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Evoopdarmon tov IHepriparrovrikov Kootovg 6to
Yyedwaouo Yopavikov Epyov: ‘Eva [lapadstypa amo to
Yyeowoouo ‘Epyov ESuyiavong Yopogopimv
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Enikovpog Kadnyntig [Havemotpiov Oeoocaliiog

Hepitnyn

2TV epyooio avTh TOPOVCIGLETOL EVAL GTOYAOTIKO UOVTELD ATOPO-
ong, mov onpiletar onig apyés s Oswpiog twv Amopdaoewv kol
ovartiyOnke TPOKEWEVOD VO GYEOIAOTODY TO. OTOITOVUEVO. EPYa
OTOKATATTOONS, O€ EVO. TPOPANUO. pOTOVENS o€ DOPOPOpEn. Tov No-
Hov Xodkioikng. H élleryn petpioemv te vopovrikng aywyiuotntog
KO 1] EVIOVH ETEPOYEVELD, ONULODPYODY TO oféfaio mepifialiov ato
0TOI0 AVATTOOGETOL TO HOVTEAO KO TIC CVVETQYOUEVES COVONKES ETTL-
KIVOOVOTHTOG, DITO TIG 0Toleg Aoufidvovial o1 amopaoels. 2ty pdon
OTOTIUNONG TV VO €EETOON EVOAAOKTIKOV oevapiwv tifetor 0
Tpofinua tov kabopiouod tov wepforloviikod KkOoTOVS, TOL GUV-
OEETOL ILE TO YEVIKOTEPO TOMTIKO TPOPANUO. TOD pOLov THE TOITEIOS
oty otkovouia tov mepifidlioviog. H Anwn diotknuikav pétpwv
TPOKPIVETOL (WG 1] WO PIAIKY GTO TEPIPAALOV ue TV mpodmobeon ot
0 OYEJIOOUOS KOI 1] TOGOTIKOTOINGH TV UETP@V vty o evido-
oovtar ot dradikaoio exiAvong tov mpofiquartog. To mpotervouevo
HOVTEAD OTOPAGHS EVOWUATWOVEL 0TH O10.01KATIA ETIAVGNG TOV Kabo-
PIOUO TOV TEPLPAALOVTIKOD KOGTOVG, £T01 WTTE VoL TPOKP1Hody Aboels
oo Go. 00NyHEOVY TTHY OTOKATAGTACH TOD OIKOGVOTHUOTOS KA1 VO,
OTOTPATOVY GAAES N PIAIKES TPOG TO TEPIPAILOV.

1. EIXATQT'H

3TN HIKPOOIKOVOUIKY Bedpnom Tng Owovopiog tov me-
paiiovtoc, 1 1ooppomics PETAED TOPAYMYNG-OIKOVOLIKHG
avartoéng kol mepPorloviikng emPdpovong pmopel va
emrevydel pe ddpopeg mopepPdoelg Tov kpdtovg: amd T
VEOKAOGIKY)/ QIAEAED0EPT] OIKOVOLIKT TPOGEYYIoN, 1 OToia
SlekdkdvTag Tig eAdyloTeS SUVOTEG TOPEUPACELS GTO U)o~
VIoUO TNG 0yOPAG TTPOTIUA TOL OIKOVOLIKA HEGT, (TT.). Ol EUTTO-
PEVOLEG AOELEG EKTOUTNG POTIMV), £10G TIG AUECES OLOKTTUKES
PLOUIGELS Y1oL TOV TTEPLOPICUO TNG EKTOUTNG TOV POTOV KOl
TV mepforloviikdv emumtooewv. Ot tehevtaieg pubpicelg
ocuvdéovtal pe Tig NN Sopopeopéves oe debvég eminedo,
apyéc ™G mEPPAALOVTIKNG TOMTIKNG oL €EEBIKEVOVV TO
ONUOGLO GUUEEPOV KOL TOV KOWOVIKO EAEYYO TOV®D OTNV
TOPAYOYIKT] OOSIKOUGIO KOl TIG TEPYPOALOVTIKEG EMMTAOCELG
™G [1]. Mia t€tota apyn mov cuvdietal ApeS e EAEYYO Kot
emPBoAn mpooTipov givol 1 apyf «o pumaivav TAnpover. H
Yropinbnxe: 10.1.2004  Eywve dexcrij: 30.3.2005

apyn vt emParrel pev otov vevBuvo g TEPIPUALOVTIKIG
vroPdOucng v guBvvn TG AMOKATACTACNG, 1| EPAPLOYN
NG OOTOCO EVEYEL TOV KIVOUVO TNG LITOEKTIUNONG (1] KoL TG
VIEPEKTILNGOTG), OTO UETPO OV TO TPACTIHO oV Bo KANOel
VO TANPDOGCEL 0 PUTAIVEV deV EYEL EVOOUATOBEL GTO KOGTOG
TOV €PYOV OMOKATACTOONG. X& oVTd aKPIB®MS TO ONUEo 1M
Tapovoa epyacio Priodolel va cvpfdiet, B€tovtog To mAai-
ol0 péca oto omoio opiletor to kdotog mov Ba kKAnbel va
KotofAareL 0 punaivav, £Tot ®oTE va dnpovpyn el pio povo-
ofuavr e£gptnoT Tov KOGTOVG 0VTOD OTO TO CUYKEKPLUEVO
TEPLOTATIKO POTOVOTG.

"Evog mpovopakds ydpog Reavions Twv TporyouUEVOV
TpoPANUdTOV gival 0 GYESIACHOG TOV VOPOVAIKDV EPYMV.
Mia koateboynv obvhetn dladikacio, Katapyv Slopopeo-
omng evog TANBOVE EVOALAKTIKOV ADCEMV Kl GTN GUVEXELD
afloloynong tovg péoa oe éva mepifdidov  efarpetikd
aféBato, AOy® TG TOALTAOKOTITAG TMV CYETIKOV PUCIKOV
SLdIKOCIOV APEVOS, KOl TNG EAAELYNG CUGTNUATIK®Y SIKTO-
@V PETPNONG TV OVTICTOWY®V TOPAUETP®V apeTépov. H
SUOPPMOOT] TOV EVOAAAKTIKOV GevVapiov a&lonoinong Tov
VOATIKOD SVVOIKOD, TOL GUUPMVOLY TOGO LE TIG PUGIKEG
Kot TEPPOALOVTIKES, OGO KOL HE TIG TEYVIKOOLKOVOUIKES
OEGLEVGELG KO VTTOKOVOVV GTOVG KAOE €100VG TEPLOPITLOVG
TOL TPOPANHATOG, Pe GALD AOYL 1] KOTAGTPWOOT| TOV PEAAL-
OTIKOV oevopimv, otnpileTol 6TV avamtuén Kot pappoyn
nefddmv mpocopoimwong TG ONUEPVIG AglTovpying Kot
TPOYVOONG TNG UEALOVTIKNG GUUTEPIPOPEG TMV VIATIKOV
cvoTnudtev. Qg tétoteg pEB0dOL EvvoolvTal 00ES OvVaPEPO-
VTOL 6TV VOPOAOYIKY KOl VOPOYEMAOYIKT AVAALGT TMV VIO
€EETOOT VOPOLOYIKDY AEKOVAV, TEPLYPAPOVTOS TIG VOIPULAL-
KEG GUVONKEG TNG PONG EMLPAVELOKADY KOl DVITOYELOV VEPDV,
TPV KoL LETA TIG EmePaoets yia v a&lomoincy Tovg.

H a&oldynon 1ov eVOAAOKTIKOV CEVOPI®V OTN GUVE-
YEOL KL 1 EMAOYH TOL KOADTEPOL Ao avtd, otnpiletot
ot SvvaTOTNTO GUYKPIGNG TOV GUVOAOL TOV AVGEMV TOL
VIAPYOVY, COLPOVO LE TNV OTOTIUNON o8 KABE mepintmon
TOV OKOVOUIKAV, QUCIK®V, TEXVIKOV, TEPPUALOVIIKDOV,
KOWOVIK®OV, TOMTIK®V oKOUN Kol €0vikdv mapapétpov. H



36 Teyv. Xpov. Emot. 'Exd. TEE, 1, te0y. 2-3 2005, Tech. Chron. Sci. J. TCG, I, No 2-3

a&1oA0YNoT TOV AVCEMV KoL 1 EXAOYN EKEIVIG TTOV GE ey~
Aotepo Pabud kavomotlel ta mpokafopiopéva KpLTiplo Kot
TOVG GTOYOVG TOV TPOPANUATOC, EMTVYYAVETOL UE TV VA~
Toén nebodV KuL TEYVIKOV AMYNG OTOPAGE®DY, TOL GTNPi-
Covtan gite otig peBddovg g Avaivong Kostoug-Opélovg,
elte g Avdivong Zvotnudtov, eite, 6mwg coppaivel ta
tehevtaia xpovia, otn Ocopia TV AToPacemy.

H mopandve dodikacio oyedlacpov yivetal akoun mo
obvhetn Otav vreweépyeTal o 6pog TG afefatdTnTag TOV
TOPAUETPOV -|LE TO YOPUKTNPLOTIKA TO TPOPALOTO EKEIVA
OV OVOTTUGGOVTAL GE TOAVTAOKO KOl ETEPOYEVES VOPOYE-
ohloyid wepifariov. O kvpldTEPOG AOYOS Yo TOV OToio M
Oceopia Tov ATopdoemv £xel eppavicbel otn BifAoypapio
va epappoletatl o€ avTtod ToL £idovg T TPOPANUATO LE 1O1-
aitepn emTvyio Ta TEAevTOin XpOVL, Eival TO yeyovog OTL O
oeO0oUOC EPYV GE VIPOYEMAOYIKO TEPIPAAAOV GUVOEETL
pe v avamtuén Wwitepo vynAov Pabupod afefoidtnrtog
[2,3]. IIpdypatt, ota TpofAHaTe TG pOTOVOTG TV VITOYEL-
@V vepov, 1 afefardtra dev meplopileTor LOVo otV Tpa-
KTIKN adLVOLI0 GUGTNOTIKNAG TOPUKOAOVONONG TOV THAV
TOV BACIKOV QUGIKOV TOPAUETPOV OTTMOG Y0 TOPAOELYLLO
™G VOPALAKNG Ay®@YOTNTAG, TOV TOPOIOVG N TOV GL-
VIEAEST®V dLGTOPGG, 00TE eE0vTAgiTan GTOV LYNAO Pobod
ETEPOYEVELNG TOV TTOPAUETPOV QVTAOV, TOL Hol SKALOAOYOV-
0€ OPKETH TUKVO, YOPUKG KOl YpOVIKA, LeTpNTiKd diktvo. H
afePatdTNTA 6TV TPOKEWEVN TEPITTMOT EMEKTEIVETOL OIKO-
Un Kot oty id1a T YEOUETPIO TOV VIOYEW®V CLGTNUATOV,
kaBog glvatl pavepn 1 Svckoriio GVALOYNG GToLElY OYETL-
KOV pe T AMBoloyia, Tn SCTPOUATMOON Kol TN YEOAOYIKY|
dopn TV VIOYEL®V VIPOPOPOV CYNUOTIGLLMV.

'Etol, amopdosig oyetikég pe m 0éom, to péyebog, tov
TPOTO KOl TN YPOVIKTY SbpKelo TG Agltovpyiog VoG Gv-
OTNHATOG OTOKATACTOONSG EVOG VTOYELOL VOPOPOPEN TOL
éxet vmoPabicOel molOTIKG, 1| OMOEACEL; GYETIKEG LE TO
oyedloopd evog GVGTHLOTOG d1d0eonG Kat eneepyaciog emt-
Kivouvav yio T dnpocto vyeio amoPAITOV 1 ATopPYUATOV
Katd Tpomo Tov va unv Tifetan og Kivduvo 1 TodtTTo TOL
VIOYEIOL VEPOD, Aopfdvovial cuviBwg og GuVONKES TOAD
évtovng ofefotdtnTag, YeYovog oL PUGIKA EXEL EMMTMOGCELS
oV aélomiotio tov oyedalopevev épyav. Ivetar Aowmdv
QOVEPT 1 OVAYKT OVTILETOTIONG TOV TPOPANUATOV aVTOD
TOL TOHTOL pe PeBAdOVG KavEG v a&LOAOYNGOLY EVOALAKTL-
K@ GEVAPLO [LE OTOYOOTIKN OO KoL VO, GUVOTTOAOYICOVV TIG
OPVNTIKEG GUVETELEG OO OOV 0lGTOY IO TOVG.

INa tovug Adyovg mov mponynnkav, oty enilvon TtV
mpofAnudtev ovtdv 1 Oswpio Tov AToedcswv Bewmpeitot
OTL amotelel TNV TAEOV KATAAANAN 1EBOSO GYedLaCLOD EpY@V
VIO GLVONKEG emKVOLVOTNTAG, OKPIPAG Yot TapEyEL TN dv-
VOTOTITO EVOMUATOOTG OA®DV TOV OLKOVOUK®Y, TOAMTIKOV,
KOW®MVIKOV KA. GUVICTOCHOV TOL TPORANIOTOG, UNdE TOv
KOGTOVG TNG amoTuyiag e&apovpévon, og pia Kot pHovn avt-
KeWeVikn cuvdptnon. [podxetton yio pio Guvaptnon K6GTovg
- 0QEMOVG-EMIKIVOLVOTNTOG, 1| KOTAGTPMON KOl ETIAVCT TNG
omoiag emTpEmel TEMKA TNV GpeST cOYKPLon evog TANnBovg
EVOALOKTIKOV OTPATNYIKAOV OYEJOoHOL TV épyav [2,3].

Yy mapovca epyacia, o€ £va LIOBETIKO TPOPANO pOTOV-
ong otov vdpopopéa tov Kapmov Karapapidas Xorkidikng,
OVOTTTOOGETOL VO, LOVTEAO OTOPAGCTG, LLE GTOYO TNV EMAOYN
TOV KOADTEPOV GYNIATOG ATOKOTACTAGTG TOV VOPOPOPE.

2. XYMBOAIXMOI

h: TO VOPAVAIKO POPTIO

Tjj: 0 GUVTEAEGTNG HETAPOPIKOTITAS TOV VIPOPOPEN
b: TO TTAYOG TOL VIPOPOPEN

Kijj: 0 GUVTEAEGTNG VOPOVAIKNIG CLYWYLUOTNTAS,
W 0 6pog TyMg g e&lcmong pong

Xj, Xj: Ol KOPTEGIOVEG GUVTETOYHEVEG
c: 1 GLYKEVIPWOGT] TV PLTAVIMOV
R: 0 oLVTEAEOTNG VoTépnong oty eicmon petapo-
pag,
Djj: 0 GLVTEAEGTNG VOPOSVVALIKNG OLOCTOPAS
Vij: N TOYOTNTA TOV VRLHYELOL VEPO,
c’: 1 GLYKEVIPOGT] TV PLUTAVTIMV GTIV TNYY|
TO TOPMOES
oo N péon TN Tov TVYXioL TESIOV TOL GLVTEAESTN
b VOPOLAIKNG Oy@YILOTNTOG
c: 1 TUTIKY OTOKALGT] TOV TVYO{OV TEGIOL TOV GUVTEAE-
b OTN VOPAVAIKNG AYOYLLOTNTOG
A: TO UNKOG GUGYETIONG
xq: N OULVOMKN TOPOYN GVIANONG TOV YEOTPHOE®V
OTOPPUTOVONG
CDJ.: 1 TN TNG OVTIKEWEVIKNG GUVAPTIONG Y10 TV EVOA-
AOKTIKT |
Ceon:  TO KOGTOG KOTOGKEVTG TV YOOV OmOPPOMOV-
ong

Cop(t): TO AELTOVPYIKO KOGTOG TOV TNYUOIDV OmOppOTALV-
one, 010 Xpovo t

R(t): 0 6pog g emkivdvvotTag

Pgt): m mbavotnta actoyiag 6To xpdvo t, yio kabe evol-
AOKTIKT |

Cqt): 7o emoro kdoTOg 0oTo)lag (TEpIBailoviikd TPOGTL-
po)

Y(Cp: 1M ovvapINon OPEAMUOTNTOG

3. TO IPOBAHMA

O VIPOPOPENG LEAETNG AVIIKEL BTNV ELPVTEPT] VOTIOOVTIKT
TEPLOYN TOL VOROD XOAKISIKNG, TOV OVOUALETOL «KAUTOG TNG
KoAapoaptaey. [poxettat yio v ko’ Eoxn YEOPYIKN EKTOOT
7oL VOHOO XOAKIOIKNG LLE TOAAEG OPOEVTIKES YEMTPNOELG, AAAG
Kol TTApAAANAN GUVEIGPOPE GTNV KOWMVIKOOWKOVOLIKT {on
™G TEPLOYNG, EOIKA TOVG KOAOKULPVOG UNVEG. TNV TTEPLOYN,
AOY® Un opBoroyikig Stayeipiong TV VIATIKOV TOPMV, VITAP-
¥EL T TEAEVTOia XpoOVIaL Eva 0ED TpOPANLa evpeomg vepov. H
KOTAOTOON SLOYEPOAIVETOL KOL AOY® TNG TOLOTIKNG LITOPAEOLL-
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2ynua 1: Aropdpowon tov mpofiiuatos: O vopopopéag e kKGTown Kai 1 EIKOVO, THG KNAIOGS OTNY apyl TWV Ypovav.
Figure 1: Chalkidiki peninsula and the Kalamaria plain - The aquifer under study with the contaminant plume

ONG TV VTOYEIDV VEPDOV, OV OPEIAETOL KUPIMG OTNV gupeia
Kot 0AGYLoT ¥pNoN MTOGUATOV, SHOPEOVOVTOG £T0L OTN
oLYKEKPYEVT] TIEpoyn Eva TTpOPANa pe 11alovca onpocio
KoL EVOLOPEPOV AT TNV GO TNG OLOYEIPLOTG TV VIATIKMOV
nopav. O Topéag Yopovlkng kot Teyvumg [epiBddiovtog tov
ATIO, pe vrevBovo tov kabnyn) I1. Aatwvomovlro, xet devep-
YNoeL pio GEPA LETPNGEDY GTNV TTEPLOYN awTr amd 0 1991, ko
OPLOLEVH OO TO, ATTOTEAEGLLOTOL EYOVV KOTOYPOPEL OTNV TEAIKN
ékbeom TOL EPELYNTIKOV £PYOV «ZVVOVLOGHEVT YpTo HeBOSmV
TPOCOLOIMOTG Kot BEATIGTONOMONG Y10l TO GYESOGHO EPYmV
avofdOong ™mg modTTag TV VIOYEIWV vepmVy [4]. v
iO10 £KBECT) VILAPYEL EKTEVIG TTEPLYPAPT] TNG TEPLOYNG, KO Y10
70 AOY0 antd otV TTOpovca epyacic Ba apkeotodpe og pia
TEPUTTIKY OVOPOPE. TOV GTOYEI®V TNG.

O kapmog g Kalapopidg amotelet v kot’ eoyn yewop-
yucn €xtoon tov vopod Xokdkng (180.000 kaAiiepynoa
otpéupota, omd to omoio to 20% apdevetar NON oxedov o’
oAOKAN PN TN StdpKeLa TOV Xpdvov). 'Etat, otny mepioyr vrdp-
YEL €VOG LEYAAOG OPOLOS OPOEVTIKAY YEOTPIGEWDY, TTEPITOV
660, and T omoieg to 40% sivar ofobeic otV TopdKTIO
Kkupiog {dvn, evd to voromo 60% eivar Pabeiég ko Ppi-
OKOVTOL OTO £0MTEPIKO TNG TePLoyns. A&toonpeinto gival to
YEYOVOG OTL 1] TAEIOVOTNTO TOV YEDTPHCEMV - YOp® 610 90%
- etvar WioTiKég. To vdyelo vepd mov AVTAEITOL 0ITO TOTKOVG
VIPOPOPEIS Yo apdevTIKODG oKoTOVG LItepPaivel Ta 17x10°
m3 emoing. Aedopévov 0Tt 1 apdevdpevn EkToon avEaveTat,
Bewpeitar BEPato OTL N wEpoy ot Ba avTieTORIGEL TOAD
obvTopa £va 0&0ToTo TPOPAN e 0pEONS VEPOD.

1o oynua 1 epeavifetal o€ KATOWn TO TUALLO TOVL VOPO-
Qopéa oL £xel LITOCTEL pOTOvVoT Kot Bo pedetnBel otn ov-
véxew. H cuvolkn| Tov emeavein givar 10*¥9 Km?, ta mhgv-
pKd Tov Opta eivar adamépata, To fOpELo Oplo TaploTd Oplo
otofepng e16600L (oplakn cuvOnkn Neumann), Kot To vOTIO
op1o givai 6plo otabepov poptiov mov TavTileTon e TV OpL-
axn ypoppn g 0dracocag (h=0). H por emopévog yiveta pe
devbuvon Poppd-voTou kot 1 vVOPAVLAKT KAion J KupaiveTol
a6 1,5%o og 2%o. To Kopecuévo mayog petafdrietor omd 20
¢mg 60 m, to gvepyd mopmddeg eivar ico pe 0.30, evd yuo Tig
wKovOTNTEG d16ToPaG Ypoiponomdnkay ot Tiuég, o, =100

m, kot o, =10 m, coppaova pe mv kotdran Tov npoteivovy
ot Gelhar et al., yio VOpoPOpEiG e YopAKTNPLOTIKE OVAAOYQL
LE QVTA TOL GLYKEKPIUEVOL [5].

Y10V oYM VOPOPoPEN GLUPOIVEL EvaL VTTOBETIKO olTOYM L.
Slappong puTT®V, 1| KNAIdA TV onoimv, OTav YIVETOL AVTIANTTH
oTO KATAVTN onpeia EAEyyov, &xet éktaon 1 Km? mepinov kot
popen Tov eaivetar oto oyfa 1. To atdynua Bo propodoe va
ovpuel o defopevr| amobkevong amofAtov og €pyocTAGlo
™G TEPLOYNG, TOL TEPLEXOVY HETAED GAA®Y Ko TPLyAmpocifv-
Aévio (TCE) og vymAég ovykevipwoelg. To TCE givou opyavi-
KOG pOTOG TOL YPNCLLOTOLEITAL EVPVTATO OTN Propmyoavio Mg
SLOADTNG, KO VITOKELTOL GTO VOO TG YPOLLLULKTG TTPOGPOPNONG.
YmoOétovpe 6TL 1| droppon) amd T SeEapevi) oTOUOTA, LOMG M
pYTAVON Yivel avTIANTTH 6T onpeio eAEyyov. To 6plo acpaiei-
0G Y10 TO GLYKEKPYEVO puTo £xel 0ptoTel and Tov Opyavicpod
[poctaciag [epiBdriovtoc o 5 ng/l [6].

H inida mpokadel vroPadpon g modtntag tov ved-
YELOL VEPOD, EVM 1) LETAKIVIOT KOl EAMAMGT] TNG G LEYAAD-
TePN €KTAOT, Elval Qavepod 0Tt evigivel To TpdPAanua. o myv
OVTILETOTIOT TOV TPOPAUATOC AELTOVPYEL OPLAdA TEGTUP®Y
AVTANTIKOV YEMTPNOEWDY, HEGO GTIV TTEPLOYN TNG KNALdAC, 1e
010Y0 1] 6TafEPOTOiNGT TNG KNAISOG KATAPYNV KOl GTT GUVE-
YEWOL TNV OTOppYTAVGT) ToV vdpopopéa. O BEATIoTOG cUVOLA-
opOG XPOVOL AELTOVPYING KOl TOPOYNG TOV YEMTPHGEWDY OL-
TOV, anoterel To {NTOVHEVO TG SLadIKOTING TOL AKOAOVOEL.

4. ANAIITYZH TOY MONTEAOY
AIIOPAXHXE

4.1. To paOnpoatiké Tpofinpo

H e&icwon g op1ldvTiog pong Tov LITOYELOL VEPOL GE
TEPLOPLHEVO VIPOPOPEX, Y10 TO LOVIIO PALVOLEVO diveTaL:

9

4.1
o @.1)

(T,ja—h):W ij=12
X .

J
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pe h 1o vdpoviuod goptio, Tjj t petagopwdra (Tij =
bKjj, 6mov b 10 mhyog Tov v3popopéa kar Kjj n vdpaviikn
ayoypomra), W tov 0po mnyng Kot Xj, Xj TG KUpTEGLavEG
GUVTETOYUEVEG.

H e&ficwon g peTapopds pumavVIOV G€ OVTIGTOL(O
vdpopopéa divetar:

ROV _ 0 yp 9y 0 (heyy-T
o)  ox, 7 ox,”  Ox, n
ij=12 (4.2)

LLE C TN GLYKEVIPMOGT TV PUTAVTIMV, R T0 cuvteleoT| vOTE-
pnong (v to TCE R=1,9 [6]), Djj to cuvteresthi vdpoduva-
KNG SLOTOPAS, Vi TNV TOYOTNTO TOL VIOYELOL VEPOD, €’ TN
GULYKEVIPWOOT] TV PLTOVIMV GTNV TNYN, N TO TOPMOES KOl t
70 ¥povo. [a v enilvon Tov CLGTHUATOS TOV JLAPOPIKAV
e&lomoev mov mponyndnkay, emiéydnke o kddwag MOC
(Method Of Characteristics, tg USGS) mov ypnoylomotel
€val GLVOVLAGUEVO OAYOPIOLO TEMEPACUEVOV SLAPOPDOV KoL
peBOd0V TV YOPAKTNPLOTIKAV, KOl EYEL EPOPLOCTEL EVPD-
Tato o€ ovdAoya mpoPAnuata, ot oebvny Biproypapic
[7]. O vdpogopéag drakprromodnke oe 40x36 teTpdyva
otouyeia, dtdotaong 250x250 m?.

INo 1o oynpaticpd g kniidog TCE tov oyfuotog 1,
vrnpée 101K TPOGOUOIMGT TG dPPOTNG amd TNV VIEPKEL-
pevn de€apevn. Emedn dev eipaote og Béon va yvaopilovpe
ToV oKpIPN pLOUO TG Stappong, 0vTE TO YPOHVO TOL S PKESE
TO QTOYNMUAL, EYVOV TOAAEG TPOGOUOIMGELG LE T1] YP1|OT TOL
LOVTELOV, Y10 SLAQOPEG TYEG TOV UYVACTMV TAPAUETPOY,
vioBetdVTag TIG EENG TOPadOYES:

- O &voGpuecog Ye@AoYkOg oynUaTiopnds, €xel péom
KOToKOpLEN VIpavAIKn aywyotnta, Kz=107 m/s. H tiuq
0TI TNG OYWYLOTNTOG, EMTPEMEL T LETOKIVINON TV POTOV
TPOG TOV VIOKEILEVO VIPOPOPEQ, SLOTNPAOVTAG TAVTOXPOVA
o 1oyd TV mopadoyn 6Tt 0 VIPOPOPENS Elvat VIO THEST).

- H &icodog ¢ pdmavong otov vdpogopéa, yivetar e
v vrdbeon opiov otabepng Sappong oTov VIPOPOPEN
pHécm vrepkeiplevou oTpapatoc. Me tov tpomo avtd, o 6pog
nyng otV e&icwon g cuvaywyng (oxéon 4.2) yivetot:

w=-% 1, -n (4.3)
m

OOV M, TO YOG TG KOPEGUEVNG {MDVNG TOV VIEPKEILEVOL
otpopatog (20 m), Hg to vdpaviikd goptio otn Béom g
TNYNG TG pomavong, kot h, To vépavAikd Poptio Tov VOpO-
QOpEOQ.

Metd amd TOAES SOKLUAGTIKEG TPOGOUOIDGELS TOV LO-
VTELOV, T KATOANKTIKG 0moTeAET AT (1] €OV SNAON TNG
KNALdag T oTiyp] Tov yiveral avtiAnmn, oynua 1), avoio-
yobv og cuykévipwon tov TCE oty anyn, ¢’=20 mg/1 (mov
avtiotoyel ot péon ovykévipwon tov TCE mov ypnoipo-
moteitan ot Propmyovic), Kot StépKeLd TG Slppong amd T
dekapevn, 1,5 €toc.

4.2. To 6T0)006TIKO povTELO

H vrdpyovco afefoaidmmra yioo to medio TpHOV TG
VOPUVAIKNG OYOYLLOTNTOG OTOV VOPOPOPEN, EMPAAAEL TN
GTOYOOTIKN TPOGEYYIOT] TOL TPOPANLOTOG, Kot TNV emiAvon
TOL e PHeBOO0VG TOV EUTITTOVY GTOV TOUEN TNG GTOYAOTIKNG
VOPOYE®AOYIOG. TOV TOHEN OVTO KOL Y10 TV EX{AVOT) AVAAO-
YoV TpoPANUATOV, £X0VV ETLKPATHGEL 300 TapadoyEs:

* NG OTACIUOTNTOG TOV TVYaiov Ttediov tov K, 1 onoia wept-
opiletal oT1g dVO TPDOTEG POTEG, ONAAOT 0T HEST) TIUN TG
petafAntig Kot ot cuppeTafintotTd g [8], Kot

* OTL 1] KOTOVOUT TNG LOPAVAIKNG OY@YLLOTNTOS MG TOYAIOG
petapAntig axolovbei ) Aoyokavoviky Zvvaptnon Ilv-
kvotrag [Tbavotntag [9].

310 Topdv TPOPANUO, 0md TIC AMYEG GYETIKEG LETPNOELS
OV VRAPYOLV OTN TEPLOYN] MEAETNG, Ol GTOTIOTIKEG TTOPa-
petpot mov yopoktnpifovv o Aoyokavovikd medio Y, sival
1,=-9.21 xa 62Y20.69. Ot avtiotoryes Tég tov HEGOL
Ko TG petofAntoémrog tov nediov K eivar: p =1x10* m/s,
0,=1x10* m/s. Q¢ pnrog cvoyétiong opilerar n dihotoon:
Ax=Ay=500m [4].

"Exovtog opicel T oTatioTikn SO TOL TUY0Ii0V ETEPOYE-
voug mediov g VOPAVALKNG ayoYoTnTag K, 1 oToY00TIKN
avAALOT TNG VIOYELNG PONG KOl LETOPOPAG UTOPEL VO TpaLy-
potomomBel pe v epappoyn e pebddov Monte Carlo.

'Etot, Y10 vo. cupmAnpmBel To 6TOX0GTIKO LOVTELO OTOUEVEL

va ouvdebel 0 kmduag MOC, e Tov adyoptdpo mapaymyng

TUYoU®V TESIMOV - OTNV TPOKELEVT TEPITTMOT UE TOV OAYO-

pBpo TV TEPIETPEPOLEV®V TavidV [10].

SUYKEKPYEVO, TO GTOXUOTIKO LOVTELO TOL TOPOLCLALETOL

o’ auTv TV gpyoacia, amoteleiton amd ta e&ng Prpata [3,11]:

o.Me dedopéveg TIg TIWES TOV TPIDV GTATICTIKOV TTOP0-
pETp@V W, 02y Kol A, TOV GTAGLIOV, GLCYETIGUEVOV,
dedidotatov Tuyaiov nediov, Y, mopdyeTal pio 6P amd
TPOYUATACELS, 101G meow()mw’g, nediov Y, coupava pe
TIG 0py€g NG HeBOdoL TV TEPLOTPEPOLEVOVY TavidY. Ta
nedila Y petaoynpotilovial otn cuvéyxeln ota {ntodueva
nedio K, pe m oxéon K=exp[Y ], yia kéOe onueio.

B.Kd&Be mpaypdtwon tov mediov K, epappoletar mg dedo-
pévo €16660v oto povtého MOC. Ot Tipég TV vTOAOIT®V
TOPAPETPOV €GOS0V TOL ATOLTOVVTOL YO TNV EQUPHOYN
TOV HOVTEAOL Bepohvial oTtabepés o€ OAEG TIG TPOCOLLOL-
®CELG. ANAadN, 1 GTOYACTIKNY AVAALGT 0POPE LOVOV OTNV
VOPOLAIKT Oy@YLOTNTA.

v. Exteddvtag pe 1o povtéAo pong Kol LETAPOPAS €vav
aplOpd emAVOAAUPOVOUEVOV TPOGOUOIDGE®DY, {GO [LE TOV
apBpod tov mapaydeicmv tpaypatdceny tov K Aappdvo-
vtal avtictolyeg TIHEG petafintov e£6dov. Etot ot cuvé-
YELOL, LTOPOVV VO VTOAOYIGHOVV 01 KATAVOLES GLYVOTITOG
TV TPOoPAEPOHEIGOV AVTOV HETAPANTOV KOl HECH OVTOV
va peheTnBohv ot yapaKTNPIoTIKEG EMOPAcELS TNG afefart-
otnrag-etepoyévetlag Tov K otig Avoeig tov mpofAnpotog.
To mopddetypo pmopovyv va vTtoAoyleBodv 1 KoTovoun
GLYVOTNTAG TOV VOPAVAIKOD Qoptiov og éva (1] oe OAQ)
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onpeio tov mediov, TOV TOPOYDOV €1G030V 1 €£6S0VL OO
TOV DIPOPOPEN, TNG CLYKEVIPMONG EVOG POTOL GTO GTUELD
TOV TEGIOV, TOV YPOVOL HETAPOPAES TOL POTOL CLTOV GE
KaBOPIGHEVES OMOCTACELS K.AT.

[pokeévov va Ppebei o BEATIoTOC ap1BldS Twv Monte
Carlo gravoinyemv, N, éytvav SokiES Yo SIAPOPES TIUEG.
Ao T oOYKPION TOV OTOTEAECUATOV CLUTEPOIvVETAL OTL
n avénon tov N wépav tov 300 mpoaypatdoemy, dev emt-
QEPEL oNUAVTIKN avEnon TG GOYKAMONG T®V GTUTIOTIKOV
YAPAKTNPLOTIKAV, YEYOVOG OV 0ONYNGE GTNV EMIAOYN TOL
N=300, og Bértiotn Tun [3,11].

o,; //—#
v /
- /
9 /
03 /
02 /
a; | /

0 005 01 015 02 025 03 035 04
q

2ynuo 2: Kourddn oliomotiog te ovvolikig mapoyns Asitovpyiog
TV TNYAOIDY OTOPPOTOVONG, OTWS TPOEKVYE OIO THV
EMAVON TOV TPOPANUATOS e TO TTOYOOTIKG LOVIELO, Yia.
oVVEYT AEITOVPYIa TV TNYAIDV

Figure 2: Reliability analysis for the decision analysis approach.

A7 v enidvon tov poviédov vroroyicOnkav 300 wedia
PONG KAl 16OTOGA TEGIN GLYKEVIPMGEMV, TOV OVTIGTOLYOVV
ot1g tong mhavotNTag duvatdTNTEG TG EEEMENG TG UPYIKNG
knAidag TCE. Opilovtog g «actoyion v Topovsio pOmmv
L€ GUYKEVTPMOT LEYAADTEPT] TOV 0piov AcPUAEiag TV S pg/l,
0€ OTOL0ONTOTE GNUEID TOV VIPOPOPEN, A T TEJIO TV GL-
YKEVIPMOEWDV UTOPEL VO VIIOAOYIGTEL 1] GUVOMIKT TOAVOTH T
actoyiog, P, to % dniadr minbog mpaypotdoemv oTig omoieg
e&axolovbel va vdpyel asToyia, Yo OA0 TO EVPOG TYWAV TG
TOPOYNG AVTANGNG TOV TNYUSIDV OTOPPUTAVOTG, 2. LTOV
VIOAOYIGHO OLTO O YPOVOG AELTOLPYIOG TOV YEMTPHCEMV
avtinong Bswpeitar icog e 10 ypovikd opilovta Tov £pyov,
T=40 £, KaODG aVTO TOV EVOLOPEPEL GTN PACT] QLT Elvar 1
€0PECT TOV EHPOVG TILMDV Y10, T GUVOAIKT TOPOYH AELTOVPYiaG
TOV YEOTPNOE®V, Xq. XT0 oyNua 2 epeaviletar 1 KoTovoun
Mg mBavotntag emtvyiog, 1 a&lomotio, yio kKibe Stokpirn
T £q e TNV omoio TPOGOHOImGE To PovTELD Kabe opdda
npaypatdoemv. Q¢ mbavotnta emitvyiog, M a&lomoTio,
opilovue v mbovomro: P =1 — P,. T'o mapdderyua, yio
¥q=0.20 m*/s popacpévn OTIC TEGGEPIS YEWTPTOELS ATOpPL-
navong, Eywvav ot 300 TPoyLOTOGELS, 0nd TIG OTOIEG VITOAO-
yiomkav ta avtiotoyo medio. pong Kol GLUYKEVTIPMOTG. XTa
tedevtaio Bpédnkav 36 media pe GLYKEVIP®OT UEYOANTEPT
TOL 0opiov acEaAeiog og KGO0 onpEeio Tov VOpoPopéa (Gpa

P =12%), xou 264 nedia pe cuykevipdoelg Tovtod pikpoTepeg
10V opiov acporeiag (dpa P =88%).

4.3. lIpotervopeveg evOALOKTIKEG AOGELS - £pya

AT6 TV avAAVGT TOV GYNLOTOG 2 TPOEKLY AV Ol EVOALO-
KTIKEG AOGELG TOL TEMKA TPOKPIONKAY Yo TNV EX{ALOT TOL
npofinpatog. Ot Adoelg avtég eivar:

A) TOV «unV KAVELS TimoTay (Kopio dpdon). ZTnv TPOKEEVN
TEPIMTOOT, 0 VOPOPOPENG EYKATOAEITETOL GTN LOIPO TOV
Ko, OTMG TPOKVTTEL O TNV TPOGOUOIWGT) LE TO GTOYO-
oTIKO LOVTEAOD, 1] TOAVOTNTO 0GTOYI0G GTO TELOG TOL YPO-
viko¥ opilovta Tov 40 gt@v mapapéver 100%. To yeyovog
aVTO, OV aTodEKVOEL Kol To PéyeBog Tov TpofANpaTog,
onuaivel TPaKTIKE 6Tl 0 VIOYIV VOpoopéag Ba mapa-
peiver vroPfaboUEVOC Kol avevepYog Yo VoL TEPACTIO
YPOVIKO S1AoTN AL, HE O,TL AVTO GUVETAYETOL Y10 TNV OlKO-
AOYIKT], KOWV®VIKN Kol O1KOVORKT (1] TG TEPLOYNGC.
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2ynua 3: Koumdles allomotiog Tmv 1€006p0V TOPOYDY LE1TOVPYIOS
(Evaliaxuikés B, I A, kou E), otov ypovo Aeitovpyiog twv
THYOAOLDV ATOPPOTOVONS

Figure 3: Reliability analysis for the alternative clean-up strategies
evaluated

B) Agttovpyio tov myadidv omoppOTOVeNG LE GUVOAIKT|
nopoyn avtinong £q=0.15 m’/s, mov avtiotoy el o Gu-
volko eninedo a&lomotiog 50% (o). 2). Ot TpaylaTdoElg
TOV OTOYOOTIKOD LOVTEAOV OTIS OMOIEG EMTVYYAVETOL 1)
QTOPPLTTOVOT], LOPALOVTOL GTN GUVEXELD LETAED TMV XPO-
VoV amoppdravons, aviioys dSNAadN LEe TO TOCEG EYOVV
POTOVOT KAT® TOV 0plov ac@oAeiog HETd amd .y, 3 €
Agrtovpyiog TV TNyadidv, TOcEg PeTd omd S €t kok. H
afpOIGTIKN KATAVOUN TNG GLYVOTITOS TOUVOTNTOG EMLTL-
yiog (a&lomotio) otov ypdvo amoppimavens (HExPL Kot
Tov 90 ¥pdvo Aettovpyiag) eaivetatl oto oynua 3.
Ovvrorouteg evarraktikés, [ A, kat E, opifovton pe mo-

pOLOL0 TPOTO, AVEAVOVTAG KABE POpA TNV TapoyN AEITOLPYi-

ag TOV TYudldV amoppuravong, o 0.2 m¥/s, 0.25 m?/s, kot
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0.3 m¥/s avtioctoya. H cuvolikn a&omotioo avédvetan yio
v Kabe evadlraktikn o€ 88%, 98%, kot 100% (T, A, kot E,
avtioToya), evd 1 a&lomoTior TOV TPLOV EVOALAKTIKOV Y10,
SLaPOPOVG YPOVOVG AEITOVPYING TOV YEDTPHOEWY ENPAVile-
T gniong oto oynua 3.

4.4. H cvvaptnomn ctéyov

H Myn g tehkng amodgaong Ba mpoypoatonomdet pe
™V gAoloTOmOINGoT TG KAAGIKNG GYEONG KOGTOVG-EMIKIV-
duvotntog:
min CI)j = CJ.—I—Rj 4.4)
v v ké0e j evorlhaktikn. To kdotog C, vroroyiletat apov
Sl ®PLOTEL GTO KOGTOG KATAGKEVT|G TV TNYASIDV OTOppPL-
TOVOT|G, Cjwn, Kol 0TO0 KOGTOG AETOLPYING TV TN yodidV
oQVTOV Cjop(”, Y kGBe £T0g Aettovpyiag TOVG:

C,,=590 Q" €, (n Q oe m’muépar) 4.5)

¢

C,, = 0.0163 Q €/étog (4.6)

O 6pog g emkvovvotTog R, o omoiog, ekppdaletatl og:

R(H) = P(t) C(1) 7(CH) (.7)
pe P(t) v mbavomro actoyiog otov ypdvo t, yio kade
EVOAAOKTIKY ],
C(1), to emfo10 KOGTOG BOTOY0G KO
¥(C) T cvvéptnon o@eApdTnTag

Amo ™V €€, (4.7) cuvendyeTon OTLTO GTOYACTIKO LoVTELO Bal
npénel TAEOV Vo, LITOAOYILEL Oyl PHOVO TN GLVOAIKT] TOOVOTITA
aotoyiog k@O evaALakTKNG (o). 3), AAAG KOL T1) GUYKEKPIUEVT
mBavotnTa actoyiog yo KOs ypovo eréyyov. o mapdderypa,
oty evollakrtikr Tl (Aetrtovpyio TV TNYOSIOV LE GUVOAIKN
nopoyn 0.2 m*/s ywo, 7 xpoévia), Oo mpémnet va, EEpovpe v mha-
vOTNTO 00TOY{0G Yo KABE £T0G, TOGO GTa 7 XpoOvia. Aettovpyiog,
060 Ko PLetd ™ AEN TG AtTovpyiog TOVG MG TO TEAOG TOV YPO-
vikov opifovta. H avolutik) Ekppact) Tng cuvapTNoNG GTOYOL
(4.7) divetou, ¢ GOPOIGHO ETHCIOV TY®OV KOGTOVG, Yo KGO
¥POVO eEAEYYOV, t, £0G TOV Ypovikd opilovta T, kat pe tn pébodo
™G mapovoag a&log, amd T oyéon:

T
(=Y [ Cicon(® + Cjop® +Rj® 1/ (1 +i)t (4.8)

‘Eto1, Y éva kdotog amotvyiog, C(t)=150 yhiadeg
Evpd yo kdBe ypdvo pdmavong, yio ovdétepn otdon amé-
vavtt otov kivdvvo (Y(C)=1), kar emoio emrdkio i=10%,
emidvon g (4.8) divel tov mivoka 1. Enuetdvetot 6Tt €KTOG
mg @, xou or tipég twv C. , C. | Rj otov mivaka givor vwo-

jeon’ jop

Aoyiopéveg pe tn pébodo g mopovoag aiog.

ITivaxog 1: Amoteléouaro e avatvong amopaoewv yia y(CH=1, kou
xoorog amotvyiog Cf(t)=150.000€. O otijhes I - 111 avui-
0T0LY00V 070, SIOPOPETIKG, £TH AEITOVPYIAS TWV YOOIV
omopporovons. 1o wood. eivau oe exaTopuudpio, €.

Table 1: Decision analysis results (in million € - Cf(t) =150.000€)

I i I
Sém |7ém 9 ém

A

Kopio Apéon

CCOII

Cop 1.467

R

o 1.467
B

$q=0.15m3/s

Ceon 0.199 | 0.199 0.199

Cop 0.292 | 0.376 0.444

R 1.002 | 0.966 0.922

) 1493 | 1.541 1.565
T

$q=0.20m3/s

Ceon 0.238 | 0.238 0.238

Cop 0.389 | 0.501 0.592

R 0.720 | 0.660 0.640

O 1347 | 1.399 1.470
A

$q=0.25m3/s

Ceon 0.273 | 0.273 0.273

Cop 0.487 | 0.627 0.740

R 0.520 | 0.480 0.480

) 1.280 | 1.380 1.493
E

$q=0.30m3/s

Ceon 0.306 | 0.306 0.306

Cop 0.584 | 0.752 0.888

R 0.451 | 0.446 0.442

) 1341 | 1.504 1.636

5. AITIOTEAEXMATA

Onwg gaiveton otov mivaka 1 ToAd onpovtikd poro moilet
T0O LEYAAO ETNO10 KOGTOG AELTOVPYIOG TOV TYUOIDV OITOPPV-
maveong. Avtdg givatl 0 AGYog Tov oty oplovTio avayvmon 1
OVTIKEYEVIKT GLVAPTNON aVEAVEL, TOV onpaivel 6TL 1 peimon
TOL KIVOUVOL LE TNV aOENON TOV YpOVOV AELTOVPYINS TOV -
yodidv dgv 1ooTabpilel TNV avtiotoyyn adENCT) TOL KOGTOLG
Aertovpyiog. ‘Etot, o1 tpeig pbnvodtepeg ADGELS aviKouy otV
vrokatnyopio I, pe koddtepn v evariaxtiky Al
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H xartaxdépoen avayvoon tov mivaka 1 odnyet ota idwa
TEPITOV GLUTEPAGHATA LE AVTA TTOV PO YNONKav. Me v
avénon g mapoyng Aettovpyiag, To cVVolkd kdotog, C,
avéavel (tdpo ov&dvel ELOWKE KOl TO KOGTOG KOTOOKEL-
Ng), evd 1 emkvduvotnTo petdvetatl. H peioon avt) givan
peyoldTEPT 0O TNV TOPAAANAN abENCN TOL KOGTOVG OTIG
evalhoktikég B, I' kot A, pe omotélecpo TV mpoodeuTikn
peimon g cuvolkng g O otig oelpéc anTég. AvTo OUMG
TaveL va 1oyvel ot evorlhaktikny E kot odnyet v Kotoko-
poon e&EMén g @ oe pia kapmn, o€ éva gldyioto dniadn
7oV cupPaivel oty eVOLANESN OEPAd, TNG EVOAAUKTIKNG A.
To yeyovoc avtd odnyel oto cupmrépacpo 6Tt 1 avénon Tev
pétpmv Bepameiag dev odnyel TAVIO G KOADTEPO ATOTEAE-
opa. H xaAdtepn amdeaon Ppicketal kdmov otn PESN Kot
OVOOEIKVOETAL LOVO E TNV TPOGEKTIKY KOTAGTP®OT] TOL
TpoPAipatog, péca og £va miaiclo mov Kabopiletat amod Tig
apyég ™G AviAlvong AToQAacE®V.

6. O ITPOXAIOPIEMOX TOY
IHEPIBAAAONTIKOY KOXTOYX KAI
H IIEPIBAAAONTIKH ITOAITIKH

"Eva de0tepo cvpmépaciia mov eEdyeTot omd Tov Tivoka 1
glvar 1o yeyovdg 0TL 1 akpaio Kol KOTAGTPOPIKY| Y10, TO TTEPL-
BaAriov AOo1 TG EVOAAOKTIKNG A TOPAUEVEL AVTOY®VIGTIKT
(Lo 9% axpiPotepn g KoAvTepg Avong). Kabmg n Po-
okn petafAnti mov ennpedlel To KOGTOG TG EVOAAUKTIKNG
avtg tvar 1o Tpoatipo Cf, yivetar pavepd 6Tt To LOvo OTA0
NG TOMTEING Y10 VO OVTYHETOTIGEL 0vAA0YES TTEPIPaALOVTL-
KEG KATAGTPOPEG ival 1 EMPOAN ETNGLOL TPOGTILOL GTOV
VevLBLVO TG POTAVOTG, TETOLOV MGTE VO TOV OOTYNOEL OE
Moelg amokatdotacns TV vopoPopi@v. O Kabopiopds Tov
VYOG TOV TPOGTILOL OVTOV, GLVIGTA EVOL TEYVIKO TPOPAN LA
aLUNG Tov eKQPACEL TNV TOALTIKN TAEOV oVANGN TNG TOAL-
1el0G VO TPOOSTATEWEL TOVG PUGIKOVG OTOOEKTEG.

"Evag tpomog yio va kabopiobei 1o C, eivar va tov do0el
pio Kot’ EKTIUNGOT T TOV OTADG VO VITOYPEDVEL TOV VIEL-
Buvo va TANpdGCEL €K TOV VOTEP®V Yo ptio il Tov £xet
npokarécel. Avtog elval mepimov kol 0 TPOTOG OV Kobo-
piomxe 10 C,, o010 cLYKEKPLUEVO TPOPANUa. AauphvovTag
VIOYTN TNV EAANVIKT TPOYLOTIKOTNTO, KOl YOPIG CLYKEKPL-
pévn perén, to C, kabopiotnke oy tipr tov 150 yhiddov
gVP® T0 ¥Povo. O TpoOTOG 0LTOS, Y®PIG Vo AapPavel VoYM
TOV TIC TOPOUUETPOVS TOL GUYKEKPUEVOL TPORANUOTOG,
woopporel peTa&h Vo KvdHVeV: va amodelydel teAkd To
TPOGTIUO €ITE HIKPO Y10l VO OTOTPEYEL Uitk OVTIOIKOAOYIKY|
amogacn (mov eivol Kot 1 TEPITTOOoN HaG), €ITE VTEPOYKO,
LE OTOTELECLOL VOL AELTOVPYNGEL TEPLGTOTEPO KEPOOCKOTIKE,
amo TN HEPLd TOV KPpATovg. Avtol ot 800 kivdvvor, emiBai-
AOLV TOV VTOAOYIGHO TOV GUYKEKPUYEVOL TOGOV HECH OO
évav aAyoplBpo mov vo AapPaver vTOYN TOL TN GLYKE-
Kkpévn kabe popd katdotacn. To mocd avtd onAad va
EUTEPLEYEL TN SLVOLUKT] TNG CVYKEKPLUEVTG VIAVGNG Y10 TO

ekdotote TPOPANLA, OE GUVOVAGHO LLE TNV TOALTIKY ATOPOL-
o1 NG OTOTPOTNG TOV LETPMV KOL TOV EVEPYEIDV EKEIVOV
7ov Ba PAGYOLY TO TTEPIPAALOV.

Yy gpyacio avt mpoteiveton to mpdoTipo C, va Ko-
Bopiotel oe oyéon pe TV avaroyio Ty 600 akpainy, amd ™
OKOTA TNG OMOKOATAGTAGNG TOL VOPOPOPEM, EVUAALAKTIKOV
7oV TPOPAAAOVY G duVaTEG AVoELS. Ot EVOALAKTIKEG AVTEG
etvat, amd ) pio 1 evoAAaKTIK A OV dgv AapPaverl kavéva
pétpo, kot omd v GAAN 1 evarroktiky EIII wov katodnyst
oe amoppvmaven g kniidag, pe 100% mbavotnta emitv-
xlag. Alvovtag oto C, pia tum, tétole doTe N cvVAPTHON
o100V @ g evolhokTikng A va givol k gopéc peyaivtepn
g avtiotoryng @ tng evarlaxtikng EIIL, avtd mov amopével
0TO HeEAeTNTN €ivorl va kabopicel v T tov k pe 1€to10
TPOTO, OGTE, KATO TNV EKTIUNGT| TOV, VO ATOTPATEL 1| EQOP-
poyn g Tpdg Aong. o mapdderypa, yio vo kataAnget
N evodroktikny A, katd 50% axpipotepn g EII (k=1,5),
10 C, O mpéner va mapel v tiun: C=360.000 gvpa/étog.
Bdoet avtod Tov 10600 VITOAOYI{oVTOL EK VEOL OL TILEG TV
D, 1o g ] EVOALOKTIKEG, KOl TO. OTOTEAEGHATO QoivovTal
otov mivaxa 2.

Ta amoteréopato amodeikviovy o 6ca TponyRonKavy.
H Swpopd tov dvo axpaiov evarloktikdv givar 50%, evd
N Seopd TG EVOAAAKTIKAG A, amd TNV KoAOTEPN AvOM
El, minocwiler ta 1.45 exotoppopio gupd (74% oxpifo-
TEPMN), TOCO TOV TNV OTOKAEIEL OO TOV AVTAY®OVICUO TOV
VTOAOIT®V ADCEDV.

Eniomg, mopatnpeiton pio pikpn peTtatomion TV Ka-
Mtep@v Aoewv Tpog to katw (evorioktikn E), onAadn
TPOG TIG MO GIYOLPEG AVGELS, YEYOVOS TOV OTOSEIKVIEL TNV
OTOTEAEGLOTIKOTITO, TNG VROTIOEUEVNC KPOTIKNG TTapEpPoL-
omMg, M OToio. 0TI GLYKEKPIUEVT TEPinT®OT EMPAALEL GTOV
WO TV AmooTPoPt otov mEPPaiiovtikd kivovvo. Kotd
TOL AOUTA KOl GTO VEO TivaKa, 2 153 V0LV TOL GUUTEPACLLOTO TG
TPONYOVLEVNG TAPOLYPEPOV.

A&iler téhog va onpembel 6TL 1 TpoNyovEVT EMIAVOT TG
GLVAPTNONG GTOXOL £YIVE E TNV LTTOBEST) TNG 0LOETEPNG OTA-
o1 TOL LTELHVVOU Y10l T1) POTAVGT), ATEVAVTL GTOV Kivduvo. O
POAOG TNG OTAGNG TOV AT TNG ATOPACTG, OTAV AVTOG EivoL
Kot 0 VEEHOBVVOG Yo TN POTTAVOT), 1] SLUOPP®ST dNAASY TNG
cuvaptnong egelpotnrag, Y(C), £xel diepevvnOet oe aviio-
veg epyacieg [2,3,11]. Elvar mpopavég 6Tt 1 6ot apvinTikn
TAoT TOL VIEVHVUVOL TPOG TOV KIVOLVO TOV VO TANPDGCEL TE-
pariovticd TpodoTo, Bo av&ivel, avaioya pe Ty advénon
™G TYWNG Tov Tpootipov. H avénon avtig g téong, mov Ha
ekppootel otV Topovca pEBodo mg avénom g TG TG
Y(C), Oo €xel pe m oepd MG OG OMOTEAEGHA TN GUVOAIKT
avENoT TOV EVOALIKTIKGV, e peyodotepn BEPota emBapov-
o1 TV MyoTEPO aoPaAdY Aoemv. Etat Ba odnyodpoctay o€
AGELG TEPLEGOTEPO AGPUAELG, (OG TPOG TNV OTOPPVTAVGT) TOL
VIPOPOPLD, APQ KAl PIMKOTEPEG TPOG TO TEPPAALOV.

H oamotpont] Aowmdv tov Kivdvuvov, ektdg g HeTdfoong
0€ TO OCPUAEIS ATOPAGELS, ATOTPEMEL KOL TNV EVKOAN ADGN
™G Un AYNG HETPMV OMOKATAGTAONG TG TEPPAAALOVTIKNG
1Goppomiog.
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ITivokag 2: Amoteléouaro e aviélvong amopdocwv yia y(CH=1,
Kol koorog omotvyiog ommAdaio (Cf(t)=360.000 €. O1
otnleg I - I avtioroiyodv ata diapopetikd £ty Agitovp-
yiog tv mnyadiov amoppvmavens. To. mood, eivar oe
exarouuopio €

Table 2: Decision analysis results (in million € - Cf{t) =360.000€)

I i 111
5ém |7ém 9 ém
A
Kapia dpaon
CCOI‘l
E"p 3.520
3.520
)
B
£q=0.15m3/s
Ceon 0.199 | 0.199 | 0.199
Cop 0.292 | 0376 | 0.444
R 2402 | 2315 2210
D 2.893 | 2.890 | 2.853
T
$q=0.20m>/s
Ceon 0.238 | 0.238 | 0.238
Cop 0.389 | 0.501 0.592
R 1.728 | 1.584 1.536
) 2355 | 2.323 2.366
A
Zq:0.25m3/s
Ceon 0273 | 0273 0.273
Cop 0.487 | 0.627 | 0.740
R 1.248 | 1.152 1.152
) 2.008 | 2.052| 2.165
E
$q=0.30m3/s
Ceon 0.306 | 0306 | 0.306
Cop 0.584 | 0.752| 0.888
R 1.080 | 1.070 1.062
o) 1.970 | 2.128 | 2.256

7. XYMIIEPAXMATA - AI1IO TO
«O PYITAINQN ITAHPQNEI» XTO
«O PYITAINQN AITOKAGOIXTA»

‘Eva koo yopaxtnplotikd otoryeio tov tpofAnpdtov
7oV oYeTIoVTaL e TOV GYESIAGHO TOV VIPUVAKAV EPYMV,
elvar o1 cuvOnkeg afefordtntag LEGH OTIC OToleg TPEMEL VO,
50000V 01 MGELS, OTOTELEGHO TNG EAAELYNG LETPNCEMVY KoL
OE0OUEVOV Y10, fACIKEG PUOIKEG TOPAUETPOVGS LE EVTOVN Y®-
pkn Kot ypovikn petafintommra. H afefardtnra katd v
avaivon dnpovpyel mBavoOTTEG OmOTVYIOG KOl OOTOYIOG
TV oyedlOleVOVY EpYmV, TAPAyoVTaG TOL TPEMEL VAL AT)-

@Bl vTOYN Yo TV a&loAdYNOT TOV ADCEMY Kot TNV ETA0YN
™G KaAOTEPNG. AVTOG gival 0 AGYOg TOV 1) ETIAVOT EMITVY-
yévetor pe v epappoyn tov pebddov g Ocopiog TV
Amo@doemv, M onoia mopE el T SVVOTOTNTO ATOTIUNGNG
TOV EVOALOKTIKOV AVGE®V HE €V TPOTO TTOL Vo, AapPdvet
VIOYT TOV KO TOPAYOVIESG TTOV OEV PTOPOLV VO LETPTH0VV
L& TOVG GLVNOELG OIKOVOLKOVG OPOVG, EVD TOVTOYPOVE CL-
pmeptiopfavel oty a&loAdynon Kot To K6GTog TG TG
actoyiog Tov oxedolopevav Epymv.

To povtédo amdEOoNg TOL TAPOVOIAGTNKE GTIV TALPOV-
oa epyacio otnpiytnke akpimg o€ avtés TS apyés. H epoap-
LOYT TOL OU®OG 6T0 TPOPANUA TOV avarTOyYONKE Kot emAD-
Onke oto TPONYOLUEVA KEQAANLO, KATEDEIEE EMITAEOV TNV
avayKkn cOVIEONG TV S0IKNTIKOV puOpicemv yia T peimon
TOV TEPPUALOVIIKOV EMATOCEMV, UE TIG TAPUUETPOVS TOV
EKAOTOTE TEYVIKOV TPOPANUATOG. XTO TAICLO AVTO, 1) EQOP-
poyn g apyng g TePPAALOVTIIKNG TOATIKNG «O PLTAiVHV
TANPOVED EPYETOL AVTILETONN LE TO EPAOTNUA T (1] TOGO)
mnpavel. H topodoa epyocio omavid 6to pOTNLO 0VTO,
EVOMUOTOVOVTOG 0T dtadikacio exilvong tov kabopiopd
TOL KOGTOVG oV Bo. KANBel va KoTaPdietl o pumaivav, €161
®oTE Vo TPokplBohV AVGES oV Bo 0O YIoOVY GTNV ATTo-
KOTAGTOGT TOV OIKOGLGTHHATOS KoL VO ATOTPOTOVY GAAEG
un euukég mpog 1o mepPaiiov. ‘Etol 1 apyf «o puraivov
TApdveEY eEgMooETAL OTO «O PUTOIVOV OTOKAOIGTAY.

AmodeucvoeTtol Aomov OtL 1 PéBodog amdPacNG OV To-
POLGLACTNKE UTOPEL Vo Yivel éva OMUOVTIKO epyaAgio oTal
xépwo. TG molteing, cupPaAlovTag ot SUOPE®ON Hiog
OLKOVOLUIKTG TOALTIKNG Y10l TO TEPPAAAOV, OAAG Kot VOG Be-
OULKOV TAOLGTOV TOV B0l TPOGTATEVEL TOVG VOATIKOVG TOPOLG
a6 TNV To10TIKY VToPdbuon. Ot mbavotTTeg acToYiog TV
épyav, péco amd T S0dKacio TOCOTIKOTOINONG TG EML-
KIyOUVOTITAG, GUVIEOVTAL e TNV ABERLOTNTO TOV TOPOUE-
TPOV TOL GUGTNHUOTOG Y10 VO EVEMUATOHOVV TEMKA 6T dlo-
dkacio VToAoYIGHOD ToV TEPIPUALOVTIKOD KOGTOVE. ME ToV
TPOTO VT Ol dloknTikég pubuicels, kabdg vroroyilovtot
TAéov omd To poviédo amdeacng, sEedicoovtal amd amid
TPOGTIHA GE KIVITPO Y10 OMOKATAGTOCT) KO TPOGTAGIOL.

TéhoG, GTO PETPO TTOL 1| TTPOT|YOVLEVT] SLOSIKAGIO EPAPLLO-
Cetan o€ évo 6VOTI L0 VOATIKAOV TOP®V, TO TPOTEWVOUEVO TA-
010 SLOUOPPMONG TOAMTIKNG avVASEIKVOEL TNV il TOL vepPoD
OyL LOvo m¢ oo XPMoNG YO TIG CLEPIVES AVAYKES, AAAG KOl
®C KOW®VIKY o0&l 1oV TPEmeL va Tpo@uAaydel Kot vo, amodn-
kevbel yuo Tig emdpeveg yeviég [12]. "Etot, n 6An dadikooio
EKTOG OO TLG OIKOVOUIKES Kot TTEPPOUAALOVTIKES TOPAUUETPOVG,
EVOOUATAOVEL KO TIG OVTIGTOYES KOWVOVIKES, YEYOVOG OV TNV
EVTAGOEL OTIG OPYES TNG OELPOPOV AVATTLENG.
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Extended summary

Integrating the Environmental Cost in the Design of
Hydraulic Projects: an Aquifer Restoration Case Study

N. MYLOPOULOS
Assistant Professor University of Thessaly

Abstract

The development and application of a decision model is presented.
The model is based on the decision analysis methodology and was
applied to the remediation design of a contaminated aquifer in Greece.
The limited amount of available data concerning the hydraulic
conductivity parameter generates an uncertain environment, causing
the process to take place under risky conditions. The model combines
a random field generation method with a groundwater flow and
transport simulation model. The risk term was calculated into the
results through the generated probabilities of failure. The pollution
charges to be imposed by the local water authority were determined
through the appropriate development of this model. Thus, with the
proposed algorithm these charges can act as incentives to select the
most environmentally sustainable water policy, namely that of safely
restoring the aquifer.

From the engineering point of view, the design of a
hydraulic project is the problem of selecting, from among
a series of alternative solutions, the one that meets all
requirements in the best possible way. This means that the
solution to be selected should satisfy both the constraints
and the objective of the management problem either in an
optimal or in a “best” way.

However, water resource management problems appear
to be even more complicated in reality. This is more
obvious in groundwater problems, since the complex and
heterogeneous hydrogeologic environment, combined with
the lack of data, create a highly uncertain context. The
engineering design of groundwater remediation schemes,
developed in this context, cannot meet with certainty
the objective and the constraints of the deterministic
management problem.

This inability is regarded as a failure of the project’s
design. Therefore, the quantification of the relevant failure
risk arises as a primary task.

The decision analysis framework is considered to be
the most appropriate to solve this kind of problems, as
Submitted: Jan. 10, 2004 Accepted: March 30, 2005

it permits the integration of all costs, benefits, as well
as effects of uncertainty, into a single objective function
[2,3]. This integration is realized through the coupling of
a hydrogeologic uncertainty model with a decision model.
The risk-cost-benefit objective function developed in
this way allows immediate comparisons of a number of
specific, already formulated, alternative design schemes,
thus leading to a final decision. In this work, a risk-based
decision analysis model is presented and applied to the
engineering remediation design of the contaminated aquifer
of Kalamaria, in Chalkidiki peninsula, Greece. The spatially
varying hydraulic conductivity field is the stochastic
parameter of the problem, as data concerning its spatial
distribution are very limited.

The plain of Kalamaria, (fig. 1), is located in the south-
western part of the Chalkidiki peninsula in Northern Greece
[4]. The underlying aquifer is the sole water resource in
the area, which makes the importance of its protection and
rehabilitation more than obvious. The aquifer is bounded by
no-flow boundaries along the left and right sides and by a
constant flux boundary along its top side. Its bottom side is
bounded by seawater; it thus has a constant hydraulic head
equal to 0 m.

The random hydraulic conductivity field is assumed to
follow log-normal distribution, with expected mean value of
hydraulic conductivity p =1x10-4 m/s, standard deviation
o, = 1x10* m/sec and correlation length A = 500 m [6,7].
Figure 1 shows the aquifer under study, which covers an
area of 90 Km, as well as the contaminant plume. The latter
migrates due to groundwater flow towards the constant head
boundary, threatening groundwater with contamination for
a long time period. The decontamination of the aquifer is
based on the operation of a group of pumping wells placed
inside the plume area.

The particular Monte Carlo procedure used in the present
probabilistic study of groundwater flow and contaminant
transport consisted of the following steps [9]:

a. Given the three statistical parameters of the stationary,
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correlated, 2-D random field, K, a number of realizations were
generated by applying the method of turning bands [8].

b. Each hydraulic conductivity realization was used as input
data for the MOC model [5], together with the set of the
rest of the parameters, boundary conditions, etc., which
are considered deterministic in all simulations.

c. Performing a number of simulations with the groundwater
simulation model, the frequency distribution of
specific output variables can be obtained. Although
in most practical problems the variable under study is
the contaminant concentration, in our case it was the
frequency distribution of the duration of contaminant
episodes. This distribution was used to calculate the risk
term that is associated with the hydrogeologic uncertainty.
As a result, a reliability curve was constructed for the
total pumping rate (fig. 2), showing the probability of
success, having as success criterion the reduction of the
concentration in the aquifer.

Five alternative solutions were examined and evaluated
by the decision model presented in this paper. In the first
strategy no remedial measures are taken and for this reason
it is called the “do nothing” alternative.

The aquifer remains contaminated for a long time-
period, more than 40 years, which illustrates the extent of
the environmental damage in the area. Four clean-up wells,
with a total capacity of £q = 0.15 m /s corresponding to a
reliability level of 50%, form the second alternative, while
the same wells, with total capacity Xq = 0.2 m’/s form the
third. In the fourth and fifth alternatlves the clean-up Wells
operate with total capacity £q = 0.25 m */s and 2q=03m s
respectively. The cumulative distribution function of the
opposite probability of success for each strategy is shown
in figure 3.

In the context of the decision analysis methodology, a
risk-cost-benefit objective function is then employed for
the evaluation and comparison of the alternative design
strategies. As there were no benefits in our case, only the
costs and risks of the different strategies were incorporated
into the function (eq. 3.3 and 3.6).

The results obtained from the development of the
risk-based decision model for the 5 alternative decision
strategies are presented in Table 1. As the total pumping rate
of the clean-up wells increases, the value of the capital and
operational costs also increases, while the value of the relevant
risks decreases.

The best solution (DI) occurs when the clean-up wells
operate for 5 years with £q=0.25 m /s while other good
solutions can be found, always in the 5 year operation
column. The fact that the best solution is an intermediate
and not an extreme one shows that although conservative
policies correspond to better solutions than do the risky
ones, this cannot be used in general and the best solution
is associated with rather moderate scenarios. It also proves
that the best alternative in these problems is not obvious,

but that very careful planning is required — such as the one
decision analysis can provide — in order to bring the best
solution out.

As one can also see in Table 1, the “do nothing” scenario,
for which the contamination of the aquifer lasts for a long time
period resulting in high risks, was not found to be the worst.
This is due to the fact that, despite the high risks, the related
probabilistic costs were not particularly high (C¢=150.000€).

In this paper it is suggested that the estimation of
the pollution charges should be related to the risk-based
objective function corresponding to the two extreme
alternatives: the least environmentally friendly, i.e. the “do
nothing” on one hand, (®,), and the most conservative in
terms of environmental risks on the other, (® ), reflecting
the lowest (0%) and the highest (100%) probabilities of
aquifer rehabilitation, respectively.

Giving pollution charges, Cf, a value that leads to a
relation of the form ® =k ® it is up to the policy-maker
to define k so that the “do nothmg alternative will become
as unattractive as desired. For example, in order to make
®A 50% higher than ®  (k=1.5), the pollution charge
must become Cg=360. 000€. The results obtained by the
application of the decision model for such a policy are
presented in Table 2.

As can be seen, the economic policy followed by the
water authority is now indeed effective, since the more
environmentally friendly the alternative is, the more it
becomes attractive to decision-makers. The most attractive
alternative has become now the environmentally sustainable
policy of safely restoring the aquifer, EI, while the extremely
environmentally risky alternative of “doing nothing”,
became one of the two worst policies. It is clear now that
this economic policy imposed by the water authority can act
as an effective incentive to the polluters, as it can guarantee
both the selection of the more environmentally friendly, and
on the other hand the rejection of the more environmentally
risky policy, even in cases that the polluters may have a risk-
neutral tendency.

The risk-based decision analysis framework presented
can be used as a water policy tool in the design of economic
incentive instruments under conditions of uncertainty.
Pollution charges can now be determined on a risk-cost-
benefit basis in such a way as to guarantee either the
promotion of the more environmentally friendly, or the
rejection of the more environmentally risky water policy.
Pollution charges are now becoming effective economic
incentive instruments in the direction of forcing polluters to
restore water resources, rather than simply paying penalties
for the environmental degradation they caused.

The development of the risk-based decision model
proposed in this study by the decision maker, will lead him
eventually to the determination of such pollution charges
that the final cost of the extreme, environmentally hostile
alternative will turn out to be a multiple of the cost of the
full restoration scheme. Thus, defining the desired relation
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between the two environmentally extreme alternative and follow the most sustainable of all alternative policies. In
policies, the decision maker can give the pollution charges  other words, the decision maker can shift the “Polluter Pays”
an incentive character in order to force polluters to select  principle to a “Polluter Restores” one.
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