to pH, 10 TOGOGTO TG OPYOVIKNG OVGING, TO SVVOLIKO
ofedoavaymyng K.AT.) oAAG kol omd To EW0IKE YNUIKA XOPOKTNPLOTIKA TOL KAOE
oTo(EloL, TIC YMUWIKEG HOPQEC pe TIG omoleg epgoaviletor Kol TS EVAOOCELS TOL
dnuovpyel pe dAlo ovotatikd tov eddpovg (Kabata-Pendias kou Pendias 2001;
Pérez-Lopez et al. 2008; Massas et al. 2013; Dousis et al. 2013; Gasparatos et al.

2015).

1.2 Ilepifotlovuikés emmrwoels amd tny eEOpOKTIKY / UETOALEVTIKI] OpaTTHPLOTHTO,

Ot peyddeg moGOTNTEG HETOAAEVTIKOV OMOPANTOV TAOVCIOV Gt Popéa
RETOALD Kol LETOAAOEWN OV Tapdyovtal amd v €£0pvén ko enefepyacio tv

petaAlevpdtov arotelel cofapd kivouvo yia to meptBdAlov kot v avlpdmivn vyeia
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oe moyKOGMO emimedo. Metd v mavon g Aswtovpyiag €vog opuyeiov ot
evamopeivoceg omobéoelg tov mapampoioviov eEdpuéng ko emelepyocioc TV
UETOAAELLATOV, OVIUTPOGMOTEVOLV L0, GUVEYN TTNYN POTOVONS AOY® TNG GTOULOKNG
ameAeVOEPOONG TOEIKDOV GTOYEIMY GTNV ATUOGPOIPA KO GTO YEPCOAIN KOl VOATIVAL
owoovotnuata. ITo cvykekpyéva, 1 omocdfpwon twv OeloVymv Kot TUPITIKOV
UETOAAEVTIKOV OTOPPIUUATOV 0dNyel oty ameAevBépmon Poapéwv petdAlov Kot
UETOAAOEWOMDV OYL LOVO TOTIK( KOl GTO YELTOVIKO €04(N GAAL GE IO O EKTETAUEVT
TEPLOYN AVAAOYO UE TNV TOMOYPOPia, TO KAILO, TO YEOYNUIKA YOPAUKTNPIOTIK(, TO
idog ¢ eneepynoiog Twv petailevpdtov kin. (Root et al. 2015). Qg amotéheopa,
T €000N ovtd (avaroya pe o Pabud mov €xovv emnpeactel) EKTOG OO TIG VYNAES
OLYKEVTIPOOELS PopémV UETAAM®V TS omoieg mepiéyovv, yapaxtnpilovrtoar kot omd
petaforéc ot doun, eivar @Toyd oe Opemtikd otoyeion Ko epgavifovv younin
TEPLEKTIKOTNTO 6€ opyavikn ovoia (Martinez-Sanchez et al. 2008; Anju ko1 Banerjee

2010)

1.3  Avamtoln ueboowv diadoyikav ekyviicewv

Y10 mopehBOV, 01 MEPIGGOTEPES UEAETEG PUTOVONG TOV €000OV HE Popéa
LETAALD ETIKEVIPOVOVTIOV GTIC OAKEG CUYKEVIPMOELS TOV PapE®V HETAAL®VY YEYOVOG
Tov pumopel vo 0dMnyNoet o€ Aavlacspéva counepdopata. Av Kot 0 Tpocdolopioids TV
OAIK®V  GLYKEVIPMOOE®WV Oivel KOMOlEG TANPoopie oyetikd pe tov mlavod
EUTAOVTICUO TOV €3GQPOVLS pe Papéa pétaira, eivor TALOV amodektd OTL KLPIOS M
ANUIKNY  Hopen €vOg pHeTd@AAov kabopilet v xvnTwkoTHTO KO Tn  PlOAOYIKY
dwbecodTTo TOV Popémv LETOAA®OV 6To £300N. X& KAOE TEPITTMOT, Ol EMATMOCELS

TOV 1VOoTolEiV 61N pOTAVOT TOV TEPPAAAOVTOG EOPTMOVTAL OO TNV KIVITIKOTNTO
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Kol TN owbeodTTd Ttovg. Ot yNUIkEG HOopPEC pe TIG omoieg eueavifovior oTo
£00poc, KaBopilovv TNV KIvnTIKOTNTO KOl TN Y¥NUIK) cvumepteopd toug. Emopévac,
elval ONUOVTIKY 1] YVOON TOV YNUKOV LOPPDV TOV J0pOp®V CTOLEIMV GTO £00.(pOC
KOl O TPOTOC LE TOV OMOI0 OUTA TPOCPOPOVVTOL GTO CLOTUTIKA TOL EOAPOVG.
(Sahuquillo kot Rauret 2003).

IMa v extipnon Tov YEOYMUKOV HLOPEOV TOV UETAA®V KOl LETOALOELO®V
o010  €000¢ ovamtOydnkov TpwTOKoAa Sadoyikdv ekyvAicemv  (Sequential
Extraction Procedures, SEPs) (Kim et al. 2014). Iapd tig eyyeveic advvopieg avtmv
TV HEBOdWV, OMMC 1 TEPLOPICUEV] EKAEKTIKOTNTO TMV EKYVACTIKOV HECOV, 1)
EMOVATPOGPOPNOT TOV €KYLAMIOUEVOV OTOElOV O SOPOPETIKA KAAGUOTA TOV
€04POVC, TA PAVOUEVO KOTOKPVUVIONG KATA TN SAPKELD TNG EKYOAIONG KOl 1] CYETIKA
YOUNAT  EMOVOANYLOTNTO TV  amotelecudtov, ot  pébodol  KAaoHAT®oNG
xpPNoLomotovvTot yro. TNV aSloAdynon mepPoriloviikdv Kivohvev kabng emiong kot
Yo TN UEAETN TNG CLUTEPLPOPES TV UETAAAW®V KOl TOV UETAALOEWDDV OTO £04ON
(Drahota et al. 2014; Bacon and Davidson 2008).

Yta oxeddv 40 ypoévia mov ypnolpwomorovvtar ot HEBOSOL  SLOOYIKNG
EKYOAMIONG, TOAAOl epeguvntég avémtuEav  mEPIGGOTEPO 1| AyOTEPO  GUVOETEC
OldKAGIES YPNOLOTOIOVTOS oL HEYEAN YKAUO avTIOPACTNPIOV LE OL0POPETIKY|
wavotmra ekydiong. [Ipokepévou va emttevyBel evapudvion peta&d tov dSapodpmv
TPOTOKOAA®V KAaopdtowons, To Kowotikd I'papeio Avapopdg (Community Bureau
of Reference, BCR), mpdtetve pia tomomompév dladtkoocio exyOAong tpudv otadioy
Yoo ™V Khooudtoon Papéov petdAlov ot Whpata kot daen (Ure et al. 1993;
Quevauviller et al. 1994; Quevauviller 2002). Qo1660, av Kot giye apykKd dOKIUUCTEL

v Bapéa pérodra, n péBodog BCR €xer ypnowomomBel emiong amd moAlog
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EPEVVITEG Y10l TNV KAAGUATMON TOL apoevikoy og £dden kou Wiuato (Liu and Cai
2007; Larios et al. 2012).

Kabodg opmg ot mepiocdtepeg pébodor kiaopdtwong Poacilovior otnv
KATIOVIKT @UoMN ToV PBapémv UETAAM®V, TPOEKLYE 1N ovoyKoldTnTo Vo avartuyfodv
KATAAANAO TPOTOKOAAN KAUCUATMOONG GUUPATA [LE TV OVIOVIKT @VGT TOV OPCEVIKOV
ot €04pN. AgOOUEVOL OTL TO GPGEVIKO KOl O QAOCPOPOS £YOLV TOPOUOLOL YTLKN
ovumePLPopd ota €daen (ko to dvo oymuotilovv o&vavidvra), mOAAEC uéBodot
KAOGLATOONG TOV OPGEVIKOV EIVOIL TPOTOTONGELS OLOOTKAGIOV SLOO0YIKNG EKYOMONG
00 ewo@dpov (Gruebel et al. 1988; Van Herreweghe 2003). Qotdéc0o, o P givor mio
otafepdg and 10 AS o€ éva peyaAddtepo €0pog Tiwmv Eh ko pH xot epgaviCet
pkpodtepn ovyyévela pe 1o Ogio (S) ko tov dvBpaxa (C) an’ 6t 1o As. EmmAéov, og
avtifeon pe TG opyavikés popeéc tov P, ot opyavikég poppég tov  AS
AVTITPOCHOTEVOVY £val TOAD WIKPO UEPOG TNG OAKNG OLYKEVTIPp®ONG Tov AS ota
€04pn. g ek ToVTOL, AVATTOYONKAV TPOTOKOAAL KAACUATMOONG 101KE GYeEdOCUEVA
v to apoevikd (O'Neill 1995; Hudson-Edwards et al. 2004). Aaufdvovtog veoyn to
yeoymukd yapaktnpiotikd tov As, ot Wenzel et al. (2001) tpomomoincav Tig
uebodove Khaopdtwong yio tov P tov Zeien kot Briimmer (1991) ko twv Chang kot
Jackson (1957) ko mpotevay pa dadikacio S1000yIKNG EKYVAIOTG TEVTE GTANIWOV Vi

TOV TPOGOLOPICUO TOV YNLUKOV HOPPADOV AS GT EGOT.

14 Doroelvyiovan — Eviayouévn potoeloywyn

AQopec PUOIKES, YMUKES Kot PLodoyikég TeXVIKES £xouV ypnoyoron el yio
TNV OTOKOTAGTACT PLTOCUEVAOV €300®MV HE Popéo HETOAAG Kol HETAAAOELON

(Gasparatos 2012; Yao et al. 2012). Adym tov avENEEVOD KOGTOLG KoLl TOV KIVEUVOL
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UN OVOOTPEYILMOV OAAAYDV OTIG (QUOIKOYNUKES 1010TNTEC TOV €04(POLS KOl OTN
Blomowddtta, ot ovpPatikég  péBodor  amokatdotacng (my. voiomoinonm,
VYELOVOLUIKT TOPN, EKTAVCT £00POV, NAEKTPOYNUIKEG LEBOSOL dloymPIGHOD KAT.) dev
UTOPOVV VO EPOPUOCTOVY YL TNV ATOPPVUTAVOT) HEYOAMV EKTAGE®MV Kol 1] LEBOSOC
g eutoeduyiavong umopel vo Bempnbel wg por evorlaktikn Prooiun teyvoloyia
amokatdotaons, mepparloviikd kot owkovoukd amodotiky (Willscher et al. 2017;
Ali et al. 2013).

H putoeaywyn eivon pua pébodog putoeuyiavong twv edapmv kol Pacileton
oTN YPNOTN PLTOV TOL UTOPOLV VO VLEPGLGCMOPEVCOVY UETOAAN KO HETAAAOELON
omv vrépyn Propdlo, n omoio otn ocuvvéyeww upmopel va avoktnBel kot va
amopakpovOel (Kidd et al. 2009). Tw va yopokmmpiotei £€va  @QUTO  ®G
VIEPGLGGMPEVTYG LETOAAWY, Bal TPEMEL VO ELPAVICEL OPIOUEVA YOPAKTNPIOTIKG OTMG
KOAT TPOGOPUOYH, €VKOAN OVATOPOY®YN, EKTETOAUEVO PUIKO GOGTNUO, VYNAN
napaywyn Propdlog, avoyn oTic TOEIKOTNTEG KOl LEYAAO CUVTEAEGTI] LETAPOPAS TV
otoyevpévev otoyeiov and tig pilec oto vrépyelo uépog (Mahar et al. 2016;
Evangelou et al. 2007).

[Top' Olo avtd, n amoppOTAVoN £3AP®V HE TNV TEYVIKN TNG PLTOEEAYWYNG
elvar pa oxetikd apyn owdwoacio Adywm ™G yaunAng Prodiabecipudmmrag v
LETAAL®Y GTO €30(p0C, KABMG AVTE VILAPYOVY KLPIMG HE YNUKEG LOPOES YOUNANG
SAVTOTNTOG Kol GUVETMG Alyo dwbéoiueg ota eutd. [Ipokeévonv va evioyvbei 1
evtoeaymyn, Spopol ynAkomomTikol Kol avoymywol moapdyovieg  Exouvv
epappoctel oto €00pog mpokeEvov va ovénbel 1 SAVTOTNTO TOV UETAAA®V
(Sheoran et al. 2011; McGrath et al. 2002).

Tov aBvrevodapvotetpaoikd o&H (EDTA) wg ymikomomtikd péco, 1o

dbsovadeg vatpo (NaxS:0s4) ®g avoyoyikd péco kot o vypd omdPfAnta
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ehatovpyeiov  (Olive  Mill  Wastewaters, OMW) mov eugavifovv 1660
CUUTAOKOTOMTIKEG OCO KOL OVOY®OYIKEG 1010TNTEC OTA €0GPN, GLYKATOAEYOVTOL
HETOED eKElVOV TV TPOCHETOV TOL YPNCUOTOONKAY Y1O0. TV OVOKOTAVOU TWV
UETOAA®V-POTT®V OTOL GLOTATIKG TNG OTEPENG (ACNG TOV €OAPOVS LLE OKOMO TNV
avénon g kvntikotntog / Prodiobeoipudmrac tovg (Bolan et al. 2014; Jelusic et al.
2014).

To EDTA eivan éva apuvomolvkapBoloikd o&O pe efopetikd vymAn
KAVOTNTO GLUTAOKOTOINGONG TOV EKYVAMEEL AMOTEAECUATIKA TO, TOEIKA UETAALQ OTTO
TG EMPAvELES TV KOAMoeW®V Tov  €ddpovg (Manouchehri and Bermond, 2009). Ta
ocvumioka petdAlov - EDTA mov dnpiovpyovvrtal givar voaTod1aALTO Kol GUVETMOG
avEavouy TN dfecUOTNTO TOV UETAAA®V TPOAYOVTOS TNV TPOGANYN TOVS Ao To
vt (Udovic and Lestan 2012; Chen et al. 2007) . To pH tov €ddpovc, To dvvaKo
o&eoavaymyng, ot YNUKEG HOPPES TV UETOAA®MV, O OVIOY®OVIGUOC UETAED TOV
WOVIOV Kol 0 TOMOG TOL OeoUOD T®MV UETOAA®V HE TA KAAGUOTO TOL E€3GPOVLS
OLYKATOAEYOVTOL PETAE) TOV CNUAVTIKOTEP®OV TOPAYOVI®OV TOL EAEYYOVV TN YNUIKN
ouumepLpopd kot tnv anoterecpatikotta tov EDTA wg ymAkoromtikod tapdyovia
oto £dagog (Bolan et al. 2014; Nowack 2002).

Ot ofewoavaywyikés ovvOnkeg omotelodv  Kplowun TOPAUETPO KoL
emNPeAlovy TN YEOYNUIKN GUUTEPLPOPA TOV LETOAAMV KOl LETOALOEWDDV GTO £0(POG
(Chuan et al. 1996; Gasparatos 2012). Mg 1 pOBuion TV  cLVONKOV
ofewoavaymyng, umopel vo avénbel m dAvtdOTTO TOV UETOAA®V OTO £30(OC.
[Ipdypoatt, ot avaymykég e00PIKEC GUVONKES TPOAYOLV TNV AVAYMYIKT SIAVTOTOIN o)
TV 0&V-VOpoLewdiov Tov Fe-Mn kot 0dnyodv otnv amelevBEépwon ONUOVIIKOV
TOGOTNTMOV TPOGPOPNUEVEOVY peTdAAwv (Gasparatos 2013). EmutAéov, n emikpdnon

avayoYIK®V cuvnkov e€acbevel T déopevon Tov HETAAA®V GTN GTEPER PACT TOV
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€00(POVG PEIOVOVTOS ToV Pabud 0&eldmong Tovg Kot avEavovTag Tn O10AVTOTNTA TOVG
(Kim et al. 2015; Varadachari et al. 2006; Abumaizar and Smith 1999). H wavétmta
TOV S0E10VIKOV aAdToV Otwg Tov dfetovadovg vatpiov (Na2S204) va tpodyovv Tig
avaywyikég ouvnkeg oto edaen sival yvoot (Kim et al. 2015; Mehra and Jackson
1960; Paul et al. 2003). Ta 519g10vddn avidvta (S204%) amotelodV 16YVPO ovaymyIKd
napdyovia. mov Tapovoldlel Eva tomikd Svvapkd avoyoyng (Ee) -1,12V oe
aAkolkéc cuvOnkeg (Kim et al. 2016). Ta dbsiovddn avidovio o&elddvovior og

Be1mon avidvta cOUP®VA e TNV akOAoLON avTidpaon:

$:04% +40H™ <> 2S03%” +2H20 + 2e~

H EAMGOa elvar amd toug peyoldTepovg mapory@yods EAAIOAGOOV TOYKOGUIMG
(FAOSTAT 2013). Avdloya pe t pébodo eoyoyne, n emeepyacio eAaoAGd0L
pmopel vo. 0OMYNGEL GTNV TOPUY®YN CNUAVIIKOV TOGOTHTOV VLYPAV OTOPANTOV
(Olive Mill Wastewaters, OMW) mtov amotelodvtal oo Tov EA0LDIN 16TO Kot TO VEPO
ene&epyaociog (Azbar et al. 2004). Avtd 10 GKOVPOYPOLO VTOTPOIOV Exel 6&vo pH ~
4-6, vynho opyavikd @optio (dnA. Tpwteiveg, Mmtidia, ToAvoakyapitec) kal Aoyo C /
N, evod mepiéyel kat peydieg moootnteg T0&IKOV Qovolkmv evioemv (Morillo et al.
2009). H ypnon vypov anofintov ehaovpyeiov (OMW) wg tpocbetov £ddpoug yio
OKOTOUG  OMOKOTACTACNG Umopel  va  €MMPEACGEL  ONUOVTIKO TS  €00LOIKES
o&eoavaymYIKéG GLVONKES Kot Vo OpAGEL MG 1GYLPOG YNAKOTOMTIKOS TOPAYOVTOS

ue amotédecspa tnv avénon g dbeoipudmrog tov petdiiov (Pardo et al. 2017).
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1.5  To apoeviko (AS)

To oapoevikd eivon €vo  eEapetikd ToIKO oTOEIO HE  TOADTAOKN
Broyewymukn ovumeprpopd kot 1o 20° mo apbovo tyvootoryeio 6To0 PAOLO NG YNC.
Y10 £5Ggn, N péon oMKy cvykévipmon tov As sivar mepimov 5 mg kgl Yymiéc
OLYKEVIPMOELS OPCEVIKOD £YOLV KATAYPAPEL o€ £0GpM oL £xovv emPapuvviel amd
€EOPLKTIKEG Kol PLOPMYOVIKES OpaSTNPLOTNTES Kol 6 UIKPOTEPO Pabud oe aoTikd Kot
yveopywka £6aon (Hooda 2010). H pomavon tov £ddpovg ue apoevikd (AS) evéyet
cofopn anetdn ywo ) {on 10V avhpdTOL, TOV PLTOV Kot TOV (OOV Kol SoTapdccEt
TIG Agttovpyieg Tov owoocvotuatos. H mpoélevon tov apoevikod oto £0G¢n eivor
elte yewyevng eite avBpomoyevic. To apoevikd 610 £00.pog TpospyeTal amd TNV
anocdfpwon opukTOV TTOL TEPLEYOLVV AS (OTTMG TT.Y TOL APCEVOTLPITY, TOV EVaPYITY,
™G Kitpyng cavdapdyng KAT.), omd NEooTelokeg ekpnéelg ko and Oepuéc mnyég
(Farooq et al. 2016). Ot avBpomoyeveic EIGPOEG OPGEVIKOD GTO, EOAPT) GLVOLOVTOL E
gpyaoieg €£0pvEng Kot ™ENG, Prounyavikég dlepyacies, XpNon OPLKTMOV KAVGIL®V,
Kavon avpaka, Propnyovieg nuoy®yodv, £apuoyEés eutopapudkmv, (illovioktéva
KOl QOOQOPIKE MITAGoTe, Kot T xpfon mapayoviov cuvtipnong Eviov (Bundschuh
et al. 2011; Alonso et al. 2014; Singh et al. 2015; Ngo et al. 2016).

To apoevikd avikelr ommv opddo 15 otov meplodwd mivako kol givol
HETOALOESEG e aTopikd apdud 33 ko atopuny péle 74,9216 g mol?. T ¢von
eupaviCeToar o€ OPYOVIKEG KOl OVOPYOVEG HOPQOES Kol G€  O1dpopovs apldpovg
ofeidoong omog n As* (apoivny), A’ (aposvikd), As® (apoevikddeg) kor As®
(apoevikikd) mov givan kot n o otabepn popen (Gupta et al. 2011). 1o £dapog T0
As voiotator ©¢ o&vavidv kot ot Kuplapyxeg HOPPES TOV Eival TO. OPGEVIKOON CE

TEPIMTOON EMKPATNONG AVAYOYIKAV / avaepOPlwv £30PIKOV cuVONK®OV £64poVg (..
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TANUUVPIKA QOIVOUEVE) KOl OPCEVIKIKOV OTOV KUPLopYoLV o&eldmTikés / aepofieg
edapIkég ouvOnkeg (.. Kol otpayyiloueva edapn) (Alloway 2013). TTapdro avtd,
obuemva pe tovg Liu xar Cai (2007), n mpoPfreyn g Kupiopyng HOPENG TOV
OPGEVIKOV OTO €04(N dgv pmopel va Pactotel HOVO 610 SLVOIKO 0EEB0AVAYWOYNG,
0ed0UEVOL OTL Ol HETAPBOMKEC O1EPYNCIES OPICUEVMV UIKPOOPYOUVIGUADV EVOEYETOL VO
HeTaBEALOVY TIC GYETIKEC ovYKeviphoelg AsP kat As®, aveEoptiTtmg avay®ykdy 1
o&ewTiKOV cuvinkov. H to&ikdétta tov AS e€aptdtor amd ™ yNUK)] Tov HopOT.
Ta apoevikikd@ eueoaviCoov peyoAdTEPT TACM YO TIC QOPTICUEVEG EMUPAVEIEG TMV
KOALOEWMV TOL €06QPOVE KO KAT  EMEKTAOT YAUNAOTEPT KvNnTIKOTNTA OO O, TU TOL
OPGEVIKMOON. XLVVETMG, To 0pceVIKadN Bewpovvtar 01t elvar 10 popég mo dtaAvtd,
KIVNTIKG, TOEWKE KOl KOVO VoL «KIVOOVTOLY GE UEYOADTEPEG OMOCTAGELS TOGO GE
opldvtio 660 Kot o€ Katakdopven Katevbvvon amd ta apoevikikd (Van Herreweghe
et al. 2003; Oremland et al. 2009). Extog amd 10 Svvauikd ofedoovaymyne, m
dtAvtotnTa Tov AS ota 04N e€aptdtar e peydro Pabud and to pH, v punyavikn
oVGTACT] TOL €0GPOVE, TOVG TUTOVS TOV AVOPYAVAOV GUCTUTIKMV, TO, OVTOYMVIGTIKA
10OVT0, TNV TEPLEKTIKOTNTU GE OPYAVIKT 0LGI0 Kot Tal {010 T0L 0pLKTA OV TTEPLEYOLY AS

(Adriano 2001).

1.6 O Yevéapyvpog (Zn)

O yevddpyvpog (Zn) eivor to 240 mo apbovo otoryeio ot yn. Ot Tumikég

GUYKEVTPMOGELS TOV YELSOUPYDPOL 670 £30po¢ Kvpaivovtar amd 10 Ewg 100 mg Zn kgt

pe péco O6po ta 55 mg Zn kgt avéhoyo pe ™ Mk cOVOEG TOL UNTPKOD

TeETPOUATOG. Ot HEYOADTEPEG PLGIKEG TNYES WELOAPYVLPOL GTO £50POG BewpovvTal Ta
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Beovyo opuvKTd TOL Zn OT®WG O GEaAepitng kKou o Pouvptlitng Ko TO AydTEPO
dtadedopéva opuKTa OTMG 0 cucovitng, o fralepitng k.a. (Alloway 2013).

Ot avBpamiveg OpactnPLOTNTEG £XOVV EUTAOVTICEL TO. EMPOUVELNKE EGAQPT LE
Zn péo® TOV OTUOCQUPIKAOV evamoBiécewv, ¢ €EO0PLKTIKNAG KOl HETAAAEVTIKNG
dpacTNPOTNTAG, TS MTOVeNS, TG EPUPUOYNS CMIKNG KOTPLAC Kol IAV0G Plodoyikdv
kaBopiopwv. H xavon tov kapPovvov kot tov meTpEraiov, 6€ GLVOLOCUO LE TO
YOTNPLO TOV U1 LETOAMK®OV OPLKTOV OTOTEAOVV TIG LEYOADTEPES TTNYEG POTAVONC TNG
atpocealpag amd Zn. H évtovn texvoAioyikn kot fropnyovikn avamtuén £xet 0dnynoet
oe Mo otafepn moyKOoU adENCT TOV GLYKEVIPAOGE®V TOL oTolyeiov otV
atpocPapa TV PEYGAmV actikdv kévipwv (Kabata-Pendias and Krakowiak 1995).

Ta £3dgn mov mepiéyovy Aydtepo amd 0.5 mg Zn kgt exyvricipov pe DTPA,
etvar dvvnTikd avemapkn ywoo ™ oot oviartuén tov euteov ot Zn. Eddon pe
GLYKEVIPAOGELS YELOAPYVPOV € TOEIKA eminmeda eivor Aydtepo dtadedopéva amd To
avemapkn o€ Zn &daen. O kivouvog to&ikdttag Tov Zn €KONAMVETOL OTO TIC
apVNTIKEG EMOPACES OTA QLTH, TO AGTOVOLAN KOl TOLG HKPOOPYOVIGUOVS TOL
€0dpovc. Ot 1o&ikég emdpdioelg evromilovtal o€ 0MKEG cuykevipoelg Zn ond 100
éoc > 1.000 mg kg , evéd n toéikdtnTa Tov petdvetan pe ™y odénon g IAK tov
eodpovg (Hooda 2010).

Ievikd, ta 040N e LYNAN TEPLEKTIKOTNTA GE APYIRO ELPAVICOVY VYNAOTEPES
OLYKEVIPMOOELS Zn omd To OUU®OTN, AOY® ™G VmapEng UEYOADTEPOV TOGOTNTOV
YEWYEVODS Zn Ko NG UEYOAVTEPNS KAVOTNTAG TOLG VO TPOGPOPOVV KOl VL
ocvykpatovv tov Zn. O yevddpyvpog oto £00p0og eppaviletor pe Babud o&eldwong
+II. H ovykévipwon tov Zn oto €dapikd dwdivua kabopiletar amd avtidpdcels
kabilnong-dwwlvtomoinong, mpospdenong kot cvumhokomoinong (Kabata-Pendias

and Pendias 2001).
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O yevddpyvpog 610 £30POG AmavVTd ¢ amAd | GOUTAOKO KATIOV (Kuplwg pe
T OPYAVIKA KOAAOELON) GTO £00PIKO O1AVUA, [ EWOIKMG TPOGPOPNUEVO KATIOV GTNV
eEMTEPIKN EMPAVELN TOV KOAOEWDDV TOV £dGPOVG (cOumAoka eEmTepikng oTifddag),
EOIKDG TPOCPOPNUEVO KOTIWOV OTO ECMTEPIKO TOV KOALOEWO®V TOL €0APOVLS
(ocVpmloko eomTEPIKAG oTIPAdOG e Ta avOpokikd dlato, Ta Evudpa ofeidia tov Al,
Fe kot Mn, v opyoavikny OAn Kot to. 0puKTA TG apyidov), €ykAieioto (occluded)
KATIOV KO TEAOG MG KOTIOV GTO TAEYUO TOV TPOTOYEVMDV KOl OEVTEPOYEVAOV OPLKTOV
(Jacquat et al. 2009; Kabata-Pendias and Pendias 2001).

H axwnroroinon tov Zn oto £€30¢0og &ivar onuavtikny yw ™ peioon tng
BrodwaBeoipotrog tov. ['evikd,  axwnronoinon tov yevdapybpov avdvetar pe 0
pH Ady® tov aw&avopevov apBuov evepymv Bécemv mpospdenong ota o&eidia, evd
Ol GLYKEVIPMOOELS TOV Zn 010 €d0pKO dtdAvpa ovEavouy KoTd TEVTE QOPES avd

povada peimong tov pH (Buekers et al. 2007).

17 O Méiwpdo (Pb)

O uoéivPoog (Pb) eivor éva amd ta otoryele mov ypnoipomomOnkay
TEPLOCOTEPO OO TOV AvOpOTO pe TNV TAPodo Ttov Ypdvov. Avtd €xel 0dNYNOEL G
EKTETAUEVT] POTOVOT TOV EMPAVEINKDV £00QPADOV CE TEPLPEPELNKT KOl TOYKOGLLO
KAMpoKa, Tov GUVIEETAL KUPIMG LE TV ATHOGPALPIKT EVATODEST], TIC OPAGTNPLOTITES
e€0puéng Kot ™ENG TOL UETAALOL, TNV TPOGOHNKN OpPYOVIKOV evOCE®Y TOL Pb 0N
Bevlivn mov ypNCIUOTOOLY Ol UNYAVEG ECMTEPIKNG KOOOMS, TNV EPOPHOYN TADOG
Broroyikmv kabopiopudv (Hooda 2010).

>10 PBabud mov eivarl yvwotd, o Pb dev amotelel amapaitmro obte @w@EéALo

ototyelo ylo omotovonmote {ovtavd opyavicpd. 1o mepipdirov, o Pb kot ot evooelg
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TOV TElVOLV VO GLGGMPEVOVTOL OTO €JAQN Kol o€ 1CNUOTO, KOl TOPUUEVEL
Blodiabéoipog yia peydro ypovikd stdomua. H petagopd tov Pb amd to £dagog 6to
VIEPYELD PEPOG TV PLTMV EIVAL YEVIKA UIKPY], EKTOC OO TEPUMTMOELS EKTETAUEVNC
ovykévipmong Tov Pb oto empavelokd £dapoc. H évrovn avnovyio oyetikd pe Tic
EMATAOGEIS oTNV vyeio Ady®m G pdmavone pe Pb, 1060 6TIC 00TIKEG OGO KOl OTIG
YEOPYIKEG TEPLOYES, OONYNOOV GTNV OVATTVEN TOIKIAWV TEXVIKOV OmOKATACTOONG
TV pumacuEvev pe Pb edapov (Alloway 2013).

H péon meplextikdétnta tov Pb og pun pumoacspuévo e0Gpn ToyKOGUImG EKTYLATOL
ot etvon 17 mg kgt (Nriagu 1978). To xotidv Tov Pb?* avrikofiotd 1o K* oto mhéypo
TOV TUPLTIKGY 0puKTOV 1] T0 Ca?" oTa ovOpoKIKe GANTO [IE IGOUOPPT AVTIKOTAGTAGT.
Yta mopitikd metpopota o Pb €xer v tdon va av&dveror avEovopévng g
nePLEKTIKOTNTOG 6€ Si. O HOAVPd0g €xet emiong 1oyvpT| GLYYEVELD [LE TO S KOl GUVETMG
OLYKEVTIPOVETOL G€ S-@doelg ota metpodpota. O pOAvPoog vrapyel 6t10 £30(P0G
Kuplog pe Pabud ofeidmong +II. Le €6d9n mov emMKPATOVV AVAY®YIKEG GLVONKES, O
Pb epgaviCetor xvupimg wg adidlvtog PbS mov kataxkpnuviletar. Ymo ofedmtikég
cuVONKeC, VIapysl ¢ 16V Pb?* addd yiveton Aydtepo S10AnTdg 6T0 £30QIKO SIGAVLLOL
avéovopévov tov pH Adyw g dnpiovpyiag GUUTAOK®OV LE TNV OPYOVIKY OLGIA,
TPOCPOPNONG GTA 0EEIDI Kol 6Tl APYIAMOTTVPLTIKE 0pLKTA 1 Kathldver wg avOpoKiko,
Beukd M EOoEopkd dAag. Xe adkolkd €0den, 1 owwAvtotnta tov Pb umopei va
avéndel Adyw tov oynuaticpol dtwAvtdv Pb-opyavikdv kot Pb-vdpoéu-copnioxmv
(McBride 1994).

H ynuum ovumepipopd tov Pb 610 €d0pog e€aptdtan oe peydro Pabud oamd
TV TEPEKTIKOTNTO G€ opyavikn ovoic. O HOAVPOOC TPoopoedtal £VIova GTIC
youpkég evooelg oe pH>4 ko mave (Kerndorff and Schnitzer 1980). Amovcia

ONUOVTIKOV TOCOTNT®V YOVMK®OV evidcemv, o Pb mpocpoedtar éviova ota
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APYIAOTUPITIKG 0pLKTAE Kot oto o&eidla tov Fe oe oyéon pe diio Popéa pétaiia,
onwg Cu, Zn, Cd xou Ni. H tpospdenon tov poAvpdov mpayuatonoteital kupimg 6To
KAMopa g apyilov tov €ddeovg (Echeverria et al. 1998). Ot Hooda kot Alloway
(1998) dwamioctwoav 0TL 1 0écpevon Tov Pb 610 £80pog cuoyeTileTon oNUOVTIKA PE TO
pH, v TAK, Vv TeplekTIkOTNTO GE OPYAVIKT] OLGIN, TNV TEPLEKTIKOTNTO GE APYIAO
Kol 10 avOpaxikd acBéotio. O poéALPOOC Tapovstdlel TNV TAOT VO GUYKEVIPOVETOL
otov emeavelnkd opilovia tov eddpovg oynuatiloviag otafepd cOUTAOKA LE TO
0PYOVIKG KOAAOEWN Kol YU 0VTO GAIVETOL VO LNV UETAKIVEITOL ONUOVTIKE HEGH GTNV

€00LPIKY] KATOTOU).

1.8  H @tépn Pteris vittata L.

H Kwélikn otépn Pteris vittata L. eivorl éva avBektikd, euapociplocsto Kot
Tayelog avanTOEEMS PUTO OV €ivol YVMOOTO Yo TNV OTOTEAEGUATIKOTNTE TOV GTNV
VIEPCLOGMPEVON apoevikoy (Zhang et al. 2017). Ou Ma et al. 2001, de&nyayav yia
TpOTN Qopd éva meipopa Oeppoknmiov kor dwmiotwoav 6t n P. vittata eiye
duvatdmto vo suoocwpevel AS ota eUAAa TG péxpt 2.3% kor 0.7% eni tov Enpov
Bapovg, petd amd 6 efdopdoeg KOAAEPYEIOS GE TEYVINTA Kol QUGIKE PLTOGUEVO
£€00.p0g [ apoeviKd, avtiotorya. [lap 'Ola avtd, avaroya pe Tig Tyég pOmavVens, Tov
TOTO TOV €0GPOVS KOl TIG XPNOELS YNG, OL YNUKES LOPOES TOL AS G6TO £60pOG (ApaL KoL
N dwhecdTNTO TOV) JPEPOVLY, EVAD Ol TEPLOYES OV Exovv pumavlel cuvvémeia
€EOPLKTIKNG KOt HETOAAEVTIKNG dpacTnpOTTag cuvhHBme epeavifovtal puracuéva
Kot pe QiAo Popéo pétaAda. Xvvenmg, eivar moAV onpoavtikd vo diepevvnOel m
avOekTikOTTO 1 oKkOpa Kot 1 kavotnto g P. vittata va cvoowmpevel kot GAia

pétaAla TovtOYpova e To AS.

-34 -



2. 2KoIllox

Ot KOplot 6TOYOL TG TOPOVGOS OTPIPNG NTAV 1 UEAETN TNG YEOYNUKNG
OLVUTEPIPOPEG TOV As Kol Bapémv PHETAA®Y GE empavelokd 04en tov Aavpiov, 1
eKTiUnon ¢ EMOPaOoNG YNAKOTOMTIK®OV KOL OVOYOYIKOV TOPAyOVTIOV o1
dwbeopoémta tov As, Pb kot Zn oe pumacpévo €0apog amd eEopukTiKEg /
HETOAAELTIKEG — OpaoTNPOTNTEG KoL 1 OlEPELYNON NG SLVATOTNTOG
QLTONTOPPVTOVONG TOV EMPAVEINK®OV €daPmdV ToL Aavpiov pe ™ péBodo TG
EVIOYLUEVIG PLTOEEAYMYNG XPNOILOTOIOVTAG TO PLTO Pteris vittata L.

Mo v enitevén tov Tapandve ctdoywv 1 dtotpiPr arotedeiton and téocepa
drKpTad pépn:

Ot kHprot otdyol Tov 1°° pépovg g Tapovoas doTpiPrg fTav i) N Katoypaen
TOV OMK®OV ovykevipmoewv Tov ZNn, Cu, Pb, Ni, Cr, Cd kot AS og empavelokd £56on
0V Aavpiov ii) 1 ektipnon g SVVNTIKNG KVNTIKOTNTAS / S100EGIUOTNTOS OVTOV TOV
HETOAM @V Ko Tov AS pe Tt xpfon Tov TpoTokolov KAacudtowong BCR iii ) n
dlepevdvNON TNG KATAVOUNG TV GTOLEI®V aVTOV 6T0 VIO PEAETN €d4QN Kot 1V) M
HEAET TV oYéce®V TV otolelov pE TG Pacikég  €00PIKES  1O1OTNTEG
YPNOLOTOIMVTOG TNV avdAivon kotd ovotddeg (Cluster analysis) kot v avdivon
Kopwv ovvictwodv (Principal Component Analysis). Ta omoteAéopata tov 1%
pépovg meprrappdvovior otn 1" dnpocievpévn epyacio ToL TAPUPTHUATOS.

Ot xvpot otoxor tov 2% pépovg ™G mapovcog oTpPng Mrav: 1) 1
KAaopdtomon Tov AS o€ EMPAVEIOKE 04PN TNG EVPVTEPNG TEPLOYNS TOV Advpiov pe
™ xpnon tov puebddov dadoykng ekydiong Wenzel kot BCR uw) 1 extipnon g
SUVNTIKNG KvNTIKOTNTOG - dtabfeciuotntag tov AS oto Vo pekétn €daen iii) m

OLYKPITIKT 0EL0AOYNOT TOV OTOTEAEGUAT®MV TOV VO HeBOdMV Kat 1V) 1 digpgdvion
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TOOVOV oYEcE®V HETALD TOV YNUKOV HLOPOOV TOL AS Kol TV E00QIKMV 1010THNTOV.
Ta amoteAéopata tov 2°° uépovg meptrappdvovrol otn 2" SNUOCIELUEV EPYACIH TOV
TOPAPTHLATOC,

O1 kvp1ot 61o)01 ToL 3°° PUEPOLG TG TOPOVGOG SLTPIPNG NTav: 1) N peAéTn TG
enidpaong tov EDTA, tov ABetoviddovg vatpiov (Sodium dithionite, SD), tov vypodv
amoPAntov elaovpyeiov (Olive Mill Wastewater, OMW) kot tov ypdvov endoong,
ot dwbeootnta twv AS, Pb kot Zn oe em@avelokd £6a9og amd Tty gupvTepn
neployn Tov Acwpiov i) i diepedvnon ¢ mbavig avakoTavouns twv As, Pb kot Zn
o0T0 KAAGUOTA TOV €30(QOVG OC OMOTEAECUO TNG EQOPUOYNG YNAIKOTOUTIKOV Kot
AVAYOYIKOV HECHV, YPNCLLOTOUDVTAG OLO TPMOTOKOAAX OlOdOYIKOV EKYLAMGE®V
(BCR ot Wenzel) xou iii) n pelétn tov poiov tov 0&v-vdpoediov tov Fe / Mn
oV SAVTOTNTA KoL TV Kotavoun tov As, Pb kot Zn ota edagpucd kAdopata. Ta
amoteAéopato Tov 3% uépovg mepthappdvovtar oty 3" epyacio Tov TOPAPTHLATOS.

Ot kOprot otoyor oV 4% PéPOvg TNG mMapPovGOG dwTpPhc MTov: 1) va
depevvnBel n wcavotnta e etépng P. vittata va mpociappaver ta As, Pb kot Zn amod
éva. pumacpévo amd eEO0PUKTIKEG / UETOAAEVTIKEG OpaocTnplodtnTeg €00¢pOC 1i) Vv
a&oroynbei n emidpoon tov EDTA, tev vypov amoPfritov eratotpieiov (OMW)
KOl TOL GLVOLAGHOV TOVG 6T TPdoAnyn tov AS, Pb kot Zn ard ™ @tépn P. vittata
ii1)) va pelemBel n emidpaon g EmAVOAAUPOVOUEVNC EQUPUOYNG OVTAV TOV
uetayepicemv oty npdécinyn As, Pb kot Zn omd to @uto P. vittata kot iv) va
a&roroynbei n enidpacn twv EDTA kot OMW oty avokotoavour tov As, Pb kot Zn
oto KAdopata tov €ddgove. Ta amotedléopata tov 4°° puépovg meptlopfdvovior ot

4" dnuoctevpévn epyacio TOL TOPAPTHLLOTOG.
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3. HHEPIOXH MEAETHX

3.1 lotopikn avadpoun

H Aovpemntikn katotkeitor omd Toug TpoicTopikovs ypOvouS, Tn VEOAIDIKT Kot
™ pvotkn enoyn. Onog avagépel 0 Eevopmv, o omoiog Bempeiton ®¢ 0 16TOPIKOS TOV
Aovplov «...000elg éxel 10 oBévog vo meL WOTE ApPYIoE M EKUETAAAELON TO®V
uetaleiov oto Aavpio» (Chronopoulos 1980). H yevikd emikpotodoa dmoyn Kotd
Marinos kot Pettrascheck (1956) sivar 6t mpmdtor ot Poivikeg dwmicTooOV TO!
petaAlevpata tov Aavpiov. To mBavotepo givar 6t n €€0pvén Eexivnoe o Béom
Oopkd. Evpruota MBapyvpov (PbO), ce ypovoroynuévn otpopatoypagio otn
Moaxpoévnco, tomobetodv v mapaywyn apydpov tovAdyiotov oto 3000 n.X. Ao tov
8° ém¢ tov 6° m.X. audva mov dnuovpynOnke 1 wOAN KPATog, dpyioe 1 eKpETAALELON
TV petadieiov tov Aavpiov, pe Baon tovg vopovg mov BecpobetnOnkav otnv apyn
a6 T0 ApAKOVTO Kol 6T GUVEXELD AtO TOV ZOAWMVOL.

Apyotepa, eni [ewciotpatiddy, 1 avantuén tov Aavpiov vanpée ToAD peydin
Kot avENOnkKe o aplBpog twv dovAmV, Tov e£dpvocay 1o petdArevpo. [TiBava to 546
n.X. o Ilewsiotpatog koOPer ta mpdTO abnvaikd vopiocpato, OMAadn ta opyvpd
TETPASPOYLLO L TN YAoK kot T Oed AOnvA.

AxoiovbBel 0 5% awdvag m.X. pe Khewsbévn, OgpictokAn ko Tlepikdn kot pe
avEnon g mapaywyng oto péyieoto Pabud. To 483 w.X. yivetatl yvwotd oy AbMva
Ot éva Kavovptlo koitacua givarl mold mhovsto (Kovopdyog 1980). IIpdkettan yo tnv
avakdAvyn g Tpitg, kot Paditepns, emaeng oYIoTOAMOOV-UAPUAPOL KOVIE GTNV
empavela, otnv mepoyn Mapavela (onpepiv Kapdpilo — Ayog Kovotavtivog). H

Topaymyn Tov apyvpov avéaveral oto 20.000 kg to xpovo. Méypt kar 20.000 dovrot
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epyalovtav ekeivn v mepiodo oto Aavpro. Ta pvnueio e AkpoOToing TinpomOnkay
and tov dpyvpo tov Aocvpiov. A&iler va onueiwbel OTL TIC TOPOUOVES TOV
[Tehomovynotlakov moAEHOL LENPYAV 6T0 Oncavpopurdkio twv AOnvaiov 10.000
tédAavta. Evvid ypovia mpwv ) AMéEN tov Tlehomovvnoiakod morépov, 20.000 doviot
eeyelpovial Kol TEPVAVE GTO TAELPO TOV ZTOPTIUTOV, OPOV EXOVV AAPEL LITOCYEST
g Oa edevBepwbovv. [TiBavdg, ot ool N kol mepiocdTEPOl €€ aLTOV Vo givon
epyateg oto Aavpro. H mapaywynq apydpov katappéet. Metd tov moéAepo to Aadplo
apyiler va mopokpdlel. Xto t€An tov 2% m.X. oudva TO TEPICCOTEPO. LETOAAEL
gkheloa Kot EAGLOTN EKPETOAAEVOT €ytve kKaTd Tov 1° andva . X.

Amd tov 1° at. . X. péyxpt kan tov 6° ar. p. X. ot gpyacieg gival vTOTOVIKEG Kot
nepopiloviar pe @Bivovoa mopeia omv emefepyacia TV ekforddwv, TV
LETAALEVTIKOV OTOPPLUATOV, TNV OVATNEN TOV GKOPLOV KOl TOV UETOAAOVPYIKAOV
KATAAOIT®V, EVAD G€ GAVIEG TEPUTTAOGCELS YiveTan e£0pLEN LETAAAEVUAT®V.

Ta vroieippato g katepyasiog tov HeTOAAELUATOV TG AAVPEMTIKTG Ad
T0VG apyoiovg givar tepdotia: 1,5 ex. TOvor okovpdg kot 10 ek. tovor exfordoeg. Amod
MV KOTEPYASIO OLTOV TOV TOPUTPOidVTOV Eekviel 1 vedtepn  meplodog
LETAALELTIKOV dpacTnplottev ot AcvpemTiky, otn Ockaetic Tov 1860, Kot
ovveyiletan e EMEKTAOT KoL TEPALTEP® EKUETAAAEVOT) TV PETOAAEI®V.

To Aavpro avalwoyovnOnke kot mdAl tov 19° audva. To 1860, tnv mepiodo
TOV VEOGVGTATOV EAANVIKOV KPATOVS, 0 VITOLPYOS OIKOVOUIKAOV avafétel atov Avopéa
Kopdéhha ™ perém yu tov vdyeo mhovto g EALGdac. O Avdpéac Kopdédrag,
NTOV 0 TPOTOG TOV SEPAEYE TNV TPOOTTIKY| TNG AEI0TOINGONS TOV OPYOi®mY GKOVPLUDY
Kot eKPOAGO®V, oL omoieg avépyoviav o MOAAG ekatoppdplo tévovs. Metd amd

€PEVVEC TOPAOIOEL IO OTKOVOLLKOTEYVIKT UEAETT) GTNV OTOl0l TEKUNPLOVEL OTL ivarn
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Blooyn, M EMAVEKOUIVELST] TOV OTOPANTOV Yoo TNV TOPUy®YT] HOAVBOOL Kot
apyvpov.

Méypt 10t OAN M TEPLOYN NTAV 0OOUNTY €KTOG 0d TN Gvvotkio «Kumplavog»
mov Mrov yopoyopt. To 1864, ocvykekpéva, o [B. Zepmiépt, évag 1tahdg
UETOAAELTNG, VITEPOAE QUTNOT GTO EAANVIKO KPATOG Kot {TNOE TOpayDdPN O™ EKTOONG
17 mepimov TETPAYOVIKOV YIMOUETPp®Y, KOVTA Kol yopw omd v Kopdpilo yo
ekuetdAlevon tov opvktov mhovtov. H mapaymdpnon d60nke otnv etoupio Serpieri-
Roux de Fraissine, n oroia Gpyloe va eKKoutvevel TG apyaicc ekPoiddec kot okmpieg
nov giyav evamotedel 610 £001pog, amokopiloviag tepdotia kEpoM. Enpoxetto yia o
LETAALOVYO «TPOiKa», OV KANPOOATNGAV Ol apyaiol LETOALEVTEG GTOVG VEOTEPOLG
YL TNV TOPOY®YN UETOAAMKOD 0pYLPOuXOL HOAVPOOL Kol TMV VLTOTPOIOVI®MV TOV
apyoTEPA, KOL GLONPOUAYYOVIOUY®V UETOAAELUATOV, TLPOUEVNG KoAapivag Kot
o1Mpov.

21 cvvérela 1o EAMVIKO Kpdtog apueioPrnoe o dikaimpa e etanpeiog va
EKUETOAAEVETOL TO £TOO TPOIOV  €MEWN Oev 10 €EOpLGGE, emNABe pNEN HETAED
KpAaToug Kot E€vng etoaupeiag, yeyovog mov mpokdiese v emépuPaocn tov EEvov
duvdpewv. 'Etot dnpiovpyndnke to Aawpemtikd ZNtno oL GUYKAGVIGE TNV TOALTIKN
oM ™G yopag Kot To omoio AVONKe pe TNV TOPAYDPNCN TOL OIKOUMUOTOS TNG
ekkapivevong Tov ekforddwv kat okmpudv oty Tpanelo Kovotavtivovndriems, v
omoia ekmpocmmovce 0 Avdpéag Zvyypds avti 11.500.000 ypuodv @payKwv.

2T OLVEXEL Kol HETA Omd YPNUOTIOTNPLOKO OKAvoaio, Wpvonkov dvo
etapeieg. To 1873 dpveton 1 EMnvikn Etaupeio Metodhovpyeiov Aavpiov kot dvo
xpovio  opyotepa, to 1875, wWpdetoaw m Taddwkr Etopeio Metoddeiov mov

gykataotdOnke otov Kumpovo.
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H yoAlikn etoupeia aglomoinoe dedvtmg T1g vdyeleg eKPorddeg KaAopivog
(ZEobovitng, ZnCO3) kot Ta AOIKTO, KOITAGUATO TOV {610V HETAAAEDUATOG, TTOV ElYOV
eyKatalelyel o1 apyoior — EMEWN ayvoovoav TN YPNoON TOL Yevudapydpov —
napayovtag amd 10 1876 éwg to 1917, 1.094.465 tovouvg Zn. TToAlég kavotOpeg
dwdwkaciec epapudlovion ekeivn v mepiodo ota Metaiieio Tov Aavpiov e 6o TO
eacpo ¢ teYVIKNG opaoctnpotroc. To 1905 Eexvd po peydAn mpoomdbeia
TEYVOAOYIKOD  EKGLYYPOVIOUOD 1TNG UETOAAOLPYiOG TOL  HOAVPOOV, pHE TNV
gykatdotaon povadog eumiovtiopov pe eninievon (Flotation). Etol eykatoleimovton
ot moAoEG PAOYOBOAOL KAULVOL OV YPNGLULOTOOVVTAY KOTE TNV dtodikacio g
epOENc (n Bépuavon evog petalhedpotog o€ vYNAY Beppokpacio aALd yopmAotepn
o0V onpeiov ™MENG tov) Kot gpapudlovral dVo dapopeTikol nEBodol avarldYmS Tov
TOMo 1OV peTaAredpotoc. Ta cupumukvopate yolnvitn Le HEYOAN TEPLEKTIKOTNTO OE
onporvpitn veictovrar TANPN EPLEN pe ™ pnéBodo Kauffmann, evd ta vwdOrowra pe
™ HIKPOTEPN TEPLEKTIKOTNTO GE GLONpoTvupitn epvTTovTal pHe ™ pnéBodo Huntigton -
Heberlein. To 1929 pe oxomd v emefepyocio tov HIKTOV Bgl00y0vV KOl TGV
Be100ywv ekfoladmv epapproleTal 1 TEYVIKNG TG emimievong, evd to 1933 1ébnke oe
mnpn Aettovpyia M péBOdOG TG OmaPYLP®ONS, ONAMON TO TUAUO TOPOUYWYNGS
KaBapoh pHOAVPOOL Yoo TNV ecmTEPK) ayopd. Metd to 1936 Aettovpyel
elacpatomoleio  yw TtV mopoywyn QLUAA®V  poAvPdov. H  eEdvtinon tov
Kortacpatov kolapivag oto Aavpro Ba cvpPet To 1930 ko Ba 0dnyMcEL GE draKomn
™G Agrtovpyiog TV Kopivev mhpmong g (Aepudng 1994).

H EAMvikn Etaipeio ekpetailedeton Kupiog okmpieg kot ekforades (aAld
Kot pkpd petodiein), ki étol otapatder ) Asttovpyion g to 1917, 6tav ta

amofépata TEAEIDOVOLV.
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210 1éA0G OV 19% oV oNUEIDVETOL 1) TPMOTN KPiom HE TNV MTOON TOV
TIULGV TOV poAVBOov. H kotdotoaon yelpotepedel LETA TOV TPMTO TUYKOGUIO TOAELO
Kol wwitepa kotd ™ dekoetio Tov 1920, ota 1€An ™ omoiag o mANOBvoUdS TOV
Aovpiov pewwvetar oto 50%. H gykatdotaon npospiymv 1o 1922 Eavalwvtavevet
A tov mAnBvopd. H avdmtuén tov Brounyoavikov khddwv ) dekoetio Tov ‘50
yivetal ausOnt kol oto Aavpro. Ot cuvOnkeg aAlalovv Eavd ot dekaetio Tov ‘80,
KaBmG TOALES LovAdEeS avaoTEALOVY TN Agttovpyio Tovg. H yoAlkn etoupeia otapatd
va Aettovpyel to 1981. Mo eAAnvikn etopeion Tov VOIKIALEL TIG EYKOTACTAGELS TIG
ypnowonotel povo g 1o 1989. To 1992 10 KTNPLaKd GLYKPOTNUA TV BropmyovidV
™mg yoAlkng etoupeiag ayopdletoar amd to Anuodcio ywoo vo mopoywpnbel oto
[Tolvteyveio pe okomd tn Onupovpyio €vOG YOPOL APLEPOUEVOL GTNV AVATTUEY

VYNAOV, Kot TEPIPAALOVTIKE PIMKOV TEYVOAOYLDV, Kol VOGS TE(VOAOYIKOD LLOVGEIOL.

3.2  Tewloyio e Aavpewtikng

H mepoyn e Aavpeotikng €xet peketmBel cvompatikd ond yewAoyikn,
OTPOUOTOYPOPIKY], TETPOYPOPIKT) Kol KOITAGUATOAOYIKY dGmoyn (Marinos and
Petrascheck 1956; Skarpelis 2007). Amotehel pépog g Attiko-Kukiading Lovng, 0
omoia gival évo petapopeouévo terrain (Yewloyikég oviotnteg vphtepng EKTAGNG,
oprofetnuéveg amd priypata, 1 Kabepio and T omoieg yapaxtnpiletal amd tn KM
™G YemAOYIKN e£EMEN Ko M ool SloPEPEL OO VTN TV YEITOVIKMV) TOV OVIAKEL
omv Almkn Opoyéveon tov EAnvidov. H avantoén tg Attiko-Kvukiadikng
evomrag ohokAnpmOnke oto OAydkawvo — Meldkowvo eved 0 HOYUATIOUOS GTO
Avotepo Medkavo. Xty Ewéva 1 napovsialetor £vag amhonompévog yemAoykdg

YOPTNG TNG EVPVTEPNG TEPLOYNGS TOV Acvpiov.
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> NOTI0-AVatoAKn) ATTIKT KUPLOPYOVV TO. LETAUOPPMUEVO TETPMUIATO TO,
omoio EVTIAoGoVTol G€ OV0 TEKTOVOGTPOUATOYPAUPIKES EVOTNTEG OV Ywpilovtal amod
pwoe (ovn amokoAAnong (Skarpelis 2007). Ymdpyer n evomnta Pdong m omoio
neptapPavel to kotdTEPO Mdpuapo, tovg oylotoAibovg Kaicapiovig kot to
avotepo udpuapo (Marinos and Petrascheck 1956), pe mdyog mov kvuaivetor £viova
katd 0éoelg. H ovotaon tov popudpov ivar kopiog acfeotitikn oAld epeaviovion
Kol eokol pe Mg-aoBeotitn, odnpim, ovkepitn Kot S1GOTOPTO GLONPOTLPITN TOV
LETATPEMETOL VIEPYEVETIKA G€ yKoutitn ko opatitn. Ta pdppopa avtd avaeepoval
g avkepttiopéva. [Haveo amd v evotta tov poppdpov vrapyxet n Evomta tov
KLOVOGYIGTOAIB®V, 1 ool amoteAeitan Amd PETAMNAITES LE EVOTPAOGELS AVOPOKIKMV
Kot petafacik@v netpopdtov. Téhog mapatnpodvioar acPectorBol Tov AvAdTEPOL
KPNTWIKOH Kot veoyev] WLOTO TO OO0l VTEPKEWVTOL TEKTOVIKMG TNG VITOKEIEVNC
EVOTNTAG TOV KLOVOTYIGTOAO V.

H Covn amokdAAnong Mtav evepyn kotd tnv OdpKew 1oL AVOTEPOL
Metokaivov kot £Qepe G€ ETAPT TNV EVOTNTO TOV KLOVOSYIGTOMO®V LE TO. AVAOTEPQ
péppopo, To  KOTOTEPO HApUOpO, TOVG oylotoAbovg Kawcapiovig kot to
LETAUOPPOUEVO, TETpOLOTA TG Avdtepng Evomtag. Ta vmepkeipeva g L{dvng
OTOKOAANONG TETPAOUOTO EIVOL KATAUKAAGTIKOL LLOVAOVITES.

AOY® TOVL TEKTOVIGHOV, KOTA TNV mepiodo tov Melokaivov, €KTOG TNg
onpovpyiag pnyndtov devkoAbvinke m onovpyios YoAoSIOKOV-CUNVITIKOV Kot
YPOVITIKOV TOPPLPAOV EUOOVICOUEVOV VO LOPON TEPITOV KATAKOPLPWV PAEPDV,
omwg akpPag oty Kopdplla omov epgaviCovior tovAdylotov Oéka @AEPEG
VTOKEIUEVEG OE VIEPYEVETIKEG AALOLDCELS.

Kotd 1o téhog g avtiotoymng meptodov mapatnpeitat S1EicGOLoN LAy LOTIKOD

ohpotog oto vrdPfabpo dSamepvodvtag TOGO TO KATMOTEPO WUAPUAPO KOl TOVG
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oyrotoAiBovg Katsaplovig otovg omoiovg mpokadel HETAPUOPO®OON ETAPNC OGO Kot
TO OVAOTEPO UAPHOPO YWPIc ®oTOcO va @Bdcel otV emEAvEIl TOL PNYUOTOG
amoKOAANONG.  Zynuatifovior €Tol  TAOVTAOVIO TETPMOUATO  YPOVITIKNG KUPImG
ovotaong (ypavodiopiteg) nikiog Mewdkavov Ommg TPocsdlopiotTnke omd GeEPa
padtoypovoroynocewv. H onuaviikodtepn euedvion tov TAOLTOVITH 0vToL £ivol o
ypaviwodopitng g IMAdkac Aavpeotikng pe nhxio 10gk. €t yopw and tov omoio
oNuovpyeiton (o EVIovn UETAUOPP®OT MaPNs oynuatilovtog €161 KepATITES TOL
TEPLEYOLV TVPHEEVO, TAAYIOKANOTA, £TIO0TO Kol Ypavdtn. O ypavodiopitng ITAdkog
aVNKEL oTNV Katnyopia TV ypavodoprtdv tomov dteiocdvong (I — type granite). H
TOPOVGIO. TOV GUVOEETOL [LE TNV TAOVGLO TAOVTMOVELD KOl NQOULIOTEINKN OPACT TOL
éhafe yopa katd v mepiodo OMyokaivov-Melokaivov €vidg TV £COTEPIKOV
EMnvidov ko, ocoppova pe v emkpatodoa dmoyr, €xel Auecn oxéom Ue N
LETAALOYEVEST TNG YVOGTHG BE0VY0V HETAALOPOPING TOV ATOVTATOL GTNV EVPVTEPT
TEPLOYN NS AAVPEDTIKNG.

Téhog oynuatiopoi tomov Scarn pe Ogovyo Pacikdv peTdAlwv, Ag kot
poayvntitn, erko&evoivial ota avatepa papupapa, s Evomtag Bdong, ot {ovn

LETOLOPPOONG ETOPNG.
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Ewéva 1. Athomompévog yemloyikdg yaptng tng evputepng meptoyns tov Aavpiov (Voudouris et al. 2008).

492000 496000 500000

LEGEND

3  Soil sampling sites
- Urban areas
Coastline

Square grid of
4 kilometres

QUATERNARY
3 Alluvial deposits
MIOCENE

I Limestone, conglomerates
and marble

I Granodiorite

[=Z1 Andesitic dykes

[Z] Granodioritic dykes
BLUESCHIST UNIT

Phyllites and limestones
BASAL UNIT

Upper marble

Kessariani schists
“Subordonnés” formation
=3 Lower marble

4180000

4176000

T®— Anticline axis a

Geodetic georeference % ]
system: EGSA 87

0 DS 1 2
—— ilomelers

4 7%000

4 6?000

492000

44



3.3  Metailopopia — Opvkrotoyio - Xnuiouog koirtaouatos Aavpiov

210 vmédapog g  Aavpewtikrig evromilovion 000  Kuvpiwg TOTOL
petodlopopiag: pio WKTOV Be100ymv UETOAALELUATOV POCIKOV UETAAM®Y, OTMG
poAvfoov (Pb), ywevdapydpov (Zn), cdnpov (Fe) kot yorkod (Cu), n omola £tvye
wloitepa £VTovNng EKUETAAAEDONG, KO U0 GLONPOUOYYOVIOVY®OV UETAAAEVUATOV, T
TOPOLGIA TNG Omolog Elval YEVIKG TEPLOPIGUEVN.

H petaAlogopia evtomileton otnv evomta Pdaong (KoTOTEPO UAPULOPO,
oyrotoMbor Katoaprovig, avatepo pnapuapo) kdtm amd tn {dvn amokOAANGoNS Kol 68
OPICUEVEG TTEPUTTAOCELS KOTA UNKOS VTN AnAadn| €xovpe epeAvion LeTOALOQOpiog
HEGQ OTO LAPLOPO 1] OTIS EMAPES TOV LOPUAP®V e TOVG oyloTOAMBovg Katsaplovig
1N og Loveg dappnéng péoa otovg oyotoAifovg (Skarpelis 2007).

H mpwtoyevig Beiovyog petodropopioa tov pktov OBsodyov (PBG), mov
amotelel wol Tn Pacikn petadrogopion Tng mEPLOYNG, yopoktnpiletonr amd TNV
napovcio yoinvitn (PbS) mhovoiov 6e dpyvpo, cparepitn (ZnS) ko cidnpomvpitn
(FeS»). ITAn0og arhmv Belobywv opuktdv (.. Cu, As) Kot O£100AATOV HETEYOVY OC
EMOLGLOON GLOTOTIKG TNG peTaAloPopiag. ATd To GHVOPOUN OPLKTA EMKPOUTOVV O
@Bopig, o acPfeotitng, o Papitng, o yoraliog kot o doropitng. H petadroyéveon g
Belo00yov pETOAAOPOPING, GOUP®VA WE TNV EMKPOATOVCH GTOWYT, €lvol €mYEVETIKN
VOPoPep KNG TPoEAEVONG, e Beppokpacio oynuaticpov tovg 280°C Kot avikel 6TV
KOTNyopio. T@V cuumoy®v Og100ymv petaAlevpdtov Pactkodv petdhiov (Pb-Zn-Ag)
TOTOV AVTIKATAGTAOTG, EVTOS AVOPOUKIKMOV GYNUATIGLMV.

Eniong, cav amotéleoua €viovov @ovopuéveov ofeldmong kol oTn GuvEXELD
HETOKIVIIONG TOV  GLOTUTIK®OV 1TNG TPOTOYEVOVS HETOAAOQOpiaG, siyope 1

onuwovpyia, 6TOoV €VPLTEPO YMPO NG AQVPEMTIKNG, OEVTEPOYEVAV OPLKTDV GCE
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UEYAAEG GULYKEVIPOGELS, Y10, TAPAOELYHO avOpaKikKO Wevddpyvpo 1 ouicbovitn 1
kolapiva (ZnCOs), apyvpodyo ovOpoakikd porvpdo n kepovsitn (PbCO3), mov
vréomnoav £viovn ekpetdirevon. Télog, oty meproyn [TAdka Kepatéag evronicOnke
ONUOVTIKO KOitaoua o1dnpovyov UETOAAELHOTOS (Mayvntitng, poyvnTomupitng)
petacmpatikon tomov (skarn).

YuvoAKa €yovv meptypagel maveo amd 400 S10popeTIKA OPLKTA oo TO

petardeio Aavpiov (Kateptvomovrog kot Znoipomoviov 1994).

3.4  Klotikd aroiyeio - I'swpoppoloyio

H noAn tov Aavpiov Bpioketon mepimov 60 km and v Abfva, Attik) Kot
Kontel éktaon mepimov 150 km? (Ewéva 2). H emiocio péon Beppokpacio sivor
17.3°C pe ghdyioto tov lavovdpio (4.2°C) ko péyioto tov Tovio (26.6°C). H péon
emota Ppoyxdntmon eivor mepimov 360 mMm, 1 vyMAdTEPT PPOYOTTOGT GNUEIDVETOL
10 Aeképuppro (85.2 mm) o n yaunidtepn tov Iovvio (4.4 mm). Evdéyetar va
cupuPodv évioveg Bpoyomtdoels, €0kd tov NoéuBpro kot tov Aekéufpro. To khipa
elvar Tomikd pecoyeloxod pe Enpéc kan (eotég Kahokarpvég mepiddovg. H meproym eivan
AoQ®ONG £m¢ nuopev Kot dtacyiletan amd pikpd pépata. To vydueTpo ot mepLoyn
Kopaiveron petald g otdbung e 0dAaccag kot Twv 372 m.

Tpeig Pacikol TOmOL amoPfAnTeV oV TEPEXOLVY PETOAAL Kot petadhogdn (P,
Zn, As, Cd, Cu, Hg «Am.) ce vynAég ovykevipmoelg gvtomioviar 6to Aadplo mg
QMOTEAECLO. TNG EVTATIKNG EKUETAAAEVONG TOV OPLYEIOV KOl TOV UETUAAOVPYIKDV
dpactnpottov yio tdve ard 3000 xpovia: a. Lteipo VAMKE amd TOV VIPOUNYAUVIKO
EUTAOVTICHO TOL peTaAAevpatog (mineral waste - hydromechanical separation) f3.

Oclovya vroieippoto emimievong (pyritic flotation tailings) y. Xxwpieg and v
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ekkopivevon tov petoAredpotog (slags). H woAn 1ov Aavpiov, pe onuepwvo
anbvopd aveo tov 10500 xoatoikmv, avamtvydnke ovclaoTiKG TAV® 1 G TOAD
KOVTIIVI AmOGTACT] OO GMPOVG TOPATPOTOVI®MV TNG EE0PVKTIKNG KO LETOAAOVPYIKTG
dpaoctpromras. Me v mépodo tov YPOVOV, Ol Y¥PNOCELS YNG OTNV TEPLOYN EXOLV
oANGEEL omd UETOAAELTIKY / PLOUMYOVIKY] O KOTOIKNUEVT, YEOPYIKN 1 KOl Yo

yoyoyoyio (Kontopoulos et al. 1995).
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4. YAIKA KAI ME©QOAO0I

4.1 Aeryuotoinyio €66.povs

AdYy® TOV EEOPVKTIKOV KOl LETOAAOVPYIKAOV OPOCTNPLOTHTOV, TO £0GON TNG
mepLoyNe Exovv extetapéva olatapayfel kot dwofpwbel 1dwitepo oe meEPLoyEc pe
peocaieg Ko peydrlec kiioelg. Q¢ ek tovTOL, TOL VO UEAETN €dAPN eivan €var piypa
VTOAEWUUATIKOV — €00p®V, OALOYOOVOV  €00PIKOV VMK®OV KOl  AETTOKOKK®V
HETOALOVPYIKGV Ko peTaAlevtikmv amoPfAntov (Demetriades et al. 2010).

[a v emioyn tov onuelov dstypatoAnyiog, ypnoyomomdnKay yAapTeg
POTOVONG TOV €00.9OV TNG TEPOYNS Tov Aavpiov mov dnuovpyndnkoy ond Tovg
Demetriades et al. 1996.

o 10 1° wor 2° pépog g dwTpPng, M OetyHatoAnyio €04@ovg
mpaypatonomOnke oe 6vo kupieg mepoyés (Ewova 2). H mpotn meproyn eivar yopw
amd TS Propunyavikég eykataotdoels g maidg [N'aAlikng Metadievtikng Etopeiog
(onuepa Teyvoroykd - TToMtiotikd Tldpko Aavpiov). H petariovpykn eneEepyacio
TOV UETOAAEVTIKOV OTOBECEDV LOAVPOOV - OpYDPOL OTIC EYKATOCTAGELS AVTES Elye
OG OMOTEAECUO TNV TAPOY®Y TEPACTIOV TOGOTHTOV TOEIKAOV Kol EMKIVOLVOV
petaAlovpyikdv amopfiitov. Ta amofinto avtd evamotédnkav ywpig Wwitepeg
TPOPVAUEELG EVTOG Kot YOp® amd TtV TOAN Tov Aavpiov, oynuatiloviog TepAGTIONG
ocopovg (Kontopoulos et al. 1995; Xenidis et al. 2003). H devtepn meproyn
detypatoAnyiog etvor 1 gupvtepn mepoyn tov  Ayiov Kovotavtivov, 6mov
EKTEAOVVTOV Ol KOpleg €EopuKTIKES / METOAAEVLTIKEG dpaotnprotntec. H meployn
yopoaktnpileton and tov peydro apBpd epeatiov, 0écemv chvOAYNg Kot TAvvinpiov

TV E0pLYOEVTOV HETAALELUATOV.
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Ewova 2. [Teproyn perémng, onpeia derypatoAnyiog Kot Bactkd YeE®HOPEOAOYIKE YOPOKTNPIOTIKA.
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Mo ™ Myn €30QKOV dElYUATOV LE HEYAAO €0POC GUYKEVTIPOCEWV Papéwv
UETAAM®V Kol 0apceEVIKOD, emnAéynoov &ikool evvéa 0Ecelc derypotoinyiog kot
obvvbeta empavelakd deiypato (0-15 cm) cvulAéxOnkav omd avolKTd YEPoa TUNLOTA,
duaoikég exktdoelg kot yeopywkn yn. Ot Béoeig derypatonyiog Ppiokovtal oyeTika
KOVTO G€ KOTOIKNUEVES TTEPLOYES KO G TTEPLOYES pe avEnuévo pumavtikd eoprtio (hot
spots). Xe kdabe onueio derypoatolnyiog, cvAAEYONKoV Tpion VIo-deiypata amd o
emdavelo 100 X 100 cm ta omoia ev cuveyeio avapuiydnkoy empedmg yio va mopaydel
éva, ovvOeTo delyua.

To £€30pog mov ypnopwomomONKe yo. TN TPOYUATOTOINGN TOV TEPALOTOS
enmdoemv oto 3° pépog g datpPng cvAAExOnke and v mepoyn Oopikds ota
mpodoTio. TG TOANG Tov Aavpiov e yemypagikég cuvtetaypéves X: 503825.35, Y:
4175571.92 /| EGSAS87. Zvykekpipéva, tpia (3) emoeaveiakd dapikd deiypata (0-15
cm) avaxTOnkav omd pio em@dveio. 2 M? to omoia &v cvveysio avopiydnkav
emeA®s yia va tapaydel éva ohvBeto delypa.

[o ™ ovALOY 1TNG TOCOTNTOS TOV  EMPOAVEINKOD  €JAPOVS OV
ypnowonomdnke oto meipopa  Ogpuoknmiov oto 4° pépog g Satppng,
avaokdeOnke meproyn 10 X 10 m kot og BaBog 15 cm amd v meproyr] opikdg ota
TPodoTio TG TOANG TOL Aovpiov, Kot pe Yemypapikég cvvietaypéveg X: 503825.35,

Y:4175571.92 | EGSAS8T.

4.2  MéBooor mpoadiopiood twv e00PIKDOV POOIKOYNUIKOV YOPOKTHPLOTIKOV

Ta detypota £d0povg aepoénpdviniay Kot Tépacay amd KOGKIVO Tov 2 mm
v wepotépm oviivorn. Ta detypota €dGpovg mov ypnoomomOnkoy yuo Tig

dradoykés exyvAioelg mépacav and kéckvo 0.5 mm. To pH tov eddpovg petpndnke
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oe esvoiopnua 1. 1 (W / v) €dagoc / vepd. To 100dbvapo avBpokikd acPéotio
TPocdlopioTnke e oykouétpnomn tov moapayodpevov COz petd v npocdnikn HCI (NF
ISO 10693, 1995), evd 10 evepyd avOpaxikd acPEcTtio TpocsdlopicOnike copuPmva e
™ pnébodo tov oaikol appwmviov (Loeppert and Suarez 1996). H kokkopetpikn
oboTAGT TOL £8GPOVG Tpocdlopiotnke pe T uéBodo Bovyrovkov (Bouyoucos 1951),
N TEPEKTIKOTNTA TOV €0APOVE GE OPYOVIKN ovcio mpoodlopiotnke pe ) HéEH0dO
Walkley-Black (Nelson and Sommers 1982) kot 1 tkovotnta ovTolhoyng KoTiOvVImv
(CEC) mpoodiopiotnke pe ™ péBodo tov ofkov auuwviov (Rhoades 1982). O
dwbéoiog pmceopog mpocsodlopiotnke pe tn péBodo Olsen (Olsen et al. 1954). H
OMKN meplekTiKOTTA o€ eAevBepa ofeidwn Fe mpocdiopiotnke pe ™ ypnon g
pebddov Tov KITpkov vatpiov - drrtavOpakikov - difstovwdovg (CBD) (Mehra &
Jackson, 1960). T'ia tov 7©PoGdOPIGHO TOV Gpopemv o&eWiny Tov  G1d1POL
ypnopomomdnke puOoTikd dddvpa o&oikov appmviov (Schwertmann and Taylor
1989). O mpoodlopIoUdS TOV OMK®OV GUYKEVIPOGE®V TV vrd e€€Toon oTolyEimv
npaypatonomdnke pe méym pe Pactkod vepd (Aqua regia). H méyn pe Aqua regia
TAPELYE TIG «WYEVOO-OMKES) GLYKEVIPAOCELS TV oToryeiwv (dev dlaAvtomolel TANP®G
TO KPLOTOAAIKO TAéyua tov opvktdv) (Gasparatos and Haidouti 2001) mov yia

AOyovg amAovoTevong Ba avaeEépovtat 6To ENG G OMKES.

4.3  Avdivon putik@v 10TV

Ot GLYKEVTIPMOGELS TOV GTOXEIMV GTOVG PLTIKOVG 16TOVS (UAAN, PAacTol Kot
pilec) mpocdiopicTnKay LE VYPT KOOHGT XPNCLLOTOIOVTOG VITPIKO 0EH Kot vTePoEeidio
oV VOPOYOHVOL. Ot PuTIKOi 16TO0l EEMAVONKOV EMOTAPEVMOG [LE OMOVIGUEVO VEPH DOTE

va amopprpBodv Tuxdv akabapcieg kot tomobetnOnKav yoo dvo MUEpeg 6€ PovPVO
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otovg 60°C yo Enpavon. e 0.5 g kovioptomomuévov @utikod totov (<0.02 mm),
npootédnkay 5 ml 65% HNO3 oe koViKéC PLAAEC KOADUUEVEG LE VAAOVE ®POLOYIOV
Kot apédnkov yio 12 h. Akolovbwg, mpoyuatomomdnke Oépuavon ToV ELTIKOV
derypatov oe Beppovtikny mhdko yuoo 1 dpa otovg 125 °C. Ta detypata ev cuveyeia
a@étnkay va yoybovv kot tpootédniay 2 ml 30% H20:2 kot enavatomobfetiooy ot
Bepuavtikny mAdko otovg 80 °C émg dtov to mapayBév &/pa vo peiwdel ota 2-3 ml. H
TOPOTAVED O10dKAcTo ETOVOANEONKE £€mG OTOL TO TEMKO TPOIOV TG KOVONG Yivel
dypopo 1 Aevko. Ta mpoidvta ¢ kavong omdNnOnKoy Kot apotddnkov ce OYKO TV
25 mL ya avéAvon (Jones and Case 1990).

O ovvteleotc avokatoavourg (Translocation Factor, TF) tov vrod peAém
ototyelmv vToAoyioTKe WG 0 AOYOG TNG GLYKEVIPMONG TMV GTOXEI®MV GTO VIEPYELD
HEPOG TV QUTAOV PTEPNG TPOG GLYKEVIP®OTN TV otoyeimv otig pileg (Ma et al.

2018).

Tuykévipwon ototyeiov ota evAla (Mg kgt
TF =

Tuykévipwon ototyeiov otig pieg (Mg kg™t)

4.4  [lpwtoxollo 01000)1K@V EKYVAIGEDY

[Mo tov mpoGoopIGUd TOV YEOYNIMK®OV HOPOAOV TOV VIO HEALTN oTOLEI®V
ypnowonomdnkov dvo pébodor dwudoyikdv ekyviicewv: a. H pébodoc Wenzel
(Wenzel et al. 2001) kot B. n Bertopévn éxdoomn ¢ pebddov BCR (Community
Bureau of Reference, Rauret et al. 1999). Ta otddo Kot TO AVTIOPOCTHPLO TOV
neptapfPdvovy ot dvo pébodot teptypagpovtor otov [ivaxa 1.

Mo vo ekeyybei 10 mocootd avaktnong (Recovery %) tov vand pekétn

otoyeimv otig dvo pebddove, T0 AOPOIGHA TV GVYKEVIPDOGE®MY TMV CTOUKEIWV GE
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KGOe KAGopo ekQpaotnke ®¢ T0000To £mi TG OMKNC cvykévipmong (Total) Tov kabe

otolyeiov mov AauPdvetan oe évo otddlo pe vypn kavon (Aqua regia), kot

vroAoyiletan o¢ eENc:

Recovery % = [(W1+W2+W3+W4+WRF) / Total] x 100 Mzé6odoc Wenzel

Recovery % = [(B1+B2+B3+BRF) / Total] x 100

MéBodoc BCR

IMivaxoag 1. MéBodot dadoyikmv ekyvAiicewv BCR ka1 Wenzel.

Oyxog
214810 K aopa Exyvliotico péco Zvvremcsg EREMOTIROG
ekyOMONG v 19
£0G(QOVG
BCR?
B1 Avtailé&o / dtodvtd Acetic acid 16h avédevon 40ml
o€ ac0evic oD 0.11 mol I otovg 22+5°C
B2 Avayayipo (o&eidu Hydroxylammonium 16h avédevon 40ml
Fe/Mn) chloride 0.5 mol I'? otovg 22+5°C
B3 O&eddoyio (opyavikn Hydrogen peroxide 1h avddevon 10+10ml
ovoia) 8.8 mol I'? otovg 85+2°C
Ammonium acetate 16h avédevon 50ml
1.0 mol I%, pH=2+0.1 otovg 22+5°C
BRF" Yrolsippaticd Aqua regia (HCI/HNO3) 16h méyn 25ml
WENZEL®
W1 Mn e181K®dG (NHa)2 SO4 4h avéadevon 25ml
TPOGPOPNLEVOL 0.05 mol L otoug 20°C
(coumhoka eEmTEPIKAC
oTifddac)
W2 Ewdwdg npospognuéve.  NH4H2PO4 16h avéadevon 25ml
(ocVumhoka cmTEPIKNG 0.05 mol L otovg 20°C
otfadac)
w3 Apopoeo o&gida Fe / NH.*- oxalate buffer 4h avédevon 25ml
Mn/ Al 0.2 mol L%, pH=3.25 o€ GKOTAdL
otoug 20°C
w4 Kpvotarlhikd o&eiduo Fe  NHs"™—oxalate buffer 0.2 30min 25ml
/ Mn /Al mol L™ + ascorbic acid avadevon
0.1 mol L%, pH=3.25 otovg 96°C
WRF Yrolsippaticd Aqua regia (HCI/HNO3)¢ 16h méyn¢ 25ml

@ Rauret et al. (1999)
b Sev mepihapPéveton otic mpodaypapéc e BCR
¢ Wenzel et al. (2001)

d tpomomoinomn ¢ nebddov Wenzel
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45  Jvvteleotiic Kivnukornyrag (Mobility Factor, MF)

H ev dvvaun xwmrikdétnta tov otoyyeiov dvvator vo ektiundel pe tov
vroAoylopd evog deiktn mov ovopdletar cvviedeothg kwvntkoétrag (MF %), o
VTOAOYIGUOG TOV 0moiov PacileTon 6TO CYETIKO TOGOOTO EKEIVOV TOV E00PIKMOV
KAMoopatwv oto omoio Bempeitar Ot Ta oToLElo €fvan YOAapd GLVOESEUEVO LE TOL
ovotatikd tov eddgovg (Kabala and Singh 2001). To kAdopoto ota omoia To
otoyyeio Bewpovvtal mepiocdtepo evkivnta eivan ta otddia Bl kot W1 tov pebddowv
BCR kot Wenzel, avtictoryo. O ovvieheotig KvnTikOTNTOG KOl Yoo TO. 000

TPOTOKOAAN VTTOAOYIGTNKE WG EENG:

w1
MF Wenzel % = x 100
(W1+W2+W3+W4+WRF)
Bl
MF BCR % = %100
(B1+B2+B3+BRF)

4.6  Avalvtikég uéBodoi

Ol GLYKEVIPADGEIS TV GTOEI®V TPOGOIOPIGTNKAV LE PAGLOTOPOTOUETPIOL
atopkng amoppoenons (AAS), yYpNOYLOTOIOVTAG OPYOVO OTOMKNG OTOopPOeNONG
Varian - spectra A300. T'ia tov Tpocdopiopd tov AS 6€ YOUNAEG GUYKEVIPMDGELS,

ypnoormomOnke yevvitpio vopdiov (HGAAS) Varian, VGA 77.
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Ov petpnoelc twv oTolEimv OT0  TEPAUATIKO TOV  TPAOTOL UEPOLG
Tpaypotortomonkoy pe QocpatopeTpion Halog emay®myik®g cL{ELYUEVOD TAAGLOTOG
(ICP-MS) ypnowomoidviog @acpatopetpo Thermo X oepd 1. Ot olikég
GUYKEVIPMOOEI, TMOV OTOWEIMV TPOCOOPIGTNKAY GE  QUCUATOUETPO  OTOUIKNG
amoppoenong Perkin Elmer 2100.

["a tov éleyyo g akpifetog ¢ dadikaciog VYPNG KAHoNS TV SEYUATOV UE
Agqua regia, ypnowomomonke 1o vVAKO avoapopds ERM-CC141 (mnAddeg £dapog, ot
Hécot OpoL TV TOcOoT®V avaktnong yio ta Zn, Cu, Pb, Ni, Cr, Cd ka1 As ftav 104,

95, 95, 106, 104, 97 ko1 94%, avtictoya).

4.7  Ilewpouotixog ayeoraouog 1°° Mépoog

Eopoappoyn tov mpotdékorrov khacpdtwong BCR og 29 emopaveiokd dapikd
detypata (0-15 cm) and v gupvtepn meployn Tov Aovpiov. Lta ekyvAicpota KaOe
otadiov g pebodov BCR petpndnkav ot cvykevipaooelg tov Zn, Cu, Pb, Ni, Cr, Cd,
Kot As. Xta €00pikd ostypoto petpnOnkay emmpdcOeta o1 OMKEG GLYKEVIPADGELS TOV
ototyelov (vypn xavorn pe Aqua regia) kaBog emiong oweEnydnoav kot Poacikég
€00POAOYIKEG OVOADGELS Y10 TOV YOPOKTNPIOUO TMV €00POV KOl Yo TV GLGYETION
TOV POCIKOV £30QIKOV TOPAUETPOV HE TIG TOPATNPNOEICES GLYKEVIPMOOELS TV

otoyelov oto avtioToryo d0PKA KAAGHLOTOL.

4.8  Ilewpouotixog ayeolaouog 2°° Mépoog

Epoppoyn tov mpotokolov xiacpdtoong BCR kot Wenzel oe 29

empavelokd edagikd delypata (0-15 cm) amd v gvpdtepn meproy] Tov Aovpiov.
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210 ekyuioparta kdBe otadiov TV dvo pHeBOdwV peTpnOnKe N GLYKEVTP®OON TOL As.
210 edapikd dstypota peTpnOnke emmpocheta 1 oAMkn cvykévTpwon tov As (vypn
Kovon pe Aqua regia) yio va ektiunet 1o mocootd avaktnong (Recovery) tov As pe
T dvo peBoddovs. Emmiéov, dienybnoav Pactkés edaporoyIKEG avaADGELS Yol TOV
YOPOKTNPIOUO TV €30QAOV KOL YOO TNV GOLOYETION TOV PACIKOV  E00PIKOV
TOPOUETPOV LE TIC TAPUTPNOEicES GVYKEVTIPOGEIS TOV AS GTO AVTIGTOYO ES0PIKA

KAQGLOTO.

4.9  Ilewpouotixog ayeolaouos 3% Mépoog

Mo va eleyyBel n enidopaon tov Naz-EDTA, ABsiovddovg vatpiov (Sodium
dithionite), twv vypodVv amofAntovv edarovpyeiov (Olive Mill Wastes, OMW), kaBd¢
Kot Tov mapdyovto xpovov ot dbeouotnta tov As, Pb kot Zn, dieénydn nelpapoa
000 moapaydviov (ULeToyelpon X xpOVOG EMMACNG) LE TECGEPLS EMOAVOANYELS GE
pUTaGUEVO pe Ta oG Gve ototyela £dapoc. To empavelokd €dapoc (0-15cm) mov
y¥pMNoonomOnke oto melpapo avaxtiOnke and v tomobecio Aopukd, otn evpvTteP
nepoyn] Tov Aavpiov. Ot petoyepioelg mov epapuodcnkoy 6to meipapo NTav: 1)
amovicpévo vepd (DW) i) EDTA (E) iil) ABsiovadeg vatpio (SD) iv) Yypd
amopAnta eraovpysiov (OMW) v) E + SD vi) E + OMW vii) SD + OMW viii) E +
SD + OMW. Oleg o petayepioelg epappootkoyv oe 1 g €ddpovg 10 omoio
tomofetnke oe @udAeg falcon tov 50 ml, xor oe Oyxo ico pe to 80% 1ng
VAATOTKAVOTNTOG TOL £0APOVG. TN GLVEXELD Ta Ogtypota enmdotnkay otovg 20°C og
okotewo Baiapo v 1 nuépa (1d), 3 nuépec (3d), 7 nuépeg (7d), 15 nuépeg (15d), 30
nuépeg (30d), 60 nuépeg (60d) , ko 90 nuépeg (90d), dratnpdvTag TV OPYIKT TOVG

vypooio otabepn. To melpapa €& apyng de&nydn g durhodv Kot dwywpiotnke og 2
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oepéc: Xepa I (Batch I) yia 1o As ko Zepa 11 (Batch II) yio ta Pb kot Zn. 10 téA0g
Kk6Be meplOdov emdoong To €daPkd oelypata tov Batch I exyvAiotmxoav pe
(NH4)2S04 0.05 mol L kot tov Batch II pe O&cd 0&6 0,11 mol L yia to As kat tov
Pb / Zn, avtictoya. Avtd ta 600 0VTIOPAGTHPLN YPNGILOTOIOVVTIOL GTO TPMOTO GTASIO
tov uebodwv Wenzel kou BCR avtictorgo, ot Oewpeiton 6t1 ekyvAilovv Tig
TEPLGGOTEPO OOOECIUES HOPPEC TV OTOXEIMV TOv peAetnOnkov. Me okomd TOV
TPOGOI0PIGUO TNG EMidpaoNg TG Kabe petoyeipiong otnv Katovoun tov As, Pb kot
Zn oto. 60P1KE KAAGLOTO 6TO VIO HEAETN £00POG, OTO TEAOG TNG TEPLOOOVL EXMACG
tov 90 nuepov, gpappocinkov ot pébodor kKraopdtmong (Sequential Extraction
Procedures, SEP) Wenzel (Wenzel et al. 2001) xax BCR (Rauret et al. 1999) o710
Batch I yuo 10 As kot oto Batch II yw tao Pb ot Zn. Emonpaivetonr 611, a0 dvo
TPOTOKOAAN KAOGUATMOONG EQAPUOCTNKAV TOVTOYPOVE KOl GE £00QKO ety TOV
dev elye vrootel kapio petayeipion (Untreated). Térog, yuo vo diepevvnBel o porog
tov o&v-vdpolewdiov tov Fe / Mn oty xwnmwkoédmto tov As, Pb kot Zn,
npocdlopiotnkay emmpocheta ot cuykevipmoels Tov Fe kot Mn ota ekyviiopata
o&wob 0&€og 610 TEAOC KGBE TEPLOGOL EMMACTG Kot G€ OAES TIC EKYLAGELS GE KAOE
o100 ¢ BCR. O mepapotikodg oyedacpds tov 3% pépovg mapovotdletor ce

Suaypappa pong otov [ivaxa 2.
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Batch | (N=224)
Wenzel SEP

¥

IMivaxag 2. Tlepopoticog oyedacudg 3% uépovg

Batch 11 (N=224)
BCR SEP

¥

Metaysicelc (4 erovolANWELS)

Amoviopévo vepo (DW), EDTA (E). ABetovikd vatpro (SD), Yypd andfinta
eharovpysiov (OMW), E+SD, E+OMW, SD+OMW, E+SD+OMW

¥

Xpdvol emtdoong

1d, 3d, 7d, 15d, 30d, 60d, 90d

¥

21006 1
Ye KaBe ypovikd  SACTNUO
EMMOONG, n drbéoun
GLYKEVTPOON OV As

TPOCOOPIoTNKE e EKYOAMON e
(NH4)2S04 0,05 mol L yio 6Aeg

TG petayepioelg Kol
EMOVOANYELG
216y0¢ 2

¥11¢ 90d epappootnie n nEBodog
Khaopdatoong Wenzel ce 6la ta
delypoto  €ddpovg  yu  va
otepevvnBel n katavoun tov AS
OTIG EVEPYEC PAGELS TOV EOAPOVG
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2toyoc 1
Ye K@Oe Sdotnuo emmoong, ot
ovyKevipooelg Tov Pb, Zn, Fe kot
Mn mpocdiopictnkay pe eKyOAION
0,11 mol L-1 o&wov o&éog Yy

OM\eg HETOEPIoELS Kol
ETOVOANYELG
210%0G 2

>11¢ 90d gpapudotnke N uéB0d0G
Khaopdtoong BCR oe Ao ta
delypotar  €dGpovg vy va
depevvnOel N katavoun tov Pb,
Zn, Fe xou Mn ot evepyég
(PAGELS TOL £0GPOVS




4.10 [lepouatikog oyeoraouos 4°° Mépoog

Dot etépng (Pteris vittata L.) nhikiag 6éka unvodv Tov etonydnoav amd v
OMovdio kol pe @OALa unkovg mepimov 20-30 cm, petaputeddnkov ce TAUCTIKEG
yYAdotpeg tv 2 Mtpaov (1 @tépn avd yAdotpa) mov mepielyav 2 kg empoveiokov
€dapovc. To €dagpog mponAbe and exokapn oe PBabog 15 cm ot Béon Oopikd, g
uPVTEPTG TEPLOYNS TOV Aowpiov. Zvvolkd 56 yYAdotpeg TomobetnOnkov pe toyaio
oelpd og Beppoknmo, Kot To eLTE apdevdvtovcsav pio 1 600 Eopéc TV ePdoudda
mpokeévoy va dtatnpndel n vypacio Tov €6dpovg 6to ~ 60% NG VOUTOTKAVITNTAG
(Margesin and Schinner 2005) tov &ddgovg. Tpeic (3) efdopddeg petd ™
HeToPLTEVO, EQoppootKe Aimavor pe 0,4 g N / kg wg (NH4)2SO4 yia v gvioyvon
mg  avantuéng tov  euvtav. 'E& (6) ePfoopddec peTd T HETOPUTELON,
TpaypatonomOnke N tpocHnkn tov petayepicemv. Kabe petayeipion emavoinednke
8 Popég, GLUTEPIAAUPOVOUEVOV TOV GVTOV GTO OTTOI0 TPOCTEOMKE AMOVIGUEVO VEPD
(DW) (naptopag). Or petayepioelg mov epopudomrkav frav: i) Nax-EDTA 0,01 M
(oto €€ng Ba avapépetoan g EDTA) i1) Yypd andfinta elaovpysiov (OMW) 15%
VIV ce amoviopévo vepd kou iii) ovvévacudg EDTA 0,01 M kot OMW 15%.
Emonpoivetor 611, 610 mepapoatikd tov 4% pépovg dev ypnoylomotdnke To
Oeovddec vatplo ¢ petayeipion Adym TV OTOYOV ATOTEAECUATOV OV EMESEIEE
610 TEPOUATIKO ToL 3% pépovg GGoV aPopd TNV EMOPOCT TOV G611 dbecudTTO
tov Vo perétn otoryeiov. To OMW mov ypnoomombnkay 6to meipapa tponibayv
amd ehowovpyeio mov ypnoiponotel TPIPactkd cvotnuo dwywpiopov. Oieg ot
petayepioelg mpootédnkayv o Oyko ico pe 10 ~ 60% (500 mL) g voatoikavoOHTTOC
oV €06PoVG. OKTD (8) efdopnddeg LETA TN LETAPVTELGT OL PTEPES JAYWPIGTNKAV GE

ovo Xepég (Batches). H mpotn Zepd (Batch 1) amotelovtav and @tépec mov dev
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TporypotomoOnkay aAleg petayelpiosls uéypt T Komn ko n devtepn Zepd (Batch
II) mov mepieiye @TéPEG OTIG OMOieg €PUPUOCTNKE ML OEHTEPN OOOT TOV 101V
axpBag petayeipioewv. Aéka (10) efoopdoes pHetd ™ HETAPVTEVOT OAEC OL PTEPEC
SLAAEXONKOY, dlay®pIoTNKE TO VIEPYELD PEPOG OO TO PLLIKO CLGTNOL, KoL TOL PUTIKA
delypota amodnKedTKOV 6 €101KEC GLOKELOGIES KO LETOPEPONKAY GTO EPYOCTIPLO
vy tepatépm emeCepyacia. Tavtdypova, avaktnOnkov to £dden amd kdbe yYAdotpa,
Ta. omoia €V ovveyeia opoyevomomOnkay g mpog kdbe petayeipion ko d6on, yio va
voPAnBodv e dadikacia dadoykmy ekyviicemv (Wenzel yio 1o As kot BCR yua ta
Pb / Zn). To edagikd Ociypoto HETOQEPONKAV GTO €PYUSTAPLO YO TEPULTEP®
eneCepyoacic. O mepapatikdg oxedacpoc tov 4°° pépovg mapovoidletar o€

Suypappa pong otov Iivaxa 3.
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Mivaxag 3. [Tepapaticodg oxedlacpnoc 4°° uépovc.

56 @utd eTEPNC ToToBETHONKOY OE TANGTIKEG YAAoTPpES TV 2 lit. (1
etépN/YAdoTpa) pe 2 Kg £dapog

3

3 efdouddEC LETA TN LETAPVTEVOT), EPAPLOCONKE Altavon
pe 0.4 g N/ kg vro popen (NH4)2SO04

4

6 efoouddES PLETA TN LETAPVTEVOT), TPOGTEON KAV Ol LETAYEIPICELS:
16 yAdotpeg X EDTA
16 yAdotpeg X OMW
16 yAdotpeg X EDTA+OMW
8 yAdotpeg X Amovicpévo vepo (Control)

:

8 eBOONAdEG LETA TN HETAPVTEVCT), Ol PTEPES OLALYMPICTNKOV GE dVO GEPES
(Batches): Batch | / Batch Il

: &

Batch | Batch Il
Xopig devtepn 66om Epappoyn ogdtepng 66ong tov
HETAYEPICEDV
8 yhdotpeg X EDTA 8 yhdotpeg X EDTA
8 yhdotpeg X OMW 8 yAdotpeg X OMW
8 yAdotpeg X EDTA+OMW 8 yYAdotpeg x EDTA+OMW

L ¥

10 efdopddeg petd T HETAPHTEVOT), KOTTH TV GVTOV GTEPNG KOl 0VAKTNGT) TOV
VIEPYELOL PEPOVG KAl TV PLLdV

:

210)0¢ 1: Zvyion g vrépyelag Propdlog Tmv UTOV OTEPNG Yo TN OlEPELVON
TOoVOV PETAPOADY avaAOYQ LE TIG EPapPLOLOEVES peTayEPIoELS / 00GELG
210Y0¢ 2: Yyp1 KoOGT| TOL VIEPYELOV UEPOLG Kot TV PV MoTe vo, aEloAoyndel
N TPOGANYN Kot 0 ZVvTEAeoC avokatavoung tov As, Pd kot Zn cOpeovo pe
T1G epapprolopeves petayepioels / d0oelg

>t6yo¢ 3: Eeoppoyn tov pebddwv kiacpdtoong Wenzel ko BCR, dote va
a&loloynOei n enidopoaon twv EDTA kou OMW oty avakatavoun tov As, Pb
Kol ZN PeTa&D TV EVEPYDV E00PIKAOV PAGEMV
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411 Zrauouxn Ereepyacio

o ™ ototiotikn eneEepyacio TV OMOTEAECUATOV YPNOLUOTOMONKAY TO
npoypdaupoata Excel (MS Office, 2016), STATISTICA (StatSoft, Inc., USA, 1984-
2011, Version 10) xou IBM SPSS Statistics 20. ITio cvykexkpiuévo 1 GTOTIGTIKN
enefepyaocia mepieAdppave: a. [leptypagikd oTaTioTiKd, 6€ OAQ TO LEPT) TNG OLTPIPNG
B. AvéAivon katd cvotddec - Cluster analysis, oto 1° ko 2° pépog y. Avaivon koplmv
ocuviotwo®v - Principal Component Analysis, oto 1° kot 3° pépog 0. Avdivon

dwaxvpavong (ANOVA) kot cvykpioeg pécmv (Tukey’s HSD ko T-test), oto 3° ko

4° népoc.
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S. AIIOTEAEXMATA KAI 2YZHTHXH

5.1  Mépog 1° — Pomoven twv empaveiokmV £00pmV THS EDPVTEPNS TEPIOYNS TOV

Aavpiov w¢ amotéleouo Twv eCOPOKTIKMV / UETOALOVPYIKWOV OPATTHPIOTHTWV

H mopovcioon tov omoteleocpdtov kot 11 ov{tnon mov oKOAovOEL,
AVOPEPETOL OTO TEPALATIKO UEPOC TTOV TEPLYPAPETAL 0T XeX. 55 ko amotehet o 1°

onuoctevpévo apbpo tov Iapaptuartog.

5.1.1 Dovaikoynuixa YopoxTnpioTIKG TWV E0OPDV

Sopeova pe to cvotnua katdtaéng tov edapdv FAO (Food and Agriculture
Organization of the United Nations) ta €04gn mov Kvupapyovv 6TV €vpLTEP
neployn Tov Aavpiov yapakmmpiloval kuping wg Cambisols katl dgvtepevoving wg
Fluvisols. Ta meptypa@ikd 6TaTIOTIKG TOV KOPLOV GLUGIKOXNIUKOV 1010THTOV T®V VIO
HEAETN empovelok®dV €00p®V moapovcsidlovtar otov Ilivakoa 4. Ta €ddon Mrav
aAKoAKA pe péon Ty PH=7,8, avtavakidviog v mopovcio avipakikod acPectiov
(uécog 6poc 89 g kg?), evid n meplektikdTTA GE EVEPYO avOpaKIKd 0oBECTIO NTOY
katd péoo oOpo 13 g kgl Ta mepiocdtepo £8agn yapaxtpiloviar g
CLULLLOOPYIAOTNAMON HE HEON TEPLEKTIKOTNTO GE ApYIAo, Gppo kot b 260, 558 kot
181 g kg, avtictoya. H péon mepiektikdtta oe opyaviky ovcio frav 26 g kgt ko
ot Tég ¢ wovotntog avtaArayng katwoviov (CEC) ftav péoec €mg vymAéc pe
puéso opo 23.8 cmole / Kg. Tevikd, oe €dGpn TOL AVATTOVGGOVTIOL VIO LEGOYELONKO
KAMpo guvoobvtar ot 0&EBMTIKEG cLVONKeS. XTtol €0AQN NG TEPLOYNG UEAETNG

eMKPOTEl KOAOG OEPICUOG OTO UEYOAVTEPO HEPOG TOV ETOVG, OV KOl OVOY®YIKEG
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ocuvOnkeg umopel var EUPOVICTOVV TEPLOSIKG VOTEPA OO 10YLVPES PPOYOTTMOELS
(mBavoTaTo KATA TN OLEPKELD TOV YEYLMDVA).

O1 péoec Tég TV cuyKevtphoenmv Tov eledBepwv (Fed) kat duopewv (Feo)
ofediov Tov o1npov frav 43.0 g kg™t ko 6.1 g kg, avtictorya. O Adyog Feo / Fed
KaTadEKvVEL Tov Babud kpvotailomoinong tov eAehBepwv o&edimy Tov G1OMPoL Kot
ypnowonoteital evpémg wg deiktng eEEMENG TV edapmv. Ot Tipég Tov Adyov Feo /
Fed ota £daen koudvonke peta&d 0.04 ko 0.67, vITOSEIKVOOVTOG LEYAAO E0POG TILMV
TOV  KpuoToAikdv  ofewdiov tov Fe, mbovotata g omotélecpo NG
TOUPOAAOKTIKOTNTOS TOV  UETOAAELTIKOV KOl  UETOAAOVPYIKOV OTOPANTOV  TOV
evoouaTOOnKaY oto £64pN TNG TEPLOYNG Kot AydTEPO THOVO (O EVOEIKTIKO £60(QOV

EVPIOKOUEVOV GE SLUPOPETIKA GTAdN EEEMEN.

5.1.2 Olikéc ovykevipwoeig TV otoLyeimy

H peydin empPdpovon tov €dapodv tov Aavpiov pe Popéo pETOAAL Kot
LETOALOELDN), TEPITAEKEL TOV TPOGOLOPIGLUO TOV YEMYNIUKOV VTOPaBPOL GTN TEPLOXY).
2oppova pe tov Anuntpiéon (2010), ot cuykevipmoels TV oTotyelov e delypata
UNTPIK®OV TETPOUATOV OV Ppickoviol 6T em@dveln utopovv va BempnBodv wg to
Hovadkd @uokd yemAoywkd vtoPabpo e svpvtepng meproyng (Ilivaxag 5). T va
a&lohoynBel o 0oToEUKOAOYIKOG KOl 0 TOEIKOAOYIKOS Kivouvog yia Tov dvBpomo and
ta gEgtalopeva PEToAAa kot To AS, YpNoHomomONKaY ¢ ovapopd To OAAXVOLK

opa mapéppaonc (O avdioo MHPPE 2000, Massas et al. 2013).
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IMivaxog 4. Kopieg edaikég uotkoynukés dotnteg (n=29).

Clay Silt Sand pH CaCOs C':‘ét'og OM CEC OIZen Fed Feo Fed-Feo Feo/Fed

gkg® gkg® gkg?  (1:1) gkgt A5 gkgt cmolekg? ggl gkg' gkg'  gkgl
Mean 260 181 558 7.8 89 13 26 24 9.2 430 61 369 014
Median 250 180 568 7.9 68 11 23 22 82 393 40 35 0.11
Min. 150 80 410 7.3 12 0 13 9 18 264 20 14 0.04
Max. 430 320 766 83 236 30 64 37 276 783 298 75 0.67
D 73 53 90 02 66 9 12 6 49 121 60 12 0.14
CV% 28 29 16 3 74 68 46 27 53 28 98 33 95

Clay=Apyiog, Silt=I\vg, Sand=Appoc, pH=Evepydg o&btnra, CaCOs=Icodvvapo AvOpaxikd AcPéotio, Act.CaCOs=Evepyd AvOpokikod
AcBéotio, OM=Opyavikr; Ovcio, CEC=Ikavotnta Avtariayng Katioviev, P Olsen=Agopoidoipog Podcpopoc, Fed=Erebbepa o&eidio tov
onpov, Feo=Apopea o&eidia Tov cdMpov, Mean=Mécoc, Median=Awduecog Min.=EAdyioto, Max.=Méyioto SD=Tvmikn omndxkiion
CV%=Zvvtereotg petafAntomrag.
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Ot oMKéG OLYKEVIPOGES T®V oTolyelwv €dei&av  pHeydAn OlaKOUOvVoT,
OVIOVOKADVTOG TNV OVION KOTOVOUY| TMV UETOAAELTIKOV Kol UETOAAOLPYIKDV
arofAntev dapopeTikng cvataong otnv mepoyn (Iivakag 5). AapBavovtag vroyn
o0t T, dedopéva dev akorlovboHoav KOVOVIKY Katovoun (1 KOVOVIKY KOTOVOUT TOV
dedopévav eEetdotnke spoappolovtag to Shapiro-Wilk test), yio tnv a&loddynon tov
OTOTEAECUATMOV YPNGIULOTOMONKE 1 SIGUEST] T T®V GLYKEVIPMOE®V. Ot S1AUETES
OMKEG OLYKEVIPMOELS OA®V T®V OTOWElMV 7oL HEAETHONKAY MTOV CNUOVTIKA
VYNAOTEPEC GE GYEOT UE TO YEMYNUIKO VTTOPaBpO, VITOSEIKVIOVTOG TOV EUTAOVTICUO
pe Popéa pétardo kot AS tov €dapdv tov Aavpiov amd avBpomoyeveig
dpaotnpomreg. Ot S1hpeses TIHEG TOV OMK®OV GuyKevIpmdoewv tov Zn, Pd, Cd ko
As Ntav 4, 9, 1.4 wou 17 @opég vynidtepeg and o avtiotorya OAlovdkd Opro
TapéPPacnc, LTodEKVHOVTUS GOoPapY| POTAVGT LE EVIOVO OPVNTIKEG GUVEMELES GTIG
QLOLOAOYIKEG Asttovpyies Tav edapmv g mepoyng (Netherlands MHPPE 2000) . Ot
SApETES TIHEG TV OMKGOV cvykevTpdoemv TV Cu, Ni kot Cr Ntav youniotepeg and
TIG ovTioToyes Tég mapéuPfacns, YEYOvOg TOv VLIOONAMVEL YopUNAd 1 aUeEANTEOD

KIvOLVO Y10 TO OIKOGVGTNLO TOV E60PDV KoL TO TEPPAALOV.

5.1.3 Klaoudrwon koi kKivytikOTHTO, TOV GTOLYEIWV

H xhoopdtoon tov Zn, Cu, Pb, Ni, Cr, Cd kot As mapovcidletor otov

[Tivaxa 6. H eni ™¢ ekatd avaroyio TV HECOV TIUOV TOV GUYKEVIPOGEMV TMV

otoyelov ota dthpopa KAdouata tov ddeovs (Bl, B2, B3, BRF) ancwovilovtat 6to

Zymuo 1.
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IMivaxog 5. OMikéc ovykevipmoelg (Total concentrations) tov Zn, Cu, Pb, Ni, Cr, Cd,
Kot AS o€ empaveloKkd €6apn tov Adavpiov, yeoynukd vropfadpo (Geochemical
background levels) tng mepoyne kar OAlovdikd Opia mapéuPaocncg (Dutch
Intervention Values) (mg kg ™).

Geochemical background Total concentrations
levels? Dutch
Elements Shapiro— Intervention
Mean  Median Range Mean Median Range Wilk test Values ®
p values®
Zn 210.60 57.00 <6.0-5200 | 6500 3188 969-30000 0.00 720
Cu 32.80 25.00 3.00-225 149 96 54-522 0.00 190
Pb 76.85 22.00 <1.0-1850 | 8668 4625 1219-40313 0.00 530
Ni 168.30 54.50 <1.0-1600 229 152 43-1066 0.00 210
Cr 100.40 20.00 <1.0-610 210 144 63-1353 0.00 380
Cd 1.89 0.50 <1.0-41 28 17 4.2-110 0.00 12
As 62.80 15.60 <0.5-1032 | 1415 921 204-5001 0.00 55

2 Demetriades, 2010; ® Netherlands MHPPE, 2000; ¢ p > 0.05 vrodetkviel Kovovikh
KOTOVOUN

O yevdapyvpog Bpébnke va oyetileton kuping pe to avayayo (37.1%) kot
70 VIOAEUaTIKO KAGopa (27.1%), av Kot ol HEGES OXETIKEC CLUYKEVIPMGELG TOV ZN
oto ofewdmwoipo Khdopa (19.6%) kot 610 avtaAAGEo / dokvtd oe acbevég o0&
(16.2%) fitav emiong vyniés. Zvvenmg, to o&eidia / vopoeida Fe - Mn gaivetol va
elvar 0 KOplog pnyavicpdsg axkvntomoinong tov Zn oto vwd HEAETN £04QN, EVO 1
opyavikn ovcio kot to avOpakiKd pmopolv emiong vo OdPOUATIGOVV CNUOVTIKO
poro. Ot vynAég Tég Tov ZN GTO VIOAEUUATIKO KAAGHO UTopovy va e€nynbodv
Aoppdvovtag véyn v Téon TV opuKTAV apyiAov vo despgvovy tov ZNn 610
Kpvotaiikd mAéypa (Gasparatos et al. 2015).

H peyaivtepn mocotnta Cu (48.5%) Bpibnke 6To VIOAEUPOTIKO KAGGHO KoL
akoloV0mg 610 ofewmoipuo (29.5%) kar oto avaywdyywo (21.1%) xAdopa. Xta
neplocoTePO delypata, 1 ovykévipmon tov Cu mov gkyvAlotnke 610 TPMOTO Pripa
(B1) ¢ BCR 1tav kdtom omd 10 Oplo aviyvevons He OMOTEAEGHO TO OVTOAAASILO

KAdopa va avimpocomnedel poévo 1o 0.9% tng cuvolikng cvykévipmong Tov Cu.
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IMivakog 6. [Teprypaikd oTatioTikd TV cvykevipdoewy Tov Zn, Cu, Pb, Ni, Cr, Cd,
Kot AS oTIC T€00EP1G £0APIKEG YNUIKES Paoelc ovupmvo pe T puébodo BCR (B, B2,
B3 xat BRF) (mg kg ') xar % Recovery (Recovery % = [(B1+B2+B3+BRF) /Total] x

100).
B1 B2 B3 BRF Sum Total Recovery %
(B1+B2+B3+BRF)
Zn  Mean 1255 2532 906 1203 5396 6500 954
Median 585 1220 725 872 3323 3188 96.1
Min. 61 245 185 453 1036 969 73.0
Max. 7300 11980 4025 4516 27821 30000 1135
SD 1880 2925 799 896 5954 6755 10.0
CV % 150 116 88 75 101 104 105
Cu  Mean 33 40 45 69 158 149 104.3
Median 0.0 24 32 57 104 96 105.7
Min. 0.0 13 8.7 30 46 54 83.8
Max. 26 174 128 261 559 522 119.2
SD 6.9 44 34 50 123 113 8.4
CV % 210 110 75 72 78 76 8.0
Pb  Mean 638 4847 1381 1462 8328 8668 95.2
Median 178 3052 703 281 4412 4625 976
Min. 20 512 165 69 1188 1219 76.6
Max. 5480 19020 11225 12969 40614 40313 109.5
SD 1242 4757 2253 3015 10345 10420 8.8
CV % 195 98 163 206 124 120 93
Ni  Mean 6.3 49 33 144 232 229 101.4
Median 37 25 20 93 150 152 104.2
Min. 0.0 29 57 35 44 43 783
Max. 21 277 141 748 1157 1066 109.8
SD 5.1 68 31 145 241 235 7.4
CV % 82 138 95 101 104 103 73
Cr  Mean * 31 14 206 223 210 107.9
Median 2.4 11 142 156 144 109.0
Min. 0.4 5.2 61 67 63 87.2
Max. 12 49 1408 1464 1353 151.6
SD 25 95 244 252 236 129
CV % 81 69 118 113 113 119
cd  Mean 13 14 35 28 33 28 1187
Median 7.0 9.7 2.4 1.9 21 17 121.0
Min. 11 1.8 1.0 03 46 42 94.1
Max. 63 36 21 12 132 110 1323
SD 14 10 37 2.4 29 24 9.2
CV % 109 73 107 84 87 85 77
As  Mean 14 229 46 944 1231 1415 90.2
Median 8.2 111 33 650 826 921 88.9
Min. 14 8.3 31 136 163 204 73.0
Max. 68 1209 186 3207 4195 5001 111.9
SD 14 259 45 834 1087 1305 10.2
CV % 106 114 98 88 88 92 11.3

* dev aviyvevtnke Cr oto Bl
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O yohkoc eivor amd To PETOAAQ HE TN UIKPOTEPT KWNTIKOTNTO GTO £00pOC KO

GUVOEETOL IOYVPA UE TOL OPVKTA TNG aPYIAOVL, TNV OPYOVIKT OVGia Kot To 0EEIDIO TOV

Fe - Mn (Hooda 2010). Q¢ ek tovtov, N Topatnpovuevn Kotavoun tov Cu ueta&y

TOV OPOPETIKOV KAAGUAT®OV OTo VIO PEAETN €GN OVTIIGTOVYEL OTN YNKN TOL

GLUTEPIPOPAL.

Yympo 1. Eni e ekatd mocootd tov pEcwmv Opmv TV cuykevIipmoenv tov Zn, Cu,
Pb, Ni, Cr, Cd, xou As ota edagikd kidopata copeova pe t pébodso BCR. Bl
AvtoddEipo / 0wAvtd oe acbevég o&y, B2 Avayoywo, B3 O&edmoo, BRF
Y molelpotio.
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H xhooudtoon tov Pb €dei&e 011 mepiocdTepo amd 10 65% Tov oAwkov Pb

ouvdéetal pe 1o avaydywyo kKAdopa. Ot oxetikég ovykevipmoelg tov Pb oto

0&eOMOUO KOl VTOAEUPOTIKO KAdopa Ntav 17% kar 12.6% avtictotya, eved pdvo to

4.7% tov ohkov Pb exyvAiotnke 010 avtolAa&o kKAaoua. Aappdvoviog veoyn Tig

TOAD VYNAEG GUVOMKEC GLYKEVIPMOOELS ToV Ph oto mepiocodtepa amd To. £6GPN TOV
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Aavpiov, 0 4.7% tov oAkov Pb oto Bl vrodnidvetl 61t pua onpavtikn tosdétto Pb
glvanl dueca 1 dvvnTikd dtabéoiun, yeyovog mov Thoavov va 0dNyNoeEl o€ TOSIKOTNTESG
oTo QUTE OAAG Kol GTOVG UIKPOOPYOVIGHOVG ToL €ddpovs. EmimAéov, m peydin
drakvpavon e ovykévipmong tov CaCOz oto vwd puehétn €d6aen, n tdon tov Pb va
deopevetal oto, avOpakika dAato kot 1 ateAng didAvon twv Pb-avOpakik®v omd 1o
0&1kd 0&D (exyviiotiko péco oto B1) (Gleyzes et al. 2002), umopet va éxovv 0dnynost
og vrogktipnon tov 1% otadiov (B1) g BCR kot cvuvenmg oty vroektipnon g
drabeorpnotnTog Tov Ph ota vd pedétn ddon.

To vikého Bpébnke va cuvdéetar kupimg pe To VTOAEHOTIKO KAAGo (64.7%
MG OAMKNG OCLYKEVIPMONG), OKOAOVOOVUEVO Omd TO AVOY®YHO Kol OEEWMGIUO
KMaopo to omolo emédelEav mopOUOolEG HEGES OYETIKES cvyKevipwoels (17.1% won
15.2% avtiotorya). H younAdtepn mocdmra Ni (3.1%) Bpébnke oto aviorrda&ipo
KAdopo. XOopeove pe tovg Briimmer et al. (1988), n vyniotepn evépysua
otadeponoinong tov Ni*? uetaéd tov kowodv S160eviv petdilmv umopel vo eényiost
v 1don tov Ni vo TPoGPOPATOL GTO TAEYHO TOV OPYIAOTUPLTIKMOV OPLKTMOV.
EmmAéov, 1 mapovoic Ni otn mupttikr] dopun TOL GUEKTITN Kot TOV A{Tn, Kol M
woopopen avtikordotacn tov Fe kot Al oto opuktd ™G opddag tov omiveAiov,
TEPLYPAPEL TEPALTEP® TN TAOT TOV Ni Yy T0 voAepatikd KAdopa (Favas et al.
2011).

H wvplopyn ymuwn popen tov Cr ftov 1m vwoAelppotikny, 1 omoio Mtav
nepinov 1o 91.1% g oAk1g TepLekTIKOTNTAG, EVD OV aviyvehnke Cr oto otdoo Bl
vrodnAmvovtag tn younAn owbecyotta tov Cr ota ved pekétn €ddon. To Cr
Bpébnke cvvdedepévo pe v opyavikn ovcia kot pe to o&eido Fe / Mn 6g mocooto

7.2 xou 1.7% ovtictoyya. Ta amoteléopata £0e1&av OTL TO PEYAAVTEPO UEPOG TOL
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vewyevovg Cr vmdpyel YeVIKE 0¢ £YKAEIGTO GTO TAEYIA TMV OPLKTMOV TOL £6GPOVE KOt
ovvenmg to Cr eivan yevikd eAdylota S10AVTO KO 0KV TOTOIUEVO.

To peyardtepo pépog tov Cd PBpébnke oto avaydypo kidopo (44.1%). To
nocootd tov Cd oto avtaAddipo wkAhGoua Mrav  emiong vymio  (34.1%),
vrodnAdvovtag upeydAn owbeoyotnto. tov Cd ota €ddon tov Aavpiov. To
0&E10MGIIO0 KO TO VTOAEUUOTIKO KAAGHO avTipocmrevay mepimov 1o 11.9 kot 1o
9.9 % ¢ olxng mepiektikdOrog o Cd, avtiotoya. Avo Paoctkoi pnyaviopoi
eoivetat va e Eyyouv T ovumeptpopd tov Cd ota £dden mov peretnOnkov. H mpid
givar  mpoopdenon tov Cd ota oeidia tov Fe / Mn, kot o dgbtepog givar o
oymuatiopog Cd - avBpakikdv aldtov 1 / ko 1 evewpdtoon tov Cd oto avOpaxikd
dArata (Alloway 2013).

Ta mO0G00TA TOV HECOV TIUAOV TNG CLYKEVIPMOONG TOL AS oTo dldpopa
KAdopata nToav og Oivovca celpd BRF> B2> B3> B1. Xta €64 mov peietrOnkay,
TO ONUOVTIKOTEPO KAAoLa Yot To AS ftav 1o vtoAspupatikd (78.4%) axkolovBovpevo
amd 10 avay®yipo kAdopa (16.2%). TTodd pkpég mocotnteg AS ekyvAiotniov GTo
o&edmolpo Kot 610 avtoAraEyo / divtd oe acBevég o0&y Khaoupa (3.8 kot 1.6%
avtiotoiywg). Paivetrar 6t T0 AS cuykpateitan 1G6YVPE 6TO TAEYHO TOV TPMOTOYEVDV
OPUKTAV (OT®MG TOL OPCEVOTLPITN) KOl TOV OEVTEPOYEVAV OPLKTAOV (Kupimg
oynuaticpoi pe ta o&gidia tov Fe). H oyetikd vynin mocotnta tov As 6to otddio B2
g nebBddov BCR vmodnidver 01t vmd ovaywykés cvvOnkeg m kwvntikotnto /
dwabeopotnTa Tov As pmopei va avéndei Aoyw g dtodlvtoroinong tov o&ediov Fe /
Mn.

Ot popeéc tov petdAlmv mov dtaivtonotobvtal ota Tpia TpdTo otadw (B,
B2, B3) ¢ pebdéov BCR Bempodvior og ta evepyd khdopota, kabmg oe mepintwon

HETAPOANG TOV  €3APIKAOV GLVONKAOV UTopohV v 0ONYNOOLV GE  AVENUEVES
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GUYKEVTPMOOELS TOV UETAAL®V GTO £50P1KO dtdAvpa. 26TO00, Ta KAdopata Bl kot B2
umopobv va Bewpnbodv ®G TO ONUOVTIKOTEPA YO TO €0PIKO OIKOGVGTN LA
[Ipdypaty, ot pop@éc TV HETOAM®V Tov ekyvAiloviar o610 Tp®TO oTAdo Bl
Bewpodvtol oG apeca S1aBEGIES 1 SLVNTIKA JLOOECIIES GE TEPUTTAOCELS UEIDMONG TOV
€dapov pH. Ot cuvBnkeg exyvAong oto devtepo otddto B2 g BCR avtictoryodv
oe Kamowo Pabud otig €d0QIKEC cvvOnKeg TOL Umopel Vo TPOKOLYOLV KAT® amd
vepPOAKN €10poN, veEPOV €ite amd £vioveg PPOYONTMOELS €ITE ®OC AMOTEAEGLO
VEPPOMKNG GPOELONG. XE €OAQPT UE HETPIA £MG LYNAN TEPLEKTIKOTNTA GE GPYIAO,
Ommg Ta €0GQN OVTNG NG UEAETNG, Oavay®YKEG GLVONKEG pHmopodV cuyvd vo
ELLPOVIGTOVV EO1KE GTO HUKPOTOPMOES. TVVETMC, 0 ZN Kot 0 Pb mov cuvdéovtan pe to
avay®yo kAdopo kot to Cd mov cvvdéstar kupiog pe 10 Sbéciuo Kot To
aVOy®YLo KAAGHO, Kot AapuPavovtag veoyn TG VYNAES CUYKEVIPMOOELS OLTMOV TMV
HETIAA®Y oTO avtioTotya KAAGpaTa, UTopovy va BempnBodv ¢ dSuvNTIKY OTEAT] Yo
To. OIKOGVOTAOTA TNV TEPoY]. To apoevikd PBpédnke va cvvdéetor kupimg e TO
vroAelppatikd KAdopa. Tavtdypova Oumg, to onuaviikd mococtd tov AS 1oL
TapoTNPNONKE GTO OVAYDYHO KAAGLO VTOONAMVEL AVENUEVT KIVITIKOTNTA KAT® 0o
AVOY®YIKEG cLVONKEG Kat YU awtd dvvatat va opadorombei poli pe to Pb, Zn ko Cd.
To amoteAéopata VTOJEKVOOVY OTL oNuavTIKEG Tocotnteg tov Cd, Zn, Pb kot As
TAPOUEVOVY GE GYETIKA 0GOEVMG dECUEVUEVEG | OLVNTIKA JLOEGILES LOPPES GTOVG
EMPAVEIOKOVG 0opilovieg TV €00QPOV NG TEPLOYNG, OMOTEADVIONS KOT' OLTOV TO
TPOTO PLTOTOEIKS Kivouvo KOBMG Kol AmeEA Yo TV vyeio TOV avOpOTOV Kol TOV

Lowv.
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5.1.4 [Ilpoélevon twv Zn, Cu, Pb, Ni, Cr, Cd ko As ota eddpn tov Aovpiov

2Ooppova pe Toug ouvtedeotés cvoyétiong (Iivakag 7) kot to anoteAéopata
™¢ avdAvong kotd ovotddeg (Cluster analysis, Zyfqua 2) mov epoappocinKay yio Tig
OMKEG GLYKEVIPOGELS TOV OTOlKEl®V, dlaKpivovtanl Tpelc opddes. H mpot opdda
amoteAeiton amd to. Zn, Cu kou Cd pe tipéc r mov kvuaivovrot peta&d 0.76 kot 0.95 (p
<0.001). H 1oyvpotepn cvoyétion yuo to LETOAAD OVTNG TNG OUAdAG TapatnprOnKe
peta&y tov Zn ko tov Cd (r = 0.95, p <0.001). H debvtepn opddo mepthapPavet o Pb
kot As pe r=0.73 (p <0.001) eved tar Ni ko Cr cuvBétovy v tpitn opddo pe r = 0.76
(p <0.001). Ta pétarra TG TPAOTNG OUASOG CLCYETIGTNKOV OPVNTIKG HE TNV GPYILO
gite onpovrikd (r = -0.41, p <0.05 yw Zn wxou r = -0.39, p <0.05 yw Cd) | un
onuavtikd (r = -0.35, p> 0.05 ywo Cu ). Ot ohikég cvykeviphoel tov As kat Pb
cvoyetioNKav apvnTiKd pe 10 ovOpakikd acPECTIO VTOJEIKVIOVTAG TOV CTLLOVTIKO
poOLO TV 0vOPaKIKOD AGRECTION GTN YEWYNUIKN GUUTEPLPOPE TOGO ToLv AS 0G0 Kot
tov Pb oto €ddon g meployng tov Aavpiov. H mpdtn kot 1 dedtepn opdda tmv
petdArlmv oynuatifetl éva Kovd GOUTAEYLO TOL VTOONADVEL KON TPOEAELGT, EVO 1|
Tpitn opdda eaivetar 6t dev cuoyetiletan pe Tic dAleg dvo (Zynua 2). Aappdvovtag
vtoymn OtL M pdmavorn Tov €0dPovg otV mEPloyn Tov Acvpiov givor amotéiecspo
LaKpOYPOVI®MV OpaGTNPLOTHTMV €E0PVENG Ko LETAAAOVPYING, QVTEC Ol OYEGELS UITopEl
va Bewpnbel 0Tt elvor evOEIKTIKEG NG YMUIKNG KOl OPLKTOAOYIKNG GuVOESTg TV
TopoyBEVTOV HETAAAEVTIKGV / peTaAlovpyiKdV arofintmv. H tapovoio tov Ni kat
Cr omv 1010 opdda Kot 01 GLYKPITIKA YOUNAEG OMKEG CLUYKEVTIPMOOELS TOVG GTO. £04.QT,
VTOONAMVOLY OTL 1 TOPOVGIO. CVTOV TV dV0 UETOAA®V OTO UETOAAEVTIKG Kot

UETOALOLPYIKA omOPANTO Elval GYETIKE YOUNAN.
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IMivaxoeg 7. [Mivaxag cvvieleotdv cvoyétiong (Correlation coefficient matrix) peta&d tov d0QIKOV 1010THTOV KOl TGV OAMKOV GUYKEVIPOGEDV

tov Zn, Cu, Pb, Ni, Cr, Cd, kot As (n=29).

Total

Active

Clay pH CaCo: CaCo: OM Zn Cu Pb Ni Cr Cd As
Clay 1.00
pH 0.41* 1.00
(T:gtgga -0.24 0.16 1.00
é;tci‘g: 0.15 0.51%* 0.74 1.00
oM -0.16 0.34 0.05 0.22 1.00
Zn 0.41* 0.08 0.03 -0.24 0.04 1.00
cu 035 0.16 0.20 -0.36 0.03 0.81%+ 1.000
Pb -0.34 032 0.24 0,51 0.08 0.50%* 0.51%* 1.00
Ni 0.47%* 0.37* 0.07 0.11 0.25 0,01 0.07 -0.19 1.00
cr 0.28 0.12 011 -0.05 0.19 012 017 -0.19 0.76%+ 1.00
cd -0.39* 0.10 0.04 -0.26 0.17 0.95%+ 0.76%%* 0.47% -0.04 0.15 1.00
As 0.21 0.38* 0.47* -0.48** 0.16 0.18 0.51% 0.73%% 0.2 0.25 0.18 1.00

* p<0.05 ** p<0.01 *** p<0.001, Clay=Apyiloc, pH=Evepydg o&vtnra,
AvOpaxikd AcBéotio, OM=0Opyaviky Ovcia
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Yypa 2. Iepopyikd devopoOypapo TV OAKGOV cuykevipooemv tov Zn, Cu, Pb, Ni, Cr, Cd, ka1 As ota empoveloakd £dapn tov Acvpiov
(n=29).

Tree Diagramfor 7 Variables
Weighted pair-group average
1-Pearsonr

Zn

Cd

Cu

Pb

Ni

Cr

0,0 0,2 04 0,6 08 1,0 1,2

Linkage Distance
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5.15 Zyéoeic uetald twv yewynukov uopewv twv Zn, Cu, Pb, Ni, Cr, Cd, As ota

£0GQN KOL TV EOOPIKWOV 1OL0THTWV

H avéivon koplov cuvictowodv (PCA) epapproctnke yio va digpeuvnbovv ot
oyéoelg HETaED TV YeoynuiKov popedv tov Zn, Cu, Pb, Ni, Cr, Cd, As kot g
apyidov, Tov avBpakikoy acPeotiov (oAkd kar evepyd CaCOs), g opyavikng
0VLG10G, TOV KPLGTOAAKAOV Kol ALopemV 0EEWImV Tov Fe ota vd pedétn €6aon. I'a
KkéOe KAdouo Tov €56GPOVE, 0 aPlOUOC TOV HETOPANTOV HEIDONKE G dV0 PactKovg
napdyovteg (mapdyovtag 1 kor 2) mov eEnyovv mepimov 1o 60% 1TNg OMKNG
dwakvpavong v ta otadwe Bl ko B2, 62% yw 1o B3 ko 65% v 1o otdd0 BRF
(Zxna 3).

2oppova pe ta anoteAécpoata g PCA avdivong dev mapatnprnke
onuavtiky oyéon petald tov otadiov Bl g pebBddov BCR ko tov edapikdv
WTNTOV, €KTOC amd o aclevny oyéon Tov AS LE TNV OpYOVIKY] Ovcia Tov deiyvel
Vv Onovpyio CLUTAOK®V eEMTEPIKTG / E0MTEPIKNG OTIPAONG TOV AS LE YOLLUKE KOt
olovPucd o&éa (Williams et al. 2011 ). Emmpocbeta, ta amoteréopata g PCA
avilvong £3e1&ov GNUOVTIKT GLOYETION TOV avaydYLoL KAdopatog B2 tov As, Pb,
Zn, Cu, Cd, Cr kot Ni pe ta oeidio tov o1dfpov, emPefardvovtag T HEYAAN
onuacio tov ofewiwv tov Fe ot ovykpdmon toEikdv otoyeiov oe Papud
poAvopéva eddoen. Ipdyuartt, To kKAdopo B2 tov As, Pb, Zn, Cu kor Cd cucyetiotnke
1oyVpa pe ta dpopeo o&eidio Tov odnpov (Feo), evd to khdopo B2 tov Cr kot Ni
Bpébnke va cuoyetiletan pe ta kpuotaAlikd o&egidia tov adnpov (Fed-Feo).

To ofewwwoipo kAdopo B3 dev ocvoyetiomke pe v opyovikn ovoia,
VIOJEIKVOOVTAG TN HKp CLUPOAN NG ot cvykpdtnon tov Zn, Cu, Pb, Ni, Cr, Cd,

kot As ota vnd pelétn €dGon. Xopeove pe tov Quevauviller (2002), to
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aVTIOPUCTIPLOL TTOL YPNCLOTOOVVTOL 6T0 6TAd0 B3 g nebddov BCR pmopovv va
anehevbepdoovy pétadla mov Ppiokovtor decuevpéva Ko o€ Bgovya opuvkTa
(covdeidia). Zvvenmg, eivar mOAVO OTL Ol GYETIKEC GUYKEVIPOOELS TMV UETAAM MV Ko
tov As mov ekyvAilovtor o€ avtd TO KAAGHO VO TPOEPYOVTOL KLPIMG omd 1N
dltAvtomoinon twv Beukdv aAdTOv moL TEPlElYaV TA VIO UEAETN OTOLEld, KOt
Mydtepo omd aotad opyavoueTaAlKd coumioka. Télog, n avdivon PCA kotédeile
L0l CNUOVTIKY] GLOYETION TOV VIOAEUUOTIKOD KAGopatog tov Ni kor Cr pe v
apyo, emPeParmdvovtag ™ t@on twv Ni kot Cr va ovykpatodvior 1oyvpd 610
TAEYHO TOV aPYIMOTUPITIKAOV OPLKTOV, OAAG KOl TNV KOWN TOVG OPLKTOAOYIKN

TPOoEAEVOT).
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Yypa 3. Avaivon kopiov covictowo®v (PCA analysis) peta&d tov cvykevipooemv tov Zn, Cu, Pb, Ni, Cr, Cd, kot As oto dapikd KAAGUATO,
Kot Booikdv edaeik®v Wothtov a. Bl — opyavikn ovsia b. B2 — duoppa o&eidia tov Fe (Feo) / kpvotarhikd o&eidia tov Fe (Fed-Feo) c. B3 —
opyovikn ovoia d. BRF - apythog (n=29).
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5.2  Mépoc 2° — Klaoudrtwon tov As o€ pomacuévo. eTIPOVEIOKG E0GQH THG
eVPOTEPNS TTEPLOYNS TOV AAVPIOD YPNOUOTOIOVTAS 0VO UEBOIOVS I10OOYIKNG EKYOAONS

Wenzel kou BCR

H mopovcioon tov omoteleopdtov kot 11 ov{tnon mov oKOAovOEL,
AVOQEPETOL OTO TEPAUATIKO UEPOG TOL TEPTYPAPETOL OTN XeAida 55 Kot amoterel TO

2° dnuoctevpévo apbpo tov Iopapthpartog.

5.2.1 Mébooor oradoyixnc exyvrions Wenzel koa BCR

Ot pébodor khoopdtmong BCR kor Wenzel mov ypnopomombnkav ot
perlétn avtn meprypdoovtor otov Ilivaxa 1 (oeh. 53). H pébodog Wenzel éyxet
epappocbei oe ToAAég peléteg (Gault et al. 2003; Caille et al. 2004) d16t1 oTO)EVEL
0T TAEOV TEPPUAAOVTIKMOG ONUOVTIKG KAAGLOTA TOV OPCEVIKOD, TAPEXOVTOS APKETE
aflomoto anoteAéopata Yo TiG HopPEG Tov AS Ge puTtacUEVA €04QN Kol WCHLLOTO.
Topewva pe ™ pébodo Wenzel, opiCovron ta axdrovba Aeitovpykd KAAGHATO TOV
As: W1, un edikdg mpocpoenuéva (copmioka eEmtepikng otipadag); W2, e1dikdg
npocpopnuéva (ovumloka gomteptkng otipadag); W3, cuvdedepévo e auopea Kot
acbevig kpvotarliikd ofeidia tov Fe, Mn, Al; W4, cuvdedepévo pe KpuoTOAAKA
o&eidio twv Fe, Mn, Al; WRF, voAewupotikd. Xtn peAétn autn, yuo v ekyOAon g
VIOAEWMPOTIKAG — @dong  ypnopwomombnke  Baocwukd  vepd  (Aqua  regia)
avtikadiotovrag Eva peltypo HNOs / H2O2 mov mpoteivetar oty apyikn pébodo dote
va vdpyel N duvatodtTo cHYKPLoNG TV amotelecudtov pe ekeiva g BCR.
puébodo Wenzel, dev meplopfavetar Eexymplotd o&EWOMOGIO KAACUO Kol OEV

Aappdaverar Wwitepn puépuva yio o As mov givor despuevpévo oto avlpaxikd dlata.
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Ye detypata OAKOAK®OV 60OV Kol TPV and TNV avaydyun edon, ot Wenzel et al.
(2001) e@dpuocav pvOuotikd didivua NaOAc / HOAC kou mapatipnoay OtL ot
mocdtTEC AS OV eKYLAIGTNKOV NTAV QUEANTEES, dElyvovTag OTL EAdyLoTN TOGHTNTA
tov AS cuvdéetan pe T avOpokikd dhato. EmmAéov, mpokatapkTikéc OOKIUES TOV
de€nydnoav amd tovg Wenzel et al. (2001) £éei&av 0tL o1 mocdTnTEG TOL AS OV
eKyVMoTnKay omd £50PIKA OELYLLOTO YPNCIULOTOIDVTOS OVTIOPACTIPLO. TOV TEPIELYAY
EDTA, 0ev ovoyetiloviav oNUOVTIKE HE TNV TEPLEKTIKOTNTO TOV E00PMOV OE
opyavikf ovoio. I[Ipéceata, ou Larios et al. (2012) avértoéav po péBodo d1adoykng
EKYOMONG TOV GYEIACTNKE EOKA Y100 TN KAAGUATOOT ToL AS G€ pLTAGLEVA £0G.ON
kot oo mov dev mepthapPdvel Eexmptotd Prpa yuoo tTnv cvvoeon Tov AS e Ta
avOpakikd aiata, aAld Teptlopfdavel 0Eeddoio otddo. I'a va dtedvtonomBodv ta
YOLUKE 0EEa TOV BempPobvTAL MG 1 KLPLOL OPYOaVIKT Oe&apevi] Tov As GTa €04, Ot
Larios et al. (2012) ypnowomoincav 0,1 mol L mupopwceopikod Stardpatoc.
Qo1t660, o1 10101 cuyypageig (Larios et al. 2013) mpdtevav g eEoupetikd mbavd ot
10 As OV EKYVAMOTNKE 6TO 0EEWMGILO KAAoH TG HEBOOOV TOVG OV cLVOEITAV O’
evbelog pe v opyavikn ovoia oAAd éppeca, aeod to AS @aiveton vo oymuotilet
ocoumhoka pe katovra tov Fe kor Ca mov pe ) ogpd tovg eivar cuvoedepéva e
YOLUIKES EVOGELG.

H 6e0tepn néB0d0g KAAGLATOONG OV YPNCLULOTOMONKE GTN TAPOVSA LEAETT
avomtOyOnKe yioo pétaAla (KOTIOVTO) Kot €ivat 1 eupemg xpnoomoovpevn néBodog
BCR (Rauret et al. 1999). To tpwtoékoriro BCR mepilappaver tpio ynukd kKAGouoto
tov AS ota €04en: (B1) aviaAlda&ipo / d1aAvtd oe acBevég 0&v, (B2) avaymyo kot
(B3) o&ewdmoyo. Av kot dev meptypapetan oTig mpodiaypagés g BCR, mpootébnke
70 VIOAEUATIKO 6Tao10 (BRF) (exydAion pe Aqua regia) yio Tov VToAoYIGHO TG €t

™G eKotd avaktnong g pebodov (Recovery %) kabmg kot yuo va diepguvnOel n

80



oyéon tov AS Tov ekyLAILETOL OTO VTOAEUUATIKO OTAOO HE TIS 1O1OTNTEC TOV

£00(QOVC.

5.2.2 Klaoudrwon tov As ue t uédooo Wenzel

Xoppova pe tov Iivaka 8, n péon tyunq g avaxktnong (Recovery %) tng
pebodov Wenzel frav 96.7%. To 10606T4 TG GLYKEVIPOONG TOL AS (LECES TIHEQ)
ota ddpopa kKAAGpato nTav kotd edivovoa celpd W4> W3> WRF> W2> W1. Mévo
0 0.3% 1tov As oamekevbBepobnke oto mpodto KAGopo W1 (un  €01KoOg
TPOCPOPNUEVO), LTOdNADVOVTAG OTL 1 daBeGIHOTNTO TOL AS GTA VIO HEAETN €04.ON
elvar moAd younAn. Evtovroig, n péon ocvykévipmon tov AS mov ekyviiotnke oto W1
frav 1.73 mg kg?, onuoviucd peyodvtepn and v tuq tov 0.62 mg kgt ya v
TPOoTAGio. TOV YAVKOL vePoV, mov mpotddnke amd tovg Wenzel et al. (2002) g
avAOTOTO Oplo NG GLYKEVIpWONS Tov As oto kAdopa W1. To apoevikd mov
exyuAiommke oto kAdopa W1 cvoyetiommke oe peydho PBabud pe tov dwbécipo
owopopo (ITivakag 9), vTodekvOoVTOG TAPOUOL YEOYNIUIKY CUUTEPLPOPH TV AS
kot P 0cov apopd t dtaBestdtnTa Toug 6T0 VIO HEAETN E04OT.

To T0G06TO TOV EWOIKADS TPOSPOPNUEVOV AS (GOUTAOKN ECOTEPIKNG GTIPASAGS,
Khaopa W2) frav yapunio (7.1%) oA oyt apeintéo. To apoevikd mov ekyvAoTnke
610 KAdopo W2 GuoyeTioTNKE ONUAVTIKA TOGO LE TNV TEPLEKTIKOTNTO GE APYIA0 OGO
kot pe tov owbéoyo P (Ilivakag 9), vrodnidvovtog 6tt ta o&v-avidvia tov As
oynuatifovv cOumAoka cOTEPIKNG oTIPASAG Le TO avOpyava KOALOELDT TOL £6G(POVG
Kot 61t T0 As oL ekyLALETOL 6€ AVTO TO 6TAd0 Kot 0 P mpoépyovtar amd Tig 101
«Oe&apevégy ota VIO PEAETN €dAEN. Oewpdvtag 0Tt 1 Pdomn Tov dedTEPOL GTAdIOV

™G nefddov Wenzel sivou n avtikatdotoon petold tov pospopikdv (PO4%) kat tov
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apoevikik@v (AsO4%) otic empaveleg TV KOAOEWSOV, 1| TOGOTNTA KO O TOTOC TMV
avOpyovemV KOAOEW®OV ota £069n mailovv onuavtikd poAo otn Prodiabecipuotnra
TOL apoeVIKOD, dedopévon OTL omowadimote mpoodNkn PO4> ( my. péom g
QPOCPOPIKNG Amavong) Umopel vo avENoeL TNV KIVNTIKOTNTA TOV AS GTO £50(QIKO

GUGTNA.
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Mivaxag 8. ITeprypagikd GTATIGTIKE TV GLYKEVIPOGE®Y ToV AS 6Ta £dapikd KAAGpoTo sOppmva pe T pédodo Wenzel (n =29, mg kg™2).

Total Recovery W1%

w1 W2 W3 W4 WRF Sum* W2% W3% Wi%  WRF%

*%* %
Mean 2.8 64 364 419 428 1277 1415 96.7 0.3 7.1 30.1 33.3 29.1
+ Sd +3.1 +49 +288  +406 £525 £1115 1305 =+£13.1 +0.3 +4.7 +9.8 +74 +12.6
CV% 111 76 79 97 123 87 92 13.5 93.9 66.2 325 22.3 43.3
Median 1.7 47 247 278 170 802 921 92.5 0.2 6.9 31.2 31.3 27.3
Min. 0.2 10 68 75 o1 221 204 73.7 0.0 0.5 10.6 18.1 11.2
Max. 15 223 1050 1791 2185 4735 5001 124.0 1.3 19.3 48.3 48.6 63.3

W1, W2, W3, W4, WRF: un €101k®¢ Tpocpopnévo, E0IKMG TPOGPOPTLEVO, GUVIESEUEVO LE GropPa Kot acOevdg KpuoTadiikd o&gidio Tov
Fe, Mn, Al, cuvdedepévo pe kpvotailikd o&eida tov Fe, Mn, Al, vroAeiupotikd

Mean=M¢co¢, Median=Awquecoc Min.=EAdyioto, Max.=Méyioto Sd=Tumikn anokiion CV%=Zuvieheoti¢ HETAPANTOTNTOC.

*W1+ W2+ W3+ W4+ WRF

** vypn kavon pe Aqua regia
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To apoevikd cuvoédnke Kuplog pe Tig avaydyesg edoets, agov to 30.1% ko
10 33.3% tov olko¥ AS exyviiotmkav ota kKAdopata W3 kot W4, avtictoyya. Ta
aroteAéoparto emPefoardvovy v woyvpn oxéon tov AS pe ta o&eidta tov Fe kupimg,
aAAG ko pe ta o&eidia tov Mn kot Al ota €dden mov peletnOnkov. Omwg éxel
avoeepbei oe drapopeg peléteg (Dybowska et al. 2005; Miiller et al. 2007), 1o
pLOUIoTIKO S1dAvpa 0EaAkoD apupmviov Tov ypnotponoteitar ot uébodo Wenzel,
ekyoMCel emapkdg 10 AS mov oyetiCetonr pe to auoppo ofeidwn. H mpooHnkm
ackopPucov 0&€og oto pLOUICTIKO O1dAVHA OVEAVEL TO SUVAUIKO OVOY®OYNG TOV
EKYOMOTIKOD  péGOL  Tov  odNyel OTNV  OMOTEAEGUOTIKY]  dloAvTOTOiNoY  TOV
kpvotolkov ofewdiov (Shuman 1982). Ilpdypoatt, to AS mov ekyvAiotnke ota
Khaopato W3 ko W4 cvoyetiomnke onpavtikd pe to auopea (Feo) kot ekevbepa
(Fed) o&eidia tov Fe (ITivakog 9). Evtovtorg, To AS mov ekyvAictnke oto kKAdopa W4,
cvoyetiotnKe BeTkd AALL O)L CTOTIGTIKOG CNUAVTIKA LE To KPLOTaAAKE 0&eidia Tov
Fe (Fed-Feo), vmodeikviovtag 0Tt T0 puOUoTIKO S1AAVUO 0EAAKOD OUUMVIOD 10V
YPNOOTOMONKE GTO TPITO OTAOI0 KIWNTOMOINGE EMOPKAOG TO AS amd T dpopea
o&eidwa tov Fe aAld n mpocHnkn aokopPikov 0&éog 6to TéTapTo Prpa, av Kot avénoe
ONUAVTIKA TO avay®YLIKO OLVOUIKO TOV OEUAIKOL OUU®OVIOV, TETLYE HUEPIKDSG VO
exyvAicel to AS and ta kpuoTaAlikd o&eidia tov Fe.

To TOGOGTO TOV APGEVIKOL TOV EKYLMOTNKE GTNV VTOAEUUATIKY GAGT NTAY
29.1% g ohkng ocvykévipoong. To vrmorelupotikd AS GUOYETIOTNKE GTATIOTIKAOG
OoNUAVTIKA Kot OeTiKA [ eketvo mov ekyvAiotnke ota KAdopata W3 kot W4 (Iivakog
9), vodewkvoovtag kown mpoérevon tov AS mov exyvAiletan ota kKAdopota W3, W4
kot WRF. Ta gvpipata avtd coppovodv pe toug Alvarez et al. (2006), ot omoiot
ava@épovV 0Tl M amocdfpworn Tev BelovywV OpLKTMOV UTopel Vo 0dNYNOEL GTO

oynuatiocpd cHvietV cLUTAOK®V PAceV oV mePEyovv AS, dmwg Ta 0&gidio TOv
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GLONPOVL, KOl O APCEVIKIKOC 6ioMpoc. EmumAéov, n moAd younin cvoyétion tov AS pe
T0 avOpoKIKa dAata ota VO eEETOOT €0, KOTAOEIKVIETOL COPMOS OO TNV 10YLPN
apPVNTIKY GVOYETION UETOED TOL LIOAEUMOTIKOV otadiov WRF kot tov oAkov kot

gvepyol avOpakikov acPeotiov (ITivakag 9).
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IMivaxog 9. ITivakag cuvieleoT®V GLoYETIONG HETAED TV HopP®Y Tov AS cOpemva pe Tig pebddovg Wenzel kot BCR kot tov edagikdv wrottov (N =

29).
Clay pH TCCO;  ACLO; OM CEC P Fed Feo T:ee% w1 w2 w3 W4 WRF B1 B2 B3 BRF Tgtsa'
Clay 1.00
pH 0.41* 1.00
TCCO; -0.24 0.15 1.00
AC00; 0.15 0.51**  0.74*** 1.00
OM -0.16 -0.34 0.05 -0.23 1.00
CEC 0.77*** 0.22 -0.22 -0.01 0.36 1.00
P 0.22 -0.02 -0.31 -0.07 -0.10 0.29 1.00
Fed 0.45* -0.10 -0.61*** -0.47* -0.13 0.32 0.18 1.00
Feo -0.02 0.11 -0.08 0.10 -0.02 -0.02 0.10 0.21 1.00
E:g' 0.45* -0.16 -0.56** -0.51** -0.12 0.33 0.13 0.88*** -0.28 1,00
w1 0.35 0.12 -0.18 0.14 -0.04 0.32 0.70%** 0.09 0.18 0.01 1.00
W2 0.43* 0.15 -0.23 0.12 -0.08  0.44* 0.55** 0.36 0.48** 0.12 0.76%** 1.00
W3 -0.25 -0.36 -0.34 -0.29 -0.02 -0.22 0.35 0.26 0.56** -0.02 0.19 0.39* 1.00
W4 -0.12 -0.36 -0.48** -0.49** -0.14 -0.22 0.30 0.45* 0.22 0.34 -0.06 0.07 0.65*** 1.00
WRF -0.30 -0.46* -0.39* -0.48** -0.23  -0.40* 0.31 0.22 0.03 0.20 -0.10 -0.16  0.64***  0.86*** 1.00
B1 0.08 -0.07 -0.21 0.03 -0.06 0.13 0.85***  -0.04 0.06 -0.07  0.76***  0.56** 0.34 0.12 0.17 1.00
B2 -0.12 -0.16 -0.46* -0.41* -0.02 -0.13 0.50** 0.34 0.32 0.18 0.20 0.29 0.63***  0.84***  (.65*** 0.35 1.00
B3 -0.28 -0.30 -0.13 -0.17 -0.04 -0.31 0.43* 0.10 0.33 -0.07 0.17 0.22 0.77*** 0.71*** 0.69***  043*  0.73*** 1.00
BRF -0.24 -0.43* -0.46* -0.49** -0.21 -0.32 0.39* 0.36 0.20 0.26 -0.01 0.03 0.73***  (0.93***  (.96*** 0.24 0.77***  0.77*** 1.00
Z(;tal -0.21 -0.38* -0.47* -0.48** -0.16 -0.28 0.41* 0.35 0.26 0.22 0.04 0.11 0.77***  0.96***  0.92*** 0.27 0.87*** 0.80*** 0.98***  1.00

* p<0.05 ** p< 0.01 *** p< 0.001, Clay=Apythog, Silt=IA0c, Sand=Appog, pH=Evepydg o&bmra, CaCO3=Icodbvapo AvOpakikd AcBéotio, Act.CaCO3=Evepyd AvOpakikd AcPéotio, OM=Opyavikn Ovoia,

CEC=Ikavotmrta Avtaiiayng Katdvrov, P Olsen=Agopoidoipog ®ocpmpog, Fed=Eredfepa 0&eidio tov c1d1pov, Feo=Apopea 0&eidia Tov c1d1pov

86



5.2.3 Klooudarwon tov AS ue t uédooo BCR

Xoupova pe to amotedécpata g BCR, o pécoc 6pog tov mocootod
avaxmong (Recovery %) frav 90.2% (Ilivaxag 10). To apoevikd Ppébnke va
oyetiletar kvpiowg pe to vroiewpatikd kidopa (78.4%) kar okoloOOwg amd TO
avay®yo kKAdopa (16.2%). Movo éva pkpd PéPog g OAMKNG GLYKEVTP®ONG Tov AS
ekyviiotnke oto ofewdmoio B3 (3.8%) kot aviolha&ipo / daAvtd og achevég 0&d
B1 kldopa (1.6%).

To apoevikd mov ekyvAiletan oto otdoo Bl Bewpeiton w¢ avroridéipo /
acbevmg decpevpévo oto avhpakikd dlata. Zoueova pe tovg Larios et al. (2012), to
avOpakikd acPéotio umopel vo mapdoyet 0écelg mpoopdenong yw 10 AS Ko
emiong 611 T0 AS pmopsi vo oAAnhemidpdost pe To katdvto Tov Ca?t oympotilovrag
ocoumhoka eEmtepknNg otifadag. Xe opopéveg HeBOdOVE KAUGUATOONG €K
avamtuypéveg yuoo to AS, ypnowomomdnkav dwAvpate o&ikov 0&Eog Yoo TV
exyOAon tov AS amd o avOpaKikd Ghate OAAL ATETVUYOY VO ATOGTAGOVV AEIOAOYEG
nocotnteg (Kim et al. 2003; Matera et al. 2003). Xt mapovca perétn, dev Ppébnke
ONUOVTIKY oyéon pHeTaEL tov AS 7mov ekyvAiomnke oto otddo Bl kot g
TEPLEKTIKOTNTOG TOV £60¢poVG o€ avOpaxikd (TTivakag 9). AToteAéopata HEAETOV TOL
aPOPOVV TN GY£GN TOL aPoeVIKOD e Ta ovBpakikd dlata givar avtipatikd (Yolcubal
and Akyol 2008). Av kot t0 apoevikd pmopel vo cuv-kabilnoel pe ta avOpoKika
drata 1 vo evoopatwbel oto mAéypo tov avBpakikov acPectiov oe aikaiikd pH
(Alexandratos et al. 2007), ¢aivetar 6t1 0 acfeotitng £xel apeintéo poélo otV
axwntonoinon tov As vd v moapovsic 0&v - VIPoLeWiny Tov Fe axoun kol e

oAd pumacpéva £d6en (Wenzel et al. 1998; Lombi et al. 2000; Wenzel et al. 2001).
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To apoevikd mov ekyviiotnke oto otddlo Bl g nebodov BCR cuoyeticOnke
woyvpd pe to eminedo tov Sbéoyov ewoedpov oto Edagog (IMivakag 9),
VITOOEIKVOOVTOG £mG £val Babud 0Tl pumopel va Tpoépyovtatl amd v 10t «OeEapevn»
ota VIO HEAETN E0GON.

Inuavtkol mepropicopoi e pebodov BCR eivar katd mpdtov 0TI VTOEKTILA
TN oLVOEST ToL As UE T 0EEISI0L Kol KOTh SEVTEPOV OTL OEV KAVEL O1AKPLoN UETAED
TOV QUOPP®V Kol KPLOTOAAKOV 0&ewimv. Eivar yvowotd ott 1 vopoyrmpikn
vopobuAapivny  €xel YOUNAY  OmOTEAECUOTIKOTNTO  OBAVONG TV  KOAMG
KPUOTOAOUEVOV 0EEBTMV KO OG €K TOVTOL doAVEL Pdvo Ta dpopea o&eidla tov Fe
kot Mn (Rodriguez et al. 2003; Larios et al. 2013). Evtovtoig, Aapfdvovtog vmoyn
011 T0 As mov ekyvAiotnke 6to otddo B2 (16.2%) avrimpocwnevel oyeddv 10 NGV
TOV OPGEVIKOV OV EKYLAIGTNKE amd Ta dpopea o&eida oto KAdopa W3 (30.1%) tng
pebodov Wenzel, n vdpoyrmpikn vopovrapivn 0t LOVO OTOTLYYAVEL VO EKYVAICEL
10 As amd To KPUOGTOAAIKA 0&eidtor aALd anétuye emiong va ameAevBepMOEL EMOPKDS
10 As Kot omd ta dpopea o&eidia ota vd perétn €64en. H vidbeon avtn evicyvetan
Kot amd TG BeTkég aAAG pn onpavtikés cvoyetioelg peta&d tov Feo kan Fed pe to As
mov exyVAiletan oto avay®ypo 6tddlo g peboddov BCR (ITivaxoag 9). H apvntky
cvoyétion petafh Tov KAdopatog B2 kot Tov oAkoy kot gvepyold avOpakiKov
acPeotiov vVTOINAGVEL Evav TBaVO avtayoviopd petald 0Evav avOpoKiK®OV 1OVIoV

Kot 0ELaVIOVTOV Tov As Yia Tig B€celg TpospoPnong ota ofegidia Tov Fe.
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Mivaxag 10. ITepypagiké GTATIGTIKE TOV GLYKEVIPGOGEMY TOV AS 6Tal £dapikd KAAGpoTo sOppmve pe ) pédodo BCR (n = 29, mg kg™2).

B1 B2 B3 BRF  Sum* Total ** ;ecovery B1% B2% B3% BRF%
Meanssd 14 228 46 943 1231 1415 90.2 16 16.2 38 78.4

L14  £259 +45  +£834 +1087 1305 +£102 +12 +96 +18  +105
CV % 106 114 98 88 88 92 113 773 59.0 46.9 13.4
Median 8.2 111 33 650 826 921 88.9 13 13.0 40 80.2
Min. 1.4 8.3 31 136 163 204 73.0 0.1 12 05 55.6
Max. 68 1209 186 3206 4195 5001 111.9 41 36.1 88 98.1

Mean=Mé¢cog, Median=Atdpecoc Min.=EAdyioto, Max.=Méyioto SD=Tvmik1 andxiion CV%=Zuvieleotic petafAntomroc.
B1, B2, B3, BRF: avtoAAd&ipo / d10Av16 o€ acevég o0&y, avaydyio, 0EE0MOIUO Kot VTOAEUUATIKO GTAS10
*Bl+ B2+ B3+BRF

** vypn kavon pe Agua regia
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Me v o&eidmon g opyavikng ovciog omd 10 LIEPOEEISI0 TOL VOPOYOVOL
oto 1pito otado B3 ¢ BCR, ameievBepmdvetror to AS mov cuvvoéetor pe v
opyavikf, ovoio. aAAd kot pe Beodyo opuvktd (covieidia) (Quevauviller 2002;
Dybowska et al. 2005; Larios et al. 2012). To yaunié mocootd tov As mov Bpébnke
610 01ad10 B3 delyvel v acbev 1don tov As va oynuoatilel otabepd coumloka pe
To. OpYOVIKG cVuoTaTKA Tov €0dpovg (ITivakag 10). [Ipdyuatt, n cvykévipmon tov AS
oto ofewwoo riAdopo (B3) ¢ pebddov BCR dev ocvoyetiotnke pe v
TMEPLEKTIKOTNTO. OE Opyovikn ovcio. tov vmd pedétn edapov (ITivakag 9),
vrodnidvovtag 0Tt To AS Tov gkyLAloTNKE G€ VTO TO GTAS MTAY GLVOEIEUEVO
Kupiog pe o covieidia. Ot Dybowska et al. (2005) cuopnepiélafav Eva 0&gldmoiLo
otéd1o ot pébodo Wenzel kot katénéav 610 GUUREPAGHO OTL 1] TOGOTNTA TOL AS
ov eKYVAleTonl 6 avTO TO 0TAd0 MBAVOTOTA TTPOoEPYXOTAV AO TN SIAVOT TV
covApwimv. Tlapoéia ovtd, pepikég MHeAETEC ava@EéPOLY  1oYVPOVG  BeTolg
GUGYETIGUOVG UETOED T®V  SoAvpévev opyavik®v evacewv (DOC) kot g
GLYKEVTPOONG TOV AS GE €00PIKA SLOADLOTA, VTOSEIKVVOVTOG OTL 1] OPYAVIKT 0LGia
umopei va mapdoyel 0éogic Tpoopoenong ywo to As (Thanabalasingam and Pickering
1986; Buschmann et al. 2006). Avtifétmg, GAAOL GUYYPAPEIG AVOPEPOVY OTL AOY® TNG
AVIOVIKTG VOGS TOV OPYOVIKOV EVAOGE®V OV ovTaymvifovtol pe o 0Eu-0viovTo Tov
As vy tig 0écelg mpoopopnong ota o&eid / vopoleidin tov Fe, or avénuéveg
ovykevipmoels oe opyaviky ovcio (SOM, Soil Organic Matter) kot drodivpévo
opyovikd avBpaxa (DOC, Dissolved Organic Carbon) odnynoav otnv avénon g
dwbecpottag Tov As oto £dagpog (Redman et al. 2002; Wenzel et al. 2002).

Yta oo peAétn €daen Ko oty idwo ypapuun pe tovg Miiller et al. (2007),
Larios et al. (2012) xou Abad-Valle et al. (2018), to peyorvtepo pépog tov As (78%)

Bpétnke oto vroieypotikd kAdopo (BRF) vmodnidvovtag 6t 1 mosoTNTO TOL AS
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oL O0evV EKYLMOTNKE amd TNV LOPOYAWPIKN VOPOELAOUIVI] GTNV OVOYDOYIUN (Ao,
gvoopatodnke oto ofewwoio (B3) kot oto vmoieypoatikd (BRF) khdopo tng
puebodov BCR. Xe ovupovio pe to amoteAéopota mov mpoékvyay omd T péBodo
Wenzel, n ovykévipmon tov AS mov ekyvAiotnke oto otddio BRF ocvoyetiotnke
évtova pe ekeivn mov ekyvAiotnke ota otddia B2 xor B3 (ITivakag 9), yeyovog mov
delyvel v Kovn TpoéAevon tov As mov £ivol TPOGOEUEVO GE OVTA TO KAAGLLOTO.

o to éviova pumtacpéva €0Gpn TG UEAETNG OLTNG, TO OMOTEAECUATO TNG
uebodov BCR dev éoei&ov oyéoelg pHeTald TV OGLYKEVIPOOE®V TOL AS 7oL
exyLAoTNKAY GTO S1APopa 6TAdLL TNG HEBOIOV KO TV GLGTOUTIKMOV TOV £06.POVS TOV

BewpovvTol OC T TO GNUAVTIKE Y10l TNV CLYKPATNON TOV AS GE PLTTAGUEVO E0AQT).

5.2.4 Aviivon katd ovotdoec (Cluster analysis)

[a va devkpvictodv kaAvtepo ot mBavES oyécel Hetald Tov oTadimv
Khaopdtoong tov As pe tic peboddovg Wenzel kaw BCR, mpaypotoromdnke avdivon
kot ovotddeg (Cluster analysis) oe kovovikomomuéveg (Normalized) tég. Onwg
eatvetar oto Zynua 4, mapommpnOnkav dvo KOpleg opddes. H mpd opddo
amotereitan and ta otdade W1, W2 kow Bl evd n devtepn amd OAa tor viwdAouTa
oTad Kou Twv dvo peboddwv. Ot ovoyetioelg petaéd tov otadiov tov 6vo
TPOTOKOAA®V Ogiyvouv OTL TO AVTIOPACTNPIO. TOL YPNGHOTOMONKaY G611 HEB0dO
BCR «atdopepav ev pépet va ekyviicovv 10 AS amd TIG GTOXEVUEVES (AGELS TOL
eddpovg. H onuavtikn oyéon petald tov otadiov B3 kot W3 ot devtepn opdda
ovvendyetar 6Tl T0 vrepoleidto Tov vdpoyovov (H202) mov ypnoipomoteitor 6t
puébodo BCR yuo v ekydAton tov AS Tov givol SEGUEVUEVO GTNV OPYOVIKT OVGTNL Ko

oT0. COVAQId, pmopel emiong va €xet ekyvAioet AS amd ta ofeid Tov Fe mov

91



ovvdcovtar pe pacelg tov Mn (Larios et al. 2012). EmmAéov, av kot To VITOAEUOTIKG,
KAaopata BRF ko1t WRF Bpébnkav va cuoyetiCovtar 1oyvpd, n cvykévipmon tov AS
oto otddo BRF ¢ pebooov BCR ftav 2.5 eopég peyorldtepn omd v avtiotoym
ovykévipoon As oto otddio WRF g uebodov Wenzel (BRF: 78.4%, WRF: 29.1%),
vroypoupifovtag v ated] owwAvtomoinon twv ofewiov tov Fe oamd v

VOPOYA®PIKT LOPOELALLTIVY.

Yympa 4. lepapyikd devopOypoULO TOV 6TAdI®V KAACUAT®oNG Tov AS COUP®VA UE
™ pébodo Wenzel (W1, W2, W3, W4, WRF: un €101k®¢ Tpocpopnuévo, E101KOG
TPOCPOPNUEVO, GLVIESEUEVO e QLOPPa Kot acBevdg KpuoTaAlikd o&gidto tov Fe,
Mn, Al, cuvdedepévo pe kpvotaAlikd o&eidio tov Fe, Mn, Al, vroleipupotikd) kot
BCR (B1, B2, B3, BRF: avtaAld&yo / dahvtd oe acbevég o&y, avoydyylo,
0&E13MG1O0, VTOAEIUUATIKO GTAS10).

Tree Diagram for 9 Variables
Weighted pair-group average
1-Pearson r

W1

w2

B1

W3

B3

W4

WRF

BRF

B2

0,0 0,1 0,2 0,3 0,4 05 06 0,7 0,8
Linkage Distance
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5.3  Mépoc 3° — Emidpoon avaywyikov kol YHAKOTOTIKOV UECWY  OTHY
KIvnTikotno / o1aleoiuotnto. twv As, Pb ka1 Zn o€ pomaouévo exLpovelaxo E00pog amo

™V evpvTepn mEPLOYN T0v Aavpiov

H mopovcioon tov omoteleopdtov kot 11 ov{tnon mov oKOAovOEL,
AVOQEPETOL GTO TEPALATIKO PEPOG TOL TTEPLYPAPETAL 0T XeAida 56 Kot amoterel TO

3° vmd kpion apbpo tov [Mapaptipotog.

5.3.1 Duvoikoynuikd yopaxTHpIOTIKG TOL E€0GPOVS TOVL ypHoluoToibnke Yyl 10

TEIPOLUO TV ETWATEDY

Ta Quowoymuikd YopaKTNPIGTIKA TOL €0GPOVE OV GLAAEXONKE omd TNV
mepoy] Oopkds, oty evptepn meployn tov Acvpiov, yw TV SlEVEPYELD TOV

TEPAUATOS TV EnOAcE®V, gpeavitovtar otov [Tivaka 11.

IMivakog 11. Qvouwoynpikd opaKINPLOTIKE TOL £3GQPOVS TOV XPNGLUOTOONKE Yo,
TO EIPALO TOV ETWAGEDV.

eq. Total*  Total* Total*
oM CEC
CaCC_)lg gkg®  cmolkg® As | Pb ., Zn |
gkg mgkg® mgkg® mgkg

Clay Silt Sand pH
gkg* gkg! gkg' (1)

219 274 507 7,64 74 47 19 727 5925 5575

*Vypny kavon pe Aqua regia, Clay=Apyihog, Silt=I\dg, Sand=Appog, pH=Evepydc o&vnta,
eq.CaCOsz=Icodbvapo AvOpakikdé AcPéotio, OM=0Opyaviky Ovcio, CEC=Ikavdétrta AvtoAilaync
Katidviov
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5.3.2 Avdlvon draxduovons (ANOVA) twv aroteleoudrwy e eniopaocns tov ypovo

ELMDAONS KoL TV UETayEIploewy oth oiobeouotnto twv AS, Pb ko Zn.

Onwc mapovcidleton otov Ilivaka 12, 0 xpOvog MmO KOl Ol LETAXEPICELS
OV EQUPUOCONKAY ETNPEACAV OTUOVTIKA TI dlabéoiueg ouykevipmoelg Tov As, Pb
kot Zn. EmmAéov, peta&d tov d0o mopaydviov (xpdvog / petaysipion) mapotnpndnke
ONUOVTIKT GAANAETIOPOOT] Y100 OAQL TOL GTOUYEID TOL WEAETNOMKOV KOl GUVETMS Ol
KOPLEC EMBPAGELS TOV YPOVOL Kot T®V peTayElpioemv otn dabesoudtra tov As, Pb

Kot Zn cu{nmOnkov Eexwpilotd.

IMivaxog 12. Amotelécpota avaivong dwxvpavong (ANOVA). Eridpaocn tov
YPOVOL ETMACTG KOl TV HETAYEPIGEDV ot dtobeotudmra Tov As, Pb kot Zn.

SS DF MS F D

As

Xpovog 203E2 6 3376. 109.7 0.000
Mertoyeipion 306E2 7 4374, 142.2 0.000
Xpévoc*Metayeipion 228E2 42 542. 17.6 0.000
Pb

Xpovog 961E3 6 160E3  42.0 0.000
Mertaygipion 251E6 7 358E5 9314.0 0.000
Xpévoc*Metayeipion 811E3 42 193E2 5.0 0.000
Zn

Xpovog 618E3 6 103E3 16.6 0.000
Mertayeipion 750E4 7 107E4 1729 0.000
Xpovoc*Metoysipion 491E3 42 117E2 1.9 0.003

SS = sum of squares

DF = degrees of freedom
MS = mean square

F = F-statistic

p = p-value
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5.3.3  Emidpaon 100 Ypovov ErWOONS KOl TWV UETOYEIPITEWY OTHY O100e01ULOTHTO. TV

As, Pb, ko1 Zn.

AveEapmra and T0 YPOVO ETDOONG, N EMIOPOACT] TOV UETAYEPICEOV OTN
drafeo1notnTo. TOV VIO PEAETN oTolEIWV NTay o)edoOV ido yioo ta Pb kan Zn, evd
mopatnpionke éva ela@padc dtapopeTikd potifo yiu o As (Zynuo 5 a, ¢, €). H
péytot dodecidTo Tov AS, Katd péco 6po o¢ 41 mg kg, mopatnpidnke pe v
epapuoyn tov EDTA, akoiovBovuevn amd v epappoyn E + OMW (puéon tiun 32
mg kg?) xon E + SD + OMW (uéon tiuq 27 mg kg? ). H epappoyr tov OMW, E +
SD ka1 SD + OMW odnynoe oty anelevfépwon mapopomy tocotnTemv AS péypt
14-16 mg kgl eved ov petoyepiosig SD kar DW gppavicay ™ youniotepn
Sbecomta tov As (uéom T 6 kou 8 mg kg, avrictoya). Ot onuavtikd
VYNAOTEPES GLYKEVIPMOEL TV Pb kot Zn mopotnphnkav pe TG HETAXEPIOELS
EDTA xot E + OMW (uéosg tipéc péypt 2532 mg kgt wou 1427 mg kg yua tov Pb
kot Zn avtictoyo) akoilovBovueves and t1g petayepioetg E + SD (uéom tun 2259
won 1333 mg kg yia Pb xou Zn avtictorya) kot E + SD + OMW (péomn tiun 2388 o
1340 mg kg? yi Pb xou Zn, avrictouo) mov emédeitav mapopoln midpacn otn
dwbeoomto kot TV dvo petdAlwv. Ot vmoélowmeg HeTOYEPIoES &lyav ®G
amoTéELEG O TOAD piKpOTEPN Srabeciudmro Tawv Ph kot Zn kot epedavicay mapopoto
1oy oty anelevdépmaon tov Pb kat Zn amd to vrd perétn £30¢pog.

O ypbdvog endaong elye v peyoldtepn enidpacn otn dwwbecipdtnto tov AS,
Pb ka1 Zn otig 7, 3 xor 90 pépec, avtiotorya (Zyaua 5 b, d, f). Tpia dwweopetikd
potifa pmopovv va mapoatnpnbovv yw to vwd pekétn otoyyeio. H Swwbéoun
GLYKEVIPMOOT TOL apoevikoh oavéninke amd v 1 pépa otig 7 nmuépeg Kol ot

cuvéyeld pewmbnke ota apykd enimedo otig 30 NUEPES, TOPAUEVOVTAG GTN GUVEYELL
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oyeTkd otabepn. Qaivetor 6TL petd amd 7 NUEPES EXTDOONC, TO AS GPYIOE VO ETAVOL-
TPOGPOPATAL GTUOLOKA OTIC OTEPEEC PACELS TOL EOAPOVE, VITOOEIKVVOVTOS OTL TO AS
oL ameAevOepovetal amd TIC eQapuolopeveg petayelpioel petafoivel oe mo
otafepéc LOPPEG GE GYETIKA GUVTOHO Ypovikd odotnuo. H emidpaon tov ypdvov
gnwoong ot owbeocywotnto. tov Pb  akolovOnoe dwagopetikd potifo. H
napatnpovuevn vynAdtepn dwbeoipuotnto tov Pb otig 3 nuépec ocvuvodedTnke oo
AmOTOUN TTOON OTIG 7 NUEPES, GE EMMEdN ONUAVTIKE YopunAOTEP amd exeiva g 1
nuépag. H mapatmpovpevn yauniotepn dwabecipuotnto tov Pb napéusve puéypt tig 15
nuépeg, avéndnke kor mwid otig 30 nuépeg eBAvovtag oto eminedo TOV APYIKAOV
oLYKEVIPOGE®V TG 1 Nuépac kot 61N cuvéyeld mapipeve oxeddv oTabepn HEXPL TG
90 nuépeg yopig xopio onuoavtikny dwkdpavorn. Ocov agopd tov Zn, dgv
TapoTNPNONKe KATOW GNUAVTIKY LETAPOAN TNV KIvNTIKOTNTO TOV £00G TIG 7 NUEPEC.
2T GLVEXEW, OLTH 1) VOTEPNON UEWMONKE OTAOOKO KOl 1) GLYKEVIP®ON TOL
dwbéoipov Zn avéndnke péypt tig 90 nuépeg.

o v kaAdtepn ameEKOVION TOV OMOTEAECUATOV NG EMdpaoNg TOV
peToEPicE®Y Kt Tov ¥podvov otn dabeoipudtnta Tov AS, Pb kot Zn, mapdybnkov
tpia draypappato mov deiyvouv ) petafoin tov kilacpdtov W1 / Bl (to mo
dwbéopa Khdopata ocopeova pe tig pebddovg Khaoudtowong Wenzel kar BCR) tov
VO PUEAETN oTolXElMV Yia KOOE PETOYEIPION Kot ¥POVIKO SACTNHE EMMACNS (ZyMuo
6). Etvar mpogavég 06Tt Y 6Aovg Tovg ¥pdvoug emmaong, ot petayepioeg E, E +
OMW, E + SD + OMW «at E + SD odnynoav o cap®g avénuévn dStolutdtnto tmv
Pb kou Zn oe oyéomn pe Tig petoyepioeg mov dev mepleAdpupavavy EDTA (dnd. DW,
SD, OMW ka1 SD + OMW) (Zynua 6 b, ). EWdwd yia tov Pb, ot petayeipioelg mov
nepehapupavov EDTA odnynoav oe cvykevipooelg dabéoyov Pb 6to €dapog mov

Kopaivovtoy petacd 2100 o 2772 mg kg, onuavtikd vymidtepec omd exeiveg mov
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enédeiEav ot petayepiosic yopic EDTA mov kopaivovtay peta&d 207 kot 419 mg kg
! T 1o As, ot petoyeipiosic pe EDTA engdeiav yevikd vynidtepn kovoTnTo
EKYOMONG, OTATIOTIKMG ONUOVTIKT Hovo yia Tic petayepioec E, E + OMW kot E +

SD + OMW petd and 7 kou 15 nuépeg enmdaong (Zynqua 6 o).
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Yyfqua. 5. Exnidpoon tov ypdévov (time) kor twv petoyepicewv (treatment) otig
dwbéoeg ovykevipmoelg tov As (a, b), Pb (c, d), xor Zn (e, f). H vmopén
OTUOVTIKOV 1| U1 Stopopdv Heta&d tov pécwv ehéyytnke pe to Tukey HSD test (a <
0.05). H mapovsio kovdv YpopupUdT®v DVTOSNAMVEL U1 GTLOVTIKY S1opopd.

50 45
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~% < ~ 30
22 g »
g “ 2
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5 5
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E oMW E+OMW E+SD+OMW Time (days)
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2000 1450
':? 1500 —3’ 1400 . b
g b
E 1000 £ 1350
500 1300
0 1250
500 1200
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DW=Amoviopévo vepd, ESEDTA, SD=ABc1ovirdeg vatpro, OMW=Yypd amdpfinta
elaovpyeiov
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Yyqpna 6. Enidpacn tov petaysipicenv eni tov dbéciuov ovykevipocenv (W1 / Bl) tov As (a), Pb (b) kot Zn (C) ywo 6la ta ypovikd
daomuata endacng (incubation time) (rapovstdlovtot ot HEGES TYEG Kot TO TUTIKO GOAALA UE SLAOTNLO EUTLGTOSVVNG 95%).
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DW=Amoviouévo vepd, EEEDTA, SD=A10c10vmdeg vatpio, OMW=Yypd andpfAnta elatovpysiov
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O petoyepioelg mov mepredaupovovy EDTA odfynoav oe vynidtepeg
S100£01UEG GLYKEVTPDOEL OAMV T®V oTolKEimV oL pedethOnkay (Zynque 5 a, C, e).
E&ottiag g peyding wkavotmtog tov EDTA va onuovpyel odumioka, dpa mg
1GYVPOC OVTOYWVIGTNG TV EVEPYADV EMLPOVEIDV TOL EGAPOVE KOl G EK TOLTOL £ivol
Kavo va ekyvAilet Bapéa péTaAho Kot LETOALOELON OTd TO SLAPOPO ¥NUIKE KAdGHaTO
OV €dAPOVE, OT®G TO aVTOAAGEINO, Ta avOpakikd, Ta auopea oéeidi Fe - Mn ko
mv opyovikny ovoioe (Manouchehri and Bermond 2009). IToAloi ocvyypogeig
gmeonuavay v amotedecpotikotnto tov EDTA ya v kivnronoinon tov As, Pb
Kot Zn og €6aen pumacpéve pe pétodda. Ov Meers et al. (2005), pelétmooav v
Kivnromoinon tov Zn cg pvnacuéva e Papéa pétario WICNHATO TOL HETAYEPIGTNKAV
pe EDTA xot owmictooav 01t 1 Kivnmkotnta tov Zn avénnke onpovTikd.
[Mapopowa amoterécpato Tapatnpndnkay and tovg Abbas koar Abdelhafez (2013), ot
omoiot Tpdchecav drapopeTikég cuykevipacelg EDTA og éva puracuévo £6apog amod
Bropnyavikn weproyn. H Miihlbachova (2011), danictooe 6t | tpocdnkn EDTA og
pakpoypdVio. PLTTAGUEVO €0GON APOTPUIOV EKTACEWV Kol AEIUOVOV, O0ONYNCE OF
avénuéveg moodmreg ekyvAionuov Pb pe NHsNO3 éwc 600 war 122 @opég,
avTicTolyO.

To dBsoviddeg vatpo ypnoomombnke yww v dnuovpyio GRLPOV
AVOY®OYIKOV GLVONKOV oL B HTopovcay vo 0dnynocovy o1 dtdAvon tov o&edinv
tov Fe kot oty emaxdAovdn amedevfépmon TV Tpocpopnuévey o avtd As, Pb kot
Zn. Qot660, 6g cOyKplon He To omovicpuévo vepd (DW), to d10stovddeg vatplo dev
elye onuavtikn emidpacn 61N dSbesOTNTA TOV VIO PEAéTN oTotyeimv (ZyMua S a, C,
e). Ta ptoyd amoteréouata ot doeAvtotnto Tov AS, Pb kot Zn arnd v enidpaon
oV ABglovddovg vaTpiov KaTd Tn JPKELD TNG TEPAUATIKNG TEPLOOOV, UTOPEl Vo

opeilovtal ot peptkn d1dAvon TV o&ewimv tov Fe kot oy enava-onpiovpyio véwv
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EVEPYDV (QACEMY TOV OECUELGOV TO OPYIK®OG omeAevfepmbévia otoryeia. Ommg
vrootpilovv ot Kim et al. (2015), n avayoyiky Siéhvon tov Fe** - ofediov and v
EMOPOCN VYNADV CLYKEVIPMOE®V AlBE10VMOOOVS, UTOPEL VO 00NYNOEL GTNV
Tapaymyn Vémv popedv Fe?t - ofeldiov dnuovpydvTag Kot’ ovTdv ToV TPOTO VEEG
EMPAVEIEG OLYKPATNONG TV HeETOAMwV. Ot 10101 ovyypageic mpdtewvay 1
ovvovaoTiky ypnon Tov ofstovddovg vorpiov (NaxS:04) pe o&aiikd vdtpilo
(Na2C204) 1o omoio cvumhlokomoleital 1oyvpa ue Tov Fe pe anotéheoua TV ovacTon
TOL GYNMOTIoHOD VE®V 0EEimy Tov Fe. H cvykévipmon tov 0.1 M dibstovmddoovg tov
YPNOCLOTOMONKE GE VTN TN UEAETT], TOAVMOG NTOV OPKETE LYNAN Y10 VO TPOKAAEGEL
M o0dAvon tov ofewiov tov Fe, aAld n amovcio 0moWGONTOTE 0VLGING OV
AVOOTEALEL TO GYNUATIGHO VE®V 0&EWIMV 00NYNGE GTNV €K VEOL OKILVNTOMOINGT T®V
As, Pb ka1 Zn. Emmpdcbeta, n mapatnpovpevn yopmrotepn dobeciuotnta tov Pb
otg 7 wor 15 muépec amd O, 1 ot 1 nmuépa pmopel vo ogeileTon otV
enavompoopoenomn tov Pb og véo-oynuaticOeioeg evepyég paoelg Tov £ddpoug.

Ye oyéon pe to omoviopuévo vepd (DW) kar to d10stovdeg vatpio (SD), n
petayeipion tov €ddpovg pe vypd amdPfinta elaovpysiov (OMW) odfynoe oe
oNUAVTIKA VynAdTEPEG SLoBEGIIEG GLYKEVTPOOELS HOvo Yy To AS (Zynua 6 o). H
npocOnkn opéokwov OMW oe &ddopn pmopel va ovénoet 1 OwwAvTtOTNTO TOV
UETOA®V HECH 0V0 KOPLOV UNYXOVIGU®V: 1) TNV ovaymyikn didivon tov o&edinv
UETOAA®Y OC OTOTEAEGUO TNG OVOPYOVOTOINGNG TNG OPYOVIKNG OLGIOG a0 TOLG
LUIKPOOPYOVIGHOVS TTOV KATAVOADVOLV €Ae0Bepo 0&uydvo kot v oeldwon Tmv
QOWOMK®OV EVOGE®V Kol 1) TOV GYNUATIGUO OPYOVOUETOAMK®OV GUUTAOK®OV TOV
SLAVTAOV OPYOVIKDOV EVOGEMY KOl POIVOADY TOV OVOGTEALOLYV TNV TPOGPOPNOT| TOV
HETAAM®OV 0TIG 6TEPEES Paoelg Tov eddpovg (Madrid and Diaz-Barrientos 1998; de la

Fuente et al. 2011). ®a nMtov avopevopevo Aowmdv va mopotnpeitor avEnuévn
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dwbeciudTTOr Ko yio to Tpice ototyeio mov peAetnOnkay kot Oyt povo yo to AS.
Qaiveton 6tL tao OMW dev dodlvtonoincay anoteAecpatikd ta 0&eidio LETAA®Y GTO
VIO HEAETN €00.POC KOl OEV TPONYAYAV EMOPKMOS TOV GYNUATIGUO OPYOVOUETUAMKOV
ovunAdkov. IToap '0la avtd, ovtd propei va oydet yio tov Pb ko Zn aAld dev pmopst
va e€nynoet v ovénuévn swwivtoétnta tov AS pe v petoyeipion OMW. Xe
avtifeon pe tov Pb kot Zn, to apoevikd vmbpyel ota £8aen ®¢ ofvaviov Kot
EMOUEVOG avToymviletal pe Ta OoEOopPKd avidvta yio 0écelg mpoopoenong ota
edaikd korrogdn (Violante kau Pigna 2002). Agdouévov 6t tao OMW mepiéyouvv
ONUOVTIKEG TOGOTNTES POoPopov (160-310 mg kg? katé péso opo, Pardo et al.
2017), sivan moAd mBavé ta pocpopikd (PO4>) mov TPoosTédnKav 6To £5090C HEGH
tov OMW vo ovTikatéomooy To apoevikikd oviovto (AsOs>) otic Béosig
TPOCPOPNONG TOV KOALOEW®OV TOL €04QOVE Kot ¢ €K TOLTOVL va avéndnke n
ovykévipwon tov AS 610 £daewd ddivpa. Ocov apopd v enidpacn twv OMW
oTNV KVITIKOTNTO TOV UETAAMA®V, TO ELPTLOTA TOV EPELVAOV givar avtipatikd. Ot de
la Fuente et al. (2011) dwe&nyayav évo meipopa pe YAGGTPES YPNOWOTOIOVTAG EVaL
OAKOAMKO YE®PYIKO £dapoc pe avénuéveg ovykevipmoel oe Pb kar Zn, wot
dwmictosav 6Tl 1 TPosOHNKN TOV VIATOINAAVTOD KAAGUATOG VOTNG EANOAACTING dEV
glye onuovTiKo amotédespa otny delvtotto tov Pb / Zn. Avtibeta, oo Romero et al.
(2005), avaeépovv 611 | TpocsOnkn OMW ce £dapog emPapopévo and eEopukTikég /
UETOALOVPYIKES OPACTNPLOTNTES ElYE MG AMOTEAEGHLO TNV AOENGT NG GLYKEVIP®ONG
TOV SWAVTOV Hope®dV TV Pb / Zn petd amd 18 gfdopddsc.

Onwg meprypaeetor otnv Zynua 5 (8, ¢, e), n petayeipion E + SD odfqynoe oe
oNUOVTIKG YaunAotepeg dtabéoipeg ouykevipmoelg tov As, Pb kot Zn and 1o EDTA,
VIOdEIKVOOVTAG OTL TO dBelovmdeg vatplo (SD) mepidpioe v ynikomomrikn dpdon

tov EDTA. Tlapdépown amoteréopata avaeépovv kot ot Kim et al. (2016) mov
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TOPOATPNCAV YAUNAOTEPT EKYLMOTIKY Kavotnta Tov EDTA y to AS mapovcia
dBelovmdovg vatpiov oe ovykevipwoels > 0.05 M kot og aikoikd pH. Kdto and
IOYVPES AVAYWOYIKEG EQOPIKES GLVONKES, OTWG AVTEG TNG TOPOVSOG LEAETNG, LWITOPEL VO
TPOKVLYEL TOPAYWYN GTOTYELOKOD KOl GAAMY OV YUEVOV YNUIKOV HLOpe®OV Tov Ogiov
AOY® ™G aTod1dAVoNG TOL O1BE0VDOOVE TTOL €V GLVEYEID UTOPEL VOL EDVONGEL TNV €K
véou kabilnon tov As ue covdgdkéc eaoelg (Varadachari et al. 2006). e avtifeon
pe 1 petayeipion E + SD, o ovvovacpdg SD + OMW odnynoe oe ehappdg
vynAdTEPEC dabéoiueg ouykevipmoelg Twv Pb kot Zn amd ta SD kaw OMW, kot tov
As and to SD, vrodnimdvovtag cuvepylotikn dpdor Heta&d Tov d10E10vMO0VG Kot TV
VYPOV amoPANTeV ghatovpyeiwv. Xe avtiv v mepintmon, to OMW cuveicpépouvv
Betikd oV avoy@yiKY] 0pdon tov SBEOVOOOVS, «TTPOCPEPOVTACH SLOAVTES PALVOAES
Kot YopUnAoD poplokol PBAPOVS OPYOVIKEG EVAOGEIS HE VYNAN YNAIKOTOWTIKY
KOVOTNTA, 01 OTTOiES OMOVPYNoaY COUTAOKA e TOV FE Tov amelevBepdOnke amd ™
owivon tov ofewiov tov Fe, gumodiloviag €161 TO GYNUOTICUO VEWV EVEPYDOV
QAcE®V KoL TNV €K VEOL aktvntonoinon twv As, Pb kot Zn. Téhog, 0 cuvdvaoudg tov
EDTA ka1 tov OMW (E + OMW) peimoe onpovtikd m StabEciun cuykévipwon Tov
As og olykpion pe 1o EDTA povo tov. Aapfavovrog vedyn 6t to OMW mepiéyovv
onuavtikég mocdmTeg dtadvtod Cat? (200 émg 640 mg L™ katd péco opo, Pardo et
al. 2017) ka1 6Tt 70 AVTIOPAGTHPLO OV YpHoonodnke 6to TpmdTo 6Tddto (W1) g
uebodov Wenzel mpog ekydiion tov gbkora kvnromotoyov As ftav to (NH4)2S0s,
givon ToA) mBovod Eva pépog tv SO42 va dnpovpynce adidAvto yoywo pe To 16vTa
Ca*? kot kotéd cuVEmEl Vo PEOONKE 0 opdudc TV Bsukdv avioviov mov o

UTOPOVGOV VO, AVTIKOTAGTCOVV TO APGEVIKIKA GTO E0LPIKA KOAAOELON.
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5.3.4 Ermidpaon twv uctoyeipioewv otny kAooudtwon twv As, Pb, ko Zn.

"o va diepevvnBei 1 emidpaon TV petayelpicemv otny katavoun tov As, Pb
Kol ZN oTIC OlQOPETIKES €JUPIKEC (ACELS, EQUPUOCTNKOV OVO  SLOOIKOGIES
ddoykmv ekyvMoemv (SEPS) ota detypata eddpovg petd and mepiodo enmaong 90
nuepodv. H uébodog Wenzel n oroia eivar 181ké oyedracuévn yio to As (Wenzel et al.
2001) ko n evpéwg amodektn uéBodog yio to petodlikd kotiovra BCR (Rauret et al.
1999). I'a k4Be petayeipion, o AmTOTEAEGUATO TAPOVCIALOVTAL (G TOGOGTO TOV KAOE
KAAGUOTOC G TTPOG TO AOpOIopo OA®V TV KAaopatmv (Zxnua 7).

Té6co otov pdptuopo 000 kol oTO €00PIKA Ogiypoto mov emdEyOnkav
petayepioemv, kot to omoia enwdotnkay yro 90 nuépes, 10 HEGo m0costd Tov AS oTOL
dupopa KAAGHaTo ToV £04QoLS Ntav o PBivovca cepd W3> W4> WRF> W2> W1
Emua 7 a). Xe odykpion pe tov paptopa, 1o kAdopo W1 tov As avénbnke
onuavtikd petd amd 90 nuépeg emmdaong o€ OAEC TIC PETAXEPIOES OV TePLelyav
EDTA, an6 0,6% otov paptopa €wg 2.1, 2.5, 1.5 kor 1.6% ywo tig petayepioeic E, E
+ OMW, E + SD xot E + SD + OMW, avrtictoyya. To EDTA pepovopéva kot to
EDTA og cvvdvacpd pe o OMW (E ko E+OMW) éde1&av onpavtikd peyaidtepn
avénon tov KAdopatog W1 tov As evd avtiotorya, dgv moapatnpnOnke wopio
onuavtiky enidpoon tov petayepicewv DW, SD ko OMW.

Extég and 10 o&ewddoyo kiaopa B3, n enidpaon tov petaysipicemv otnv
katovoun tov Pb kot Zn ota dideopo kKAaopato £30pouvg ntav mapopota (Zynuoe 7 b,
C). Ot petayepioeig mov mepieiyav EDTA adénocav onpavtikd to mocootd tmv Pb kot
Zn oto avtadha&yo / dtodvtd oe acbevég 0EH khdopa (B1) kot avtd cuvodehtnke
amd CNUOVTIKN UEIDON T®V TOGOCTOV TV OLO UETOAA®V GTO OVOY®DYIHO KAAGHO

(B2). 'Eva dapopetikd potifo mapatnpndnke yo to ofewdmoipo khdopa (B3) tov
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dvo petdAlov. Ta tov Pb, dleg o1 petayesipiceig mov mepieiyav EDTA eiyav og
OTOTEAECHO U0 UIKPN OAAQ GNUOVTIKN UEI®MON T®V TOCOGTMY TOV UETAAAOL TOV
oyetiCovtal pe 10 0EEBMOIH0 KAAoua. Zvven®c, o Pb mov anelevbepdvetar omd 1o
KAaopa B3 pmopel va cuvéPare oTig avENUEVES GLYKEVTPMOGELS OVTOD TOV HETAAAOV
ot0 kKAdopa Bl. Xe avtibeon pe tov Pb, ot petoyepioeic E kow OMW odnynoav o€
onuavtiky avénon tov o&ewmoov KAdopatog tov Zn, frot and 19.8% otov
papropa og 21.8 ko 22.9% avtictorya.

Xe o0YKplon UE TOV UAPTLPO, TO HEGO TocooTd Tov AS oto kAdopa W2
(eWKOG TPOSPOPNUEVO, COUTAOKO ECMOTEPIKNG GTIPASNS) AVENONKE OMUAVTIKA HLOVO
pe v petayeipion E + OMW (a6 9.9% otov paptopa éog 12.5%), yeyovdg mov
oetyver 6tL ta OMW evioyvoav v wavotnta tov EDTA va exyvlriCer to As and 10
Khaopa W2. Onwog avapépdnke mponyovpévms, 1 petayeipion E + OMW avénoce
eniong onuoviikd t0 mWococtd Tov AS oto khdopo W1 (Eynuo 7 a). H
TapOTNPOVUEVT LYNAOTEPN Topovcio Tov AS ota kKAdopata W1 kor W2 petd and
enmaon 90 NUEPOV GLVOSELTNKE OO GNUAVTIKY UEIMOT TNG GLYKEVIP®ONG Tov AS
oto kKAdopa W3. Tlpaypatt, yo to kKAdopa W3 mov avtiotoryel oty exydon tov
YNUK®OV pLope®dv tov AS and to dpopeo o&eidia tov Fe, Mn kat Al, ta mocootd Tov
As peiddnkav onpoavtikd and 50.5% otov pdprtopa oe 44.1%. To peyoardtepo pépog
tov AS mov anedevBepdOnke oe avTO T0 KAGoHa vd Vv enidpacn Tov EDTA kot
tov OMW Bpébnke ota khaopota W1 ko W2, deiyvovtag o avakatovour] tov As
oe KAAopota Tov €04QOVG oL oyeTilovtol pe Mo KwNTkéG popeég tov AS. ‘Eva
oyed6v tavtdéonuo potifo katavoung tov As peta&v W1, W2 ko W3 napatnpronie
kot pe tn petayeipion pe EDTA. H katavoun tov As ota kAdopoato W4 ko WRF
€0e1ée  pIKpég Olapopés petalld tov petayepicewmv, vmodeikvoovtag OtL OAeg ot

petayepioelg  mov  epoppdcHnkav  dev  Katdoepov  va  SAVTOTON|GOLV
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Yypa 7. Enidopoon tov petayepioemv (Treatments) eni tov mocoatov tov AS (2) ota kKAdopoto (W1) un edikmg tpospopnuévo, (W2) edikmg
npocpopnuévo, (W3) duopea kot acbevdg kpvotoriikd ofeidio tov Fe xor Al, (W4) kpvotailikd évodpo oEeidio tov Fe kou Al, (WRF)
VIOAEUHOTIKO, Ko €7l TV Tocoot®v Tev Pb (b) kot Zn (C) ota khdouata (B1) avtaAla&ipo / d1oivtd oe aobevég 0&D , (B2) avaydypo, (B3)
ofewdmoo kot (BRF) vmoAeypatikd. Ot ovykpioelg Tov puéomv petald Ttov petoyelpicemv yio kdbe khdoua mpaypotomotonkay
ypnoponowdvtog to Tukey HSD test (a < 0.05). H mapovcio KOGV Ypoppdtoy DITOSNADVEL 1) GNUOVTIKY S1apopdL.
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QTOTEAECUATIKA TO KpLoTaAAikd ofeidwa Fe, Mn kot Al, ovte dahvtomoincov Tic
VITOAEWUUATIKEG EGUPIKES PAGELS. ZOUPOVOL [LE TOL ATOTEAEGLOTAL, GUUTEPOIVETOL OTL O1
avénuévee ovykevipmoelg ov As ota kKAdcpato W1 kot W2 mponibov amd v
wavotnTa Tov EDTA va ekyvAilel 1o AS amd to dpopeo PLeTaAMKE 0EeidLa, YeYOVOg
ov evioyvinke meportépw and v moapovsio Twv OMW. Ta cvunepdopota ovtd
givan otV 16100 katevBuvon pe tov Borggaard (1982), o onoiog avagépetl 611 1o EDTA
enedelle ekAeKTIKOTNTA TNV eKyOMon AS amd Uelypoto cLVOETIKOV AUOpPOV
o&edimv Tov Fe kot puotKdV 1] GLVOETIKOV KPLGTOAAMKOV 0E1dimV Tov Fe.

H mpocOikn tov EDTA kot 6Awv tov petayepicemv mov nepieiyav EDTA (E
+ SD, E + OMW, E + SD + OMW) odnynoe o€ 1oyvpn Kivnroroinon twv Pb kot Zn
010 £00p0g. TNV mepintmon tov Pb, o 1060616 TOV KAdopaTog B2 peiwbnke evd
tov Bl avénnke onpavtkd, oxedov 40%. Ilapdpota, yio tov Zn 10 m0G06TO TOL
Khdopatog Bl ovénbnke pe tig petoyepioelg mov  mepeAdpufovay EDTA.
[Mopatmpeiton emiong o6t, 10 potifo g perafoing tov xidopotog Bl rrav
avTioTpoeo amd gkeivo Tov B2, yeyovdc mov oyvet ko yia tov Pb. Ta amoteléopoto
delyvouv capdg 01t 10 EDTA egivor évog moAd amotehespoTikdg mopayovTog
anehevbipwong Papéwv  petdAlov  oto  £0apog, kot  1dwoitepa  tov  Pb
(Neugschwandtner et al. 2008). Ot tapatnpnONceg pEIOpEVES GLYKEVTPOOELS TV Pb
Kot Zn deopevpévov oto o&gidio Fe / Mn Adyw g ikovottog tov EDTA va mpodyet
M dwAvtonoinomn twv o&ewimv Tov Fe, cuvéBaiav e o GNUOVTIKY aOENCT] QVTOV
TOV HETAAM®V oT0 meplocdtepo dwbéoipo kAdopa (Bl). Xtn pébodo BCR dev
neplhopPdvetar kovéva oTtddlo Yoo Tn  Olpopomoinor  Hetafld  Apope®mv Kot
KPLOTOAMK®OV 0&edimv Tov petdAlmv. Zopeova pe tovg Rodriguez et al. (2003), n
VOPOYA®PIKT VEPOELAQUIV (TO OVTIOPAGTAPLIO TOV YPNGLULOTOLEITAL GTO OEHTEPO

otado B2 g BCR) dgv pmopei amoteheopatikd vo OlOOTAGEL TIG KOADG
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KPLOTAAAOTOMNIEVEG PACELS OALA KUpimg dtaAdeL Ta ApopPo oEeidia Tmv Fe kot Mn.
Q¢ ek tout00V, T0 EDTA poévo 100 1| 08¢ cvvovacpd pe to OMW, avénoce tig
Ol0BECIEG GVYKEVTPAOGELS OAWDV TOV VIO HEAETN GTOLXEIMV TTOV TOUVAOS TPOEPYOVTIAV
Kupiog amd TN didAvon tov duopewv ofewdimv tov Fe. Ov Clemente kot Bernal
(2006), owamictwoav OTL 1| TPOGOHNKN YOLHIK®OV 0EEWV TTOV amopovadnkay ond Eva
ptypo compost (euALa eAldg kot to oteped kKAdoua tov OMW) cg éva pumacuévo pe
Pb-Zn acBeoctolbikd £dagpoc, avénce T cLYKEVIP®OT TOL ZN 6TO EKYVAICIUO UE
EDTA «hdopo emPefordvovtog Ty Kvntomoinon Tov HETAAALOL HETH OO EMMOOT)

28 gfdopdowv.

5.3.5 O pdloc twv oleidiwv tov Fe [ Mn otyv kivyukotyro twv As, Pb kor Zn.

Ta amoteléopato TOV KAAGUOTOGE®V £3€1EaV oaPOS OTL Ol OVENUEVES
ovykevipwoels Twv As, Pb kot Zn ota o dabéoipa kKidopata (dnk. oto W1 yia to
As kot Bl yuo ta Pb kot Zn) mponibav kupimg amd Tig avoydyyeg yxNUKEG AGELS TOV
€06povg. Avtd givar amotérecpa g wavotntag tov EDTA (kupimg) kot tov dAlov
HETayEPIcEOV VO ONUIOVPYOLV GUUTAOKA HE To. PETOAAD Kol To AS mov givol
deopevpéva oto o&gidio tov Fe / Mn. T v mepattépm dievkpivion Tov pOAOL T®V
ofediov tov petilov omv Kwvntikotnta tov As, Pb kot Zn otic mepapotikég
cuvOnKeG aVTNG NG UHEAETNG, OMUOLPYNONKE TIVOKOG GULVIEAEGTAOV GLOYETIONG
(Correlation coefficient matrix) yw va gieyyfoov toyxov oyéoels peta&d Tv mo
evkivntov Khooudtov tov As, Pb, Zn, Fe kax Mn (W1 1 B1 avdloya pe 1o otoyyeio)
Yoo Okec TG petayepiosg kor ypoévovg emdaong (Ilivaxag 13). EmmpdcbHeta,
devepyndnke avdivon kdpiov cvvictwcov PCA (Principal Component Analysis)

OOV TO SESOUEVA EIGOYOYNG NTAV Ol GLYKEVIPMOGELS TV AS, Pb, kot Zn ota 6tddo
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W1 /Bl kot ot cuykevipmoelg tov Fe, Mn ota otddia B1, B2, B3 kot BRF petd and

enmaomn 90 nuepov (Zynua 8).

IMivaxog 13. ITivaxog cvvieleot®v cvoyétione tov dwwbéocipumv kKiaopdtov (W1 /
B1) tov As, Pb, Zn, Fe ka1 Mn yio 6Aeg T1C HETAYEPIOELS KOl TOVG YPOVOVG EXMOUCTG
(N=224).

AsW1 PbB1 ZnB1 FeBl MnB1
Asw1l 1.000 0.473 0.407*** 0.320*** 0.047

PbB1  0.473*** 1.000 0.873*** 0.858*** 0.339***
ZnBl1  0.407*** 0.873*** 1.000 0.792*** 0.319***
FeBl1  0.320*** 0.858*** 0.792*** 1.000 0.611***

MnB1 0.047 0.339*** 0.319*** 0.611*** 1.000

***p <0.001

Yopgova pe tov Iivake 13 ta kAdopata W1 / Bl teov As, Pb kot Zn
ocvoyetiCovron éviova pe 1o kAdopo Bl tov Fe mov dgiyvel kown mpoéievon dAwmv
TV otoyeiov oto dwbéco KAdopa mov mbavotato TPoEPYETOL Omd TN UEPIKN
duivon tov ofewimv Tov Fe. H cuykévipoon tov Mn oto kAdopa Bl cvoyetiotnke
OTUOVTIKG E TIC OVTIOTOL(EG OLYKEVTIPMGELS TV Ph xar Zn kot oyt pe tov AS oto
W1, Avtd 6pmg NTov HAAAOV €val OvVaPEVOUEVO AmOTEAEGHA, dedopévoy 0Tt To AS
TpocpoPdrtat kupiwg oto o&eidio Fe kar Al ko oyt ota o&eidia tov Mn (Wenzel et al.
2001). Onwg mapovoialetor oto Zynua 8, n avaivon PCA £dei&e 6tL Ta. kKAdopoTo
AsW1, PbB1, ZnB1 «xou FeBl oynudrticav po opddo (cvoyetilovior peta&d tovg) n
omoio GuVIEETAL OPVNTIKA e TO avay®ylo KAdopa B2 tov Fe, mapéyovtag ioyvpég
evoeilelg 0Tt Ta o&eidia Tov Fe Nrav 1 kOpla de&apevn yuo Tic ovénuéveg dabéotpeg
nocotTeg TV AS, Pb ko Zn 6to 1éhog ¢ meptddov enmdaong. H aAAn onuavtiky

ApPVNTIKY GYE0MN ToL damioTddnke Nrov petabd tov Bl kot B2 khaopdtov tov Mn
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mov Oetyvel 6t M ddAvon TV o&ewinv Tov Mn advénoe ™ dwbecipudéTTa TOL MM,

aAAG dev emnpéace 1oyvpd ) dbsotudmta Tov AS, Pb kot Zn.

Yyfqua 8. Anoteléoparta g PCA avalvong yia ta dabéciua khaouato tov As, Pb,
kot Zn (W1 / B1) kot tov aviorda&yov / dtaAvtd oe aobevéc o&p (B1), avaymyyiov
(B2), o&edmwopov (B3) kot vroAeupatikod (BRF) khdouatog tov Fe kot Mn.
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5.4  Mépog 4° — Melétn oynudtmv eviayvuevns povtoelaywyng ue t ypnon EDTA,
Yypawv Aropfintwv EAaiovpyiwv kor tov potod Pteris vittata L. yia v omoppdmoven

PUTOAGUEVOD EOGPOVS GO THY EVPVTEPN TEPLOYN TOV Aavpiov

H mopovcioon tov omoteleopdtov kot 11 ov{tnon mov oKOAovOEL,
AVOQEPETAL OTO TEPAUATIKO PEPOG TOL TTEPLYPAPETOL 0T XeAida 59 Kot amoteAel TO

4° dmpoctevpévo apbpo tov Iopaptiparto.

5.4.1 Dvoikoynuikd YopPaKTHPLOTIKG TOV E0GPOVS TOVL ypHoluomwoibnke yia 10

weipopa Oepuornmio.

Ta QuoWKOoYMUKE YOUPOKTNPIOTIKA TOV €06QPOVS TOL GULAAEYONKE amd TNV
mepoy] Oopwdg, oty evpltepn meployn tov Acvpiov, Yoo TV OEVEPYELD TOV

nelpapartog Beppoknmiov, gppavifovrat otov Iivaxa 14.

IMivaxkag 14. QLGIKOYNUIKA YOPOKTNPIOTIKE TOV £0AMOVS TOV YPNGLOTOMONKE Yo
to melpapa Oeppoknmiov.

. Total CEC Total Total Total
C|l<8.¥1 S'Lt 1 Sak”‘i'l [()lH 1) CaCOs O&/I_l cmolckg  As Pb Zn
g Kg g Kg g Kg : gkg?! g Kg 1 mgkg? mgkg! mgkg®
198 301 501 7.72 69 45 18 822 5677 4428

Clay=Apythog, Silt=IAb¢c, Sand=Appog, pH=Evepydg o&dvmta, CaCO3=Icodbvapo AvBpakikd
AcBéotio, OM=0pyavikn Ovcia, CEC=Ikavotnta Avtaiiayng Katidviov

5.4.2 Avartoén e etépne P. vittata L.

Xoupovo pe to omoteléopata thg ovdivong dakvpovong (ANOVA), 1
emidpacn Tov mapdyovia Metayeipion oty avamtvoén e ¢tépng P. vittata frov

ONUOVTIKY, EV® 1M &midpacmn tov mapdyovta Adon dev Nrav. Agv mapoatnpndnke
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aAAnAemiopaon petad TV 0V0 TaPayovTOV (Zynua 9 Kot GVVOSELTIKOG TTivaKaGg). e
oVYKPIoN e Tov udptopa (putd mov dev epappdctnke kapio petayeipion), 1060 M
npocOnkn EDTA 660 kot tov vypodv andpintov eiatovpysiov (OMW) peiocav
ONUAVTIKA TNV aVATTLEN TOV QUTOV, 00N YOVTOS o€ Katd 20% yapnAdtepn Tapaymyn
PBopaloc oty mepimtwon g mpdtng mpoodnkng EDTA. Qotdéco, dev
TopaTNPNONKOV CUUTTOUATO TOEIKOTNTOG 1] AVETAPKELNS OPENTIKOV GLOTATIKOV GTO
outd @tépng. H oedtepn mpooOnkn tov OMW peimoe ovtd 1o @ouvopevo
VTOONADVOVTOG HEIWUEVO OTPEG TV PUTMV. Elval yvwoto 6t n tpocdnkn OMW ota
€06pN Umopel va odnynoel o avaepoPleg ed0pKEG cuvONKeg Kot ToEIKO GTPEG OTA
QULTA KOl GTOV WKPOKOGUO TOV €30(QOVG AGY® TOL OLENUEVOL PALVOAIKOD (OPTIOV
(Fiorentino et al. 2003). An6 v GAAn mhevpd, ta OMW mepiéyovv onuavTikég
GLYKEVIPAOGELS OPENTIKOV GTOLYEIV TOV UTOPOVV V. TPOMONGOLVY TNV aAvATTLEN TV
ovtoOVv. Paivetar 611, eved 1 Tpd™ TpocsOnkn OMW enédpace dvouevag ota eUTA,
o ovvéyewn to Opentikd poptio twv OMW cuvéBare oty vyléstepn avantvén TV
QLTOV Kol eElcoppdmNoe TIS apykd apvnrikés emmtmoels tov OMW. Emumiéov, 1
wapoTnpovpevn avénuévn Popdalo Tov uTev pe T dgvTeEpT gpapuoyr twv OMW
VTOONAMVEL o Toyelo TPOGAPUOYN TOGO TV UIKPOPLOK®Y KOWOTHTMOV TOV £6G(POVG
0060 Kol TOV ELTOV oT1g avemBounteg emodpacelg twv OMW 610 owocHotTua tov
€dapovg (Karpouzas et al. 2009). H gpappoyn tov EDTA, povo tov 1| o cuvévacud
pe oo OMW, datdpaée 10 €d0pkd mepifdriov ot mepoyn g ploceopag e
CLVENEWL TO. QLTA Vo VTOoTOLV Stress mov miBovdg oeeidetar oty oevioo
anmelevBEPWON LEYAA®DV GLYKEVIPDCEWMY TOEIKAOV GTOLXEI®MV OTTMG Y10l TOPAOELY LDl TOV
Pb. H P. vittata eivot £&va moAD YvOGTO QUTO VITEPGLGCMPEVTNG OPSEVIKOD OAAA Elvat
mOovdg AYOTEPO OVEKTIKO G€ TepimTmon oamdtoung ovénong tov Jowbéoiuwmv

OLYKEVIPOCE®Y OAL®V ToIkdV otoyeinv oto edagodidivpa (An et al. 2006).
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EminpooBeta, 10 EDTA mbavag vo ennpéace apkeTéc pUGIOAOYIKEG AEITOVPYIES TV
QLTOV Tov givar VIEVLOVVEG Yo TNV TPOCANYT OPENTIKOV GLOTATIKOV KOl MG €K

TovToV B pITopovoay Vo 00N yRooLY og petmpévn avartuén g P. vittata (January et

al. 2008).

5.4.3 2vvieleotiic avakoatoavouns kol ovykevipwoels twv AS, Pb kar Zn oty ptépn P.

Vittata L.

O emdpdoeic Tov mapayoviov Metayeipion kot Adon (Hovi 1 OAr]) oTig
GUYKEVIPAOGCELS TOV UETOAM®V kot Tov AS omnv vrépyswn Propdlo g oTépNg
napovcstaloviar oto Zynue 10 Kot 6TOV GLVOOELTIKO TIVOKO OTOTEAEGUATOV
avalvong dakduavong (ANOVA). Eveo yi 6la ta otoyeioa m emidpacn tov
HETAYEPIcEMV NTOV CNUAVTIKY], 0 TTapdyovtag Adom &ixe onUAVTIKY €midpacn HOvo
v v tpdcAnym Pb amd ta utd. Agdopévov 6t yior dho To oTotyeia mapaTnpHONKe
aAnAemiopacn HETOEL TV 000 mopayovI®mv, ot ovykpicelg petafd  Tov
petayepioev oyvovy yoo kKaBe 060M v Ol dpopég Yoo TV 1010 peTayeipion
peta&d twv 600 celpdv (Lovn / oA 06om) a&toroynonkay pe t-test. Ocov apopd o
As, ot Adom | (novr 66om) pévo N epapproyn tov cvvovacpov tov EDTA kot tov
OMW gupopdvice pio onuavtiky] adénon g cvykévipmong tov AS GTO VTEPYELD
LEPOG TNG PTEPNG OE GLYKPLON UE TOV HapTLPa, VO oty Adon 1T (S 600m)) 10660
n gpappoy ] EDTA 6co koau 1 EDTA + OMW egvioyvoav v npocinyn As and v
otépn. Emumiéov, m 0debtepn epoppoyn tov EDTA advénoe onmpoavtikd tnv
oLYKEVTP®OOT TOL AS GTO VTEPYEID PEPOG NG PTEPNG GE CVYKPLON HE TNV TPOTN

epapuoyn EDTA.
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Xoupova pe To amoteAécpata, povo 1 epopuoyq EDTA evioyvoe v
npocAnyn tev Pb kot Zn and ta eutd. Emnpocheta, n dedtepn epapuoyn tov EDTA
avénoe akOuo TEPIGGOTEPO TIG GLYKEVIPMOEIC Pb kot Zn oto vrépysio uépog tng P.
vittata.

O petayepioelgc EDTA xou OMW kot 0 GuvOLOGUOC TOUG EmMpEacov
onuovtikd ™ petagopd tov Pb kot Zn ond tic pileg oto vaépysio pépog (TF,
Translocation Factor) oAld dev emnpéacav tov TF tov As. H enidpoon tov
napdyovto Adon (Lovi 1 dSmAn) fTov onuovtikn yio tovg TF tov AS kot Zn, evd 6gv
napotnpnOnke aAAnienidpacn petald tov 600 mapayoviov (Adon X Metoyeipion)
(ITivaxag 15). Ze oVykpion pe Tov pnaptopa, 1 0evtepn epappoyr tov EDTA avénoe
onuavtikd tovg TF tov Pb kat Zn. TTapopoto potifo, oArd Ol GTOTIGTIKA OTHAVTIKO,
napotnpnOnke emiong yo toug TF tov As. Ot TF tov As Ntav peyoldtepot amd tv
Pd kot Zn, erainBedovtog ) yvootn wkavotnto g P. vittata va Aettovpyei og euto

vrep-cuaompevthg Tov As (Gonzaga et al. 2008).
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Yyquna 9. Enidpaon tov mopaydviov Metayeipion (Treatment) koar Adorn (Batch)
oV vaépyeto Propdla (Enpd Papog, Dry Weight) tng P. vittata. Ta dedopéva givar o
pécoc opoc 8 emavaAnyemv. Ot ovykpioelg TV pécmv  dlevepyndnkav
xpnoomowwvtog to Tukey’s HSD test (p < 0.05) wou epgoviCovior pe pkpad
ypaupota. H mopovsio KOwodv ypouUdTOV DTOONAMVEL U1 CTOTICTIKA CTUOVTIKN
dweopd. Ta aroteléopata g avdivong ANOVA mapovsidlovv v enidpacr tov
napayoviov Metayeipion (Treatment) kot Adon (Batch) otmv avamtoén g P.
Vittata.

14
a
a
12 +
b b b b b
10 +
S 8|
=) W Batch |
g [1 Batch Il
> 67
[a)
4t
2 L
O 1 1 1 1
CONTROL EDTA oMW EDTA+OMW
Treatment
ANOVA RESULTS
Effect SS DF MS F P
Treatment 66.35 3 22.12 11.96 0.000*
Batch 3.72 1 3.72 2.01 0.162
Treatment*Batch 8.31 3 2.77 1.5 0.225

Control=Madptopag, OMW=Yypd andpAinta eratovpyeimv
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Yypa 10. Enidpaon tov petoyepicewv otn ovykévipoon tov As, Pb, kat Zn oto
vrépyelo pépog g P. vittata. Ta dedopéva givar o pécog 6pog 8 emavornyemv.
Yvykploelg tov pécov petald tov Metayepicemv (Treatment) evidg kdbe Adomng
(Batch 1I/11) devepynbnkav ypnowonowwvtag to Tukey’s HSD test (p < 0.05) kot
Topovctdlovtol e  HIKPO  YPOUUOTO, €V Ol JpopEG HETOEDL TOV 101wV
LETOYEPIOEMY TOL OAVNKOLV GE Ol0QOpeTIKES oelpég eetdobnkav pe t-test (o
aoTEPIOKOG LTOONA®VEL onuavtiky] owgopd, *p < 0.05). H moapovsio kowvmv
YPOUUATOV VTOONAMVEL UM OTATICTIKG CNUAVTIKY dtapopd. Ta amotedéopoto Tng
avaivong oakopavone (ANOVA) eueoviCouv v emidpocn ToV mopayovimv
Merayeipion (Treatment) kot Adon (Batch) oty apocinyn tev As, Pb, kot Zn and
ta vt g P. Vittata.

MBatch I ®BatchII
MBatchI ®Batch IT
1000 c
1600 ¢ 000
1400 b 500
1200 * ab n 700 * b
~ a | | o R
gp 1000 - b 000 N
80 800 a a a %" 500 b ]
% 600 2 w0 b
< B 300
400 200 a .
200 100 [ |
0 0 a ha‘
CONTROL EDTA OMW EDTA+OMW CONTROL EDTA OMW EDTA+OMW
Treatment Treatment
MBatchI ®BatchII
450 ¢
400
350 *
2300 u b
2 b s
N b
& 200
S 150 f“ 2
100 ’a' N
50 a
0
CONTROL EDTA OMW EDTA+OMW
Treatment
Control=Mdptvpag, OMW=Yypd andfAnta eratovpysimv
ANOVA RESULTS
Effect SS DF MS F P
As
Treatment 108E4 3 359E3 10.71 0.000*
Batch 231E2 1 231E2 0.69 0.410
Treatment x Batch 788E3 3 263E3 7.84 0.000*
Pb
Treatment 499E4 3 166E4 63.80 0.000*
Batch 202E3 1 202E3 7.73 0.007*
Treatment x Batch 245E3 3 817E2 3.13 0.033*
Zn
Treatment 779E3 3 260E3 135.7 0.000*
Batch 6381 1 6381, 3.3 0.073
Treatment x Batch 317E2 3 106E2 55 0.002*
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IMivaxkag 15. Xvvredeotég petapopdg (Translocation Factor, TF) tov AS, Pb kot Zn, ot Pteris vittata L. peta&d tov Stapopetikdv
Metayeipioewv (Treatment) yio k40 Adon (Batch I/11). Ta dedopéva givor o pécog 6poc 4 enavornyemv. Ot GLYKPIGEIC TOV HECOV OP®V TMV
TF devepynOnkav ypnoipomowdvrag to Tukey’s HSD test (p < 0.05), mapovcidlovtal pe pikpd YPAUUaTo Kot 16X00vV Y10 TIG GLYKPIGELG HETAED
TOV Tapayoviov yio. kabe otoyeio. H mapovsio Kovdv ypoupdTov vTodnAOVEL 1N GTOTIGTIKG oNUavTik) otapopd. To amoteAéopato g
avaivong ANOVA rapovoialovv v enidpaon tov tapayoviov Metayeipion (Treatment) koaw Adon (Batch) otovg cvvteleotés petapopdc
(TF) twv As, Pb, ko Zn.

TRANSLOCATION FACTOR (TF)

BATCH | BATCH II
CONTROL EDTA oMW EDTA+OMW CONTROL EDTA OMW EDTA+OMW
As 6,91 a 6,30 a 7,99 a 511a 6,91 a 14,45a 11,18a 10,44 a
Pb 0,08 abc 0,14abc 0,04b 0,14 abc 0,08 abc 0,25¢ 0,06 b 0,18 abc
Zn 0,16 a 0,20 a 0,12 a 0,19 a 0,16 a 0,57 b 0,16 a 0,29 ab
ANOVA RESULTS

Effect SS DF MS F P

As

Treatment 61.1 3 20.4 .662 0.583

Batch 138.7 1 138.7 4511 0.044*

Treatment*Batch 70.9 3 23.6 .769 0.523

Pb

Treatment 0.110 3 .037 6.705 0.002*

Batch 0.014 1 .014 2.633 0.118

Treatment*Batch 0.013 3 .004 794 0.509

Zn

Treatment 0.296 3 .099 4.234 0.015*

Batch 0.130 1 130 5.584 0.027*

Treatment*Batch 0.157 3 .052 2.251 0.108

Control=Mdptupog, OMW=Yypd arofinta eratovpysiov
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544 Xnuikéc uoppéc twv As, Pb ko Zn oto édagpog

O1 péoot 6poL TV TOGOGTOV Kol TV GLYKEVTIPMOoE®V TV AS, Pb kot Zn ota
O1apopo. KAACUOTO £6AMOVE HETA TN KOTN TOV QLUTOV OTEPNG TapoLoldlovial 6To
Yynua 11 kot 6tovug ovuvodevTikovg Tivakes. Ot uésot 6pot Tmv mocootdv Tmv AS, Pb
Kol ZNn ot dtdpopa KAdouato £dapovg Ntav oe avéovoa cepd W1 <W2 <WRF
<W4 <W3, B1 <B3 <BRF <B2 ka1 B3 <B1 <BRF <B2, avtictoya. H xatavour tov
oToEIOV OTA £DAPIKA KAAoUATO, OV ennpedotnke ovte amd tnv mpdtn (Batch 1)
ovte amo 1t dgvtepn (Batch II) gpappoyn tov petaysipioswv (Treatments). H povn
e&aipeon mapatmpndnke oty epappoyn EDTA / Batch I, 6mov 10 vmoAeiupotikd
Khaopa WRF tov As ftav peyolvtepo amd to avaydypo khdopo W4, To apcoevikd
Bpétnke O6tL cuvodetan kupimg pe o dpopeo Kot kKpuotoAlikd oeidwa tov Fe. H
npocOnkn EDTA, OMW ka1t 0 cuvdvacpudg toug, Lovig 1 SmAng 66ong, dogv eiyav
ONUAVTIKY €M{OPACT GTNV AOENCT TOV TEPIGGOTEPO IUOESIL®V KAAGHATOV TOL AS
(W1 kot W2). Ta amoteréopata g pebodov BCR katédei&ov ) tdomn tov Pb kot Zn
va cvvoéovtar pe to o&eido tov Fe, eppaviCovtag mocootd 64.9 ko 41.5%

avticTo O, GTO OVAYDYHO KAAGoHo B2.
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Yypa 11. Mécog 0pog TV mococTtdv Kot TV THdv Tov AS, Ph, kot Zn, ota didgopa ed0pikd KAGGHaTo (01 TIHES GTOVG TIVOKEG OVAPEPOVTOL
oe mg kgt). Ot pmdpeg GRAAIATOG OVTITPOGOTEDOVY TO TUTIKO GOAALO TOV HEGOV e SIECTNHO epmicTosvVIS 95% (P < 0.05, n=3). | (Batch |,
Aodon 1), 11 (Batch 11, Adon 1), C (Control, Maptopag), O (Olive Mill Wastewater, Yypd Anopinta EAaovpyeiov), E (EDTA), (W1) un edikdg
npocpoenuévo, (W2) eidikmg tpospoenuévo, (W3) duopea kot acbevig kpvotariikd oeidio tov Fe kot Al, (W4) kpvotalhikd Evudpa oEeidia
tov Fe kot Al, (WRF) vroieiupatiko, (B1) avtaAla&ipo/doivtd oe acbevig 0&D, (B2) avaydyo, (B3) ofedmoipo katl (BRF) vrodeyupotiko.
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5.45 Enidpoon twv uctoyeipiocwv oty ovykévipwon twv As, Pb kot Zn oto vépyeio

uépoc g P. vittata.

Ocov agopd v mpdsAnyn tov AS Kol TOV UETAAA®V amd TN QTéPN,
drakpivovror tpia dtopopetikd potifa. H cvykévipmon tov apcevikod otny vaépyeio
Bropala e etépng avénbnke ue ™ devtepn epapuoyn tov EDTA (Batch II) evéd 1
npat  epapuoy] tov OMW (Yypd oamoPAnta elowovpyeiov) evioyvoe v
ekyvMotikn kovotnta tov EDTA (Batch I). Ot ovykevipdoeig twv Pb kot Zn
avéNdnkav povo pe v gpappoyn EDTA. Onwg cuunepaivetal amd tnv enidpacn g
cuvovaopévng mpoonkng EDTA + OMW (Zynua 10), ta OMW peiocav v
npoOcAnyn kot tov Pb ko Zn and to gutd.

Ot mapotnpovpeveg HeyaAvTepeg oLyKevipmoels tov AS, Pb kot Zn oro
vmépyeto puépog e P. vittata Adyw g epappoyng tov EDTA oto vrtd pelétn £dagpoc,
UmopovyV vo. amodofovv oty avEnpévn SebecILOTNTO OVTOV TOV CTOYKEIOV GTO
£€00.0o¢. [Ipdypatt, Ady® TV 16YLP®OV 1B10THTOV cuuTAokoroinong, o EDTA dpa wg
€vag 1ovPOG AVTOYWVIGTNG OTIS EVEPYEG EMPAVEIEG TOV £0GPOVE LE OMOTEAEGLA VO
exyAlel PETOAAD amd JPOPETIKG YMUKE KAAGHOTA TOL €3GQPOVS OGS TO
avtola&ipa, ta ovBpakikd, ta auopea ofegidia Fe / Mn kot v opyavikny ovcio
(Manouchehri et al. 2009). TToAloi cuyypageic KaTédEIEav TNV OTOTELEGHATIKOTI T
tov EDTA y1a v kivnromoinomn tov As, Pb kat Zn og £6G¢n punacuéva te HETOAAA.
O1 Meers et al. 2005, perétnoav v Kwvnronoinon tov Zn o€ 1ICNUATO PUTOCUEVA JE
pétorda mov ta petoyepiotnkoy pe EDTA kot dwamictooay 41t 1) KvnTiKOTNTO TOV
Zn avénonke onuavtikd. [oapopoing, avEnuévn dtobeoipotnto AS og £vo puTaGHEVO
£00.p0G ammd PLopmyOVIKY TEPLOYN LETA TNV TPOGOHNKT SLPOPETIKAOV GLYKEVIPDCEWDY

EDTA mopatnpndnke amd toug Abbas kot Abdelhafez 2013. H Miihlbachova 2011,
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dwmiotwoe 0Tt  mpocOnkn EDTA oe pokpoypdvia pvracpéva £6den apotpoimv
KOAALEPYEIDV Kol AEUOVEV 0dnynoe o€ avEnuéveg mtocotnteg NHaNOs-gxyviionuov
Pb ém¢ 600 ko 122 popéc, avtictoyo.

[Mapdria avtd, evéd yia to. Pb ka1 Zn 1 enidpaon tov EDTA givor mpopavig
anmd v TpoTn pakoto doon (Batch 1), yia to As 1 epapuoyn devtepne 66ong EDTA
(Batch 1) fjtav amapaitntn yio Ty €vepyonoinom Tov TpoovagepBEvTog unyovicroo.
Gaivetar 6Tt N pdAROV yaumAn Socoroyia tov 2.5 mmol EDTA kg? eddpovc dev
Ntav apketn yio vo aneAevfepwbel to AS mov NTOV SEGUEVUEVO OTIG OLOUPOPETIKEG
€00PIKES Paoelg (kuplmg ota dpopea o&eidio kot cOUTAOKO ECGMOTEPIKNG GTIRASAS
omov 10 AS deopevetal évtova) evd o dmAactlacpdc g doong EDTA avénoe
SwAvtotnTa Tov AS Kot avTIGTOLYO EVIGYLGE ONUOVTIKG TV TPOSANYN TOL amd To
eutd. Xe ovykpion pe tn Adom I (Batch 1), n epapupoyn dedtepng doong EDTA
avénoe GNUAVTIKA TIG GLYKEVIPMGELS Twv Pb kot Zn oto vaépysio pépog g P.
vittata. TTapaddéwg, N ovykévipwon twv Pb kot Zn oto vépyeto uépog g P. vittata
avnbnke ovykprtikd pe tov udptopa (Control) émg evvén kol técoeplg POPEG
avTioToly o, VTodNA®vovtag OtL pe v gpapuoyn tov EDTA n P. vittata pmopei va
AelTOVPYNoEL G VIEPGVGOWPELTHS PH y v amoppimaven edapdv mov £xovv
pumavOei pe As ko Pb (Wan et al. 2014). Avtibétog, | oyetikd pikpotepn enidpaon
oAV TV petayepicemv oty mpdoinym As umopel va amodobel dueca otnv
woavotto g P. vittata va tpochoufdvel peydreg mocdtteg AS kdtom amd cuvibelg
€00P1IKEG cLVONKEG. Av Kot 1 svuykévipwon tov EDTA mov ypnoponombnke ce avt
mv gpyacia Bewpeitar ®g mePPAALOVTIIKG Kol QLTOVYELOVOUKE 0CQOANG GOUPOVA
ue tovg Vamerali et al. 2010 (<3 mmol EDTA kg? edagpoug) kot kapio éxmivon amd

TIG YAQoTpeS dev mapatnpnonke, ot mbavég apvntikég emdpacelg tov EDTA oto

125



OlKOGVUOTNO TOL €04POVG KOl GTNV £KTALON TV UETAAA®V, Oa mpémel mavto vo
a&loAoyovvtat.

H mpocOnkm epéokwv vypov arnofintov eloatovpyeiov (OMW) oto £6apog
UTOpEL VO EVIGYVOEL TNV TPOCANYN TOV UETAAA®V amd To QUTE TPOowH®OVING T
SoAvTdHTTA TOV HETOA®MV 6T £84QT LE 6D0 KOPLOVG UNYAVIGHOVE: 1) TNV aVOy®YIKN
OlGALON TOV HETOAMKOV OEEWIMV ¢ AMOTEAECUN TNG GVOPYOVOTTOINoNG TMOV
OPYOVIK®V GULOTATIKGOV OO TOLG WIKPOOPYOVIGHOVG TTOV KOTAVIAMVOLV gAeLBePO
ovyovo kol v o&eidmon TOV QUIVOMK®OV &VOOE®Y Kol i) TOV OYNUATIGUO
OPYOVOUETOAMKAOV GUUTAOK®OV TOV SIOAVTOV OPYOVIKMOY EVOCEDV KOl POLVOADY TOV
OVOGTEAAOLV TNV TPOGPOPNON TV UETAAL®V 6T0, KOALOEWDT Tov eddpovg (Madrid et
al. 1994; de la Fuente et al. 2011). XOupova pe to Topomdve, Oo mpémel vo
avopéverol avEnpévn dtaubesotnta Kot avénuévn TpodcsAny and ta euTd Yoo OA o
ototyela. Avdioya pe 1o otoryeio, N epappoyy OMW napnyaye dtapopeticd potifo
npdonyNg and ta euth. e oxéon pe tov paptupo (Control), n epappoyn OMW
TPOKAAEGE GNUAVTIKA VYNAOTEPES GLYKeEVTpOoES AS, Ph kot Zn 610 vIépyelo pépog
g P. vittata povo otov cvvévdomke pe EDTA (Eynua 10). EEapovpévov tov AS,
avtd pmopel vo amodobel otig 1010t TEG Tov EDTA ko 6yt o115 1010t teg Tov OMW,
ogdopévou o0tL n petayeipion EDTA + OMW eglye og amotéleoua tn peioon tov
ovykevipwoemv Pb kat Zn ota gvAla Tov QuTdVv o8 oyéon pe v epappoyn EDTA
povov tov. Paiveton 6tt T OMW dev doivtomolodv amoterecpatikd to o&eidia
UETOAL®Y ©TO LITO HEAETN £30(QOC KOl OEV TPOAYOLV €V GLVEXEID TOV GYNUATIGUO
OPYOVOUETOAMK®V cLUTAOKOV. Qotdc0, avTtd pmopeil va oyvel yo ta Pb xou Zn,
oAl Oev pmopel vo eEnynoet v avénpévn cvykévipmon tov AS oty LIEpPyELl
Bopdlo ™g @etépng pe v gpappoyn OMW. Av kot 1 avénorn avt) dev ftav

OTOTIOTIKG OMUOVTIKY, TapotnpnOnke coeng tdon avénong otav ot petoyelpicelg
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OMW ka1 OMW + EDTA ocvykpivovtol pe tov paptopa. Xe ovtibeon pe ta Pb kot
Zn, 1o As vrmdpyer oe €dapn ©®¢ oSvoavidv Kol EMOUEVOS OovTOy®VILETOL UE TO
Qewo@opikd aviovta ywo. Tig Béoeic amoppoenong (Violante and Pigna 2002).
Aappdavovtog vroyn 0tt o OMW mepiéyovy onUavTIKES TOCOTNTEG POGPOPOVL, ivat
oA mbavd To pmcpopikd POsS mov mpootifevian 610 £dapog pécwm tov OMW va
OVTIKOTOOTHOOVY T 0poevikikd AsO4> oTic BEGEIC TPOSPOPNONG TV KOAMOEISMY
TOV €00(POVG UE OMOTEAEGUO 1) CLYKEVIP®OTN TOL AS 6T0 €60PIKd SldALHO Vo

av&daveton kabhg kat 1 Tpdoinyn tov amod ta euta (Fayiga and Saha 2016).

5.4.6 Amoudxpvvon twv As, Pb, ko Zn avd ylaotpa

"Evag GAL0g TpOTOG Y10l VO EKPPOCTOVV TO TEPAUATIKA AmOTEAESHATO £fvor 1
e&étaon g mapaywyng Popdlog avé yYAASTPO TPOKEUEVOL VO TPOGIOPIGTOVY Ol
npaypatikég moootnteg As, Pb kot Zn mov amopakpvvovtar oo to gutd P. Vittata. O
ivakac 16 cuvoyiletl Tig avticToteg Tiuéc mg pot? (cvykévipmon tov ctotyeiov 610
vépyelo pépog tov eutov Mg/kg X Papog vrépyswag Propdlag eutod kg/pot).
Agdopévov o0tt n mpocsOnkn EDTA ko OMW peiwce v avantoén g otépng
(Zyuo 9), n xpnon twv mocomtewv AS, Pb kot Zn mov e&dybnkav avd yAdotpa
pumopel vo OmEKOVIGEL KAADTEPO TN OLVOUIKY] TV €EETAlOUEVOV GLOTNUATOV Kot
umopet va mapdoyet agldomoteg mAnpopopieg mov Oa ypnoipnonomBodv yio ) peimon
™G ovykévipmong tov As , Pb kot Zn oe pumacpéve €84en. ZOueova pe Ta
amoteAéopata ¢ avdivong oakdpavons (ANOVA) otov Ilivaxe 16, n emidopoon
TOV Topdyovto pHeTayeiplon €lvol GTOTIOTIKG ONUOVTIKY Yoo OAo To otolyeio, 1
emidpacmn Tov Topdyovta doon (Lovi N SuTAn) eivan onuavtikny povo yuo tov Pb, evd

aAlnieniopaon petald tov 600 mapaydviev moapatnpnnke povo ywo to AS. To
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apoEVIKO OV amopakpOVONKe pe tn devtepn mpoodnkn EDTA (Batch I1) Bpébnke
oYedOV OWMAGGIO GE GYEON ME TOV HAPTLPW, EVIGYVOVIONG TNV IKOVOTNTO VLTEP-
oveompevons ™ etéPNS. Aaupdvovioc vrdyn otL kdbe doyeio mepieiye 2 Kg
€0Gpovg ko Ot amopokpuvOnkay 135.24 mg As, to cvotnuo P. vittata - EDTA
amoTeAEl o EATIOOMOPO TPOOTTIKY] YO TNV OROPPUTAVOT PLTAcUEVOV pHe AS
€dopav. Ilapoio ovtd, mTOPOUOL OTOTEAECUOTO HE OTOTIOTIKO ONUOVTIIKA
vymidtepec TEG AS oe oxéon pHe Tov UApTUPO ANEONKaV Kol omd TNV PO
epapuoyn tov EDTA + OMW mov delyvel v cuvepylotiky opdorn tov EDTA kot
tov OMW yia v anopdkpuvon tov As amd to £dapoc. T'a ta Pb kot Zn, av kot to
EDTA ad&nce onuovtikd tnv tKovotnto amopdkpuvens Toug amd T QTépt, €101KA
ot devtepn do6om (Batch 1), ta 83.43 ot 39.02 mg Pb kot Zn avtictoyyo mov
amopakpOVoOVTOL amd To £30(poG OV UTOPOVV va ekTIUN B0V ¢ emapkt| (Wlaitepa Yo
Tov ZN) Y10 TNV EMTUYY OXOKOTAOTOGT] PUTACUEVOV £3APOV UE OVTE TO, HETAAACL.
Qo1660, T0 amoteAécHaTa OElyvouy OTL g €04 HE LYNAES Kot TOAD VYNAES
ovykevipwoelg As, Pb kot Zn, to svomua P. vittata - EDTA umopei va ypnoipedost
YL TN OPOCTIKY HEIOT TNG CLYKEVTPMOONG TOV AS KOl Y10l Lot CTULOVTIKNY Helmon g

ovykévipwong tov Pb 6to £dagoc.
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Mivaxag 16. Amopdkpovon tov As, Pb, kar Zn exppalopevn oc mg pot™ (mg avé yAdotpa). Ta dedopéva eivot 0 HEGOS 6pog 8 EmovalyEmV.
I'o ta Pb ka1 Zn ot cvykpicelg dievepyndnkav ypnowonowwdvtag to Tukey’s HSD test (p < 0.05). ITapovoialovior pe pikpd ypopporto Ko
1o HOVV Y10 GLYKPIGEIS TV LETOYEIPIGEDV EVTOG Kot PETaED TV dvo oepdv (Batch). T'a to As ot cuykpicelg petold tov petayepicemv eviog
¢ ke d6ong (Batch 1 & 11) dievepyndnkov pe to Tukey’s HSD test (p < 0.05) kot mapovoidlovtor pe LKpA YPAUUOTO, VD Ol SLUPOPES
HETAED TOV LETOYXEPIcE®V TTOL OVAKOLV Gg dtapopetikny doomn (Batch) e&etdcOniav pe t-test (p < 0.05) kot mwapovoidlovrar pe kepaiaio
ypappoto. H mopovcio kowvodv ypoppdtov vmodnAdvel Un otatioTikd onuovtikny otaeopd. Ta amoteléopata ¢ avdAlvong dtokOHaveng
(ANOVA) napovcialovv v enidpaon tov topayoviov petayeipton (Treatment) kot d6on (Batch) otnv anopdkpoven towv As, Pb, and Zn ava

yAdotpa (Mg pot™d).

mg pot*
BATCH I BATCH Il
CONTROL EDTA OMW EDTA+OMW CONTROL EDTA OMW EDTA+OMW
As 73.29 102.45 106.08 123.11 73.29 135.24 76.87 114.17
alA ab ab/A b/A alA b/A a/B b/A
Pb 9.87a 56.95 bc 5.90a 48.73 b 9.87 a 83.43¢c 6.74 a 62.17 bc
Zn 948a 31.62 bc 9.60 a 26.11b 948 a 39.02c¢c 691a 26.65b
ANOVA RESULTS

Effect SS DF MS F P

As

Treatment 238E2 3 7932 11.89 0.000*

Batch 29 1 29 0.04 0.836

Treatment*Batch 8004 3 2668 4.00 0.012*

Pb

Treatment 498E2 3 166E2 53.52 0.000*

Batch 1662 1 1662 5.36 0.024*

Treatment*Batch 1869 3 623 2.01 0.123

Zn

Treatment 8382 3 2794 80.92 0.000*

Batch 27 1 27 0.80 0.376

Treatment*Batch 222 3 74 2.14 0.105

Control=Mdptupog, OMW=Yypd andfAnta erarovpysiov
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5.4.7 Enidpoon twv ustoyeipiocwv otic ynuikés poppés twv As, Pb ko Zn oto

£00.9OG.

O1 awénuéveg ovykevipooel Tov As, Pb kot Zn oro vmépyesio uépog e P.
vittata vmodnidvovv &viovo OTL Ol PETOYEPICEC OV £PapuUoOoTKAY oOENCAV TN
dafecdTTA TOV GTOLYEI®V AVTOV 0TO £60p0G. 26TOC0, aVTH deV amodeiyOnKe amod
o amoteAéopoTo Tov ovo uebddwv kiaopdtmong Wenzel kot BCR, xobdh¢ dev
TopaTNPNONKE ONUOVTIKY EMIOPUOT TOV UETOXEPIGEMY OGTNV  KOTOVOUN TV
otoyeimv oto KAdopoto Tov eddpovg (Tynua 11, oel. 123). H ovykoudr tov
vrépyeon puépovg g P. vittata odfynoe oty ekyviion pikpov nocottov As, Pb
Kot ZN og oxéomn UE TIC OMKEG GLYKEVIPMOELS OVTAOV TOV GTOYKEIOV 610 VIO peEAET
€00p0G. Q¢ ek tovTOL, QaiveTar OtL ot gpapuoyéc EDTA ko OMW odnyncav ce
LIKPT OVOKOTOVOUN TOV VIO HEAETN ototeimv peta&d Tov QAcE®Y TOv £3AQOVE M
omoio OUMG OV EMETPEYE TNV OViYVELOT gVOUGONTOV CALL CNUOVTIK®OV UETAPOADV
0TN KAGUATOOT TV 6Totyelv mov Ba uropovcav va oyetiCoviat pe Ty TpodcAnym

tov AS, Pb kot Zn and ta gutd.
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6. 2ZYMIIEPAXMATA

6.1  Mépog I°

2Ooupova pe Ta omoteAéopota, ota 29 emeavelokd £ddoen (0-15cm) and v
gupvTEPN TEPLOYN TOL Aawpiov, ot 0AKEG cuykevTpdoels Towv Cu, Ni kot Cr Bpédnkav
KATo amd TIC avTioToryeg THéEG Topéupacng, Evid ol 0AKEG cuykevipwoelg Zn, Pd, Cd
kot As ftav 4.9, 1.4 xou 17 @opég peyardtepes omd To OVTIOTOL(O KOTMTOTO OPLoL
napépuPacnc. Zopemva pe to yeynuikd vrdPfabpo g mepoyng HEAETNG KOl TO
anoteléopata g aviivong kotd cvotddeg (Cluster analysis), ot mold vynAég mg
akpaieg ovykevipwoelg tov Pb, Zn, Cd, Cu kot As ota vad pehétn edaen, eivol
amoTéEAECUO TNG EEOPVKTIKNG / UETOAAEVTIKNG OPACTNPLOTNTOS OTN TEPLOYN, EVA M|
napovcia Ni kot Cr ota €5G¢n Tov Advpiov GUUPOVEL LE TN YE®AOYI TG TEPLOYNG.

H yeoymuikn xatavopn towv otoyeiov £deiée ot ta Cu, Ni, Cr kot As
oLVOEOVTAL KUPIME HE TO VTOAEUUATIKO KAGopa, evd ta Zn, Pb ka1 Cd cvvdéovia
Kuplog pe to avaydyo kKidopa. Emmiéov, onuoviikn mocdtra tov As Ppédnke
OTNV avayDYLUn @domn. Xtn mepInTmorn €vOg JOPOPETIKOD YEOYNUKOD GeVApiov,
OmMG 1 emMKPATNON OvaEPOPLOV £d0PIKOV GLVONK®VY, Bo pmopovoe va gvvonbei M
dwaAvtomoinon tov ofedimv Fe / Mn pe cvvéneia v avénon tng dwabeciudmmrog
tov Zn, Pb, Cd kot As, yeyovog mov Oa anotelovoe cofapn TeptBOALOVTIKY OTEIAN.
H avdlvon kdpiwv cvovictwodv (PCA) €de1e onuavtiky oxEon TOL AVOydYLLOV
KAAoUaTOG OA®V TV VIO peAétn ototyeimv pe ta o&egidwo Tov Fe, vroypappilovrtag
TOV ONUOVTIKO poro tv ofewimv tov Fe oty cuykpdtnomn toéikdv ctotyeiov og

Bapid pvmacpéva €04en.
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Aaupdvovtog vrdéyn OtTL N mEPLOYN MEAETNG €lvol KOTOWKNUEVN, TPETEL VoL
Bewpeiton emPePAnuévn n epaproyn LETP®V OmoppOTOVONS TOV EAPOVE. XIAMAdESG
OTPEUUOTA OTNV €VPVTEPT TEPOYN TS AavpeTikig elval emPapopéva pe tolika
otoyeio Kot ®¢ €K ToOTOL EMPAALETAL Vo TPOo®ONOOVV Ko va vAomomBovv dpacelg
OTOKATAGTACNG TOV £00P®V avTt®V Tov Bo elvor PIAMKEG Tpog 10 TEPPAAAOV Kot

TOVTOYPOVO, OLKOVOLKA EPIKTEG.

6.2  Mépog 2°

[Tpokewévovr va depeovnlel m  yeoynmuikn ovumepipopd w0V AS o€
eMPAveloKd €daen tov Acvpiov, €PUpPUOGTNKAY VO OLUPOPETIKA TPOTOKOAAML
dwdoyikdv ekyviiceov, Wenzel ko BCR. Xt pébodo Wenzel, to vyniotepo
1060070 TOV AS gKYVLAIGTNKE OO TO. GpopPa Kot KpuotaAlikd o&eidio tmv Fe, Al,
Mn, eved ot pébodo BCR n vyniotepn mocdmrta tov AS Ppébnke otnv
VTOAEWLUATIKY] PACT. ZOUQ®VO LE TOV GUVIEAECTH KIVNTIKOTNTOG OV LITOAOYIGTNKE
Kot e TG 0vo HEBOOOVE KAAGUATOONG, 1 KwNTIKOTNTA TOL AS OTO ETPOVELNK(
€06.pn Tov Acvpiov Ppédnke yaunAn.

Ot 6T0TIoTIKE ONUAVTIKES GVOYETIOELG HETAED TOV U EWOIKMG TPOGPOPTLLEVOL
(W1) ko tov avayaypov (W3 / W4) khdopatog tov As g uebodov Wenzel pe v
dpyho, Kot ta dpopea kot ErevBepa o&eidio Tov Fe avtictorya, emPefaidvouvv 0Tt TaL
avTIOPACTIPLO. TOV YpNotporolovvTol otn uébodo Wenzel ctoxevovv emtuymde otig
avTioTOLYEG PAGELS TOV £0A(POVG. AVTIOETMOC, TO AVTIOPAGTIPLO TTOV YPT|GLLOTOLOVVTOL
o uébodo BCR amétuyav va emdeiovv mapopoleg oyEcels, kupimwg A0y g
atelobg  Swhvtomoinong tov ofewiov tov Fe, Mn amd v VIpoyYAmPIKY

vopoéviopivn (otado B2) pe amotédeopa v ekydAMON HEIOUEVOV TOGOTHTOV AS
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otV avaydyun edon. Qotdco, 6e mEPIMTOGES Tov 1 nEBodoc Khaoudtmong BCR
YPNOOTOIEITOL Y10, VO TTEPIYPAYEL TN YEOYNUIKY] CUUTEPLPOPE TOAADV UETOAAWV
TOVTOYPOVO, GE PUTOAGHEVO EOGQPN, UTOPEL VO TOPEXEL U0 TPAOT KOl GYETIKA

a&lomotn £voeldn g oabectuotntag Tov AS.

6.3  Mépog 3°

Ate&nyOn meipapo ETHOONG YPNOUOTOIOVTOS ETPAPLUEVO HE Papéa HETOALN
€00pog, amd TtV Tomobecio Bopikd, otnv evptepn mepoyn Tov  Aocwpiov,
npokeévou va depeuvnBel n enidpaon tov Na-EDTA, tov ABstoviddovg vatpiov,
Tov VYphV amoPfAntov elatovpyeimv (Olive Mill Wastewaters, OMW) kot tov
oLVILOCU®Y TOVG, otV dbecdTTa Tov AS, Pb kot Zn, ue tov ypovo. To EDTA
Kot 01 GLVOLOGHOL TOV AvENGAY TNV SBEGOTNTA TOV VIO UEAETT GTOLYEI®V, EVD TO
dsovaddec vatpo kol to. LYpd omdPAnTa  elaovpyeimv  emédelEav TN
amoteléoparto. EmmAéov, 10 018g10vddeg vatplo oe cuvovacud pe to EDTA, gaivetan
ot avéotelle ) ynAkomomtikn Opdomn tov EDTA. Ta vypd andfinta elaiovpyeinv,
AETOVPYOVTAG TOGO G YNAIKOTOMTIKO OGO Kol G ovOy®ylKd HEGO, avéncav T
SwAvtonTa Tov AS. L€ GUVOVOGUO OUMG UE TIG AAAEG UETOXEPICELS, 1 EQPOPLOYN
OMW 06Mynoce 6€ avIQOTIKO mOTEAEGIOTO OG TTPOG TNV KivnTikdmTo tov As, Pb
Kot Zn, Agtrtovpymvrog gite Betikd gite apvntikd Kotd nepintmon 6t dpacTikdTnTo
tov ABstovdovg vatpiov kot tov EDTA. H a&oldynon tov amoteAecuITOV TOV
dwdoyikdv ekyviicewv, BCR xar Wenzel, édeiée o6t1 10 EDTA exyvAilet
amotedespatikd to. As, Pb kot Zn amd ta dpopea o&eidia tov Fe koaw Mn. Emumdéov,
T omoTEAéS AT THG avAALoNG KOpLov cuvicTwo®v (PCA), katédei&av capmg OtL ot

napatnpndncec avénuéveg dwbéoyleg ocvykevipmoelg tov As, Pb kot Zn oto
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Khaopata W1 xou Bl (o1 mepiocdtepo O100€G1HES HOPPEC TOV OTOWEI®V) TV
uebodwv Wenzel xar BCR avtiotorya, mponibav kuvpimg amd 1T pHEPIKN

dtaAvtomoinom Tov o&edimv Tov Fe.

6.4  Mépog 4°

o va oepeguvnBel 1 dvvaTdTTO ELTOOTOPPVTAVONG TMOV ETLPOVEILKDV
€000V ToLv Aavpiov pe ) €SO TG EVIGYLUEVNC PLTOEEAYMYNG XPTCILOTOLDVTOG
10 PUTO Pteris vittata, d1e&nybn meipapa pe yAdotpeg o nepipdirov Oeppoknmiov. Ta
TepapatiKd amoteléopato KatéderEav capng 6t n epappoyn Nax-EDTA 0.01 M o¢
£60pog pumacuévo pe As, Pb kot Zn, evioyvoe v mpdGANyYN TV GTOLEI®V aVTOV
amd o ELTA ETEPNG KOl AEITOVPYNCE EVIGYVTIKA OTN HETOPOPA TOLG amd TG pileg
otV vrépyeta Propdalo Tov EVTOV. g GLYKPLoN He Tov udptopa, N P. vittata e&nyoye
oxed6v ) dmAdota mocotTo AS amd 10 £30(POS OTN MEPIMTMOT NG STANG dOOMG
EDTA, yeyovog mov vmoonAdvel avéEnuévn putoe&aywyn mov pumopel vo, 0dnNyNnoeL o€
QTOTELECLLATIKY] QLTOOTOPPVTOVGT €00V emPapopévov pe As. Emumiéov, n 0w
petoyeipion evioyvoe o€ peydro Pabuo v tpdécinyn tov Pb kat Zn amd 1o QuTd.
Zopeova pe Tig Tos0TNTEG TV P kot Zn mov ekyvAiotkav, to cvotuo EDTA - P.
vittata @aivetor va KoTo@EPVEL VO LEIMOEL OTOTEAECUATIKA TN GLYKEVIPMOTN TOV
oToLElmV oVT®OV 6T0 £801p0og, Kat Wiaitepa tov Pb. H epappoyn vypodv omofAntmv
ehaovpyeiov (OMW) ot0 £€3apog @aivetal va avfavel povo tn mpocAnyn tov AS
amo T OTEPT, XOPIg TaVTOYPOVA Vo dnpovpyel ‘Stress’ ota eutd. Asdopévov 6Tt oTIg
ENOTOPAYOYIKEG YOPES, OT®G 1 EALGSa, mapdyovior peydieg mocdtNnteg vYpdV
amopAntov elatotpifeiov (OMW), ararteiton mepartépm Kot evOEAEXNG LEAETN YOl VL

aflohoynfel n dvvaTdTNTO CVTOL TOL TOPATPOIOVTOG TNG aypotoftopnyaviag va
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gvioyvel Vv mpoéocAnyn tov As and to @utd P. vittata ko vo ypnoyomomOei

aKoAOVO®G Y100 TNV amoppOTOVGT £60PMOV ETPOPLUEVOV pE AS.
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1 | INTRODUCTION
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Abstract

From ancient times until recently, mining and metallurgical activities in the greater
Lavrion area, Greece, have resulted in the production of large amounts of metal
wastes that enrich the surrounding soils with toxic metal(loid)s. Since the area is
inhabited, soil dust inhalation, consumption of vegetables grown on the contaminated
soils, and of dairy products from small ruminants grazing in the area, may impose a
real threat for the health of the local residents. After more than 3,000 years of mining
history, this study is the first report on the chemical partitioning and behavior of Zn,
Cu, Ni, Cr, Cd, Pb, and As in the topsoils (0-15 cm) of Lavrion. Community Bureau of
Reference (BCR) sequential extraction was applied to 29 topsoil samples and 4 chem-
ical fractions of the studied elements were defined (a) exchangeable/acid soluble (F1),
(b) reducible (F2), (c) oxidisable (F3), and (d) residual (RF). Total concentrations of all
elements were above the geochemical background. Zinc, Pb, Cd, and As median total
concentration values were 4, 9, 1.4, and 17 times higher than the respective interven-
tion thresholds, indicating severe soil pollution. Most of Cd (78.2%), Pb (69.7%), and
Zn (53.3%) were found in F1 + F2 sum, suggesting high availability under modified
conditions that periodically can occur in soils. Copper, Ni, As, and Cr were mainly
associated with the residual fraction. Principal component analysis results showed
that F2 fraction of all studied elements was associated to Fe oxides, confirming the

crucial role of Fe oxides in metal(loid)s sequestration in the soil matrix.

KEYWORDS

arsenic, BCR sequential extraction, heavy metals, mining areas, soil

local ecosystems and therefore it is of great importance to assess

Mining is one of the main sources of heavy metals in the environment
and results in serious land degradation (Passariello et al., 2002). The
large amounts of metal-rich wastes produced from mining and mineral
processing activities have become a severe worldwide issue,
representing a potentially hazardous risk to environmental and human
health.

Although many studies have focused on the ecological impact of
mining activity in recently or currently active mining areas (Kwon,
Nejad, & Jung, 2017; Lin et al., 2005), much less attention has been
paid to the ecological footprint of intense ancient mining activities.

Pollution deposited in the soils of ancient mining areas affects the

metal dynamics and bioavailability in such soils (Camizuli et al., 2014).

This study focuses on one of the most important soil degradation
problems in the Mediterranean and addresses the effect of intense
mining and metallurgical activities from ancient times until the late
20th century on the quality of the Lavrion topsoils, Greece. The main
objectives were (a) to record the total concentrations of Zn, Cu, Pb, Ni,
Cr, Cd, and As in the surface soils; (b) to estimate the potential mobil-
ity/availability of these metals and As by using the BCR scheme; (c) to
discuss on metal(loid)s partitioning in the studied soils; and (d) to uti-
lize cluster and principal component analysis in order to elucidate
interelement relationships and elements relations with key soil

properties.
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2 | MATERIALS AND METHODS

2.1 | Study area

The greater Lavrion area is located approximately 60 km SSE of Ath-
ens, Attica, Greece, and covers an area of about 150 km? (Figure 1).
The annual average air temperature is 17.3 °C with minimum in Janu-
ary (4.2 °C) and maximum in July (26.6 °C). The average annual precip-
itation is around 360 mm; the highest precipitation occurs in
December (85.2 mm) and the lowest in June (4.4 mm). Heavy rain
events may occur, especially in November and December. The climate
is typically Mediterranean with dry and hot summer periods. The
region is hilly to semimountainous and is crossed by small streams.
Elevation ranges between sea level and 372 m (Figure 1). Due to the
mining and metallurgical activities, the soils of the area are extensively
disturbed and eroded in medium and high slopes. Hence, the studied
soils are a mixture of residual soils, allochthonous soil materials, and
fine-grained metallurgical processing wastes (Demetriades, Li, Ramsey,
& Thornton, 2010).

Details of the complex geology of the Lavrion area are provided
by Skarpelis (2007), Voudouris et al. (2008), Baziotis, Proyer, and
Mposkos (2009), and Scheffer et al. (2016). The Lavrion area occurs
in the Attic-Cycladic Crystalline Belt which includes three major
tectonometamorphic units: the basal unit, the Cycladic blueschist unit,
and the upper unit (Figure 2). According to Spry, Mathur, and Bonsall
(2014), the basal unit contains two Late Triassic-Early Jurassic age
marble units, the upper and lower marbles, and the Kessariani schists,

which contain pods of intercalated marbles and occur between the

500]000

upper and lower marbles. The blueschist unit consists of high-pres-

sure, low-temperature metapelites, metasandstones, marbles,
metabasic rocks, and minor quartzites that structurally overlie the
basal unit. The upper unit has limited exposure and consists of
serpentinites, red cherts, and upper Cretaceous limestones. During
the Miocene, granodiorite stocks intruded these units with main rep-
resentative the Plaka stock which is the largest postmetamorphic
intrusion in the Lavrion area and is spatially associated with a Cu-Fe
skarn (Voudouris et al., 2008).

Lavrion is one of the oldest mining areas in the world and is well
known for the exploitation of Pb-Ag-rich ore during ancient times
(Spry et al.,, 2014). The sulfide mineralization in Lavrion has been
intensively studied and various types of deposits including intrusion-
hosted, skarn, carbonate-replacement, and vein-type ores that are
enriched in Pb, Zn, Fe, Cu, As, Sb, Ag, Bi, and Au were described by
Skarpelis (2007), Voudouris et al. (2008), and Berger, Schneider,
Grasemann, and Stockli (2013). The main ore minerals are Ag-bearing
galena, sphalerite, and pyrite accompanied by lesser amounts of chal-
copyrite and arsenopyrite. The major mining centers in Lavrion are
located at Plaka and Agios Konstantinos (Figure 2). Yet, there are sev-
eral smaller sulfide deposits in the area.

Three main types of waste materials containing metals and metal-
loids (Pb, Zn, As, Cd, Cu, Hg, etc.) at high concentrations are identified
in Lavrion as the result of intensive mining exploitation and metallurgi-
cal activities for over 3,000 years: (a) sulphidic tailings derived from
the metallurgical process of flotation; (b) oxidic-carbonaceous-silicates
tailings, including mainly wastes from hydromechanical separation

stages; and (c) metallurgical slag and sand-blasting wastes. The town
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of Lavrion, with current population of more than 10,500 inhabitants
was developed on or close to waste stockpiles. Nowadays, the land
of the area is used for residential, agricultural, or even recreational

purposes (Kontopoulos, Komnitsas, Xenidis, & Papassiopi, 1995).

2.2 | Mining history

The mining potential of Lavrion was discovered by the Phoenicians.
Findings of litharge (PbO) within a dated stratigraphy on the island
of Makronissos, located a few hundred meters from the port of
Lavrion, suggest that silver production started around 3,000 BC. How-
ever, it was the establishment of city-country institution in ancient
Greece around eighth century BC that promoted the intense exploita-
tion of the Lavrion mines.

At 546 BC Peisistratos (a tyrant of Athens) introduced to the
ancient markets the first Athenian currency, the silver four drachma
coin decorated with Goddess Athena on the one side and the wise
owl (glafka) on the other. Silver for the drachma coins was produced
in the Lavrion mines. The greatest silver production by that time, esti-
mated as 20 t per year, was achieved during the fifth century BC, the
century of Themistocles and Pericles. It is recorded that approximately
20,000 slaves were working under the command of Athenians to pro-
duce silver. The silver was used to amplify the leadership of Athens in
the Mediterranean and to contribute to the great glory of the city, the
so-called golden age. Until the first century BC, the ancient Greeks
mined about 13 Mt of ore, from which 1,400,000 t of Pb and

3,500 t of Ag were extracted. From the second century BC until the
sixth century AD, mining was practically ceased and only minor slag
remelting and secondary treatment of mining wastes was performed.
The real rejuvenation of Lavrion as a significant mining area occurred
in the middle of the 19th century. By that time, Serpieri-Roux de
Frassine Company and the Greek Company of Lavrion Smelters along
with the French Mining Company, decided to extract silver lead and
iron-manganese ore from the huge amounts of slag and tailings left
by the ancient Athenians (estimated at 1.5 and 10 million tons, respec-
tively; Skarpelis & Argyraki, 2009).

In the following years, the French Mining Company exploited
undisturbed ledges of smithsonite (ZnCO3) and produced lead until
the Second World War; in 1900, 3% of the world lead production
was derived from smelters in Lavrion. In fact, smelting processes in
the area constituted the first heavy industry in Greece and in the Bal-
kans. Smelting continued less intensively until 1989, when all metallur-
gical operations in Lavrion ceased (Demetriades, 2010).

2.3 | Soil sampling

Soil contamination maps of the Lavrion area, produced by
Demetriades, Stavrakis, and Vergou-Vichou (1996), were used as ref-
erence for the selection of the sampling sites. Soil sampling was per-
formed in two areas (Figure 1). The first area is around the industrial
facilities of the old French Mining Company (currently Technological

Cultural Park of Lavrion). The metallurgical treatment of lead-silver
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deposits in these facilities resulted in the production of large amounts
of toxic and hazardous metallurgical wastes. These wastes were dis-
posed of without particular precautions in and around the city of
Lavrion forming huge heaps (Kontopoulos et al., 1995; Xenidis,
Papassiopi, & Komnitsas, 2003). The second area is the wider area of
Agios Konstantinos, where the main mining activities occurred. The
region is characterized by the shafts, the crushing sites, the washing
plants, and the tailings scattered all over the land surface.

To obtain soil samples with a sufficiently wide range of total
metal(oid)s concentrations, twenty-nine bulk topsoil samples (0-
15 cm) were collected from open spaces, forest and agricultural land.
Sampling sites were located relatively close to residential areas and
to highly contaminated spots such as stockpiles, tailings, and slag. Each
bulk soil sample obtained from the mixing of three subsamples that

were collected from a 100 x 100 cm surface area.

2.4 | Analytical methods

The soil samples were air dried and passed through a 2 mm sieve for
further analysis. Soil samples used for the sequential extraction proce-
dure passed through a 0.5 mm sieve. Soil pH was measured in 1:1 (w/
v) soil/water slurry. Total carbonates were determined by measuring
the evolved CO, following HCI dissolution (NF I1ISO 10693, 1995),
whereas active carbonate was obtained according to the ammonium
oxalate method (Loeppert & Suarez, 1996). Particle size analysis was
performed by the Bouyoucos hydrometer method (Bouyoucos,
1951), organic matter was measured by the Walkley-Black procedure
(Nelson & Sommers, 1982) and cation exchange capacity was deter-
mined by the NaOAc method (Rhoades, 1982). Total free Fe oxides
content was obtained by using the sodium citrate-bicarbonate-
dithionite method (Mehra & Jackson, 1960). Ammonium oxalate
buffer method (Schwertmann & Taylor, 1989) was used for the deter-
mination of amorphous and poorly crystallized iron oxides. Aqua regia
digestion provided the “pseudototal” metal concentrations that for
simplicity are termed as total (Gasparatos & Haidouti, 2001).

2.5 | Sequential extraction

The improved BCR sequential extraction procedure was adopted to
determine metals and As speciation in the studied soils (Rauret et al.,
1999). Three chemical fractions are operationally defined; exchange-
able/acid soluble (F1), reducible (F2), and oxidisable (F3). The residual

TABLE 1 The BCR sequential extraction scheme

Step Fraction Extractant

F1  Exchangeable/acid soluble Acetic acid 0.11 mol L 72

F2  Bound to Fe-Mn oxides

(reducible)
F3  Bound to organic matter Hydrogen peroxide 8.8 mol L™*
(oxidisable)
Ammonium acetate 1.0 mol L2
RF* Residual Aqua regia (HCI/HNO3)

Note. RF = residual fraction.

*Not included in the BCR specifications.

Hydroxylammonium chloride 0.5 mol L™*

fraction (RF) was obtained by aqua regia digestion of the residue from
the third extraction step (Table 1).
The percentage recovery for all the studied elements was calcu-

lated as follows:

Recovery% = [(F1 + F2 + F3 + RF)/Total| x 100.

2.6 | Analytical determinations

The concentrations of Zn, Cu, Pb, Ni, Cr, Cd, and As in the chemical
fractions were determined by inductively coupled plasma-mass spec-
trometry using a Thermo X series Il spectrometer. Total concentrations
of the studied elements were determined by an atomic absorption
spectrometer (Perkin Elmer 2100). For quality control, internal stan-
dards provided by Merck were used, whereas quality assurance of
metal analysis was assessed using duplicates and method blanks.
Mean recovery values obtained for 103Rh and 185Re inductively
coupled plasma-mass spectrometry internal standard reference mate-
rials were 104.12% (98.03-111.71%) and 107.59% (102.08-
114.44%), respectively. To test the single step aqua regia digestion
method, the ERM-CC141 loam soil was used as reference material.
The mean recoveries of Zn, Cu, Pb, Ni, Cr, Cd, and As were 104, 95,
95, 106, 104, 97, and 94%, respectively.

2.7 | Statistical analysis

STATISTICA software (Version 10) was used for the performed corre-
lation analysis, principal component and cluster analysis, and the

determination of descriptive statistics.

3 | RESULTS

3.1 | Soil physicochemical properties

Descriptive statistics of the main soil physicochemical properties are
presented in Table 2. The studied soils were alkaline with a mean pH
value of 7.8, reflecting the presence of carbonates that showed a
mean content of 89 g kg™, whereas active carbonate content aver-
aged 13 g kg 1. Most soils are characterized as sandy-clay loam with
mean clay, sand, and silt contents of 260, 558, and 181 g kg%, respec-
tively. The average organic matter content was 26 g kg™! and cation
exchange capacity values were medium to high with a mean of 23.8

cmol./kg. Generally, in soils under Mediterranean climate oxidizing

Extractant volume

Extraction Conditions for 1 g of soil

Shaking for 16 hr at 22 + 5 °C 40 ml

Shaking for 16 hr at 22 + 5 °C 40 ml

Digestion for 1 hr at 85 + 2 °C in a water 10 + 10 ml
bath

Shaking for 16 hr at 22 + 5 °C 50 ml

Digestion for 16 hr 25 ml
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TABLE 2 Main soil physicochemical properties (n = 29)

Clay Silt Sand pH CaCO; Act. CaCO3 oM CEC (cmol. Fed Feo

(gke™) (ke (gke™®  (1:1) (gke) (gke™?) (g kg™ kg™ (kg™ (gkg™)  Feo/Fed
Mean 260 181 558 7.8 89 13 26 24 430 6.1 0.14
Median 250 180 568 7.9 68 11 23 22 39.3 40 0.11
Min. 150 80 410 7.3 12 0 13 9 264 2.0 0.04
Max. 430 320 766 8.3 236 30 64 37 78.3 29.8 0.67
SD 73 53 90 0.2 66 9 12 6 12.1 6.0 0.14
CV (%) 28 29 16 3 74 68 46 27 28 98 95

Note. CEC = cation exchange capacity; OM = Organic Matter.

conditions are favored. In the soils of the studied area good aeration
prevails most of the year, but reduced conditions may periodically
occur after heavy rain events (most likely during winter).

Mean free (Fed) and amorphous (Feo) iron oxides concentrations
were 43.0 and 6.1 g kg%, respectively. Feo:Fed ratio demonstrates
the degree of free iron oxides crystallization and is commonly used
as an index of soil development. The values of Feo:Fed ratio ranged
between 0.04 and 0.67 pointing to soils with variable amounts of crys-
talline Fe oxides, most probably as a result of the different types of
mining and metallurgical waste materials incorporated in the soils of
the area and less likely as an indication of soils being at different
stages of development.

3.2 | Total elements concentrations

The severe contamination with toxic elements, complicates the deter-
mination of the natural background and baseline variation of the met-
al(loid)s in the soils of the studied area. Therefore, concentrations of
the studied elements in surface rock samples that were considered
as the only natural geological medium of the area by Demetriades
(2010) served as background levels. To evaluate the ecotoxicological
and human toxicological risk of the considered metals and As, the
respective Dutch intervention thresholds were used as reference
(Massas, Kalivas, Ehaliotis, & Gasparatos, 2013; Netherlands MHPPE,
2000).

Total concentrations of the studied elements varied greatly,
reflecting the uneven distribution of mining and metallurgical wastes

in the area (Table 3). Because data did not follow normal distribution

(Shapiro-Wilk test), median concentration values were used for the
evaluation of the results. Median total concentrations of all the stud-
ied elements were significantly higher than the corresponding back-
ground levels, indicating metal soil enrichment from human activities.
Furthermore, median total concentrations of Zn, Pd, Cd, and As were
4,9, 1.4, and 17 times higher than the respective intervention thresh-
olds, indicating severe soil contamination that leads to impaired or
threatened soil functional properties (Netherlands MHPPE, 2000).
Median total concentrations of Cu, Ni, and Cr were lower than the
corresponding intervention values, suggesting low or negligible risks
for the soil ecosystem and the local environment.

3.3 | Chemical partitioning of metals and arsenic

The partitioning of the studied elements is presented in Table 4. The
relative mean concentrations in each fraction, expressed as a percent
of the cumulative mean total concentration, are illustrated in
Figure 3.

34 | Zinc

Zinc was mainly related to reducible (37.1%) and residual fractions
(27.1%) though mean relative concentrations of Zn in oxidisable
(19.6%) and acid soluble fractions (16.2%) were also high. Conse-
quently, Fe-Mn oxides/hydroxides seem to be the main mechanism
for Zn immobilization in the studied soils while organic matter and car-
bonates may also play an important role. High relative concentrations

of Zn in the reducible fraction (up to 46%) have also been reported by

TABLE 3 Total concentrations of Zn, Cu, Pb, Ni, Cr, Cd, and As in the studied topsoils, geochemical background levels and Dutch intervention

values (mg kg™1)

Geochemical background levels® Total concentrations Dutch
intervention

Elements Mean Median Range Mean Median Range Shapiro-Wilk test p values® values®

Zn 210.60 57.00 <6.0-5200 6500 3188 969-30000 0.00 720

Cu 32.80 25.00 3.00-225 149 96 54-522 0.00 190

Pb 76.85 22.00 <1.0-1850 8668 4625 1219-40313 0.00 530

Ni 168.30 54.50 <1.0-1600 229 152 43-1066 0.00 210

Cr 100.40 20.00 <1.0-610 210 144 63-1353 0.00 380

Cd 1.89 0.50 <1.0-41 28 17 4.2-110 0.00 12

As 62.80 15.60 <0.5-1032 1415 921 204-5001 0.00 55

2Demetriades, 2010.
PNetherlands MHPPE, 2000.

°p > .05 indicates normal distribution.
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TABLE 4 Descriptive statistics of Zn, Cu, Pb, Ni, Cr, Cd, and As concentrations in the four chemical fractions defined by BCR procedure (F1, F2,
F3, and RF; mg kg™1) and percentage of recovery (i.e., Recovery [%] = [{F1 + F2 + F3 + RF}/Total] x 100)

F1 F2 ES
Zn Mean 1,255 2,532 906
Median 585 1,220 725
Min. 61 245 185
Max. 7,300 11,980 4,025
SD 1,880 2,925 799
CV (%) 150 116 88
Cu Mean 3.3 40 45
Median 0.0 24 32
Min. 0.0 1.3 8.7
Max. 26 174 128
SD 6.9 44 34
CV (%) 210 110 75
Pb Mean 638 4,847 1,381
Median 178 3,052 703
Min. 20 512 165
Max. 5,480 19,020 11,225
SD 1,242 4,757 2,253
CV (%) 195 98 163
Ni Mean 6.3 49 33
Median 3.7 25 20
Min. 0.0 29 57
Max. 21 277 141
SD 51 68 31
CV (%) 82 138 95
Cr Mean * 3.1 14
Median 24 11
Min. 0.4 52
Max. 12 49
SD 25 9.5
CV (%) 81 69
Cd Mean 13 14 3.5
Median 7.0 9.7 24
Min. 1.1 1.8 1.0
Max. 63 36 21
SD 14 10 3.7
CV (%) 109 73 107
As Mean 14 229 46
Median 8.2 111 33
Min. 14 8.3 3.1
Max. 68 1,209 186
SD 14 259 45
CV (%) 106 114 98

*No Cr detected in F1.

**Total concentration values from Table 3.

Rodriguez, Ruiz, Alonso-Azcarate, and Rincon (2009) in mine tailings.
McBride and Blasiak (1979) suggest that a strongly pH-dependent
retention of Zn in alkaline soils (pH > 7) may be produced by the
adsorption of Zn oxides/hydroxides on clay surfaces, a scenario that

reflects the conditions of the studied soils and supports the significant

Sum (F1 + F2 + Recovery
RF F3 + RF) Total** (%)
1,203 5,896 6,500 95.4
872 3,323 3,188 96.1
453 1,036 969 73.0
4,516 27,821 30,000 1135
896 5,954 6,755 10.0
75 101 104 10.5
69 158 149 104.3
57 104 96 105.7
30 46 54 83.8
261 559 522 119.2
50 123 113 8.4
72 78 76 8.0
1,462 8,328 8,668 95.2
281 4412 4,625 97.6
69 1,188 1,219 76.6
1,2969 40,614 40,313 109.5
3,015 10,345 10,420 8.8
206 124 120 9.3
144 232 229 1014
93 150 152 104.2
35 44 43 78.3
748 1,157 1,066 109.8
145 241 235 7.4
101 104 103 7.3
206 223 210 107.9
142 156 144 109.0
61 67 63 87.2
1,408 1,464 1,353 151.6
244 252 236 12.9
118 113 113 11.9
2.8 33 28 118.7
1.9 21 17 121.0
0.3 4.6 4.2 94.1
12 132 110 132.3
24 29 24 9.2
84 87 85 7.7
944 1231 1415 90.2
650 826 921 88.9
136 163 204 73.0
3207 4195 5001 111.9
834 1087 1305 10.2
88 88 92 11.3

presence of Zn in the reducible fraction. Nannoni, Protano, and
Riccobono (2011) report that in soils of a mining area in northern
Kosovo, Zn in the reducible fraction represented 22% of the total con-
centration and most of the metal was related to the residual fraction

(54%). Moreover, high values of Zn obtained in the residual fraction
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FIGURE 3 Relative percentages of mean Zn, Cu, Pb, Ni, Cr, Cd, and
As concentrations in the chemical fractions of the studied soils. F1-
exchangeable/acid soluble, F2-reducible, F3-oxidisable, and RF-
residual

can be explained considering the tendency of clay minerals to absorb
zinc irreversibly by lattice penetration (Gasparatos, Mavromati,
Kotsovilis, & Massas, 2015).

3.5 | Copper

The highest amount of Cu (48.5%) was found in the residual fraction
followed by the Cu related to the oxidisable (29.5%) and reducible
(21.1%) fractions. For most samples, Cu concentration extracted in
the first step of BCR was below detection limit and thus, mean
exchangeable fraction represented only 0.9% of the total Cu concen-
tration. Copper is one of the least mobile metals in soils, and it is
strongly associated with clay minerals, organic matter, and Fe-Mn
oxides (Hooda, 2010). Hence, the distribution of Cu among the differ-
ent fractions in the studied soils corresponded to its chemical behav-
ior. Similar findings obtained by Liu et al. (2013) for the soils of a
nonferrous metal mine area in China. Guillén et al. (2012) report that
the amount of Cu associated with the sum of F2 + F3 was up to
53% (50.6% in our study), reflecting the high affinity of Cu for Fe-

Mn oxides, sulfides, and organic substances.

3.6 | Lead

Lead fractionation showed that more than 65% of the total Pb was
associated with the reducible fraction. However, Demetriades et al.
(2010) applied the Tessier sequential extraction protocol in surface
soils of the Lavrion urban area and report that 32% of total Pb concen-
tration was related to the reducible fraction. The relative concentra-
tions of Pb associated with the oxidisable and residual fractions
were 17% and 12.6%, respectively, while only 4.7% of the total Pb
was obtained in the exchangeable fraction. Some authors found a
higher selective sorption of Pb by Fe oxides, while others have
reported Mn oxides as having the greatest affinity to Pb (Gasparatos,
2013; Hooda, 2010). According to Martinez and Motto (2000), high
soil pH may promote the formation of relatively stable Pb-organic
complexes which can explain the significant amount of Pb found in
the oxidisable fraction. Considering the very high total Pb concentra-

tions in most of Lavrion soils, the 4.7% of total Pb in F1 suggests that

a considerable amount of Pb is readily or potentially available for plant
uptake, and thus toxic phenomena may emerge for plants and the soil
biota. Moreover, the wide range of CaCOj3 concentration in the stud-
ied soils, the tendency of Pb to bound with carbonates, and the incom-
plete dissolution of Pb-carbonates by the acetic acid (Gleyzes, Tellier,
& Astruc, 2002), may have led to an underestimation of F1 fraction
and consequently to the underestimation of the potential Pb availabil-

ity in the studied soils.

3.7 | Nickel

Nickel was mainly associated with the residual fraction (64.7% of the
total amount), followed by the reducible and oxidisable fractions that
showed similar mean relative concentrations (17.1% and 15.2%,
respectively). The lowest amount of Ni, up to 3.1%, was found in the
exchangeable/acid soluble fraction. Similar findings reported by
Arenas-Lago, Andrade, Lago-Vila, Rodriguez-Seijo, and Vega (2014),
who found 77% to 95% of total Ni in the residual fraction. Further-
more, Liu et al. (2013) recorded that 80% of Ni was extracted from
the residual fraction of agricultural soils polluted by mining activities.
It is suggested that the highest stabilization energy of Ni*? among
the common divalent metals can explain the high potential of Ni to
be enriched in clay minerals (Briimmer, Gerth, & Tiller, 1988). More-
over, the presence of Ni as inclusions in the silicate structure of smec-
tite and illite and by isomorphous substitution of Fe and Al in the
spinel group minerals further elucidates the affinity of Ni for the resid-

ual fraction (Favas, Pratas, Gomes, & Cala, 2011).

3.8 | Chromium

The predominant form of Cr was the residual, being approximately
91.1% of the total content, while no Cr was detected in F1 indicating
the low availability of Cr in soils. The amounts of total Cr bound to
organic matter and to Fe-Mn oxides were 7.2 and 1.7%, respectively.
The results showed that most indigenous Cr exists generally as
occluded lattice forms in soil minerals, and therefore, Cr is generally
poorly soluble and immobile. The strong affinity of Cr for the residual
fraction is reported by many researchers (Delgado, Barba-Brioso,
Nieto, & Boski, 2011; Liu et al, 2013). According to Arenas-Lago
et al. (2014), up to 95% of total Cr was found in the residual fraction
of soils contaminated by a copper mine operation.

39 |

Most of Cd was associated with the reducible fraction (44.1%). Rela-
tive concentration of Cd in the exchangeable fraction was also high
(34.1%), indicating high Cd availability in the studied soils. The
oxidisable and the residual fractions accounted for about 11.9 and

Cadmium

9.9% of the total content, respectively. Two main mechanisms appear
to control the behavior of Cd in the studied soils. The first one is the
adsorption of Cd on Fe-Mn oxides, and the second one is the forma-
tion of Cd-carbonates precipitants or/and the Cd incorporation into
carbonates. Akkajit and Tongcumpou (2010) also reported that Cd in
contaminated soils close to a Zn mine was mainly related with the
reducible (41.5%) and the exchangeable/acid soluble (29.2%) fractions.
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3.10 | Arsenic

The mean relative concentration of As into the various fractions was
in the order RF > F2 > F3 > F1. In the studied soils, the most important
fraction for As was the residual (78.4%) followed by the reducible frac-
tion (16.2%). Very low amounts of As were extracted in the oxidisable
and exchangeable/acid soluble fractions (3.8 and 1.6%, respectively). It
seems that As is strongly retained in the lattices of primary minerals
(like arsenopyrite) and secondary minerals (mostly assemblages with
Fe oxides). The relatively high amount of As in F2 suggests that under
reducing conditions the mobility/availability of As can increase due to
the dissolution of the Fe-Mn oxides. Similarly, Nannoni et al. (2011)
concluded that As extracted in the residual and reducible fractions

represent 84% and 10% of the total As concentration in soils.

4 | DISCUSSION

4.1 | Elements partitioning and mobility

Metals forms solubilized in the three sequential steps of the BCR
scheme are considered as the reactive fractions, because altered soil
conditions can lead to increased metals concentrations in the soil solu-
tion. However, fractions F1 and F2 may be regarded as the most sig-
nificant for soil ecosystems. Indeed, metal forms extracted in the
first extraction step are considered as readily available, or available
in cases of soil pH reduction. Extraction matrix at the second step
mimics to some extent soil conditions that may occur under excessive
water inputs either as heavy rainfall or as high irrigation levels. In soils
with medium to high clay contents as the soils in this study, reducing
conditions can frequently occur especially into microaggregates.
Accordingly, Zn and Pb that were associated with the reducible frac-
tion and Cd that was mainly associated with both available and reduc-
ible fractions (Figure 3), in relation to the high concentrations of these
metals in the respective fractions, can be considered as potential
threats for below and above ground ecosystems. Arsenic was mainly
associated with the residual fraction, but the significant amount of
total As that was extracted in the reducible fraction suggests
increased mobility under reducing conditions and groups As with Pb,

Zn, and Cd. These results indicate that significant amounts of Cd, Zn,

Pb, and As remain in relatively weakly bound or potentially available
forms in the surface horizons of the studied soils, thus posing phyto-

toxic and health hazards.

4.2 | Origin of the studied elements

According to the correlation coefficients (Table 5) and the cluster anal-
ysis results (Figure 4) performed for the total elements concentrations,
three groups of elements can be distinguished. The first group is
consisted by Zn, Cu, and Cd with r values ranging between 0.76 and
0.95 (p < .001). The strongest correlation for the metals of this group
was observed between Zn and Cd (r = 0.95, p < .001). The second
group includes Pb and As with r = 0.73 (p < .001), whereas Ni and
Cr compose the third group with r = 0.76 (p < .001). The metals of
the first group were negatively correlated to clay either significantly
(r=-0.41, p < .05 for Zn and r = -0.39, p < .05 for Cd) or not signifi-
cantly (r = -0.35, p > .05 for Cu). Total As and Pb concentrations were
negatively correlated with carbonates indicating the important role of
carbonates on the geochemical occurrence of both As and Pb in the
soils of the studied area. The first and second group of metals forms
a joint cluster suggesting common origin, whereas the third group
seems to be unrelated to the others. Taking into account that soil con-
tamination in the Lavrion area is a result of previous mining and ore
processing activities, these relations are indicative of the chemical
and mineralogical composition of the produced metallurgical wastes.
However, the common grouping and the comparatively low total con-
centrations of Ni and Cr, suggest that the presence of these two
metals in the mining and metallurgical wastes is relatively low.

4.3 | Relations between elements fractions and soil
properties

Principal component analysis (PCA) was conducted to investigate the
relations between the reactive phases of the metals and clay, carbon-
ates (total and active CaCOs), organic matter, crystalline, and amor-
phous Fe oxides contents in the studied soils. For each reactive
phase, the number of the variables was reduced to two principal fac-
tors (Factors 1 and 2) that explained about 60% of the total variance
for F1 and F2, 62% for F3, and 65% for RF (Figure 5).

TABLE 5 Correlation coefficient matrix: main soil properties, and Zn, Cu, Pb, Ni, Cr, Cd, and As total concentrations (n = 29)

Clay pH Total CaCO3;  Active CaCO3
Clay 1.00
pH 0.41* 1.00
Total CaCO3 -0.24 0.16 1.00
Active CaCO3 0.15 0.51* 0.74* 1.00
oM -0.16 -0.34 0.05 -0.22
Zn -041*  -0.08 0.03 -0.24
Cu -0.35 -0.16 -0.20 -0.36
Pb -0.34 -0.32 -0.24 -0.51**
Ni 0.47* 0.37*  -0.07 0.11
Cr 0.28 0.12 -0.11 -0.05
Cd -0.39* -0.10 0.04 -0.26
As -0.21 -0.38* -047* -0.48**

*p < .05. **p < .01. ***p < .001.

OoM Zn Cu Pb Ni Cr Cd As
1.00

0.04 1.00

-0.03 0.81*** 1.000

-0.08 0.50** 0.51** 1.00

-0.25 -0.01 -0.07 -0.19 1.00

-0.19 -0.12 -0.17 -0.19 0.76*** 1.00

0.17 0.95*** 0.76*** 047*  -0.04 -0.15 1.00
-0.16 0.18 0.51* 0.73***  -0.22 -0.25 0.18 1.00
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No significant association between F1 exchangeable/acid soluble
fraction and soil properties was observed, except a weak relation of
As with organic matter that points to the formation of outer/inner-
sphere As complexes with humic and fluvic acids (Williams et al.,
2011). PCA results showed a significant association of the F2 reduc-
ible fraction of As, Pb, Zn, Cu, Cd, Cr, and Ni with iron oxides,
confirming the great importance of Fe oxides in the sequestration of
toxic elements in heavily polluted soils. Indeed, the F2 fraction of As,
Pb, Zn, Cu, and Cd was strongly associated with the amorphous
(Feo) iron oxides, whereas the F2 fraction of Cr and Ni was related
to the crystalline (Fed-Feo) iron oxides. Similarly, Delgado et al.
(2011), by studying estuarine sediments affected by multiple anthro-
pogenic contributions (including mining activities), concluded that the
F2 fraction of Cd, Cr, Cu, and Zn was strongly related to Fe oxides.

The F3 oxidisable fraction was not associated with the organic
matter content, indicating the minor contribution of organic matter
to the retention of the metal(loid)s in the studied soils. Oxidizing
reagents used in the F3 fraction can release metal(loid)s bound to sul-
fides also (Quevauviller, 2002). Thus, it can be stated that the relative
concentrations of metals and As extracted in this fraction were mainly
originated from the dissolution of sulfide salts associated with the
studied elements, rather than from less stable organometal complexes.
These results are in line with the recent findings by Root, Hayes, Ham-
mond, Maier, and Chorover (2015) who report that ferric iron and sul-
fate minerals in mine tailings produced by exploitation of massive
sulfite deposit (like those of our study), act to buffer against the
release of toxic elements into the environment. Finally, PCA analysis
demonstrated an important association of Ni and Cr residual fractions
with clay, confirming the affinity of Ni and Cr to the silicate minerals
and the common lithogenic origin of these metals.

5 | CONCLUSIONS

Thousands of years of mining and processing activities have led to
serious land degradation in the greater Lavrion area. According to
the findings of this study, total concentrations of Cu, Ni, and Cr were
below the corresponding intervention values, whereas total concen-
trations of Zn, Pd, Cd, and As were 4, 9, 1.4, and 17 times greater than
the respective intervention thresholds. Geochemical background
levels and cluster analysis results showed that the very high to
extreme concentrations of Pb, Zn, Cd, Cu, and As in the studied soils
are a consequence of the mining history of Lavrion, whereas Ni and
Cr presence in the soils corresponds to the geology of the area.
Chemical partitioning of the elements demonstrated that Cu, Ni,
Cr, and As were mainly associated with the residual fraction, whereas
Zn, Pb, and Cd were mainly associated with the reducible fraction. A
significant amount of As was also found in the reducible phase. A dif-
ferent geochemical scenario, as the prevalence of anaerobic soil condi-
tions, could favor the solubilization of Fe-Mn oxides and may lead to
increased Zn, Pb, Cd, and As mobility, posing a serious environmental
threat. Finally, PCA analysis showed a significant association of the
reducible fraction of all the studied metals and As with Fe oxides,
emphasizing the significant role of Fe oxides on the sequestration of

toxic elements in heavily polluted soils.

Considering that the studied area is inhabited, cleanup measures
for soil decontamination should be promptly implemented. Neverthe-
less, thousands of hectares are contaminated and thus environmentally
friendly and cost effective soil remediation actions should be promoted
and implemented in order to achieve a better life for the local popula-

tion and healthier soils that will successfully fulfill their ecological role.
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ABSTRACT ARTICLE HISTORY
The highly degraded mine-affected soils of Lavrion, central Greece, are Received 4 October 2017
greatly polluted by heavy metals and arsenic (As). To assess As partition- ~ Accepted 18 February 2018

ing in the soils of the area, Wenzel and BCR (Community Bureau of KEYWORDS
Reference) sequential extraction procedures (SEP) were applied to 29 Wenzel fractionation
top soils. The results of the Wenzel SEP showed that As was mainly scheme; BCR sequential
bound to the well-crystallized (33.3%) and to the amorphous/poorly- extraction protocol; arsenic;
crystalline (30.1%) oxides of Fe, Al, and Mn. According to the BCR mining; soil

scheme, most of the total As (78.4%) was retained in the residual

phase. Low mobility factor values (Wenzel: 0.34%; BCR: 1.56%) clearly

demonstrate the low availability and mobility of As in the studied soils.

The specifically-sorbed/inner-sphere and the reducible fractions of As,

obtained by the Wenzel SEP, were positively correlated with clay and Fe

oxides content, respectively. The reducible As fractions of both SEPs

were negatively correlated with carbonates content indicating that car-

bonates may partially control As sorption on Fe oxides. The comparative

evaluation of the two SEPs showed that the application of the BCR

protocol in contaminated soils cannot provide reliable information on

As sequestration in soils but it can be a first estimate of As labile forms.

Introduction

Soil contamination by arsenic (As) poses a severe threat to human, plant and animal life, disturbing
ecosystem functions. In nature As occurs in organic and inorganic forms, and in various oxidation states
such as As® ~ (arsine), As® (arsenic), As>* (arsenite) and As>* (arsenate) which is the most stable form
(Gupta et al. 2011). In the soil environment, the predominant forms of As are arsenite in case of
reduced/anaerobic soil conditions and arsenate when oxidized/aerobic soil conditions prevail (Alloway
2013). Nevertheless, according to Liu and Cai (2007), the prediction of the predominant form of As in
soils cannot be based only on the redox potential since the metabolic processes of certain micro-
organisms may alter arsenites and arsenates relative concentrations, regardless of reduced or oxidized
conditions. Besides redox potential, As solubility in soils is highly dependent on the pH, the soil texture,
the types of the minerals present, the competing ions, the reaction kinetics, the organic matter content
and the As minerals themselves (Gedik et al. 2016).

Sequential extraction procedures (SEPs) were developed to assess metal(loid)s geochemical forms in
soils (Kim et al. 2014). Despite the inherent weaknesses of these procedures (e.g. limited selectivity of
the extractants, re-adsorption and precipitation phenomena, poor reproducibility) sequential extrac-
tion schemes are widely accepted and adopted (Drahota et al. 2014; Massas et al. 2017).
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To achieve harmonization among the various SEP protocols and comparability between the
results obtained, Community Bureau of Reference (BCR), now European Standard, Measurements
and Testing (SM & T) program, proposed a standardized three-step extraction procedure for heavy
metals fractionation in sediments and soils (Quevauviller 2002). However, although it was originally
tested for heavy metals, BCR scheme has been also used by many researchers for arsenic fractiona-
tion in soils and sediments (Larios et al. 2012).

As most SEPs are based on the cationic nature of heavy metals, the necessity to develop
appropriate protocols compatible with arsenic’s anionic nature in soils was emerged. Since arsenic
and phosphorus have similar chemical behavior in soils (both form oxyanions), many fractionation
schemes for arsenic are modifications of sequential extraction procedures for phosphorus (Van
Herreweghe et al. 2003). Taking into consideration the geochemical characteristics of As, Wenzel
et al. (2001) modified the Zeien and Brimmer (1991) scheme and the Chang and Jackson (1957)
SEP for P and proposed a five-step sequential extraction procedure for the determination of As
chemical forms in soils.

The main objectives of the present study were: (a) to assess As potential mobility - availability
and partitioning in the heavily polluted surface soils of a former mining area by using the Wenzel
and the BCR sequential extraction methods (b) to evaluate the results of the two methods and (c)
to discuss on possible associations of As fractions with soil properties.

Materials and methods
Study area

Centuries of intensive mining activities and metallurgical processes had led to the production of
huge quantities of metal-rich wastes that were unevenly spotted over the wide area of Lavrion,
Greece. Sulphidic flotation tailings, oxidic-carbonaceous-silicate beneficiation tailings and metallur-
gical slag are the three main types of wastes identified in the area. The large spoil heaps formed by
these mine waste residues are subjected to weathering processes (i.e. wind, rain, atmospheric
oxygen, bacterial metabolic processes) that affect the physicochemical conditions at the disposal
sites and enrich the surrounding soils with toxic metals (Xenidis et al. 2003).

High total concentrations of As in the surface soils of Lavrion originate from the As-bearing minerals
that exist in the carbonated-hosted massive sulfide Pb-Zn-Ag ores of the area. Mineralogical studies
determined the sulfide mineral assemblages and confirmed the presence of arsenopyrite [FeAsS],
sulfosalts such as proustite [AgsAsSs] and tetrahedrite [(Cu,Fe);,5b4S,3], primary sulfarsenides such as
gersdorffite [NiAsS] and realgar [AsS], arsenides such as 16llingite [FeAs,] and rammelsbergite [NiAs,], as
well as native arsenic that occurs as inclusions in galena crystals forming crusts on open cracks of
carbonate minerals and spatially associated with silver sulfosalts (Gamaletsos et al. 2013).

Soil sampling sites

The selection of sampling sites was based on a contamination map for arsenic produced by
the Institute of Geology and Mineral Exploration of Greece (I.G.M.E) for the soils of Lavrion
(Demetriades 1999). Top soil samples were collected from twenty-nine (29) sampling sites,
located close to the Technological - Cultural Park of Lavrion (former metallurgical treatment
facilities) and from the wider area of Ag. Konstantinos (i.e. former mining area characterized
from the number of shafts, crushing sites, washing plants and tailings). The sampling objec-
tive was to obtain soil samples with a sufficiently wide range of total As concentrations and
with different physicochemical parameters. Thus, top soil samples were collected using
stainless-steel equipment from open spaces, forest and agricultural land located relatively
close to highly contaminated spots such as stockpiles, tailings and slag. From each sampling
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site, three sub-samples were collected from a depth of 15 cm corresponding to a
100 x 100 cm surface area. The three soil sub-samples were mixed to provide one represen-
tative bulk sample.

Soil properties

Soil samples were air-dried, crushed and passed through a 2 mm sieve for further analyses. For the
sequential extraction procedures, a portion of the sieved samples was further grounded to pass
through a 0.5 mm sieve. pH was measured in a 1:1 (w/v) soil/water slurry, total carbonates content
(CaCOs) was calculated by measuring the evolved CO, following HCl dissolution (NF I1SO 10693 1995),
active carbonate was obtained according to the ammonium oxalate method described by Loeppert
and Suarez (1996) and particles size was determined by the Bouyoucos hydrometer method
(Bouyoucos 1951). To measure organic matter (OM) the Walkley-Black wet oxidation method was
followed (Nelson and Sommers 1982), the cation exchange capacity (CEC) was determined by using the
sodium acetate method (Rhoades 1982) and available phosphorus (P) was obtained by the Olsen
method (Olsen et al. 1954). Amorphous and poorly crystallized Fe oxides and free Fe oxides contents
were determined by using the ammonium oxalate buffer method (Schwertmann and Taylor 1989) and
the sodium citrate — bicarbonate - dithionite (CBD) method proposed by Mehra and Jackson (1960),
respectively. Total As concentration in the studied soil samples was obtained by a single step aqua
regia extraction (Gasparatos and Haidouti 2001). However, aqua regia digestion does not completely
destroy silicates and provides the ‘pseudo-total’ metal concentrations that for simplicity are termed as
‘total’ in this study. Cambisols mainly and Fluvisols secondarily, dominate the study area according to
FAO soil classification system (Misopolinos et al. 2015). Moreover, the studied soils are calcareous,
eroded and characterized as sandy-clay-loams (SCL) with an alkaline pH (Table 1).

Sequential extraction procedures (SEP)

The BCR and the Wenzel sequential extraction schemes used in this study are described in Table 2.

The Wenzel et al. (2001) sequential extraction method has been applied in several studies (Gault
et al. 2003; Caille et al. 2004) because it targets the most abundant and environmentally important
fractions of arsenic, providing fairly reliable results on As fractionation in contaminated soils and
sediments. According to the Wenzel scheme, the following fractions are operationally defined: W1,
non-specifically sorbed (easily mobilizable, outer-sphere complexes); W2, specifically-sorbed (read-
ily mobilizable, inner-sphere complexes); W3, bound to amorphous and poorly-crystalline oxides;
W4, bound to well-crystallized hydrous oxides; WRF, residual. In this study, aqua regia was used to
extract As from the residual phase replacing a mixture of HNO3/H,0O, proposed in the original
method. In the Wenzel method, a separate oxidisable fraction is not included and no specific
consideration is taken for As — bound to carbonates. In calcareous soil samples and prior to the
reducing phase, Wenzel et al. (2001) applied NaOAc/HOAc buffer solution but the extracted
amounts of As were negligible, pointing to low As affinity for carbonates. Moreover, preliminary
tests conducted by Wenzel et al. (2001) showed that the amounts of As extracted from soils by
reagents containing EDTA were not significantly related with the organic matter content of the
soils (SOM). Recently, Larios et al. (2012) developed a SEP specifically designed for As fractionation
in contaminated soils and sediments that does not include a separate step for As bound to
carbonates, but includes a step for As bound to organic matter. To dissolve humic acids that are
considered as the major organic pool of As in soils, Larios et al. (2012) used 0.1 mol L™ of
pyrophosphate solution. However, the same authors (Larios et al. 2013) suggested as highly
possible that As extracted in the oxidisable fraction of their method was not directly bound to
organic matter but indirectly, since As species could have formed complexes with Fe and Ca
cations bound to humic matter.
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The second method used in this study was developed for metal cations and is the well-
established BCR method (Rauret et al. 1999). The BCR protocol includes three chemical fractions
of As in soils: (B1) exchangeable/acid soluble, (B2) reducible and (B3) oxidisable. A residual step
(BRF) was also included to calculate % recovery of the method and to discuss on any relations of As
extracted in BRF with the soil properties.

To check the recovery of arsenic by both SEPs, the sum of As concentrations in all fractions was
expressed as percentage of total As concentration obtained by single step aqua regia digestion
(total) and calculated as follows:

Recovery % =[(W1 4+ W2 4+ W3 4+ W4 4+ WRF) /Total] x 100 for the Wenzel scheme (M

Recovery % =[(B1 + B2 + B3 + BRF)/Total] x 100 for the BCR scheme (2)

Mobility factor

The potential mobility of the metal(loid)s can be estimated by computing a relative index called
Mobility Factor (MF %) based on the absolute and relative content of fractions weakly bound to soil
components (Kabala and Singh 2001). According to Beeston et al. (2008), MF reflects the risk for the
ecosystem that is related to the soil and is defined by the metalloid’s fraction found within the non-
specific sites. The most labile fractions of As are represented by steps B1 and W1 of the BCR and the
Wenzel SEPs, respectively. The Mobility Factor for both schemes was calculated as follows:

wi
MFuenzel % = 100 3
Wenzel 2 = (W1 + W2 + W3 + W4 + WRF) ®)
B1
MFgcr % = x 100 4)

(B1 + B2 + B3 + BRF)

Analytical determinations

Arsenic concentrations were determined by flame atomic absorption spectrophotometry (F-AAS)
using a Varian SpectrAA-300 system. Spectrometer working conditions were: 193.7 nm wavelength,
0.5 nm slit width, 10 mA lamp current, acetylene/nitrous oxide fuels, and reducing flame (red cone,
1-2 cm high). Under these operating conditions, the recommended optimum working range was
3-150 mg L™". A hydride generator Varian model VGA 77 (HG-AAS) was used for the determination
of the lower As concentrations, under the same spectrometer working conditions, except that air
was used as support gas. Hydride generator uses a chemical reaction to produce As hydrides and
employs continuous flow technology where samples and liquid reagents (HCI; KI/NaBH, diluted in
NaOH) are pumped together and mixed. The gaseous reactions products are swept by a flow of
argon gas into the spectrometer. For the determination of available P concentrations, a SHIMADZU
UV-1700 spectrophotometer was used.

At all stages of sample preparation and analysis, stringent precautions were taken to minimize
contamination through air, glassware and reagents. All measurements were conducted in dupli-
cate. A control sample was analyzed for every 10 samples and reproducibility was tested by re-
analyzing 30% of the samples. The analytical precision, estimated as relative standard deviation
(RSD) of three measurements, was less than 3%. ERM-CC141 European Reference Material (loam soil
with certified As value of 7.5 + 1.4 mg kg™, extracted with aqua regia following the 15011466
protocol) was used to check the accuracy of aqua regia procedure followed for the total As
determination. The results showed that mean As recovery ranged between 98 and 102%. For the
preparation of the standard solutions through serial dilutions, a 1000 mg L™ As standard solution
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was used. As a reagent blank, de-ionized water was used. All extracts were acidified with HNOs for
stability reasons and kept in a refrigerator. Prior to analysis, all extracts, blank and the standard
solutions were diluted to HCI 1M. As recommended by European Commission (2002) Decision No.
657/2002, the calibration curve was prepared with at least five points in the range 3 - 15 ug L™
when the measurements were obtained by HG-AAS and 3 - 15 mg L™ when the measurements
were obtained by F-AAS. The linearity of the calibration curve was acceptable when the linear
regression coefficient (r®) was =0.998.

All reagents used in this study were of analytical grade and supplied from Merck Millipore
(Darmstadt, Germany). The reagents used were: Ammonium sulfate [(NH,),SO,4], Ammonium dihy-
drogen phosphate [(NH;)H,PO,], di-Ammonium oxalate monohydrate [(NH,4),C,0,4*H,0.], Oxalic acid
dihydrate [(COOH),*2H,0], L(+)-Ascorbic Acid (CgHgOg), Nitric acid (HNOs, 65% w/v), Hydrochloric
acid (HCl, 37% w/v), Acetic acid (glacial) (CH;COOH, 100% w/v), Hydroxylammonium chloride
(NH,OH*HCI), Hydrogen peroxide (H,0,, 30% w/v), Ammonium acetate (CH3;COONH,), Potassium
iodide (KI), Sodium borohydride (NaBH,), Sodium Hydroxide (NaOH) and 1000 mg L™" As, (As,Os in
H,0) Titrisol®.

Statistical analysis

The descriptive statistical parameters, correlation and cluster analysis were carried out by using
STATISTICA software (Version 10).

Results and discussion
Arsenic fractionation using Wenzel SEP

According to Table 3, mean As recovery was 96.7%, higher than the average recovery (~88%)
obtained by Wenzel et al. (2001). The higher centrifugation speed used in the present study (2300
vs. 1700 g in the original method) was probably resulted to better sedimentation of humus and
clay particles and to less loss of the associated As in the subsequent filtration step in each fraction
(Wenzel et al. 2001).

The mean percentage of As concentration into the various fractions followed the order W4 > W3
> WRF > W2 > W1 (Table 3). Only 0.3% of As was released in the first fraction W1 (non-specifically
sorbed), supporting that As availability in the studied soils is very low. However, the average As
concentration extracted in W1 was 1.73 mg kg™', considerably higher than the value of 0.62 mg
kg™ for the freshwater protection, proposed by Wenzel et al. (2002) as the threshold of As
concentration in W1 fraction. Arsenic extracted in the W1 fraction was highly correlated with the
available phosphorus P (Table 5), indicating a similar geochemical behavior of As and P in terms of
availability in the studied soils.

The specifically sorbed As (W2 fraction) was low (7.1%) but not negligible. Arsenic leached in W2
fraction was significantly correlated with both clay and Olsen-P content (Table 5), suggesting that
As oxyanions form innersphere complexes with inorganic soil colloids and that As extracted in this
step and Olsen-P may have been derived to some extent from the same pools in the studied soils.
Considering that the basis of the second step of the Wenzel method is the exchange between
phosphates (PO,*) and arsenates (AsO,>), the quantity and the type of inorganic colloids in soils
are critical for arsenic bioavailability since any addition of PO,> (e.g. through P fertilization) might
increase As mobility in the soil environment.

Arsenic was mainly associated with the reducible phases since 30.1% and 33.3% of total As were
extracted in the W3 and W4 fractions, respectively. Such results confirm the strong relation of As
with Fe oxides mainly, but also with Mn and Al oxides in the matrix of the studied soils (Gasparatos
2012). As it is also reported in various studies (Dybowska et al. 2005; Miller et al. 2007), ammonium
oxalate buffer used in the Wenzel SEP, sufficiently extract As associated with amorphous oxides.
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The addition of ascorbic acid in the buffer solution increases the reductive potential of the
extractant to efficiently target the crystalline oxides (Shuman 1982). Indeed, As extracted in W3
and W4 fractions was significantly correlated with amorphous Fe (Feo) and free Fe (Fed) oxides
(Table 5). However, As leached in the W4 fraction was positively but not significantly correlated
with crystalline Fe oxides (Fed-Feo), indicating that NH4-oxalate buffer used in the third step
adequately mobilized As from amorphous Fe oxides but the addition of ascorbic acid in the fourth
step, though significantly increased the reductive potential of NH4-oxalate buffer, was partially
succeed to extract As from the crystalline Fe oxides.

Arsenic extracted in the residual phase was 29.1% of the total As concentration. Residual As was
significantly and positively related with As leached in W3 and W4 fractions (Table 5), strongly
indicating a common origin of As extracted in W3, W4 and WRF fractions. The latter is in
accordance with Alvarez et al. (2006) who suggest that the weathering of sulphide minerals may
form a complex assemblage of As-bearing phases like iron oxides and iron arsenates. Moreover, the
very low affinity of As for carbonates in the heavily polluted soils of this study is well manifested by
the strong negative correlation between the WRF As fractions and the total and active carbonates
content (Table 5).

Arsenic fractionation using BCR SEP

According to the BCR results, the mean As recovery was 90.2% (Table 4). Arsenic was found to be
predominantly associated with the residual fraction (78.4%) followed by the reducible fraction
(16.2%). Only minor portion of total As was leached in the B3 oxidisable (3.8%) and B1 exchange-
able/acid soluble (1.6%) fractions.

Arsenic extracted in B1 can be considered as exchangeable/weakly bound to carbonates. It has
been suggested that calcium carbonates can provide sites for As adsorption and that arsenate can
interact with Ca®* to form outer sphere complexes (Larios et al. 2012). In some SEPs specifically
designed for As, acetate solutions were used to leach As from carbonates but failed to extract
appreciable amounts of arsenic (Kim and Davis 2003; Matera et al. 2003). In this study, no
significant relation between As extracted in B1 and carbonates content was found (Table 5).
Results concerning the affinity of arsenic for carbonates are contradictory (Yolcubal and Akyol
2008). Although arsenic may co-precipitate with carbonates or incorporate into the lattice structure
of calcite under alkaline pH (Alexandratos et al. 2007), it appears that calcite have negligible role in
As immobilization in the presence of Fe oxy/hydroxides even in highly contaminated soils (Wenzel
et al. 1998, 2001; Lombi et al. 2000).

Arsenic leached in the B1 step of the BCR scheme was strongly related with Olsen-P (Table 5),
suggesting that As extracted in this step and Olsen-P may have been derived to some extent from
the same pools in the studied soils.

A major limitation of the BCR procedure is that it underestimates the association of As with
oxides and that does not differentiate between amorphous and crystalline oxides phases. It is well
known that hydroxylamine hydrochloride has low dissolution efficiency for well-crystallized phases
and therefore dissolves only amorphous Fe and Mn oxides (Rodriguez et al. 2003; Larios et al. 2013).
However, considering that As extracted in B2 (16.2%) accounts for nearly half of the arsenic
extracted from amorphous oxides in W3 (30.1%) fraction of the Wenzel SEP, hydroxylamine
hydrochloride did not only fail to extract As from the crystalline oxides but it also failed to
adequately release As from the amorphous oxides in the studied soils. This is further supported
by the positive but non-significant correlations between Feo and Fed with As extracted in the
reducible step of the BCR scheme (Table 5). The negative correlation between the B2 fraction and
the total and active carbonates contents indicates a possible competition between carbonates and
arsenates for binding sites on Fe oxides.

By dissolving organic matter with hydrogen peroxide in the third step of the BCR, As bound to
organic substances and sulfides is released (Quevauviller 2002; Dybowska et al. 2005; Larios et al. 2012).
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The low percentage of As found in B3 indicates the weak tendency of As to form stable complexes with
organic substances (Table 4). Indeed, As concentration in the oxidisable fraction (B3) of the BCR method
was not correlated with the organic matter content of the studied soils (Table 5), suggesting that As
extracted in this step was mainly bound to sulfides. Dybowska et al. (2005) by including an oxidizing
step in the Wenzel SEP concluded that the amount of As extracted in this step most likely represented
the sulfide bound arsenic. Nevertheless, some studies report strong positive correlations between the
dissolved organic carbon (DOC) and As concentrations in soil solutions, and suggest that organic
matter can provide sites for As adsorption (Thanabalasingam and Pickering 1986; Buschmann et al.
2006). Yet, other authors report that increased SOM and DOC contents increased As solubility by
decreasing As sorption on Fe oxy/hydroxides, due to the anionic nature of organic compounds that
compete with As oxyanions for sorption sites (Redman et al. 2002; Wenzel et al. 2002).

In the studied soils and in line with Mller et al. (2007), Larios et al. (2012) and Abad-Valle et al.
(2018), most of the total As (78.4%) was found in the residual fraction (BRF) suggesting that the
amount of As that hydroxylammonium chloride failed to extract from the reducible phase being
incorporated into the oxidasible and residual fractions of the BCR scheme. In accordance to the
results obtained by the Wenzel scheme for the studied soils, As extracted in BRF was strongly
correlated with As extracted in B2 and B3 (Table 5) indicating a common origin of As extracted in
these steps.

For the heavily contaminated soils of this study, BCR scheme did not provide evidence for any
relations between As leached in the various steps of the procedure and the soil constituents that
are considered as the most important for As sequestration in contaminated soils.

Cluster analysis

To better clarify possible associations between the Wenzel and the BCR operationally defined
chemical fractions of As, cluster analysis was performed on the normalized data. As it is shown in
Figure 1, two main clusters were obtained. The first cluster consists from W1, W2, and B1 fractions
while in the second cluster the remaining fractions were grouped together. The obtained associa-
tions between the fractions of the two protocols indicate that the reagents used in the BCR method
were partially and not specifically extracted As from the targeted soil phases. The close relation
between B3 and W3 that were grouped together in the second cluster implies that H,0, used in
the BCR scheme to release As bound to organic matter and sulfides, may have also extracted As
from Fe oxides that were associated with Mn phases (Larios et al. 2012). Furthermore, though the
residual BRF and WRF fractions were strongly related, BRF was 2.5 times higher than WRF (BRF:
78.4%, WRF: 29.1%), supporting the incomplete dissolution of Fe oxides by hydroxylammonium
chloride.

Mobility factor (MF)

According to the results, the mean MF of As obtained by the Wenzel method was 0.34 + 0.32%
(min: 0.00, max: 1.30) while the BCR method produced a mean MF percentage of 1.56 + 1.21% (min:
0.11, max: 4.10). Both schemes demonstrated the very low mobility of As in the studied soils
indicating the affinity of As for more stable soil phases, such as amorphous and crystalline oxides of
Fe/Al/Mn, and primary and secondary minerals. However, possible alteration in the soil conditions
(e.g. fluctuations of redox potential, changes of pH, phosphate addition) could significantly
increase As mobility and availability, thus posing a severe environmental threat by entering into
the biota or by contaminating ground waters (Gasparatos et al. 2015). Additionally, since acetic acid
used in B1 is stronger extractant than ammonium sulfate used in W1, BCR method seems to
overestimate the actual availability of As in soils. The BCR protocol is frequently used in risk
assessment studies to simultaneously provide information on the potential bioavailability of
many metals in polluted soils. In this context, and in terms of routine environmental monitoring
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Figure 1. Hierarchical clustering results of the Wenzel (W1: non-specifically sorbed, W2: specifically-sorbed, W3: amorphous
hydrous oxide-bound, W4: crystalline hydrous oxide-bound, WRF: residual) and the BCR (B1: exchangeable/weak acid soluble,
B2: reducible, B3: oxidisable, BRF: residual) operationally defined chemical fractions.

studies, the B1 fraction can describe to some extent As availability in contaminated soils, in
accordance with Larios et al. (2012).

Conclusions

In order to investigate As geochemical behavior in the mine-affected surface soils of Lavrion, the
Wenzel and the BCR sequential extraction procedures were applied. In the Wenzel method, the
highest percentage of As was extracted from the amorphous/poorly crystallized and the well
crystallized Fe, Al, Mn oxides, while in the BCR method the highest amount of As was found to
be retained in the residual soil phase. According to both schemes, the mobility of arsenic in the
Lavrio top soils was low.

The significant correlations between the specifically-sorbed and the reducible As fractions of
the Wenzel method with clay, amorphous and free iron oxides respectively, strongly indicate
that the reagents used in the Wenzel method are successfully targeting the corresponding soil
phases. On the contrary, the reagents used in the BCR method failed to provide similar
relations, primarily due to the incomplete dissolution of metal oxides by the hydroxylamine
hydrochloride reagent that resulted to lower As content in the reducible phase. However, when
the BCR method is used to describe the partitioning of several metals in polluted soils, it can
also provide a first indication of As mobility.
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Abstract

Purpose: A heavily polluted soil from Lavrion, Greece, a mine affected area with
serious soil degradation problems, was used in a laboratory incubation experiment to
investigate the effect of EDTA (chelating agent), sodium dithionite (reducing agent),
and olive mill wastewater (agro-industrial bio-product) and their combinations, on As,
Pb, and Zn mobility over time.

Materials and methods: Soil samples were incubated for 1, 3, 7, 15, 30, 60, and 90
days. At each incubation time the easily mobilizable fraction of the elements was
obtained by (NH4)2S04 (for As) and CH3COOH (for Pb / Zn). To investigate the
treatment effect on elements distribution among the soil chemical fractions, two
different sequential extraction protocols (SEPs), Wenzel (for As) and BCR (for Pb and
Zn) were applied to the soil samples incubated for 90 days. To elucidate the role of Fe /
Mn oxyhydroxides on As, Pb and Zn mobility, Fe and Mn concentrations were also
determined in all acetic acid and BCR extracts.

Results and discussion: EDTA and all treatments that contained EDTA resulted to
significantly higher available concentrations of the metal(loid)s than the non-EDTA
treatments. Sodium dithionite, as reducing agent, did not alter the mobility of the
studied elements and when combined with EDTA suppressed the efficacy of EDTA.
Olive mill wastewater (OMW) enhanced only As mobility, probably due to competition
between As and P added with OMW for sorption sites. The results of both SEPs
strongly indicated that the increased amounts of As, Pb, and Zn in the easily
mobilizable / exchangeable fractions obtained for the EDTA treatments were mainly
due to the ability of EDTA to complex metal(loid)s bound to amorphous oxides of Fe /
Mn. Furthermore, principal component analysis (PCA) results clearly support that As,
Pb, and Zn increased available concentrations were mainly originated from the partial
dissolution of Fe oxides.

Conclusions: EDTA increased As, Pb and Zn mobility, in contrast to the minor effect of
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dithionite that restricted the chelating strength of EDTA. OMW increased only As
solubility, while combined with EDTA and dithionite either reinforced or suppressed
extracting ability of these agents. As indicated by the sequential extractions results that
were also strongly supported by PCA outcome, the observed higher available elements
concentrations were primarily derived from the partial dissolution of Fe oxides.
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Dear Sir,

Please find attached the manuscript entitled: ‘Single and combined effect of chelating,
reducing agents and agro-industrial by-product treatments on As, Pb and Zn mobility
in a mine affected soil over time’ by G. Kalyvas, D. Gasparatos, C. Liza and I.
Massas, which we would like you to consider for publication in the Journal of Soils
and Sediments.

The aim of our study was to investigate the effect of Na,-EDTA 0.01 M, Sodium
Dithionite 0.01 M and Olive Mill Wastewater 40% and their combinations on As, Pb
and Zn mobility and chemical behavior in a heavily polluted soil from an inhabited
former mining area in Lavrion, Greece. As it is historically recorded, mining and
metallurgical activities in this area are the oldest in Greece and among the oldest in
Mediterranean since they were practiced for more than 3000 years.

Treated soil samples incubated for 1, 3, 7, 15, 30, 60, and 90 days and at each
incubation time the easily mobilizable fraction of the elements was obtained by
(NH4)2S04 (for As) and CH3COOH (for Pb / Zn). To examine possible alterations of
As, Pb and Zn partitioning in the studied soil, at the end of the 90 days incubation
period all samples were subjected to two different sequential extraction protocols: (i)
the widely used BCR method (Pb and Zn) and (ii) a fractionation scheme specifically
developed for As, by Wenzel et al. 2001. Since all studied elements are greatly
associated with the reducible phase in soils, Fe and Mn concentrations were also
determined at all stages.

We consider that the main merits of our work are: (i) this is the first study aiming to
enhance for phyto-remediation purposes As, Pb and Zn availability in a soil from
Lavrion, an area that faces one the most serious land degradation problems in the
Mediterranean region. Moreover, since soils from mining areas are contaminated with
both As and heavy metals, the combination of reducing and chelating agents could be
promising for the concurrent removal of both anionic As and cationic heavy metals
from this mine affected soil (ii) to our knowledge, it is the first evaluation of the
efficacy of olive mill wastewaters, that are enormously produced to olive oil
producing countries, to promote As, Pb and Zn mobility over time in soils from
former mining areas and (iii) the thorough data analysis and interpretation that
conclusively highlight amorphous Fe oxides dissolution as the main source of
elements increased availability in a mine affected soil treated with EDTA and olive
mill wastewaters.

All authors listed have approved the manuscript and declare that this is an original
contribution and none of the material in this paper is under consideration for
publication elsewhere.

We look forward to hearing from you in due course.
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of Fe / Mn oxyhydroxides on As, Pb and Zn mobility, Fe and Mn concentrations were
also determined in all acetic acid and BCR extracts.

Results and discussion EDTA and all treatments that contained EDTA resulted to
significantly higher available concentrations of the metal(loid)s than the non-EDTA
treatments. Sodium dithionite, as reducing agent, did not alter the mobility of the
studied elements and when combined with EDTA suppressed the efficacy of EDTA.
Olive mill wastewater (OMW) enhanced only As mobility, probably due to
competition between As and P added with OMW for sorption sites. The results of
both SEPs strongly indicated that the increased amounts of As, Pb, and Zn in the
easily mobilizable / exchangeable fractions obtained for the EDTA treatments were
mainly due to the ability of EDTA to complex metal(loid)s bound to amorphous
oxides of Fe / Mn. Furthermore, principal component analysis (PCA) results clearly
support that As, Pb, and Zn increased available concentrations were mainly originated
from the partial dissolution of Fe oxides.

Conclusions EDTA increased As, Pb and Zn mobility, in contrast to the minor effect
of dithionite that restricted the chelating strength of EDTA. OMW increased only As
solubility, while combined with EDTA and dithionite either reinforced or suppressed
extracting ability of these agents. As indicated by the sequential extractions results
that were also strongly supported by PCA outcome, the observed higher available
elements concentrations were primarily derived from the partial dissolution of Fe

oxides.

Keywords Soil incubation, EDTA, Dithionite, Olive mill wastewater, Arsenic, Heavy

metals.
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1 Introduction

Heavy metals and metalloids occur naturally in soils. Still, anthropogenic
activities associated with metalliferous mining and metallurgical industries, fossil
fuels combustion, application of agrochemicals, fertilizers, liming materials, sewage
sludge, manure, municipal wastes, and transport emissions are the main sources of
soil enrichment with metal(loid)s posing a severe threat to the ecosystem (Massas et
al. 2018). When the concentrations of the metal(loid)s in soils reach or exceed the
corresponding toxic thresholds for humans, animals or plants, cleanup actions are
needed (Kalyvas et al. 2018b).

Various physical, chemical, and biological techniques have been proposed to
remediate metal polluted soils. Conventional methods include in situ vitrification, soil
incineration, excavation and landfill, soil spading, soil washing, soil flushing,
chemical fixation (Ali et al. 2013; Yao et al. 2012), while greener and cost-effective
methods have been emerged such as phytoimmobilization, phytostabilization,
phytoextraction, and phytovolatilization (Sarwar et al. 2017; Padmavathiamma and Li
2007). Metal(loid)s cannot be microbially or chemically degraded but they are only
transformed from one oxidation state or organic complex to another becoming more
or less soluble (Garbisu and Alkorta 2001). Therefore, most of the remediation
strategies target to the immobilization or to the mobilization of the toxic metal(loid)s
in the soil media.

Depending on the remediation approach, several chemical reagents and
amendments have been used to enhance the mobilization of the contaminants.
Ethylenediaminetetraacetic acid (EDTA) chelating agent, Sodium dithionite

(Na2S204) reductive agent, and olive mill wastewater (OMW) that induce both
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complexation and reductive reactions in soils, are amongst those that have been used
to achieve redistribution of contaminants in the soil solid phases in order to increase
their mobility / bioavailability (Bolan et al. 2014; Jelusic et al. 2014).

EDTA is an aminopolycarboxylic acid with extremely high complexing
capabilities that efficiently extracts potentially toxic metals from surface sites of
different soil solid phases (Manouchehri and Bermond 2009). The new formed metal-
EDTA complexes are water soluble and therefore can be leached out of the soil or in
case of enhanced phytoextraction strategies, the increased metal solubility /
availability promotes plant uptake (Udovic and Lestan 2012; Chen et al. 2007). Soil
pH, redox potential, metal(loid) speciation, ions competition, the type of the
metal(loid) bond with the soil fractions, and exchange reactions, are amongst the most
important factors that control EDTA’s chemical behavior and effectiveness as a
chelating agent in the soil media (Bolan et al. 2014; Nowack 2002).

Oxidation - reduction soil conditions are critical parameters that affect the
geochemical behavior of the metal(loid)s (Chuan et al. 1996; Gasparatos 2012). By
regulating soil redox conditions, the solubility of the metal(loid)s can be increased.
Indeed, reduced soil conditions promote the reductive dissolution of Fe-Mn
oxyhydroxides and result to the release of significant amounts of adsorbed metals
(Gasparatos 2013). Moreover, reduced conditions weaken the binding of the metals
with the soil solid fractions by lowering their oxidation state and thus increasing their
solubility (Kim et al. 2015; Varadachari et al. 2006; Abumaizar and Smith 1999). The
ability of dithionite salts such as sodium dithionite (Na2S204) to produce reduced
conditions in soils is well known (Kim et al. 2015; Mehra and Jackson 1960; Paul et

al. 2003). Dithionite anions (S204>") consist a strong reducing agent that exhibit a
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standard reduction potential (E") of —1.12V in alkaline conditions (Kim et al. 2016).

Dithionite anions are oxidized to sulfate anions according to the following reaction:

$,042” +40H™ — 2S03%” +2H,0 + 2¢”

Greece is amongst the biggest producers of olive oil worldwide (FAOSTAT
2013). According to the method used for oil extraction, olive oil processing may
result to the generation of significant quantities of olive mill wastewater (OMW)
consisted by olive tissue and process water (Azbar et al. 2004). This dark colored by-
product has an acidic pH ~4-6, high organic load (i.e. proteins, lipids,
polysaccharides) and C/N ratio, and contains large amounts of toxic phenolic
compounds (Morillo et al. 2009). The use of OMWSs as a soil amendment for
remediation purposes, can highly influence soil redox processes and promote
chelation that enhance metal(loid)s solubility and leaching (Pardo et al. 2017).

Sequential extraction procedures (SEPs) were developed to assess metal(loid)s
partitioning into the different soil fractions. Despite the inherent weaknesses of these
procedures (i.e. limited selectivity of the extractants used, re-adsorption and
precipitation phenomena during extraction, poor reproducibility), SEPs are a useful
tool for the evaluation of metal(loid)s geochemical behavior in soils (Kalyvas et al.
2018a; Gasparatos et al. 2015; Drahota et al. 2014; Zimmerman and Weindorf, 2010).
BCR partitioning scheme is a widely adopted fractionation method developed and
standardized for metal cations by the Community Bureau of Reference, now
Measurements and Testing Programme (SM & T) (Rauret et al. 1999; Quevauviller
2002). Like BCR, most extraction procedures are based on the cationic nature of

heavy metals and thus are not compatible with the anionic nature of arsenic that exists
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in the soil media as oxyanion (Van Herreweghe 2003). For that, Wenzel et al. (2001)
proposed a five-step sequential extraction procedure to fractionate As in soils, based
on the Zeien and Brimmer (1991) and the Chang and Jackson (1957) extraction
schemes.

Considering the fact that metal(loid)s in natural soil systems tend to transform
into more stable chemical forms over time becoming less soluble (Dousis et al. 2013),
this study aims a) to determine the effects of EDTA, Sodium Dithionite, OMW and
their combinations, on As, Pb, and Zn availability in a mine affected top soil from
Greece over time b) to investigate the redistribution of the studied elements in the soil
fractions as a result of the applied reducing and chelating agents by using two
sequential extraction protocols and c¢) to examine the role of Fe / Mn oxyhydroxides

on the solubility and partitioning of the studied elements.

2 Materials and methods

2.1 Experimental Design and Procedure

A two-factor (treatment x time) experiment in four replicates was carried out
on a heavily polluted soil, to test the effect of four amendments and incubation time
on As, Pb and Zn availability. The amendments used for the experiment were
Deionized water, Na2-EDTA 0.1 M (referred as EDTA in the text), Sodium dithionite
0.1 M, and fresh Olive mill wastewater (OMW) diluted in deionized water at a 40%
v/v percentage. From these amendments eight treatments were produced: i) Deionized
water (DW) ii) EDTA (E) iii) Sodium dithionite (SD) iv) Olive mill wastewater

(OMW) v) E + SD vi) E + OMW vii) SD + OMW viii) E + SD + OMW. All
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treatments were applied on 1 g of soil placed in 50-mL falcon bottles and in a volume
equal to the 80% of the soil water-holding capacity. The treated soil samples were
incubated at 20°C in a dark growth chamber for 1 day (1d), 3 days (3d), 7 days (7d),
15 days (15d), 30 days (30d h), 60 days (60d), and 90 days (90d), maintaining the
initial moisture constant. The experiment was run in duplicate and consisted by Batch
| for As and Batch Il for Pb and Zn. At the end of each incubation period easily
mobilizable As and exchangeable Pb / Zn were extracted by (NH4)2SO4 0.05 mol L
and by Acetic acid 0.11 mol L from the treated soil samples of Batch I and Batch II
respectively. These two reagents are used in the first step of the Wenzel and BCR
methods respectively, and are considered to extract the most available forms of the
studied elements. Aiming to determine the treatment effect on the As, Pb and Zn
partitioning into the tested soil at the end of the 90 days incubation period, the Wenzel
(Wenzel et al. 2001) and the BCR (Rauret et al. 1999) sequential extraction protocols
(SEPs) were applied to Batch | for As and Batch Il for Pb and Zn. Both SEPs were
also applied to the control soil (untreated). The experimental conditions of SEPs were
summarized in Table 1. Finally, to investigate the role of Fe / Mn oxyhydroxides on
As, Pb and Zn mobility, Fe and Mn concentrations were also determined in the acetic
acid extracts at the end of each incubation period and in all BCR extracts. The

experimental design is presented in Table 2.

2.2 Soil sampling and Soil Properties

The soil sample used in this study was collected from a mine affected area in

the outskirts of Lavrion, central Greece (X: 503825.35, Y: 4175571.92 / EGSAS87).

Intensive mining activities and metallurgical processes that lasted for centuries in the
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wider area of Lavrion, resulted to the enrichment of the surrounding soils with
metal(loid)s at levels raising severe environmental concerns that must be addressed
for the wealth of the local ecosystem and human health of the residents (Kalyvas et al.
2018b).

Top soil samples (0-15 cm) were collected from a 2 m? surface area and
thoroughly mixed to produce a composite sample. The soil sample was transferred to
the laboratory air-dried, crushed, and passed through a 2 mm mesh for further
analyses. For the two SEPs a portion of the soil sample was further grounded to pass
through a 0.5 mm mesh. Particles size was determined by the Bouyoucos hydrometer
method (Bouyoucos 1951), pH was measured in a 1:1 (w/v) soil / water slurry,
equivalent calcium carbonate (eq. CaCOz) was estimated using the Bernard calcimeter
method (NF 1SO 10693 1995), organic matter (OM) content was determined by the
Walkley—Black wet oxidation method (Nelson and Sommers 1982), and the cation
exchange capacity (CEC) was determined following the sodium acetate method
(Rhoades 1982). Since aqua regia digestion does not completely destroy silicates
(Gasparatos and Haidouti 2001), the digestion of the soil samples with aqua regia
provided the ‘pseudo-total’ metal concentrations, that in this study are referred as

‘total’. Soil physicochemical characteristics are presented in Table 3.

2.3 Analytical determinations

Elements concentrations were determined by atomic absorption
spectrophotometry, using a Varian - spectra A300 system. For the determination of As
at low concentrations, the hydride generator Varian model VGA 77 was used as

previously described by Kalyvas et al. (2018a). A control sample was analyzed for



©CO~NOOOIA~AWNPE

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

every 10 samples and the reproducibility was tested by reanalyzing 30% of the
samples. The analytical precision, estimated as the relative standard deviation of three
measurements, was less than 3% and 5% for AAS and HGAAS determinations. ERM-
CC141 European Reference Material (loam soil) was used to check the accuracy of
aqua regia procedure followed for the total elements extraction. The results showed
that mean As, Pb, Zn, Fe, and Mn recovery was 98, 95, 104, 102, and 98%,

respectively.

2.4 Statistical analysis

The effects of time and treatment on As, Pb, Zn, Fe and Mn availability as
well as the effect of treatment on elements partitioning were evaluated by analysis of
variance (ANOVA) followed by Tukey’s honestly significant difference tests. The
statistical analysis was carried out by using STATISTICA (StatSoft, Inc., USA, 1984-

2011, Version 10) and IBM SPSS Statistics 20 software.

3 Results

3.1 Main effects

As presented in Table 4, incubation time and treatment significantly affected

As, Pb, and Zn available concentrations. A significant interaction between the two

factors was also observed for all the studied elements, and thus the main effects of

time and treatment upon As, Pb and Zn availability were discussed separately.



©CO~NOOOIA~AWNPE

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

3.2 Effects of time and treatment on elements availability

Independently from incubation time, the treatment effect on the availability of
the studied elements was almost identical for Pb and Zn, while a slightly different
pattern was observed for As (Fig. 1a, c, e). The highest availability of As, up to 41 mg
kg™ on average, was observed for the EDTA treatment followed by E+OMW (mean
value 32 mg kgt) and E+SD+OMW (mean value 27 mg kg?). Treatments OMW,
E+SD, and SD+OMW resulted to the release of similar amounts of As up to 14-16 mg
kg, while SD and DW exhibited the lowest available As concentrations (mean value
6 and 8 mg kg?, respectively). The significantly higher Pb and Zn available
concentrations obtained by the EDTA and E+OMW treatments (mean values up to
2532 mg kgt and 1427 mg kg™ for Pb and Zn respectively) followed by the E+SD
(mean value 2259 and 1333 mg kg™* for Pb and Zn, respectively) and E+SD+OMW
(mean value 2388 and 1340 mg kg for Pb and Zn, respectively) treatments that
showed a similar impact on both metals. The other treatments resulted in much lower
Pb and Zn availability and showed similar strength to release Pb and Zn from the
tested soil.

Incubation time on As, Pb, and Zn availability had its highest effect at 7d, 3d,
and 90d, respectively (Fig. 1b, d, f). Three different patterns can be observed for the
studied elements. Arsenic available concentration increased from 1d to 7d and then
decreased to the initial levels at 30d, remaining approximately constant thereafter. It
seems that after 7 days of incubation, As started to gradually re-adsorb onto the soil
solid phases, indicating that As released by the applied treatments transcends to more
stable forms in relatively short period of time. The effect of incubation time on Pb

availability followed a different pattern. The observed highest Pb availability at 3d

10
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was accompanied by a sharp decline at 7d, at a level significantly lower than that of
1d. This lowest Pb availability remained up to the 15d, increased again at 30d
reaching the initial concentration of 1d and then remained almost constant until 90d
without any significant variation. No significant alteration observed on Zn mobility
until 7d. Afterwards, this hysteresis was gradually withdrawn and available Zn
increased until 90d.

To better visualize the effects of treatment and time on As, Pb, and Zn
availability, three diagrams were produced showing the variation of W1 / B1 fraction
of the studied elements for each treatment and incubation interval (Fig. 2). It is
apparent that for all the incubation times, E, E+*OMW, E+SD+OMW, and E+SD
treatments resulted to distinctly increased Pb and Zn solubility than the treatments
without EDTA (i.e. DW, SD, OMW, and SD+OMW) (Fig. 2b, c). This is more
pronounced for Pb, since for the treatments with EDTA available Pb concentrations
ranged between 2100 and 2772 mg kg, markedly higher than for the non EDTA
treatments that ranged between 207 and 419 mg kg. For As, the treatments with
EDTA were generally demonstrated higher extraction ability, significant only for E,

E+OMW and E+SD+OMW after 7 and 15 days of incubation (Fig. 2a).

3.3 Effect of treatment on elements partitioning

To investigate the effect of treatment on the distribution of As, Pb, and Zn in

the different soil phases, two sequential extraction procedures (SEPs) were applied to

the soil samples after the 90 days incubation period. The Wenzel SEP specifically

designed for As (Wenzel et al. 2001) and the well-established BCR SEP for cations

11



©CO~NOOOIA~AWNPE

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

201

292

293

294

295

296

297

(Rauret et al. 1999). For each treatment the results are presented as the percentage of
each fraction to total (sum of all the fractions) (Fig. 3).

In the control and the treated soils, incubated for 90 days, As mean percentage
into the various soil fractions was in the order W3>W4>WRF>W2>W1 (Fig. 3a).
Compared to the control, As W1 fraction was significantly increased after 90 days of
incubation in all treatments containing EDTA, from 0.6% for control to 2.1, 2.5, 1.5,
and 1.6% for E, E+OMW, E+SD, and E+SD+OMW, respectively. EDTA and EDTA
combined with OMW (E and E+OMW treatments) showed the significantly higher
increase of As W1 fraction while no significant effect of DW, SD, and OMW
treatments was noticed.

Except the oxidisable fraction B3, the treatment effect on Pb and Zn
partitioning in the different soil fractions was similar (Fig. 3b, c). Treatments
containing EDTA significantly increased Pb and Zn percentages in exchangeable /
acid soluble fraction (B1) and that was accompanied by a significant decrease of the
metals percentages in the reducible fraction (B2). A different pattern was observed for
the oxidisable fraction (B3) of the two metals. For Pb, all treatments contained EDTA
resulted to small but significant decrease of the metal percentages associated with the
oxidisable fraction. Thus, the Pb released from B3 fraction may have contributed to
the increased concentrations of this metal in B1 fraction. Unlike Pb, treatments E and
OMW resulted to a significant increase of Zn oxidisable fraction i.e. from 19.8% in

the control sample to 21.8 and 22.9%, respectively.

4 Discussion

4.1 Effects of time and treatment on elements availability

12
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Soil treatments with EDTA resulted to the highest available concentrations of
all the studied elements (Fig. 1a, c, e). Because of its strong complexing properties,
EDTA acts as a strong competitor to the soil reactive surfaces and thus is capable to
extract metal(loid)s from the different soil chemical fractions such as exchangeable,
carbonates, amorphous Fe - Mn oxides and organic matter (Manouchehri and
Bermond 2009). Many authors have demonstrated EDTA’s effectiveness to mobilize
As, Pb, and Zn in metal polluted soils. Meers et al. (2005), studied Zn mobilization in
a metal-contaminated dredged sediment that amended with EDTA, and found that Zn
mobility was significantly increased. Similarly, increased As availability in an
industrially As-polluted soil after the addition of several EDTA concentrations was
observed by Abbas and Abdelhafez (2013). Miihlbachova (2011), found that addition
of EDTA in long-term contaminated arable and grassland soils led to increased
NH4NOs-extractable amounts of Pb up to 600 and 122 times, respectively.

Sodium dithionite was used to produce strong reducing conditions that could
lead to the dissolution of Fe-oxides and to the subsequent release of the associated As,
Pb and Zn. Compared with deionized water however, dithionite did not have any
significant effect on the availability of the studied elements (Fig. 1a, c, ). This poor
As, Pb and Zn solubility during the experimental period, may be due to the partial
dissolution of Fe-oxides and the re-formation of new reactive phases that sequestered
the initially released studied elements. As it is supported by Kim et al. (2015), the
reductive dissolution of Fe®*- oxides by reacting with high dithionite concentrations
can lead to the production of new Fe?*-oxide forms that provide new reactive surfaces
for metal(loid)s retention, and thus the released metal(loid)s are becoming immobile

again. The same authors suggested the combined use of dithionite with oxalate that
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complexes strongly with Fe to inhibit the formation of new oxides. The concentration
of 0.1M dithionite used in this study was probably high enough to trigger the
dissolution of Fe-oxides that in the absence of any substance that inhibits the
formation of new oxides have led to the re-immobilization of As, Pb, and Zn.
Furthermore, the observed lower Pb availability in 7d and 15d than in 1d may have
occurred due to the re-adsorption of Pb onto newly formed soil reactive phases.

In relation to deionized water and sodium dithionite, olive mill wastewater
resulted to significant higher available concentrations only for As (Fig. 1a). The
addition of fresh OMW in soils can promote metals solubility by two main
mechanisms: i) the reductive dissolution of metal-oxides as a result of the organic
matter mineralization from the microorganisms that consume free oxygen and the
oxidation of phenolic compounds and ii) the formation of organometallic complexes
of the soluble organic substances and phenols that inhibit metals sorption into the soil
solid phases (Madrid and Diaz-Barrientos 1998; de la Fuente et al. 2011). Following
this, increased availability should be expected for the three studied elements and not
only for As, as it was observed. It seems that OMW did not effectively dissolve
metal-oxides of the studied soil and did not promote the formation of organometallic
complexes subsequently. Nevertheless, this may be true for Pb and Zn but cannot
explain the increased As solubility with the OMW treatment. Unlike Pb and Zn,
arsenic exists in soils as oxyanion and therefore it competes with phosphates for
sorption sites (Violante and Pigna 2002). Considering that OMWs contain significant
amounts of phosphorous (160-310 mg kg™ on average, Pardo et al. 2017), it is highly
possible that the phosphates (POs>) added in the soil via OMW replaced arsenates
(AsO4%) in the sorption sites of the soil colloids and thus As concentration in the soil

solution increased. Regarding the impact of OMW on metals mobility, research
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findings are contradictory. De la Fuente et al. (2011), conducted a pot experiment
using a calcareous agricultural soil with increased concentrations of Pb and Zn, and
found that the addition of the water-soluble fraction of fresh solid olive husk had no
significant result on Pb / Zn solubility. Contrariwise, Romero et al. (2005), report that
the addition of OMW in a soil from mine tailings resulted to increased levels of
soluble Pb / Zn after 18 weeks.

As indicated in Fig. 1 (a, c, e), E+SD treatment resulted to significantly lower
As, Pb, and Zn available concentrations than EDTA, indicating that SD restricted the
chelating ability of EDTA. This is in line with the results obtained by Kim et al.
(2016) that showed lower extraction ability of EDTA for As in the presence of sodium
dithionite at concentrations > 0.05 M and in alkaline pH. Under strong reducing soil
conditions, as those of the present study, production of elemental and other reduced
chemical forms of sulfur may occur due to the self-decompose of dithionite that can
favor the re-precipitation of As with sulfide phases (Varadachari et al. 2006).
Contrary to E+SD treatment, the combination SD+OMW resulted to slightly higher
available concentrations of Pb and Zn than SD and OMW and of As than SD,
suggesting a synergistic effect between the two amendments. In this case, OMW
contributed positively to the SD reductive effect by offering soluble phenols and low
molecule organic substances with high chelating ability that complex Fe released by
the Fe-oxides dissolution, thus preventing the formation of new reactive phases and
the re-immobilization of As, Pb, and Zn. Finally, the combination of EDTA and
OMW (E+OMW) considerably reduced As available concentration when compared to
the single EDTA treatment. Considering that olive mill wastewater contains
significant amounts of soluble Ca*? (200-640 mg L on average, Pardo et al. 2017)

and that (NH4)2SO4 was used in the first step of Wenzel sequential extraction protocol
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to obtain the easily mobilizable As, it is highly possible that some of the SO4> co-
precipitated with the Ca*? as insoluble gypsum and led to suppressed extraction of

arsenates from the reactive soil solid surfaces.

4.2 Effect of treatment on elements partitioning

Compared to the control, As mean percentage in W2 fraction (readily
mobilizable, inner-sphere complexes) was significantly increased only with the
E+OMW treatment (from 9.9% in the control sample to 12.5%) indicating that OMW
enhanced EDTA’s capability to extract As from the less labile W2 fraction. As
discussed earlier, E+OMW treatment also significantly increased As in W1 fraction
(Fig. 3a). The observed higher presence of As in W1 and W2 fractions after 90 days
of incubation was accompanied by a significant reduction of As concentration in W3
fraction. Indeed, for fraction W3 that corresponds to the extraction of As chemical
forms from amorphous oxides of Fe, Mn, and Al, the As percentages decreased
significantly from 50.5 % in the control sample to 44.1%, respectively. Most of As
released in this fraction under the effect of EDTA and OMW was found in the W1
and W2 fractions, pointing to a redistribution of As in soil fractions associated with
more labile forms of As. An almost identical distribution pattern of As between the
W1, W2 and W3 was observed for the EDTA treatment. Distribution of As in
fractions W4 and WRF showed minor differences between the treatments, indicating
that all amendments used neither effectively dissolved the crystallized oxides of Fe,
Mn, and Al, nor solubilized the residual soil phases. Sequential extraction results
clearly show that the increased concentrations of As in W1 and W2 fractions were

obtained because EDTA extracted As from the amorphous metal oxides and this was
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further enhanced by the presence of OMW. This is in line with Borggaard (1982),
who report that EDTA demonstrated selectivity in extracting As from artificial
mixtures of synthetic amorphous iron oxides and natural or synthetic crystalline iron
oxides.

Though the two sequential extraction protocols use different fractionation
schemes, a like As but much clearer distribution pattern among the chemically
defined soil fractions was observed for Pb and Zn. High amounts of Pb was found in
the B2 fraction (bound to Fe/Mn oxides) of the control soil. The addition of EDTA
and of amendments containing EDTA (E+SD, E+OMW, E+SD+OMW), exhibited
strong mobilizing effect on Pb and Zn in the soil. In the case of Pb, the B2 fraction
decreased and B1 fraction increased markedly, almost 40%. For Zn, the B1 fraction
also increased with EDTA treatments and the change trend of Zn exchangeable
fraction was opposite to that of the bound to Fe/Mn oxides, which is consistent with
Pb fractions distribution. These results clearly indicate that EDTA is a very efficient
agent in releasing heavy metals, particularly Pb from soils (Neugschwandtner et al.
2008). The decreased concentrations in the Fe/Mn oxide bound fraction of Pb and Zn
due to EDTA promoted dissolution of Fe oxides, contributed to a significant increase
of these metals concentrations in the mobile fraction (B1). However, in BCR
sequential extraction procedure, no step is included to differentiate between
amorphous and crystalline metal oxides. According to Rodriguez et al. (2003) and
more recently Kalyvas et al. (2018a), hydroxylamine hydrochloride - the reagent of
BCR second step - cannot effectively breakdown the well-crystallized phases and
mainly dissolves the amorphous Fe and Mn oxides. Hence, EDTA single or combined
with OMW increased the available concentrations of all studied elements that were

mainly originated from the amorphous Fe oxides. In a metal - contaminated
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calcareous soil from a former Pb-Zn area in Spain, Clemente and Bernal (2006) found
that addition of humic acids isolated from a compost mixture (olive leaves and the
solid fraction of OMWSs), increased Zn concentrations in the EDTA extractable

fraction confirming metal mobilization after a 28 weeks period of incubation.

4.3 The role of Fe / Mn oxides on As, Pb, and Zn mobility

Partitioning results clearly showed that the increased concentrations of As, Pb,
and Zn in the more mobile fractions (i.e. in W1 for As and B1 for Pb and Zn), were
mainly derived from the reducible soil chemical phases. Therefore, it was assumed
that is the product of EDTA (mainly) and of the other amendments to complex with
metal(loid)s bound to Fe / Mn oxides. To further elucidate the role of metal oxides on
As, Pb, and Zn mobility under the experimental conditions of this study, the results of
correlation and principal component analysis (PCA) analyses were evaluated.
Correlation analysis was performed to test for any relations between As, Pb, Zn, Fe,
and Mn mobile fraction concentrations (W1 or B1 depending on the element) for all
treatments and incubation intervals. Input data for the PCA were W1 / Bl
concentrations of As, Pb, and Zn and B1, B2, B3 and BRF concentrations of Fe and
Mn after 90 days incubation.

According to the correlation coefficient matrix presented in Table 5, fractions
W1 / B1 of As, Pb, and Zn were strongly correlated with the B1 fraction of Fe
indicating a common source of all elements in the labile fraction that most probably
was originated from the partial dissolution of Fe oxides. Manganese concentration in
B1 fraction was significantly correlated with the corresponding Pb and Zn

concentrations and not with that of As. This however was rather an expected result,
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considering that As mainly adsorbs on Fe and Al oxides and not on Mn oxides
(Wenzel et al. 2001). PCA analysis showed that two main factors explained 70% of
the total variability. As it is presented in Fig. 4, AsW1, PbB1, ZnB1, and FeBl
fractions formed a group that is negatively associated with the reducible B2 fraction
of Fe, providing strong evidence that Fe-oxides were the main pool for the increased
available amounts of As, Pb, and Zn at the end of the incubation period. The other
significant negative association found, was between Bl and B2 fractions of Mn
pointing to that Mn oxides dissolution increased Mn availability but did not seriously

affect the availability of As, Pb, and Zn.

5 Conclusions

An incubation experiment was conducted using a mine affected soil in order to
investigate the effect of Na,-EDTA, Sodium dithionite, Olive mill wastewater and
their combinations on the mobility of As, Pb, and Zn, over time. EDTA and its
combinations increased elements mobility while dithionite and olive mill wastewater
demonstrated poor results. Moreover, sodium dithionite when combined with EDTA
inhibited the chelating strength of EDTA. Olive mill wastewater, as both chelating
and reductive agent, increased As solubility. Combined with the other amendments
however, olive mill wastewater produced contradictory results in terms of As, Pb, and
Zn mobility, and functioned either by reinforcing or by suppressing the extracting
ability of dithionite and EDTA. The evaluation of the sequential extractions results
indicated that EDTA efficiently released As, Pb, and Zn from amorphous Fe and Mn

oxides mainly. Additionally, PCA results clearly demonstrated that As, Pb, and Zn
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increased available concentrations in fractions W1 and B1 of the Wenzel and the BCR

SEPs respectively, were mainly originated from the partial dissolution of Fe oxides.
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TABLES

Table 1 The BCR and Wenzel sequential extraction schemes

. Extraction Extractant
Step Fraction Extractant o volume for 1g
Conditions .
of soil
BCR?
Bl Exchangeable / acid Acetic acid 16h shaking at 40ml
soluble 0.11 mol I'? 22+5°C
B2 Bound to Fe/Mn oxides ~ Hydroxylammonium 16h shaking at 40ml
(reducible) chloride 0.5 mol I 22+5°C
B3 Bound to organic matter ~ Hydrogen peroxide 1h digestion at 10+10ml
(oxidisable) 8.8 mol I'* 85+2°C
Ammonium acetate 16h shaking at 50ml
1.0 mol I}, pH=2+0.1 22+5°C
BRP® Residual Aqua regia (HCI/HNO3) 16h digestion 25ml
WENZEL®
w1l Non-specifically sorbed ~ (NH4)2 SO4 4h shaking at 25ml
(easily mobilizable, 0.05mol L 20°C
outer-sphere complexes)
W2 Specifically sorbed NH4H2PO4 16h shaking at 25ml
(readily mobilizable, 0.05mol L 20°C
inner-sphere complexes)
W3 Amorphous and poorly NH.*- oxalate buffer 4h shaking in 25ml
crystalline hydrous 0.2 mol L%, pH=3.25 the dark at
oxides of Fe and Al 20°C
W4 Well-crystallized NHs*—oxalate buffer 0.2 30min shaking 25ml
hydrous oxides of Fe mol L~* + ascorbic acid in the light at
and Al 0.1 mol L%, pH=3.25 96°C
WRF Residual Agua regia (HCI/HNO3)¢ 16h digestiond 25ml

2 Rauret et al. (1999)

® not included in the BCR specifications

¢ Wenzel et al. (2001)
4 modification of the original method
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Table 2 Experimental design

Batch | (N=224)
Wenzel SEP

Batch 11 (N=224)
BCR SEP

L

L 2

Treatments (4 replications)

Deionized Water (DW), EDTA (E). Sodium
Dithionite (SD), Olive Mill Wastewater (OMW),
E+SD, E+OMW, SD+OMW, E+SD+OMW

Incubation Intervals

1d, 3d, 7d, 15d, 30d, 60d, 90d

: 2

L .

Target 1
At each incubation

interval available As
concentration was
determined by
(NH4)2804 0.05 mol
L extraction for all
treatments and
replications

Target2
At 90d the Wenzel

Sequential extraction
procedure (Wenzel et
al. 2001) was applied
to all soil samples to
investigate As
partitioning in the soil
reactive phases

Target1
At each incubation

interval available Pb,
Zn, Fe and Mn
concentrations  were
determined by Acetic
acid 0.11 mol L?
extraction  for all
treatments and
replications
Target 2

At 90d the BCR
Sequential extraction
procedure (Rauter et
al. 1999) was applied
to all soil samples to
investigate Pb, Zn, Fe
and Mn partitioning in
the  soil  reactive
phases
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Table 3 Soil physicochemical properties

Clay Silt sand oH eq. OM CEC Total* Total* Total
g kg? g kg? g kg? (1:1) CaCO, gkg®  cmolckg? As Pb Zn

' g kg* ‘ mgkg' mgkg' mgkg?!
219 274 507 7,64 74 47 19 727 5925 5575

*single digestion with Aqua regia
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Table 4 ANOVA results. Treatment and time effects on As, Pb and Zn mobility

SRR DF® MS¢ Fd pe
As
Time 203E2 6 3376. 109.7 0.000
Treatment 306E2 7 4374, 142.2 0.000
Time*Treatment 228E2 42 542, 17.6 0.000
Pb
Time 961E3 6 160E3  42.0 0.000
Treatment 251E6 7 358E5 9314.0 0.000
Time*Treatment 811E3 42 193E2 5.0 0.000
Zn
Time 618E3 6 103E3 16.6 0.000
Treatment 750E4 7 107E4 172.9 0.000
Time*Treatment 491E3 42 117E2 1.9 0.003
&sum of squares
b degrees of freedom
“ means square
d F_statistic
¢ P-value
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Table 5 Correlation coefficient matrix of As, Pb, Zn, Fe, and Mn available fractions
(W1 /B1) for all treatments and incubation times

AsWl PbBl1 ZnBl FeBl1 MnB1
AsW1 1.000 0.473 0.407***  0.320*** 0.047
PbB1 0.473*** 1.000 0.873*** (0.858*** 0.339***
ZnB1  0.407*** 0.873*** 1.000 0.792***  0.319***
FeB1 0.320*** 0.858*** 0.792*** 1.000 0.611***
MnB1 0.047 0.339*** 0.319*** 0.611*** 1.000
***p <0.001
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Figure Captions

Fig. 1 Time and treatment effects on the available concentrations of As (a, b), Pb (c,
d), and Zn (e, f). Comparisons were performed by Tukey’s HSD test (a < 0.05). The
presence of common letter implies no significant difference

Fig. 2 Treatment effect on the available concentrations of As (a), Pb (b), and Zn (c)
for all incubation intervals (mean plots with standard error bars). The error bars
represent the least significant difference at the 95% confidence level

Fig. 3 Treatment effect on the percentage of As (a) in non-specifically sorbed (W1),
specifically sorbed (W2), amorphous and poorly crystalline hydrous oxides of Fe and
Al (W3), well-crystallized hydrous oxides of Fe and Al (W4), and residual fractions
(WRF) and on the percentages of Pb (b) and Zn (c) in exchangeable / acid soluble
(B1), reducible (B2), oxidizable (B3), and residual fractions (BRF). Comparisons
between treatments for every fraction were performed by the Tukey’s HSD test (a <
0.05). The presence of common letter implies no significant difference

Fig. 4 Principal component analysis results for As, Pb, and Zn available fractions (W1

/ B1) and exchangeable / bound to carbonates (B1), reducible (B2), oxidizable (B3),
and residual (BRF) fractions of Fe and Mn
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Abstract: A pot experiment was conducted to evaluate the effect of Nay-EDTA 0.01 M (E) and
olive mill wastewater 15% (OMW) on As, Pb, and Zn uptake by Pteris vittata L. grown in a
soil highly contaminated by mining activities. A two-factor experimental design was followed;
3 treatments (E, OMW, and E + OMW) x 2 batches (single or double dose). Six weeks after the
P. vittata transplanting, all pots received the selected dose of each treatment (Batch I). At 8 weeks,
in half of the pots, a second dose of the same treatments was added (Batch II). Plants were harvested
after 10 weeks and As, Pb, and Zn concentrations were determined in fronds and roots. Depending
on the element, both treatment and batch effects were significant. In Batch II, EDTA application
resulted in a 55% increase of As and 9- and 4-fold of Pb and Zn concentrations in the fronds, while
OMMW treatment substantially reinforced plant uptake when combined with EDTA. Roots to fronds
translocation of the metal(loid)s highly increased in Batch II. After harvest, composite soil samples
of all treatment-batch combinations were subjected to sequential extraction, but no significant
differentiations of As, Pb, and Zn partitioning in soil phases were detected.

Keywords: enhanced phytoextraction; Pteris vittata L.; arsenic; lead; zinc; soil fractionation

1. Introduction

Human activities, such as metalliferous mining and metallurgical processes, could pose a
severe threat to the local environment. The weathering impact of air and water on the produced
metal-rich tailings and rock wastes results in a continuous release of heavy metals and metalloids in
the surrounding soils. When metal(loid) concentrations in soils reach or exceed the corresponding
threshold limits for humans, animals, or plants, cleanup measures must be implemented [1].

Various physical, chemical, and biological techniques have been used in order to remediate
metal-polluted soils [2,3]. Because of the increased cost and the danger of irreversible changes in
soil properties and biodiversity, conventional remediation methods (e.g., vitrification, landfilling,
soil washing, electrokinetic systems, etc.) are not applicable for the decontamination of large field sites
and, therefore, phytoremediation can be considered as an alternative, green, cost-efficient, and more
sustainable remediation technology [4,5].

Phytoextraction is a phytoremediation method based on the use of plants that can
hyperaccumulate metals in the aboveground biomass, which then can be harvested and removed [6].
Nevertheless, soil metal remediation with the phytoextraction technique is a relatively slow process due
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to the low bioavailability of the metals in the soil system, as they are mostly occurring in less soluble
chemical forms and therefore unavailable for plant uptake [7,8]. To enhance phytoextraction, several
chelating and reducing agents have been used as soil amendments in order to increase metal solubility
in soils. EDTA is amongst the most commonly used chelating agent, as it is capable of desorbing
metals from the soil constituents, forming soluble metal complexes [9]. For the same purpose, organic
materials originated from agricultural activities have been applied to soils for increasing their fertility
and, at the same time, increasing or decreasing metals’ availability, according to the soil remediation
strategy [10]. Olive mill wastewaters (OMWs) (byproduct of the olive oil processing industry) have
increased organic load, an acidic nature, and contain large amounts of soluble phenols. Due to
these characteristics, implementation of OMWs in soils can influence the soil redox potential and
promote metal chelation [11,12]. Although a large body of literature has demonstrated the high
effectiveness of EDTA on metal mobilization and uptake by plants, the effect of EDTA on soil quality is
a complex issue [13]. The low biodegradability of EDTA can pose an elevated risk of adverse effects
on soil microorganisms and metal leaching. Moreover, the application of OMW as a soil amendment
represents a controversial discussion. Recent studies found that the disposal of untreated OMW in
soil causes serious environmental problems due to the acidic pH and the high content of potentially
antimicrobial compounds, such as phenols [14].

To characterize a plant as a metal hyperaccumulator, it should demonstrate certain features,
such as good adaptation, easy propagation, extensive root system, high aboveground biomass
production, tolerance to metal toxicities, and efficient translocation factor for the targeted metals [15,16].
Chinese brake fern Pteris vittata L. is a hardy, versatile, and fast-growing plant that is well known for its
efficiency in hyperaccumulating arsenic [17-20]. Ma et al. [21] first conducted a greenhouse experiment
and observed that P. vittata had the ability to accumulate As in its fronds, up to 2.3% and 0.7% dry
weight, after 6 weeks of growing in an artificially and a chromated copper arsenate contaminated
soil, respectively. Nevertheless, according to the contamination sources, the soil types, and land uses,
As distribution in the soil fractions differs, while mine-affected sites are usually co-polluted with other
heavy metals. Thus, it is very important to investigate the efficiency of P. vittata to tolerate or even
accumulate other metals simultaneously with As.

It has been reported that the potential use of OMW as a soil amendment, had positive effects on soil
properties (total organic C, total N, available P, exchangeable K, and available trace elements) [10,22],
while EDTA addition was found to be efficient in increasing the availability of As and heavy metals in
soils [23,24].

The objectives of the present study were to (a) investigate the ability of P. vittata to extract As, Pb,
and Zn from a soil polluted by mining activities; (b) assess the effect of EDTA, olive mill wastewaters,
and their combination on As, Pb, and Zn uptake by P. vittata; (c) discuss the effect of the repeated
application of these soil amendments on As, Pb, and Zn uptake by P. vittata; and (d) evaluate the effect
of EDTA and OMW on the redistribution of As, Pb, and Zn between the soil reactive phases.

2. Materials and Methods

2.1. Soil Sampling and Soil Properties

An area of 10 x 10 m at a depth of 0.15 m was excavated from a mine-affected area in the outskirts
of Lavrion, Central Greece (X: 503825.35, Y: 4175571.92 /EGSA87) and the bulk soil obtained was
transferred to the laboratory facilities. The soil is classified as Cambisol (according to FAO) and it is
characterized as loam (L) with an alkaline pH (Table 1). From 3500 BC until 1989 AD, the wider area of
Lavrion was intensively mined for silver, lead, and zinc. During this period, mining and metallurgical
byproducts were scattered all over the Lavreotiki peninsula, polluting the surrounding soils with toxic
elements [1].
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Table 1. Main soil physicochemical properties.

Clay g Silt g Sand g H (1:1) C:ggl OoMlg CEC? Total As Total Pb Total Zn
kg1 kg1 kg1 prtt kgfi 8 kg~! cmolckg™? mgkg™! mgkg™! mgkg!
198 301 501 7.72 69 45 18 822 5677 4428

1 OM (organic matter); 2 CEC (cation exchange capacity).

The obtained topsoil was passed through a 1 cm sieve and homogenized for the pot filling.
A portion of the bulk soil was air-dried, crushed, and grounded to pass through a 2 mm and a 0.5 mm
sieve for analysis. The Bouyoucos hydrometer method [25] was followed for the determination of the
particle-size distribution, pH was estimated in a 1:1 (w/v) soil /water slurry, total calcium carbonate
(CaCO3) was measured according to the Bernard calcimeter method [26], organic matter (OM) content
was estimated by the Walkley—Black procedure [27], and the sodium acetate method [28] was followed
to determine the cation exchange capacity (CEC). Soil samples were digested with aqua regia and
analyzed for total metal concentrations. Due to the incomplete destruction of silicates, aqua regia
digestion provides the “pseudo-total” metal concentrations [29], termed for simplicity as “total” in this
study. The soil physicochemical properties are summarized in Table 1.

2.2. Greenhouse Experiment

Ten-month old ferns with approximately 30 cm fronds in length were transplanted to 2 L plastic
pots (1 fern per pot) filled with 2 kg of soil polluted by mining activities and transferred to a greenhouse.
A total of 56 pots were placed in random order and the ferns were watered once or twice a week
in order to keep soil moisture at ~60% of the water-holding capacity. After 3 weeks of cultivation,
fertilization with 0.4 g N/kg as (NH4),SO4 was applied to enhance plant growth. Six weeks after
transplant, additions of the treatments were performed. Each treatment was replicated eight times,
including pots treated only with deionized water (DW) as control. The treatments applied were:
(i) Nap-EDTA 0.01 M (or 2.5 mmol kg’l of soil, referred in the text as EDTA) (i) OMWs 15% (diluted in
deionized water) with the following characteristics: total organic carbon (TOC): 26 £ 2.4 g L1, total N:
09+01gL™!,P:0214+002gL"!,K:6.1+02gL"}, total phenolics: 8.8 - 0.3 mg mL~!, chemical
oxygen demand (COD): 48 4- 2.1 g L™}, total suspended solids (TSSs): 42 + 3.2 ¢ L~! [30], and (iii) a
combination of EDTA 0.01 M and OMWs 15%. All amendments were added in a volume equal to
the ~60% (500 mL) of the soil water-holding capacity. After 8 weeks from transplant, the treated ferns
were divided into two batches. Batch I contained ferns that no other treatments were performed on
until harvest, and Batch II contained ferns to which a second dose of the exact same treatments was
applied. After 10 weeks of cultivation, all ferns were harvested and four of the eight replicates were
completely destroyed to obtain the roots. Three soil subsamples from the pots of each treatment and
batch were used for the sequential extraction of the studied elements. During the experimental period,
air temperature and relative humidity in the greenhouse ranged between 20 and 35 °C and 70% and
90%, respectively. The experimental design is presented in Figure 1.
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56 ferns in 2-liter plastic pots (1 fern per pot) filled with
2 kg of soil polluted by mining activities
3 weeks after transplant, fertilization with
0.4 g N/kg as (NHa)2504

6 weeks after transplant, additions of the treatments:
16 pots x EDTA
16 pots x OMW
16 pots x EDTA+OMW
8 pots x Deionized Water (Control)
8 weeks after transplant, the tr:;ed ferns were divided into two
batches: Batch I and Batch II

¥

Batch I Batch I
No second dose Second dose of treatments
8 pots x EDTA 8 pots x EDTA
8 pots x OMW 8 pots x OMW
8 pots x EDTA+OMW 8 pots x EDTA+OMW

R R

10 weeks after transplant, all ferns were harvested

3

Target 1: Dry weight determination of the aboveground

biomass to check for differences between the applied
treatments/doses

Target 2: Wet digestion to all ferns fronds and roots to
determine the As, Pd, and Zn uptake and roots to fronds
Translocation Factor

Target 3: Application of the Wenzel and BCR fractionation
schemes to evaluate the effect of EDTA and OMW on the

redistribution of As, Pb, and Zn between the soil reactive phases

Figure 1. Experimental design.

2.3. Plant Analysis

Total metal(loid)s’ concentrations in fronds and roots were determined following a wet digestion
procedure that utilizes concentrated nitric acid (HNOg3) and 30% hydrogen peroxide (H;O,). Plant
fronds and roots were thoroughly washed with deionized water to discard any impurities and oven
dried at 60 °C for 2 days. Then, all samples were weighed and grounded using a mixer mill in order
to produce a fine powder with a particle size less than 0.2 mm. In 0.5 g of pulverized tissue, 5 mL of
65% HNO3 was added in conical flasks covered with watch glasses and left overnight. Plant samples
were then digested over a heat plate for 1 h at 125 °C and, after cooling the samples, were mixed with
2 mL of 30% H,O; and re-digested at 80 °C repeatedly until the digests became colorless. The digests
were then filtered and diluted to a volume of 25 mL for analysis [31]. The translocation factor (TF) was
calculated as the ratio of metal(loid) concentration in the fronds to those in the roots [32].
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2.4. Sequential Extraction Procedures

To investigate the distribution of the studied elements into the different soil chemical phases, two
sequential extraction procedures were performed. The well-established three-step sequential extraction
procedure proposed by BCR (Community Bureau of Reference) [33] was used for the partitioning of Pb
and Zn, and a specifically designed scheme was used for As forms, recommended by Wenzel et al. [34].
The operationally defined chemical fractions and working conditions for both partitioning schemes
are analytically presented in Table 2.

Table 2. The BCR (Community Bureau of Reference) and Wenzel partitioning schemes after
Kalyvas et al. [35].

Extractant Volume

Step Fraction Extractant Extraction Conditions (mL) for 1 g of Soil
BCR?
Bl Exchangeable/acid solubl, Acetic acid 16 h shaking at 22 + 5 °C 40
xchangeable/acid soluble 011 mol L-1 shaking a
. Hydroxylammonium
B2 Bound to Fe/Mn oxides chloride 0.5 mol L1 16 h shaking at 22 + 5 °C 40
(reducible)
pH=15
Hydrogen peroxide
B3 Bound to organic matter 8.8 mol L1 1 h digestion at 85 & 2 °C 10+ 10
(oxidizable) Ammonium acetate 16 h shaking at 22 £ 5 °C 50
1.0mol L™, Ph=2+£01
BREP Residual Aqua regia (HCl/HNO3) 16 h digestion 25
WENZEL ©
[ (NHy)z SO4 . o
W1 Non-specifically sorbed 0.05 mol L-1 4 h shaking at 20 °C 25
i NH4H;PO4 . o
W2 Specifically sorbed 0.05 mol L-1 16 h shaking at 20 °C 25
Amorphous and poorly

NH4*-oxalate buffer

W3 crystalline hydrous oxides 02mol L1, pH = 3.25 4 h shaking in the dark at 20 °C 25
of Fe and Al
. NH, " -oxalate buffer 0.2
W4 Well;cizlystalfh;edr?girlous mol L= + ascorbic acid 30 min shaking in the light at 96 °C 25
oxides ot rea 0.1mol L1, pH =325
WRF Residual Aqua regia (HC1/HNO3) d 16 h digestion d 25

a Rauret et al. [33]; ® notincluded in the BCR specifications; ¢ Wenzel et al. [34]; d modification of the original method.

2.5. Analytical Determinations

Arsenic, Pb, and Zn concentrations were determined by flame atomic absorption
spectrophotometry (F-AAS) using a Varian SpectrAA-300 system. For the determination of As at low
concentrations, the spectrophotometer was equipped with a hydride generator Varian model VGA
77 (HG-AAS), with working conditions previously reported by Kalyvas et al. [35]. A control sample
was analyzed for every 10 samples and reproducibility was tested by reanalyzing 30% of the samples.
The analytical precision, estimated as relative standard deviation, was less than 5%. To verify the
accuracy of aqua regia procedure that followed for total element determination, ERM-CC141 European
Reference Material (loam soil) was used. The results showed that mean As, Pb, and Zn recovery was 98,
95, and 104%, respectively. At all stages of the sample preparation and analysis, stringent precautions
were taken to minimize contamination through air, glassware, and reagents. All reagents used in this
study were of analytical grade and supplied from Merck Millipore (Darmstadt, Germany).

2.6. Statistical Analysis

Statistical analysis was carried out by using STATISTICA (StatSoft, Inc., Tulsa, OK, USA,
1984-2011, version 10) and IBM SPSS Statistics 20 software (IBM, Armonk, NY, USA).
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3. Results

3.1. Plant Growth

As indicated by the ANOVA results, treatment effect on P. vittata growth was significant, while
batch effect was not. No interaction between the two factors was observed (Figure 2). Compared to
control, both EDTA and OMW addition significantly reduced plant growth, leading to up to 20% lower
aboveground biomass production in the case of EDTA first addition (Figure 2). However, no visual
toxicity or nutrient deficiency symptoms were observed. The second addition of OMW alleviated
this phenomenon, suggesting reduced plant stress. It is well known that OMW addition in soils may
result in anaerobic soil conditions and toxicity stress to plants and the soil microcosms due to its high
phenolic content [36]. On the other hand, OMWs contain substantial nutrient concentrations that can
promote plant growth. It seems that adverse effects appeared after the first addition of OMW, while,
afterward, nutrient load of OMW assisted the healthier growth of the plants and balanced the initially
negative impact of OMW. Moreover, the observed increased biomass production with the second OMW
application suggests a rapid adaptation of both soil microbial communities and plants to the adverse
OMMW effect on the soil ecosystem [37]. EDTA alone or combined with OMW disturbed the rhizosphere
soil environment and stressed plants, possibly due to the release of high amounts of toxic elements,
for example, Pb. Pteris vittata is a well-known As hyperaccumulator plant that can tolerate high As soil
concentrations, but it is probably less tolerant in the case of abrupt increase of available concentrations
of other toxic elements in the soil solution [38]. Additionally, EDTA may have influenced several plant
physiological functions responsible for nutrient uptake and thus immobilization—-mobilization nutrient
balance that could have led to the lower P. vittata growth [39].

14

a
— a
12
b b b b b
10 B
S 8
E‘ 1 Batch |
S Batch Il
> 6
=}
4
2
CONTROL EDTA oMW EDTA+OMW
Treatment
ANOVA RESULTS
Effect SS DF MS F 4
Treatment 66.35 3 22.12 11.96 0.000 *
Batch 3.72 1 3.72 2.01 0.162
Treatment x Batch 8.31 3 2.77 1.5 0.225

Figure 2. Aboveground biomass (dry weight) of P. vittata. Data shown are the mean values of eight
replicates. Comparisons were performed by Tukey’s HSD test (p < 0.05) and are demonstrated with
lowercase letters. The presence of a common letter implies no significant difference. ANOVA results
presenting the treatment and batch effects on dry weight of P. vittata are also included (¥, p < 0.05).
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3.2. Elements Concentrations and Translocation in P. vittata

The effects of treatment and batch on metal(loid) concentrations in the aboveground biomass of
P. vittata are presented in Figure 3 and the accompanying ANOVA results table. While for all elements
the treatment effect was significant, batch effect was significant only for Pb plant uptake. Since, for all
elements, interaction between the two factors was observed, post hoc comparisons between treatments
are valid within each batch, and differences for the same treatment between the two batches were
evaluated by t-test. Regarding As, in Batch I, only the combined application of EDTA and OMW
exhibited a significant As concentration increase compared to control, while in Batch II, both EDTA
and EDTA + OMW applications promoted As uptake by P. vittata. Moreover, the second application of
EDTA significantly increased As concentration in plant fronds compared to the first EDTA application.

MBatch1 ®Batch Il EBatch I ®Batch II
1600 ¢ 1000 ¢
1400 b 900
00 . ab | | 800 .
P - a n ~ 0 b
1000 . | | b R i
# 500 ii. a a % 500 b
2 6o = 40 b
< 100 : 300 a
200 &
200 100 » a
0 0 ” “:
CONTROL EDTA OMW EDTA+OMW CONTROL EDTA OMW EDTA-OMW
Treatment Treatment
M Batch I Batch IT
450 Cc
400
350 *
4300 u b
2o b ]
= 2s
é 200 b
g 150 a a
100 'a' ™
50 a
0
CONTROL EDTA OMW EDTA+OMW
Treatment
ANOVA RESULTS
Effect SS DF MS F p
As
Treatment 108 x 104 3 359 x 103 10.71 0.000 *
Batch 231 x 102 1 231 x 102 0.69 0.410
Treatment x Batch 788 x 103 3 263 x 103 7.84 0.000 *
Pb
Treatment 499 x 10* 3 166 x 10* 63.80 0.000 *
Batch 202 x 103 1 202 x 103 7.73 0.007 *
Treatment x Batch 245 x 103 3 817 x 102 3.13 0.033 *
/n
Treatment 779 x 103 3 260 x 10° 135.7 0.000 *
Batch 6381 1 6381 33 0.073
Treatment x Batch 317 x 102 3 106 x 102 5.5 0.002 *

Figure 3. Treatment effect on As, Pb, and Zn accumulation in the fronds of P. vittata. Data shown are the
mean values of eight replicates. Comparisons between treatments within Batch I and II were performed
by Tukey’s HSD test (p < 0.05) and are demonstrated with lowercase letters, while the differences
between the same treatments that belong to different batches were checked by t-test (* p < 0.05) and
are presented by *. The presence of a common letter implies no significant difference. ANOVA results
presenting the treatment and batch effects on As, Pb, and Zn uptake by P. vittata are also presented
(*, p <0.05).
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Considering the treatment effects on Pb and Zn, it is apparent that only EDTA application
similarly enhanced plant uptake of both metals. Additionally, the second application of EDTA further
significantly increased Pb and Zn concentrations in P. vittata fronds.

Both EDTA and OMW treatments and their combination significantly affected root to fronds
translocation (TF) of Pb and Zn but did not influence the TF of As. Batch effect was significant for
As and Zn TFs, while no interaction between the two factors was noticed (Table 3). Compared to
control, the second application of EDTA significantly increased Pb and Zn TFs (Table 4). A similar but
not significant pattern was also observed for As TF. Arsenic TFs were higher than those of the other
elements and several times above unity, verifying the well-known ability of P. vittata to behave as an
As hyper-accumulating plant [40].

Table 3. ANOVA results presenting the treatment and batch effects on As, Pb, and Zn TFs (*, p < 0.05).

ANOVA RESULTS
Effect SS DF MS F 4
As
Treatment 61.1 3 20.4 0.662 0.583
Batch 138.7 1 138.7 4511 0.044 *
Treatment x Batch 70.9 3 23.6 0.769 0.523
Pb
Treatment 0.110 3 0.037 6.705 0.002 *
Batch 0.014 1 0.014 2.633 0.118
Treatment x Batch 0.013 3 0.004 0.794 0.509
/n
Treatment 0.296 3 0.099 4234 0.015*
Batch 0.130 1 0.130 5.584 0.027 *
Treatment x Batch 0.157 3 0.052 2.251 0.108

Table 4. Translocation factor values of As, Pb, and Zn in Pteris vittata L. among the different treatments
in Batch I and II. Data shown are the mean values of four replicates. Comparisons of TFs performed by
Tukey’s HSD test (p < 0.05) are demonstrated with lowercase letters and are valid within each element.
The presence of a common letter implies no significant difference.

TRANSLOCATION FACTOR (TF)

BATCHI BATCHII
CONTROL EDTA OMW EDTA + OMW  CONTROL EDTA OMW EDTA + OMW
As 691 a 6.30 a 799 a 511a 691 a 14.45a 11.18 a 1044 a
Pb 0.08 abc 0.14 abc 0.04b 0.14 abc 0.08 abc 0.25¢ 0.06 b 0.18 abc
Zn 0.16 a 0.20a 0.12a 0.19a 0.16 a 0.57b 0.16 a 0.29 ab

3.3. Distribution of Arsenic and Metals in Soil Fractions

Mean percentages and concentrations of As, Pb, and Zn into the different soil fractions after
the plant harvest are presented in Figure 4 and the accompanying tables. The mean percentages
of As, Pb, and Zn into the various soil fractions were in the order W1 < W2 < WRF < W4 < W3,
B1 < B3 < BRF < B2, and B3 < B1 < BRF < B2, respectively. The metal(loid) distribution was not affected
either by the first or by the second application of the treatments. The only exception was observed in
treatment EDTA /Batch II, where the As residual fraction (WRF) was higher than the reducible fraction
(W4). Arsenic was found to be mostly adsorbed in the amorphous and crystalline Fe oxides [35].
Addition of EDTA and OMW and their combination, single or double dose, had no significant result in
increasing the most available fractions of As, i.e., non-specifically (W1) and specifically sorbed (W2).
The BCR partitioning scheme demonstrated the affinity of Pb and Zn for Fe oxides, exhibiting an
average percent value of 64.9% and 41.5%, respectively, in the reducible fraction (B2) [2].
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Figure 4. Mean percentages and values of As, Pb, and Zn, into the different soil fractions (numbers in
tables are in mg kg—1). The error bars represent the standard error of the mean at the 95% of confidence
level (p < 0.05) (n = 3). I (Batch I), IT (Batch II), C (control), O (olive mill wastewater), E (EDTA),
W1 (non-specifically sorbed), W2 (specifically sorbed), W3 (amorphous hydrous oxide-bound),
W4 (crystalline hydrous oxide-bound), WRF (residual fraction), Bl (exchangeable/weak acid soluble),
B2 (reducible), B3 (oxidizable), BRF (residual fraction).

4. Discussion

4.1. Effect of Added Amendments on As and Metal Accumulation in P. vittata Fronds

Regarding As and metal uptake by P. vittata, three different patterns can be distinguished. Arsenic
concentration in the aboveground biomass was increased by the second application of EDTA (Batch II),
while the first application of OMW enhanced the extracting ability of EDTA (Batch I). Pb and Zn
concentrations increased only by the EDTA application. As indicated by the effect of combined EDTA
+ OMW addition (Figure 3), OMW reduced the uptake of both Pb and Zn.

The observed higher As, Pb, and Zn concentrations in the fronds of P. vittata due to EDTA
application in the heavily polluted soil used in this study can be attributed to the increased availability
of these elements in the soil environment. Indeed, because of its strong complexing properties, EDTA
acts as a strong competitor to the soil reactive surfaces and thus is capable to extract metal(loid)s
from the different soil chemical fractions, such as exchangeable carbonates, Fe/Mn amorphous oxides,
and organic matter [9]. Many authors have demonstrated EDTA’s effectiveness to mobilize As, Pb,
and Zn in metal-polluted soils. Meers et al. [41] studied Zn mobilization in a metal-contaminated
dredged sediment that was amended with EDTA, and they found that Zn mobility was significantly
increased. Similarly, increased As availability in an industrially As-polluted soil after the addition
of several EDTA concentrations was observed by Abbas and Abdelhafez [42]. Miihlbachova [43]
found that addition of EDTA in long-term contaminated arable and grassland soils led to increased
NH4NO3-extractable amounts of Pb up to 600 and 122 times, respectively.

However, while for Pb and Zn this EDTA effect is clearly demonstrated from the first dose
(Batch I), for As, the second dose (Batch II) was necessary to trigger the above-explained mechanism.
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It seems that the rather low dosage of 2.5 mmol EDTA kg~! of soil was not enough to liberate
As bound to different soil phases (primarily from amorphous oxides and inner-sphere complexes
where As was strongly retained), whereas the doubling of the EDTA dose succeeded in increasing
As solubility and, correspondingly, significantly enhancing As plant uptake. Compared to Batch I,
the application of a second dose of EDTA also significantly increased Pb and Zn concentrations in
P. vittata fronds. Surprisingly, Pb and Zn concentration in P. vittata fronds increased up to 9 and 4
times, respectively, when compared to control, suggesting that, under EDTA application, P. vittata
can function as a Pb hyperaccumulator for the decontamination of soils heavily polluted with As and
Pb [44]. On the contrary, the relatively smaller effect of all amendments on As uptake can be directly
attributed to the ability of P. vittata to absorb high amounts of As under common soil conditions.
Though the EDTA concentration used in this study is considered as environmental and plant-safe
according to Vamerali et al. [45] (<3 mmol EDTA kg’l of soil), and no leaching from the pots was
observed, the possible negative effects of EDTA on soil ecosystem and on metal leaching should always
be evaluated.

The addition of fresh OMW in soils can enhance plant uptake of metals by promoting metal
solubility in soils due to (i) the reductive dissolution of metal oxides as a result of the organic matter
mineralization from the microorganisms that consume free oxygen, and the oxidation of phenolic
compounds, and (ii) the formation of organometallic complexes of the soluble organic substances
and phenols that inhibit metal sorption into the soil solid phases [46,47]. Following this, increased
availability and higher plant uptake should be expected for all elements. Depending on the element,
OMW application produced different plant uptake patterns. In relation to control, OMW resulted in
significantly higher concentrations of As, Pb, and Zn in P. vittata fronds only when combined with
EDTA (Figure 3). Excluding As, this can be attributed to the properties of EDTA and not to those of
OMW, since the EDTA + OMW treatment resulted in lower Pb and Zn concentrations in plant fronds
than EDTA alone. It seems that OMW did not effectively dissolve metal oxides of the studied soil and
did not promote the formation of organometallic complexes subsequently. This is in line with De la
Fuente et al. [47], who conducted a pot experiment using a calcareous agricultural soil with increased
concentrations of Pb and Zn, and found that the addition of the water-soluble fraction of fresh solid
olive husk had no significant result on Pb/Zn solubility. Although this may be true for Pb and Zn,
it cannot explain the increased As concentration in the aboveground biomass with the OMW treatment.
Though this increase is not statistically significant, a clear increasing trend was apparent when OMW
and OMW + EDTA applications are compared to control. Unlike Pb and Zn, As exists in soils as an
oxyanion and, therefore, it competes with phosphates for sorption sites [43]. Considering that OMWs
contain significant amounts of phosphorous, it is highly possible that the phosphates PO4>~ added
in the soil via OMW replaced arsenates AsO43~ in the sorption sites of the soil colloids and, thus,
As concentration in the soil solution increased, as well as plant uptake [49].

4.2. Arsenic, Lead, and Zinc Extraction per Pot

Another way to express the results of the study is by considering the biomass production per
pot in order to determine the actual amounts of As, Pb, and Zn extracted by P. vittata. Table 5
summarizes the corresponding mg pot~! values. Since EDTA and OMW addition reduced P. vittata
growth (Figure 2), the use of the extracted amounts of As, Pb, and Zn may better portrait the dynamics
of the tested systems and can provide reliable information to be used for the reduction of As, Pb,
and Zn load in contaminated soils. According to the ANOVA results in Table 6, treatment effect is
significant for all elements, batch effect is significant only for Pb, and interaction between the two
factors was noticed only for As. Arsenic extracted by the second addition of EDTA almost doubled
when compared to control, reinforcing the hyperaccumulating effectiveness of P. vittata. Considering
that each pot contained 2 kg of soil and that 135.24 mg of As was extracted, a promising prospective for
site decontamination is emerged by the P. vittata—EDTA system. Nevertheless, a similar value that was
significantly higher than the control was obtained by the first application of EDTA + OMW, pointing to
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synergistic action of EDTA and OMW to extract As from the soil constituents. For Pb and Zn, though
EDTA dramatically increased the extracting ability of P. vittata, especially the second dose, the 83.43
and 39.02 mg of Pb and Zn extracted from the soil cannot be evaluated as adequate for successful
site remediation when soil concentration of Zn especially is extremely high. However, these results
indicate that in soils with high and particularly high As, Pb, and Zn concentrations, the P. vittata-EDTA
system can serve for the drastic reduction of As load and for a considerable Pb decrease.

Table 5. Total extraction of As, Pb, and Zn expressed as mg pot_l. Data shown are the mean values of
eight replicates. For Pb and Zn, post hoc comparisons performed by Tukey’s HSD test (p < 0.05) are
demonstrated with lowercase letters and are valid within each element. For As, comparisons between
treatments within Batch I and II were performed by Tukey’s HSD test (p < 0.05) and are demonstrated
with lowercase letters, while the differences between the same treatments that belong to different
batches were checked by f-test (p < 0.05) and are demonstrated by capital letters. The presence of a
common letter implies no significant difference.

mg pot~!
BATCHI BATCHII
CONTROL EDTA OMW EDTA + OMW  CONTROL EDTA OMW EDTA + OMW
As 7329a/A  10245ab  106.08 ab/A 123.11b/A 7329a/A 13524b/A  76.87a/B 11417 b/A
Pb 9.87a 56.95 be 590a 48.73b 9.87 a 83.43 ¢ 6.74a 62.17 be
Zn 9.48a 31.62 bc 9.60 a 26.11b 9.48 a 39.02 ¢ 691a 26.65b

Table 6. ANOVA results, presenting the treatment and batch effects on As, Pb, and Zn mg po’ﬁ1

(*,p < 0.05).
ANOVA RESULTS
Effect SS DF MS F p

As
Treatment 238 x 102 3 7932 11.89 0.000 *
Batch 29 1 29 0.04 0.836
Treatment x Batch 8004 3 2668 4.00 0.012*

Pb
Treatment 498 x 10? 3 166 x 102 53.52 0.000 *
Batch 1662 1 1662 5.36 0.024 *
Treatment x Batch 1869 3 623 2.01 0.123

/n
Treatment 8382 3 2794 80.92 0.000 *
Batch 27 1 27 0.80 0.376
Treatment x Batch 222 3 74 2.14 0.105

4.3. Element Partitioning

The increased concentrations of As, Pb, and Zn in the fronds of P. vittata strongly suggest that the
applied treatments increased the mobility of these elements in the soil environment. However, this was
not demonstrated by the results of both Wenzel and BCR sequential extraction protocols, since no
significant effect of the applied treatments on element partitioning in the reactive soil phases was
observed. Single harvest of P. vittata fronds resulted in the extraction of small amounts of As, Pb, and
Zn in relation to the total concentrations of these elements in the tested soil. Thus, it is assumed that
EDTA and OMW applications resulted in little redistribution of the studied elements between the soil
phases that did not allow for the detection of sensitive significant alterations in element partitioning
that could be related to plant uptake of the As, Pb, and Zn.
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5. Conclusions

The results of the present study clearly demonstrated that Nay-EDTA 0.01 M application to a
soil heavily polluted with As, Pb, and Zn enhanced plant uptake of these elements by P. vittata and
significantly promoted the translocation of Pb and Zn from the roots to the above ground biomass.
Compared to control, P. vittata extracted almost double the amount of As from the soil with the
double EDTA dose, suggesting enhanced phytoextraction that may lead to relatively time-effective
soil decontamination. The same amendment greatly assisted plant uptake of both Pb and Zn.
According to the extracted amounts of Pb and Zn, the EDTA-P. vittata system can efficiently reduce
the load of these elements in soils, especially that of Pb. Though the EDTA concentration used in
this study is rather low (single EDTA application failed to mobilize As) and no leaching from the
pots was observed, the possible negative effects of EDTA on soil ecosystem and on metal leaching
should always be evaluated. Single diluted OMW application alone or combined with EDTA highly
increased As extraction by P. vittata (106 and 123 mg pot~!, respectively). Considering that Pb and
Zn were not mobilized by OMW application and that high quantities of OMWs are produced in olive
oil-producing countries, further detailed study is needed to assess the potential of this agroindustry
byproduct to enhance As uptake by P. vittata, and to be used subsequently for the decontamination of
As-polluted soils.
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