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ABSTRACT

The present thesis investigates the mobility and controlling mechanisms of chromium
(Cr) release from soils obtained from an area of wide spread geogenic contamination.
The objectives of this study were (1) to assess the geochemical characterization and
classification of soils and river sediments with respect to the origin of Cr along Asopos
river, (2) to assess the processes affecting the mobility of Cr(\V1) in soils and sediments
along Asopos river and to elucidate the mechanisms of Cr release from soils and (3) to
develop a methodology to assess the impact of geogenic origin Cr(VI) uptake by
agricultural products (specifically carrots), and the risk of human consumption of

carrots grown in Asopos River basin in Greece.

In Chapter 1 a comprehensive review on Cr and its presence in the environment, and
specifically in soil and plant system is given. Moreover, the study area and the
framework of analysis of this thesis are drawn.

Chapter 2 presents the published article in the Journal of Hazardous Materials entitled:
Characterization and mobility of geogenic chromium in soils and river bed sediments
of Asopos basin. A field and laboratory study was conducted to assess the origin and
mobility of Cr(VI) in Asopos basin. Sampling was designed in such way as to capture
the spatial variability of Cr occurring in sediments and soils in different lithological
units in the area. Physicochemical and geochemical characterization of surface
agricultural soils obtained from river terraces and river bed sediments was conducted
in order to determine the natural background of chromium. Lithologies with strong
calcareous, siliceous and ultramafic components were identified using principal
component analysis. Laboratory mobility studies quantified the rates of Cr sorption and
release from soils and their capacity to adsorb Cr. Heavy metal analysis and local
geology study support the hypothesis that the main source of Cr is of geogenic origin.
Cr distribution in Asopos river bed was influenced from the eroded products derived
from extensive areas with ultramafic rocks the last 5 Ma. The mobility studies showed
that leaching process was very fast and sorption capacity was significant and capable
to retain chromium in case of waste release in the river. Finally the mobility of Cr
release is limited due to existing attenuation capacity controlled by ferric oxides

coatings on the soil and sediments.

11



Mobility of geogenic chromium in Asopos river basin

Chapter 3 presents the submitted article entitled: Identifying the controlling mechanism
of geogenic origin chromium release in soils. A laboratory study was conducted to
assess the mobility and mechanisms of Cr release from soils obtained from Asopos river
basin. The agricultural soil sample used in this study was taken from the Schimatari
area in Asopos river basin. In order to refine the isolation of minerals contained in the
soil, two types of separation analysis were conducted. First, a size fractionation with
hydrocyclone and second, a weight fractionation with heavy liquids. The separated
fractions were characterized using chemical, mineralogical and surface analysis. The
results provided consistent evidence that the heavy fraction of the soil is related directly
to the mobile fraction of Cr. At acidic pHs, the clay-sized fraction also plays an
additional important role in the mobility of Cr, due to the fact that this fraction has high
surface area and Cr reactivity index. In addition, pH-edge leaching studies showed a
high correlation between Cr-Ni, Cr-Mn and Cr-Y released from the soil which also
suggests that the mobility of Cr is controlled by chromite weathering which is the case

observed in Asopos river basin.

Chapter 4 presents the published article in the Environmental Research entitled:
Assessing the impact of geogenic chromium uptake by carrots (Daucus carota) grown
in Asopos river basin. A methodology was developed to assess the impact of geogenic
origin Cr(V1) uptake by carrots, and the risk of human consumption of carrots grown
in Asopos river basin. A field scale experiment was conducted with carrots cultivated
in treatment plots, with and without compost amendment, in order to assess the impact
of carbon in the mobility and uptake of Cr by plants. The results suggested that there is
a trend for Cr mobilization and uptake in the surface and the leaves of the carrots
cultivated in the treatment plot with the higher carbon addition, but not in the core of
the carrots. Limited mobility of Cr(\V1) in the soil-plant-water system is presented due
to the affinity of Cr to be retained in the solid phase and be uptaken by plants. Cr(V1)
tolerant bacterial strains were isolated from the carrots. These endophytic bacteria,
present in all parts of the plant, were able to reduce Cr(VI) to Cr(l1l) form to levels
below the detection limit. Finally, a site-specific risk assessment analysis suggested no
adverse effects to human health due to the consumption of carrots. These findings are
of particular importance since they confirm that carrots grown in soils with geogenic
origin Cr does not pose any adverse risk for human consumption, but could also have

the beneficial effect of the micronutrient Cr(ll11).
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In Chapter 5 the results of the present study are summarized and conclusions are drawn.

The overall impact of this thesis was aimed to develop an integrated approach to outline
an area with wide spread geogenic origin Cr contamination, and to give answers to
questions concerning Cr existence in groundwater, soils and agricultural products. The
general findings showed Cr concentrations in groundwater of Asopos basin below the
drinking water standards. Increased geogenic Cr(VI) concentrations are only observed
in areas directly affected by ophiolite weathering. Chromite weathering is the
controlling mechanism of Cr release in soils of Asopos basin. The high adsorption and
immobilization capacity of soils and sediments are important suggesting significant Cr
retardation in case of wastes release with high Cr concentration and specifically for
wastes with high acidity. Finally, there is a case of Cr uptake by agricultural products,
however, it is not important due to the direct reduction of Cr(VI) by the endophytic
bacteria. The human health risk assessment showed that the population is unlikely to

experience adverse effects due to the consumption of these products.
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EKTETAMENH ITEPIAHYH

Ymv EALMGOa, ot kuplotepeg eUQOVICELS 0OPLOAMOIKOV TETPOUATOV TV EAANVIdmv
dwkpivovtor oe t€ooeptg oploAbkéc Laovee. Ta PBouvd tng Tlivdov KaAvmTovTol pe
VIEPPUGIKA TETPOUOTO, TO OO0 SLAPPDOVOVTOL KOl KOUUATLO VTDV EXOVV GLVOVACTEL
pe Tprroyeveic ko Tetaproyeveic amobéoelg mov Ppickovtar ot Kothades. Amo
dwppwon ovtdv TV TETpOUdTOV TponAbav  vrepPfacikd  €6den TO  omoid
napovctdlovyv pomavorn ypwpiov ynyevovg mpoéievonc. H meployn peAlétng g
napovong dwutpiPng evromiletarl otnv Kevipikr] EAAGOA Kot cuykekpipéva otn Aekdvn
AmOpPPONG TOV TOTAUOV Ac®TOD, OOV 01 AVAPEPOUEVES GUYKEVTIPOGELS YPOUIOV Ko
vikeMov 6Ta VTOYELN VEPLL, TO YEDPYIKA £0A(QN KOl TOL 0YPOTIKA TPOTdVTa 0peilovTon
omv vmopén kot ddPpwon tev vrepfacikav meTpopdtov. Emmiéov, n gupldtepn
TEPLOYN TOL TOTOUOV ACKOTOV, OMOTEAEL WO HUOVOSIKN TEPITTMOYN GLVIVAGLOV
avOpoTOYEVODS KOl YNYEVOUS TPOoEAEVONS puTtaveng amd ypouto. Tlapdio mov
avBpomoyevolg mpoérevong pomaven ypopiov £yet peretndel extetapéva Adym G
OTOKATAGTAONG PUTOCUEVAOV BLOUNYXOVIKOV TEPLOYDV 6€ OAO TOV KOGUO, VINPEE Eva
KEVO GTN YVMOOT) GYETIKA LLE TN pOTAVOT] KoL KIVNTIKOTTO TOL Y1YEVOLG YPOUIOV Kupimg
oto €0GON Kol To WNUOTO TOV TOTOUOV. XVYKEKPIUEVO, VTNPYE OVAYKN VvV
avamtuyBovv peBodoroyieg Kot o, OAOKANPOUEVT] TPOGEYYIOT] Y1 TN GKLOYPAPNoN
LLOG TEPLOYNG OV TTOPOVGIALEL EKTETAUEVT] POTTAVOT) YPOUIOL YN YEVODS TPOEAELONC,
Kot vo avantuyfel Eva TAaiclo avdAvong yio v Katavonon g TPoEAELONG Kot TNG
KWW TIKOTNTOAG TOL YNYEVOVS YPOUIOV 6T £0AQPT TNG AEKAVNG QITOPPON|G TOL TOTAUOD
Acomob. H mapodoa dwutpiPr] anockomodce otnv KOALYN avtig g avaykng. Ot
otoyotNtay ot eENg: (1) va a&loroynBel o yemymuikdg xopaKTnpIoog Kot 1) TaSvounon
TOV £00POV Kot TOV INUATOV TOL TOTAUOV GE GYECT] LE TNV TPOEAEVGT] TOV YPOUIOV
KOTA LW KOG TOL TOTAROV AG®OTOV, (2) va a&lodoynBodv ot dtadikacieg mov ennpedlovv
mv Kvntikdétta tov e€acbevoig ypopiov ota £6aen kot to KnuoTo Kot vo
amocanvicBohv ot unyavicpoi anelevBépwong ypopiov amd ta edden Kot (3) va
avartuyfel o pebodoroyia yioo TNV EKTIUNON TOV EMIATOCE®V TNG TPOGANYNG
e€aoBevoig ypopiov omd aypotikd mpoidvta (GLYKEKPIUEVO KOPOTA), KOl TOV KIVOHVOL
ommv avOpodmvn vyelo AOy® ™G KOTavAA®oNG KopdTOv mov KoAAEpyohvTol TN

Aekdvn amoppong T0v Ac®mol TOTANOD.

IMa va emitevyBel avtod, akorlovdndnke (o Tpocéyyion POV PAGE®V:
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Yype 1. Opddeg mov Tpoékuyay omd TNV avAAVoT KuPioV CLVICTOCMOV GTA EXAPT KOl TO
WAHOTO TOV TOTOHOV.

Xy mpdtn @don oyxeddotnke kot OeEnydn o épevva mapakolovOnong kot
derypotoAnyiog mediov Kot cLAAEYOMKAY detypata £60P®V, EMPAVEIOK®OV K NUATOV
ToV TOTOHOV kol nudtwv mopnvo. EmmAéov avaivOnkav to @uotkoynuikd
YOPOKTNPOTIKA TV  Osypdtov  avtdv. To  QUGIKOYNUIKA — YOPOKTNPIOTIKA
YPNOWOTOmONKaV G€ avOALOT KUPLOV CLVICTOC®OV dcTe Vo tavounfodv ta
Oelypoto COLPOVA HE TO YEMYMNUKA XOPOKTNPIOTIKA Tovs. H avdivon tov Bapiémv
UETOAA®V KOt 1 LEAETT] TNG TOTIKYG YE®AOYiaG vrooTnpiEay TV vtobeon 6t 1 KupL
mmyn ypopiov givar ynyevodg mpoéievons. Ta otoryeion mov vrootnpiav T ynyevn
TPOEAEVOT] TOL YPOUIOL, NTOV Ol OeTIKEG KOl VYNAEG CULGYETIOEIS UETAED TV
OLYKEVIPMOOEWMV YPOUIOL Kol VIKEAIOV 0T €00 Kol To 1 LLOTO, KOl 1) OLOLOHOPON
KOTOVOUT TOV YPOUIOV KOl VIKEAOV OvVAVTH Kol KOTAVTY TOL Blopmyovikol mipkov
otV meployn Tv Owvoeitwv. Ta edden g AeKAvNg amoppong Tov ToTapoH AGHOTOV
TOPOVGIOCAY VYNAT GLYKEVIPWOGT YPOLIoL aveEdptnTo amd TG didpopeg AMboroyieg
TOV YaPOKTNPIoTKOY 01O AGBEGTOAOIKE, TLPITIKA Kot LITEP PAGIKA GVOTOTUCH (Zyn Lot
1). Ot pehétec KvNTIKOTNTAG TOV TPAYLOTOTOONKAY GTO EPYACTHPLO AVESEIEQY TA
TOGOGTH TNG TPOGPOPNONG Kol EKYOMONG TOL Ypwuiov amd Ta €04QN, KoL TNV
wKavOTNTd TOVG VA TPOGPOPOVV  YPOLLO.

Epopudotmke povtedomoinon g
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TPOGPOPNONG TOL YPOUIOVL O©TO €30POG Y. VO OlEVKPVIOTEL O  HNYOVIGHOG
wpocspopnonc. H ovykévipwon icoppomiog tov ypopiov 1-2 ug/L mov npoékvye amd
TOL EPYOOTNPLOKA TTEWPEpATO amodelyOnke 0Tt elvarl cuUPaTh HE TIG GLYKEVIPADGELS TOV
YPOUIOV TOV CLVOVTAOVIOL GTO, LIOYEWL VEPA NG Tepoyns. Ta amoteléouata g
TPOGPOPNONG £01EAV OTL TOL 0GP TNG AEKAVNG OITOPPONS TOV TOTULOD AGMTOV £XOVV

OMUOVTIKT] TKOVOTNTO TPOGPOPNONG.

21 6e0TEPN GAGT], YPNOLOTOONKE EVA AVTITPOCOTEVTIKO YEWPYIKO Sely AL EGAPOVS
™G AEKAVNG OTOPPOTNG TOL TOTOUOD AGMOTOV, e GKOTO Vo a&loAoyn0el ) KivnTikdTn T
TOV YPOUIOL Kot TO YNYEVEG GLGTATIKO TNG PUTAVOTG, OTTOLOVAOVOVTOS TO LETOUAAKA
otoyela mov mepéyovian oto €dapoc. H pebodoroyla oyedidotnke apykd yio va
dwywpilotel to Ogiypo €8G@ovg o€ devTEPEVOVTA KAAOUOTO, KOl ETEITO Yo VO
YOPOKTNPLOTOVV T KAACHOTO VT, ApyiKd Tpoypotomodnke o KAaslatomoinomn
pe VOPOKVKAGVO pe PBdon 1o péyebog TV KOKK®V TOL £3AQOVG Kol melta, Lo
Khaopdromoinon pe Papd vypd pe Paon 1o Papog TV KOKK®V Tov £ddpovs. Ta
KAdopato mov mTponAfav amd 1o JS®PISUO, YOPAKTNPICTNKAY YPTCLLOTOLOVTOG
YNUIKN, OPVKTOAOYIKT Kot avdAvon entpdveloc. H mtapovoa gpdon nepieddpfove eniong
peAéteg ekybong oto kdbe KAdoua, yio va peretnel n anelevBépmon ypopiov mg
ocvuvaptnon tov PH, kot yw vo TPoodloplotel 0 UNYOVIGUOC oL EAEYYEL TNV
KvnTkotnta tov ypouiov. Ta amotedéopata £oei&av OTL T0 KAAopo peyébovg —
apyidov mov mpoNABe amd to JS®PGUO pe LVOpoKLVKA®VA amoterel to 55% TOL
oLVOAKOV delypatog edapovg. To ehappy kot To Bapd KAAGHO TOV TPOHABaY omd TO
Swywpiopd pe Bapd vypd amoterovv to 44.4% kot 0.6% TOL GLVOAIKOV, AVTICTOLYCL.
O pedéteg oy empdvelad Tov KAacpdtov £6ei&av 0Tt vtapyel e&acBevég ypduo
(nepimov 30-40% ToL OAKOV Yp®Eiov) oV empdveln To omtoio umopel mhavov va
ekyvAotel. Ocov apopd TNV KivnTikOTNTo, QLT oYeTileTON Apesa pe To Bapv KAAGHO
TOL €04POVG, To 0moio mepPIEYeL ypopit (6.9%), opatitn (6.7%) ko ykorritn (10.1%)
®G KLPLOL OPLKTE, COLPOVA LLE TNV OPLKTOAOYIKT avaAivon. Ze 0Ewva pH (5 ko 6), to
KMo pey€foug - apyihov mailel emmpdodeta oNUOVTIKO pOLO GTNV KIVITIKOTNTA TOV
YPOUIOV KOl EAEYYEL TNV EKYVAIOT) TOV, AOY® TOL LYNAOL dvvaplKoL avtidpacns. To
KOPLO GLUTEPAGHO OVTAG TNG HEAETNG elvan OTL M dPpwon tov ypouitn gival o
UNYOVICUOG TOV EAEYYEL TNV EKYOAMOT TOL Ypwpiov. Ot peAéteg ekyOAONG GLVOPTNGEL
tov pH €dei&av 6t | svumeppopd TG amerevBEpmong ypmuiov ce delypa oproABov

ocvoyetileton pe o GAAO KAAGHOTO TOL €64POVE, VTOONADVOVTOS OTL 1 KIVNTIKOTNTO
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ToV Ypouiov oyetiletor pe ™ SPpwon tov oPOMbov. O gUTAOVTIOUOS TOV
KAOGLATOV TOV €0G(POVG LE YPDUL0, VIKEALO, LLOLYYAVIO Kot VTTPLO ivat TO OmoTéEAET O
™G SWPpmoNg Kot HETOPOPES TOV VIEPPUCIKOV TETPOUATOV TNG TEPLOYNG TOVL
Avidva (Zyqua 2). Ot vyniég cvoyetioelg peta&d Ypmuiov - Vikehiov, ypouiov -
payyoviov Kot xpouiov — vTTpiov 6To KAAGLHOTO TOLG £0GpOovs emPePfaidvouy 0Tt TO
£€00po¢ TponAbe amd Ta TPoidvTa TG SAPpwoNG (TOV HETAPEPOMNKAY UNYOVIKO ©C
KAIOUATO TTOV QEPOLY YPDOHULIO) TV LREPPACIKOV TETPOUAT®OV TNG AEKAVNG TOV
Aconod. Ta amoteAéopata Tov TEPAPATOS €KYOAIONG cuvapTioel Tov PH eivat
GLUPATA LE TIC GLYKEVTIPMGELS TOL XPMUIOL 6T0 TEdi0 £metta amd oAAay| TNG KAIpLoKOG

YPNOLOTOIDVTAG TUTKEG PUOIKES TAPOUUETPOVS TOV EGAPDV.

Cr (ug/ke)

Ni (ug/kg)

=l KAdopa peyEdous dppou-thiog
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Yyfqpa 2. Zvykévtpoon tov Cr (a), Mn (b), Ni (c), Y (d) mov exyvrictke amnd To
SLPOPETIKG, KAAGUOTO TOV €0GQOVE Kal a0 O&ly o, TETPOUATOS 0PLOAO0L MG GLVEPTNON
Tov pH.

H tehuc) odon avtng g HeAétng otdyeve 6ToV TPocdlopioid g PlodabesindTnTog
™G TPOGANYNG YPOUiov amd T KapoTa, TG TOYMS Tov e&acbevoic ypopiov péoa 6to
QLTO Kol TG TEPIMTOONG EUPAVIONS KIvOLVOL otV ovOpdTIvn vysio AOY® TG
KaTavAA®oNG kapoT®mv, pe T ypnon turomompéveov pebodoroyiwv tg EPA. H
EMAOYN TOV GLYKEKPLUEVOL QLTOV (KOPATO) £yive d10TL amoterel va amd ta KOplo

TPOIOVTO TOV KOAAEPYOVVTOL GTNV TEPLOYN TOL ZYMNUATOPIOV TG AEKAVIG OTOpPPONg
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tov Acwnob motapov. Eniong vroténke ot Ba pmopovoe va Exel v vynAOTEPT
TPOGANYT Kot TO duvoptkd cvecmpevonc. [poxeuévou va extiundei o kivovvog otnyv
avOpomvn vyela AOY® TG KaTavaA®mons KopdTov ta omoio KoaAAlepyodviol Ge o
TEPLOYN M omoia TaPoLGIALEL POTTAVOT] XPOUIOV Y1 YEVODS TPOEAEVOTG: TPOGILOPIGTIKE
N TPOSANyYN ££060voVG ¥poUiov amd To KOpOTO TOV KAAAEPYOVVTOL GTOV QypO KATM
amd TPOYUOTIKES GCUVONKEG, TPOGOIOPIGTNKE 1) TOYT TOV ££060EVOVG Ypmuiov HEca 6TO
QUTO KaL 1] SLVATOTNTO AVAYOYNG TOV ATtO T EVOOPUTIKG BakTnpia, Kot TEAOG, d1eENyOm
avdAvon emkvduvotntag oty avlpomvn vysio A0y® NG KOTOVAA®ONG KAPOT®V

YPNOLOTOIDOVTAG TO VO TPONYOVUEVO GTAILO.

Ta amoteléopata T0V TEWPALOTOS GE OYPOTELAYIO TNG TEPOYNG TOL Zynpatapiov
£0e1&av OTL VTAPYEL TAOT) Y10 KIVITIKOTNTO KoL TPOSANYT) TOV ¥pOUiov oTnyv eEOTEPIKN
EMPAVELD KOL TO QUALO TOV KOPOTMOV TOV KAAMEPYNONKAY GTO TUNUOTO LLE VYNAOTEPN
ovykévipoon dvBpaxa. Ta amotedéopato dev £dei&av OTL VILAPyEL avticToyn Téon
KIVNTIKOTNTOG KOl GTOVG TUPNVES TOV KOPITOV (BPOGILO TUNLO TOV KAPOTOL) (Zyn Lo

3).
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Yyqpe 3. Zoykévipoor oAKov ypouiov oTa LEPN TOL KapOTov (TLPNVIC, EEMTEPIKT
EMPAveLa, POAAQ) Yo TN dwoyeipton "éAeyyog” Kot TIG Oy EIPIGEIC LE TPOTONKN KOUTOOT
("d6om 1" ko "d60m 2").

Ta arotedéopota ™G HEAETNG TOV EVOOPLTIKOV Poktnpiov £dei&av 0Tl T KOpAITO

EYOVV TNV 1KAvOTNTA LECH TNG KOWVOTNTOG TMV EVOOPLTIKOV BaKTnpimv va avayovy To
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eEaoBevég ypo o o Tprobevic (Eymua 4). Ta evdo@utikd Paxtiplo Tov amroteAovvToL
amd aviekTikd o€ e£ac0evEg ypdLo oTeEAEYM Ko BpiokovTat oe OAO TO LLEPT) TOL PVTOV
(mopnvog, eEmTepikn empdavela, POAAL), utopodv vo avarntuybovv ce péco 1 mg/L
e€acbevoig ypopiov kot va avdyovv 1o efoocbevég ypopo oe tpobevéc. Ta
OTOTEAECUOTO QLT LG 00 YNV GTH O1EPELYNOT 0VO EVOOPLTIKOV PBaKTNpimY TO
amopovodnKay amd 1o eOALO Kot Tp1dv omd T pile (Tupnvag) Ta onoia fpédnkav oti
etvat wkava va avartuyfovv oe péco 3 mg/L e£acbevoivg ypwpiov, Kot xtd and TV
emeaveln, Tov givorl wovd vo avarntuyfodv oe péco pe 5 mg/L eacbevoig ypmpiov.
Emmpochétomg Oha avtd ta otehéyn Ppédnke 611 pmopodv vva HEUOGOLY TV apyLKn
ovykévrpwon e&aobevoig ypopiov (3 mg/L ko 1 5 mg/L) oe enineda KGt® amd 10
opto aviyvevong oe 20 poAG dpeg. Emmiéov mapatnpndnke 6Tt n KTTOPIKY avaTTLEN
Kol 1 péwwon tov e€acbevoic ypopiov Eexivnoav tavtdypova yio Ol o GTEAEXM
(Zymua 4). H extipnom tov pubuod avtidopaong kot n nuiceto (o ToV oTEAEXDOV TOV
EVOOQUTIK®OV BaKkTnpimv mov amopovodnkoy amrd Tov Tupnvae Kol TNV ETPAVELD TOV

KOPOT®V, VITOONAMVEL TOAD YPIYOPOVS PLOUOVG LETOTYNUATIOUOD Y10 TO e£0c0eVvEC

YPOLO.
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Yyqpe 4. Zoykévipoon oAkov ypouiov, avayoyrn eacevodc ypouion Kot KapmoAn
avamtuéng Tov evooputikoy Paktnpiov ¢ pilag (mupnva), otérexoc R1 og apyikn
ovykévipmon e&acBevoig ypopiov S mg/L, pH 7,0 ko 30 ° C.
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Oocov agopd TV eKTIUNGCT TOV CLGGOPEVUEVOL LN KOPKIVOYOVOL PicKov, O deiking
emkvduvotnTog Ppébnke vo sivar 6.73 103 vmodeucvdoviag 6Tt dev vapPyOLY
duopeveic emmtdoelg oty avlpdmivn vyeion Ady® NG Kotavaioong Kapodtwv. To
KapKivoyovo pioko extipunnie oto 0.077 - 0.24 o1o 1 ekatoppvpro. To amoteAécpota
avtd €govv laitepn onuocio, oedopévov OtL emiPefordvovyv 6Tl TPOIdVTO. TOL
KOAMEPYOUVTOL O €0GPN HE YNYEVOLG TPOEAELONG YPOUIO Oev Tapovcsidlovv
duopeveic emmTMOoELg otV avOpmmvn vyeia, oAld Ba propovoay emiong va £xovv Kot
EVEPYETIKG aMOTELECUATO AOY® TOV HKPOOPETTIKOV GUOTATIKM®Y TOV TPLoOEVODC

Ypouiov.

O ovvolMkdg avtikTumog avTNG NS STPPNG ATOCKOTOVGE GTINV OVATTUEN HLOG
OAOKANPOUEVNG TPOGEYYIONG YO TN OKLYPAPNON OGS TEPLOYNG OV TOPOVGLALEL
EKTETAUEVT pOTTAVON YPOUIOL YNyeEVOUG Tpoérevone, kabmdg Kot 6To vo ODoEL
OTOVTICELS OE EPOTNLLATA GYETIKA Le TNV VIapEn ypopiov oTa vITOYEL VEPEL, TO £3AON
KOl TO YEOPYIKA TPoidvTa NG AEKAVNG amoppons Tov motapod Acwmoy. Ta yevikd
ovumepdopatTo €0€1E0V GLYKEVIPMOOCELS XpOUioL oTo LEOYEW VEPA KOT® OO TO
EMTPENTAE Op1aL Yo TO TOGIUO vEPD. AVENUEVES GLYKEVTPOGELS YN YEVOLG e€acBevoic
YPOUiOV TOPATNPOHVTAL LOVO GTIG TEPLOYES TNG AEKAVNG Tov emnpedlovTat dpesa amod
™ S1dPpwon Tov vrepPacikmdv tetpopdtov. H dtafpmon tov ypopim eivor pdiicto
N O1001KaG10 TOL EAEYYEL TO UNYAVICUO TNG KIVITIKOTNTOS TOL ¥POUIOL 6To £0G(N TNG
Aexdvng tov Acomov. H onpavtikn tkavdtta Tpospoenong Kot 0KvNTOToineng mov
napovctalovy  Ta  €04en kot  To  WNuOTO TG TMEPLOYNG  LTOOMAMDVEL
emPpadvvon/décpenon tov ypopiov g TEPITTOCN amdPPIYNG AMOPANTOV He LYNAN
OLYKEVTPMOT YpOUiov Kot €W01KE Yoo amdPAnta vynAng o&untag. Télog, vrapyel
TEPINTOON TPOCANYNG YPOUIOV A TO AYPOTIKA TPOTOVTIA, WGTOGO EIVOL AUEANTENG
onpaciog A0y® g Queong avaywyns tov e&acbevoic ypopiov omd o EVOOPLTIKA
Bakmpia mov vmapyovv oto euTA. H avdivon emkvduvotnrog €6eiée OtL dgv
VILAPYOLVV OVGCUEVELS EMMTAOGES oTNV ovOpdOTIVY vyeio Ady® TG KOTAVAA®ONG

KApOTOV.
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LIST OF ACRONYMS
Abbreviation Meaning
Cr Chromium
Cr(1D) Trivalent Chromium
Cr(VID) Hexavalent Chromium
CDI Chronic Daily Intake
CRI Cr Reactivity Index
EC Electrical Conductivity
hc hydrocyclone
HI Hazard Index
hl heavy liquid
HQ Hazard Quotient
ICP-MS Inductively Coupled Plasma Mass
Spectroscopy
LADD Lifetime Average Daily Dose
Ni Nickel
ORP Oxidation-Reduction Potential
PCA Principal Components Analysis
RfD Chronic Reference Dose
TN Total Nitrogen
TOC Total Organic Carbon
U.S. EPA United States Environmental Protection
Agency
XPS X-Ray Photoelectron Spectroscopy
XRF X-Ray Fluorescence
XRD X-ray Diffraction
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1.1 General information about chromium

Chromium (Cr) was first discovered in the mineral crocoite (PbCrO4) in 1798 by the
French chemist Vauquelin. The element was named chromium after the Greek word
chroma, meaning color, due to its strong influence on mineral pigmentation (Burns and
Burns, 1975). Cr is a transition, silver color hard metal, in the sixth group of the periodic
table, has atomic number 24, molecular weight 51.1 and density 7.19 g/cm. Cr is the
7th most abundant element (Nriagu, 1988), 21st most abundant metal (Economou-
Eliopoulos et al., 2013) of the Earth’s crust and the 2nd most abundant inorganic
contaminant in groundwater at many hazardous waste sites as reported by the National
Academy of Sciences Committee on Groundwater Cleanup (NAS, 1994). Cr is one of
the 18 core hazardous air pollutants (HAPS), 33 urban air toxicants, 188 HAPs (U.S.
EPA), and has been ranked 7th among the top 20 hazardous substances by the Agency
for Toxic Substances and Disease Registry (Oh et al., 2007). Moreover, it is ranked 5th
among the heavy metals in the Comprehensive Environmental Response,
Compensation, and Liability Act (Ma et al., 2007), and it is also categorized as no.1
carcinogen according to the International Agency for Research on Cancer (IARC, 1987)
and the National Toxicology Program. Therefore, this metal requires detailed

understanding and in-depth monitoring in the environment.

1.2 Chromium in the environment

1.2.1 Chromium species

Cr has a complex electronic and valence shell chemistry owing to its high potential to
easily convert from one oxidation state to another (Prado et al., 2016). Cr has several
oxidation states (-2 to +6), but hexavalent chromate (Cr(VI1)) and trivalent chromite
(Cr(111)) forms are the most common and stable in the natural environment (Ashraf et
al., 2017).

The majority of Cr on the earth exists as Cr(Ill) which is an immobile cation that
complexes strongly with organic matter and adsorbs on oxides and silicates even at low
pHs (pH>4) (Rai and Zachara, 1988; Rai et al., 1989). Moreover, the chemical mobility
of Cr(I1) is limited due to the formation of highly stable hydroxides (Rai and Zachara,
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1988; Rai et al., 1989). Cr(I11) has the highest octrahedral site preference energy of any
trace element and it isomorphically substitutes into octahedral sites in oxides,

(oxy)hydroxides, sulfides, and silicates.
Cr(VI) is a strongly oxidizing and weakly adsorbing oxyanion in the form of chromate

2-X
(H,CrO, ) (Rai and Zachara, 1988; Rai et al., 1989). Consequently, Cr(VI) is

chemically mobile and bioavailable over a wide range of pH (Rai and Zachara, 1988)
and is also more mobile in soils (Lackovic et al., 1997; Nikolaidis et al., 1999). Cr (VI)
is tetrahedrally coordinated and behaves similarly to sulfate in minerals such as jarosite
(Baron and Palmer, 1996).

Both the species of Cr differ greatly with respect to their sorption and bioavailability in
soil, absorption and translocation to aerial parts and toxicity inside plants (Choppala et
al., 2016). Additionally, these forms (Cr(l1l) and Cr(VI)) have different chemical,
epidemiological and toxicological features; they are separately regulated by
Environmental Protection Agency (U.S. EPA), which presents a distinctive feature of
Cr among the heavy metals. Cr(lll), being necessary for lipid and sugar metabolism
(Bai et al., 2015), is an essential trace element for human and animal health (Eskin,
2016), however, it is not required by the plants (Shanker et al., 2005). The
recommended human intake for Cr(I11) is 50-200 pg/day. In contrast, Cr(V1) is a highly
toxic species and it produces adverse carcinogenic and mutagenic effects in cells
(IARC, 1990; Lewicki et al., 2014; Vincent, 2013). Specifically, inhalation of Cr(VI)
is known to cause irritation in the nose, including symptoms such as nosebleeds, ulcers
and perforations in the nasal septum (Katz and Salem, 1993). Ingesting considerable
quantities of Cr(V1) can result in stomach ulcers, convulsions, kidney and liver damage,
and death (Katz and Salem, 1993). Skin contact with certain Cr(V1) compounds causes
allergic contact dermatitis and irritant dermatitis (Katz and Salem, 1993). Overall, the
Environmental Protection Agency (U.S. EPA), the Occupational Safety and Health
Administration (OSHA), the World Health Organization (WHO), and the Department
of Health and Human Services (DHHS) have determined that that Cr(\VI) compounds
can increase the risk of lung cancer primarily by inhalation as well as other forms of

cancer caused by ingestion.
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1.2.2 Redox, precipitation and sorption reactions of chromium

Cr can be oxidized or reduced from one form to the other in the environment, depending
upon concentrations of the reactants, pH of the media, temperature, light intensity, and
other entities involved in the reaction (surfaces/sorbents, complexing agents, bacteria,
oxidizers/reducers, etc.). Manganese oxides are a natural soil component that can
convert Cr(l11) to Cr(V1), while V*, Fe?*, S, HNO2, HSO3", and some organic species
can reduce Cr(VI) to Cr(lll) (Kimbrough et al., 1999). Since water is one of the
reactants involved in many Cr oxidation reactions, along with Cr(l11) and the oxidizing
agent, the conversion from Cr(111) to Cr(VI) rarely takes place in dry systems. Cr(I1)
is an octahedral hydrolysable molecule, which is usually positively charged in most
environmental settings. It has a Cr atom surrounded by six other molecules that can be

either water molecules or hydroxides, depending upon the pH of the medium (Fig. 1.1).

Figure 1.1. Eh versus pH diagram for chromium (Rai et al., 1987)

Cr(11) species have a low solubility index and are not soluble at most environmental
conditions. Aqueous Cr(I11) can form different hydroxide precipitates depending upon
the concentration and the pH of the medium. Although Cr(VI) is soluble at most
environmental conditions, it can form salts with divalent cations, such as Sr?*, Zn?*,

Pb?*, and Cu?*. Therefore, these Cr(V1) precipitates can provide a continual source of
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chromate ions in the environment.

Cr tends to tightly sorb on soil components. For example, Cr(l11) binds as an inner
sphere complex with goethite and hydrous ferric oxide (Charlet and Manceau, 1992),
silica (Fendorf et al., 1994), and birnessite (Fendorf et al., 1992). Similarly, Cr(VI) is
bound to goethite as an inner sphere complex (Fendorf et al., 1997). The effect of aging
on sorption of partitioning of Cr was illustrated by Asikainen and Nikolaidis (1994).
The results of sequential extraction experiments revealed that longer contact times
(decades) between Cr and glaciated soils resulted in stronger partitioning.

1.2.3 Maximum allowable levels of chromium in the environment

Cr is found in all phases of the environment, including soil, water and air. The
acceptable level in soil for the protection of environmental and human health has been
estimated at 64 mg/kg (CCME, 2015). The maximum allowable levels of total Cr in
agricultural soils of Italy and Poland, Czech Republic, Austria, Canada, Serbia are 150,
100-200, 100, 64, and 100 mg/kg, respectively (Ding et al., 2014). The Italian
regulation defined a maximum allowable concentration of 2 mg/kg for Cr(\V1) in soils
for private and residential use.

The threshold limits for Cr(l11) concentration in sea water, fresh water, and irrigation
water are 50, 8, and 5 pg/L, while for Cr(\VI) these values are 1, 1, and 8 ng/L,
respectively (Zayed and Terry, 2003). In different countries diverse regulations have
been adopted that limit the content of total Cr and Cr(V1) in water and in air. In the case
of Europe, EC Directive 98/83/EC (1998) established maximum amounts of total Cr
and Cr(V1) in drinking water of 50 and 20 ug/L, respectively. The U.S. EPA limited the
maximum contaminant level for total Cr in water to 100 pg/L, but the Office for
Environmental Health Hazards Assessment of California established a public goal of
0.02 pg/L for Cr(VI) as a protection level against the undesirable toxic effects of this
pollutant (U.S. EPA, 2011). Furthermore, in working ambient air NIOSH recommends
that airborne exposure to all Cr(V1) compounds be limited to a concentration of 0.2 pg
Cr(VI)/ m? for an 8 -h time- weighted average exposure during a working week of 40
hours (NIOSH, 2013).
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1.2.4 Chromium sources

Environmental contamination of Cr has gained major consideration because of its high
levels in the water and soil as a result of natural and anthropogenic activities (Ashraf et
al., 2017). The highest proportion of this element in the environment is generated from
anthropogenic sources, such as industrial and agricultural activities. Cr annual mine
production increased between 2001 and 2015 from 12,000 thousand metric tons to
27,000 thousand metric tons (USGS, 2016). Cr is widely used for several applications
in the metallurgy industry, in the chemical production of paints and pigments, in
synthetic fertilizers and crop protection products, in leather tanning activities, in textile
dyes and mordants and in pulp and paper production (Namiesnik and Rabjczyk, 2015).
However an also appreciable amount of Cr released into the environment by geogenic
and natural sources including weathering processes on rocks that are rich in this

element, emanations from volcanos, and soil erosion.

1.2.5 Natural sources of chromium - Geogenic chromium

In the Earth's crust, Cr is concentrated (>200 mg/kg) in ultramafic rocks and
serpentinites of ophiolite complexes that constitute ~1% of the terrestrial landscape.
They are common along the the Circum-Pacific and Mediterranean region (Fig. 1.2)
(Oze et al., 2007).
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Figure 1.2. A north polar projection showing the distribution of serpentinites and ophiolites
(inred) (Oze et al., 2007).

Naturally occurring in soils, Cr concentration ranges from 10 to 50 mg/kg, while in
ultramafic soils, Cr varies within 634 to 125000 mg/kg (Adriano, 1986). Due to the
wide distribution and occurrence of ultramafic rocks, Cr concentrations in soils are
highly variable and strongly influenced by the geochemistry and mineralogy of the
parent material (Shanker et al., 2005) and climatic conditions, as well as other factors
including topography, biota and time (Lee et al., 2001; Oze et al., 2004; Kierczak et al.,
2007).

Serpentine soils are the soils derived from ultramafic rocks or serpentinites (Oze et al.,
2004), are green to grayish-green “broken rocks”, comprised of thin layers, which can
easily break up and fragment in small particles. Serpentine soils are known for their

elevated metal concentrations including Cr, Ni, Mn and Co (Rajapaksha et al., 2012;
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Vithanage et al., 2014) and these soils provide an opportunity to assess the dynamics

of potential metal interactions.

Cr and nickel (Ni) in soils are primarily derived from the weathering of minerals
contained in the ultramafic rocks like chromite, olivines, pyroxenes, etc. (Morrison et
al., 2009). A two-stage mechanism of chromite weathering was proposed by Cooper
(2002): a slow hydrolysis of Cr(lIll) to Cr(OH)z, followed by a slow oxidation step to
Cr(VI) by Mn oxides. During this process, Cr derived from pyroxene, olivine and
chromites weathering, is integrated into minerals, i.e. iron (Fe) oxides or smectite
(Garnier, 2009). The primary mineralogical component of Cr in serpentinite is chromite
and Cr-rich magnetite with lower amounts contained in chlorite, augite, enstatite, Fe
hydroxides, and clay (Mills et al., 2011; Becquer et al., 2003; Oze et al., 2004). Cr can
remain in minerals, co-precipitated with manganese (Mn), aluminum (Al), and Fe
oxides, which are generally adsorbed on soil particles, and complexed with soil organic
compounds (Hsu et al., 2015). The difference in the geochemical characterization of
the Cr host minerals is the Cr solubility in acids like HNOs. According to Morrison et
al. (2009), Cr in chromite and other Cr-rich spinels are mainly recalcitrant in acid
etching, whereas Cr in pyroxenes, olivines, serpentine, chlorite-chromium mixtures or

in clays contain a higher proportion of acid-soluble forms.

During the last years, geogenic origin Cr contamination has been found to be wide
spread in diverse areas around the world such as in Mexico, California, Zimbabwe and
Italy, thus it has stimulated significant scientific interest (Robles-Camacho and
Armienta, 2000; Cooper, 2002; Fantoni et al., 2002; Oze et al., 2004; Garnier et al.,
2009; Morrison et al., 2009; Mills et al., 2011; Morrison et al., 2015). Specifically, the
Sacramento Valley comprises the northern half of California's Central Valley and is
bordered by mountain ranges with extensive ultramafic outcrops (Morrison et al., 2009;
Oze et al., 2007). Weathering of these outcrops has resulted in soils and vadose zone
sediments of the Southern Sacramento Valley that are consistently elevated in Cr (up
to 42 mmol/kg) compared to the geometric mean (0.71 mmol/kg) for surface soils in
the conterminous U.S. (Mills et al., 2011; Morrison et al., 2009). Moreover, in
Zimbabwe there are significant areas of ultramafic soils associated with the 530 km
long Great Dyke. This is a layered complex comprising about 70% ultramafic rocks,
mainly serpentinized dunite and harzburgite. Cr toxicity has been suspected in

ultramafic soils for many years and strongly implicated in Zimbabwean soils (Cooper,
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2002). In Italy, ultramafic rocks are present in the La Spezia province and high Cr
concentrations in groundwater were detected (Fantoni et al., 2002). Additionally, the
Sierra de Guanajuato ultramafic units and their alteration products were identified as
having the largest potential to be sources of Cr contamination in the waters to the East

of Leon Valley, in central Mexico (Robles-Camacho and Armienta, 2000.

1.3 Bioavailability, speciation and mobility of chromium in soils

The fate and behaviour of metals in soils are determined by their presence in various
chemical forms and their ability to bind with different soil components. The cycling of
substances in the natural environment is a complex process, thus when measuring the
total content of metals is not adequate to determine their mobility and bioavailability
(Quevauviller, 2003; Wang et al., 2009). Speciation studies are significant for assessing
the mobility and bioavailability processes of metals in soils due to the possibility of
differentiation of the chemical forms in which metals can occurred in soils (Jamalia et
al., 2009; Rauret, 1998).

Soil pH, organic matter and redox potential (Eh) can influence remarkably the
geochemical behavior of Cr by affecting its chemical speciation (Amin and Kassem,
2012; Choppala et al., 2016; Xiao et al., 2015). Reduction processes prevail at low Eh
whereas oxidation processes dominate at high Eh (Frohne et al., 2015). Reduction
processes increase pH by consuming protons while oxidation processes decrease pH by
producing protons. Reduced soil conditions cause conversion of toxic Cr (V1) into less
toxic Cr (111), as well as immobilization and precipitation of Cr (I11) (Xiao et al., 2015).
This process is being used as a key step in treatment of Cr-contaminated soils (Pettine,
2000). Cr (111) has low solubility only at pH < 5.5 (Kabata-Pendias, 2010). Above that
pH, Cr(I11) almost completely precipitates, and therefore its compounds are regarded
highly stable in soil. Alternatively, Cr (V1) is highly unstable in soils and remains
mobilized in both acidic and alkaline soil pH (Kabata-Pendias, 2010). Moreover,
reduction of Cr (VI) to Cr (I1l) species using various organic amendments (plant
biomass, seaweed, black carbon, biosolid compost, farm yard manure, pig manure, and
poultry manure) is commonly used in remediation and soil reclamation technique
(Shahid et al., 2015).

The processes of Cr release from soils and adsorption to soils has been the subject of
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significant body of research and the understanding of the mechanisms affecting Cr fate
in aquifers (oxidation, reduction, adsorption and desorption) is of paramount
importance (Hellerich and Nikolaidis, 2005). Sorption and desorption reactions are
relevant to the mobility of Cr (Rai et al., 1989). Transport of chromate is mainly
controlled by adsorption on the surfaces of Fe oxides such as hematite (Johnston and
Chrysochoou, 2014), amorphous aluminum and organic complexes, and Cr(I11) can be
adsorbed onto silicacious components (Bartlett and James, 1988). The maximum Cr
adsorption capacity was assessed for the bulk samples and their clay and Fe-free clay
fractions of four subtropical soils differing in mineralogy and found that Cr adsorption
was the highest in the soil with the highest organic matter content and increased with
increasing pH (Bavaresco et al., 2017). Furthermore, Cr, Ni, and vanadium occurred
predominantly in the fraction bound with Fe and Mn oxides and in the residual fraction,
thus showed low mobility (Jeske and Gworek, 2012). Generally, assessment of
contaminant mobility is a necessary tool in order to establish either risk-based or
mobility-based, site-specific cleanup levels for remediation (Nikolaidis and Shen,
2000).

1.4 Chromium in soil-plant system

Cr uptake by plants has gained considerable attention worldwide because of its role as
an essential element in human metabolism, but also due to its carcinogenic effects.
Therefore, optimal level of Cr in human nutrition has become extremely topical
especially in risk assessment and remediation studies. In plants, particularly crops, Cr
at low concentrations (0.05 — 1 mg/L) was found to promote growth and increase yield,
but there is no evidence that plays a role in their physiological function (Oliveira, 2012).
On the other hand, Sridhar et al. (2007) has shown that Cr can accumulate in plants,
reducing their growth, altering mineral nutrition and causing oxidative stress via

formation of reactive oxygen species (Raj et al., 2011).

The ability of plants to uptake Cr depends on plant type and Cr species (Shukla et al.,
2007). Cr(111) had different effects on cress and cucumber shoots: low toxicity was
found in cucumber seeds exposed to a concentration of Cr of 300 mg/kg in soils, while
biostimulating effects were recorded in cress plants exposed to up to 100 mg/kg of Cr

(Badernaetal., 2015). Cr(V1) is harmful to many plants for concentrations ranging from
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0.16 mg/L (lettuce) to 75 mg/L (sweet orange) (Barcelo and Poschenrieder, 1997,
Pawlisz et al., 1997, Poschenrieder et al., 1987). Dai et al. (2009) have suggested the
determination of a soil environmental quality standard for farmland based on the effects
of Cr on crop growth and Cr accumulation in the edible part.

Cr(111) uptake in plants is a passive process and does not require any energy by the
plants (Shanker et al., 2005)., whereas Cr(VI) uptake is an active process and is
performed by carriers of essential elements such as sulphate (Hossner et al., 1998,
Oliveira, 2012). Among heavy metals, Cr is reported to be least mobile element in the
plant roots (Shukla et al., 2007). Concentration of Cr in roots is sometimes 100 times
higher than the shoots (Shanker et al., 2005). Cr(VI) absorbed by the root is reduced to
Cr(111) and retained mostly by the roots (James and Bartlett, 1984). Studies on uptake
by onions (Srivastava et al., 1994), maize and groundnut plants (Mishra et al., 1995)
showed that the uptake of Cr was higher when it was supplied by irrigation water. A
significant amount of Cr was absorbed by the plant roots which played an important
role in modifying the state of Cr to a bioavailable form. The amount of Cr translocated
to grain of paddy was less compared to the above three crops (Mishra et al., 1997).
Studies on chamomile plants presented similar results regarding Cr accumulation in
roots (Kovacik et al., 2014).

The presence of plants in wetland vegetated systems enhances the reduction of Cr(VI)
in sediments by modifying the governing biogeochemical cycle (Zazo et al., 2008).
Furthermore, bacterial mediated reduction of Cr(V1) to Cr(l1l) is a widely - known and
accepted technology for the remediation of contaminated soils and groundwaters
(Hellerich and Nikolaidis, 2005). Similarly, endophytic bacteria (defined as the bacteria
that are present in the plant internal tissues without imposing any negative effect)
isolated from many plant species have shown to be able to reduce Cr(V1) (Kuklinsky et
al., 2004). Experiments conducted using J. acutus showed that isolated endophytic
bacteria were found to be Cr(V1) tolerant and have a high potential to reduce Cr(VI) to
Cr(111) (Dimitroula et al., 2015). The microbial reduction of Cr(VI) to Cr(IlI), which is
a useful process, takes place intra-cellularly (Narayani and Shetty, 2013) and reduces

Cr toxicity.

Carrot (Daucus carota) is a root crop which is rich in bioactive compounds such as
carotenoids and dietary fibers with appreciable levels of other functional components

with significant health-promoting properties (Sharma et al., 2012). Carrots have been
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suggested as biomarkers for toxicity assessment in terrestrial ecosystems (U.S. EPA,
1996). A greenhouse experiment conducted in Chinese soils showed that, the carrot
yield significantly decreased in soils with Cr addition, and the Cr content of carrot
grown in soils with pH>8.0 exceeded the maximum allowable level (0.5 mg/kg),
according to the Chinese General Standard for Contaminants in Foods (Ding et al.,
2014).

1.5 Human health risk assessment

Contamination of food chain with heavy metals is considered as one of the major
environmental pathways of human exposure leading to potential health risk, therefore
food safety has recently gained substantial consideration worldwide (Xiong et al.,
2016). As far as vegetables, they play an important role in our daily diet and constitute
essential diet components. Vegetables can take up heavy metals by absorbing them
from contaminated soils, as well as from deposits on parts of the vegetables exposed to
the air from polluted environments (Wang et al., 2005). Vegetables may accumulate
metals in concentrations greater than the maximum permissible limits (Mombo et al.,
2016).

Chronic intakes of heavy metals have damaging effects on human beings and other
animals. For example, Cr, Cu and Zn can cause non-carcinogenic hazardous such as
neurologic involvement, headache and liver disease, when they exceed their safe
threshold values (US EPA, 2000). There is also evidence that chronic exposure to low
doses of cancer-causing heavy metals may cause many types of cancer. For example,
Park et al. (2004) found increased lifetime risk of lung cancer death resulted from

occupational exposure to dusts and mists containing Cr(V1).

During past 2-3 decades, numerous studies focused on the cultivation of vegetables on
Cr and other heavy metals contaminated soils, and estimated the associated possible
health risks (Noli and Tsamos, 2016). Consumption of food contaminated with Cr is
considered to be the major pathway (>90%) of human exposure compared to inhalation
and dermal contact (Xiong et al., 2014). This is well-defined by numerous Cr-induced
clinical disorders in human exposed to Cr via vegetable consumption such as

respiratory, carcinogenic, renal, hepatic, gastrointestinal, cardiovascular,
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hematological, reproductive and developmental, genotoxic and mutagenic (ATSDR,
2013).

Regardless of the studies mentioned above, precise estimation of the availability of Cr
in plants as well as the associated health risks still remains a challenge, since the
analytical methods for Cr speciation in foodstuffs are not yet fully clarified. The key
objective is to assess the oral genotoxicity of Cr(VI) from foodstuffs to reduce the risk
to human health from this pathway (Proctor et al., 2002). It is likely that any ingested
Cr(VI) will be reduced to Cr(l1l) in the acidic conditions of the stomach (Milacic and
Stupar, 1994), and any Cr(VI) transferred from soil to plant will also be reduced.
However, there are other sources of Cr(\VI) introduced during the manufacture and
processing of foodstuffs (e.g. stainless steel vats) that justify the need to undertake Cr
speciation. It is therefore vital to understand the limitations and interferences of each

speciation technique (Hamilton et al., 2018).

Nowadays, the magnitude of the risks involved with the consumption of vegetables
cultivated on contaminated soils are monitored. Different parameters, such as soil and
plant enrichment factors, translocation factor, estimated daily intake, hazard quotient,
maximum allowable level of plant consumed, bio-accumulation potential, health risk
index and life time cancer risk, are used to estimate Cr health risks to humans as a result

of contaminated food consumption (Wang et al., 2011; Shahid et al., 2017).

1.6 The study area of Asopos river basin and framework of analysis

In Greece, the main ophiolite outcrops of the Hellenides are distinguished in four
ophiolite belts (Papanikolaou, 2009) (Fig. 1.3). Pindos Mountains are covered with
ultramafic rocks, which have been eroded and their fragments have been combined with
Tertiary and Quaternary deposits that reside in valleys. Serpentine soils with high

geogenic origin Cr contamination were derived from the weathering of these rocks.
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Figure 1.3. The main ophiolite outcrops of the Hellenides are distinguished in four ophiolite
belts corresponding to the oceanic terranes of H2, H4, H6 and H8 (Papanikolaou, 2009).

The study area of the present thesis is situated in central Greece and specifically in the

basin of Asopos river. Asopos river received waste discharges from metallurgies and

industries related to textile, dyes, and food production. The waste release has been

ceased at least 5 years ago after the rising of public awareness. Additionally, the western

part of Asopos watershed (Thiva valley) is covered with topsoil enriched in Cr and Ni

as a result of transport of the weathered parent rock fragments from the higher

elevations of the basin (Kelepertzis et al., 2013). Moreover, according to Moraetis et

al. (2012), weathered ultramafic rock fragments in the Neogene and alluvial deposits

have resulted in producing geogenic origin Cr(V1) in the groundwater at least in the

eastern part of the watershed close to Oropos area.
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As a result, the problem of contamination of the Asopos river basin is multi-
dimensional because of the combined existence of geogenic and anthropogenic origin
Cr. Specifically, the geogenic contamination is wide spread throughout the basin, and
there is also anthropogenic origin Cr that is restricted around the industrial park of
Oinophyta area. It has been observed in some cases drinking water with concentrations
of geogenic Cr(VI) above the acceptable criteria, river contamination with
concentrations above aquatic quality standards and irrigation with groundwater that
contains geogenic Cr(VI) (Moraetis et al., 2012). Moreover there is a public perception
of potential adverse effects due to the consumption of agricultural products, a problem

that has not been scientifically proven to exist.

Thus, having already strong evidences of geogenic Cr origin, we proposed to conduct
a mapping of the Cr geochemical characterization along the Asopos river basin and the
mobility of Cr in the soils in order to understand the critical factors influencing the
presence of Cr in the watershed. The present study intended to cover the need to develop
methodologies and an integrated approach to outline an area with wide spread geogenic
origin Cr contamination, and to develop a framework of analysis to understand the

origin and mobility of geogenic Cr in soils of Asopos river basin.
Therefore, the objectives of this study were threefold:

(1) to assess the geochemical characterization and classification of soils and river
sediments with respect to the origin of Cr along Asopos river,

(2) to assess the processes affecting the mobility of Cr(\V1) in soils and sediments along

Asopos river and to elucidate the mechanisms of Cr release from soils and,

(3) to develop a methodology to assess the impact of geogenic origin Cr(V1) uptake by
agricultural products (specifically carrots), and the risk of human consumption of

carrots grown in Asopos River basin in Greece.
Towards achieving these objectives:

Chapter 2 presents a field, laboratory and modelling study that was conducted in order
to characterize the soils and river bed sediments and to assess the origin of Cr in Asopos

basin.

Chapter 3 presents a laboratory study that was conducted to assess the mobility and to

identify the controlling mechanisms of Cr release from soils obtained from Asopos river
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basin.

Chapter 4 presents a methodology that was developed to assess the impact of geogenic
origin Cr(V1) uptake by carrots, and the risk of human consumption of carrots grown

in Asopos river basin.

46



Mobility of geogenic chromium in Asopos river basin

References

Adriano, D.C., 1986. Trace elements in the Terrestrial Environment, New York
Springer Verlag, 105-123.

Amin, A.S., Kassem, M.A., 2012. Chromium speciation in environmental samples
using a solid phase spectrophotometric method, Spectrochim. Acta Part A Mol. Biomol.
Spectrosc. 96, 541-547.

Ashraf, A., Bibi, I., Niazi, N.K., Ok, Y.S., Murtaza, G., Shahid, M., Kunhikrishnan, A.,
Mahmood, T., 2017. Chromium(V1) sorption efficiency of acid-activated banana peel
over organo-montmorillonite in aqueous solutions, Int. J. Phytoremediat.
http://dx.doi.org/10.1080/15226514.2016.1256372.

Asikainen, J.M., Nikolaidis. N.P., 1994. Sequential Extraction of Chromium from
Contaminated Aquifer Soils, Ground Water Monitoring and Remediation 14 (2), 185-
191.

ATSDR, 2013. Chromium Toxicity: what Are the Physiologic Effects of Chromium
Exposure?.

Baderna, D., Lomazzi, E., Pogliaghi, A., Ciaccia, G., Lodi, M., Benfenati, E., 2015.
Acute phytotoxicity of seven metals alone and in mixture: Are Italian soil threshold
concentrations suitable for plant protection? Environ. Res. 140, 102-111.

Bai, J., Xun, P., Morris, S., Jacobs Jr., D.R., Liu, K., He, K., 2015. Chromium exposure
and incidence of metabolic syndrome among American young adults over a 23-year
follow-up: the CARDIA Trace Element Study, Sci. Rep. 5.

Barcelo, J., Poschenrieder, C., 1997. Chromium in Plants, in: Canali, S., Tittarelli, F.,
Sequi, P. (Eds.), Chromium environmental issues, Franco Angeli Publ., Milano, Italy,
102-129.

Bartlett, R.J., James, B.R., 1988. Mobility and bioavailability of chromium in soils, In:
Nriagu, J.O., Nierboor, E. (Eds.), Chromium in the Natural and Human Environments.
John Wiley and Sons, New York, 267-383.

Baron, D., Palmer, C.D., 1996. Solubility of KFe3(CrO4)2(OH)s at 4 to 35 C,
Geochimica et Cosmochimica Acta, 60 (20), 3815-3224.

Bavaresco, J., Fink, J.R., Rodrigues, M.L.K., Gianello, C., Barron, V., Torrent, J, 2017.
Chromium Adsorption in Different Mineralogical Fractions from Subtropical Soils,
Pedosphere 27 (1), 106-111.

Becquer, T., Quantin, C., Sicot, M., Boudot, J.P., 2003. Chromium availability in
ultramafic soils from New Caledonia, Sci. Total Environ. 301, 251-261.

Burns, V.M., Burns, R.G., 1975. Mineralogy of chromium, Geochimica et
Cosmochimica Acta, 39, 903-910.

47


http://dx.doi.org/10.1080/15226514.2016.1256372

Mobility of geogenic chromium in Asopos river basin

CCME, 2015. Canadian soil Quality Guidelines for the Protection of Environmental
and Human Health, Canada Council of Ministers of the Environment Winnipeg.

Charlet, L., Manceau, A., 1992. X-Ray adsorption spectroscopy study of the sorption
of Cr(lll) at the oxide-water Interface, Il. Adsorption, coprecipitation, and surface
precipitation on hydrous ferric interface, Journal of Colloid and Interface Science 148,
443-468.

Choppala, G., Kunhikrishnan, A., Seshadri, B., Park, J.H., Bush, R., Bolan, N., 2016.
Comparative sorption of chromium species as influenced by pH, surface charge and
organic matter content in contaminated soils, J. Geochem. Explor. http://
dx.doi.org/10.1016/j.gexplo.2016.07.012.

Cooper, G.R.C., 2002.0Oxidation and toxicity of chromium in utramafic soils in
Zimbabwe, Appl. Geochem. 17, 981-986.

Dai, Y., Yang, Z.F., Zheng, Y.M., Ji, T.W., 2009. The toxicity assessment of chromium
in Beijing kaleyard alluvial soil-pakchoi system, Geogr. Res. 28, 1682-1692.

Dimitroula, H., Syranidou, E., Manousaki, E., Nikolaidis, N.P., Karatzas, G.P.,
Kalogerakis, N., 2015. Mitigation measures for chromium-VI contaminated
groundwater — The role of endophytic bacteria in rhizofiltration, J. Haz. Mat. 281, 114—
120.

Ding, C., Li, X., Zhang, T., Ma, Y., Wang, X., 2014. Phytotoxicity and accumulation
of chromium in carrot plants and the derivation of soil thresholds for Chinese soils,
Ecotoxicol. Environ. Saf. 108, 179-186.

Economou-Eliopoulos, M., Megremi, I., Atsarou, C., Theodoratou, C., Vasilatos, C.,
2013. Spatial evolution of the chromium contamination in soils from the Assopos to
Thiva Basin and C. Evia (Greece) and potential source (s): anthropogenic versus natural
processes, Geosciences 3, 140-158.

Eskin, N., 2016. Chromium: is it essential and is it safe, Vitam. Min. 5, e144.

European Council Directive, 1998. 98/83/EC on the water quality intended for human
consumption, Off. J. Eur. Un. L330, 32-54.

Fantoni, D., Canepa, Z.M., Cipolli, Z.F. Marini, Z.L., Ottonello, G., Zuccolini, Z.M.V.,
2002. Natural hexavalent chromium in groundwaters interacting with ophiolitic rocks,
Environ. Geol. 42, 871-882.

Fendorf, S.E., Eick, M.J., Grossl, P., Sparks, D.L., 1997. Arsenate and Chromate
Retention Mechanisms on Goethite. 1. Surface Structure, Environmental Science and
Technology 31(2), 315-320.

Fendorf, S.E., Fendorf, M., Sparks, D., 1992. Inhibitory mechanisms of Cr(llI)
oxidation by 6-MnO2, Journal of Colloid and Interface Science 153, 37-54.

48



Mobility of geogenic chromium in Asopos river basin

Fendorf, S.E., Lamble, G.M., Stapleton, G.M., Kelley, G.M., Sparks, D.L., 1994.
Mechanisms of chromium(111) sorption on silica. 1. Cr(l11) surface structure derived by
extended x-ray adsorption fine structure spectroscopy, Environmental Science &
Technology 28, 284-289.

Frohne, T., Diaz-Bone, R.A., Du Laing, G., Rinklebe, J., 2015. Impact of systematic
change of redox potential on the leaching of Ba, Cr, Sr, and V from a riverine soil into
water, J. Soils Sed. 15, 623-633.

Garnier, J., Quantin, C., Guimaraes, E., Garg, V.K., Martins, E.S., Becquer, T., 2009.
Understanding the genesis of ultramafic soils and catena dynamics in Niquelandia,
Brazil, Geoderma 151, 204-214.

Hamilton, E.M., Young, S.D., Bailey, E.H., Watts, M.J., 2018. Chromium speciation
in foodstuffs: A review, Food Chemistry 250, 105-112.

Hellerich, L.A., Nikolaidis, N.P., 2005. Studies of hexavalent chromium attenuation in
redox variable soils obtained from a sandy to sub-wetland groundwater environment,
Water Res. 39, 2851-2868.

Hossner, L.R., Loeppert, R.H., Newton, R.J., Szaniszlo, P.J., Attrep, M., 1998.
Literature review: phytoaccumulation of chromium, uranium, and plutonium in plant
systems, Amarillo National Resource Center for plutonium, ANRCP-1998-3, Amarillo,
TX.

Hsu, L.C., Liu, Y.T., Tzou, Y.M., 2015. Comparison of the spectroscopic speciation
and chemical fractionation of chromium in contaminated paddy soils, J. Haz. Mat. 296,
230-238.

IARC, 1987. Overall Evaluations of Carcinogenicity: an Updating of IARC
Monographs Volumes 1 to 42, World Health Organization, International Agency for
Research on Cancer.

IARC, 1990. Monographs on the evaluation of carcinogenic risks to humans,
Chromium, Nickel and Welding, vol. 49, World Health Organization, International
Agency for Research on Cancer, Lyon, France, 49-214.

Jamalia, M.K., Tasneem, G.K., Arain, M.B., Afridi, H.1., Jalbani, N., Kandhroa, G.A.,
Shah, A.Q., Baig, J.A., 2009. Speciation of heavy metals in untreated sewage sludge
by using microwave assisted sequential extraction procedure, J. Haz. Mat. 163, 1157—
1164.

James, B.R., Bartlett, R.J., 1984. Nitrification in soil suspensions treated with
chromium (111, V1) salts or tannery wastes, Soil Biol. Biochem. 16, 3, 293-295.

Jeske, A., Gworek, B., 2012. Chromium, nickel and vanadium mobility in soils derived
from fluvioglacial sands, J. Haz. Mat. 237— 238, 315— 322.

Johnston, C.P., Chrysochoou, M., 2014. Mechanisms of chromate adsorption on
hematite, Geoch. et Cosmoch. Acta 138, 146-157.

49



http://www.sciencedirect.com/science/article/pii/S0016706109001256
http://www.sciencedirect.com/science/article/pii/S0016706109001256
http://www.sciencedirect.com/science/article/pii/S0016706109001256
http://www.sciencedirect.com/science/article/pii/S0016706109001256
http://www.sciencedirect.com/science/article/pii/S0016706109001256
http://www.sciencedirect.com/science/journal/00167061
http://www.sciencedirect.com/science/article/pii/S0016703714002889
http://www.sciencedirect.com/science/article/pii/S0016703714002889
http://www.sciencedirect.com/science/journal/00167037

Mobility of geogenic chromium in Asopos river basin

Kabata-Pendias, A., 2010. Trace Elements in Soils and Plants, CRC press.

Katz, S.A., Salem, H., 1993. The toxicity of chromium with respect to its chemical
speciation-A review, J. of Appl. Toxicol. 13 (3), 217-224.

Kelepertzis, E., Galanos, E., Mitsis, 1., 2013. Origin, mineral speciation and
geochemical baseline mapping of Ni and Cr in agricultural topsoils of Thiva valley
(central Greece), J. Geoch. Explor. 125, 56-68.

Kierczak, J., Neel, C., Bril, H., Puziewicz, J., 2007. Effect of mineralogy and
pedoclimatic variations on Ni and Cr distribution in serpentine soils under temperate
climate, Geoderma 142, 165-177.

Kovacik, J., Babula, P., Hedbavny, J., Klejdus, B., 2014. Hexavalent chromium
damages chamomile plants by alteration of antioxidants and its uptake is prevented by
calcium, J. Haz. Mat. 273, 110-117.

Kuklinsky-Sobral, J., Aratjo, W.L., Mendes, R., Geraldi, I.O., Pizzirani-Kleiner, A.A.,
Azevedo, J.L., 2004. Isolation and characterization of soybean-associated bacteria and
their potential for plant growth promotion, Environ. Microbiol. 6, 1244-1251.

Lackovic, J.A., Nikolaidis, N.P., Cheeda, P, Carley, R.J., Patton, E., 1997. Evaluation
of batch leaching procedures for estimating metal mobility in glaciated soils,
Groundwater monitoring & remediation 17 (3), 231-240.

Lee, B.D., Graham, R.C., Laurent, T.E., Amrhein, C., Creasy, R.M., 2001. Spatial
distribution of soil chemical conditions in a serpentinitic wetland and surrounding
landscape, Soil Science Society of America Journal 65, 1183-1196.

Lewicki, S., Zdanowski, R., Krzyzowska, M., Lewicka, A., Debski, B., Niemcewicz,
M., Goniewicz, M., 2014. The role of Chromium Il in the organism and its possible
use in diabetes and obesity treatment, Ann. Agric. Environ. Med. 2, 331-335.

Ma, H.W., Hung, M.L., Chen, P.C., 2007. A systemic health risk assessment for the
chromium cycle in Taiwan, Environ. Int. 33, 206-218.

Milacic, R., Stupar, J., 1994. Simultaneous determination of chromium(l11) complexes
and chromium(VI) by fast protein anion-exchange liquid chromatography-atomic
absorption spectrometry, Analyst 119 (4), 627-632.

Mills, C.T., Morrison, J.M., Goldhaber, M.B., Ellefsen, K.J., 2011. Chromium(V1I)
generation in vadose zone soils and alluvial sediments of the southwestern Sacramento
Valley, California: A potential source of geogenic Cr(VI) to groundwater, Appl.
Geochem. 26, 1488-1501.

Mishra, S., Shanker, K., Srivastava, M.M., Srivastava, S., Srivastava, R., Dass, S.,
Prakash, S., 1997. A study on uptake of trivalent and hexavalent chromium by paddy
(Oryza sativa): Possible chemical modifications in rhizosphere, Agric. Ecosyst.
Environ. 62, 53-58.

50


http://www.sciencedirect.com/science/journal/08832927
http://www.sciencedirect.com/science/journal/08832927

Mobility of geogenic chromium in Asopos river basin

Mishra, S., Singh, V., Srivastava, S., Srivastava, R., Srivastava, M.M., Dass, S.,
Satsangi, G.P., Prakash, S., 1995. Studies on uptake of trivalent and hexavalent
chromium by maize (Zea mays), Food Chem. Toxicol. 33, 5, 393-397.

Mombo, S., Dumat, C., Shahid, M., Schreck, E., 2016. A socio-scientific analysis of
the environmental and health benefits as well as potential risks of cassava production
and consumption, Environ. Sci. Pollut. Res, 1-15.

Morrison, J.M., Goldhaber, M.B., Lopaka, L., Holloway, J.M., Wanty, R.B., Wolf,
R.E., Ranville, J.F., 2009. A regional-scale study of chromium and nickel in soils of
northern California, USA, Appl. Geochem. 24, 1500-1511.

Morrison, J.M., Goldhaber, M.B., Mills, C.T., Breit, G.N., Hooper, R.L., Halloway,
J.M., Diehl, S.F., Ranville, J.F., 2015. Weathering and transport of chromium and
nickel from serpentinite in the Coast Range ophiolite to the Sacramento Valley,
California, USA, Appl. Geochem. 61, 72-86.

Namiesnik, J., Rabjczyk, A., 2015. Speciation analysis of chromium in environmental
samples, Crit. Rev. Env. Sci. Tec. 42, 327-377.

Narayani, M., Shetty, K.V., 2013. Chromium-resistant bacteria and their environmental
condition for hexavalent chromium removal: a review, Crit. Rev. Environ. Sci.
Technol. 43, 955-1009.

NAS, 1994. National Academy of Sciences Committee on groundwater
cleanupalternatives, in Alternatives for Groundwater Cleanup, National AcademyPress,
Washington, D.C

Nikolaidis, N.P., Hellerich, L.A., Lackovic, J.A., 1999. Methodology for site-specific,
mobility-based cleanup standards for heavy metals in Glaciated soils, Environ. Sci.
Technol. 33, 2910-2916.

Nikolaidis, N.P., Shen, H., 2000. Conceptual site model for evaluating contaminant
mobility and pump and treat remediation, GNEST 2, 67-76.

NIOSH, 2013. Criteria for a recommended standard, Occupational exposure to
hexavalent chromium, Department of Health And Human Services, Centers for Disease
Control and Prevention, NIOSH Publication, GA. Atlanta.

Noli, F., Tsamos, P., 2016. Concentration of heavy metals and trace elements in soils,
waters and vegetables and assessment of health risk in the vicinity of a lignitefired
power plant, Sci. Total Environ. 563, 377-385.

Nriagu, J.O., 1988. Production and Uses of Chromium. Chromium in the Natural and
Human Environments, Wiley, New York, 81-104.

Oh, Y.J., Song, H., Shin, W.S., Choi, S.J., Kim, Y.-H., 2007. Effect of amorphous silica
and silica sand on removal of chromium (VI) by zero-valent iron, Chemosphere 66,
858-865.

51



Mobility of geogenic chromium in Asopos river basin

Oliveira, H., 2012. Chromium as an environmental pollutant: insights on induced plant
toxicity, J. Bot., doi: 10.1155/2012/375843.

Oze, C., Fendorf, S., Bird, D.K., Coleman, R.G., 2004. Chromium geochemistry in
serpentinized ultramafic rocks and serpentine soils from the Franciscan complex of
California, Am. J. Sci. 304, 67-101.

Oze, C., Bird, D.K., Fendorf, S., 2007. Genesis of hexavalent chromium from natural
sources in soil and groundwater, Proc. Natl. Acad. Sci. USA 104, 65446549

Papanikolaou, D., 2009. Timing of tectonic emplacement of the ophiolites and terrane
paleogeography in the Hellenides, Lithos 108, 262-280.

Park, R.M., Bena, J.F., Stayner, L.T., Smith, R.J., Gibb, H.J., Lees, P.S., 2004.
Hexavalent chromium and lung cancer in the chromate industry: a quantitative risk
assessment, Risk Anal 24, 1099-1108.

Pawlisz, A.V., Kent, R.A., Schneider, U.A., Jefferson, C., 1997. Canadian Water
Quality Guidelines for Chromium, Environ. Toxicol. Water Qual. 12, 123-183.

Pettine, M., 2000. Redox Processes of Chromium in Sea Water, Chemical Processes in
Marine Environments, Springer, 281-296.

Poschenrieder, C., Barcelo, J., Gunse, B., 1987. El Impacto del Cromo en el Medio
Ambiente. 1. EI Cr en los Organismos Vivos. Cir. Far. 293, 31-48.

Prado, C., Ponce, S.C., Pagano, E., Prado, F.E., Rosa, M., 2016. Differential
physiological responses of two Salvinia species to hexavalent chromium at a glance,
Agquat. Toxicol. 175, 213-221.

Proctor, D. M., Otani, J. M., Finley, B. L., Paustenbach, D. J., Bland, J. A., Speizer, N.,
Sargent, E. V., 2002. Is hexavalent chromium carcinogenic via ingestion? a weight-of-
evidence review, Journal of Toxicology and Environmental Health, Part A, 65 (10),
701-746.

Quevauviller, P., 2003. Methodologies for soil and sediment fractionation studies, Sci.
Total Environ. 303, 263-326.

Rai, D., Eary, L., Zachara, J., 1989. Environmental chemistry of chromium, Sci. Total
Environ. 86, 15-23.

Raj, A., Pandey, A.K., Sharma, Y.K., Khare, P.B., Srivastava, P.K., Singh, N., 2011.
Metabolic adaptation of Pteris vittata L. gametophyte to arsenic induced oxidative
stress, Bioresour. Technol. 102, 9827-9832.

Rai D., Sass B.M., Moore, D. A., 1987. Chromium(lll) Hydrolysis Constants and
Solubility of Chromium(111) Hydroxide, Inorg. Chem. 26, 345-349.

Rai, D., Zachara, J.M., 1988. Chromium Reactions in Geologic Materials, Electric
Power Research Institute, Palo Alto.

52


http://scholar.uoa.gr/dpapan/publications/timing-tectonic-emplacement-ophiolites-and-terrane-paleogeography-hellenides
http://scholar.uoa.gr/dpapan/publications/timing-tectonic-emplacement-ophiolites-and-terrane-paleogeography-hellenides

Mobility of geogenic chromium in Asopos river basin

Rajapaksha, A.U., Vithanage, M., Oze, C., Bandara, W., Weerasooriya, R., 2012.
Nickel and manganese release in serpentine soil from the Ussangoda ultramafic
complex, Sri Lanka, Geoderma 189, 1-9.

Rauret, G., 1998. Extraction procedures for the determination of heavy metals in
contaminated soil and sediment, Talanta 46 (3), 449-455.

Robles-Camacho, J., Armienta, M.A., 2000. Natural chromium contamination of
groundwater at Leon Valley, Mexico, J. Geoch. Explor. 68, 167-181.

Shahid, M., Dumat, C., Pourrut, B., Abbas, G., Shahid, N., Pinelli, E., 2015. Role of
metal speciation in lead-induced oxidative stress to Vicia faba roots, Russ. J. Plant
Physiol. 62, 448-454.

Shahid, M., Shamshad, S., Rafig, M., Khalid, S., Bibi, I., Niazi, N.K., Dumat, C.,
Rashid, M.l., 2017. Chromium speciation, bioavailability, uptake, toxicity and
detoxification in soil-plant system: A review, Chemosphere 178, 513-533.

Shanker, A.K., Cervantes, C., Loza-Tavera, H., Avudainayagam, S., 2005. Chromium
toxicity in plants, Environ. Int. 31, 739-753.

Sharma, K.D., Karki, S., Thakur, N.S., Attri, S., 2012. Chemical composition,
functional properties and processing of carrot — a review, J. Food Sci. Technol. 49, 1,
22-32.

Shukla, O., Dubey, S., Rai, U., 2007. Preferential accumulation of cadmium and
chromium: toxicity in Bacopa monnieri L. under mixed metal treatments, Bull.
Environ. Contam. Toxicol. 78, 252-257.

Sridhar, M.B.B., Han, F.X., Diehl, S.V., Monts, D.L., Su, Y., 2007. Monitoring the
effects of arsenic and chromium accumulation in Chinese brake fern (Pteris vittata), Int.
J. Remote Sens. 28, 5, 1055-1067.

Srivastava, M.M., Juneja, A., Dass, S., Srivastava, R., Srivastava, S., Mishra, S., Singh,
V., Prakash, S., 1994. Studies on uptake of trivalent and hexavalent chromium by onion
(Allium cepa), Chem. Spec. Bioavailab. 6, 2, 27-30.

U.S. EPA, 1996. Ecological effects test guidelines: Seed germination/root elongation
toxicity test (EPA 712—-C-96-154), Washington, DC.

U.S. EPA, 2000. Supplementary guidance for conducting health risk assessment of
chemical mixtures, Risk Assessment Forum Technical Panel (EPA/630/R-00/002)

U.S. EPA, 2011. California public health goal, Hexavalent Chromium (CrVI) in
drinking water. Pesticide and Environmental Toxicology Branch, Office of
Environmental Health Hazard assessment, California EPA, CA, Sacramento.

USGS, 2016. United States Geological Survey.

53


https://www.sciencedirect.com/science/article/pii/S004896971300716X#bbb0130

Mobility of geogenic chromium in Asopos river basin

Vincent, J.B., 2013. Chromium: is it essential, pharmacologically relevant, or toxic?,
in: A. Sigel, H. Sigel, R.K.O. Sigel (Eds.), Interrelations between essential metal ions
and human diseases, Springer Science and Business Media B.V., Dordrecht, The
Netherlands, 171-198.

Vithanage, M., Rajapaksha, A., Oze, C., Rajakaruna, N., Dissanayake, C.B., 2014.
Metal release from serpentine soils in Sri Lanka, Environ. Monit. Assess. 186, 3415-
3429.

Wang, Z.-x., Chen, J.-q., Chai, L.-y., Yang, Z.-h., Huang, S.-h., Zheng, Y., 2011.
Environmental impact and site-specific human health risks of chromium in the vicinity
of a ferro-alloy manufactory, China, J. Haz. Mat. 190, 980-985.

Wang, S., Nan, Z., Liu, X., Li, Y., Qin, S., Ding, H., 2009. Accumulation and
bioavailability of copper nickel in wheat plants grown in contaminated soils from the
oasis northwest China, Geoderma 152, 290-295.

Wang, X.L., Sato, T., Xing, B.S., Tao, S., 2005. Health risks of heavy metals to the
general public in Tianjin, China via consumption of vegetables and fish, Sci. Total
Environ. 350, 28-37

Xiao, W., Ye, X,, Yang, X,, Li, T., Zhao, S., Zhang, Q., 2015. Effects of alternating
wetting and drying versus continuous flooding on chromium fate in paddy soils,
Ecotoxicol. Environ. Saf. 113, 439-445.

Xiong, T., Dumat, C., Pierart, A., Shahid, M., Kang, Y., Li, N., Bertoni, G., Laplanche,
C., 2016. Measurement of metal bioaccessibility in vegetables to improve human
exposure assessments: field study of soil-plant-atmosphere transfers in urban areas.
South China, Environ. geochem. Health, 1-19.

Xiong, T., Leveque, T., Shahid, M., Foucault, Y., Mombo, S., Dumat, C., 2014. Lead
and cadmium phytoavailability and human bioaccessibility for vegetables exposed to
soil or atmospheric pollution by process ultrafine particles, J. Environ. Qual. 43, 1593-
1600.

Zayed, A.M., Terry, N., 2003. Chromium in the environment: factors affecting
biological remediation, Plant Soil 249, 139-156.

Zazo, J.A., Paull, J.S., Jaffe, P.R., 2008. Influence of plants on the reduction of
hexavalent chromium in wetland sediments, Environ. Pollut. 156, 29-35.

54



Mobility of geogenic chromium in Asopos river basin

CHAPTER 2. CHARACTERIZATION AND
MOBILITY OG GEOGENIC

CHROMIUM IN SOILS AND RIVER BED
SEDIMENTS OF ASOPOS BASIN

Published as:

Lilli, M.A., Moraetis, D., Nikolaidis, N.P., Karatzas, G.P., Kalogerakis, N., 2015.
Characterization and mobility of geogenic chromium in soils and river bed sediments
of Asopos basin, Journal of Hazardous Materials 281, 12-19.

55



Mobility of geogenic chromium in Asopos river basin

2.1 Abstract

A field and laboratory study was conducted to assess the origin and mobility of Cr(\V1)
in Asopos basin in Greece. Sampling was designed in such way as to capture the spatial
variability of Cr occurring in sediments and soils in different lithological units in the
area. Physicochemical and geochemical characterization of surface agricultural soils
obtained from river terraces and river bed sediments was conducted in order to
determine the natural background of chromium. Lithologies with strong calcareous,
siliceous and ultramafic components were identified using principal component
analysis. Laboratory mobility studies quantified the rates of Cr sorption and release
from soils and their capacity to adsorb Cr. Heavy metal analysis and local geology study
support the hypothesis that the main source of Cr is of geogenic origin. Cr distribution
in Asopos river bed was influenced from the eroded products derived from extensive
areas with ultramafic rocks the last 5 Ma. The mobility studies showed that leaching
process was very fast and sorption capacity was significant and capable to retain
chromium in case of waste release in the river. Finally the mobility of Cr release is
limited due to existing attenuation capacity controlled by ferric oxides coatings on the

soil and sediments.

2.2 Introduction

A growing worldwide concern on human health risks of Cr has stimulated research on
its fate and transport in groundwater (Oze et al., 2007). In the environment, Cr is found
mainly in two oxidation states, the Cr(l11) and the Cr(V1). Cr(V1) is mobile and highly
toxic for humans, whereas Cr(111) is immobile, has low toxicity and is considered to be
an essential trace element in human metabolism. The differences of the two oxidation
states of chromium make the assessment of potential human health risks, difficult
(James, 1996). The European Commission (Directive 98/83/EC) established 50 ug/L as
the maximum permissible limit of total Cr in drinking water, similar to the one
established by the World Health Organization. The Italian regulation defined a
maximum allowable concentration of 2 mg/L (on a dry basis) for Cr(\V1) in soils for
private use, and a maximum acceptable concentration of 150 mg/L for total Cr (Fantoni
etal., 2002).
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The processes of Cr release from soils and adsorption to soils has been the subject of
significant body of research and the understanding of the mechanisms affecting Cr fate
in aquifers (oxidation, reduction, adsorption and desorption) is of paramount
importance (Hellerich and Nikolaidis, 2005). The kinetics of the Cr redox reactions
complicate chromium transport because each Cr species presents a different sorptive
behavior depending on the prevailing physicochemical conditions (e.g. pH, organic
matter content) (Guha et al., 2001). Transport of chromate is mainly controlled by
adsorption on the surfaces of iron oxides such as hematite (Johnston and Chrysochoou,
2014). Generally, assessment of contaminant mobility is a necessary tool in order to
establish either risk-based or mobility-based, site-specific cleanup levels for
remediation (Nikolaidis and Shen, 2000).

Cr existence in soils and water can be a result of anthropogenic activities i.e. industrial
activities and phosphorus fertilizers (Molina et al., 2009), or of natural processes as the
weathering of ultramafic rocks (Cooper, 2002, Fantoni et al., 2002, Garnier et al., 2009,
Mills et al., 2011, Robles-Camacho and Armienta, 2000. Serpentine soils are the soils
derived from ultramafic rocks or serpentinites (Oze et al., 2004). Cr and nickel in soils
are primarily derived from the weathering of minerals contained in the ultramafic rocks
like chromite, olivines, pyroxenes etc. (Morrison et al., 2009). Although serpentinites
and serpentine soils cover about 1% of the earth’s exposed surface, they are common
along the Circum-Pacific margin and the Mediterranean (Oze et al., 2004). A two-stage
mechanism of chromite weathering was proposed by Cooper (2002): a slow hydrolysis
of Cr(lll) to Cr(OH)s, followed by a slow oxidation step to Cr(VI) by Mn oxides.
During this process, Cr derived from pyroxene, olivine and chromites weathering, is
integrated into minerals, i.e. iron oxides or smectite (Garnier et al., 2009). An
appreciable amount of Cr is associated with iron oxides, clay minerals (Mills et al.,
2011) and spinels as magnetite, chromite and other spinels containing Al, Mg, Fe, Cr
(Oze et al., 2004). The difference in the geochemical characterization of the Cr host
minerals is the Cr solubility in acids like HNO3. According to Morrison et al. (2009),
Cr in chromite and other Cr-rich spinels are mainly recalcitrant in acid etching, whereas
Cr in pyroxenes, olivines, serpentine, chlorite-chromium mixtures or in clays contain a

higher proportion of acid-soluble forms.

Asopos River received waste discharges from metallurgies and industries related to

textile, dyes, and food production. The waste release has been ceased at least 5 years
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ago after the rising of public awareness. The western part of Asopos watershed (Thiva
valley) is covered with topsoil enriched in Cr and Ni as a result of transport of the
weathered parent rock fragments from the higher elevations of the basin (Kelepertzis et
al., 2013). According to Moraetis et al. (2012), weathered ultramafic rock fragments in
the Neogene and Alluvial deposits have resulted in producing geogenic origin Cr(VI)
in the groundwater at least in the eastern part of the watershed close to Oropos area
(dashed orange line Fig. 2.1.). Despite the last two studies there is no complete
characterization of the Asopos watershed and specifically of the river bed sediments
where probably both Cr of geogenic and anthropogenic origin may exist. Thus, having
already strong evidences of geogenic Cr origin we consider that Cr geochemical
characterization along the Asopos river sediments would reveal the critical factors

influencing the presence of Cr in the watershed and groundwater.

The objectives of this study are twofold: (1) to assess the geochemical characterization
and classification of soils and river sediments with respect to the origin of Cr along
Asopos river, and (2) to assess the processes affecting the mobility of Cr(V1) in soils

and sediments along Asopos river.

2.3 Materials and methods

2.3.1 Site description

Asopos river basin is located in the Region of Sterea Ellada, about 100 km north from
Athens and has a surface area of approximately 703 km?. Asopos is considered
representative of a Mediterranean intermittent river (Botsou et al., 2008). It has a total
length of 54 kilometers and runs through the areas of Thebes, Avlona, Tanagra,
Schimatari, Oinofyta, Sikamino, and Oropos, until it discharges into Evoikos gulf.
Seven municipalities are within the Asopos basin, with a total population of 200.000
inhabitants (Kontou, 2011). During the last three decades, an intense industrialization
took place in its drainage basin that nowadays hosts more than 450 industries (industrial

zone of Oinofyta area).

The geology of the study area is shown in Fig. 2.1 and it is comprised of the following
units: the alpine basement rocks (limestones and dolomites mainly of Triassic and

ophiolite rocks), and the post-alpine sediments (Quaternary and Tertiary-Neogene).
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The Asopos watershed is covered with post alpine sediments with thickness from 30 to
150 m, while some of them like the Neogene sediments (Late Miocene) reaching a
depth of 300 m. Quaternary deposits comprised of a) alluvial fluvial sediments with 30
m thickness mainly situated in the Asopos active riverbed b) Pleistocene fluvial
deposits with conglomerates sands and loam with thickness 120-150 m which are
situated mainly along the river and c) pliocene deposits of brackish waters with sand,
loam, clays and marls which are situated in the western part of the watershed with
limited thickness (30 m). The tertiary deposits are comprised of extensive Neogene
marine deposits mainly of marl, sand, clay and loam and are situated in the eastern part
of the watershed. Within the Neogene deposits lignite lenses and other coarse
unconsolidated material exist (Papanikolaou et al., 1988, Stamatis et al., 2011). The
alpine nappes comprised of the pelagonia nappe with thick bedded limestones and
dolomites which cover mainly the south boundaries of the watershed. Relics of

ophiolite nappe lie unconformably on the pelagonia nappe.

At this point we stress the important geological evidence which showed that ophiolite
nappes have been extensively eroded and supplied Neogene and Pleistocene basins with
ophiolite fragments. The lithologies of those formations have been described by the
Greek Geological Survey and they have been identified also by Moraetis et al. (2012)
using micro-XRF analysis. Thus, the green color in Fig. 2.1 depicts either relics of
ophiolite nappes or sediments with fragments from ophiolites and cherts (sand, cobbles
and gravels). Although ultramafic rocks are limited in Asopos basin and small outcrops
exist in the south (ophiolites with green colour in Fig. 2.1), there are extended areas
with hornstones and serpentinized ophiolites in the vicinity of Asopos watershed (west-
north area not shown in Fig. 2.1). Finally, field observations at the present study
revealed new sites with visible ophiolite fragments in the area close to relics of the

ophiolite nappe as shown with the green arrow in Fig. 2.1.

59



Mobility of geogenic chromium in Asopos river basin

e . AN
S

Post alpine rocks
Quaternay

[Z:] Alluvial

Pleistocene, river sediments,
conglomerates

(cobbles from ultramafic rocks),
sands and loam

s .o .9 Pleistocene, river sediments,
L,: o 74 conglomerates,

sands and loam
===+

————— Pliocene-brackish water deposits
===—--] conglomerates, sand and loam

Alpine rocks

Tertiary-N n
Late Miocene- Marine sediments,
marls, clays, silt, sand, conglomerates

Late Miocene-Deltaic sediments
with clays

sands and conglomerates
(cobbles from ophiolites)

@ Triassic limestones
Ophiolites

Asopos river e
Sampling points @

Industrial park @

Figure 2.1. Geology map of the study area with the main lithological units. Red circles depict soil and river sediment

sampling sites and black circle depicts the industrial park at the Oinophyta area.
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2.3.2 Experimental design

The overall experimental design was conducted in two phases and corresponds to the
hypothesis of the two objectives of this study respectively. In the first phase, a field
monitoring and sampling campaign was designed and soil, surface river bed sediments
and core river bed sediment samples were collected. Moreover physicochemical
characteristics the soil and river sediment samples were analyzed. Physicochemical
characteristics were fed into Principal Components Analysis (PCA) as to categorize the
samples according to the geochemical characteristics. The second phase involved
mobility studies in the laboratory for process understanding i.e. sorption and release of
total and Cr(V1) from the soils. Finally, modeling of Cr adsorption in soil was applied

as to elucidate the adsorption mechanism.

A targeted sampling campaign (sediment and soil monitoring survey) was conducted in
order to achieve the first objective of this study. The field campaign was carried out in
March 2012. The sampling strategy had as objectives on one hand to capture the
variability of the lithology of the area and on the other to compare the chemical
composition of the river sediments upstream (sd4, sd5, sd7, sd1) and downstream (sd2,
sd3, sd9, sd8) from the industrial park (black dot in Fig. 2.1) in order to identify
potential contribution of pollution from the industrial park. The surface river bed
sediments were taken up to a depth of 20 cm while the core river bed sediments were
sample up to a maximum depth of 150 cm using a hand auger. In addition, soil samples
(top 15 cm) were taken in cross-sections perpendicular to the river from the first and
second terraces to determine the natural background of Cr concentration in each

locality.

In general, 8 surface river sediment samples (Sd) and 6 core river sediment samples (Sd
core) were collected from the main course of the Asopos River (river bed). 20 soil
samples (S) were collected in the first terrace next to the samples from the river bed
and in the second terrace. The soils of the first terrace are mostly cultivated alluvial
soils, and more brown, indicating recent sedimentation and organic matter deposits.
The soils of the second terrace are also cultivated soils mostly Neogene and have less
organic matter. Other soil bedrock lithologies included Quaternary sediments (alluvial

and Pleistocene sediments) and ultramafic rocks (serpentinite). About 1 kg for each
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sample was collected at the top 15cm from different locations and it was homogenized

and packed in plastic bags.

2.3.2.1 Physicochemical analysis

Sediment and soil samples were homogenized, air dried and sieved. Part of the sample
was kept without drying for alkaline digestion and hexavalent Cr determination. The
fraction smaller than 2 mm was used for the experiments. The samples were analyzed
for physical and chemical properties including particle size distribution, pH,
conductivity, soil moisture, total organic carbon, total organic nitrogen, total major and
trace metals. Furthermore, the oxidation and reduction potential capacity was
determined. The Bouyoukos hydrometer method was used for determination of the
particle size distribution of the surface soil samples (Bouyoucos, 1936). The oxidation
and reduction potential capacity was determined using a batch kinetic experiment.
During the kinetic experiment pH, oxidation-reduction potential (ORP) and dissolved
oxygen were measured in a continuously stirred batch reactor under N2 blanket
conditions. Total organic carbon and total organic nitrogen were analyzed using the
multi N/C 2100S Analyzer. Base cations and heavy metals were analyzed according to
EPA 3051A method. Specifically, 9 ml HNO3 were added to 0.2 g soil, followed by
microwave digestion at 150-180°C (Multiwave 3000 Digestor). Supernatant solutions
were diluted with MilliQ water and analyzed by ICP-MS (Agilent- CX). EPA method
3060A (alkaline digestion) was used for the determination of hexavalent chromium in
soils and sediments. Bulk chemical analysis and several trace element analysis were
performed on the soil fraction <2mm by X-ray fluorescence using the spectrometer S2
Ranger (Bruker Co).

2.3.2.2 Mobility studies

Two types of mobility experiments were conducted (a batch Kkinetic leaching
experiment and an adsorption experiment) using surface river bed sediment samples.
The aim of these experiments was to elucidate the processes that affect the existence
and mobility of Cr(VI) in sediments and groundwater. The leaching experiment was
used to measure the rate of desorption of Cr from the sediments. The objective of the

adsorption experiment was to ascertain the fate of both geogenic and anthropogenic
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Cr(VI) in the sediments of the study area. Batch isotherm experiment was used to
examine the order of magnitude of soil sorption capacity (using Cr(\V1) concentrations

higher than current field levels) that could limit the retardation potential of Cr(\V1).

The leaching experiment was carried out in duplicates and conducted in plastic bottles
using sediment/solution ratio of 1/10 with equilibrium solution of 20 mL NaNO3 and
molarity of 0.01 M. The sorption measuring time spans extended from 1 h to 7 days.
Adsorption analyses were carried out in duplicates and solution Cr(VI) concentration
ranged from 0.5 mg/L to 500 mg/L. All solutions prepared with MilliQ and aliquots
stirred continuously in a vibrating plate. The supernatant solutions were filtered
immediately with a nylaflo membrane 0.45 mm filter prior to analysis. Cr speciation in
the release experiments was determined using an amberlite IR — 120 resin and
measuring the Cr content before and after the resin with an ICP-MS. The adsorption

results were modeled using the geochemical model MINEQL+4.6.

2.4 Results and discussion

2.4.1 Physicochemical characterization of soils and sediments

Fig. 2.1 presents the location of the samples in the watershed, contrasted with the
geology of the area. The physical and chemical characteristics for the soils and the
sediments samples had similar values for pH, electrical conductivity (EC), TOC and
TN. The clay content of the surface soil samples was 28-58% measured with the
Bouyoukos hydrometer method. The oxidation-reduction potential experiment showed
a decrease of ORP with time and after two hours ranged between 60 to 140 mV for the
soils and -100 to 80 mV for the river bed sediments. Therefore, the minimum Eh for
the soils is 260 mV and for the river bed sediments 100 mV, suggesting the samples are

poorly poised and do not have significant reductive potential.

The average heavy metal concentrations were also similar suggesting that the origin of
almost all samples analyzed is the same. The total Cr contained in the soil samples
ranges between 100 and 2500 mg/kg. Fig. 2.2 presents the vertical distribution of total
chromium in the surface river bed sediments and the core river bed sediments taken at
different locations along the main axis of the river. Total Cr concentration for the

surface river sediments ranges between 631 and 1639 mg/kg. No significant differences
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were found, comparing the samples from upstream (sd4, sd5, sd7) with downstream
(sd1, sd2, sd3, sd9, sd8) Cr of the industrial park, suggesting that anthropogenic
pollution has not affected significantly the downstream river bed sediment Cr
concentrations. Core sediments follow a similar trend to surface sediments also

suggesting minimum anthropogenic impact.
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Figure 2.2. Cr distribution of industrial park upstream and downstream surface river bed and
core sediments. There are no sd2 and sd9 core samples because of rocky texture sediments.

In order to access the geogenic origin of Cr content of the soils and the river bed
sediments, the ratio of Cr to nickel, that is typical of ultramafic rocks, was examined
(Fig. 2.3). The samples were analyzed both by XRF and by ICP-MS after HNOs
digestion. A correlation of the Cr content measured by XRF and HNO3 digestion had a
coefficient of determination of 0.2. The coefficients of determination for Cr-Ni were

0.74 and 0.49, for HNOs digestion heavy metal content and XRF bulk analysis heavy
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metal content, respectively. High correlation of Cr-Ni suggests geogenic origin of Cr
in soils and sediments. The heavy metal content measured with XRF is at least twice as
much as the one measured after HNO3z digestion. The reason for the severe
underestimation of acid soluble Cr is the geogenic nature of Cr mainly in chromite

grains and other minerals like spinels which are recalcitrant to HNO3z digestion.

1400

1200 |

y = 2.40x-238.35
R?=0.74

1000 |

800 |

600 |

Ni (mg/kg)

400 |

200 |

d 0 100 200 300 400 500
Cr (mg/kg)

1400

1200 |

y =0.30x-10.99
R*=0.4

1000 |

800 |

600 |

Ni (mg/kg)

400 |

200 |

: .
.
3% o0

0 500 1000 1500 2000 2500 3000
b Cr (mg/kg)

Figure 2.3. Correlation diagram of Ni and Cr content in soils and river bed sediments by a)
HNO; digestion and b) XRF analysis respectively.

2.4.2 Geochemical analysis and classification of soils and sediments

PCA was conducted using Ni, Mg, total Cr, CaO, Rb, SiO3, TiO2, Zr, and Y. The first
two principal components (PC1 and PC2) described 55% and 29% of the total variation
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whereas the third principal component (PC3) described 7% of the total variation.
Specifically, 55% of the variability is related to samples where SiO2, TiO, Zr and Y
exhibit significant correlation and these are soils with significant siliceous components.
29% is related to samples where Cr, Ni and MgO show correlation. The interpretation
of the first two components reveals two sources supplying erosion products; one acidic
and the second ultramafic. The samples were clustered in 3 groups (Fig. 2.4). The soils
and river bed sediments of Asopos watershed have been developed in sediments with
calcareous, siliceous and ultramafic components. The calcareous component was
mainly related with the late Miocene marine sediments, while the siliceous component
was related with the sediments derived from the western part of the watershed
(Pleistocene, Pliocene, and Quartenary). In addition, extensive outcrops of shales,
hornostones and serpentinized ophiolites outside of the watershed have supplied with
eroded products the sediments in the western part of the watershed (sd4, sd5). Two
samples have a strong ultramafic component and are located down gradient from the

areas close to the exposures of ultramafic rocks (ophiolites and green arrow in Fig. 2.1).
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Figure 2.4. Groups resulting from PCA in soils and river bed sediments.
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Table 2.1 presents the average chemical characteristics of the 3 clusters. The clustering
of the samples is considered meaningful since Ca, Si and Cr exhibited significant
differences between them. The concentrations of the oxides and heavy metals were
varied depending on the group. Soils with calcareous components had an average
concentration of 28% CaO and soils with siliceous components concentration of 47%
SiO». Soils with ultramafic components exhibited higher Cr (2262 mg/kg) and Ni (943
mg/kg) content. Soils with calcareous and siliceous components presented lower Cr
concentrations compare to the soils with the ultramafic components. The average
hexavalent Cr content of the samples was about 0.06 mg/kg. As it was expected the
values were very low due to the fact that soils derived from serpentine erosion have a

great content of Cr(ll1).

Table 2.1. Average chemical characteristics of the 3 groups of data. Parentheses show
standard deviation. The data with different letters (a-c) in the same row indicate significant
differences at the a = 0.05 level using ANOVA.

Soils and river Soils and river
sediments with sediments with

Soils with

Parameter

calcareous

siliceous

ultramafic
components

components

components

Number of samples 11 15 2
pH 792 782 76°
EC (uS/cm) 581 (459) 763 (631) 2 823 (632)
Na20 (%) 0.5 (0.96) 2 0.8 (0.7)2 0.7 (0.9) 2
MgO (%) 3.7 (0.98) @ 45 (1.3)2 9.2 (5)°"
K20 (%) 0.7 (0.2) 1.1(0.3)° 0.7 (0.1)°
CaO (%) 28 (6.6) 2 12.7 (4.3)° 16.7 (3)°
TiO2 (%) 0.2 (0.08) 2 0.5(0.1)° 0.3 (0.03)
MnO (%) 0.08 (0.04) ? 0.12 (0.03) ° 0.11 (0.02) ®
Fe203 (%) 5.1(1.6)2 6.3 (0.96) ° 8.6 (1.9)°¢
Al203 (%) 3.4(1.8)° 6.8 (2)° 2.1(2.9)2
SiO2 (%) 29 (9) @ 47 (3.8) P 38 (4.7)
P20s (%) 0.09 (0.28) 2 0.18 (0.06) 0.3 (0.28) 2
LOI (%) 30 (6.8) 2 19 (2.7)° 20 (3.4) ®
Cr (mg/kg) 775 (466) @ 900 (316) 2 2262 (292) °
Ni (mg/kg) 230 (166) 2 252 (86) 2 943 (472)
Cr(VI) (mg/kg) 0.06 (0.02) ? 0.06 (0.04) 2 0.10 (0.07) @
CRI 0.4 (0.2)2 0.3 (0.15) 0.3(0.2)2
TOC (%) 1.8 (0.8) @ 1.6 (1)? 2.1(0.5)2
TN (g/kg) 1.4 (0.4) 1.4 (0.5) 2 1.6 (0.6)
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Morrison et al. (2009) proposed the Cr reactivity index (CRI) which is the ratio of acid
soluble Cr (measured by ICP MS after nitric acid digestion) versus the total Cr by XRF.
The results showed that CRI is inversely related to total Cr by XRF both for soils and
sediments (Fig. 2.5). The CRI closer to one represents a more soluble Cr sources
(Morrison et al., 2009) like natural Cr adsorbents such as iron oxide coatings, clays,
and/or soluble Cr bearing minerals like chlorite-chromite minerals, serpentines etc. The
soils and sediments in the area of Asopos have a CRI index ranging between 0.1 and
0.6 suggesting that the geogenic component is a mixture of Cr bearing recalcitrant
minerals and other soluble minerals. It is worth mentioning the decrease of CRI as the
total Cr concentration increases which means that the higher Cr concentration the more
recalcitrant minerals are present (e.g chromite). The sample with both high CRI and
high Crshown in Fig. 2.5, represents a soil in close vicinity of the ophiolite nappe where

the more soluble chromium sources are present.
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Figure 2.5. CRI and total chromium correlation in calcareous, siliceous and ultramafic soils
and river bed sediments.
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The Cr/Fe ratio for each of the above groups was used to differentiate non polluted to
polluted soil and river sediment samples. According to Shtiza et al. (2005), the ratio
Cr/Fe between 130-390 is representative for serpentinite soils, thus, lower than 130 is
representative of Pliocene soils (containing lower ultramafic components) and higher
than 390 is representative of anthropogenic pollution. Cr/Fe ratio for calcareous soils

was 147+86, for siliceous soils 148+61, and for soils with ultramafic components

266+23. (Fig. 2.6).
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Figure 2.6. Boxplot showing the Cr/Fe ratio for the three groups of soils and river bed
sediments. Values of Fe concentration were divided by 10%. The top of the box is the third
quartile, the bottom of the box is the first quartile, the internal horizontal line indicates the

median, and the whiskers extend to the maximum and minimum data value.

Finally all samples had a great content of iron oxide of about 5.1 to 8.6% suggesting
that there are possible related with highly reactive surfaces for adsorption processes
(Table 2.1).
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2.4.3 Mobility studies

Leaching and sorption experiments were conducted using one river sediment sample
for the group of soils/sediments with calcareous components (sd7) and one river
sediment sample for the group of soils/sediments with siliceous components (sd8). The
experiments were not conducted for a river sediment of the third group (soils/sediments
with ultramafic components) because soils with clear ultramafic component have

limited cover in the surface at Asopos watershed.

Fig. 2.7 presents the leaching experiment results. The results suggest that the kinetics
of leaching were very fast. In the first 3-5 hours of the experiment, in a controlled pH
of 7.8, the concentration in solution had reached steady state (1.5-2 ug/L). The
application of amberlite resin (IR-120) demonstrated that total Cr coincides with
hexavalent chromium. The results from the leaching experiment are consistent with the
Cr(VI) concentration reported for Asopos groundwater (40-80 ug/L) (Moraetis et al.,
2012) with the appropriate scaling up. Assuming an average specific weight of the
aquifer sediments 1.2 g/cm?, and an average porosity of 30 percent, the solid to solution
ratio in the aquifer is 4/1 in contrast to 1/10 used in the leaching test. Scaling up from
the laboratory test to the field conditions, the Cr(VI) concentration in the aquifer will
be 40 times higher than the one leached from the experiment, yielding hexavalent
chromium concentrations in the groundwater of 60-100 ug/L. These values are

consistent to field measurements.
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Figure 2.7. Leaching Kinetic experiment and adsorption isotherm test using the samples from
the surface river bed sediments sd7 (calcareous) and sd8 (siliceous). Ce is the chromium
concentration in equilibrium in solution and and ge is Cr(V1) concentration sorbed onto soil.

The sorption results suggest that soils in the basin of Asopos have a significant

adsorption capacity (Fig. 2.7). The maximum adsorption capacity at pH 7.8 for the

sediment sd8 was 50 mg/kg and the partitioning coefficient 0.75 mL/g and for the

sediment sd7 100 mg/kg and 1.67 ml/g respectively. The maximum adsorption capacity

at pH 5 for the sediment sd8 was 325 mg/kg and the partitioning coefficient 0.71 mL/g

and for the sediment sd7 600 mg/kg and 1.57 ml/g respectively. The retardation
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coefficient (i.e. the ratio of the velocity of water to the velocity of Cr) at pH 7.8 was
estimated to be 7.6 for sd7 and 4 for sd8, respectively. The retardation coefficient at pH
5 was estimated to be 7.3 for sd7 and 3.85 for sd8, respectively. These results support
the hypothesis that the immobilization capacity of both sediments is important
suggesting significant Cr retardation in case of wastes release with high Cr

concentration and specifically for wastes with high acidity.

The adsorption studies were modeled using the MINEQL+4.6 speciation model (Fig.
2.7). The high adsorption capacity was attributed to Fe oxide coating in the samples
that range in content from 5.1 to 8.6%. The assumption that the iron content of the
samples play a significant role in the sorption and release of Cr from the sediments was
based on the fractionation and XRD analysis of the soils conducted by Moraetis et al.
(2012) in the same area. The results of this study showed that the heavy fraction of soils
was composed of chromite (in the form of Al chromite and Mg chromite), hematite and

goethite.

Regarding the surface complexation modeling, aqueous speciation and surface
complexation reactions constants were derived from the literature (Nikolaidis et al.,
1999) using the triple layer model. The surface area of the sediment was 2.0 m? g soil -
Land the inner-layer (1.2 F/m?) and outer-layer (0.20 F/m?) capacitance values were
obtained from the literature (Nikolaidis et al., 1999). The concentration of surface
complexation sites was calibrated and verified with the iron content measurements in
order to validate the assumption that all iron in these sediments is iron coatings in the
form of goethite and hematite. The calibrated values of the surface complexation sites
were 0.1 mol/l. In order to convert these values to an iron content for hematite and
goethite, the solid to solution ratio of 1/10 used in the adsorption experiment, the
molecular weight of goethite and hematite 88.85 g/mol and 159.98 g/mol respectively,
and the iron content of goethite and hematite 63% and 69.94%, were used. The surface
complexation site density used in the model was equivalent to an Fe oxide content of
5.6% and 11% for the case of goethite and hematite respectively. These values were
within the range of 5.1% and 8.6% measured with XRF. The previous results are
consistent with the assumption that iron oxides play a significant role in Cr mitigation

in the case of waste release containing Cr.
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2.5 Conclusions

The analysis of heavy metals in the area supported the hypothesis of geogenic origin of
Cr in soils and sediments. The evidence that supported the geogenic origin of Cr, was
the positive and high correlations between Ni and Cr concentrations in soils and
sediments and the relatively even distribution of Cr and Ni upstream and downstream
from the industrial park. The soils of Asopos watershed exhibited high Cr content
regardless the different lithologies which were characterized from calcareous, siliceous
and ultramafic components. The Cr/Fe ratio for each of the above clusters confirmed
the geogenic origin of chromium. The Cr concentration in equilibrium of 1-2 ug/L
resulted from the laboratory experiments was shown to be consistent to field
groundwater Cr concentrations. The results show that the adsorption capacity of
sediments was significant and the geochemistry of Cr is controlled by ferric oxide
surface complexation. Soils and sediments with calcareous components exhibit higher
reactivity to Cr(VI) adsorption compared to the siliceous cluster. Further studies that
would identify the leaching mechanisms of Cr in different lithologies in the area are
necessary to fully elucidate the processes that control the fate and transport of Cr in the

subsurface.
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3.1 Abstract

A laboratory study was conducted to assess the mobility and mechanisms of Cr release
from soils obtained from an area of wide spread geogenic contamination. The
agricultural soil sample used in this study was taken from the Schimatari area in Asopos
River basin in Greece. In order to refine the isolation of minerals contained in the soil,
two types of separation analysis were conducted. First, a size fractionation with
hydrocyclone and second, a weight fractionation with heavy liquids. The separated
fractions were characterized using chemical, mineralogical and surface analysis. The
results provided consistent evidence that the heavy fraction of the soil is related directly
to the mobile fraction of Cr. At acidic pHs, the clay-sized fraction also plays an
additional important role in the mobility of Cr, due to the fact that this fraction has high
surface area and Cr reactivity index. In addition, pH-edge leaching studies showed a
high correlation between Cr—Ni, Cr-Mn and Cr-Y released from the soil which also
suggests that the mobility of Cr is controlled by chromite weathering which is the case

observed in Asopos river basin.

3.2 Introduction

Cr is a heavy metal which at high concentrations exhibits toxic behaviour to organisms
while at low concentrations is a required micronutrient (Anderson, 1997). Cr exists in
both trivalent (Cr(111)) and hexavalent (Cr(\V1)) in typical environmental conditions and
can change oxidation states due to its electronic configuration and valence chemistry
(Prado et al., 2016; Ashraf et al., 2017). These states react geochemically and
toxicologically differently with respect to sorption in soil, aquatic bioavailability and
uptake by plants (Choppala et al., 2016). The dominant form under reducing conditions
is Cr(111), which has low solubility at circum-neutral pH and is readily sorbed onto iron
(Fe) oxides. Cr(VI) exists under typical conditions as a soluble oxyanion and is more
mobile in soils (Lackovic et al., 1997; Nikolaidis et al., 1999).

Naturally occurring in soils, Cr concentration ranges from 10 to 50 mg/kg, depending
on the mineralogy of the parental material (Shanker et al., 2005), while in ultramafic
soils, Cr varies within 634 to 125000 mg/kg (Adriano, 1986). Serpentine soils are green

to grayish-green “broken rocks”, comprised of thin layers, which can easily break up
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and fragment in small particles. Serpentine soils are known for their elevated metal
concentrations including Ni, Cr, Mn and Co (Rajapaksha et al., 2012; Vithanage et al.,
2014) and these soils provide an opportunity to assess the dynamics of potential metal
interactions. Ultramafic rocks such as chromite, olivines and pyroxenes is the primary
source of Crand nickel (Ni) in soils (Morrison et al., 2009). Most of Cr resides as Cr(I11)
in the source mineral chromite but an appreciable amount is associated also with Fe
oxides and clays (Mills et al., 2011). The main Cr containing minerals in serpentines
are chromite and magnetite and to lesser extent chlorite, augite, enstatite, Fe
hydroxides, and clays (Becquer et al., 2003; Oze et al., 2004). Other processes that
retain Cr in soils include co-precipitation with manganese (Mn), aluminum (Al), and

Fe, adsorprion on oxides, and complexion with organic matter (Hsu et al., 2015).

The fate of metals in soils is determined by their speciation as well as the capacity of
the soil to retain them. The cycling of substances in the natural environment is a
complex process, thus when measuring the total content of metals is not adequate to
determine their mobility and bioavailability (Quevauviller, 2003; Wang et al., 2009)..
Speciation studies are important in order to assess the chemical factors that affect the
transport as well as the fate of each species in the soil (Jamalia et al., 2009; Rauret,
1998). Soil pH, organic matter and redox potential can influence remarkably the
geochemical behavior of Cr by affecting its chemical speciation (Amin and Kassem,
2012; Choppala et al., 2016; Xiao et al., 2015).

Sorption and desorption reactions are relevant to the mobility of Cr (Rai et al., 1989).
Cr(VI) transport is mostly controlled by its sorption on Fe oxides (i.e. hematite)
(Johnston and Chrysochoou, 2014), amorphous aluminium and organic complexes, and
Cr(111) can be adsorbed onto silicacious components (Bartlett and James, 1988). The
maximum Cr adsorption capacity was assessed for the bulk samples and their clay and
Fe-free clay fractions of four subtropical soils differing in mineralogy and found that
Cr adsorption was the highest in the soil with the highest organic matter content and
increased with increasing pH (Bavaresco et al., 2017). Furthermore, Cr, Ni, and
vanadium were shown to have lower mobility because they were associated mostly with

Fe and Mn oxides and the residual fraction (Jeske and Gworek, 2012).

During the last years, geogenic origin Cr contamination has been found to be wide
spread in diverse areas around the world such as in Mexico, California, Zimbabwe and

Italy, thus it has stimulated significant scientific interest (Robles-Camacho and
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Armienta, 2000; Cooper, 2002; Fantoni et al., 2002; Oze et al., 2004; Garnier et al.,
2009; Morrison et al., 2009; Mills et al., 2011; Morrison et al., 2015). In Greece, the
main ophiolite outcrops of the Hellenides are distinguished in four ophiolite belts
(Papanikolaou, 2009). Pindos mountains are covered with ultramafic rocks, which have
been eroded and their fragments have been combined with Tertiary and Quaternary
deposits that reside in valleys. Serpentine soils with high geogenic origin Cr
contamination were derived from the weathering of these rocks. The study area is
situated in central Greece and specifically in the basin of Asopos river where the
reported Cr and Ni concentrations in groundwater and agricultural soils and products
attributed to the occurrence and weathering of ultramafic rocks (Moraetis et al., 2012;
Kelepertzis et al., 2013; Lilli et al., 2017).

The overall objective of this study was to elucidate the mechanisms of Cr release from
soils obtained from an area with wide spread geogenic contamination. In order to

achieve this, a three step approach was followed:

o firstly a protocol was developed and applied to separate first the bulk soil into
secondary fractions using both size and weight fractionation with hydrocyclone
and heavy liquids,

e then, the fractions of Cr bound to each of the above fractions of the
contaminated soil were characterized using different methods including
mineralogical (XRD), chemical (EPA 3051A, EPA 3052, XRF) and surface
(XPS) analysis

o finally, a leaching study of each fraction was performed to quantify the

variability of Cr release with pH.

3.3 Materials and methods

3.3.1 Site description and sampling

The Basin of Asopos river is located in mainland Greece, north from Athens (Region
of Sterea Ellada). The basin has an area of 703 km? and the river is intermittent (Botsou
et al., 2008). The structure of the geology is comprised of alpine rocks and the post-
alpine sediments. The base geology is Triassic limestones and dolomites and ophiolites

which is covered by Quaternary and Tertiary-Neogene deposits. The enrichment of top
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soils and sediments in Cr and Ni is the result of weathering of ultramafic rocks that
have been transported in fragments from higher elevation and mixed with the Neogene
and alluvial deposits both in the eastern (Moraetis et al., 2012) and western part of the
basin (Kelepertzis et al., 2013). Top soils and sediments of the area have high Cr content
irrespective of the difference in lithology (Lilli et al., 2015). Lilli et al. (2015) have
obtained more than 50 soil and sediment samples in order to characterize the
geochemical variability in the basin. Principal Component Analysis characterized the
soils and sediment into calcareous, siliceous and ultramafic groups. Based on this
analysis, the soil sample from the siliceous group was selected to conduct the present

study since it was the most widespread soil in the basin.

3.3.2 Experimental design

3.3.2.1 Separation studies

The agricultural soil sample used in this study was taken from the Schimatari area in
Asopos river basin. The sample was homogenized, air dried and sieved. The fraction

smaller than 2mm was used for the experiments.

In order to refine the isolation of minerals contained in the soil, two types of separation
analysis were applied, a size separation using a hydrocyclone (hc) and a weight
separation using a heavy liquid (hl) on the sand/silt-sized fraction. The soil sample
(about 50 kg) was wet sieved. The fraction smaller than 1mm was used for the
separation. Specifically, the bulk soil (Imm) was separated into a sand/silt-sized
fraction (>10um) and a clay-sized fraction (<10um) by using a hydrocyclone (hc). Then
the sand/silt-sized fraction (hc) was further separated into a heavy fraction and a light
fraction by using a liquid (hl) with the specific gravity of 2.96 g/cm?®
(tetrabromoethane). The heavy fraction (hl) was the sink material and the light fraction
(hl) the float material in the liquid. Fig. 3.1 depicts a schematic view of the separation

procedure.
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Figure 3.1. Schematic diagram of the separation procedure.

3.3.2.2 Characterization

The mineralogical composition of the bulk soil and of all derived fractions (Fig. 3.1)
was determined by X-ray diffraction (XRD) using a Bruker D8 Advance powder
diffractometer. A graphite monochromator using CuKa radiation were used at 35 kV
and 35 mA to obtain the counts. The instrument was able to differentiate between the
light density minerals (quartz, calcite, dolomite) and the heavy (magnetite chromite).

Base cations and heavy metals were determined for the bulk soil and for the derived
fractions of the soil sample according to EPA 3051A and EPA 3052 methods. For the
EPA 3051A microwave digestion (Multiwave 3000 Digestor), 9 ml HNO3 were added
to 0.2 g soil. In addition, digestion with a combination of acids was used for the
complete solubilization of metals using the EPA 3052 microwave digestion method. In
this case, 10 ml HNO3, 2 ml HCIl and 1 ml HF were added to 0.1 g soil. MilliQ water
was used to dilute the supernatant and the resulting solution was analyzed by ICP-MS
(Agilent- CX) for heavy metal and trace elements. Finally, the bulk soil, the sand/silt-
sized and the clay-sized fractions (hc) were analyzed for trace elements using an X-ray
fluorescence spectrometer S2 Ranger (Bruker Co). This analysis could not be

conducted for the heavy and light fractions (hl) due to lack of the required quantities.
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The XPS surface analysis were conducted in a UHV chamber (P< 10-9 mbar) equipped
with a SPECS LHS-10 hemispherical electron analyzer and the measurements were
obtained at room temperature using unmonochromatized AlKa radiation. The
conditions of the instrument were optimized in order to maximize the signal (constant
AE mode with pass energy of 97 eV giving a full width at half maximum (FWHM) of
1.7 eV for the Ag 3d5/2 peak). The Shirley background was removed from the XPS
spectra and allowed for the deconvolution of each spectrum into Gaussian-Lorentzian
components using a fitting routine. The samples were pressed into pellets with
diameters 1 cm?2. The XPS analysis was performed for the clay-sized fraction (hc) and

for the light and heavy fractions (hl).

3.3.2.3 Chromium and other metals release studies

A pH-edge leaching study ascertained the release patterns of Cr, Ni, Y, and Mn,
elements typical of ultramafic rocks, as a function of pH for the different fractions of
soil. The batch pH-edge experiment was conducted for the sand/silt-sized (hc) and clay-
sized fraction (hc) and for the light (hl) fraction of soil in five different pH values (5, 6,
7, 8 and 9). This experiment was conducted also for an ophiolite rock sample from
Avlonas area so as to compare the results. The triplicate experiments were conducted
in plastic bottles. The soil/solution ratio was 1/5, the equilibrium solution was
comprised of 20 mL NaNOs and had an ionic strength of 0.01 N. All solutions were
prepared using MilliQ water. All aliquots were placed in a vibrating plate at 200 rpm
for 7 days. pH was adjusted three times a day for each bottle. A nylaflo membrane filter
(size 0.45 mm) was used to filter the supernatant solutions prior to analysis and metals
were analyzed with ICP-MS (Agilent 7500-CX). The HACH method was used for the
determination of Cr(V1I).

3.4 Results and discussion

3.4.1 Mineral and chemical characterization of the separated fractions

Two different separation methods were used, a size separation using a hydrocyclone
(hc) and a weight separation on the sand/silt-sized fraction (hc) using a heavy liquid

(h1) so as a fractionation to be conducted. These separation studies showed that the clay-
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sized fraction (<10um) obtained with the hydrocyclone separation (hc) constituted 55%
of the total bulk soil, while the rest (45%) separated by the heavy liquid was divided
into the light fraction (hl) 44.4% and the heavy fraction (hl) 0.6% of the total bulk soil,
respectively (Table 3.1). Table 3.1 presents also % clay mineral of each fraction, which
is the sum of % chlorite, kaolinite, muscovite, illite and montmorillonite, and % iron
oxides, which is the sum of % chromite, goethite and hematite derived from XRD

analysis (Table 3.2).

Table 3.1. Quantitative separation of the bulk soil. “~” shows that this element is not detected
in the related fraction.

% of bulk % clay

% iron oxides

15t separation 2"d separation soil mineral of
) ) of fraction
(weight) fraction
Clay-sized
fraction (<10um) 55 63 -
(hc)
Bulk soil o Light fraction
Sand/silt-sized ) 444 24.1 -
fraction (>10um) :
Heavy fraction
(hc) 0.6 10.9 16.8
(h1)

XRD analysis suggested that the bulk soil contained mainly quartz (32.2%), calcite
(17.5%) and chlorite (27.9%) (Table 3.2). The clay-sized fraction (hc) of soil enclosed
light minerals like calcite (22.0%) and chlorite (43.6%) (Table 3.2). The sand/silt-sized
fraction (hc) and the light fraction (hl) of soil showed exactly the same composition in
all minerals, containing mainly quartz (50.5%), calcite (14.2%) and chlorite (16.3%),
derived possibly from the soil parent material (Table 3.2). The XRD analysis of the
heavy fraction (hl) identified chromite (6.9%), hematite (6.7%) and goethite (10.1%)
as the main minerals (Table 3.1, Table 3.2). Chromite was derived from ultramafic
rocks and was detected only in this fraction of soil (heavy fraction). It is also possible
that the clay-sized fraction (hc) of the soil contains chromite fragments in a smaller
percentage, but they were not detected due to high detection limit (LOD) of chromite
by XRD (Morrison et al., 2015). The mineralogical analysis showed also that the total %

of clay (chlorite, kaolinite, muscovite, illite, montmorillonite) of the clay-sized (hc),
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light (hl) and heavy (hl) fraction of soil is 63%, 24.1% and 10.9%, respectively (Table
3.1, Table 3.2). Albite was also present in low content in all fractions of soil and it is

probably related to the erosion products of felsic rocks.

9

shows

Table 3.2. Mineralogical analysis for the bulk soil and for all derived fractions.
that these minerals are not detected in the related fraction.

Mineral Bulk Clay-sized  Sand/silt-sized Heavy Light
€)) soil fraction (hc)  fraction (hc)  fraction (hl) fraction (hl)
Quartz 32.2 8.3 50.5 38.5 50.5
Calcite 17.5 22.0 14.2 10.3 14.2
Chlorite 27.9 43.6 16.3 4.3 16.3
Albite 3.7 1.2 10.1 7.8 10.1
Kaolinite 0.8 4.2 - 0.3 -
Muscovite 12.1 11.9 7.8 6.3 7.8
Dolomite 4.6 5.4 1.2 8.6 1.2
Ilite 1.2 3.0 - - -
Montmorillonite - 0.4 - - -
Chromite - - - 6.9 -
Goethite - - - 10.1 -
Hematite - - - 6.7 -

Fig. 3.2 presents the total Cr, Fe and Ni concentrations for the fractions of soil using
two measuring methods (EPA 3051A, EPA 3052). EPA 3051A presents an
underestimation of the content of metals (Fig. 3.2). Specifically, measuring an average
Cr content in bulk soil 32 mg/kg using EPA3051A method, the Cr content using
EPA3052 method is 271 mg/kg (Fig. 3.2). XRF analysis showed that Cr concentration
in bulk soil is 465 mg/kg. Moreover, measuring an average Cr content in sand/silt-sized
fraction (hc) 43 mg/kg using EPA3051A method, the Cr content is 217 mg/kg and 856
mg/kg using EPA3052 method and XRF analysis, respectively. Measuring an average
Cr content in clay-sized fraction (hc) 116 mg/kg using EPA3051A method, the Cr
content is 160 mg/kg and 267 mg/kg using EPA3052 method and XRF analysis,
respectively. The HNO3 digestion underestimates the Cr content due to the recalcitrant
behavior of geogenic Cr found in soil minerals (chromite and spinels) (Lilli etal., 2015).
Measuring an average Cr content in bulk soil 271 mg/kg, the Cr content in the heavy
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fraction (hl) of soil was 939 mg/kg (Fig. 3.2). Higher Cr and Fe concentrations were
observed in the heavy fraction (hl) of soil (Fig. 3.2), while higher Ni concentrations in

the clay (hc) fraction (Fig. 3.2).
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Figure 3.2. Total Cr, Ni and Fe concentration for the different fractions of soil using
EPA3051A and EPA3052 measuring methods.
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Morrison et al. (2009) characterized the reactivity of Cr (CRI) as the ratio of Cr (acid
soluble) to Cr (total). That means that the CRI conditions correspond to acidic
conditions and not alkaline. Morrison et al. (2015) also indicate that the grain size
contributes to the CRI. The grain size is positively correlated with the Cr (total)
concentration and negatively with CRI. Soluble Cr sources are represented by CRI
values close to one. CRI was calculated 0.58, 0.60 and 0.25 in bulk soil, in clay-sized
fraction (hc) and in sand/silt-sized fraction (hc), respectively. The secondary minerals
of clay have a high surface area and are likely to be reactive in soil systems. Higher
CRI of the clay-sized fraction (hc) suggests higher reactivity for this fraction at acidic
conditions (pH values 5 and 6). The results also suggest the presence of more
recalcitrant minerals such as chromite since there is a negative correlation between CRI
and total Cr concentration. These results are consistent with CRI estimates ranging
between 0.1 and 0.6 in soils and sediments of Asopos (Lilli et al., 2015).

3.4.2 Surface characterization of the separated fractions

The clay-sized (hc), heavy (hl) and light (hl) fractions of soil were used for the XPS
analysis to elucidate the speciation of Cr at their surfaces. The wide spectra recorded
(Fig. 3.3) from the samples shows the presence of elements: C, O, Fe, Si and Al. The
core level peaks that were recorded in detail were: C1s, Ols, Fe 2p, Si2p, Cr2p and
Mn2p. In this analysis, only the deconvoluted Fe2p (Fig. 3.3 A) and Cr2p (Fig. 3.3 B)
peaks are presented. Si and Al are in the oxide form and Cls peak is the usual
contamination form as in every sample exposed in the atmosphere. Errors in our
quantitative data are found in the range of ~10% (peak areas) while the accuracy for
BEs assignments is ~0.1 eV. Fig. 3A and B shows the detailed spectra of the
deconvoluted Fe2p and Cr2p core level peaks, respectively. Fe2p peak is analyzed in
one doublet with spin orbit splitting of 13.5 eV and a satellite peak around 722 eV
characteristic for Fe oxide. The binding energy of Fe2paz. is at 714 eV which is assigned
to Fe**. Fig. 3B shows the Cr2p peaks which is analyzed into two doublets with a spin-
orbit splitting 9.1 eV. The binding energy of Cr2pz.. of the two components is at 574.0
eV assigned to Cr° and at 578.1 eV assigned to Cr(VI) (Mikolaichuk et al., 1993).
Finally, the spectra of Mn2p region did not show any peak, so the Mn on the surface is
below detection limit of XPS technique (0.1% at.). Table 3.3 shows the % atomic ratio

of Cr to Fe and the intensity ratio of Cr(V1) to the total intensity which represents the
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number of atoms in the exacovalent bonds. The Cr/Fe atomic ratio was found 0.40 - 0.5
and the Cr(V1)/Cr intensity ratio 0.3-0.39 for the 3 fractions of soil. This is an evidence
that there is Cr(VI) (about 30-40% of the total Cr) on the surface of the soil that

potentially can be released.

595 590 585 580 575 570 565
Binding Energy Eg / eV

B

740 735 730 725 720 715 710 705
Binding Energy Eg / eV

A

Figure 3.3. XP Deconvoluted Spectra of (A) Fe2p and (B) Cr2p of the clay-sized (hc) (a),
heavy (hl) (b) and light (hl) (c) fraction of soil.

Table 3.3. Atomic ratio (%) of Cr/Fe and intensity ratio of Cr(V1) to the total intensity.

Atomic
) Intensity ratio:
Ratio (%)
Cr(VD/Cr
Cr/Fe
Light fraction (hl) 0.40 0.30
Heavy fraction (hl) 0.40 0.39
Clay-sized fraction
0.50 0.35
(he)
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3.4.3 Mobility of chromium and other metals at different pH values

pH edge leaching studies were conducted to further elucidate the controlling
mechanism of Cr(VI) release in geogenically contaminated soils. Fig. 3.4 presents the
pH edge of Cr, Ni, Mn and Y release experiments for the sand/silt-sized (hc), clay-sized
(hc) light (hl) fractions of soil and for the ophiolite rock sample from the area. Both the
clay-sized (hc) and light (hl) fractions had similar response to Cr mobility and similar
levels of Cr release (Fig. 3.4a). Given that the sand/silt-sized fraction (hc) is divided
into the heavy (hl) and light (hl) fractions of soil, Cr release for the heavy fraction (hl)
can be determined by the difference between the two curves (sand/silt-sized fraction
(hc) and light fraction (hl)) (Fig. 3.4a). In the pH range of 7 to 9, the release of Cr for
both the clay-sized (hc) and light (hl) fractions is minimum, and the mobility of Cr is
related to the sand/silt-sized fraction (hc), while the Cr concentration released from the
soil, increased to more than 200 ug/kg as the pH dropped to 5 (Fig. 3.4a). Total Cr in
all fractions is a combined concentration of Cr(\V1) and Cr(l1I), with Cr(VI) occurring

mainly at alkaline pHs and Cr(l11) at acidic pHs.

According to the above observations, the controlling mechanism of Cr mobility is
directly related to the heavy fraction (hl) of soil. In the case that the pH is low (5 and
6), in addition to the heavy fraction (hl), the clay-sized fraction (hc) plays also an
important role and controls additionally Cr release, due to its high reactivity. The Cr
concentration released from the clay-sized fraction (hc) of soil, was more than 250
ug/kg at pH 5 (Fig. 3.4a). The Cr concentration released from the ophiolite rock sample,
presented an increasing trend from approximately 30 ug/kg at pH 9, to 135 ug/kg as the
pH dropped to 5 (Fig. 3.4a). The pH edge studies show that the behavior of Cr release
in ophiolite sample is associated with the other fractions of soil, indicating that the
mobility of Cr is related to ophiolite weathering.

88



Mobility of geogenic chromium in Asopos river basin

=—fl— Sand/silt-sized fraction (hc) === Clay-sized fraction (hc)

Fy
8
8

- -&=-Light fraction (hl) —— Ophiolite
300

w
%]
o
3

250

g
g

N
wu
(=]
3

200

Mn (ug/ke)

Cr (ug/kg)
g
8

150

=
w
o
3

100

50

d o b ©
4 10 4
3500 n 30
3000 '\ 25
2500 \ 5
& 2000 . %i“
o \ 3 15
< 1500 n -
Z 10
1000 .
500 5
= . ]
C o 0 —-a——8
4 5 6 7 8 9 o d i 8 9

10

10

Figure 3.4. Concentration of Cr (a), Mn (b), Ni (c), Y (d) desorbed from the different
fractions of soil and from an ophiolite rock sample as a function of pH. Error bars correspond
to the standard error of the triplicates.

To further test the evidence that ophiolite weathering is responsible for Cr(VI) levels at
pH around 8 in the soils and ground waters of the area, we evaluated the release of three
more elements that relate to serpentine composition (Mn, Ni and Y). Both the clay-
sized fraction (hc) and ophiolite rock sample had similar response to Mn mobility and
similar levels of Mn release (Fig. 3.4b). In the pH range 6-9, the release of Mn for the
clay-sized (hc) and light (hl) fractions and for the ophiolite rock sample is minimum,
and the mobility of Mn is related to the sand/silt-sized fraction (hc). In pH 5, the Mn
concentration increased to more than 20000 ug/kg for the clay-sized fraction (hc) and
ophiolite rock sample, to more than 35000 ug/kg for the sand/silt-sized fraction (hc),

while the Mn concentration is minimum for the light (hl) fraction (Fig. 3.4b).

In pH range 6-9, the release of Ni for the clay-sized fraction (hc) is minimum, and the
Ni content increased to approximately 500 ug/kg in pH 5 (Fig. 3.4c). Low Ni content
is presented also for the light (hl) fraction in pH range 7-9, while Ni increased in pH
values 5 and 6. The mobility of Ni is related to the sand/silt-sized fraction (hc), while
the Ni content desorbed from this fraction ranges between about 160-1000 ug/kg.
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Ophiolite rock sample extracts high amounts of Ni (up to 1000 ug/kg) in pH values 5
and 6.

As far as the Y mobility, in pH range 5-9, the release of Y for the light (hl) fraction and
ophiolite rock sample is minimum (Fig. 3.4d). In pH range 6-9, the release of Y for the
clay-sized fraction (hc) is also minimum and the Y concentration desorbed from this
fraction increased to approximately 15 ug/kg as the pH dropped to 5 (Fig. 3.4d). So, the
mobility of Y is related to the sand/silt-sized fraction (hc).

The chromite dissolution rates at pH value of 8, which is predominant in field
conditions of Asopos basin, and at pH value of 5, which is an extreme condition, was
calculated about 0.96 nM/hour and 5.4 nM/hour, respectively. This calculation was
attained multiplying the first order rate with the release in the two different pH values.
For this calculation, at pH 8 the release of Cr of the sand/silt-sized fraction (hc) was
used, as Cr in solution for the other fractions were minor. Moreover, at pH value of 8,
the Cr release of the sand/silt-sized fraction (hc) coincides with this of ophiolite sample
(Fig. 3.4a). At pH 5 the release of Cr for all fractions was about the same. The chromite
dissolution rates between 0.96 and 5.4 nM/hour are consistent to the rates calculated by
Oze et al. (2007) and Moraetis et al. (2012).

The results from the release experiment (at pH value of 8, which represents field
conditions) are consistent with Cr(VI) groundwater data obtained in the area (40-80
ug/L) (Moraetis et al., 2012) if they are scaled-up to field conditions since the aquifer
solid to solution ratio is 4/1 while in the release test is 1/5. The concentration will be
20 times higher in the aquifer than of the release test, assuming a bulk density of 1.2
g/cm?, and a 30% porosity. Taking into account also that the sand/silt-sized fraction
(hc) represents 45% of the total bulk soil, Cr(\V1) concentration in the groundwater can

be up-scaled to be 72 ug/L, a value consistent to field measurements.

The geogenic origin of Cr of the different soil fractions was assessed by examining the
relationship of Cr with elements (Ni, Y, Mn) found in ultramafic rocks, at different pH
(5, 6, 7, 8,9) values (Prokisch et al., 2000; Morrison et al., 2009; Bonifacio et al., 2010)
(Fig. 3.5). The coefficients of determination for Cr—Ni were 0.96 and 0.97 for the
sand/silt-sized (hc) and clay-sized (hc) fraction of soil, respectively. The coefficients of
determination for Cr—Mn were 0.99 and 0.94 for the sand/silt-sized (hc) and clay-sized
(hc) fraction of soil, respectively. The coefficients of determination for Cr-Y were 0.73

and 0.93 for the sand/silt-sized (hc) and clay-sized (hc) fraction of soil, respectively
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(Fig. 3.5). The Cr-Y correlation indicated geogenic Cr in the fractions of soil since both
Y and Cr are quite stable and resistant to weathering (Prokisch et al., 2000). The
significant correlations of Cr—Ni, Cr-Mn and Cr-Y suggested that the release of
hexavalent chromium from the soil is related to the weathering of chromite which was

the erosion product of ultramafic rocks of Asopos basin (Moraetis et al., 2012).

3.5 Conclusions

The experimental design of this study used size and weight fractionation and further
physical, chemical, mineralogical and surface characterization of the fractions
generated, to refine the identification of minerals in order to elucidate the mechanism
of Cr release from soils obtained from an area with geogenic contamination. The
fractionation studies showed that the clay-sized fraction obtained using hydrocyclone
separation constituted 55% of the total bulk soil. The remaining fraction was further
separated by heavy liquid. The light fraction (hl) and the heavy fraction (hl) was 44.4%
and 0.6% of the total, respectively. The surface studies showed that there is Cr(VI)
(about 30-40% of the total Cr) on the surface of the fractions of soil that potentially can
be released. As far as the mobility of Cr, it is related directly to the heavy fraction of
soil, which contains chromite (6.9%), hematite (6.7%) and goethite (10.1%) as the main
minerals, according to mineralogical analysis. In case of acidic pHs (5 and 6), in
addition to the heavy fraction, the clay-sized fraction (hc) plays also an important role
in the mobility of Cr and controls Cr release, due to its high reactivity. The main
conclusion of this study is that chromite weathering is the controlling mechanism of Cr
release. The pH edge studies showed that the behavior of Cr release in ophiolite sample
is associated with the other fractions of soil, indicating that the mobility of Cr is related
to ophiolite weathering. Cr, Ni, Mn, Y enrichment in the fractions of soils of Asopos
basin is dominantly the result of erosion, transport and weathering of ultramafic sources
of Avlonas area. The significant correlations of Cr—Ni, Cr-Mn and Cr-Y in the fractions
of soil also confirm that the soil was mostly generated from the erosion of ultramafic
rocks of Asopos basin. The results of the pH edge experiment are consistent with Cr
field concentration when up-scaled using typical physical parameters of the soils.
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4.1 Abstract

A methodology was developed to assess the impact of geogenic origin Cr(VI) uptake
by carrots, and the risk of human consumption of carrots grown in Asopos River basin
in Greece. A field scale experiment was conducted with carrots cultivated in treatment
plots, with and without compost amendment, in order to assess the impact of carbon in
the mobility and uptake of Cr by plants. The results suggested that there is a trend for
Cr mobilization and uptake in the surface and the leaves of the carrots cultivated in the
treatment plot with the higher carbon addition, but not in the core of the carrots. Limited
mobility of Cr(VI1) in the soil-plant-water system is presented due to the affinity of Cr
to be retained in the solid phase and be uptaken by plants. Cr(\V1) tolerant bacterial
strains were isolated from the carrots. These endophytic bacteria, present in all parts of
the plant, were able to reduce Cr(V1) to Cr(111) form to levels below the detection limit.
Finally, a site-specific risk assessment analysis suggested no adverse effects to human
health due to the consumption of carrots. These findings are of particular importance
since they confirm that carrots grown in soils with geogenic origin Cr does not pose
any adverse risk for human consumption, but could also have the beneficial effect of
the micronutrient Cr(l11).

4.2 Introduction

The increasing demand of food safety is a major public concern worldwide and it has
stimulated researches regarding the risk associated with food contaminated by
pesticides, heavy metals and toxins (D Mello, 2003). Risk assessment of heavy metal
contaminated food products is one of the most important aspects of food quality
assurance (Sharma et al., 2005), due to its toxicity and bioaccumulation effect (Yusuf
etal., 2003).

Cr is one of the heavy metals with growing concern about its toxicity due to diet. Trace
amounts of Cr(l1l) appear to be essential for animal and human glucose and lipid
metabolism, while Cr(VI1) is commonly regarded as toxic to all forms of life and
classified as human carcinogens (Stout et al., 2009, IARC, 1990). Co-exposure to Cr
and arsenic in the process of incineration of debris including chromated copper

arsenate-treated wood, showed increased carcinogenic risk (Ohgami et al., 2015). Cr
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existence in soils and water can be a result of anthropogenic activities i.e. industrial
activities and phosphorus fertilizers (Molina et al., 2009), or of natural processes as the
weathering of ultramafic rocks (peridotites and pyroxenites) (Garnier et al., 2009, Mills
et al., 2011, Robles-Camacho and Armienta, 2000). Geogenic origin Cr(\VI) have
appeared in many areas around the globe such as California, USA (Oze et al., 2004,
Morrison et al., 2009), Zimbabwe (Cooper, 2002) and Italy (Fantoni et al., 2002). In
Greece, Asopos River basin has agricultural soils containing geogenic origin Cr
(Kelepertzis et al., 2013, Lilli et al., 2015, Moraetis et al., 2012) and other heavy metals

that have the potential to pose a threat to human health and the environment.

In plants, particularly crops, Cr at low concentrations (0.05 — 1 mg/L) was found to
promote growth and increase yield, but there is no evidence that plays a role in their
physiological function (Oliveira, 2012). On the other hand, Sridhar et al. (2007) has
shown that Cr can accumulate in plants, reducing their growth, altering mineral
nutrition and causing oxidative stress via formation of reactive oxygen species (Raj et
al., 2011). Cr(I1I) had different effects on cress and cucumber shoots: low toxicity was
found in cucumber seeds exposed to a concentration of chromium of 300 mg/kg in soils,
while biostimulating effects were recorded in cress plants exposed to up to 100 mg/kg
of Cr (Baderna et al., 2015). Cr(VI) is harmful to many plants for concentrations
ranging from 0.16 mg/L (lettuce) to 75 mg/L (sweet orange) (Barcelo and
Poschenrieder, 1997, Pawlisz et al., 1997, Poschenrieder et al., 1987). Dai et al. (2009)
have suggested the determination of a soil environmental quality standard for farmland

based on the effects of Cr on crop growth and Cr accumulation in the edible part.

Cr(111) uptake is a passive process, whereas Cr(V1) uptake is performed by carriers of
essential elements such as sulphate (Hossner et al., 1998, Oliveira, 2012). Cr(VI)
absorbed by the root is reduced to Cr(l11) and retained mostly by the roots (James and
Bartlett, 1984). Studies on uptake by onions (Srivastava et al., 1994), maize and
groundnut plants (Mishra et al., 1995) showed that the uptake of Cr was higher when it
was supplied by irrigation water. A significant amount of Cr was absorbed by the plant
roots which played an important role in modifying the state of Cr to a bioavailable form.
The amount of Cr translocated to grain of paddy was less compared to the above three
crops (Mishra et al., 1997). Studies on chamomile plants presented similar results

regarding Cr accumulation in roots (Kovacik et al., 2014).
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The presence of plants in wetland vegetated systems enhances the reduction of Cr(VI)
in sediments by modifying the governing biogeochemical cycle (Zazo et al., 2008).
Furthermore, bacterial mediated reduction of Cr(VI) to Cr(l1l) is a widely - known and
accepted technology for the remediation of contaminated soils and groundwaters
(Hellerich and Nikolaidis, 2005). Similarly, endophytic bacteria (defined as the bacteria
that are present in the plant internal tissues without imposing any negative effect)
isolated from many plant species have shown to be able to reduce Cr(VI) (Kuklinsky et
al., 2004). Experiments conducted using J. acutus showed that isolated endophytic
bacteria were found to be Cr(V1) tolerant and have a high potential to reduce Cr(VI) to
Cr(111) (Dimitroula et al., 2015). The microbial reduction of Cr(VI) to Cr(l1l), which is
a useful process, takes place intra-cellularly (Narayani and Shetty, 2013) and reduces
Cr toxicity.

Carrot (Daucus carota) is a root crop which is rich in bioactive compounds such as
carotenoids and dietary fibers with appreciable levels of other functional components
with significant health-promoting properties (Sharma et al., 2012). Carrots have been
suggested as biomarkers for toxicity assessment in terrestrial ecosystems (U.S. EPA,
1996). A greenhouse experiment conducted in Chinese soils showed that, the carrot
yield significantly decreased in soils with Cr addition, and the Cr content of carrot
grown in soils with pH>8.0 exceeded the maximum allowable level (0.5 mg/kg),
according to the Chinese General Standard for Contaminants in Foods (Ding et al.,
2014).

Given the health effect concerns due to the exposure to Cr(V1), the overall objective of
this study was to develop a methodology to assess the impact of geogenic origin Cr(V1)
uptake by carrots, and the risk of human consumption of carrots grown in Asopos River

basin in Greece.

4.3 Material and methods

4.3.1 Design of analysis

The overall experimental design of this study aimed to determine the bioavailability of
Cr uptake by carrots, the fate of Cr(\VI) within the plant and a risk assessment of carrot

consumption using standardized EPA methodologies. Carrots were selected as one of
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the main root product cultivated in the Schimatari area of Asopos River basin and it is

hypothesized that they could have the highest uptake and potential accumulation.

In order to assess the risk of human consumption of carrots that are grown in an area
with geogenic origin Cr, a three prong approach was followed:
e Cr(VI) uptake by carrots grown under field conditions was determined,
e the fate of Cr(\VI) within the carrot was investigated evaluating also the potential
of Cr reduction by endophytic bacteria, and
o finally, a site-specific risk assessment of carrot consumption using the results
from the first two stages was conducted to define possible diet - induced adverse

effects on human health.

4.3.2 Field scale experiment

The field scale experiment was conducted in Schimatari area. Carrots were cultivated
in 4x4 meters treatment plots with and without carbon amendment in the form of
compost as soil improver. The aims of the preliminary experiment was the
quantification of Cr content in the carrots grown in various field conditions depending
on the soil organic content. The municipal solid waste compost (MSW-compost)
obtained from MSW Management Co. of the Municipality of Chania, was incorporated
to the soil. The Cr concentration in MSW-compost was found equal to 26.6 mg/kg
(Giannakis et al., 2014). Three conditions were tested: the “control” with no compost
amendment, the “dose 1” compost treatment corresponding to 50000 kg of compost per
ha and the “dose 2” compost treatment with 100000 kg of compost per ha. Each
treatment was conducted in duplicates. An initial soil sampling was done before the
application of the compost in June 2014 and 6 soil samples were collected from the
field. Specifically, 2 soil samples were collected from each of the three treatments
(triplicates). The final soil sampling was conducted at the end of the growing cycle in
October 2014 (one growing season tested). Soil samples were taken from the top 0-15
cm, were homogenized, air dried and sieved. The fraction smaller than 2 mm was only

used for the experiments.

Carrots were grown for 4 months and the final growth was recorded. 6 carrot samples
were collected from each treatment condition. Samples were washed with tap water (in

order to remove adhering soil), grinded, homogenized and dried. The leaves, the surface
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and the core of carrot (edible part) were separately analyzed. One-way analysis of
variance (ANOVA) combined with the post- hoc Tukey test was used in order to assess

the statistical differences in Cr uptake among the treatments.

Soil and carrot samples were analyzed for moisture, total organic carbon (TOC), total
organic nitrogen (TN), total cations and heavy metals. TOC and TN were analyzed with
multi N/C 2100S Reactor. Base cations and heavy metals and specifically total Cr of
soils and carrots were analyzed with the procedure described by EPA method 3051A
(2007). Specifically, 9 ml HNOs were added to 0.2 g soil / carrot, followed by
microwave digestion at 150-180°C (Multiwave 3000 Digestor). Supernatant solutions
were diluted with MilliQ water and analyzed by inductively coupled plasma mass
spectroscopy (ICP-MS) (Agilent 7500-CX).

Groundwater samples were also collected from wells irrigating the carrots. These
samples were analyzed for nitrate, ammonia, phosphate, hexavalent and total Cr, and
cations (Mn, Fe, Ca, Mg, Na, K). Nutrients (N-NOs, N-NHz, P-PO4) analyzed with a
HACH 2800DR spectrophotometer and metals with ICP-MS (Agilent 7500-CX).
Amberlite IR — 120 resin was used for the determination of Cr(VI).

4.3.3 Endophytic bacteria experiments

In order to overcome the lack of reliable method for the determination of Cr(VI) in
tissues, an endophytic bacteria study was conducted to isolate Cr(V1) tolerant strains
and assess their ability to reduce Cr(VI) to Cr(lll). This process could be of major
importance since the ability of the carrots to reduce accumulated toxic Cr(\V1) to Cr(111)
leads to minimizing potential human health risk. The objectives of this phase were:
first, the isolation and identification of Cr(VI)-resistant cultivable endophytic bacteria,
second, genotyping characterization of these bacteria, and finally, the reduction of

Cr(V1) assays by the selected endophytic bacteria.

4.3.3.1. Isolation of Cr(VI)-resistant cultivable endophytic bacteria

For the isolation of the endophytic bacteria, the plant samples taken from the “control”
treatment, were washed with tap and deionized water in order to remove soil particles.
Samples (1 g) of leaves and roots divided into core (edible part) and surface (the first

10 mm) of two carrots were transferred in sterile falcons filled with 10 mL 10 mM
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MgSOsa. The surface was sterilized for 20 sec in 70% sterile ethanol solution and in 1%
active chloride solution amended with 1 droplet Tween 80 per 100 mL solution for 5

min.

The tissue samples were subsequently rinsed three times in sterile distilled water for 1
min. Aliquots of the third rinsing were plated on 869 medium (10.0 g tryptone, 5.0 g
yeast extract, 50 g NaCl, 1.0 g glucose, 0.35 g CaCl2.2H,0 in 1l distilled water) and if
no growth was observed after 7 days at 30°C, the surface sterilization process was
considered successful. The surface sterile samples were macerated with sterile mortar
and pestle for 60 sec in 10 mL 10 mM MgSO4. 10-fold serial dilutions were plated on
1/10 strength 869 agar medium supplemented with 1 mg/L Cr(VI) (K2Cr.07) for the
leaf and root isolates. After incubation for 7 D at 30°C, colonies per gram fresh weight
were calculated. All morphologically different colonies were subcultured at least 3

times to ensure purity and were preserved at -80°C in 15% (v/v) glycerol.

4.3.3.2 Genotyping characterization

The total genomic DNA was extracted from purified colonies using the STE method
(Sodium Chloride-Tris-EDTA (STE), 10X, pH 8.0) which is suitable for bio molecular
lab procedures (10X Solution contains 100 mM Tris-HCI, 10 mM EDTA, and 1M
NaCl) and was amplified using the BOX AIR primer (5°-
CTACGGCAAGGCGACGCTGACG-3’) (Becerra-Castro et al., 2011). PCR reactions
were performed in volumes of 50 pL, containing 1X Taq buffer, 1.5 mM MgCl, 0.1
mM of each ANTP, 2 uM of BOX A 1R primer, 0.5U Taq polymerase and 1 pL extracted
DNA. Cycling conditions were: initial denaturation step of 5 min at 95°C, followed by
30 cycles of 1 min at 94°C, 1.5 min at 50°C and 8 min at 65°C with a final elongation
step of 8 min at 65°C. The PCR products were separated by electrophoresis in 1.8%
agarose gels after running for 3 h at 3.3 Vem™ gel, stained by Midori Green and
visualized under UV light. The isolates with the same BOX-PCR profile were grouped.

4.3.3.3 Cr(VI) reduction capacity of the cultured isolates

The Cr(VI) resistant isolates were cultured aerobically in 869 medium, 150 rpm at 30°C
until they reached the late exponential phase. The grown cells were inoculated into 869
medium amended with 10, 20 or 100 mg/L filter (0.2 um pore diameter) sterilized
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Cr(VI) solution. The flasks were incubated at a shaker (150 rpm) at 30°C. All treatments
were performed in triplicates and sterile medium with Cr(VI) (K2Cr.0O7) was used as a
control. Samples were taken at different time intervals, depending on the growth and
the initial Cr(VI) concentration. Optical densities were measured at 600 nm (OD 600
nm) in a HACH DR-2800 spectrophotometer. Concerning Cr(VI) and total Cr
measurements, samples were centrifuged at 4000 rpm for 15 min and aliquots of the
supernatants were analyzed for Cr(V1) by the 1,5-diphenylcarbohydrazide colorimetric
method and for total Cr by ICP-MS.

4.3.4 Risk assessment methodology

A risk assessment analysis was conducted, in order to calculate the risk of potential
chronic exposure due to carrot consumption, following EPA methodologies.

The risk effects consist of carcinogenic and non-carcinogenic risk assessments for all
the metals through various pathways. In this study, only the pathway of ingestion was
considered. The average metal concentrations measured in the carrot samples (edible
part) from the “control” treatment, were used to calculate the chronic daily intake (CDI)
which was then used to characterize the exposure to metals resulting from carrot
consumption. The following equation was used to determine the CDI of the metals
analyzed in this study:

Ccarrot X IRcarrot X EF X ED

CDI'= BW X AT

where CDI is the chronic daily intake (mg/kg/day), C is the concentration of each metal
found in the edible part of carrot (mg/kg), IR is the average daily intake rate of carrot:
0.0151 kg/D (U.S. EPA, 2011), BW is the body weight: 70 kg of an individual (U.S.
EPA, 1991), EF is the exposure frequency: 350 day/a (U.S. EPA, 2011), ED is the
exposure duration: 30 a (U.S. EPA, 2011) and AT is the average time for non-
carcinogens: 365*30 days (U.S. EPA, 2011).

The non-carcinogenic risk from individual heavy metals can be expressed as the hazard
quotient:
HQ = CDI/RfD
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where HQ is the non-cancer hazard quotient and RfD is the chronic reference dose of
the toxicant (mg/kg/day). Oral RfDs for Cr(V1), Ni, Mn, Zn and Cu (metals examined
in this analysis) are 0.003, 0.011, 0.14, 0.30 and 0.40 respectively (U.S. EPA, 1998,
Tvermoes et al., 2014).

The cumulative non-carcinogenic risks were expressed as a hazard index (HI) which is
the sum of the HQs from all the metals considered in this analysis (U.S. EPA, 2005).
This provides a worst-case scenario assessment of the non-carcinogenic risks that these

metals may pose due to carrot consumers.

HI = HQ., + HQ, + HQ¢, + HQy, + HQp, + HQy, + HQ,, + HQ, + HQ, + HQy

As, Hg, Cd and Al concentrations measured in the edible part of the carrot samples
were below detection limit, so these metals were not included in the HQ or HI analysis.
Because of the lack of an oral RfD for Pb, this metal was not included in the HQ or HI
analysis. HI values >1 shows that there is a chance that non-carcinogenic risk may

occur.

Cancer risk represents the probability of an individual lifetime chronic health risk from

carcinogens and can be evaluated from:

Cancer risk = LADD X SF

where LADD is the lifetime average daily dose (mg/kg/day); SF is the slope factor of
hazardous substances (for Cr(\V1): 0.5 mg/kg/day (U.S. EPA, 1998)).

The following equation was used to calculate LADD:

LADD =C,, % «0.00149

g g
x( IRy 19mths % EDL19mtns n IR s X EDy 5y + IR, 5yrs X ED, 51
AT AT AT
N IR5—12yrs xED; 4, ys IR}, 1 yrs X ED12—19yrs + IR19—49yrs X EDjg 4 yrs
AT AT AT
+ IR 70415 X ED49—70yrs)
AT

105



Mobility of geogenic chromium in Asopos river basin

where IRi is body weight normalized carrot consumption rate for the ith age group
(o/kg/day) (U.S. EPA, 2011), Edi is exposure duration for the ith age group (years), and
AT is a lifetime of 70 years.

The acceptable or tolerable risk for regulatory purposes is within the range of 10-10*
(U.S. EPA, 2001).

4.4 Results and discussion

4.4.1 Cr concentrations in carrots cultivated in compost amended soils

The initial soil sampling, prior to compost amendment, showed that the average Cr
concentration in soils was 126+20 mg/kg, suggesting geogenic origin Cr concentration
similar to those found in our previous studies (Lilli et al., 2015). Lilli et al. (2015) has
obtained more than 50 soil and sediment samples from the greater Asopos area in order
to establish the geochemical variability within the basin. High correlation (R? of 0.74)
of the Cr—Ni chemical relationship was found in soils and sediments of Asopos basin
suggesting geogenic origin of Cr. The irrigated water and soil data collected in this
study had similar geochemistry with other studies conducted in the area by Moraetis et
al. (2012) and Lilli et al (2015) that provided evidence for the geogenic origin of the Cr
in the soils. Based on the above analyses, soils taken in this study belong to the
calcareous group of soils have soil pH 7.9 and low content of organic carbon and
nitrogen (1% and 0.09% respectively). The average total Cr and Cr(\V1) concentrations

of this group of soils are 775 mg/kg and 0.06 mg/kg, respectively.

The average Cr(VI) found in the groundwater used to irrigate the carrots was 6.11+6.02
ug/L. The application of amberlite resin (IR-120) in groundwater samples demonstrated
that total Cr and Cr(VI) measurements were statistically the same. The groundwater
chemistry is characterized by geogenic origin metals at low levels, weathering products
of calcaric soils and high agricultural pollution levels as indicated by the nitrate (9.37
mg/L), ammonium (1.47 mg/L) and phosphorous (0.08 mg/L) concentrations.

The sampling conducted in the final stage of the growth of carrots indicated that the
average dry weight Cr concentration in the core of the carrots was 0.19 mg/kg, 0.34
mg/kg and 0.23 mg/kg for carrots cultivated without compost amendment (control),

with “dose 1” and “dose 2” compost treatment respectively (Fig. 1). The statistical
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analysis showed that at the 0.05 significance level there was no statistical difference
between the means of Cr concentration in the core of the carrots for the three conditions
suggesting that carbon content of the soils does not influence the mobility of geogenic
chromium within the core of the carrot (Fig. 4.1). The average dry weight Cr
concentration on the surface of the carrots was 0.73 mg/kg, 1.45 mg/kg, and 1.42 mg/kg
for carrots cultivated in treatment plots without compost amendment (control), with
“dose 17 and “dose 2” compost treatment, respectively (Fig. 4.1). At the 0.05
significance level there was no statistical difference between the means of Cr
concentration in the control and the “dose 1” compost treatments, however, there was
statistical higher concentrations in the “dose 2” compost treatment compared to the
other two (control, “dose 1” compost treatment) (Fig. 4.1). Finally, the average dry
weight Cr concentration in the leaves of the carrots was 7.71 mg/kg, 8.23 mg/kg and
15.17 mg/kg for carrots cultivated in treatment plots without compost amendment
(control), with “dose 1” and “dose 2”’compost treatment, respectively (Fig. 4.1). The
statistical results were similar as the surface of the carrots (Fig. 4.1). The results
suggested that there is a trend for Cr mobilization and uptake in the surface and the
leaves of the carrots cultivated in the treatment plot with the higher carbon addition

(“dose 2”), but not in the core of the carrots.

The results obtained from our previous leaching studies showed that the concentration
of Cr in soil solution was about 2 pg/L (Lilli et al., 2015). Taking into account that the
maximum Cr uptake in carrots was about 15 mg/kg, the partitioning coefficient between
plant and water found 7500 mL/g. Furthermore, taking into account that Cr
concentration in soil from the field of carrots was about 126 mg/kg, the partitioning
coefficient between soil and water found 63000 mL/g. Both of these estimates of
partitioning coefficients suggest limited mobility of Cr(VI) in the soil-plant-water
system due to the affinity of the Cr to be retained in the solid phase and be uptaken by
plants.
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Figure 4.1. Total chromium concentration in the parts of carrots (core, surface, leaves) for the
control and compost treatments (“dose 1 and “dose 2”). Error bars correspond to standard
deviation of the replicates. The data with different letters (A, B) in the same carrot part
indicate significant differences at the a=0.05 level using ANOVA. e.g. for the surface of the
carrots, “dose 2”’compost treatment presents significant differences compared with the other
two, while “dose 1” compost treatment and control do not differ significantly with each other.

4.4.2 Endophytic bacteria

4.4.2.1 Isolation and genotyping characterization of Cr(VI) tolerant endophytic

bacteria

Since Cr was measured in the surface and the leaves of the carrot the contribution of
the endophytic community in plant detoxification was assessed. The cultivation media
was supplemented with 1 mg/L Cr(VI1) in order to isolate only the resistant strains. A
similar number of culturable Cr(V1) tolerant endophytic bacteria was recovered from
the root (7.6 10° CFU g* FW tissue) and the leaves (9.9 10° CFU g FW tissue) of the
carrot. Concerning the morphologically different colonies, eighty isolates from the root
and forty-two isolates from the leaves were found able to grow on medium
supplemented with 1 mg/L Cr(VI). According to their BOX-PCR profiles the leaf
endophytes were allocated into 31 groups and the root endophytes were allocated into

65 groups.
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4.4.2.2 Reduction of Cr(V1) assays by the selected endophytic bacteria

Two leaf (L1, L2), three root (R1, R2, R3) isolates from the core of the carrot and seven
root (RS1, RS2, RS3, RS4, RS5, RS6, RS7) isolates from the surface of the carrot were
selected for investigation of their potential ability to reduce Cr(VI) through

biotransformation to Cr(ll1).

Fig. 4.2 presents the total Cr concentration, Cr(V1) reduction and growth curves of an
indicative root (core) endophytic bacterium (strain R1) at 5 mg/L Cr(VI) initial
concentration. The endophytic root strain R1 not only was tolerant to 5 mg/L Cr(VI)
concentration but also reduced 5 mg/L of Cr(V1) in 20 h of cultivation (Fig. 4.2). The
endophytic strains R2 and R3 had similar trends. More specifically, all isolates for the
core of the carrot R1, R2 and R3 removed the 95%, 84% and 87% Cr(V1) respectively,
in 20 h of cultivation. It was noticed that the cell growth (OD 600nm) and the Cr(VI)
removal started simultaneously for the three strains. At 5 mg/L of Cr(V1) the lag phase
of these strains were 4 h, 3 h and 3 h, respectively (Table 4.1). The reaction rate (k) and
half-life (t = In2/k) were 0.18 /h, 0.1 /h, 0.12 /h and 3.85 h, 6.93 h, 5.78 h for the strains
R1, R2, R3, respectively, suggesting very fast transformation rates for the Cr(V1) and a

very potent detoxification mechanism (Table 4.1).
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Table 4.1. Lag phase, reaction rate (k) and half-life (t) for the root (core and surface)
endophytic bacteria and leaf endophytic bacteria

Cr concentration (mg/L)

8 12
Time (h)

16

20

lag phase (h) k (/h) 1 (h)
Root (core) endophytic
bacterium

R1 4 0.18 3.85

R2 3 0.1 6.93

R3 3 0.12 5.78

Root (surface) endophytic
bacterium

RS1 4 0.16 4.33

RS2 2 0.17 4.08

RS3 4 0.17 4.08

RS4 2 0.17 4.08

RS5 5 0.21 3.30

RS6 4 0.13 5.33

RS7 4 0.13 5.33

Leaf endophytic bacterium

L1 3 0.09 7.70

L2 3 0.09 7.70

=—4—Cr(Vl) =—ae=—Crtotal = {ll= OD (600nm)
6

OD (600nm)

Figure 4.2 . Total chromium concentration, Cr(V1) reduction and growth curves of the root
(core) endophytic bacterium, strain R1 at 5 mg/L Cr(V1) initial concentration, pH 7.0 and

30-C. Error bars correspond to standard deviation of the triplicates.

Fig. 4.3 presents the total Cr concentration, the Cr(V1) reduction and growth curves of

a selected endophytic bacterium (strain RS1) isolated for the surface of the root at 5

mg/L Cr(VI) initial concentration. The endophytic strain RS1 was tolerant to 5 mg/L
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initial Cr(\V1) concentration and could completely reduce 5 mg/L Cr(VI) in 20 h of
cultivation (Fig. 4.3). The endophytic bacteria RS2-RS7 presented similar trends. The
root isolates RS1, RS2, RS3, RS4, RS5, RS6, RS7 removed the 94%, 96%, 94%, 96%,
96%, 89% and 92% Cr(VI) respectively, in 20 h of cultivation. It was noticed that the
cell growth and the Cr(VI) removal started simultaneously for the seven strains. At 5
mg/L of Cr(VI) the lag phase of strains RS1, RS2, RS3, RS4, RS5, RS6, RS7 were 4 h,
2h,4h,2h,5h,4h,4h,respectively (Table 4.1). The reaction rate (k) and half-life (t
= In2/K) for the strains RS1-RS7 are presented in Table 4.1 and the results show fast

reaction rates.

= Cr (VI) === Crtotal = = OD (600nm)

w
OD (600nm)

Cr concentration (mg/ L)

0 4 8 12 16 20
Time (h)

Figure 4.3. Total chromium concentration, Cr(V1) reduction and growth curves of the root
(surface) endophytic bacterium, strain RS1 at 5 mg/L Cr(V1) initial concentration, pH 7.0 and
30-C. Error bars correspond to standard deviation of the triplicates.

Fig. 4.4 presents the total Cr concentration, the Cr(V1) reduction and growth curves of
an indicative leaf endophytic bacterium (strain L1) at 3 mg/L Cr(VI) initial
concentration. The endophytic bacterium strain L1 was tolerant to 3 mg/L initial Cr(VI)
concentration and completely reduced 3 mg/L Cr(VI1) in 20 h of cultivation (Fig. 4.4).
The endophytic bacterium strain L2 had similar trend. The leaf isolates L1 and L2
removed the 85% Cr(V1) in 20 h of cultivation. It was noticed that the cell growth and
the Cr(VI) removal started simultaneously for both strains. At 3 mg/L of Cr(V1) the lag
phase of strains L1 and L2 were 3 h (Table 4.1). The reaction rate (k) and half-life (t =
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In2/K) were 0.09 /h and 7.7 h for both strains L1 and L2 (Table 4.1). The reaction rates

of leaf endophytic bacteria are lower than the rates of root endophytic bacteria.

e Cr (VI) === Cr total = = OD (600nm)

OD (600nm)

Cr concentration (mg/L)

0 4 8 12 16 20
Time (h)

Figure 4.4. Total chromium concentration, Cr(V1) reduction and growth curves of the leaf
endophytic bacterium, strain L1 at 3 mg/L Cr(V]) initial concentration, pH 7.0 and 30-C.
Error bars correspond to standard deviation of the triplicates.

4.4.3 Risk assessment

The chronic daily intake (CDI) through ingestion of metals was determined following
the EPA methodology and was found to be 3.93 10, 4.32 10°, 1.6 10, 5.19 10 and
7.84 10° mg/kg/D for Cr, Ni, Mn, Zn and Cu, respectively. Similarly, the non-
carcinogenic risk (HQ) through ingestion of metals was found to be 1.31 1073, 3.93 10°
8,1.12103,1.7310* and 1.96 10 for Cr, Ni, Mn, Zn and Cu, respectively. To estimate
the cumulative non-carcinogenic risk, a hazard index (HI) was calculated from the mean
contaminant concentration and was found to be 6.73 102, The above value did not
exceeded one, suggesting that the population is unlikely to experience obvious adverse
effects due to the consumption of carrots.

The conversion of Cr(VI) to Cr(lll) is occurring within the carrots by endophytic
bacteria and specifically, the root (core) isolated endophytic bacteria removed the 84-
95% Cr(VI) in 20 h of cultivation, as described in 4.3.2.2 section. The carcinogenic
risks were calculated using this conversion. The lifetime average daily dose (LADD)
of Cr was found equal to 4.92 107" mg/kg/day and 1.54 10~ mg/kg/day for the 84% and
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95% Cr(V1) reduction, respectively (Table 2). The cancer risk was found equal to 2.4
107 and 7.7 108 for the 84% and 95% Cr(V1) reduction, respectively (Table 4.2). The
cancer risk value of less than 1 in a million additional cancer is well below the
acceptable range for regulatory purposes (1 - 100 additional cancers in a million cases).
The results of the risk assessment suggested no adverse effects to human health due to

the consumption of carrots.

Table 4.2. Risk assessment values for chromium

Cr
CDI (mg/kg/day) 3.9310°
HQ 1.3110°
LADD (mg/kg/day) 1.54 107 - 4.92 107
Cancer risk 7.7108-2.4107
Chinese General Standard for 05
Contaminants in Foods (mg/kg) '

4.5 Conclusions

The field scale experimental showed that there is a trend for Cr mobilization and uptake
in the surface and the leaves of the carrots cultivated in the treatment plot with the
higher carbon addition, but not in the core of the carrots. The results of the endophytic
bacteria study reveal that carrots have the ability through their endophytic bacteria
community to reduce Cr(VI) to Cr(l11). The endophytic bacteria community consists of
Cr(V1) tolerant strains present in all plant parts (core, surface, leaves) able to grow on
medium with 1 mg/L Cr(VI) and able to reduce different concentrations Cr(VI) to
Cr(111). These results lead us to investigate the endophytic bacteria of two leaf and three
root (core) isolates which were found to be able to grow on medium with 3 mg/L Cr(V1)
and seven root (surface) which were found to be able to grow on medium with 5 mg/L
Cr(V1). Furthermore all of these strains were found to be able to decrease initial Cr(VI)
concentration (3 mg/L and / or 5 mg/L) below the detection limit in 20 h. Moreover it
was noticed that the cell growth and the Cr(VI) removal started simultaneously for all
the strains. The estimation of the reaction rate and half-life for the endophytic bacteria
strains isolated from the core and surface of the carrots, suggests very fast
transformation rates for the Cr(VI). As far as the estimation of the cumulative non-
carcinogenic risk, the hazard index was found to be 6.73 103, suggesting that the

population is unlikely to experience adverse effects due to the consumption of these
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carrots. The carcinogenic risk was estimated to be 0.077 - 0.24 in a million. These

results suggested no adverse effects to human health due to the consumption of carrots.
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CHAPTER 5. SUMMARY-CONCLUSIONS
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In Greece, the main ophiolite outcrops of the Hellenides are distinguished in four
ophiolite belts. Pindos Mountains are covered with ultramafic rocks, which have been
eroded and their fragments have been combined with Tertiary and Quaternary deposits
that reside in valleys. Serpentine soils with high geogenic origin Cr contamination were
derived from the weathering of these rocks. The study area is situated in central Greece
and specifically in the basin of Asopos river where the reported Cr and Ni
concentrations in groundwater and agricultural soils and products attributed to the
occurrence and weathering of ultramafic rocks. Moreover, the greater area of the
Asopos river, is a unique case of combined anthropogenic and geogenic origin Cr
contamination. Although the anthropogenic origin Cr contamination has been
extensively studied due to the remediation of industrial contaminated sites around the
world, there was a gap in knowledge about geogenic Cr contamination and mobility
especially in soils and river bed sediments. Specifically, there was a need to develop
methodologies and an integrated approach to outline an area with wide spread geogenic
origin Cr contamination, and to develop a framework of analysis to understand the
origin and mobility of geogenic Cr in soils of Asopos river basin. The present study
intended to cover this need and therefore, the objectives were threefold: (1) to assess
the geochemical characterization and classification of soils and river sediments with
respect to the origin of Cr along Asopos river, (2) to assess the processes affecting the
mobility of Cr(VI) in soils and sediments along Asopos river and to elucidate the
mechanisms of Cr release from soils and (3) to develop a methodology to assess the
impact of geogenic origin Cr(V1) uptake by agricultural products (specifically carrots),
and the risk of human consumption of carrots grown in Asopos River basin in Greece.

In order to achieve this, a three prong approach was followed:

In the first phase, a field monitoring and sampling campaign was designed and soil,
surface river bed sediments and core river bed sediment samples were collected.
Moreover physicochemical characteristics of the soil and river sediment samples were
analyzed. Physicochemical characteristics were fed into Principal Components
Analysis as to categorize the samples according to the geochemical characteristics. The
analysis of heavy metals in the area supported the hypothesis of geogenic origin of Cr
in soils and sediments. The evidence that supported the geogenic origin of Cr, was the
positive and high correlations between Ni and Cr concentrations in soils and sediments

and the relatively even distribution of Cr and Ni upstream and downstream from the
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industrial park. The soils of Asopos watershed exhibited high Cr content regardless the
different lithologies which were characterized from calcareous, siliceous and ultramafic
components (Fig. 5.1). This phase also involved mobility studies in the laboratory for
process understanding i.e. sorption and release of total and hexavalent Cr from the soils.
Modeling of Cr adsorption in soil was applied as to elucidate the adsorption mechanism.
The Cr concentration in equilibrium of 1-2 ug/L resulted from the laboratory
experiments was shown to be consistent to field groundwater Cr concentrations. The

sorption results suggest that soils in the basin of Asopos have a significant adsorption

capacity.
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Figure 5.1. Groups resulting from PCA in soils and river bed sediments.

In the second phase a representative agricultural soil sample of Asopos basin used in
order to elucidate the geogenic component of Cr contamination by isolating the Cr
containing minerals in the soil. The methodology was designed firstly, to separate first
the bulk soil into secondary fractions using both size and weight fractionation with
hydrocyclone (hc) and heavy liquids (hl) and secondly, to characterize the above
fractions of contaminated soil using different methods including mineralogical,

chemical and surface analysis. The current phase also involved leaching studies of each
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fraction to ascertain the release patterns of Cr as a function of pH and to identify the
controlling mechanism of Cr mobility. The fractionation studies showed that the clay-
sized fraction obtained using hydrocyclone separation constituted 55% of the total bulk
soil. The remaining fraction was further separated by heavy liquid. The light fraction
(h1) and the heavy fraction (hl) was 44.4% and 0.6% of the total, respectively. The
surface studies showed that there is Cr(V1) (about 30-40% of the total Cr) on the surface
of the fractions of soil that potentially can be released. As far as the mobility of Cr, it
is related directly to the heavy fraction of soil, which contains chromite (6.9%),
hematite (6.7%) and goethite (10.1%) as the main minerals, according to mineralogical
analysis. In case of acidic pHs (5 and 6), in addition to the heavy fraction, the clay-
sized fraction (hc) plays also an important role in the mobility of Cr and controls Cr
release, due to its high reactivity. The main conclusion of this study is that chromite
weathering is the controlling mechanism of Cr release. The pH edge studies showed
that the behavior of Cr release in ophiolite sample is associated with the other fractions
of soil, indicating that the mobility of Cr is related to ophiolite weathering. Cr, Ni, Mn,
Y enrichment in the fractions of soils of Asopos basin is dominantly the result of
erosion, transport and weathering of ultramafic sources of Avlonas area (Fig. 5.2). The
high correlations of Cr—Ni, Cr-Mn and Cr-Y in the fractions of soil also confirm that
the soil was mostly generated from the erosion products (transported mechanically as
Cr-bearing clasts) of ultramafic rocks of Asopos basin. The results of the pH edge
experiment are consistent with Cr field concentration when up-scaled using typical

physical parameters of the soils.

The final phase of this study aimed to determine the bioavailability of Cr uptake by
carrots, the fate of Cr(\VI1) within the plant and a risk assessment of carrot consumption
using standardized EPA methodologies. Carrots were selected as one of the main root
product cultivated in the Schimatari area of Asopos River basin and it is hypothesized
that they could have the highest uptake and potential accumulation. In order to assess
the risk of human consumption of carrots that are grown in an area with geogenic origin
Cr: the Cr(VI) uptake by carrots grown under field conditions was determined, the fate
of Cr(VI) within the carrot was investigated evaluating also the potential of Cr reduction
by endophytic bacteria, and finally, a site-specific risk assessment of carrot
consumption using the results from the first two stages was conducted to define possible

diet - induced adverse effects on human health. The field scale experimental in the
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Schimatari area showed that there is a trend for Cr mobilization and uptake in the
surface and the leaves of the carrots cultivated in the treatment plot with the higher

carbon addition, but not in the core of the carrots (Fig. 5.3).
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Figure 5.2. Concentration of Cr (a), Mn (b), Ni (c), Y (d) desorbed from the different
fractions of soil and from an ophiolite rock sample as a function of pH.

The results of the endophytic bacteria study reveal that carrots have the ability through
their endophytic bacteria community to reduce Cr(VI) to Cr(lll) (Fig. 5.4). The
endophytic bacteria community consists of Cr(VI) tolerant strains present in all plant
parts (core, surface, leaves) able to grow on medium with 1 mg/L Cr(VI) and able to
reduce different concentrations Cr(VI) to Cr(ll1). These results lead us to investigate
the endophytic bacteria of two leaf and three root (core) isolates which were found to
be able to grow on medium with 3 mg/L Cr(V1) and seven root (surface) which were
found to be able to grow on medium with 5 mg/L Cr(V1). Furthermore all of these
strains were found to be able to decrease initial Cr(\V1) concentration (3 mg/L and / or
5 mg/L) below the detection limit in 20 h. Moreover it was noticed that the cell growth
and the Cr(VI) removal started simultaneously for all the strains (Fig. 5.4). The

estimation of the reaction rate and half-life for the endophytic bacteria strains isolated
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from the core and surface of the carrots, suggests very fast transformation rates for the
Cr(VI).
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Figure 5.3. Total chromium concentration in the parts of carrots (core, surface, leaves) for the
control and compost treatments (“dose 1” and “dose 2”).
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Figure 5.4. Total chromium concentration, Cr(V1) reduction and growth curves of the root
(core) endophytic bacterium, strain R1 at 5 mg/L Cr(V1) initial concentration, pH 7.0 and
30-C.
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As far as the estimation of the cumulative non-carcinogenic risk, the hazard index was
found to be 6.73 1073, suggesting that the population is unlikely to experience adverse
effects due to the consumption of these carrots. The carcinogenic risk was estimated to
be 0.077 - 0.24 in a million. These findings are of particular importance since they
confirm that carrots grown in soils with geogenic origin Cr does not pose any adverse
risk for human consumption, but could also have the beneficial effect of the

micronutrient Cr(l11).

The overall impact of this thesis was aimed to develop an integrated approach to outline
an area with wide spread geogenic origin Cr contamination, and to give answers to
questions concerning Cr existence in groundwater, soils and agricultural products. The
general findings showed Cr concentrations in groundwater of Asopos basin below the
drinking water standards. Increased geogenic Cr(VI) concentrations are only observed
in areas directly affected by ophiolite weathering. Chromite weathering is the
controlling mechanism of Cr release in soils of Asopos basin. The high adsorption and
immobilization capacity of soils and sediments are important suggesting significant Cr
retardation in case of wastes release with high Cr concentration and specifically for
wastes with high acidity. Finally, there is a case of Cr uptake by agricultural products,
however, it is not important due to the direct reduction of Cr(VI) by the endophytic
bacteria. The human health risk assessment showed that the population is unlikely to
experience adverse effects due to the consumption of these products.
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A.1 Materials and methods

A.1.1 Sampling

An additional study was conducted to evaluate ZV1 and ZVI-based technologies for Cr
stabilization in a representative sediment sample from Asopos river, which has a

demonstrated serious geogenic and anthropogenic problem of Cr contamination.

Lilli et al. (2015) has obtained more than 50 soil and sediment samples in order to
characterize the geochemical variability with the basin. Soil and sediment samples were
taken in eight cross sections along the basin. Soil samples (top 15 cm) were taken from
the first and second terraces from these cross-sections that were perpendicular to the
river. Surface river bed sediments were taken up to a depth of 20 cm while core river
bed sediments were sample up to a maximum depth of 150 cm. Principal Component
Analysis characterized the soils and sediment into calcareous, siliceous and ultramafic
groups and showed no differentiation between soils and river sediments. Based on this
analysis, the sediment sample (sd8) from the siliceous group was selected to conduct

the stabilization experiments since it was representative of the area.

A.1.2 Physicochemical analysis

The sediment sample was homogenized, air dried and sieved. Part of the sample was
kept without drying for alkaline digestion and Cr(VI) determination. The fraction
smaller than 2mm was used for the experiments. The sample was analyzed for physical
and chemical properties including pH, conductivity, soil moisture, total organic carbon,
total organic nitrogen, total major and trace metals. Total organic carbon and total
organic nitrogen were analyzed using the multi N/C 2100S Analyzer. Base cations and
heavy metals were analyzed according to EPA 3051A method. Specifically, 9 ml HNOs
were added to 0.2 g soil, followed by microwave digestion at 150-180°C (Multiwave
3000 Digestor). Supernatant solutions were diluted with MilliQ water and analyzed by
ICP-MS (Agilent- CX). EPA method 3060A (alkaline digestion) was used for the
determination of Cr(VI). Bulk chemical analysis and several trace element analysis
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were performed on the soil fraction <2mm by X-ray fluorescence using the

spectrometer S2 Ranger (Bruker Co).

A.1.3 Experimental design

The stabilization studies included batch experiments that were conducted to study the
effectiveness of ZVI and ZV1 based technologies in reducing the amount of Cr released

from sediment.

The stabilization of Cr in the sediment sample was conducted using three different ZV1-
based products (Connelly’s ZVI, EHC®, DARAMEND®). The Connelly’s ZVI (“iron
filings) used was obtained from Connelly GPM, Inc., Chicago, IL (stock number CC-
1004). Chemical analysis of the product indicated the following composition: iron
89.8%; carbon 2.9%; manganese 0.6%; sulfur 0.1%; phosphorous 0.1%; silicon 1.9%;
copper 0.2%. The remaining content was oxygen (Fe and Si oxides) and other
impurities. The EHC® and DARAMEND® products were obtained by FMC
Environmental Solutions company. The composition of these products was provided
by the manufacturer and is the following: for EHC®, iron 18-48% and for
DARAMEND®), iron 40-50% and wheat 50-60%.

Eight different ZVI-to-soil ratios were used in batch experiments to determine the
efficiency of Cr and other trace elements stabilization. The experiment was were carried
out in triplicates by adding different mass ratios of ZV1 to soil in plastic bottles filled
with 20 mL NaNO3z 0.01 N. The sediment/solution ratio was set to 1/10 (2 g of
sediment) and all solutions prepared with MilliQ and stirred continuously in vibrating
plate. The supernatant solutions filtered immediately with a nylaflo membrane 0.45 mm
filter prior analysis. The speciation of Cr was obtained using an amberlite IR — 120
resin and measuring the Cr content before and after the resin using the ICP-MS. In
addition to chromium, other metals like As, Ni, Mg and Fe were measured. The duration
of the experiment was 7 days. This reaction time was based on previous kinetic

experiments and selected in order to allow the system to reach equilibrium.
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A.1.4 Statistical analysis

A statistical analysis was carried out to estimate the effect of the different products and
ZV1 to soil ratios on the leachability of metals. The leachability results of five metals
(Cr, Ni, Mg, As and Fe) and eight different ZV1 to soil ratios for the three different ZVI
based products, were used in a two-way analysis of variance (ANOVA) combined with
the post- hoc Tukey test. The analysis was conducted to assess the statistical differences
in metals leachability among the different ZVI to soil ratios and products and it was

carried out using the OriginPro 9.1 software.

A.2 Results and discussion

A.2.1 Physicochemical characterization

The physical and chemical characteristics of the sediment sample (sd8) are presented
in Table A.1. The other soil and sediment samples taken from Asopos river basin had
similar values for pH, electrical conductivity (EC), TOC and TN to this one (sd8) (Lilli
et al., 2015). The sediment sample belongs to the siliceous group of soils and sediments
(Lilli et al., 2015) with SiO2 concentration of 44% (Table A.1). The total chromium and
nickel contained in the sample was 914 and 224 mg/kg, respectively (Table A.1).
Similar Cr and Ni concentrations present the soil and river bed samples of Asopos
watershed. The total Cr concentration for the sediments ranged between 631 and 1639
mg/kg (Lilli et al., 2015). High Cr and Ni content suggest geogenic origin of Cr in soils
and sediments. The Cr/Fe ratio was calculated to be 163, value that is representative for
serpentinite soils (Shtiza et al., 2005). Low hexavalent chromium concentration (0.05
mg/kg) was normal because the soils and sediments derived from serpentine erosion
have a great content of trivalent chromium. The selected sediment sample had also a

significant content of iron oxides (5.6%) (Table A.1).
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Table A.1. Chemical characteristics of river sediment sample

Parameter Value
pH 7.88
EC (pS/cm) 477
Soil moisture (%) 21.5
TOC (g/kg) 9.9
TN (g/kg) 0.95
Na20 (%) 1.3
MgO (%) 4.5
K20 (%) 1.1
CaO (%) 16.6
TiO2 (%) 0.4
MnO (%) 0.1
Fe203 (%) 5.6
Al203 (%) 6.3
SiO2 (%) 44
P205 (%) 0.14
LOI (%) 18.5
Cr (ppm) 914
Ni (ppm) 224
Cr(VI) (ppm) 0.05
Cr/Fe 163
CRI 0.22

A.2.2 Trace elements stabilization

The results of the metal stabilization experiment using Connelly's ZVI, EHC® and
DARAMEND® are presented in Fig 1a-e. Concentration in solution was measured for
28 elements (Li, B, Mg, Al, Si, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb,
Sr, Y, Cd, Sb, Cs, Ba, Hg, Pb, and U), however, the results of five elements that had
significant leachability are presented in Fig. A.la-e. Cr, Ni and As were chosen for
further analysis because of their toxic nature, Cr, Ni and Mg are typical of serpentine
soils, and Fe is related to iron oxide coating, which contributes to the adsorption
capacity of soils and sediments (Lilli et al., 2015; Nikolaidis and Tyrovola, 2006). The
experiment was conducted for 8 ZVI to soil ratios (0%, 0.1%, 0.5%, 1%, 1.5%, 2%,
2.5% and 5% of the ZVI products), however only the first 5 ratios are presented in Fig.

A.1. The degree of stabilization did not increase for ratios higher than 1.5%.

Cr leachability was reduced exponentially with the increase in ZVI content for all three

products (Fig. A.1a). Stabilization studies confirmed that Connelly’s ZVI, EHC® and
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DARAMEND® can reduce the leachability of Cr(VI) by 78%, 82% and 94%

respectively, using only 1% of the product to soil ratio.

Connelly’s ZVI also reduced the concentration of the other toxic metals (As and Ni) in
solution with the increase in ZVI content (Fig. A.1b-c). Specifically, Connelly’s ZVI
reduced the leachability of Ni by 57% using 1.5% of the product, while reduced the As
concentration in solution to zero using only 0.1% of the product. However Fe and
magnesium concentration in solution was high (10 - 19 ppb and 10 - 13 ppm for Fe and
Mg respectively) regardless of the ZV1 content (Fig. A.1d-e). Connelly’s ZVI reduced
the concentrations of Cr, As, and Ni while contributed to and increased the

concentration of Fe and Mg.

EHC® and DARAMEND® reduced the concentration of As in solution (Fig. A.1b) and
increased the concentration of Ni and Mg (Fig. A.1c and e¢). EHC® and DARAMEND®
can efficiently remove As from solution and stabilize it on soils and sediments. Iron
concentration in solution was high regardless of the product content (Fig. A.1d). EHC®
increased the leachability of Ni and Mg by 66% and 55% respectively, using 1.5% of
the product, while reduced the As concentration in solution to zero using only 1% of
the product. DARAMEND® increased the leachability of Ni and Mg by 73% and 48%
respectively, using 1.5% of the product, while reduced the As concentration in solution
to zero using only 1% of the product. Specifically, Cr and As were stabilized while Ni,
Mg and Fe were produced by EHC® and DARAMEND®.
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Figure A.1. (a) Cr, (b) As, (c) Ni, (d)Fe and () Mg concentrations in solution at different
Connelly’s ZVI, EHC® and DARAMEND® to soil ratios. Error bars represent the standard
deviation of three replicates.

A.2.3 Correlations

Regarding Cr, at the 0.05 level, the population means of ZVI based products
(Connelly’s ZVI, EHC®, DARAMEND®) and ZVI to soil ratios were significantly
different. Specifically, Connelly’s ZVI was significantly different from EHC® and
DARAMEND®, whereas the FMC’s products did not differ significantly. Increasing
the ZV1 to soil ratio, increased the removal of chromium. Values of leachability of Cr

resulting from ZV1 ratios between 0.5% and 5% did not differ statistically.

Regarding As, at the 0.05 level, the population means of ZVI based products were not
significantly different but for the ZVI to soil ratios were. Increasing the ZV1 to soil
ratio, increased the removal of As. Values of leachability of arsenic resulted from 0%
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and 0.1% ZVI ratios differed significantly in comparison with the values of leachability

resulted from the ratios between 0.5% and 5%.

Regarding Ni, at the 0.05 level, the population means of ZVI based products and ZVI
to soil ratios were significantly different. Specifically, Connelly’s ZVI was significantly
different from EHC® and DARAMEND®, whereas FMC’s products did not differ
significantly. Increasing the Connelly’s ZVI to soil ratio, increased the removal of Ni,
while increasing the EHC® and DARAMEND® to soil ratio, the removal of Ni
decreased. Values of leachability of Ni resulted from the 0% - 2.5% ZVI ratios differed
significantly only from the values of leachability resulting from the 5% ZVI to soil

ratio.

Regarding Fe, at the 0.05 level, the population means of ZVI to soil ratios were
significantly different. Specifically, values of leachability of Fe resulted from the 0.1%,
0.5%, 1% and 1.5% ZVI ratios differed significantly from the values of leachability
resulted from the 2.5% ZVI1 to soil ratio.

Regarding Mg, at the 0.05 level, the population means of ZVI based products and ZV1
to soil ratios were significantly different. According to post- hoc Tukey test, Connelly’s
ZVI1 was significantly different from EHC® and DARAMEND®, whereas FMC’s
products did not differ significantly.

The results of this statistical analysis suggested that all three ZV1 products can stabilize
efficiently the concentrations of Cr, As and Ni in the sediment sample studied, reducing
in this way its mobility and bioavailability. The amount of ZV1 used to obtain high

stabilization results is 1% ZVI to sediment ratio.

A.3 Conclusions

This work is a first step towards reducing Cr mobility from top soils and sediments and
therefore its bioavailability and toxicity. ZVI products have shown the potential to
reduce Cr mobility in top soils and sediments. Stabilization experiments showed that
Connelly's ZVI, EHC® and DARAMEND® can efficiently remove Cr(VI) from
solution and stabilize. The results confirmed that Connelly's ZVI, DARAMEND® and
EHC® can reduce the leachability of Cr(VI) by 78%, 82% and 94% respectively, using
1% of the product. The kind of the ZVI product and the ratio of ZVI/soil affected the
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efficiency of Cr stabilization in sediments. Regarding the reduction of other metals, As
and Ni were stabilized while Fe and Mg were produced by Connelly’s ZVI. In addition,
As was stabilized while Ni, Mg and Fe were produced by EHC® and DARAMEND®.
This findings are of particular importance for agricultural soils where a reduction of the
bioavailability of Cr(VI) to crops and plants in certain cases could be necessary. More
studies are necessary to elucidate the longevity of the products and its biogeochemical

behavior under field conditions.
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