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AmoyopeUetal n avilypadn, amobnkeuon kot Stavoun tng mapovoag epyaciog, £€ olokAnpou n
TUAMUATOC QUTHG, YlA EUMOPLKO OKOTIO. ETUTPEMETAL N avaTUTIWon, amoBAKeUon Kol SLOVOUN YL OKOTIO
MUN KEPSOOKOTILKO, EKTIALOEUTIKAC I EPELVNTIKAG dUONG, UTIO TNV MPoUnoBeon va avadEpeTal n mnyn
TMPo£AeUONG Kal va Slatnpeitol to mapdv pnvupo. Epwtiuota mou adopolv tn XpHon spyacioc yla
KEPOOOKOTILKO GKOTIO TIPETEL VO alteuBUVoVTaL TIPOG TO cuyypadEa.

OL amoPeLg KAL TA CUUTIEPACHATA TIOU TIEPLEXOVTOL OE QUTO To £yypado ekppdlouv Tov cuyypadEa Kot
Sev mpémel va epunveuBel OtL avtumpoownelouv TIC emionueg Ofoslg Tou EOvikou Metodplou
MoAuteyveiou.






ABSTRACT

The scope of this work is to elucidate the use of Principal Components Analysis (PCA), a
multivariate statistical procedure, as a tool to interpret the areal distribution of various types of
water level fluctuation patterns within the watershed of Western Thessaly in Greece. In this
area, intense ground water abstraction takes place during the last decades to cover the needs
of agricultural activities, and is reported to have impacted significantly the ground water
regime.

For convenience, the study area was divided into three subareas, namely Farsala, Karditsa
and Trikala, each of them containing a series of monitoring wells. In each of these areas, the
water level variations for the past 40 years where examined thoroughly through plotted
hydrographs. Then, PCA was applied in order to define a few uncorrelated linear combinations
of the original hydrographs, which summarize the data set without losing much information.
PCA revealed the existence of distinct temporal patterns in the available water level data,
allowing the classification of wells into groups of similar behavior.

The interpretation of the ground water level measurements with PCA can be used by the
stake holders involved in ground water management (farmers, public authorities, general
public, ecologists, etc.) to closely monitor the aquifers piezometry, through the identification of
certain target wells from larger well groups. These target wells can be selectively measured in
the long - term, allowing the sustainable monitoring and the collection of reliable ground level
data.



INEPIAHWH

H Suaxeiplon tou vepou Adyw uvPnAwv apdeutikwv avaykwv eival éva peilov Béua mou
mapotnpeitol Ta TeAeutaia Xpovia o€ TMOAAEG TIEPLOXEC TNG XWPOG HOG KoL EXEL OTOLOYXOANOEL
KATA KopoU¢ dekadeg popeic mou mpoomabouv va Slaxelplotolv to BEPa Pe ToV KAAUTEPO
Sduvarto tpomno.

H Oeoocalwkny medlada eival pla amd autéC T TEPLOXEG, KaBwe¢ n dapdeuon tng
TIPAYUATOTOLETAL AdEVOC HEV E YEWTPNOELG AVTANONG UTIOYELWV VEPWYV Kal HE SloxETELON
eTULPAVELAKWY VEPWV amo Tov [Mnveld motapd pEow TOAAATANG XPrONG OTPAYYLOTIKOU-
apbeutikol Oiktou, adetépou &g pe Xpnon VeEPoOU amod MIKPOUG TOAULEUTAPEG, OTOU
amoBnkevetal to mAsovalov vepd ToOUu Kulveital péoa oto SIKTuo HEXPL TNV £€vapén Twv
oapbdeloswv. Avadoplkd HE Ta UTIOYELD VEPQA, AUTA eKUETAAAEUOVTAL MEOW €VOC TARBoUC
KPOATIKWY KOl WOLWTIKWV YEWTPNOEWV oL omoleg €xouv fgkvroel amnd tn dekaetia tou 1970.
INUELWVETAL LAALOTA OTL OOTEAEL €va Ao TA TLO EANELUUOTIKA SLOPEPLOUATO TNG NTIELPWTLKAG
XWPOG O€ VEPO.

Eldikotepa, 6oov adopd tn Aekavn tng AuTikng O@scoaliag ou amoteAel Kal TNV MepLOXN
HEAETNG, OL TOTILKOL LS ATIKOL TTOPOL, ETLPavVELAKOL KOl UTIOYELOL, TTAPA TNV EVIOXUGT) TOUC ATTO TIG
EKPOEC TIOPATIAEU PWV TAULEUTHPWYV TIOU £XOUV KATAOKEUAOTEL yla To AOyo auTo, dev EMapKOUV
yla TNV KAAudn Twv omaltrioewv O apdeUTIKO VEPO Twv UPLOTAUEVWY KaAAlEpyElwy. H
ENeWn EMAPKELAC OE £pya TAUIEUONG OE GUVSUOOUO HE TOV N 0pBOAOYLKO TIPOYPAUUATIONO
TWV KAAALEPYELWY, EXEL 0ONYNOEL OE ONUOVTIKO TIEPLOPLOKO TNG BEPLVAG PONG TWV TTOTOUWV Kall
Spapatiky umofdabuion twv ubdpodopéwv, efattiag¢ NG EvraTkAG XPNong apSeUTIKwWV
YVEWTPNOEWV.

Mo avaAuTtikd, To HeyaAUTEPO TUAUA TwV USPOoPOpwWV 0pLlOVIWV TNG AUTIKAG Oeooaliag
Bpiloketal KATw amoO KabBeotwg UMepPAvVIAnonG, n omoia opiletal w¢ «EVTIATIKA
OTIPOYPOLUATLOTN KoL U EAEyXOUEVN “eKUETAAAEUON” TWV UTIOYELWV VEPWY, CUVOSEUOUEVN
oo omoleodnmote  avOpwrivec TmapepBacel oto  umédadoC TOU  AELTOUpPYOUV
QITOOTPAYYLOTIKA, adalpwvtag cuxva arnod toug udpodopeic MOCOTNTEG VEPWY UEYAAUTEPES TWV
UTIEPETAOLA AVAVEWOLLWY UTIOYELWV LSATIKWY amoBepdtwv» (Koupavtakng, 2001). Eivat pa
kataotoaon mou odnyel oe eykataotacn kabBeotwto¢ apvntikoU looluyiou Twv umoyeiwv
VEPWV.

Me dAAa AOylo, UTIAPXEL CUCTNUOTLKA TOMElivwon tng otabung amd xpovo oe xpovo,
dlaitepa KAt TO B€pPOC, OMOU TO VEPO TWV USPOYEWTPNOEWV QVTAE(TOL TIPOKELUEVOU va
xpnotpornotnBel yia T apSeUoel TwWV KOAANEPYELWY, HE OUVEMELX TN YEVIKA TITWON TNG
udpoduvaplkig otadung. Autd mou SladEpel TOTKA €lval n EvVTaon TNG UNMEPEKUETAAAEUONG
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KAl O XPOVOG KOTA TOV OMolo APXLOE N QmOTOMNn TTWOoN TNG OTABUNg Twv UTOYELWV
udpodoplwy, XWPILG MEPALTEPW AVATIAPWON. ATIO TNV UTIEPEKUETAAAEUCN OUWE OE OPLOUEVEG
TIEPLOXEC AOPPEOUV KL AAAa TtpoPAnuata mou oxetilovtol Pe TNV UETOKIvnOn Tou £6ddoug,
KaOWNoeLlG, KATOALOONTIKA ¢avopeva Kol KAt TOmMou¢ UGOAUUPLVON TWV UTIOYELWV
udpodopéwv.

M’ autol¢ Toug AOYOUG KPLVETAL amapaitnTn N cuoTNUATLKA TapakoAouBnaon tng mapoxng
Tou Mnveloly Kal Twv KUPLWV TIAPATIOTAUWY Tou, KaBwg Kal tng otadung tou udpodopéa,
kKaBw¢ Beswpeital avaykaio Brpa yla tnv aflOMLOTn €KTiUNON Tou LSATIKOU SuVAULKOU TNG
Autiking Oeooaliag, emipavelakoU Kol UTIOYELOU, Kot TN AP TwV avayKalwv SLaXELPLOTIKWY
HETPWV.

Me adopur Ta ITPoPAUATA TTOU UTTAPXOUV OTN CUYKEKPLUEVN AEKAVN, LEAETAONKE TAB0G
VEWTPNOEWV 0 OAN TNV £KTOON TNG, HE OKOMO TNV €ppnveia udpoypadnUdtwy UTIOYELOU
vepoU, ME TN xpnon Avdluong Kiupwwv Zuviotwowv (PCA). OL otoxoL Tou EMPEne va
erutevxBolv Ntav n eUPECn OUASWVY YEWTPNOEWV HE OMOELSN XOPAKTNPLOTIKA Tou Ba
BonBoloav oTn Helwon TWV YeEWTPNOoewv TapakolouBbnong, e€aodaiilovtag £toL
€€0LKOVOUNGT OLKOVOULKWY TIOPWV Kot avBpwrivou duvapikol, kabwe kat n avadelén tng PCA
WG gpyoAeilou gpuNnVelOG TNE XWPLKNCG KATAVOUNRG Twv Sladopwv TUTwV SlakOpavong Tng
OTAOUNCG TOU VEPOU PEaa otn Aekavn TG AUTIKN ¢ Osooaliag.

Mo ouyKekpLUEVA KOl yla TNV KaAutepn Slepelvnon, n meploxn UEAETNG Xxwplotnke o€
TPELG UTIOTIEPLOXEG: TLG TIEPLOXEG YUpw amd ta Ddapoala, tnv Kapditoa kot ta Tpikala, kabe
HLOL OTTO TLG OTTOLEG TIEPLELNE ULa OELPA ATIO YEWTPNOELG TtapakoAouBOnong. O SLaxwpLoPOg auTog
Baciotnke otnv mpolmdpxovca tafvounon (katd KaAAépyn 1970, Sogreah 1974,
Kwvotavtwvidn 1978) Bdaoel udpoypadikol Siktuou. H mpwtn meploxn mepAapBAveL TOV KwvVo
TOU ToTapoU Zodaditn, Tnv nedivr meploxn yUpw oo ta xwpLd Ay. NewpyLlo Kot ZTaupo Kabwg
kKat tnv TOAn twv QapocdAwv. H Oeltepn PBploketar oto N-NA tuRpa g Aekavng,
ocuunepAapuBavopévng tng €uputeEPNG TEPLOXNG Tou vopoU Kapbditoag mou mepllapBavel
TIOAEG NULOYPOTIKEG KOL OOTIKEG TIEPLOXEC KOL XOPAKINPLETAL WG «UTOAOUTO AUTIKAG
nedladag». TENog, n tpitn meploxn mepAapBAavel To HeyOAUTEPO HEPOC TNG AEKAVNE TNG AUTIKNAG
Oeooaliag ou dlaoyiletal anod tov MNVeLd Kal TOUC MOPATTOTAHOUC Tou MNapco kot Moptaiko.

ITn CUVEXELQ, UE OKOTIO TNV QTELKOVLON KOL KOTOVONGON TNG MEPLOXAG KAl TNG OXEONG TOU
UTTOYELOU VEPOU WE TOUG OXNUATIOMOUG TIOU OIOVIWVTOL avadoplka HE TNV Kivnor tou
SlOpMECOU QUTWY, KOTOOKEUAOTNKAV ETIHEPOUC XAPTEC TNG KABe meploxng, Kabwg Kot
OUYKEVIPWTLKOG XAPTNG TNG AEKAVNG Ue 6Aou¢ Toug ALBoAoylkoUg oxnUaTLopoUG, T Béon Twv
VEWTPNOEWV KOL Tn OXETKR Oéon Twv peyaAlutepwv ToOAswv. MNa tn Snuoupyia Twv
YEWAOYLKWV XAPTWV Xpnotuomnoltnkav yewAoyikol xapteg tou ITME. Ao Toug XAPTEG AUTOUG
TIPOKUTITEL OTL OL YEWAOYLIKOL oXNUATIOMOL, Ol OTolol AmOTEAOUV PUBULOTIKO TOpAyovTa TwV
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USPOAOYIKWY CUVONKWVY TNG TIEPLOXNG, AVAKOUV Ot 4 KUPLEG YEWAOYIKEG €VOTNTEG. TNV
HeTapopdwuévn MNelayovikr, ou mepAapBavel yveloloug, KpUoTaAALKOUG oxloteg, GUAALTEG,
KPUOTAAALKOUG aoPeoctoAlBoug, pappopa kot SoAouite¢. 2tnv  YMOMEAAYOVIKH TOU
neplhappavel oxioteg, eAadpwC UETOHOPOWHEVOUG OXLOTO-YVEUGOLOUG, WALOALBOUC, TNALTEG,
aoBeotoAlBoug, Solouiteg, odloAiBoug kat ¢Avoxn. Itnv evotnta Ttou Kolloka Tou
nephappavel acBeotoABoug, kpokahomayn, LA\UOALBoUG katl AUoXN. TENOG OTNV EVOTNTA TNG
Mivbou mou mepllapPavel aoPeotoAlboug, mupttioAlboug, TNV akoAouBia Tou «mPwWTOU
dAUoxN», HeTaBatikda mpog dAvoxn Wnuota, GAvoxn. EKTOC TwV OXNUATIOUWY TWV AVWTEPW
YEWAOYLKWV EVOTNTWYV, TIOU €xouv dnuLloupynBel KATA TNV AATIKI) OPOYEVEDH, CUVAVTWVTOL KOL
mANBog veoyevwv amoBécswv OnMwg dapyllol, AUEG, HAPYeC, WUOABoL, Kpokalomayh,
Aatumonayn Kol popyoikol acBeotoABol, teTaptoyevelG amoBEéoel Omws oAAOUBLAKEG,
TIOTOUOXELLAPPLEG ATIOBECELG, KOPUOTO KAl KWVOL KOPNUATWY, aAAd Kol n HOAAcoo TNG
MeooeAANVLIKAG aUAAKOG.

H nmepattépw peAétn Baclotnke og 62 yewTprnoeLg mapakoAouBnong Katda tn SLApKeLa TNG
XPOVLIKNG Tteplodou 1974 — 2014. Mo avaAUTIKA, 8 YEWTPHOELG LEAETAONKAV OTNV TIEPLOXT TWV
Dapodlwv katd tnv nepiodo Anpidiog 1993 — Auyouotog 2014, 24 otnv neploxn t™¢ Kapditoag
Katd tnVv mepiodo lovAlog 1974 — NoguPprog 1993 kat 30 otnv meploxn Twv TPLKAAWY KATA TNV
niepiodo Ampiliog 1983 — louviog 2005. Me Baon TLG UTIOYELEG OTABUEG vepwy Tou eAndOnoav
amoO YEWTPNOELS TWV CUYKEKPLUEVWVY TIEPLOXWY, dnuloupynbnkav udpoypadnuata, wote va
davel n dtakvpaveon NG otadbung Tou vepou Katd tn Stapkela pLog neptodou 20 €wg 23 Twv
yla kaBe meploxn kat va dtepeuvnBel n mBavr cUOXETLON YEWTPHOEWV LETAED TOUG.

AOyw OHWG TNG TIOAUTIAOKOTNTAC KoL TOU HeydAlou aplBpol twv udpoypadpnudtwy Kot
KUPLWC yLa TNV anoduyn BEUATWY UTIOKELUEVIKOTNTAC, N avaAuon auth Ba ntav duvatn povov
Héow NG £dapuoyng ¢ pebodou PCA. H péBobog autny katadelyel otn dnuioupyla
bdeutepoyevwy petafAntwy - udpoypadnudtwy, oL omoieg eival ypaupikol cuvdvaopol Twv
OPXIKWYV, £TOL WOTE VA €lvOL OLOUCYXETLOTEG METAED TOUG KAl va TEPLEXOUV 000 TOo Suvatov
HEYAAUTEPO HEPOC TNG Hopdoloyiag Ttwv apxikwv. Mpokumrtel SnAadn €vog OnNUAVTLKA
HULKPOTEPOC APLOUOC aVOUOLWY PETAEL TOUC USPOYPAPNUATWY TIOU EVUTIAPXOUV OE QVTIOTOLXEG
ovaloyilec og OAQ T OPXLKA KOL WITOPOUV VOl TAL EPUNVEVCOUV UE OPKETA HEYAAN akpifela. Ta
udpoypadnuata avtd ovopdlovrotl KUpLleg ZUVIOTWOEC.

Ano v edappoyn tng PCA mpoékue OTL TO HEYOAUTEPO TOCOOTO TNG OUVOALKNG
mAnpodoplag €ival OUYKEVIPWHUEVO OTOUC TPELG TPWTOUG TAPAYOVIEC KAl yla TG 3
UTIOTtEPLOXEC. To udpoypddnua KaBevog amd TOUC AVWTIEPW TIAPAYOVIEG TOPOUCLALEL
OUYKEKPLUEVO LOPPOAOYIKA XOPAKTNPLOTIKA, T omoia Kal Tov Stadopomolovv amoAUTwS anod
Toug umoAoutouC. Mapadelypata TAPOUOLWY XAPOKTNPLOTIKWY Elval OTNV TIEPLOXN TWV
QapodAwv n endAVION EMOXLOKWY LOTIBWVY OXAHATOG AVECTPAUMEVOU “U” KOl AVESTPAUUEVOU



“V”, otnv meploxn tng Kapditoag n epdavion SLeTwv KUKAWVY KoL 0TV TEPLOXN TWV TPLKAAWV N
eUdAvVIoN AMOTOUWY MTWOEWY OTABUNG.

AkoAoUBw¢, Ta uSpoypadAUATA TWV YEWTPHOEWV Ylot KABE LA amo TG 3 UTTOTEPLOXEG
TomoBeTnBNKAV 0 €va TPLOSLAOTATO SLAYPAUUO LE CUVIETOYHUEVEG TO TTOCOOTO CUUUETOXNG
Toug ot KABe M amd TG 3 KUPLEG OUVIOTWOEG. EToL emtevXBnke n oUYKpLOn TWV
udpoypadnuatwy PETAEL TOUG avaAoya PE TNV eyyuTNTA TOug oto daypappa. Me Bdaon ta
Slaypappoto autd £€ylve opadomoinon TwV YEWTPNOEWV O TPELS OMUAdEC yla KABe
uroneplox). H kaBe pla amod autéG TIC OMAdEG UMOpel va XaPOKTNPLOTEL amd TN OXETIKA
Kuplapxia evog Hovo mapayovia.

Onwg SlamotwbnKke OTn OUVEXELX aTO TNV TOMOOETNON TWV YEWTPNOEWV OTOUG
YEWAOYLIKOUG XAPTEG, N Sladpopomoinon OTIC CUYKEKPLUEVEG OMASEC AVTAVOKAATAL KAl OTn
XWPLKA TOUG KaTavopr. To yeyovog auto SLeUKOAUVEL TN GUOLKA EPUNVELA TNG CUYKEKPLUEVNG
opadomnoinong PACEL TWV YEWAOYIKWY XAPOKTNPLOTIKWY Tou uTtedddoug, tng gyyutntag Ue
eTLPAVELAKA VEPA, TNG OXETIKNG BEoNC otV TLELOUETPLKNA EMLdAveL KOBwWC Kal AAAWY PUOLKWV
napapétpwy. levikdtepa, ta udpoypadnuata NG KABe yewtpnong Mall pe TN
oTpwpatoypadikr TG otnAn €dwoav pia o oAokAnpwpévn meplypadn Tng KABE MEPLOXNG
ooov adopd TO Udpohoylkd TNG KaBeotwg, adou 606nke epunveia otnv USPAUALKN
ouunepldopd TNG KABE YeWTPNong KoL OTO KATA TOCO NTav €UKOAO va avamAnpwOesl pia
moooTNTA UAATOG UETA Ao cuvex aviAnon 6edopévng tng GUONG TWV METPWHATWV.

Me Baon ta avwtépw anoteAéoparta eival Suvato va mpotabel pelwon Twv YEWTPRoswv
mapakoAouBnong o KABE TepLOXN LE OTOXO TNV £€0oLkOVOUNON TIOPWV. MO0 CUYKEKPLUEVA, OTNV
nieploxn twv OapodAwv mpoteivetal n mapakoAouOnon anod tnv mpwtn opdda tng yewtpnong
LB70 wg mA€ov eVvOELKTIKAG, TNG 540B amod tn deutepn opdda kat tnG SRA wg eVOELKTIKAG TNG
tpltng opadag. Ooov adopa tnv Kapditoa, mpoteivetal n yewtpnon D36 wg evOELKTIKA TNG
npwtng opadag, n PZ32 yia t deltepn opada kot n PZ19a ywa tnv tpitn. TEAOC, oTnVv MEPLOXN
Twv TpaAwv, ol yewtpnoelg TB20, PZ1, PZ17 umopolv va BewpnBolv eVOEIKTIKES YLAL TIG TPELG
opadeg avtiotowa. Ta udpoypadAUATO TWV AVWTEPW TIPOTEWOUEVWY YEWTPHOEWV HOoLAlouV
TIEPLOCOTEPO OXNUATIKA LE TOUG QVTIOTOLXOUG TIAPAYOVTEG KOl CUUTTUKVWVOUV TN CUUNEpLpopa
™¢ kaBe opadag. Asdopévng NG SUOKOANG OLKOVOULKNC KaTtAotaong Kal tng €Aewdng
avBpwrmivou Suvaplkol, kot £pocov n Helwon Tou aplBpol TwV YEWTIPHOEWV TIOU
napoakoAouBolvtal KplBel avaykaia, n mapakoAolOnon HOVOV TWV OVIUTPOCWIIEUTIKWY
YVEWTPNOEWV OTWG QUTEG TIPOTELVOVTAL OTNV Tapovoa epyacia, anoteAel tnv evdedelyuévn
AUon €TOolL WOTE VOl OVOKTATOL TO MEYAAUTEPO TOCOOTO TNG MANPOGOPLAC OXETIKA ME TIG
SLOKUMAVOELG KL TN YEVIKOTEPN cupumepldopd tou uSpodopou opilovra.
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1. Introduction

Measurements of water level in monitoring wells or piezometers consist an integral part of
ground water studies. The water level data can be used to plot hydrographs of hydraulic head
versus time, which are subsequently used to evaluate the response of the ground water system
to either natural or manmade activities over time at the location of that monitoring station.
Statistical methods can quantitatively summarize the data collected over space and time
during the course of an extensive monitoring program (Modis and Sideri 2015) providing the
basis to better understand the various types of water level fluctuation patterns within a study
area. Statistical analysis of available water level data can also provide the basis in order to
optimize and effectively reduce the number of measuring locations without jeopardizing the
accuracy of compiled information in the long-term.

In order to analyze water level data, lower dimensionality and reveal patterns in such large
datasets, an analytical procedure is required. Principal Component Analysis (PCA) is intended to
establish a series of factorial variables that summarize all the hydrogeochemical information.
This is the most widely used method of multivariate data analysis owing to the simplicity of its
algebra and its straightforward interpretation. Principal components analysis can be used to
summarize the data covariance structure in fewer dimensions of the data. It is used to identify
the important components that explain most of the variance of a system. Moreover, it focuses
on providing a representation of a multivariate data set using the information that is contained
within the covariance matrix, so that the extracted components are mutually uncorrelated. In
addition, the principal components have the important property that successive components
explain the maximum residual variance of the data in a least squares sense.

This kind of analysis may find several different uses regarding the examination of
monitoring wells. According to Francisco Sanchez - Martos et al., when factorial variables,
derived from PCA, are defined, the physico - chemical processes that affect groundwater can be
identified and subsequent analysis of the spatial distribution of these variables using
geostatistical estimation techniques can take place. The geostatistical techniques constitute a
useful tool for the study of spatial variability in these hydrogeochemical processes, since they
enable the distribution of the variable throughout the aquifer to be analyzed via its estimation
and subsequent mapping. PCA can also provide e.g. the degree of salinization, thermal
influence or marine intrusion in the water (Pulido Bosch et al. 1992). Furthermore, important
geomorphological parameters that contribute to runoff erosion (Hann 1997), or complex
hydrogeological conditions such as transmissivity variation (Premchitt and Das Gupta 1981) can
be identified through PCA. Finally, the results of the PCA can provide some basic insights into
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the similarities and dissimilarities in patterns of water-level fluctuations among wells and might
be useful in selecting wells for long-term monitoring (Winter et al. 2000).

Such a type of analysis has been performed in this thesis in order to examine the behaviour
of various monitoring wells in West Thessaly basin. This basin is the bigger part of the Thessaly
plain and the one having the most important and rich aquifers. Its importance is notable, due to
the fact that Thessaly basin has high water demands that are covered to a big portion by wells,
given the absence of reservoir infrastructure, except from Plastiras and Tavropos dams. This
situation has led to overexploitation resulted to the manifestation of land subsidence
phenomena (Marinos et al. 1995, 1997) and ground deformations (Modis and Sideri 2014) with
extended damages in certain sites (Rozos et al. 2010).

More specifically, the data analyzed in the present study were collected from three
research sites in the West Thessaly basin, in Greece (Figure 1). The dataset includes monthly
piezometric time series taken from 62 water wells in the period from 1974 to 2014. The goal of
the current thesis is to define a few hydrograph patterns that would represent the general
patterns of water level fluctuations over a 20- to 23-year period for each site. Furthermore, by
determining the extent to which hydrographs at individual well locations relate to the
statistically computed hydrographs, the spatial distribution of hydrograph patterns could be
mapped throughout the area of each of the three sites. Finally, certain “key” monitoring wells,
that would best describe a group of similar wells, will be identified and be characterized as
crucial to be monitored and looked after. On the other hand and due to money and resources
restraint, fewer wells could be monitored, giving priority to those key wells.
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2. Site description

The study area is located in the West Thessaly basin, (Figure 1) subdivided into three
subsequent smaller areas. The first area is located in the Farsala region containing the lowland
area surrounding Ag. Georgios, Farsala and Stavros villages. The second area is located in the S-
SW part of the basin including the wider Karditsa prefecture area containing a lot of semi - rural
and urban areas. The third area, Trikala area, includes the largest part of the Western Thessaly
basin and is being crossed by Pineios and its major side rivers Pamissos and Portaikos (Figure 3,
Figure 6).
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Figure 1: Location of the West Thessaly Basin
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3. Theoretical Background

3.1 Geomorphological settings

The Thessaly basin is a lowland area in Central Greece (Figure 2) with an overall area of
about 4,520 km?, mainly drained by the Pineios River. The basin is surrounded by the
mountains Ossa, Mavrovounio and Pilio to the east, Olympos and Titaros to the north — east,
Kamvounia, Chasia and Antichasia to the north and north — west, Pindos to the west and Othrys
to the south.

The basin is subdivided by a group of hills -which form an elongated ridge consisted of
mountains Zarkos, Titanos, Fylliios and Chaklodonios- in two sub-basins, the Western and the
Eastern one. These are mainly individual hydro-geological units, with high potential aquifers: (a)
the hilly-mountainous region, with an absolute altitude ranging from 200 m up to more than
2,000 m and (b) the low-land region, with an absolute altitude up to 200 m. These areas occupy
62.12 % and 37.88 % of the overall area, respectively.
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3.2 Climatic and hydro-meteorological characteristics

The climate of the wider study area is considered continental with cold winters, hot
summers, and large temperature differences. According to the hydro-meteorological data for a
37 years’ time-period (1970-2007), obtained from 14 meteorological stations located in the
wider Thessaly region, the following results have been derived: (a) the rainy period begins in
October and ends in May, (b) the mean annual precipitation is 885.8 mm, (c) a wide fluctuation
of the annual rainfall data is recorded with annual measurements ranging between 541.7 and
1,592.0 mm, (d) an increase in rainfall from E to the W is evidenced, (e) the mean annual
temperatures range between 5.0 and 26.6° C, and (f) the annual fluctuation pattern of
temperature is exactly the opposite from that of the precipitation.

3.3 Geological structure and tectonics

The Western Thessaly basin lies between the internal and external Hellenides (geotectonic
units), which, along with the recent tectonic activity explains the great variety of the prevailing
geological formations.

Rock formations that surround the basin are distributed between four geotectonic units of
the Alpine orogeny regime.

I.  The Metamorphic Pelagonian unit consists of gneisses, crystalline schists, phyllites,
crystalline limestones, marbles and dolomites.

. The Sub - Pelagonian unit consists of schists, schist-gneisses, sandstones, pelites,
limestones, dolomites, ophiolites and flysch.

lll.  The Koziakas unit consists of limestones, conglomerates, sandstones, pelites and flysch.

IV.  The Pindos unit consists of limestones, cherts, first flysch sequences and transition to
flysch formations beds.

More specifically, the main lithological formations that among all play an important
factor in the hydrogeological conditions in the area are:

e Flysch of Central Greece.

This unit consists of shales, siltstones and sandstones in alternate layers. Locally,
conglomerates, grits or marls also participate, while calcareous schists and limestones or marly
limestones are even more rarely interbedded. This formation is intensely fractured and
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multifolded. Surface beds show a medium to strong weathering and a dense net of
discontinuities, causing intense secondary looseness. In macro-scale, flysch is considered as an
impermeable formation, allowing the occurrence of small springs, usually between the
fragmentation zones or weathering mantle and bedrock.

Flysch is characterized by an obvious instability, which is usually connected with the
numerous heterogeneous layer contacts and the steep bed inclinations, in conjunction with the
strong relief and the action of water. Problems connected with the foundations of civil
engineering projects, especially regarding road construction projects, are very often. In general,
geotechnical behavior presents a clear anisotropy and rapid changes, controlled by the degree
of looseness, the orientation of discontinuities, the dip of slopes and the presence and action of
water. Landslide phenomena occur with an increased frequency, usually affecting the
weathering mantle and the upper fragmentation zone.

e Flysch of Eastern Greece.

This unit consists of shales, siltstones, sandstones, marly limestones, conglomerates or grits
and limestones in alternate layers. This formation is often intensely fractured and multifolded
and gives a weathering mantle of varying thickness. In general, geotechnical behavior presents
a clear anisotropy and rapid changes, controlled by the degree of looseness, the orientation of
discontinuities, the dip of slopes and the action of water.

e "Boeotian” flysch

Consists of sandstones, conglomerates, breccias, siltstones, shales, marly limestones,
cherts and radiolarites in alternate layers. Locally thin intercalations of ophiolites or limestones
are found. The geotechnical behavior presents anisotropy and rapid changes.

e Transition beds of limestones to flysch.

This unit consists of thick-bedded limestones, brecciated limestones, coarse-grained sand-
stones, siltstones, schist-marls, marly limestones, marls and cherts. This formation is intensely
fractured and multifolded. In general, geotechnical behavior presents a clear anisotropy and
rapid changes, controlled by the degree of looseness, the orientation of discontinuities, the dip
of slopes and the action of water.

e Upper-Cretaceous limestones of Central Greece with nodules or lenticular silica layers.

This unit consists of thin to medium-bedded limestones, often micro-brecciated, with
nodules or lenticular silica layers and locally thin intercalations of shales. The rock mass
behavior presents a characteristic anisotropy and non-uniformity and is controlled by the
density of chert and schist interbeds. The increased density of discontinuities and the
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heterogeneous contacts reduce the shear strength and increase the instability on steep slopes.
Extended landslide phenomena have been observed in these formations.

e "First" flysch.

Alternations of thin layers of red marls, cherts, marly limestones, coarse-grained
sandstones, siltstones and clayey-marly schists, as well with brecciated limestones and
conglomerates in the upper members of this series. The intact rock, usually, is characterized by
satisfactory geomechanical behavior for the foundation of civil engineering projects.

e Cretaceous limestones of Thymiama.

Limestones thin to medium-bedded or unbedded, usually micro-brecciated. In the upper
members of this series, nodules of red cherts and siltstones are observed locally. The breccias
are mainly originating from limestones, cherts, ophiolites and siltstones. The foundation
requirements for the construction of civil engineering projects are satisfied by the high
mechanical strength values of the formation.

e C(Cretaceous limestones of Eastern Greece.

This unit consists of compact limestones, thin to thick-bedded or unbedded, locally brecci-
ated or crystalline or marly, giving extended talus cones at places. Usually fractured and
strongly karstified in the upper beds. The intact rock is characterized by the high values of
strength parameters, while the rockmass shows medium to high permeability and satisfactory
geomechanical behavior for the foundation of civil engineering projects. Failures are usually
observed as e.g. rock falls on steep slopes.

e Jurassic limestones of Koziakas.

This unit consists of medium to thick-bedded limestones, of white or grey colour, oolithic
and locally compact or brecciated or karstified. At the formation’s base may appear breccia-
conglomerate or conglomerate layers. The intact rock is characterized by satisfactory
geomechanical behaviour for the foundation of civil engineering projects.

e Limestones (Cretaceous to Triassic), alternating with cherts, schist-cherts or schist-marly
layers.

This unit consists of limestones and thin alternations of cherts, shales, siltstones, marly
limestones, marls or silica layers. They are intensively folded and fractured. The geotechnical
behavior of the rock mass is mainly determined by the physical condition of the formation and
its lithological composition and to a smaller extent by the mechanical parameters of the various
phases.
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e Shales and cherts (Cretaceous to Triassic).

Thin alternations of shales and cherts with scattered thin-bedded limestones, sandstones
and siltstones. They are intensively fractured and multifolded. The mechanical behaviour of the
rockmass on the slopes is characterized by low shear strength but, in gently inclined areas, the
compression strength is satisfactory. Landslide phenomena mainly occur in the thick
weathering mantle and the fractured zone.

e Basic and ultrabasic igneous rocks - ophiolites.

Ophiolites, peridotites, serpentinized peridotites, pyroxenites, dunites, diabases, dolerites,
basalts, diorites, gabbroes, granites, etc. In the upper parts they are strongly altered and
weathered, covered by thick mantle. They are impermeable, but the intensively fractured zones
present increased permeability. The values of their mechanical parameters are definitely
influenced by the natural state of the rock mass (degree of alteration-weathering and fracturing
density).

e Semi-metamorphic rocks.

Phyllites in alternating layers of schists, sandstones, quartzites and thin red limestones.
These formations in unweathered state, especially those rich in silica and calcitic elements,
exhibit high mechanical strengths and satisfactory geomechanical behavior.

e Crystalline limestones-marbles.

This unit consists of micro or coarse-crystalline limestones-marbles, often of great
thickness and extended surface development in the areas of metamorphic masses. These are
compact, medium to thick-bedded rock, homogeneous and highly permeable. They present
high strength parameters and good behavior as foundations of civil engineering projects.

e Metamorphic rocks.

This formation consists of gneisses, mica-amphiboles and other schists, quartzites and
amphibolites with frequent marble and cipolin interbeds. Locally, phylites in alternating layers
of schists, sandstones, quartzites and thin red limestones. They are impermeable formations
with perfect schistosity and great thickness, characteristic homogeneity and satisfactory
uniform behavior in static and dynamic loadings. In unweathered state, they present high
strength parameters.
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Post-Alpine formations that also contribute to the geological structure of the Thessaly basin

consist of:

(a) Molassic formations of the Mesohellenic trench

Mainly coarse-grained formations: conglomerates, breccias or grits, with intercalations
of sandstones and marls.

Mainly fine-grained formations: (a) marls or silty marls or clayey- marls, with
intercalations of sandstones and conglomerates or grits, (b) marls or silty marls and (c)
marls or clayey-marls or silty marls, with sandstones and limestones in thin, mainly,
layers.

(b) Neogene sediments (clays, silts, marls, sands, sandstones, conglomerates, breccias, grits and
marly limestones)

Neogene sediments.

This unit consists of clays, silts, marls, clayey-marls, sands, sandstones, marly sandstones,

conglomerates, breccias, grits and marly limestones, mainly occur in thin layers. The hetero-
geneity, but mainly the lateral evolution and wedging out of the horizons, contribute to the
non-uniform and anisotropic behaviour of the formation as a whole, and to the rapid change of

the mechanical parameters in the different horizons, both vertically and laterally.

(c) Quaternary deposits (alluvial and fluvial deposits, fluvial terraces, screes and talus cones).

Fluvial-stream deposits.

This unit consists of cobbles, pebbles, gravels, grits and sands with ranging, but usually
low proportions of clayey silts to sandy clays. They are loose deposits in alternate layers,
with rapid wedging out.

Fluvial terraces.

This unit consists of cobbles, pebbles and gravels of various size and origin, with sands,
sandy silts, clayey silts or marls at places. Locally, cohesive conglomerates in banks with
red clayey cement are present. In general, their geomechanical behaviour is usually
controlled by the characteristics and percentage of the fine material.

Screes and talus cones
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This unit consists of pebbles, cobbles, gravels of different origin and various sizes and
small fragments of limestones, with sandy-clay materials, constitute them. Grits, sands,
clayey silts or sandy silts also participate at places.

The major part of the Western Thessaly basin is comprised mainly of formations of
Quaternary age (2,570.62 km?, or 42.19 %). Their thickness exceeds 550 m and there is a
progressive transition from deposits formed within a lacustrine environment to the more
recent fluvial deposits.
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Figure 3: Geological map of the West Thessaly basin.
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Referring to the tectonic evolution of the wider area, two extensional events took place
near the end of the final phase of Alpine-related folding; the one with NE-SW directed
extension (Miocene-Pliocene) and the other with N-S directed extension (Lower-Middle
Pleistocene until now). The latter event is responsible for the significant seismic activity that
exists in Thessaly.

The heterogeneity of the phases results to a strong non-uniformity and anisotropy in the
engineering behavior of the mixed formations, with mechanical parameters which differ
significantly in the various horizons according to the lithological composition and physical state
of the formation. Therefore, sandstones, marls and conglomerates usually present high values
in both shear and compressive strength, while sands and clays present wide fluctuation in the
values of their mechanical parameters. Landslide phenomena are limited in the weathered
horizons of the fine-grained phase. Rock falls can be observed in the cohesive conglomerates.

3.4 Hydrogeological conditions

The Quaternary deposits encountered in the basin contain the main aquifers of the study
area. These aquifers constitute a system of unconfined shallow aquifers, extending through the
upper layers, and successive confined-artesian aquifers developing in the deeper permeable
layers. This system is supplied by water flowing through the lateral infiltration zones and
originating from the karstic aquifers in the alpine carbonate formations, outcropping in the
boundaries of the Western Thessaly basin, as well as from infiltrated surface water. The
majority of the aquifers in the Thessaly plain are under a regime of overexploitation, resulting
in a systematic drawdown of the groundwater level.

The richest aquifers of the Thessaly water district are developed in the Western Thessaly
basin. This occurs due to the groundwater supply from the infiltration of river surface water
that emit in the basin, through the alluvium cones that have been formed.

For this reason, the aquifers can be classified depending on the main branch of the
hydrographic network as follows (Kallergis 1970, Sogreah 1974, Constantinidis 1978):

Pineios — Portaikos — Pamissos cone, in the west — northwest part of the plain, with a high
resources aquifer, which is being supplied by both the infiltration of the three rivers and that of
the rainfall, while one part of them returns to the surface through alluvial springs. The total
supply rises 600 x 106 m>/year, while the 520 x 106 m>/year is due to the rivers’ infiltration
(Sogreah, 1974). The presence of these springs occurs due to the fact that the water
transportation to deeper level becomes very difficult because of the low conductivity of the
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alluvial deposits in contact. This is a common phenomenon even when overexploitation of the
aquifers happens.

Sofaditis’ cone, in the homonym river, with a high resources drain aquifer, approximately
26 x 106 m>/year (Ministry of Agriculture, 1989) swings to an under pressure aquifer and is
being supplied by the river infiltration. This happens due to the lithology of water basin supply
(ophiolites, flysch), where the conglomerates and the gravels are being interrupted easily by
clayey material and their participation becomes more intense as the cone is expanding to the
lowland.

The rest of the western plain is characterized by the alternation of pervious and impervious
deposits leading to the formation of simultaneous under pressure aquifers. Usually in a depth
of 10 — 30 m from the surface, there is a layer of clay that isolates the pervious horizons of the
deposits, making them under pressure. They are mainly supplied by the Pineios affluents’ cones
with slow rate, action that makes the water replacement very difficult.
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Figure 4: Geological and piezometric map of the West Thessaly basin.
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Thessaly water district, in which the majority of water is used in irrigation, is currently one
of the most deficit in water district of Greek mainland (Koutsogiannis et al. 2008). The main
water resources are Pineios River and its underground aquifer in both western and eastern
Thessaly. The lack of infrastructure in dams, combined with the continuous farming, has led to a
substantial drop in the river flow during summer and in a dramatic degradation of the aquifers,
due to the intensive use of water abstraction drillings. Also the problem has deteriorated by
using earthy channels for the moving the water leading to high losses in water.

Unfortunately, the overexploitation of the aquifers in the Western sub-basin during the last
decades, led to the manifestation of land surface subsidence phenomena related with extended
damages observed in certain sites. Namely in the area extending from Farsala to Stavros towns,
seen in Figure 3, uncontrolled groundwater abstraction used for irrigation resulted in extensive
land subsidence recorded since 1990 (Marinos et al. 1995; 1997).

An excessive drawdown of the groundwater table (in the range of 20 - 40 m) has been
recorded in the various successive aquifers the last decades. The study area consists of
terrestrial Pleistocene deposits containing sands and gravels interbedded with clayey silt to silty
clay horizons. The overexploitation of groundwater activates the subsidence mechanism in the
discharged aquifers and subsequently leads to the manifestation of the accompanying
phenomena on the surface, apart from the land depression. In the center of the town of
Farsala, an area extending 50 m x 360 m, was intensively damaged by land surface subsidence
phenomena. The road pavements present multiple fractures, reactivated after any repairing
work. Several buildings were structurally affected by the occurrence of ruptures and were
intensively damaged, requiring expensive repairing or reconstruction works. Small ground
ruptures have also been observed in the northern part of the town, in an area covering 180 m x
200 m. Beyond the south western limits of the town and at the west of the railway line, two
more extensive ruptures were observed, with total length 1,0 m and 2,500 m respectively. The
northern one has a mean azimuth of about 100° and shows a vertical displacement at a range
of 20 to 50 cm. The southern rupture, with a mean azimuth of about 110°, presents a vertical
displacement of 15 to 150 cm (Apostolidis and Georgiou, 2007).

In addition, in the town of Stavros, the main ground rupture was found to the west of the
railway line. This tensile rupture has a total length of about 2,100 m, an azimuth of 105° and a
vertical displacement 60 cm. The rupture affects road pavements and numerous buildings. The
buildings founded along the trace of the ruptures show a considerable degree of damage, such
as cracks in the stonework, distortions in doors, windows, stockyards and pavements (Figure 5).
In addition, several ground ruptures are located in the south of the town, intersecting
cultivated areas. The study of these phenomena can provide very useful information to be used
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in the process of urban and regional land use planning in the study area and not only (Rozos et
al. 2010).

%

g,

Figure 5: Damages due to land subsidence in West Thessaly basin. The cracks in the stonework on the left
photo by Apostolidis and Georgiou (2007) evolve, despite the repairs even eight years after, as seen in
the right photo taken by the author in 2015.

Given, the significant adverse impacts stemming from the uncontrolled exploitation of
ground waters in the Thessaly basin, including both depletion of the aquifers and extensive land
subsidence phenomena, it was concluded that the systematic monitoring of the water levels
and the inflows of Pineios River and its affluents is a necessary measure for the reliable
assessment of the district’s water potential, both ground and underground and to take the
necessary management measures.
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4. Dataset

Throughout the Western Thessaly basin, several water wells were drilled during the last
decades, in order to examine the hydrogeology of the area (Kallergis et al. 1973; Sogreah S.A.
1974) and to monitor the long term variations of ground water levels in an area where intense
water abstraction takes place for the irrigation of agricultural areas. The data compiled consist
of discrete measurements of the water level in monitoring wells over a period of 22 years (April
1993 to August 2014) for the Farsala area, 20 years (July 1974 to November 1993) for the
Karditsa area and 23 years (April 1983 to June 2005) for the Trikala area. Measurements at all
sites were taken on a monthly basis. A part of the above mentioned data were acquired by in
situ measuring from the author during the summer of 2015. The rest of them, dating back from
1974, were kindly provided from the Water Resources Agency of Thessaly, which is a part of the
Decentralized Administration Agency of Thessaly — Central Greece.

The number of wells used for this study was 8 for the Farsala area, 24 for the Karditsa area
and 30 for the Trikala area. A minimum of 240 water level measurements were made at each
well during the study period. From the monitoring wells present in this area, only the wells with
complete records over the period examined were included in the present study since the
Principal Component Analytical method requires a full matrix of data. The full matrix
requirement consist a constraint for using this statistical method. However, small adjustments
to the data set can sometimes be justified. For example, if a few wells are not measured on a
given month, these data can be filled using statistical interpolation via SPSS Statistics 23 and
Minitab 17 programs.

A Digital Terrain Model (DTM) of the study area, with the location of the monitoring wells
examined is given in Figure 6. As shown in this model, the three sites analyzed in the present
study are located in lowlands of similar elevations, allowing thus the interpretation and
comparison of available ground water level data. The DTM was designed through ArcScene,
embedded program of ArcGIS 10.1.
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Figure 6: DTM of West Thessaly basin showing the classification of data in three groups according to
topography.

Apart from the drilling data, topographic maps scaled 1:50000 from the Geographic
Military Service were used, in order to delimit the study area (Figure 7). Moreover, the maps of
Institute of Geology and Mineral Exploration [IGME] (Kalampaka, Trikala, Farkadon, Mouzakion,
Karditsa, Sofades, Farsala, Fournas, Leontarion, and Domokos) were used as background maps
in order to identify and map the lithological formations, rock types, faults, rivers and major
cities (Figure 3 and Figure 4). This procedure was carried out using ArcGIS software.
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5. Methods

PCA is used in order to reveal temporal patterns in the available water level data. The aim
of this method is to determine a few uncorrelated linear combinations of the original
hydrographs that can then be used to summarize the data set without losing much information.
PCA is a statistical procedure that uses an orthogonal transformation to convert a set of
observations / measurements of possibly correlated variables into a set of values of linearly
uncorrelated variables called Principal Components. The number of Principal Components is
generally less than or equal to the number of original variables.

PCA quantifies the relationship between variables by computing the covariance matrix for
the entire data set. The original data matrix is then decomposed into a scores matrix and a
loadings matrix (Figure 8) by calculating the eigenvectors and eigenvalues of the covariance
matrix. The scores are a measure of the temporal similarity between the observed pattern of
water levels for a given date and each principal component. The loadings matrix contains the
projections of the original variables to the principal components axes and thus can be visualized
as a measure of spatial similarity between the variation of water level variables and each
principal component.

Principal Principal
components components
Wellg (m) (m) (m)
2 Principal
% | component
Original ” Principal “ o loadings
data component - matrix

scores
matrix

matrix

Water level measurements (1)
Water level measurements (1)

Figure 8: Schematic diagram of PCA transformation of water level measurements (modified from Winter
2000).
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Furthermore, another outcome of PCA is that, by plotting the random variables as vectors
in their new subspace spanned by the Principal Components, it is possible to examine their
cross-correlations and locate potential groups that may share similar characteristics. This ability
is extensively used hereafter in order to determine a few hydrograph patterns that would
describe the general patterns of groundwater level fluctuations over a 20- to 23- year period for
each study area.

The identification of characteristic modes of water level variation occurs through
determining which geometric form, represented by the vector e, has the greatest resemblance
to all the water level vectors f simultaneously. Averaging across all f, this is accomplished by
maximizing the quantity

(e'F)® (1)
subject to the condition
ele=1 (2)

where e is an M-component vector representing the geometric form sought and T denotes the
transpose. Maximization of Equation 1 is equivalent to maximizing

e'Se (3)
where S is the covariance or correlation matrix
S=F'F/N (4)

Applying a Lagrange multiplier, A, maximization of Equation 1 under the unit length
constraint (Equation 2) corresponds to the unconditional maximization of

eTSe - he'e (5)
which, when differentiated, yields
(S-Al))e=0 (6)

where | is the identity matrix equivalent in order to M, as the solution for vector e containing
maximal resemblance to all water level measurements.

Solving for Equation 5 results in a set of eigenvalues, A (k = 1, M), which can be placed as
the elements in a diagonal matrix A, and a corresponding set of vectors, e; (i = 1, M), which can
be collected as columns into a matrix of principal components (E), for the covariance matrix (S).
By arranging the A, in descending order, the corresponding principal components represent the
geometric forms successively containing the highest resemblance to all water level
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observations, provided that each component is uncorrelated with all previously calculated
components. Each eigenvalue represents the variance explained by its associated principal
component. The variance explained by the first three principal components for each of the four
sites is shown in Table 1.

The final step in the procedure is to identify systematic patterns of spatial and temporal
variability in the original water level matrix.

This is accomplished by calculating the component loadings and scores that reflect the
underlying covariance or correlation structure of the data. That structure is inherent in the
eigenvectors (e), calculated from either the covariance or correlation matrix, which are the
basis of both loadings and scores.

Component loadings can be visualized as a measure of spatial similarity between the water
level variables and each principal component. This similarity is expressed as a weighted
relationship provided by the product of the matrices E and A such that

li=eidi’? (7)

where | is the loading of the kth principal component on the ith water level variable (i.e.,
the correlation coefficient between the kth component and the ith variable). For the complete
set of variables and components, Equation 6 becomes

L=EAY? (8)
and L is termed the matrix of component loadings.

Component scores are a measure of the temporal similarity between the observed pattern
of water levels for a given date and each principal component. Component scores are
computed as the inner product between a water level observation and a principal component:

Cin = einn (9)

where ¢, is the score of the nth observation on the i principal component. For all
observations and components, Equation 8 becomes

C=E'F (10)

and C is termed the matrix of component scores. The scores on any individual principal
component will have a mean of zero, a standard deviation equal to the component’s
eigenvalue, and will be uncorrelated with the scores of all other components.
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Principal Component Analysis finds a lot of uses and solves several problems regarding the
ground water monitoring. More specifically, the results of the PCA provide some basic insights
into the similarities and dissimilarities in patterns of water-level fluctuations among the wells
and might be useful in selecting wells for long-term monitoring (Winter et al., 2000).
Information provided by the previously described type of analysis may lead to reductions in the
number of monitoring wells in some areas. This way, the savings can be used to establish
additional monitoring wells in areas with less adequate coverage, to increase the frequency of
measurement, or to otherwise upgrade the network.

Another principal objective of the PCA is the study of the hydro geochemical evolution of a
complex aquifer, using a methodology that takes into account all the factors, considering the
physico - chemical characteristics of the groundwater (temperature, ions concentration, pH,
etc.) as well as basic data. Based on this multivariate and complex information, using principal
component analysis (PCA), it is intended to establish a series of factorial variables that
summarize all the hydro geochemical information. A geostatistical study of these derived
variables allows one to work in a reduced multivariate space, and to establish their spatial
distribution throughout the aquifer by the calculation of variograms. Likewise, it is intended to
produce maps of groundwater quality using these factorial variables and ordinary kriging. In this
way, it is hoped to verify whether these new variables permit location of the zones where
various physico - chemical processes are superimposed, considering the hydro geochemical and
geological parameters. Ultimately, the aim is to identify the development in space of the
principal processes that act on groundwater quality.

Namely, the PCA is used with the objective of establishing the associations between the
physico - chemical variables of the waters and to note any correlations between them. After
performing the primary component analysis, three factorial components can be selected,
explaining this way the vast majority of the variance in both analyses (Francisco Sanchez-
Martos et al, 2001).

More specifically, by applying PCA, three factors can be defined. They are associated with
the principal processes that affect three completely different and uncorrelated factors, for
example, the degree of salinization of the water caused by saline enrichment due to flushing of
evaporite sediments, thermal influence and marine intrusion, respectively. (Pulido Bosch et al.
1992).

Finally, principal component analysis can be used in surface water hydrology to identify the
important geomorphological parameters that contribute to runoff from a catchment (Hann
1977). To evaluate a ground water level monitoring network, the principal component analysis
is used to discriminate against the value of information collected from monitoring wells. Thus
facing budget constraints in the near future, a manager for a municipality can prioritize
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sampling from the monitoring network of the aquifer. The management authority can choose
to continue monitoring the wells that capture most of the dynamic variation in the aquifer.

Since principal component analysis is based on correlation analysis, it is necessary to
ensure that only correlations with physical significance are included in this analysis. The search
radius provides a means to identify, approximately, the neighboring subset of wells that have
correlated observations. This correlation is associated with the complex hydrogeological
conditions (Premchitt and Das Gupta, 1981), e.g., transmissivity variation, in the particular area.
Although one may find some correlation between yearly hydraulic head changes among
remotely distant wells, say wells 100 km apart, this correlation can be purely coincidental and
cannot be interpreted based on the dynamics of fluid flow. Intuitively and obviously, wells that
are close to each other will be more correlated than those farther away. This notion is
fundamental in the stochastic theories of subsurface hydrology. It is therefore essential to
establish a distance within which head values are correlated and the search radius is an
essential part of the present method.

On the other hand there are a lot of questions that PCA cannot answer and demand a more
thorough and specified geostastical analysis method. Such questions can be “can one improve
the prediction by adding observations from non-principal wells into regression? In other words
can the additional water level observations from nonprincipal wells improve the prediction?”,
or “How many wells should one choose?” (Gangopadhyay Subhrendu et al. 2001)
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6. Results and Discussion

Principal component analysis was selected for this study given that an unbiased and
efficient tool was sought that would facilitate analysis of the thousands of water level
measurements compiled within the monitoring program conducted in the areas under study.
The goal was to determine a few hydrograph patterns that would describe the general patterns
of water level fluctuations over a 20- to 23-year period for each site. Furthermore, by
determining the extent to which hydrographs at individual well locations relate to the
statistically computed hydrographs, the spatial distribution of hydrograph patterns could be
mapped throughout the area of each of the three sites. As reported in previous studies,
(Winter et al 2000) this type of information would be useful in understanding the response of
the ground water system to natural processes, such as the distribution of recharge, human
activities, such as ground water abstraction for irrigation, as well as indicating the relationship
of water level fluctuations to contrasts in permeability of the geologic units.

Analysis of the monitoring data of the three areas under study and their variance versus
the principal components are seen in Table 1. As seen in the Table the sum of percentage
variance explained by the first three Principal Components varies for the three areas, with
Farsala presenting the higher percentage sum. However, it should also be noted that the sum of
percentage variance is inversely related to the number of monitoring wells analyzed for each of
the three areas under study, i.e. the greater the number of monitoring wells the most difficult
to express the percentage variance of available data in only three Principal Components

Principal Components 1 2 3 Total
Farsala (Number of wells examined: 8) 73 13 10 96
Karditsa (Number of wells examined: 24) 78 5 4 87
Trikala (Number of wells examined: 30) 65 8 6 79

Table 1: Percentage of variance explained by the first three Components.
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6.1 Farsala Area

For the Farsala area, the monitoring data analyzed in the present study were the ones
collected from eight wells during a period 23 years. For these data the first principal component
(Farsala —Principal Component 1, FA - PC1) accounted for 73% of the variance in the water level
data (Table 1). A hydrograph of component scores related to FA-PC1, which is a graphical
representation of this variance in the data, is shown in Figure 9a. Hydrographs as this one are
referred to herein as scores hydrographs. The second principal component (FA - PC2) accounted
for 13% of the variance in the water level data (Table 1). A scores hydrograph for FA - PC2 is
shown in Figure 9b. The third principal component (FA - PC3) accounted for 10% of the variance
in the water level data (Table 1 and the respective scores hydrograph for FA - PC3 is shown in
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Figure 9: Component scores plot and hydrographs of representative monitoring wells for the three
principal components in Farsala area.
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Figure 10: Plot of component loadings for each well in Farsala related to the three principal components.

A plot of the component loadings for each well as they relate to FA — PC1 versus FA - PC2
and FA - PC3 (Figure 10) indicates that for the Farsala area the monitoring wells can be
classified in three groups. Wells LB70, PZ11 and PZ46 that present high loadings on FA — PC1
and low loadings on FA - PC2 and FA - PC3 on the lower right side of the diagram are designated
as group 1.
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Hydrographs on this well group of actual water levels for one of these wells, i.e. LB70
(Figure 9a) clearly reveals the close relationship of these actual hydrograph patterns to the
scores hydrograph for FA — PC1 (Figure 9a). Hydrographs show an inverse U-shaped seasonal
pattern, reflecting smooth water discharge conditions in the monitored aquifers. A
representative hygrograph of monitoring well LB70 for one hydrological year, 2005- 2006, is
given in Figure 11.
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Figure 11: Inverse U-shaped annual pattern of drilling LB70
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At the other extreme, wells 540B and SR6 that have high loadings on FA - PC2 and low
loadings on FA — PC1 and FA - PC3 seen on the upper left side of the diagram (Figure 10) are
designated as group 2. A hydrograph of actual water levels in one of these wells, i.e. 540B
(Figure 9b) indicates the close similarity of this hydrograph pattern to the scores hydrograph for
FA-PC2 (Figure 9b). In contrast to the first group, they show more flashy and abrupt seasonal
patterns indicating a quick respond to recharge. Concerning long term response, they present a
10 year rise trend before stabilizing, suggesting that in this area water abstraction remains
lower or is balanced with the recharge of the aquifer. A representative hygrograph of
monitoring well SR6 for one hydrological year, 2005- 2006, is given in Figure 12.
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Figure 12: Flashy seasonal pattern of drilling SR6
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A third group consists of wells 445YEB, LB119 and SR4 having relatively high loadings on FA
- PC3 and moderately high loadings on FA - PC1 and FA - PC2. Hydrographs of actual water
levels for one of these wells, i.e. SR4 (Figure 9c) indicate some similarity with the characteristics
of the scores hydrographs for FA - PC3 (Figure 9c). In fact, they show a similar type of seasonal
response with that of the second group. Nevertheless, as far as long term variations are
concerned, they follow a similar trend to group 1, with a 10 year drop first and followed by a
rather stable period. A representative hygrograph of monitoring well LB119 for one
hydrological year, 2005- 2006, is given in Figure 13.
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Figure 13: Flashy seasonal pattern of drilling LB119
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Figure 14: Configuration of the geological formation on the land surface and areal distribution of well groups in Farsala area.
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To further interpret the variation of water level variation in the Farsala area, Figure 14,
presenting the well groups location in relation with the major geological formations
encountered in these locations can be used to develop insight into the causes of the actual
hydrograph patterns. For example, as shown in Figure 14, in group 1 wells the monitored water
table is located in alluvial formations, where lower hydraulic conductivity results to slower
recharge rates. Additionally, these wells are found downgradient of Farsala watershed. Due to
the above conditions, water table fluctuations reflect more seasonal and longer-term recharge
conditions. In contrast, groups 2 and 3 are found upgradient of Farsala watershed and near the
surface recharge zone which is developed within limestones. As a result, in these wells water
table fluctuations are abrupt and they respond quickly to aquifer recharge. Groundwater
recharge is seen to generally balance or in periods exceed water abstraction for potable water
and irrigation as suggested by the long term trend of water level variation. Finally, the
difference in long term behaviour between group 2 and the other two groups might be
attributed to its vicinity to wetlands, as indicated in Figure 14, and the hydraulic connection of
the monitored aquifer with other water bodies encountered within the neighboring carsts.
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6.2 Karditsa Area

For the Karditsa area the data set of 24 wells monitored for 20 years were analyzed. For
this area, the first principal component (Karditsa - Principal Component 1, KA - PC1) accounted
for 78% of the variance in the water level data (Table 1). A scores hydrograph for KA-PC1 is
shown in Figure 15a. The second and third principal component (KA - PC2), (KA - PC3)
accounted for 5% and 4%, respectively of the variance in the water level data (Table 1). A scores
hydrograph for KA - PC2 and KA - PC3 are shown in Figure 15b and Figure 15c respectively.
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Figure 15: Component scores plot and hydrographs of representative monitoring wells for the three
principal components in Karditsa.

A plot of the component loadings for each well as they relate to KA — PC1 versus KA - PC2
and KA - PC3 (Figure 22) indicates that in the Karditsa area also most of the wells fall into three
groups. Wells A2, D30, D36 and SR13 that present high loadings on KA - PC1 and low loadings
on KA - PC2 and KA - PC3 on the lower right side of the diagram are designated as group 1.
Hydrographs of actual water levels for one of these wells, i.e. D36 (Figure 15a) indicate the
close relationship of these actual hydrograph patterns to the scores hydrograph for KA - PC1
(Figure 15a). A continuous long term drop accompanied by increasing seasonal fluctuations is
detected in the average water level in the wells of this group.
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Figure 16: Geological logs of D30 and D36 monitoring wells in group 1 of Karditsa. Clay, gravels and sand
are encountered.
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At the other extreme, wells D37 and PZ32 that have high loadings on KA - PC2 and low
loadings on KA — PC1 and KA - PC3 on the upper left side of the diagram (Figure 22) are
designated as group 2. A hydrograph of actual water levels in one of these wells, i.e. PZ32
(Figure 15b) indicates the close relationship of this hydrograph pattern to the scores
hydrograph for KA - PC2 (Figure 15b). In contrast to the first group, these hydrographs show a

more or less stabilized long term trend, while their seasonal behavior is characterized by strong
biennial patterns (Figure 17).
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Figure 17: Biennial pattern of monitoring well PZ32
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Figure 18: Geological log of D37 monitoring well in group 2 of Karditsa. Most clay and gravels are
encountered.
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A third group consists of wells G403, G407, G408, G503, G504, G505, G506, PZ19a and
SR11 having relatively high loadings on KA - PC3 and moderately high loadings on KA - PC1 and
KA - PC2. Hydrographs of actual water levels for one of these wells, i.e. PZ19a (Figure 15c)
present some of the characteristics of the scores hydrographs for KA - PC3 (Figure 15c). In fact,
they show a similar type of seasonal response to the second group of Karditsa wells, with the
exception of two sudden drops in water levels recorded in 1978 and 1984.
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Figure 22: Plot of component loadings for each well in Karditsa related to the three principal
components.
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A map of the location of the well groups identified in Figure 23 and the relevant rock
formations prevailing in these areas can be used to elucidate the causes of the actual
hydrograph patterns. For example, as shown in Figure 23, the water table is located in alluvial
formations in almost all wells examined in the Karditsa area. Additionally, borehole loggings
indicate clay, gravels and sand in group 1 (Figure 16), mostly clay and gravels in group 2 (Figure
18), while in group 3 mostly clay is encountered (Figure 19, Figure 20, Figure 21) (Hydroerevna
1972; Kallergis et al. 1973). On the other hand, all the wells classified in group 1 and 2 are found
upgradient of Karditsa and near the surface recharge zone, as shown in Figure 3. Due to the
above conditions in this area, it is justified that in the first and second group of wells the
continuously increasing rate of groundwater exploitation results to a drop in the average water
level and to an increase in seasonal fluctuations. On the contrary, the biennial patterns in
groups 2 and 3 cannot be attributed strictly to the prevailing geological conditions, but it may
have to be related with a result of manmade activities. Finally, the response of the group 3
wells to the 1978 drought and the 1984 overexploitation periods (Marinos et al. 1995) can be
explained by the low volume aquifer due to the increase clay content of the alluvial formations
in this area.
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6.3 Trikala Area

For the Trikala area, the data of thirty (30) wells monitored for 23 years were examined. In
this area the first principal component (Trikala - Principal Component 1, TR - PC1) accounted for
65% of the variance in the water level data, the second principal component (TR - PC2) for 8%
of the variance and the third principal component (TR - PC3) accounted for 6% of the variance
in the water level data (Table 1). As previously noted the data set of the Trikala area presents
the higher number of monitoring wells and the lower percentage variance of available data
versus the three principal components.

Scores hydrographs for TR - PC1, TR - PC2 and TR - PC3 are shown in Figure 24.
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Figure 24: Component scores plot and hydrographs of representative monitoring wells for the three
principal components in Trikala area.

A plot of the component loadings for each well as they relate to TR — PC1 versus TR - PC2
and TR - PC3 (Figure 30) indicates that again in the Trikala area the wells fall into three groups
regarding the variations observed in water level data.

Wells D1, D22, D25, D27, 174, PZ54, PZ57, SR92 and TB20 that have high loadings on TR —
PC1 and low loadings on TR - PC2 and TR - PC3 on the lower right side of the diagram are
designated as group 1. Hydrographs of actual water levels for one of these wells, i.e. TB20
(Figure 24a) indicate the close relationship of these actual hydrograph patterns to the scores
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hydrograph for TR - PC1 (Figure 24a). A continuous long term drop is detected in the average
water level in the wells of this group.
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Figure 25: Geological logs of D1 and D22 monitoring wells in group 1 of Trikala. Most clay and gravels
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Figure 26: Geological logs of D25 and D27 monitoring wells in group 1 of Trikala. Mostly clay and gravels
are encountered
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At the other end, wells 25, 112T, 3a, 84T, D10, D16, D21, D5, G402, G405, G501, P2, PZ1,
PZ28, PZ3, PZ30, PZ55 and PZ70 that present high loadings on TR - PC2 and low loadings on TR
— PC1 and TR - PC3 on the upper left side of the diagram (Figure 31) are designated as group 2.
A hydrograph of actual water levels in one of these wells, PZ1 (Figure 24b) indicates a very
weak, if any, relationship of this hydrograph pattern to the scores hydrograph for TR - PC2
(Figure 24b). In contrast to the first group, they show a more or less initially increasing and then

stabilized long term trend.
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Figure 28: Geological logs of monitoring wells G402, G405 and G501 in group 2 of Trikala. Mostly clay
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A third group consists of wells PZ17, PZ18, D2 having relatively high loadings on TR - PC3
and moderately high loadings on TR - PC1 and TR - PC2. Hydrographs of actual water levels for
one of these wells, i.e. PZ17 (Figure 24c) indicate some characteristics of the scores
hydrographs for TR - PC3 (Figure 24c). In fact, they show some type of seasonal response
characterized by cycles which repeat every 3-4 years.
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Figure 29: Geological log of monitoring well D2 in group 3 of Trikala. Mostly clay and gravels are
encountered.
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Figure 31: Configuration of the geological formation on the land surface and areal distribution of well groups in Trikala area.
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A map of the areal distribution of the well groups identified in Figure 31 and the respective
geological formation recorded on the surface of these areas can be used to develop insight into
the causes of the actual hydrograph patterns. For example, as shown in this Figure, the water
table is located in alluvial deposits at almost all wells of group 2, while groups 1 and 3 are
located near background formations. Additionally, borehole loggings indicate mostly clay and
gravels in groups 1 (Figure 25, Figure 26) and 3 (Figure 29), while in group 2 more clay and sand
are encountered (Figure 27, Figure 28) (Hydroerevna 1972, Kallergis et al. 1973). On the other
hand, all wells classified in groups 1 and 3 are found upgradient of Trikala watershed, as shown
in Figure 3. Because of the above conditions in this area, it seems reasonable that in the second
group of wells, the average water level is rather stabilized. On the contrary, the perennial
patterns in group 3 cannot be attributed strictly to the prevailing geological conditions, but it
may have to be related with a result of anthropogenic influence.
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7. Conclusions

Based on the findings of the present study it is clearly concluded that in order to assess the
overall water balance of the West Thessaly basin, an area where intense water abstraction has
resulted in the lowering of the water table and extensive surface land subsidence a systematic
monitoring from the authorities is required.

To establish a well-documented water balance in this area, including surface and ground
waters, the following information is needed: reliable meteorological data, monitoring of the
flows of Pineios river and its affluents and also a continuous monitoring of ground water level
at appropriate locations. All the above data will result in a reliable, well documented evaluation
of West Thessaly’s water potential, both surface and underground. These data can then be
compared with the irrigation water volumes abstracted from surface and ground waters and
used in the agriculture activities as well as potable water abstractions, so as to develop an
overall water balance of the area and ensure that appropriate measures, both preventive and
mitigation, are applied for the sustainable management of the available water resources in this
area

From all the above types of data, this work focuses on the optimization of groundwater
monitoring in three sub-basins of the West Thessaly basin, namely the Farsala, Karditsa and
Trikala sub-basins extended to areas of 250, 1200, and 700 km? respectively.

The application of the Principal Component Analysis on the hydrographs from 62
monitoring wells recorded in the period 1974-2014, revealed the existence of distinct temporal
patterns in the available water level data. This allows the classification of wells into groups of
similar behavior. This behavior was further analyzed based on the geological and
hydrogeological conditions encountered in the above areas, taking also into account th
borehole logs of the examined monitoring wells. Then, it is possible to locate certain target
wells one from each of the above well groups that can be selectively monitored in the long -
term, allowing the sustainable monitoring and the collection of reliable ground level data.

At the Farsala area where 8 wells were analyzed, according to the statistical analysis along
with the principal components analysis of the monitoring wells hydrographs, 3 monitoring
wells, one for each different type, were selected as representative. Namely, LB70 as a typical
example of PC1, 540B of PC2 and SR4 for PC3. It is noted that in PCl wells, the monitored water
table is located in alluvial formations, where lower hydraulic conductivity results to slower
recharge rates. Due to the above conditions, water table fluctuations reflect more seasonal and
longer-term recharge conditions. In contrast, groups PC2 and PC3 are found upgradient of
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Farsala water table and near the surface recharge zone which is developed within limestones.
As a result, in these wells water table fluctuations are abrupt and they promptly respond to
aquifer recharge. Groundwater recharge is seen to generally balance or in periods exceed water
abstraction for potable water and irrigation as suggested by the long term trend of water level
variation.

At Karditsa, where the hydrographs of 24 wells were examined, the monitoring wells D36,
PZ32, PZ19a were selected for better representation of each group to match each factor. It is
noted that in almost all wells examined in the Karditsa area the water table is found in alluvial
formations. Additionally, borehole loggings indicate clay, gravels and sand in group 1, mostly
clay and gravels in group 2, while in group 3 mostly clay is encountered. Based on the
hydrogeological data it is justified that in the first and second group of wells the continuously
increasing rate of groundwater exploitation results to a drop in the average water level and to
an increase in seasonal fluctuations. On the contrary, the biennial patterns recorded in the
hydrographs in groups 2 and 3 cannot be attributed strictly to the prevailing geological
conditions, but it may be related with manmade activities. Finally, the response of the group 3
wells to the 1978 drought and the 1984 overexploitation periods can be attributed to the low
volume of the aquifer due to the increase clay content of the alluvial formations in this area.

Finally, at Trikala, TB20, PZ1, PZ17 are the monitoring wells in this area that conform with
PC1, PC2 and PC3 respectively. Based on geological data, the water table is located in alluvial
deposits at almost all wells of group 2, while groups 1 and 3 are located near background
formations. Additionally, borehole loggings indicate mostly clay and gravels in groups 1 and 3,
while in group 2 more clay and sand are encountered leading to a stable average water level.
On the contrary, the perennial patterns in group 3 cannot be attributed strictly to the prevailing
geological conditions, but it may have to be related with a result of manmade activities.

To sum up, as a result of this study, it is concluded that the application of the PCA method,
combined with the hydrogeological evaluation of the hydrographs recorded, allows the
significant reduction in the number of wells to be monitored in the Thessaly area without
jeopardizing the accuracy of the data input. More specifically, as concluded in this study,
groundwater level can be continuously monitored in only 9 instead of 62 monitoring wells in
the three sub-basins of the West Thessaly area, so as to allow the competent water authorities
to compile the necessary, reliable data for the sustainable water management in this region.
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