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TTPOAOIOZ

H OpyavwrikA Emirpotrd Tou 10% AicBvoug MewAoyikou Tng Zuvedpiou « ZTaupodpoul MewAoyi-
ag-Avarrruéng-NoAimopou» g EAAnvikrg MewAoyikig Etaipeiag, To o1roio Tpayuatotroiiénke ot
Oeagaahovikn armod Tig 15 £wg Tig 17 AtrpiAiou 2004, BpigkeTal oTnv EuXApIOTn BECN va TTAPOUCIACEI,
ae AiydTEpO atrd éva xpovo ommé T ARén Tou Xuvedpiou Ta MpakTikd Tou. To Tuvédplo we yvwaTtd
guvbiopyavwenke arrd to Turfpa MewAoyiag Tng ZxoAr g Oetikwyv Emotnuwy Tou AMN.©., 1nv MNepi-
pepeiaky Movada K. Makedoviag tou Ivamitoltou lewhoyikwv kai Metahheutikwy Epeuviov
(I.LT.M.E.) ka1 10 lewrtexvikd EmpeAntrpio EAAGSog (TEQT.E.E).

Zko1rég Tou Zuvedpiou ATAV N TTAPOUCIOTN TWV VEOTEPWY ATTOTEAEOUATWY TNG YEWAOYIKAG €-
peuvag, 1600 TNG BaTIkAg 600 Kal TG EQapuoauévng, otov EAANVIKG kai Tov eupUTepo Megoyelakd
XWPOo, N avadeign TnG avaykadTNTag Kal Twv TTPOTEPAIOTATWY TNG YEWAOYIKAS ETTIOTAKNG, N ETTIONA-
pavan TpoBAnudTwy kal n dpopoAdynon TTOAITIKWY Kal AUGEWV. @EAOUNE VA TTIOTEVOUNE OTI O OKO-
TTOG KA YEVIKOTERA 01 TOXO!I TOU Zuvedpiou £xouv eTTITEUXOEL.

O1 epyaoieg Tou Zuvedpiou xapakTnpiaTnkav amod éva eupUTaTo QATUA TTAPOUCIACEWY O OTTOIEG
KaAuyav axedov 6A0 TO AOHA TWV YEWAOYIKWY BepdTwy. Idiaitepn Eéugpacn d66nke oe Bépara aix-
unRg. Me 1020 eyypagég, 367 Trapouaidaelg, 790 ouyypageig, Tavw atmd 100 gévoug ouvadéAgoug
armo 16 XWPES Kal WE WIg, KATA TEKWAPIO, dyoyn opydvwan, To 10° Zuvédpio Tng E.IM.E. Bewpeita
ot Eerépaoce Tov auTd Tou. ‘Edwae pia dAAn didotaon ota yewAoyikd Spwueva oxi Hovo Tng EAAG-
0ag aAAd Kal TwV YEITOVIKWY Xwpwv. H cupBoAn Tou atnv avadeign Kaipiwv YEWAOYIKWY BepaTwv
eival avapeioBitntn. H Opyavwrik EmtpotA Tou Zuvedpiou epydaTnKE GUCTNHATIKA KAl TTAPOU-
oiaoe otn yewAoyikr koivotnta Tng EAAGdag éva emotnuovikd cuvédpio GElo Tng I0Topiag Kar Tng
Oiadpopng Tng E.ME. H emruxia 6pwg Tou Zuvedpiou dev ogeiletal ydvo oTnv ApTia opyAavwaor Tou
Kal 070 TTARB0G TwV CUVESPWY Kal TV TTapoudidoewy. OQEIAETaI KUPiWG OTO KUPOG TWV TUVESPWY
KQI TO UPnAG ETTITTESD TWV EPYATIWV TOUG.

O1 guppeToxég oTo Zuvedpio TTporipxovTo atd 6Aa Ta A.E.l. kai ToAda A.T.E.|. Tng xwpag, amd
EPEUVNTIKA KEVTPQ KAl IVOTITOUTA, aTTo IBIWTIKEG ETTIXEIPAOEIS KAl aTTd  IBILTEG YEWAOYOUG. ZnpavTi-
KOTATN ATAV N GUHUETOXN OTO ZUVEDPIO TWV PETATITUXIAKWY QOITNTWY Ol OTToiol Trapougiacav Ta
QATTOTEAECHATA TWV EPEUVWV TOUG OTA TTAQICIO TNG EKTTOVNONG TWV JIATPIBWY TOUG, aAAd Kal Twv
TTPOTITUXIAKWY (POITNTWY 01 OTToiol atrAd TO TTapakoAoubnaav.

H apouaia otnv TeAeth évapgng Tou Zuvedpiou Tou MNputavn Tou ApioTtoteAeiou MavemaoTnuiou
Oegoalovikng K. lwavvn Avrwvétroulou, Tou Mpoédpou Tou MewTexvikou EmipeAntnpiou EAAGDOG
k. lewpyiou MatraaaiAgiou, ekTpoowttwy TNG Tomikrg AuTodioiknong, Twv GTPATIWTIKWY Kol Bpn-
OKEUTIKWY apxwv Tng ©eagocalovikng kai Tou Noudpxn ©tccoalovikng k. Mavayiwrn Ywpiddn, o
otroio¢ kai kpuge TNV £vapén Twv epyaaiwy Tou Zuvedpiou, deixvel ag’ evog tTn oTpPIEN TOU ATTO
TOUG QOpEig TG OecoaAovikng Kai a@’ eTEPOU EKPPALEI TV EUTTIOTOOUVN TOUG TTPOG TOUG YEWETTI-
OTAHOVEG TNG XWpPag.

EuxapioroUpe Beppd tov MoAmoTikd ZUAoyo Mav3pakiwTwy TTou PE TNV TTAPOUCia Tou XopEu-
TIKOU TOUG uykpoTrpaTog Edwaav pia SIagopeTIKr vOTa aTnV TEAETH évapéng Tou Zuvedpiou.

H 1eAeth AENG XapaktnpioTnke amd éva kAipa Ikavotroinong kai aigiodogiag evw n atovoun
avapvnoTiKAg TTAakéTag, amod Tnv OpyavwrtikA Emrpotrr Tou 10% Zuvedpiou Tng E.I.E. kal Tnv Op-
yavwrikiy Emirpotr tou 5% Zuvedpiou yia Tn MewAoyia Tng AvatoAikig Megoyeiou, otnv kupia le-
wpyia Mn-Piper, yéAog Tng E.I".E. kai Ka8nyritpiag oto Turiua MewAoyiag tou Mavemarnuiou Saint
Mary Tou Kavadd, yia Tnv mpoogopd tng ot Mewhoyia tng EAAGDOG, Tn @opTIoE cuvaiagbnuarikd.

OewpOUPE UTTOXPEWDT] LAS VO EUXAPIOTAGOUHE OAOUS TOUG CUVTEAEDTEG TG ETTITUXiag Tou 10°
Zuvedpiou Tng E.I.E. EuxapiotoUpe 6Aa Ta péAn Tng OpyavwrTikrg ETITpoTg ko 6Aoug Toug @oitn-
1é¢ TOU Bori@noav otn dlopydvwaon Tou. I1diaiTepa 6pwg Ba BéAaue va euxapioTriooupe Tov Tapia
Kal Ta éAN Twv  EidiIkwv MpappaTtelwy, ol otroiol Ye Wia uTTodEIyHATIK guvepyaaia, aRkwoav ayoy-
yuata 1o Bdpog tng dlopydvwang tou cuvedpiou Kal TNG €ToINATIAg TwWV TOHWY Twv MPaKTIKWV.



Avdpéag MNewpyakotouhog, TplavrdpuAlog ZoAddrog, Kwvatavrivog Marmaddyog, Avtwviog Kopw-
vaiog, KwvoTtavrivog BouBaAidng, Baaoiieiog MéApog, NikéAaog Kavrnpavng kai KwvaTtavtivog AA-
pITavakng. Toug agiger £va HEYAAO EUXOPIOTW.

O1 toporl Twy MpakTikwy dev Ba propouoav va £XoUV T GnUEPIVH TOUG Pop®r atrd dtroyn €I
oTnuovikoU emiTédou av ol epyacieg Tou utroBARBnkav dev kpivovrouoav. Euxapiotolpe dAoug
Toug ouvadéA@oug ol otroiol TTpdBupa Bi1EBecav TTOAUTIHO Xpdvo, akoun kol oTn BIApKeIa Twy dia-
KOTTWY TOU KaAOKaIpIoU, yia va KPIVOUV TIG EPYATiEG TTOU TOUG OTEIAQE.

EuxapioToUpe TEAOG TOUG XopnyouUg kai 6ooug Yevikd BoriBnoav oikovopikd To Zuvedplo. 1diai-
TEPQ EUXAPIOTOUNE TOUG K.K. |. AvTwvédTroudo kai . Taiétpa, Mputdveig Tou ApioTtoteAeiou Maver-
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PROLOGUE

The Organizing Committee of the 10" International Congress “Crossroad of Geology-
Development-Culture” of the Geological Society of Greece (G.S.G.), taken place in Thessaloniki
from 15 to 17 of April 2004, has the pleasure to announce the publication of the Congress's
Proceedings. As it is known the Congress was co-organized by the School of Geology of the
Aristotle University of Thessaloniki, the Institute of Geological and Mineral Exploration (Regional
Unit of Central Macedonia), and the Geotechnical Chamber of Greece.

The primary goal of the Congress was the presentation of the recent advances in Geosciences,
both basic and applied, in the Hellenic and broader Mediterranean area, and through them to make
known the necessity and the priorities of the geological science, the detection of problems and the
ways of solving them, and the application of policies. We are sure that this goal has been achieved.

The works of the Congress covered nearly the whole spectrum of the geological topics and
characterized it as a high level well-organized Congress. The 1020 registrations, the 367 presenta-
tions, the 790 authors, and the more than 100 foreign participants from 16 countries confirm this
characterization. The success, however, of the Congress is due not only to the number of partici-
pants and presentations but mainly to the prestige of the participants and the high level of their
works. Participants were from all Greek Universities, Technological Institutes, Research Institutes,
and private companies. One important and promising thing, however, we have to stress was the
participation of young scientists and post-graduate students who presented the results of their re-
search and theses.

Both the opening and closing ceremonies have been characterized by an atmosphere of hope-
fulness and satisfaction. In addition, the award of a commemorative plaque to Prof. Georgia Pe-
Piper (Department of Geology, Saint Mary's University, Halifax, Canada) in recognition for her con-
tribution to the geology of Greece, charged the atmosphere emotionally.

The Organizing Committee worked hard and systematically and offered the geological commu-
nity a scientific Congress worthy of the history and course of G.S.G. We would like to thank all
members of the Organizing Committee and the students who helped and contributed to the excel-
lent organisation of the Congress. The Proceeding volumes could not have had their present form
regarding their scientific standard if the papers submitted had not been reviewed. We are grateful to
all colleagues who offered their time, even during summer vacations, to review the papers. We are
also grateful to the sponsors and all those who in any way supported financially the Congress. Par-
ticular thanks are due to Prof. I. Antonopoulos and Prof. G. Tsiotras, Rectors of Aristotle University
and University of Macedonia, Thessaloniki, correspondingly for offering the lecture rooms and Au-
las. We also thank Mr. G. Papavasiliou, President of the Geotechnical Chamber of Greece, for the
significant contribution of the Chamber to the printing of the Proceedings.

The President Secretary General
A. Filippidis G. Christofides
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OI MYAOMNETPEZ TQN NMETPQTQN MAPQNEIAZ OPAKHZ

. Kooidpng kai K. MixanA
I.I'M.E. -TT.M.AM.©., Zav6n

NEPIAHWH

210 6pia Twv Nopwv Poddtng kai EBpou duTikd kol voTIoBuTIKG Tou XwpioU MeTpwrd BpiokeTtal
AaTopeio ekpeT@AAEUONG PUAOTTETPAG. To Aatopeio avamTuxbnke ot PUOAIBIKG TTUPOKAGOTIKO
Aatutrotrayég (AatmiAikoi kal adpopepEig 6&Ivol TOQPOI) TO OTT0I0 OTTOTEAET THAHO TWV NQAICTEIOKWY
OXNMATIOUWY TOU TEKTOVIKOU BUBIOPATOS TNG TRITOYEVOUG AEKAVNS TWV TMETPWTWV.

H e€opukTikry dpaoctnpiotnta éAaBe xwpa ot €ktaon 250 OTPEPPATWY HE OPKETA PETWTTA
€€opugng. 1o damedo Tou AaTopeiou OfpEPT UTTOPED Vo DEl KAVEIG EYKATAAEAEIUPEVEG HUNOTTETPEG
Blapopwyv BI00TATEWY. AV KPIVOUPE aTrd TIG SICOTATEIG TWY AQTOMIKWIV HETWTTWY, Kal TOV OYKO TWV
€EOPUXBEVTWV UAIKWYV, TOTE CUUTTEPAIVOUNE OTI AaEEUTNKAY QPKETEG XINGDES HUAOTTETPEC DIGPOPWY
diootdoewyv. Me Bdon Ta oToixeia TTou owlovTtal PEXp! arjuepa N AGEEuan yIvoTav OTO METWTTO TOU
Aaropgiou kal £v ouvexeia yivotav n ammokdAANon Kal n HETaQopd dia pEoou EIBIKA JIOHOPPUWHEVWV
QUAGKwWYV oTnv TTAaTeia @opTwonG. H TeAeuTaia BpIokdTaV KOVIA OTNV KOITN TOU PEUATOS. ZWlovTal
ETTIONG PEXPI ONMEPA KOl O KOPODPONOG 0 oTroiog ouveédee To Aatopeio ye Tnv apxaia Eyvaria 500
uETpa BopeldTEPa TOU AaTOpEIOU.

Me Bdaon Tov Oyko Tng eKpETAAAEuoNg, TN yewypo@iky Béon Tou Aaropeiou (TAngiov TnNg
Eyvartiag kai 3,5 xAp. Bopeia g BAaAacoag), mioTeleTal OTI autd ATTOTEAETE ONUAVTIKG KEVTPO
e€opulng kal efaywyng Tng MUuAdTETpag. To péyeBo¢ authg TnG dpacTnpIdTNTAS aTTOTEAE]
QVTIKEIHEVO EKTETAHEVNG APXAIOAOYIKNG HEAETNG. Mapapével eTiang dyvwaTn n apxikh didvoign Tou
Aartopgiou. MoTeveTal dpwWG PE BAON PAPTUPIES TWV VTOTTIWY KOTOIKWY OTI auTtd £yive oTa BABn Twyv
AIWVWYV Xwpig va atTokAgieTal kal n TpoxploTiaviky tepiodog. H dpaotnpiétnta Tou  AaTopeiou
aTapATNOE TTPOOPATA OTA TTPOTTOAEHIKA XPOVIA.

AvrigToixo Aatopgio o avaAoyn TpwTn UAN Bpioketal ata Metpwtd Tou N. ERpou étToU Eyive
agioAoyn TTpooTTddeia avadeigng Kal TpooTaagiag Tou. ATTO 600 eKBECAUE TTAPATTAVW EiVaIl QAVEPD
o1 T0 apxaio Aatopeio e§6puEng puAoTETPaG oTa METPWTA ATTOTEAET £var PUOIKG Kai "TeXvOAoyIKG"
pvnueio avektipntng aiag 1600 EBvikoU 600 kai TTaykOGHIOU EvOIQEPOVTOG, TO OTToi0 Ba TTPETTE!
VO TTPOOTATEUTEl KOl va avadelxBei. H peAétn autr) moreveral 611 Ba cuuBdAel TTpog auTh Tnv
KaTeuBuvon.

1. EIZArCQrH

H méTpa ritav yia Tov TpoicTopikd avBpwTro atrapaitnto epyaieio kai e€akoAouBei va gival Kkal
yia Tov oUyXpovo KOOUO £va ONUHAvVTIKO KAl OUVARA CWTIKO KOPUATE TG {wAS Tou. ZTnV TETPA
TPWTOEEEPPATE KI AKOUN EKPPAZE! TIC AITONTIKES TOU TITUXES KAl TIG AQTPEUTIKES TOU AVAYKEG.

H pulomerpa Atav €va amd ta TOAAG AiBiva gpyaAeia TTOU ETTIVONOCE KOI KATAOKEUQOE O
avBpwTtrog. Eva epyaleio xprioipo ota x€pia Tou yia TNV ETTEEEQYACIO YEWPYIKWY TTPOIOVTWY
(dnunTpiakd, eAIEG).

Molo TéTpwpa gival KATAAANAO YIO TNV KATAOKEUT] HUAOTTETPAG :

H eptreipia €0€1Ee aTov AvBPWTTO - XPNOTN OTI ETTPETTE VA Eival TTO OKANPO a1md TO TTPOIGV TTOU Ba
GAeBe, va eival adpOKOKKO WE TPAXEIQ ETMIQAVEIQ yIO VO CUYKPATEN TOUG OTTOPOUS, va AagelveTal
OXETIKG €UKOAQ Kal va BpiokeTal Kovid atn yewpyikh dpaotnpidtnta. O adpopepns wappitng i kai
XaAagitng €xel OAeg auTtég TIG 1I816TNTEG - afuepa Ba Aéyaue "TEXVIKEG TTpodiaypagég” - yia va
XPNOIMOTTOINGEl OTNV KATAOKEUN TNG MUAOTTETPAG. EAAEiWEl OPwG TOu Wappitn EWaxve Ki ERPIOKE
AAO TTETPWHA OTNV TTEPIOXT TOU, TTOU fiTav, g€ HEyAAo BaBud, kardAAnAo Kal oTnv TTEPITTTWAN POg
ATAV TO TTUPOKAQOTIKO AATUTTOTTAYES TNG TTEPIOXAG METPWTWY.
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2. Ol MYAOMETPEZ TQN METPQTQON

H euputepn meploxh Twv MeTpwTtwv dopeital, Kard kUpio Adyo, amd NQaICTEIGKA TTETPWHATA
(adpopepeic TOPPOI, EKXUOEIS KAl NQAIOTEIGKG AQTUTTOTTaYr] avOETITIKAG, BATAATIKAG - AVOEDITIKAG
ouoTaong, PUoAIBIKA TTUPOKAGOTIKG AaTuTroTrayr Kai Bacikr] KAGoTIKA oeipd. (ZX.1).

B L B ROy
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ZX. 1.  TEwAoyikog - KOITAOUATOAOYIKG  XAPTNG,
KA. 1 :25.000 treploxng Merpwrwy ( K. MixanA )

Ta TUPOKAQOTIKG TTETpWUOTA €ival Ta TTAEov O1adedonéva TTETPWHATA OTNV TTEPIOXN TWV
MeTpwtwy. Me Bdon TNV KOKKOWETpia Toug (>32 mm, 4 -32 mm Kol <4 mm) KOTATAogovVTal OF
adpopepeig, AaTTIAAIKOUS TOQ@oUG kal aTroditeg. O adpopepEig TOQPOI ETTIKPATOUV TWV AATTIAAIKWY
Kal arroTteAouvTal CuVHBWG atd NQAIOTEIOKO YUOAi, KPpuoT@AAoug¢ 1 Bpauapara KpuaTdAAwv
(xaAagia, aaTpiwv) kaBwg Kai AIBIKG BpavopaTta, ot ToIkiAeg HETAEU TOUG avaAoyieg.

Tnv Teploxf ME TOUG TTUPOKAGTTIKOUG OxnupaTiopols Téuver 1o peépa "Péua Tou Mahol” ue
kateuBuvon BA - NA kal kataArjyel otn Bdhacoa (2x.2a).

O1 TTUPOKAQCTIKOI oXnUaTIOUOi BpiokovTal EvOev kal €vBev Tou péuatog. (2X.2B,y). Ta AageuTika
HETWTTa £X0UV 0TO GUVOAO TOoug Prkog TTou Trpoaeyyilel Ta 500 m To de Uyog Toug uttepRaivel Ta 30
m.

H ekpeTaAAeuan - Ad€euon ApxIoe atrd Ta XapNAGTEPA anUEia, KOVTA OTIG OXBEG TOU PEUATOS Kal
HE TNV TTPG0d0 TWV EPYATIWY TTPOXWPOUCE TTPOG T AVWTEPA ETTITTEDQ OTTOU CriPEPQ BpiokovTal Ta
KUpia AageuTika peTwtra. MapdAAnAa Ta xaunAotepa onueia atmoteholoav Kai ToV XWwpo amdbeong
TWVY HTTAgWV.

H xdpagn kai AGEeuan Twv PUAOTIETPWYV YIVOTAV OTO PETWTTO TOU AGTOUEIOU, YEYOVOC Yo TO
OTT0i0 HOPTUPOUV 01 AQEEUPEVEG HUAOTTETPEG TTOU dev TTPOAGRAV va ATTOKOWOUV OTTd TO WETWTTO
(£x.28,2x.30a,B.y).

Me tnv amrokoT Kal TNV atrokaBnAwaon pIag PUASTIETPAG N TEAIKY Tng eTTeéepyaaia (Qivipiopa)
kai n didvoign tng otrrg afova yivotav ato dATredo Tou AaTouegiou.
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O T1pOTTOG HETAPOPAG TWV HUAOTTETPWY OTOV XWPO ATrdBeons - @OpTwong yivotav péoa amo
€10IKG KATAOKEUATHEVO aUAdKI - 0Bnyo (ixvn Tou @aivovrav kaBapd) Tou ekivouae atd 1o ddmedo
TOU AQTOMEIOU KOl KATEANYE XAMNAG KOVTA OTNV KOITH TOU PEPATOG TTOU ATAV O XWPOG amdbeong
(Zx.30). ApoU onkwvay TNV JuAdTIETPa 0pBia, TTEpvoUoay péoa ammd Tnv oT éva dgova Tig GKPES
TOU oTroiou €devav PE OXOIVIA KIT ag@ou Tnv odnyolaay OTO GTOMIO TOU KavaAiol Tnv dagnvav oiyd -
OIya va KUAOEI JEXPI TO PEHO.

AT TOV XWPOo atrdBeong yivotav n eopTwon Ot KAPa KAl N METAQOPA TOUG TTPOS TNV ayopd
péow Tng Eyvariag O8ou étrou ixvn Tng Bpiakovral Tmepitrou 500 m BA Twv AAGEUTIKWY KEVTPWV.

Agev atrokAgieTal kai n peETa@opd Toug dia Bakdaong agou n TapoAia MeTpwTwv atréxel pohig 3
- 3,5 Km atré ta Aatopeia.

3. H ZHMEPINH EIKONA

H TpwTn eVIOTTWON OTOV ETTIGKETTTN OTAV QTAVEI OTOV XWPO TwV AaTopEiwy Eival O TEPATTIOG
OYKOg Twv uTTadwyv TTou PBpiokovral ota mpavr £vBev ki €vBev Tou pEpatog (Zx.4a) Kai TTou
alyoupa éva PEYAAO MEPOG TOUG EXEI ATTOUAKPUVBET aTTd Ta OpuNTIKG VEPG TOU XEINAPPOU KATA TOUG
Bpoxepoug priveg.

Toégo ota voTia 6go Kal ata Bopela AAEEUTIKA PETWTTA HTTOPEI O ETTIOKETTTNG VA TTAPATNPAOEI
Aa€eupéveg HUANOTTETPEC TTOU BEV EXOUV OTTOKOTTEL, ixvn atmd AdEeuan Toug. Ze AAAEC TTEPITITWOEIG
UTTAPXOUV XAPOYUEVOI KUKAOI ) JICOAAEEUNEVES TTETPEG.

AuTO TTOoU TTpOoKaAEl BE0G Kal Baupaguod eival ol UTTOYEIES AiBouoeg EKPETAAAEUONG - Adgeuong
kai Ta Aaggupéva okaAoTraTia TTou odnyoulv o autég (Zx.4B,y). H xatdBaon oTig utrdyeleg aibouoeg
gival emikivbuvn yiati o QWTIONOS eival AlyooTo¢ Kol n kardortaon €1g60ou avao@aAng Adyw
HTTAZWY kai BapvokaAuyng. Ma Tov Adyo autd dev ptropoupe va dwooupe BIOOTACEIG A TTEPIYPART
TWV UTTOYEIWV EKHETAAEUOEWV.

AldoTrapTeG PUAOTTETPEG UTTAPXOUV KOVTA KAl PECQ OTnV KOITN TOU XEINGPPOU UICOBAUPEVES
atéd Ta prdala kar ota BapvookeTracpéva dameda (Ix40,Zx.5a,8).

a: MupokAaaTikoi oxnuaTiopoi ~ Pépa B: NOTIO THAHO TTUPOKAQIGTIKWY OXN-
MNoAou MaTIoOPWV
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y: Bopeio Tpripa mupokAaoTikiv axn- &: Huihageupévn purémetpa
HaTiopwy

Zx.2: dwroypagies amd To Aatopeio

Ta Huihageupévn pulomerpa B: _pl)\dﬁéuﬁévsg“pu)\ém:rpag

Y: XOpaypEVEG HUAOTTETPEG 8: Xwpog amoeeong - PoépTWONG

Zx.3: dwroypagicc amd To Naropeio
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a:TepaaTiol OyKol PTTAgwv B: Ymoyeia aibouvoa

y: Aageupéva oKaAoTraria TTou 0dnyouv 0: MuAoTTeTpa 0T BOPEIa KOITN TOU
og utroyela aiBouca pPEPATOC

Ix.4: dwroypagieg amd 10 Aaroueio

H mpootyyion og apkeTd AageUTIKG KEVTPQ €ival HUTKOAN AOYw TOU YEYOVOTOG OTI JE TNV TTAPOJ0
Tou Xpodvou kai TIG BlaBpwTikég DiEPYOTieg TEPACTION OYKOI £XOUV OTTOKOTIEI QTTO TO HETWTTA Kal
Bpiokovtal TeouEvol 0TO BATTESD TWV HETWTTWY. H Bapvwdng BAGOTNON €xel KaAUWEl o€ peydAo
pépog Ta Jameda. EmTAéov n TPOCEYYION EPTTEQIEXE! KIVDUVOUS yiaTi ueydAor dykor Bpiokovial
YnAG oTa PETWTITA ETOINOPPOTTOL.

O1 puAdTreTpeg Qaivetar 611 RTav Ta KUPIO KATAOKEUAOTIKA TTPoiovTa TTapdAAnAa 6HwG
KaTaoKeVagav Ot PIKPOTEPO BaBud aykwvdpia (ZX.5Y), YOUPVEG yia TTOTIONA {WwV, OTEPAVES YIA TO
Xeihog TTnyadiwy. Ta tpoidvra autd @aivovral eTi TéTOU GTO AGQO Tou Ay. Mewpyiou BuTikd Tou
XWPIoU TWV METPWTWV.

Auo €idn puAdTeETpag Aageudvroucav o pikpwyv OId0TACEWY TTOU  pTTopoUdav  va
TEPIOTPAPOUV PE TO XEPI, O "OIKIOKEG OUOKEVES" Ba Aéyape i 6TTWG ATav yvwoTtd Ta "XepouuAia”.
O1 oykodéoTtepeg HUAOTTETPEG NTAV WPEYOAUTEPWY DIOOTACEWY KAl N TIEQITTPOP) TOUG YIVOTOV
Kupiwg atrod wa r} akoun Kai HE VEPO (VEPOHUAOL).

Av Kpivoupe armd TIg SINOTACEIG TwV AAEEUTIKWV PETWTTWY, TOV OYKO TwV UTTAlwy Trou €xouv
QTTOMEIVEI KOl TO OTTAITOUMEVO UAIKO VIO TNV KATAOKEUN| PIOG MUAOTTETPAG uTroAoYieTal OTI Ba TTpETel
va €xouv AagEUTEl KOl KATAOKEUAOTEl apKETEG XINADEG MUAOTIETPES. Mia TTpoQOpPIKY TTAnpogopia 6TI
grov BuBd TNg BAAacoag kovrd artov apxaiodoyikd xwpo TN MeanuBpiag evrotrioTnkav
HUAOTIETPEG EVIOXUE! TNV Atrown 6T To AaTopegio Twv MeTpwTwv AsiIToupyoUoE atrd apXaloTaTwyv
XPOvwV Kal pe TePIOBOUG BIOKOTTWY N AAGCEUOn CUVEXIOTNKE PEXP! Kol TIG MEPES pag. Ao
TTANPOPOPIES TWV TTAAQIOTEPWY KATOIKWYV TNG TTEPIOXNS N AEITOUpYia TOou AaTopEiou aTAPATNAE Aiyo
mpiv atro Tov B” Maykéopio MoAepo.

1116



AageuTika epyaleia Bev ETUXE va BPOUHE KOTA TNV ETTIOKEWN Kal QWTOYPAQNAn TOU XWPEOU.
AMWOTE QUTO TTOTEAET AVTIKEINEVO QPXQAIOAOYIKAG OKATTAVNG.

Eva gpwTnua TTou PTTaivErl gival yiari o TOTE "BIOUAXAVOG" XPNOIMOTTOINCE TO OUYKEKPIWEVO
TETPWHO YIQ TNV KATAOKEUT HUASTTETPAS KAl OXI TOV WAPWITN 1} GAAO TTETPWHA TTOU AVTATTOKPIVOTAY
KOAUTEPO OTIG "TEXVIKEG TTPOdIaypagés”. H atrdvinon aivetal va eival oTtAf © ZTnVv guplTepn
mepioxy dev atmavrolv WAPMITEG OF TTOIOTNTEG KAl TTOOOTNTEG TETOIEG TTOU va  dIkaloAoyouv
eykaraataan "AATOMIKAG pOvAdag'. ATTEVAVTIAG TO NQAITTEIAKG  AQTUTTOTTAYEG BpPiokeTal OF
EKTETANEVOUG OXNUATIONOUS KAt o1 "BoKIPES" £BeIav OTI TO UAIKO auTO KaTEXEl OE HEYGAO Baduéd Tig
avaykaieg TPodIaypagEg Ki° €101, mBaAvAV, va GpxIae N AciToupyia Tou AaTopeiou.

a: MuAdmeTpa og pmdla otn Bopeia B: MuAotreTpa og ptrala Bopeiou pe
0x0n ToU PEPaTOg TWITOU

y: Aaeupévo aykwvap! — MNapu@ég 0: AiIBogoog - MAareia
Bopelou HETWTTOU MeTpwTtwv ‘ERpou

2x.5: ®wroypagies amd 10 AaTOpEiO

4. TMPOOMTIKEZ AZIOMNOIHIHZ TOY NAATOMEIOY METPQTQN

O xwpog Twv AaTopeiwv Twv MeTpwTwy Mapwveiag BpiokeTal o° éva UWIOTOU KAAAOUG QUOIKO
TOTTIO HE EVTOVO TOTTOYPAPIKO avAayAugpo Pe TTOIKIAN QUTIKY KGAuyn 61Tou emkparei n Mauvpn Mevkn
18ia oTOUG AQTOHIKOUG XUWPOUG.

O1 oxnuarioyoi Tou N@AIOTEIGKOU AATUTTOTTAYOUS OTToTEAOUV amrd povor toug éva agidAoyo
YEWAOYIKO pvnpuegio TTou o€ ouvdiagud pe Ta AageuTika KEvipa avadelkviovTal Ot éva Povadikig
onuaoiag TexvoAoyiké Mougeio TTou onuadelel Eviova Tn oxXEon TOU avBpwITou YE TNV TTETpa dia
HETOU TWV QILIVWLY.
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O AQTOPIKOG XWPOS EXEl OANOIWBEl pe To TEPACTPA TOU XPOVOU CUVEPYOUVTWY KOl TWV
SlaBpwrtikwy digpyaciwy. Ki av Tng euang ol diepyaaieg eival QUOIOAOYIKEG BEV HTTOPOUNE VO TTOUE
10 010 Kal yIa TOV AvOPWITO TTOU GUVEPYEI JE TNV CUPTTEPIPOPA TOU OTNV KataaTpo®r). Ta onuddia
AaBpavacKa@wy OTO XWPO TwV AQTOMEIWY gival dIdoTTApTA KAl £VTOVA.

Ma Toug Adyoug auTtoug Kpivoude OTI gival ETTITAKTIKY) n avdykn dia@uAagng kar  apxriv Tou
AOEUTIKOU KEVTPOU KAl OTR OUVEXEID N avadeiin Tou WG YEWTTAPKOU - yewTotrou. AuTté Ba
ptropoUlage va yivel avTiKeipevo YEAETNG o€ BABog 6tTou Ba kaTadEiKVUE £va ONUOVTIKO KOUMATI TNG
{wnig Kkal Twv BpacTtnploTATWY Twy TTAAAIOTEPWY KaToikwy Tng Opdkng. Tn peAétn auth Ba
Jtropouoe va Tnv avaAdBer n Tomikry Autodloiknon Tou Afpou ZaTwv Ot CUVEPYOOIa HE TNV
apuodia ApxaioAoyikn Ytrnpeaia Tou NopoU Pod6Trng.

Eva avrioTtoixo Aatopegio oe avdAoyo neaioteiakd TETpWUA Bpiaketal kai ota MeTpwtd ERpou
otrou éyive pia agiéAoyn TpooTrdBeia TTpoaTaaciag kal avadeigns Tou idiou TOu AATOMIKOU XWpou ag’
EVOG KI OQETEPOU O TTAMNIOG GAEUPOPUAOG TOUu XwploU, TTou oTa TTaAId Xpovia XPnoihoTroloUoe
MUAOTTETPEG, PETATPATINKE Ot pouoeio. EmimAéov otnv TAateia Tng Kovétnrag otiBnke pvnueio
agiepwpévo atov AiBogdo (Xx.50). O1 evépyeleg autég Eyivav amd tnv Avarrtu§lakr Etaipia Tou
Arjpou Tpiywvou kai gixav oav atrotéAeopa tnv idpuan ota MeTpwTd AlaBalkavikoU MoAukévrpou
MoAiTiopoU kai Téxvng.
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ABSTRACT

THE MILLSTONES OF PETROTA THRACE COUNTY,
GREECE.

G Kosiaris - C. Michael
I.G.M.E. - Xanthi Branch

The surrounding area of Petrota village - Rhodopi County, West Thrace - consists , mainly, of
volcanic rocks (rhyolites, rhyodacites, tuffs, volcanic breccias and lahars). In the pyroclastic
formations a quarry for millstones has been developed.

Engraved or halfcarved handmills, larger millstones, tubs and cisterns can be seen and they are
witnesses of the art and skill of the stone cutters.

Larger millstones which needed animal or water power to be rotate were also carved. Some of
them are abandoned on the floor of the quarry or lay lower near the river bank.

On the quarry walls can be seen all the stages of carving and cuttering the millstones : a drowing
circle - the first stage, close to it the beginning of the carving and nearby the fully carved but still
uncuttered millstones.

Amazing is also the underground quarrying and carving the millostones.
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Having in mind the size of the walls, the underground excavation and the bulk of dums we can
roughly estimate the number of carved millstones which probably reaches several thousands of
millstones of different sizes.

The beginning of quarrying and carving of millstones of Petrota is not known but surely it could be
traced back to the depth of the ages, not excluding the prehistoric period. The activity of the quarry
ended a little before the Il World War.

A similar quarry in almost the same rock is located near the Petrota village of Evros County.
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MEAETH TEXNOAOIIAZ EOYAAQMENHE KEPAMIKHE ZE ANTIKEIMENA
AMO ANAZKA®H THE OEZZAAONIKHE

TogiavotroUAou A.", Aaprpétrourog B2 kai Kavrnpdvng N.°
" suvmphrpia Apxaiotitwv  kai Epywv Téxvng, YwnAdvrou 6, 542 48 @sooaldovikn,
alecasof@otenet.gr

2 Tunua Zuvrnpnons Apxaiomiwyv  kai Epywv Téxvng, TEI A6nvwv, 122 10 Ab6nva,
blabro@teiath.gr

3 SxoM Oetikiov Ematnuav, A.11.0. 541 24 Osaoalovikn, kantira@geo.auth.gr
2N pvnun e apxaioAdyou EAANS MeAekavidou

NEPIAHWH

Agiypata eTTTA 00TPAKWY ATTO AYYEIQ EQUAAWNEVNG KEPAMIKAG TNG UOTEPORUZAVTIVIG KAl PETA-
BuZavTivig Trepiddou TTou BpéBnkav katd T didpkela owaTKAS avaokagng Tne 9" Egopeiag Bula-
VTIVWV ApPXQIOTATWY Ot OIKOTTEDD OTO KEVTIPO TnG OtoooAovikng, peAETAOnkav pe TiIg HEBBGDOUG
PXRD kai SEM-EDS pe atoxo tn digpedvnon Twy ouvBnkwyv ynaoipardg toug. Kabe 60Tpako Xwpi-
{eTan O€ TPIQ OTPWHATA: TO KEPAHIKO, TO ETTIXPIOHA KOl TO EQUAAWHA. TO KEPAMIKO OTTOTEAEITAI KUpI-
wg amod xahadia, aoTpioug Kal JooxXoRiTn, evw To emixpiopa amd xahadia, aoTpioug, Pb-oUxo @don
Kol HooxofRitn. To epudAwpa atroTeAEITaI KUpiwG atrd Tn @don Tou Pb 1Tou avayvwpioTnke oTo eTTi-
Xploua, xahadia kar aotpioug. ETriong, oe 6Aa ta oTpWHATA AVAYVWPIOTNKE GUOpen @Aan HE TTo-
000TA TToU augdvovTal atrd To KEPAWIKS TTPog To epudAwpa. H pikpoavdAuan emiBeBaiwoe ge kKaAd
Babuod Ta amoteAéopara TNG OPUKTOAOYIKAG HEAETNG Kai EBEICE, 18IQITEPA OTO EQUAAWNA, TNV TIO-
pouaia oAU uwnAwyv TrogooTwy PbO. H rapouaia Tng Pb-ouxou @dong aTig EQUAAWTEIG ATTOTEAEI
evOEIKTIKO OTOIXEIO IO TN Beppokpaadia Tou deUTEPOU WNOIPATOG TWY EQUAAWUEVWV KEPOAUIKWY KOl
moTEVOUNE OTI KUpavéTay Petafl 650 kai 750 °C. IXETIKG WE T OUVTAPNON TWV UTTO HEAETN EQUO-
AWHEVWV KEPAUIKWY CUVIGTATAI N ATTOQUYR XNHIKWY UAIKWY TTou cupTtrAokoTrololyv kai SiaAlouv To
HOAURBO (Tr.x. EDTA, aiBuAikf) akkodAn). Ztnv avtiBern TrepiTTwon ptropei va TTpokAnBei e€aabévi-
an Kal Karaatpo@r] Tou BIKTUOU TOU UGAWHATOG Kal Katd ouveTTEla aAloiwon Tou e€wTepikoU aTpw-
HaTOG TOU QYYEioU.

1 EIZATQrH

H pEAETN Twv BUZaVTIVWV KEPAUIKWY, OTA OTTOI0 CUVAVTWVTAI 01 PICES TIG VEOEAANVIKAG TTapado-
OIaKAG KEPAUIKAG, HAG TTAPEXEI ONUAVTIKEG TTANPOPOPIES YIA TO EHTTOPIO KAl TNV TEXVOAOYIQ, TIG Ka-
BnuepIvEG BPAOTNPIOTNTES Kal TNV AloONTIKA TNG Kovwviag Tou BuZavTiou, vy ouuBdAAel BeTikd otn
XPOVOAOYNON KTIOUATWY KOl OVOOKAPIKWY OTPWHATWY.

H Bulavtivi kepapikf ouvexiZel Tnv eEAAnvopwyaiky Trapddoan péxpr Tov 7° ai. E@apuoovral
YEVIKA 01 iBIEG TEXVIKEG EVW TTPOOTIBEVTON VEQ HOPQPOAOYIKA Kal DIaKOOUNTIKG OTOIXEld, OTTWG XpI-
oTiavika oUpBoAa. ATro Ta TéAn Tou 7% ai. cuvteAeitar pia ueydAn aAAayrj, 6tav ol BuZavTivol kepa-
UEIG ETTNPEACUEVOL ATTO TNV ICAQUIKY) KEPAUIKY, apxifouv va e@papudlouv Kal va avatrTigoouy Thv
TEXVIKN TNG EQUAAWONG. ATTd To BudvTio auto To €id0g kepapikrg diadideTal otnv Eupwrn, 1diaite-
pa PETA TIG TTPWTES ZTOUPOQOpPiEg. H peyaAuTepn wonan otn BulavTivr) EQUAAWUEVN KEPAUIKN Dive-
TOI KaTa TNV €ToX TwWv Makedovwy (867-1081), Trou xapakTnpifeTal wg pia TePiodog EUNdpEIag Kal
eipfivng yia tn BuZavriviy Autokparopia. H avdmrugn kai diddoor| Tng ouvexidetal kal ota Xpodvia
Twv Kopvnvwy (1081-1185). AkoAouBei n mepiodog TNg Ppaykokpatiag kard Tnv otroia guvteAou-
VTOI HOPQOAOYIKEG OAAQYEG TWV ayyeiwy, TBavwes eCaitiag aAAaynAg Twy BIATPOPIKWY TuvNBEIWY.
Kata ta xpoévia Twv MaiaioAdywy (1261-1453) 1a Tomikd epyacTtipia TTapouadidlouv Eviovn Opa-
oTNEIOTNTA OTNV TTAPAYWYT] EQUAAWNEVNG KEPOAUIKAG. ZTa HETARUAVTIVG Xpovia, TTapd TNV TTONITIKA
kal TToNITIaTIKr) BlagopoTroingr, Ta EPYATTrPIa KEPAMIKNG TTou BpiokovTtal aTov EAANVIKO XWPo £X0-
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VTag KOIVEG pieg aTo BuldvTio, akoAouBoly APXIKG TMOTA TIS TAPABOCIAKES TEXVIKEG Kal TNV idia
Beparoroyio. Opwg, amé 1o 16° ai. véa SIAKOOUNTIKG XAPAKTNPIOTIKG KAVOUVY TNV ENYAVIOT| Toug
otV EAANVIKR kepapikr), e€aitiag NG E10AYWYNG KEpapikwy amé Eva EPYACTAPIA TNG AVOTOAAS Kal
Avong. Ao 10 17° au, TTapaTnpEiTal pia oTadioky avakoTrr ™g Budavrivrig Trapddoang. Aiagpopo-
TTOIO0VTQAl TGOO TA OXAHATA GO0 Kal ol TEXVIKEG KATOAOKEUNC Kol dlokéounong. Kébe TTEPIOXN) ava-
TTUOCE! Ta BIKG TNG XAPAKTNPIOTIKG Kol Tal EPYQOTAPIG TNG TN BIKA Toug mapadoan (Euyevidou,
1982; Taueio ApxaioAoyikwy Mopwv kar ATTAAAOTPIWCEWY, 1999).

ZKOTIOG TNG epyaoiag eivar n HEAETN TNG TexvOAoyiag uaTepoBudavtiviav (Zx. 1a,B) kai petaBula-
VTIVWV (ZX. 1Y) eQUaAWpéVwY KEQOMIKWY ayyeiwy TTou Bpédnkav kard ™ SidpKeIa CWOTIKAC ava-
akaerig Tng 9™ Egopeiag Bugavriviov Apxaiotitwy og oikdTESo aTo KEVIPO TNG Oeooahovikng, pe
aTOX0 TN digpelivnon Twv CUVBNKWY YNoipaTog Toug.

e ar)
Ixnua 1. Yorepopulavrva
ZXiua 1a. ATAQ eyxdpakta HE APPAPWEN Slak6opnan
(13°-14% q1.) (14%-15% a1

2 YAIKA KAl MEOOAOI EPEYNAS

Ma tn pehémn Xenaiygotoinénkav deiypata amo emrTd 6arpaka ayyeiwv (01-07) uartepofulavti-
VG Kai peTaBudavTiviig EQUAAWUEVNG KEPOUIKAG (ZX. 2) ME KwdiK avaokagrc BK 4572, H Oelyua-

ToAnyia £yive katomv e10Ikrg adelag g AiedBuvong Zuvripnong ApXaiotATWY ToU YTroupyeiou
MoAmouou.
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Me vuaTépl TTpape TNV EAAXIOTN duvarr TTooOTNTA YIA TIG OTTAITOUNEVES avaAUOEIS. ‘Eva pépog
Twv SElyPATWY KoVIOTTOIBNKE yia TN PEAETN TNG OPUKTOAOYIKAG TOug oUOTaONG HE TN WEBOBO TTEPI-
BAagiyeTpiag aktivwy X kévewg (PXRD), evw To uTTOAOITTO XPNOILOTTOINBNKE WG EXEI VIO TN HOPPO-
AOYIKA Kal OTOIXEIQKA TOUG avaAuan pe Tn YEBodo TNG NAEKTPOVIKAG MIKpooKoTTiag adpwong (SEM-
EDS).

Ma v opukToAoyikf PEAETN WE TN pEBodo PXRD xpnoipotroiienke akrivoBoAia Cu pe @iAtpo Ni
yia TNV Tapaywyn Jovoxpwuatikig akTivoBoAiag CuKy oe mepiBAaciuetpo Tutrou Philips PW1710
Tou Topéa OpukTohoyiag-MeTpoAoyiag-Koiraoparohoyiag Tou A.MN.©., ye ouvBrkes Asitoupyiag 35
KV kai 25 mA, taxutnta ywviopétpou 1,2°/min, Taxdtnra kataypagikoU 1ecm/min kai Trepioxy od-
pwong 3-53° 28. O NUITTOOOTIKAE TTPOTBIOPITUOS TWY OPUKTWIV PATEWY TTOU EVTOTTIOTNKAV OTd E&¢-
Tadopeva deiypara €£yive PE Tn XPRon NG évraong (counts) CUYKEKPIPEVWY AVAKAGCEWYV Yia KABE
opukté (aoBeotitng 3,03 A, xahaliog 3,34 A, pooxoBitng 9,97 A, xAwpitng 14,2 A, dotpior-
ThayiokhaoTta 3,18 A / kakioUxol dotpior 3,22 A, aiparitg 2,70 A kai poAuBSouxog @don 3,47 A),
NG TTUKVOTNTOG KAl TOU TUVTEAEDTH atroppé@nong Hadag yia aktivoBoAia CuKg TwV OpUKTWY TTou
mpocdiopioTnkav. H Trapouaia duop@wyv gpacewy ot éva deiypa YiVETal QavePr HE TN JOPQOAOYIKN
e€éTaon Tou TepIBAagioypappaTég Tou. Me tn Xprion aktivoBoAiag Cu (CuKg) To Guoppo uAikd e-
QaviZeTal UE TN MOPYRA TTAATUKUPTNS QVAKAGONS Ot ywvies 28 petaly 10-50° mepimou avaAoya pe
XNMIKA Tou ouoTtaon (Guinier, 1963), o ouxvd dpwg eygaviletal yetalu 10-18° (Kantiranis et al.,
1999). Zra deiypara Trou e€eTAZovTal TO APOPPO UAIKG UTTOAOYIOTNKE PE TUYKPION Tou eppadou Trou
axnuarigel n TAATUKUPTN avakAQoT Tou PE TO avTioToiXo euRadodv Tou TpoadiopioTnke g TTPOTUTTO
MiyHOTO OUYKEKPIPEVNG QVAAOYiag OE ANOPPO KAl KPUOTAAAIKES @doelg (Kavtnpdvng k.a., 2004).

Ma 1 peAétn Twv deiypdrwv pe SEM-EDS xpnoipotroiienke nAEKTPOVIKO PIKPOOKOTTIO adpw-
ang tutrou Jeol JSM-840 tou gpyaoTtnpiou nAEKTPOVIKAG HIKpooKoTTiag Tou A.M.0O., eQodlaouévo pe
guotnua avaAuang tng diaotropdg evépyeiag (EDS) LINK 10000 AN. O1 cuvBrikeg Aeitoupyiag Tou
opydvou ritav 15 kV, évraan nAektpovikrig 8éoung <3 nA kai diapétpou 1 um, V) 0 XpOvog HETPN-
ong ATav 60 sec. AlopBwoaoelg £yivav e Xprion Tou Tpoypduparog ZAF-4/FLS TTou TTapéxetal amo
N LINK.

3 ANOTEAEZIMATA KAI XYZHTHZH

Ta aTTOTEAECATA TNG NMITTOTOTIKAG OPUKTOAOYIKAG aUOTACNS TWV DEIYUATWY TWV EEETAJONEVWIV
00TPAKWYV divovtal aToug Tivakes 1-3. O 6pog «KEPAMIKO» XPNOILOTTOIEITAI yia TNV TTEPIypa@n Tou
wnuévou TAoU TTavw OToV OTToi0 AVATITUTOETAI TO ETTIXPICUA KAl TO EQUAAWNA.

Nivakag 1. Huirogorikr) opuktoAoyikr) ouataon (% K.B.) KEPAMIKQWV.

OoTpako Q F M Cc H Ch A ZivoAo Am
o1 70 12 3 13 - - - 98 2
02 63 11 10 12 - 2 - 98 2
03 55 22 4 4 9 4 - 98 2
04 67 20 10 - - - - 97 3
05 78 9 11 - - - - 98 2
06 59 16 11 9 - - 2 97 3
o7 59 22 15 - - 96 4

Q: xahadiag, F: aaTpiol, M: poaxopitng, C: agBeotitng, H: auparimg, Ch: xAwpitng, A: augiBoAol Am: Guop@o.

Nivokag 2. HprrogoTikr| opukToAoyikr ouoTaon (% K.B.) Twv EMXPICUATWV.

Darpako Q F M Pb ZUvoAo Am
01 74 1 4 4 93 7
04 66 16 2 13 97 3
06 74 16 3 3 96 4
o7 75 10 4 5 94 6

Q: xaAadiag, F: aotpiol, M: pooxoBitg, Pb: Pb-oUxog @don (Pb12AlzSizo0ss), Am: Guop@o.
Z1a Kepapikd Trpoadiopiotnkav xaAadiag (59-78 % k.B.), datpiol (9-22 % K.B.) Kai pooxoRitng

(3-15 % Kk.B.), eV Ot pIKPOTEPQ TTOCOOTA Kal 0 opiouéva defypara TpoodliopioTnkav aoBeCTiTNg
(4-13 % k.B.), aupatitng (9 % k.B.), XAwpitng (2-4 % K.B.) kal apiBoAog (2 % k.B.). H Tapoucia u-
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WYnAWV TTOgooTWY aaBeaTitn ot opIopPéVa BeiydaTa 00TPAKWY BewpEital 0TI o@eiAovral Ot ETTIKABI-
OEIC OTNV ETTIQAVEIQ TOU OOTPAKOU OTTO TO TTEPIBAAAOY TAPrG TOU AyYEiOU. TNV NUITTOCOTIKF OPUKTO-
Aoyikr} oUaTagn TwWV KEPGUIKWY CUPTTANPWVEL N TTapousia GHOPPOU PAang O€ TTO00CTA TTOU KUPQi-
vovTal atro 2-4 % K.B. Kal oxnuaTi¢eTal katd T SIGPKEIQ TOU YNOIPOTOG TWY KEPANIKWY.

Ta emypiopata karéotn duvardv va diaxwploTouv Kal va avaAuBolv og 4 amd ta 7 deiypata
ooTpdkwy (01, 04, 06 kai O7). OTwg Kal OTa KEPAMIKA ETTIKPATE] 0 XaAagdiag (66-75 % k.B.) kai ol
dotpiol (10-16 % k.B.), evw evrotioTnke Kal TTpoodiopioTnke Pb-oUx0g p&on ot TTOCOOTA TTOU KU-
pavenkav amd 3-13 % Kk.B. Ze pIkpOTEPA TTOCOOTA (2-4 % K.B.) TpoodiopioTnke pooxoRitng. Tnv
NUITTO0OTIKA OPUKTOAOYIKF} oUOTAON CUPTTANPWVE! TO dpop®o UAIKG TTou ot TTocooTtd 3-7 % K.B.
TEPIEXETAI OTA DEiYHATA TWV ETTIXPIOUATWY Kal gival oxedov dimAdalo oe ouykpian He Ta Beiypara
TWV KEPAUIKWY. AUTO OQEIAETAI OTO YEYOVOG OTI TO ETTIXPICHUA BPICKETAI OTA EEWTEPIKOTEPT OTPUWMA-
T VOGS ayyeiou Kal Yadi e To EQUAAWNA DEXETAI TNV €TTidpaan Twy peuaTotroinTwy (PbO), aAAd kai
NG UWNnAAG Beppokpaciag katd tn SIAPKEIQ TOU YnaoiuaTog TTou 0dnyouv aTo AIWGCIKO TNG EMIQA-
VEIOG TOU ayyeiou.

Mivakag 3. HumroooooTikr) opukToAoyIK cuoTacn (% K.B.) Twv EQUAAWUATWV.

Oorpako Q F M Pb ZgvoAo Am
o1 46 25 - 10 81 19
02 56 12 3 12 83 17
03 61 15 - 10 86 14
04 45 16 - 16 77 23
05 54 19 3 9 85 16
06 67 8 5 5 85 15
o7 60 13 3 7 83 17

Q: xaAadiag, F: aoTpiol, M: pooxoBitng, Pb: Pb-0Uxog @aon (Pb2Al:SizeOss), Am: dpop@o.

210 epualwpata TpoadiopiagTnkav Xohaliag (46-67 % k.B.), doTpiol (8-25 % k.B.) ka1 n idia po-
AuBdoUxog @Aan TTou avayvwpioTnke ota emxpiopata (5-16 % K.B.), EVW OE onUaAvTIKO TTO00OTO
utroAoyioTnke dupopen @don (15-23 % K.B.). Ze PIKPOTEPEG TTOTOTNTEG KO OE opiguéva Oeiyparta
TpoodlopioTnKav PIKP& TTOgooTd poaxopitn (3-5 % k.B.).

H opukToAoyikry @dan Tou goAURdou TTou TTpoadiopioTNKE OTA ETTIXPIOUATA Kal TO EQUAAWPOTA
Tautotroienke pe TNV kdpta 03-0384 Tng Bdaong dedouévwy Tng JCPDS (1997), €xel xnUikd TUTTO
Pb12Al2Si200ss kal avaAoyia ogeidiwv 12Pb0-Al,03-20Si0;.

Ta amoreAéopara NG PEAETNG Twv EEETACONEVWV OOTPAKWY WE TN PEBODO TNG NAEKTPOVIKAG I
KpooKoTTiag divovral aToug TTivakeg 4-6. MoAAG atrd Ta TTapaKATw ammoTeAEoUaTa £ival o€ TTOAU Ka-
A} oupwvia pe Ta dedopéva TnNG NUITTOOOTIKNAG OPUKTOAOYIKIG OUOTAONG, EVW APKETA ATTd aUTA €i-
val o amrokAion. MPETer OPwWG, TTAVIA va EXOUKE UTTOWN pag 6T oTa EQUAAWMATa eival 1B1aITEPa
anpavTikeg o pdAog NG duoppou Gaong (gival oAU TAoucia oe PbO), aAAd kail 1o yeyovodg o1 n
MiKpoavaAuon eoTIGZeTal, avaAoya Pe TO eNRadOV TG NAEKTPOVIKAG BECUNG, OE UIQ WIKPR TTEPIOXN
Tou Oeiyyatog kai dev gival avTITTPOCWTTEUTIKR YiIo OAOKANpo 1o deiypa. AvTiBeTa n opukToAOYIKN
olataon £ylve g QVTITTPOOWTTEUTIKG Oelypa KABe 00TPAKOU KAl avTATTOKPiVETAl JE HEyaAUTEPN O-
KpiBela aTn oUCTOGON TOU KABE OTPWHATOG TWY EEETACOHEVWY BEIYUATWV.

MNivakag 4. MikpoavaAuoeig (% K.B.) KEPAHIKWV.
Oortpako  Si0O, TiO, AlL,O; Fe,O;r MgO CaO Na,0O K,O0 P,0s PbO CuO ZivohAo

O1 41,5 = 27,8 1,8 - 27,2 1,2 0.4 - - - 99,9
02 75,9 - 20,4 0.6 0,2 0,2 0,8 0.7 1,0 = - 99,8
03 59,1 - 18,1 6,7 1,6 2,0 1.8 5.1 - 5.4 - 99,8
04 35,1 - 217 255 6,8 1.2 1,7 2.4 B 55 - 99,9
05 65,2 - 18,2 6,8 3.1 1.8 1.8 2,9 - - - 99,8
06 35,4 = 243 235 113 1,0 1,2 1.5 s 17 - 99,9
o7 67,4 : 15,8 0,7 - 0,5 3.4 12,0 2 = - 99,8

210 kepapIka (Thv. 4) kai Ta emmixpiopata (Miv. 5) yerpnBnkav vwnAd Tocoatd SiO; Tou Kupai-
vovrav petaéy 31,4-75,9 % k.B., AloOz Tmou kupaivovtav petall 12,7-29,6 % Kk.B. kai FezOar mTou
Kupaivovrav petafu 0,6-255 % K.B., vy o pIkpdTEPA TTOoOOTd peTpriOnkav MgO, CaO, NaO,
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K20 kai 1o P,0s. Emiong mpoodiopiotnke PbO oe mooootd 2,0-7,4 % k.B. Idiaitepn evrumwon
TTPOKAAET TO Beiypa Tou emixpiopaTog O6 Tou xapakTnpEiZeTal atd IBIAITEPA XAUNAL TTEPIEKTIKOTNTA
o€ Si02 (31,4 %) Al,O3 (12,7 %) ka1 TTOAU uwnAn TTepiekTIkOTNTA O TiO2 (24,4 %) kai Fe,Oar (20,5
%) yeyovog TTou uTTOdNAWVEN OTI OTNV TTPOKEIYEVN WIKPOAVAAUGCH UTTAPXEl TTPOQAVIG ETTNPEATHOG
aTTd KATTOI0 KOKKO O10nPOTITAVIOUXOU OPUKTOU TTOU EiVal EVOWUATWUEVOG OTO ETTIXPIOUQ.

Mivakag 5. MikpoavaAugeig (% K.B.) ETIXPICUGTWY.
Ootpako  Si0, TiO, AlLO; Fe;O;y MgO CaO Na,0O K,0 P,0s PbO CuO ZovoAo

02 50,5 0.4 23,3 2.7 1.6 0,9 0,6 10,9 1.6 7.4 - 99,8
03 51,6 - 29,6 1.6 - - 23 12,8 - 2,0 - 99,8
06 314 244 127 205 3.1 1,3 1,2 2,8 - 2,5 - 99,9

Ing epualwaelg (Mv. 6) aparnpolpe éva 1d1aiTEPa uYPnAd TTOo0oTO 0&eIdiou Tou UoAUBdoU
TTou Kupaiveral petagu 51,0 kai 67,2 % k.B., evw akoAouBouv 1o SiO; Je TTOC0OTA PETAEU 23,4 Kal
38,3 % K.B., o Al203 pe Troocoatd peragu 0,9 kar 4,8 % K.B. kai To FeOar Tou kupaivetal yetagu 0,9
Kal 7,8 % K.B. Ze pikpdTEPA TTOgOOTA TrpoadiopioTnkav MgO kai Ca0, evw og opiguéva deiypata
Naz0, K20, P20s kai CuO.

Ma 1o xpwpaTigud TNG EQUAAWANG xpnaiyotrololvtav kupiwg ofeidia Tou a1drjpou, Tou xaAkou
Kal Tou payyaviou. Ze o&edwTikd TEPIBAAAOV £VTOG TOU Kapiviou Ta ogeidia Tou a1dripou divouv amo
KITPIVO £WG KAQE XPpWHA, QVAAOYQ PE TNV TTEPIEKTIKOTNTA TOUS OTN PAJQ TOU EQUAAWMATOG, EVW OF
avaywylkéd epiBdAdov Ta idia ofgidia divouv TTpdaivo Xpwua. OTav n TEPIEKTIKOTNTA TOUS Eival Ye-
yaAutepn amré 10 % k.B. prropei va TpokUyel £va Babu KOKKIVO £wg Haupo xpwua. Ta oeidia Tou
XaAkou divouv og 0EEIBWTIKES CUVONKES Kuavo f TPdoIvVO XpWwHa avaAoya Kal PE TO iD0G TWV EU-
TNKTIKWY 0&EIdiwv TTou uTTdpxouv oTo e@uaiwpa. ‘ETol, pe ogeidia Tou poAUBdou divouv TTpacivo
Xpwpa, evw 6tav utrdpxouv ofeidia Tou vatpiou Kal kaAiou divouv Kuavd £wg KUAVOTTPACIVO XPpW-
ga. Ze avaywylkég ouverkes Ta ofeidia Tou XaAkoU Bivouv KOKKIVO XpWwHa OTav n TTEPIEKTIKOTATA
TOUG OTO EQUAAWHA KUPaiveTe HETAEU 2-5 % Kk.B., eviy O€ PEYAAUTEPEG TTEPIEKTIKOTNTEG divouv pau-
po. Ta ogeidia Tou payyaviou otav eival pova Toug oTo EQUAAWNO Bivouv KOKKIVO 1] OB Xpwuara,
evw padi pe ogeidia Tou a1dripou divouv paupo xpwua (ZogiavotrouAou, 2001). Ta egeTalbpeva €-
(QPUAAWPOTA KATA TN HOKPOCKOTTIKY TOUG Trapatipnan diaxwpifoTav XpwHaTiKa ENQavg o€ Tpdaol-
veg (03 kai O7) kai KagekiTpiveg amroxpwoelg (02, 04, O5 kai O6). O1 TpdoIveEG EQUANDOEIG OTTO-
didovral oto CuO Tou TepiExeral oe moooatd 1,3 (O7) kan 1,7 % k.B. (O3), evw 01 KAPEKITPIVEG
ATTOXPWOEIG oQEeiAovTal oTNV TTapoucia ogeldiwv Tou OIdrfipou O TTOOOCTO TTOU KUHAivovTav JETagU
0,9 ka1 7,8 % k.B. 1diaitepn TepiTTwon amoteAei To Gefypa O1 Tou £QUANDUATOG, YIa TO OTToI0 TO
TTPACIVO XPWHA TOU, PE TRV atToucia Tou XaAkouU, ptropel miBavov va SikaloAoynBei atrd avaywyikég
OUVBAKES Wnoiuatog o1 oTroieg PE TNV TTapoucia Tou oidripou (Fez0sr 5,0 % k.B.) 0dnyouv ot TTpd-
OIVO XPWHATIOHS TOU EQUAAWHATOG.

Mivakag 6. MikpoavaAUoeg (% K.B.) EPUAAWTEWV.
Oortpako  Si0, TiO, Al,0; Fe,0;r MgO CaO Na,0 K,O0 P,0s PbhO CuO Zidvoho

o1 36,1 - 4,5 50 04 0,7 0,9 1.2 - 51,0 = 99,8
02 38,3 - 4,4 0.9 02 1,3 0,7 11 0,5 52,3 - 99,7
03 321 - 2,7 1.4 0,5 13 - - - 60,2 1,7 99,9
04 26,1 - 1.3 53 0,7 4.8 - 0,4 0.8 60,5 - 99,9
05 25,0 - 4.8 25 1,0 14 - - - 65,1 - 99,8
06 25,8 = 0,9 7.8 04 59 0,6 0,5 - 58,0 - 99,9
o7 23,4 - 3.7 1.3 0,5 1.2 0.6 0,7 - 67,2 1.3 99,9

210 oxfNa 3 dlakpivovTal T TPIA OTPWHATA TWV EQUAAWNEVWY KEPAUIKWY. ATTO apIoTEPA TTPOG
10 BegiId: eQUAAWaN-eTTiXpIOPa-KEPAMIKO. H Bidkpion peTagy Tou eMIXPIOUATOG KAl TOU KEPAUIKOU
(wnpévog TNAGG) BéAel 1B1aitepn TTpodoxXr. To eTiXpIopa amoTeAEiTal a1 KaBapd apaIwWPEVO TTNAG
KOl JOIGCEI MOPPOAOYIKA TTOAU HE TO KEPAMIKO.

H Pb-oUuxo¢ @don tou avayvwpiotnke pe Tn péBodo PXRD kal emiBeBaiwbnke n Orapén g
oté TNV peAéTn we SEM-EDS Oev ouvavtdral atn @Uon Kol oUPQWva pE TOo TPIYWVIKG didypapua
arabepotnrag PbO-Al,03-Si0; Twv @doewy autwy TTou peAeTBnke amd toug Chen et al. (2001)
oxAua 4, oxnuatiZetal atoug 650 °C eV KOTAOTPEPETAI TTAVW aTTd Toug 7500 °C, Bedouévo TTou Ei-
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Val 08 OUPQWVia Pe TTOAQIOTEPEG HEAETEG KATA TIG OTTOIEG N €V AOYw HoAUBSOUXOG @Aon KPUOTAA-
AVETal o€ Beppokpaaieg Trepitrou 720 °C (Geller and Bunting, 1943; Mylyanych et al., 1999).

ZUPQWVA E GPXAIOAOYIKG OTOIXEIX, GAAD KOl OTTO TTANPOPOpIES TUYXPOVWY KEPAHEWY, TTou BIa-
TNPEOUV TIG TTAPAdOOIOKESG TEXVIKEG, N KATAOKEUN TWY EQUOAWHEVWY KEPAMIKWY TTEPIAQUBAVE! TO €-
€A¢ oTddia: @) To ayyeio KATaAGKEUAZETal OTOV TPOXO Kal OTOBEPOTTOIEITAI TO OXNMG Tou, B) HE TTEPI-
Xuan 1} EURATITION QTTOKTG £va AOTTPO ETTEVOUTIKG OTPWHA, TO ETTIXPICHA, Y) TTAVW OTO OTPWUA TOU
ETTIXPioPaTOG XapadeTal o SIGKOOHOG Kal TO ayyeio WAVETAI yia TTpwTn @opd, 8) 0 dIGKOoTuoG &-
MTTAQUTIZETQN HE XPWHQ, €) TO AYYEIO £TTEVOUETAI WE TNV TTPWTN UAN TOU WETETTEITA UAAWMOTOS KAl
WhiveTal yia deUTEPN YOPA

Ixnua 3. Mlproypa(pi 00TPAKOU TTOU QaivoVTal Ta orpu’uara TOU ayyeiou.
(E@: spuaAwpa, Em: emixpiopa, M: KEpapikd = ynuévog TnAoG)

Kard 1o TpWwTo WACIHO TWV KEPAUIKWY OXNUATIOVTal HIKPOPWYHEG OTO OTPWHA TOU ETTIXPIOHO-
TOG, AAAG KOl OTO KEPAUIKG, OTTOTE TO PEUCTO UGAWUG TTEPVAEI OTO ECWTEPIKO TOU ETTIXPICHATOG KAl
avoAdywS HE TO BABOG TWV PWYHWY EICEPXETAI KAl OTO KEPOMIKO. MiBavéTarta, £Tar e€nyeitan n 0O-
Tapén HOAUBOOU OTO KEPAMIKO KAl TO ETTIXPIONA KaTd TNV avdAuon pe SEM-EDS. ETriong, Bswpeital
0TI EEQITIAG TWV PIKPOPWYHWV OTABEPOTTOIEITAI TO GTPWHA TOU UGAWHATOG TTAVW OTO KEPAMIKO.

H Pb-oUx0g @daon oxXnuaTioTnke TTPoQavg KATd 1o SEUTEPO WATIHO TWV KEPOAUIKWY HE TNV &-
QudAwaon. H Tapouaia NG OTIG EQUAANWOEIG aTTOTEAEI EVOEIKTIKO OTOIXEIO YIO TN BEPUOKPATia TOU
JeUTEPOU WNOTUGTOS TWV EPUAAWMEVWY KEPOMIKLIV, N OTroia Kupaivetav petafy 650 kai 750 °C.
MdaAioTa To yeyovog 6T ev TTpoodiopileTal poAURdog oTa Kepapika dev TTpoadiopifeTal avTioToIXa
N OPUKTOAOYIKI] ®Aan Tou poAURdou anpaivel 6T TO WHOIPO TWV EQUAAWHEVWY KEPOUIKWY TTIBavov
oTapaToUoe TRV EETTEPACE! N BEPUOKPATia aTo aTPWHA TOU KEPAWIKOU Toug 650 °C.

ZTOX0G TWV KEPAPEWY ATAV TO AQuTTEPATEPO UAAWUA OTN XaunAdTEPN duvarh Bepuokpacia, yia
EVIUTTWOIOKI KAl ypriyopn Trapaywyr He Tn MIKpOTEPN KaTavaAwaon evépyelag. H Pb-ouxog gaon
TTou TTpoadiopioTnke eMIBERAIIVEl OTI TTETUXAV TNV KATAGAANAN cUOTAON TOU WiYPATOG TOU UaAWHA-
TOG KOl BEPPOKPATIOG, WATE VA £XOUV Ta ETTIBUPNTA OTTOTEAETHATA PE TO OXNHATIOHO EQUAALNATOG
TToU TEPIEXEN HIa Pb-oUxo @don tTou oxnuartifetal oTig XaunAOTEPEG BEPUOKPATIEG OE OXEON HE TIg
UTTOAOITTEG PATEIG TTOU GUVAVTWVTAI 0To BIdypapua otadepdtntag PbO-Al203-SiO2.

O POAUBDOG OTNV TTAPATKEUN TWV EQUOAWHEVWY KEPOMIKWY XPNOIUOTTOIEITAI VIO TIG 1810TNTEG
Tou va divel éva AauTTEPO UGAWHA Kal VO EAXTTWVEI TO onueio THEEWS, oualaaTiKa OUwG, ATTOTEAE]
OTTWG Kal To TTUPITIO, éva dlapop@wTr (oxnuaTiaTrh) Tou yudAivou Siktuou. ETTopévwg, 6oov agopd
TN CUVTAPENON TWV UTTO UEAETN EQUOAWMEVWY KEPAMIKWY TUVIOTATAI N OTTOPUYR XNHIKWY UAIKWY
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TTOU CUPTTAOKOTTOI0UV Kai SiaAUouv To HOAURGO (Tr.x. EDTA, ciBuAikr) aAkooAn K.4.). v avTiern
TEPITITWAN PTTOPEl Va TTPOKANBEl a0BEvion Kal KaTaoTpoPA Tou BIKTUOU TOU UAAWHATOG KAl KaTd
OuVETTEIR aAAOIWGON TOU EEWTEPIKOU OTPWHATOG TOU AyYEiOU.

Legend : _ primary field

tormula of compownd

of compoun compoition
of compoeund

Corundum i

ALO, 20 40 60 ™ PA A,

20

Wi pet Si0,

PA PA

Wt pet PO
Txnua 4. Aidypappa otabepotnTag gaoewy PbO-Al,0;-Si0; (Chen et al., 2001).

4 IYMMNEPAZIMATA

Ta ayyeia TNS UOTEPORUZAVTIVIG KaI HETARUZAVTIVAG EQUAAWHEVNG KEPOMIKIG ATTOTEAOUVTAI OTTO
TPia OTPWHOTA: TO KEPAWIKG, TO ETTIXPIONA KAl TO EPUAAWA. ZTO OTTPAKA AYYEIWV TToU EETATTRKAV
e TN PEBodo PXRD To KepapIkO amoTeAoUvTav Kupiwg oo xaAadia, aotpioug kal pooxoRitn, evuw
10 ETTiXPIOa Kal To EpudAwpa amd xaralia, aoTpioug, Pb-oUxo @acon Kai dpop@o UAIKG. H TTapou-

oia Tou Guop®ou UAIKOU €ival TO aTTOTEAETHG TNG PEUCTOTTOINONG/AITIYNO TTou TTPOKaAEi To PO wg
EUTNKTIKO UAIKO.
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Ta atmoteAéopaTa TNG HEAETNG we SEM-EDS eival o€ TTOAU KOAR gup@wvia PE TNV NUITTOTOOTIKNA
0pUKTOAOYIKI] oUOTAON TwV g€eTalOUEVWY DelypdTwy. 1d1aiTepa onuavTikh gival n Tapoucia uyn-
AWwv TTo000TWY PbO oTO €TTiXpIopa Kal To eQUAAwWUa TTou emIRERAIWVEI TNV TTapouaia Tng Pb-oUxou
@aang. H Pb-ouxog @don oxnuatioTnke Tpoeavwg Katd To WHOIPO TWV KEPAMIKWY yIA TO OXNUATI-
opoé TNG epuaAwang. H TTapouadia tng @Aang autig oTIG EQUANDOEIG ATTOTEAET EVOEIKTIKO OTOIXEIO
yia Tn Beppokpaagia Tou deUTEPOU WYNOIUATOG TWV EQUAAWUEVWV KEPOUIKWY KAl TTIOTEUOUNE OTI KU-
pavoTav petagy 650 kai 750 °C. MAMIOTA 10 yEyovoS OT1 eV TTpoodiopieTal MOAURBOG OTa KEPAUI-
K& dev pocdiopieTal avTioToIXa N OPUKTOAQYIKF @Acn Tou HoAUBOoU onuaivel 0TI TO WHOIPO TwV
EQUOAWHEVWV KEPAUIKWY oTapaTolge TTpIv EETTEPATE! N BEPPOKPATIa OTO OTPWHA TOU KEPAMIKOU
Toug 650 °C.

‘Ooov a@opd TN GUVTAPNON TWV UTTO HEAETN EQUOAWMEVWY KEPAUIKWY CUVIOTATAI N OTTOQUYH
XNMIKWY UAIKWVY TTOU CUUTTAOKOTTOIOUV Kai SlaAUouv 10 pOAUBOO (Tr.X. EDTA, aiBulikr aAkoOAn).
Ztnv avtiBeTn TEPITTTWON WTTOPEi va TTPOKANBEI £€a0Bévian kal kaTaoTpoPr Tou BIKTUOU TOU UGAW-
MATOG KOl KOTA CUVETTEIQ GAAOIWON TOU EEWTEPIKOU OTPWHATOG TOU ayyeiou.
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ABSTRACT

STUDY OF TECHNOLOGY OF GLAZED POTTERY FROM AN
EXCAVATION IN THESSALONIKI, GREECE

Sofianopoulou A.", Labropoulos B.?, and Kantiranis N.°
" Conservator of Antiquities and Works of Art, Ipsilantou 6, 54248 Thessaloniki,
alecasof@otenet.gr

2 Department of Conservation of Antiquities and Works of Art, TEl Athens, 12210 Athens,
blabro@teiath.gr

3 Faculty of Sciences, Aristotle University of Thessaloniki, 54124 Thessaloniki,
kantira@geo.auth.gr

Samples of seven shells from vessels of glazed pottery of Palaeologan and post Byzantine pe-
riod that were found during saving excavation of the 9th Ephoreia of Byzantine Antiquities in the
centre of Thessaloniki, were studied with the methods of PXRD and SEM-EDS in order to investi-
gate their firing conditions. Each shell is separated in three layers: the biscuit, the slip and the
glaze. Biscuit constituted mainly of quartz, feldspars and muscovite, while the slip from quartz, feld-
spars, Pb-rich phase and muscovite. The glaze is constituted mainly by the Pb-rich phase that was
recognized in the slip, quartz and feldspars. Amorphous phase was determined in all samples with
increased percentages from biscuit to glaze. The EDS study confirms most of the results of PXRD
study and shows, particularly in the glaze, the presence of very high percentages of PbO. The
presence of Pb-rich phase in glaze constitutes an evidence for the temperature of second firing of
glazed pottery and we believe that this temperature varied between 650 and 750 °C. Relatively to
the maintenance of the studied glazed ceramics is recommended the reject of chemicals that sol-
vating and dissolving the lead (e.g. EDTA, ethyl alcohol). The use of these chemicals can be cause
weakening and destruction of enamelling and accordingly alteration of exterior layer of vessel.
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NEW TECHNIQUES FOR SAMPLING AND CONSOLIDATION OF
SEDIMENTS: APPLICATION TO BURNT SOILS FROM AN
ARCHAEOLOGICAL SITE IN AUSTRIA

E. Aidona'? , R. Scholger* and H. J. Mauritsch?

’Geophysr’ca/ Laboratory, School of Geology, Aristotle University of Thessaloniki, PO Box 352-1,
54006, Thessaloniki , aidona@lemnos.geo.auth.gr, now at: Paleomagnetic Laboratory, Chair of
Geophysics, University of Leoben, Austria, elina.aidona@unileoben.ac.at

2Pa/eomagnetic Laboratory, Chair of Geophysics, University of Leoben, Austria,
scholger@unileoben.ac.at

ABSTRACT

An archaeomagnetic study requires samples to be oriented very precisely prior to the removal
from the site and to be transported safely since most of the times the collected samples are very
soft and fragile. In this study we present new techniques for sampling and consolidation of sedi-
ments and unconsolidated soils, which are useful tools for palaeomagnetic and archaeomagnetic
investigations.

An application of the above techniques has been performed in burnt soils (roastbeds) in an ar-
chaeological site near Eisenerz (Austria), which used to be a cooper-smelting place in Bronze Age
(around 1450 b.c.) Several roast beds have been collected and consolidated in order to investigate
the distribution and the stability of the magnetization of these materials. We obtained around 350
samples and the natural remanent magnetization and the magnetic susceptibility of all these sam-
ples have been measured with a 2G squid cryogenetic magnetometer and a GEOFYSIKA KLY-2
susceptibility meter, respectively.

Plots of the natural remanent magnetization and magnetic susceptibility versus depth indicate
different layers of heating and give some first evidences for the use of these soils during the smelt-
ing procedure. Higher values of the intensity of the magnetization as well as of the magnetic sus-
ceptibility represent the more intense heating layer.

Magnetic cleaning (thermal and Af demagnetization) of pilot samples revealed the presence of a
stable component of magnetization.

It seems, therefore, that these types of materials are suitable for an archaeomagnetic investiga-
tion, since they are able to record and preserve all the necessary magnetic information and provide
important knowledge concerning the recent history of the Earth’s magnetic field.

| INTRODUCTION

Archaeomagnetism is based on the determination of the paleodirection and paleointensity of the
geomagnetic field using archaeological samples such as baked clays, which have been heated
above the Curie temperature (up to 680°C). These clays usually carry a stable magnetization that is
almost entirely a thermoremanence, which has ‘fossilized’ the direction and the intensity of the field
at the time and the place of the last heating.

During the last 50 years intensive archaeomagnetic studies enabled the construction of stan-
dard curves of the variation of the earth’s magnetic field in different regions of Europe, (Kovacheva
&Toshkov 1994, Marton 1996, Kovacheva et al. 1998, Chauvin et al. 2000, Hedley 2001, Schnepp
et al 2004). However, most of the studies deal with baked clays (ovens, bricks) since they proved to
be very reliable. In this paper we study samples from roast beds, which are very heterogeneous
materials, but have been exposed to very high temperatures (up to 1400°C). The main purpose of
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this study was to examine if this kind of materials can be used in an archaeomagnetic study provid-
ing reliable results.

The study area is an archaeological site near Eisenerz (Fig. 1a) in Styria which used to be a
cooper smelting activity area in Bronze Age. Based on pottery findings, the site was determined as
Late Bronze Age, but recent radiocarbon ages predate the smelting activities to Middle Bronze Age
at about 1450 BC (Doonan et.al, 1994).

According to Doonan et al. (1994), two types of features were identified that suggested the use
of high temperatures in the processing of ores in the area of Eisenerz. The first type of feature was
defined by a rectangular structure built of schist blocks. These blocks showed evidence of exposure
to high temperatures by the nature of their scorched red color and fire cracked condition. The
ground, both in and around these features had been burnt deep red. It is proposed that these struc-
tures represent the remains of roasting hearths used for the roasting of sulphidic copper ores (Fig
1b). These features are of similar appearance to those described by Eibner (1982) as Rdstbetten or
Rdststadel. The second type exhibits evidence suggesting that it has been used for the smelting of
sulphidic copper ores. These features are essentially rectangular and they were built into a natural
terrace.
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2 FIGURE 1. LOCATION MAP (A) AND SAMPLING AREA SHOWING THE ROAST BEDS
(B).SAMPLING AND CONSOLIDATION

From the archaeological site 5 different roast beds were sampled for archaeomagnetic investi-
gations. As it is shown in figure 2, we first cut the sample with a saw and isolated it with a card-
board and then covered it with plaster. When the plaster was dry the orientation line was drawn
and we removed the samples. In this way all the samples were protected during their transportation
to the laboratory since they were very fragile and unconsolidated.
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Figure 2. Sampling technique used in this study.

The samples were consolidated in the laboratory using a synthetic resin which called ‘Silin
Stonehardener’ and it is a solvent free hardener on the base of silica-acid-ester". First of all we
covered the whole sample with plaster always with respect to the horizontal and then we cut the
samples in the middle. We injected the resin several times per day in order to have the best pene-
tration into the samples (Fig. 3). After a few days, when the hardener was dry, we cut the samples
in slices and from these slices we prepared cube specimens (1,8 x 1,8cm). We finally obtained
around 350 specimens.

Figure 3. Preparation of specimens in the laboratory and consolidation treatment.

3 MEASUREMENTS

The natural remanent magnetization (NRM) and the magnetic susceptibility of all samples have
been measured with a 2G squid cryogenetic magnetometer and a GEOFYSIKA KLY-2 susceptibility
meter respectively. AF and thermal cleaning (demagnetization) have been performed in specimens
in order to determine the characteristic component of their magnetization. Isothermal remanent
magnetization (IRM) and thermomagnetic analysis have been performed in pilot samples for the de-
termination of the magnetic carriers. The IRM was imparted using a 2G pulse magnetizer. The
thermomagnetic analyses were performed on a GEOFYSIKA KLY-2 kappabrigde which measures
the variation of the magnetic susceptibility with temperature. Finally, the classical Thellier method
(Thellier & Thellier 1959) was used to evaluate the ancient geomagnetic field intensity in selected
specimens.
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4 RESULTS
4.1 Distribution of NRM and susceptibility within the samples

In order to investigate the distribution of the NRM and the susceptibility within the samples we
plot these values with depth for all samples (Fig. 4-5). As it is shown in figures 4 and 5 the overall
direction of the natural remanent magnetization (black arrows) is reliable and in a very good
agreement with the direction of the recent geomagnetic field. The higher values of the intensity of
the magnetization as well as of the magnetic susceptibility represent the more intense heating
layer, therefore it was expected to observe them in the upper part of our slices. Although these up-
per parts seem to have high values of intensity and susceptibility they are not the maximum ones.
This ‘strange’ behavior can be explained if we take into account that the upper parts of the samples
were exposed to the natural erosion. On the opposite, the higher values are found in a depth of 4-
6cm. Thus, these high values correspond to an older smelting procedure.
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Figure 4. Distribution of NRM (left) and susceptibility (right) of R4 roast bed. Black arrows represent the direction
of the NRM .
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The demagnetization process reveals the presence of one stable component of magnetization
with the same direction as the natural remanent magnetization as it is shown in figure 6. The major-
ity of the samples could be demagnetized up to 100mT or 550°C. Only in few cases (especially in
specimens taken from the upper part of the slices) the demagnetization was not complete even up
to 140 mT or 690°C, indicating the presence of a hard component of magnetization (Fig. 7). This
hard component can represent either some portions of heamatite or other iron oxides such as goe-
thite.
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Figure 6. Distribution of intensity and direction of NRM in roast bed R5. Gray arrows indicate the characteristic
direction after the demagnetization.
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Figure 7. Zijderveld diagrams (left) and intensity decay curves (right) showing that the demagnetization of these
specimens is not complete.
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4.2  Rock magnetism analysis

Isothermal remanent acquisition curves (IRM) and thermomagnetic analysis have been per-
formed on pilot samples in order to identify the magnetic carriers. IRM measurements revealed the
presence of magnetite and hematite as the main magnetic carriers (Fig.8). It is also confirmed by
the IRM curves, that a small portion of iron oxides contributes to the magnetization of our samples.
This is another sign suggesting that the specimens from the upper part of the roast beds were sub-
jected to weathering since goethite is a characteristic mineral in this kind of environments.
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Figure 8. Isothermal remanent magnetization curves. The first curve indicates the presence of magnetite, the
second is not saturated up to 1400mT suggesting the presence of hematite and the third one shows the
contribution of the iron oxide goethite.
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Thermomagnetic analysis confirms the dominance of magnetite with smaller contributions of
heamatite. It is also clear that during the heating, secondary magnetite is formed, as it can be seen
from the shifting of the cooling curve (fig.9).
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Figure 9. Thermomagnetic analysis of representative samples.

4.3 Palaeointensity results

The classical method developed by Thellier & Thellier (1959) was used for the determination of
the ancient geomagnetic field intensity. Although this method is time consuming, it has proved to
give reliable results if the materials used are suitable (Kono & Tanaka1984). The estimation of the
ancient intensity F*, is determined from the relationship:

F* = b.Fian

and thus is dependent on the slope (b) of the line formed by plotting experimentally obtained
decreasing values of NRM against increasing values of laboratory induced TRM. This kind of plots
are so-called Arai diagrams (Nagata et al. 1963).

Several specimens from the 5 roastbeds were used for the paleointensity determination using a
laboratory field of 50uT. In figure 10, characteristic results from 2 different roast beds are shown,
using for their reliability the criteria proposed by Aitken et al. (1986). Although the Arai plots are
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successful, the calculated paleointensities are lower than the expected value (~50uT). This fact
also suggests that part of the magnetization of these samples was destroyed and, thus, during the
Thellier experiment they can not acquire the whole amount of magnetization.
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Figure 10. Arai plots of representative samples from R2 and R5 Roast beds as well as the paleointensity value
as it is determined from the slope of the line.

5 CONCLUSIONS

The sampling technique we used and the usage of the resin helped us to treat safely our sam-
ples and consolidate the unconsolidated materials without any influences in their magnetization.

The distribution of the NRM and susceptibility demonstrate the presence of an older smelting
activity. The recording of the last heating, which should have been shown in the upper part of our
samples, is partly destroyed by the weathering of the surface as it is suggested from the rock mag-
netism analysis and the calculated paleointensities values.

The demagnetization reveals the presence of a stable component of magnetization carried by
magnetite and heamatite as it arises from the rock magnetism experiments.

Finally, the roast-beds although they are very heterogeneous materials -and therefore difficult to
study- seem to be suitable for an archaeomagnetic investigation since they are able to record a
stable magnetization and consequently they can contribute to the study of the secular variation of
the earth’'s magnetic field.acknowlegments

This study is part of the EU-funded AARCH project (HPRN-CT2002-00219).
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ABSTRACT

Spread according to an amazing plan of defense, at the foot of stately heights, at the blunted
peaks or on their oblong ridges, the Dacian fortifications and the villages of some blooming com-
munities are proof of an extraordinary technique of space planning and of setting up of construction
works, proved by their variety, richness and monumental character. Raised of large and average-
size limestone blocks, these fortified areas impress not only by the chosen position, by the extraor-
dinary building techniques, in accordance with the most up-to-date principles of strength, equilib-
rium and waterproofing, but also by iron processing workshops and time measuring devices. This
type of buildings implies today, as it did then, specialists in designing, skillful workers for the execu-
tion, but more especially experience in construction works. The discovered fortifications and walls
totalize at each of the cities about 200,000 m® of stone, which indicates vast building rock mining,
opening-up and rock stripping, splitting of the blocks out of the mother-rock, shaping workshops, ef-
ficient ways of transport and an advanced organization of the “building site”.

1 INTRODUCTION

Perhaps none of the lands of ancient Dacia (the name of the intra and extra-Carpathian territory
in the first Millennium B.C.) contains more traces and more important monuments than the Sureanu
Mountains, in the Meridional Carpathians [1]. A large part of the settlements and fortifications in the
Sureanu Mountains are set round Sarmizegetusa Regia, the capital city of Dacia of the 1% millen-
nium B.C. Among them, there are the walled cities of Blidaru, Costesti, Fetele Albe, Piatra Rosie —

Figure 1.
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located on the Gradistei Hills or in their neighborhood, besides other numerous cities that surround
the mountainous massif of Cibin (Fig.1), covering almost all possible ways of communication.

Setting up Sarmizegetusa Regia on the Gradistei Hill in the Sureanu Mountains could not have
been determined by economic reasons. The remote place, far away from the great commercial
roads, the high altitudes (1000 m inside the fortified city), the unstable mountain climate, the inhos-
pitable ridge consisting of micaschists that are not suited for natural terraces, the absence of the
agricultural or even grazing lands mean a choice of a military — strategic character, making use of
the advantage of a place that is difficult to be approached.

The civilian Dacian constructions were set up using a great number of materials, a large part of
them perished over the millenniums of history, so that the unprofessional eye cannot recognize
their aspect and number. Others, such as the edifices integrally or partially built of stone or the mili-
tary cities provided with massive walls, as nowhere else in the world, have been fairly preserved.
The ruins themselves are impressive, letting us imagine what they looked like in their blooming pe-
riod.

2 GENERAL CONDITIONS

The communal, popular, military and religious buildings indicate the material level of the com-
munity, even the number of the population, the specific features and specializations of its members,
their degree of adapting and creativity depending on the environment conditions. All this is proved
by the traces found in the mentioned areas, represented by stone foundations, remnants of walls or
buildings, the usual archaeological inventory: ceramics of various sizes and uses, metal ware from
arms to tools, ornaments, religious or household objects, treasures in coins, cranial trepanning kit
(found near the Great Sanctuary at Sarmizegetusa Regia) [3].

The Dacian walled cities are the most important buildings outside the Roman Empire, compa-
rable with those of the imperial civilization. These cities are distinguished by the:

- ample offset works, specifically strengthened mare by tree planting, the offset filling material
reaching hundreds of cubic meters; these terraces were fitted out by infrastructure works in
five successive layers,

- circumvolution or surrounding works, to make the access to the walls of the city much more
difficult;

- subdivide them into asymmetrical “patios” where for a stranger the orientation was very diffi-
cult and the danger very great;

- presence of a wall adjacent to the entrances determining the division of attacking people into
two parts; the two ends of the wall facilitated the closure of these between defensive armies;

- abundance of iron building material;

- spacious underground water and dwelling facilities also fitted out with several exits.

3 MILITARY AND CIVIL CONSTRUCTIONS

In the neighborhood of the Dacian cities, more especially in the capital city, grand fortification
works were found, unitary as far as the conception of the location is concerned, but with differenti-
ated constructive elements, ingeniously adapted to the place [2].

A characteristic of the Dacian cities is the “Dacian wall" (Fig. 2), called in archaeology “murrus
Dacicus”. The main characteristic of the wall is the way it is built, namely of two parallel walls (Fig.
3) between which there is a filling material called emplecton, of stone with clay or with slag.

The slag has the property of hardening in time, being able to reach the strength of the concrete.
Although the Dacians had a vast iron and steel working activity resulting in large quantities of slag,
the expected quantities of slag are not found in the adjacent area of iron mining and processing fur-
naces and kilns.
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Figure 2. Part of wall around old capital of Dacia, Figure 3. Archaeological sketch graph of reconstituting
Sarmizegetusa Regia the Dacian wall from Sarmizegetusa Regia

Taking into consideration the climate in these areas, it was normal that the walls were very
thick. With the “murrus dacicus” type city walls [3], the filling material also plays the part of what we
call today a “thermal bridge”. The fillings prevent the transfer of heat, but more especially of heat
from the outside to the inside of the premises. The thickness of these walls is proportional with the
dimensions of the rest of the building. Likely for the pyramids, this type of constructions without
mortar favour the production of the phenomenon of piezoelectricity.

The Dacian wall has no mortar between its stone blocks. The blocks have fixing grooves of
trapezoid section, the so-called dovetail (Fig.4), with the narrow part on the inside, where the girder
poles of the same shape are introduced. The girder poles are kept in the wall and, in turn, sup-
ported the wall. This type of wall is extremely appropriate to the mountain areas where excavation
for foundation is difficult due to the thin soil layer (sometimes absent) above the bedrock. Depend-
ing on both the land and the strategy conditions, the wall was 2.3 to 5 m wide. It is possible that
certain war machines, of a considerable weight, were located on these walls.

The walls of the Dacian cities are whole made of limestone blocks, of which the oolithic lime-
stones (Fig. 5) are predominant. The colour of these limestones is cream-yellowish. The exposed
surfaces are sometimes degraded by the dissolution of the calcium carbonate. Sometimes they get
a reddish or blackish color a consequence of the interaction with the waters and substances from
the soil that covers them.

The physical degradation changed the colour of the exposed surface of the block (which turns
dark cream and slightly reddish by the oxidation of the carbonic ooids and sometimes blackish be-
cause of the soil organic matter, the decomposition of the leaves etc.). All blocks are covered with
green vegetal films. The blocks are not friable, probably because of the siliceous nuclei of the

Figure 4. Fixing trapezoid grooves at Tilisca fortified Figure 5. Photomicrograph of thin section of oolithic
city limestone block from Dacian fortified city walls
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ooliths that make up the limestones. The colour of the blocks of fossil — bearing limestone varies
from cream to yellowish — reddish. The surface of the massive limestones has a darker color (dirty-
white to blackish), but the physical degradation did not led to breaking of the carbonatic material.
Only superficial processes of secondary dissolution and cementation have taken place. These
limestones are compact, despite the time elapsed since the walls were built and the severe
weather conditions prevailing in these mountain areas.

The blocks consist of a variety of limestones which was brought from a distance of 50 km to
150 km away from the area where these edifices were raised. They were primarily processed at
the place where they were quarried; subsequently they were transported and processed to obtain
grooves and simple, double or triple joints (Fig.6) when the walls were built. The absence of large-
sized fragments of blocks is a decisive argument for what we stated above (the small fragments
and the resulting dust being certainly a part of the emplecton), besides the logic of saving the effort
required for carrying these blocks to the city (it is more difficult to transport an unfinished raw stone
block than smaller-sized blocks).

Figure 6. Triple joining at a block from the walls of Sarmizegetuse Region

The direction of the outer walls of the cities is predominantly N-S/E-W on some of the sides,
with maximum 2-5° deviation. As the exterior outline is not always rectangular (because of subse-
quent building of walls for strengthening purposes or change of the purpose of the rooms), there
are walls, usually smaller in length, which do not have this direction.

The main constructive characteristics, determined by macroscopic study, are the following:

- The blocks present surfaces with an advanced processing degree, namely cutting and primary
grinding, as the surfaces are uniform and straight; besides chamfering of the blocks and ob-
taining of the angular edges, confirms the application of advanced building rules complying
with several rules of durability and functionality of a construction: solid geological bedrock
(gneisses and micaschists) with minor or absent ruptural tectonics; use of blocks of such di-
mensions as to assure the solidity of the construction by their weight, making of some joining
edges between the blocks, both at the corners and on the entire length of the walls (angles,
inclination of the sizes of the blocks as to the vertical); draining of the waters from the prem-
ises of the construction (making of pipes, discharge grooves at an angle that should not dimin-
ish the impact force, the erosion and entraining of the blocks, one against the other); optimum
wall height / thickness ratio; ornamental effect (type of rock used, limestone shape of the con-
struction);

- The surfaces of some blocks are slightly inclined; the angle between some of the surfaces are
sensibly larger , smaller from 90°, respectively the vertical sides of the blocks make an angle
of 5-10° with the upper and lower sides. This type of shaping favours the increase of the band
between the stone blocks required when the blocks are not bound together with mortar. The
“pair” blocks at which the angles of each block are slightly different than 90°, but at both blocks
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are 180° require at the contact surfaces, a special processing and a rigorous organization of
the building — site for a proper location within the construction;

- The limestone blocks have dimensions that vary as follows: length (L)=0.5 m; width (W)=0.5
m; height (H)=0.5 m and very seldom 0.3 m.

- The structure of the walls includes stones of up to 0.8-1 t, whose location on the mountains
requires lifting installations. Following archaeological studies, special pulleys were identified,
of welded plates supporting weight — forces much higher than the monoblock pulleys. Taking
into consideration the tree — covered mountain slopes we are entitied to suppose that the pul-
leys were fixed to supports resting on trees. The pulleys reduce, depending on their number
(n), twice (2n) the weight that is lifted. Thus, with 4 pulleys, the weight is 8 times reduced. The
Dacians fully justified the physical aptitudes required for carrying out such activities. In addi-
tion, the archaeological surveys identified the presence, within the space of the Dacian cities,
of some rock bars (at present defined as machine parts shaped as a straight toothed wheel,
used to transform a rotation movement into a translation movement and reversely).

- Many of blocks are cut to specific joining shapes (in steps), usually 2-3 angle cuts within the
same block (Fig.6), witch determines the increase of the compression strength, supporting a
bigger weight above it respectively and enabling the building of a very high construction with
solid roofs and none wood, as this is very vulnerable to fire. As far as possible, a fire protec-
tion was taken into consideration, because the fire was one of the permanent attacking “arms”
throughout the entire history.

Figure 7. Exemplification of the chamfering technique used limestone blocks at Tilisca city

Almost all the blocks are chamfered (Fig.7) at the edge of the exposed surface. An additional
angle to the edges is made by cutting, presenting both a high aesthetic characteristic and a better
way for water discharge along the surface of the wall; all the cities in the Sureanu Mountains or ad-
jacent to these present this constructive specific characteristic.

Sometimes “bricks” of gneisses and micaschists with thicknesses of up to 20 cm were placed
over the limestone blocks, enabling waters flowing down between them; especially when the hydro-
static level is more on the surface, water must have flown more often and more abundantly during
rainy periods and after snow melting, determining the adoption of some additional wall protection
measures.

Almost 70% of the blocks have trapezoid shaped holes cut for water flowing, mostly disposed
at an angle of 45° as to the sides of the block; a similar feature can be found on the other sides,
too, but in a smaller number. This type of constructions (Fig.8) lead nowadays specialists in design-
ing, skilled workers in the execution, but more especially experience in construction. The discov-
ered fortifications and walls totalize abt. 200,000 m® of stone, at each of the cities of the Luncanilor
plateau.
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Figure 8. Partial buildings from Costesti civil and Figure 9. Paved road on the blocks of the exterior walls
fortified city in Dacian walled city

This fact indicates vast mining of building rocks, stripping and derocking, detachment of the
blocks from the parent — rock, shaping workshops, efficient ways of transport and an advanced or-
ganization of the “building — site” [4].

The Dacians civil constructions are adapted to the conditions specific to the geographic and
climatic areas of the ancient Dacia, offering good protection to the people and the domestic ani-
mals during hard winters. The dwellings had several shapes and levels. Concentric dwellings were
identified, polygonal, octagonal or round in shape, to reduce heat losses through comers; the walls
were about 50 cm thick, the roofs were also extremely solid to provide a proper thermal insulation,
resistant to load due to rainfalls and snow. The constructions thus built, with an appropriate parti-
tion of the interior spaces, offered a real comfort.

The vast spaces destined to the storage of food for both people and animals indicate the high
economic level of the households. Ceramic terra - cotta pipes, supported and earth insulated by
wooden troughs, were used for water catching from the springs and directing it to the households.
The water was filtered and stored in simple cisterns, sometimes lined with wood. There were also
pipes dug up in the rock or consisting of beautifully shaped stone blocks as well as storage cisterns
of stone sfabs and mortar.

The spaces of the households used to communicate by means of paved roads (Fig.9), some of
them covered ones. At some of the former dwellings, monumental staircases, special arrange-
ments, rain water draining pipes, land planning and fortifications, all aiming for preventing land
slides were identified. All these incontestably indicate economic prosperity and a high level of civili-
zation.

4 COLLECTION, TRANSPORT AND STORAGE OF WATER

The rainwater collecting pipes inside the cities were covered (Fig.10) making up a vast water
collecting network. The stone blocks of the sewerage system are still amazing due to impeccable
interior and exterior shaping, carried out in andesite or limestone. The perfect functioning was also
assured by the fact that in the direction change points (Fig.11) there are interior thresholds remov-
ing clogging and making water flow down without the danger of overflowing, even in large quanti-
ties.

In high altitude regions the water pipes are built at the base of the walls of the cities used for
draining or flowing are called in the present technique inverse filter weepers, which are special ar-
rangements consisting in placing some successive layers of gravel and sand of a certain size distri-
bution, enabling flowing of the water without entraining material that might clog the draining way.
These weepers were so properly built as to be still functional. In the places they were damaged and
were not restored, the land was affected, as it slid together with the falling wall. Therefore, their aim
was evidently to protect the constructions by preventing landslides. Because this type of draining
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Figures 10, 11. System of covered canals for water catching or draining within the premises of the Sanctuaries of
Sarmizegetusa Regia, Sureanu Mountains

was not known and because the assistance of a specialist in construction works was not requested,
the walls were badly restored by the archaeologists.

The troughs on the city walls, which only some traces remained, had the role of collecting the
water from the vertical surfaces of the construction and from the roofs and to direct it into tanks.

Thus, the water cistern from the Blidaru city is made of large stone slabs of micaschists, the
same type as the rock the city is built. These “bricks” from micaschists obtained by breaking along
the foliation lines of the rocks by a method used until present times by traditional builders, are fixed
together with mortar. The composition of the mortar is similar to that of the concretes made accord-
ing to current standards. The composition of the mortar also includes large coal grain with about
15% offering the mortar septic properties, required for maintaining high quality of the water under
stationary storing conditions. Cisterns of a similar type, but without mortar, are found at other walled
cities, too, placed differently against the main entrance of the city.

5 WORSHIP CONSTRUCTIONS

The worship buildings have a maxim concentration at Sarmizegetusa Regia, the capital of
Dacian kingdom. At 600 m altitude, in the middle part of a micaschists mountain, 15 terraces has
built, for different aims. In the present, on the IX-XI" terraces, the traces of one of the most fasci-
nate sanctuaries with astronomic and sacred character have been found [5] (Fig. 12, 13, 14). These
are built by andesites and limestones and destroyed by the roman conquerors in 106 A.D.

Fig. 12 ins nditi sancta fo Srmizegetusa Regia
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Now it remained only fragments of columns (until 2.10 m diameter) or pillars which make up 11
sanctuaries, with circular or rectangular shapes. The depth and the foundation layers (until 6 m),
archeological inventory, the size and number of elements (included an “andesitic sun” = compass =
"astrolabe”) give us indications about the old elements (like the high of andesitic column — 11-15 m)
or about the probable aims of these sanctuaries. Beside of information of the most exact astro-
nomic calendar B.C., the length and configuration of the year, N-S, geomagnetic, solsticial or equi-
noxial alignments [3, 6].

Figure 13. Ruins of limestone sanctuary at Figure 14. The small sanctuary and astronomic compass
Sarmizegetusa Regia from Sarmizegetusa Regia, built of andesite

6 CONCLUSIONS

Built of large and average size limestone blocks, the fortified and civil cities from Sureanu
Mountains, in the Meridionali Carpathians, impress not only by their chosen location, but also by the
extraordinary building techniques, in accordance with the most up-to date principles of strength,
equilibrium, waterproofing, alignment to the axis of the magnetic poles of the globe in the period
they were built. These cities had both a military role and an economic-administrative one, as they
were able to assure not only the water supply system but also an ingenious water transport, purifi-
cation or storage system in areas without an aquiferous network, an efficient draining area, iron
processing workshops and time measuring devices.

A practical lesson of science, a proof of more then three millenniums of history. Traces in stone
which speak to us about the astronomic knowledge and elaborate building construction techniques
of the old inhabitants of Dacia, the intra and extra-Carpathian territory in the first millennium B.C.
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ABSTRACT

The Argon Field (= medio = pedion, in greek) is a small plain in the north part of the much lar-
ger Tripolis plain of Central Peloponnisos (Greece). it extends west of Mountain Artemision, which
is dedicated to Goddess Artemis (Diana), between Sagas village and that of Nestani, at the prov-
ince of Mantinia. The whole area of Mantinia is well-known since the prehistoric times and, as it is
reported by Pausanias, it is mentioned in Greek Mythology.

Pausanias (Arcadica, § 7-8) mentions — among others — the following:

The word “argon” means “slow cultivation”, so that “Argon field” means a field of slow cultiva-
tion because of occasional flooding during wintertime, caused by water coming from the surround-
ing mountains and the karstic springs flowing from the margins, consisting mainly of multifolded cre-
taceous limestones (Pindos geotectonic unit). The Argon field would have probably turned into a
lake, if the water had not been drained through a ground rift. In this case, the rift is apparently the
cave - sinkhole of Nestani, which is located at the lowest topographic point of the whole field. Af-
ter a few days (based on modern tracing experiments) the water reappears from this sinkhole in a
submarine system of karstic springs in the Argolic gulf, that in ancient times were known as Dini,
located near Kiveri village. The modern name of the springs is Mikros Anavalos or Aghios Geor-
gios Springs.

The subsurface hydraulic communication between the Nestani Sinkhole and Dini springs was
known to ancient greeks.

According to Greek Mythology when Goddess Rhea, one of the mythical Titans, gave birth to
the Greek god Poseidon, she left him near a sheepfold next to a spring, which is known since then
as Arna Spring (sheep = apvi = arni, in greek). Rhea didn't present the baby, Poseidon, to his fa-
ther, Cronus, who was another mythical Titan, as she was afraid of him. At that time, Cronus was
the head of the Titans, but fearing for a revolt of his children, he was eating them straight after their
birth. That is why Rhea told him that she hadn't given birth to a child, but to a colt (small horse) in-
stead (horse = irmog = hippos, in greek). In this way, Poseidon survived and became one of the
most important legendary Gods of the greeks later.

A locality is known next to Dini submarine system of kastric springs at the Argolic Gulf, named
Genesion or Genethlion (= birthplace), which is considered to be Poseidon’s birthplace. Here, in
this place, the ancient inhabitants of Argos used to sacrifice horses, whereas not far away from
Nestani, at the small village of Milia, the ruins of a small temple dedicated to Hippios (Horsey)
Poseidon have been excavated during the last decades.

’ Dimitris passed away (10/11/2003) just before the last serial of the paper after a road accident (16/10/2003),
when he was just 31 years old.

1146



Poseidon is depicted in many pictures, statues, mosaics etc. In a mosaic, Poseidon comes out
from the water on a chariot pulled by four horses.

A main question is how Poseidon arrived from a mountainous area to the Argolic Gulf. A geo-
mythological interpretation is that a god such as Poseidon, who was responsible for whatever hap-
pened in the water (sea, lakes, ground water etc.) and the earth interior (crust, lithosphere), could
not follow a mountainous path, for instance the path over mountain Artemision. On the contrary, for
such a god it would be much easier to follow the subsurface water-way through the sinkhole of
Nestani village, that is the pathway connected to a subterraneous water flow, which reappears to
the surface from the bottom of the sea and in this case to the surface of the Argolic Gulf, through
Dini spring.

In the case of this myth the hydrogeological conditions of the area are directly connected to the
mythological action. This is one more evidence that Poseidon is not a God imported from another
culture, but a native one.

1 INTRODUCTION

The Argon Field is a small basin extended just after the exit of the Artemision tunnel, towards
Tripolis (Central Peloponnisos).

It is a small polje in the NE part of the biggest Arcadian Plateaus. The Arcadian plateau, which
is a much larger basin, is surrounded by relatively high mountains with a mean altitude of about 650
m. and consists of many smaller poljes.

The Argon Field from a hydrological point of view is a closed system, whereas from a hydro-
geological point of view is an open one, as the surface and/or groundwater are drained through
sinkholes of the margins, or those of the bottom.

The margins and the older palaeo-surface of the bottom consist of alpine limestones. Above the
bottom, a relatively thick sequence of younger, post-alpine clastic sediments has been deposited.

Argon Field extends between two relatively high mountains, mt. Artemision in the East as well
as Lyrkeion and a smaller one, mt Alision, in the North.

The watershed of Artemision is the border between the Prefecture of Argolis and the Prefecture
of Arcadia.

Pausanias has written a lot about the Argon Field, Nestani, Mantineia etc. (Figure 1a). In free
translation Pausanias indicates the following (Figure1b): “...Entering the region of Mantineia, after
crossing Artemision mountain (today we cross Artemision through the homonymous tunnel of the
national road Corinth-Tripolis) we are in the Argon Field, that is called in this way because it cannot
be cultivated. The reasons are related to rainwater that drains the surrounding mountain slopes and
floods the field, making it inappropriate for cultivation. If rainwater had not disappeared trough a
ground rift, the Argon Field could have been transformed into a lake.

In free translation, Pausanias indicates the follow-
ing: s s

YnepPardrra 8¢ & vy Mavrovoopy $a 106 Apre : L - ‘
ioiov mediov Exdéteval ve Agyov xadovpevoy, xabdueg “iiey tering the ]'é'gian ofMantin]al a fter cms.smg
ye xai £t 16 yap Ddwp 16 éx tob Beot xateoyouevoy &5 i e e Al 24 .
avrs #x 1@y dpdoy Boydy eivae xo nediov notel, dxuwlve e ﬁdegn;sz; (ltJOdta)ll'l W’ea‘;’t?vss At’[te’,;lls,lg g”;llggng;z
ovdéy dv 16 nedlov rovro eivar Aluvyp. &l pr 1o Gdwp Ofn' ymous tu {73 ‘e _na onal roa G :

Spavilero & ydopa yic. Spaviobiv 0 Fvraida dyveiot 7 THpO]I) we are in t}?e Ang F{e,di that is called in
s i diowy: fosw 80 § Al xavd v Tovillor this way because it is not cultivated. The reasons
xard oy ¢ f 5 . !
xalm;,u::m tfs Agyoiidos. Gdwp yluxv éx Oaidoant for ”Qf PEFUQ cultivated,-are‘ ’:emtEd to r?m water
dreoyduevov. 16 8¢ doyaiov xai xabicaar & Ty Advy 1@ that drains from the surrounding mountain slopes,
Hooetdév: Trrtovg of Aeyelol xexoounpévovs Yasvoli. ﬂ'OOdS the‘ field makmg ’! f"?PPfOPﬂafe for CU”IV&-
yhosh 82 Bdewp dv Baddaon Siids éorey Fvratldd e dvioy tion. If rainwater had not disappeared through a
<& > v Apyodids xai ground rift, the Argo Field could have been a
' lake....”
a
(a) )

Figure 1. Excerpt from Pausanias and a free translation (on the left).
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In Figure 2 we can see the Argon Field flooded, as a result of heavy rainfall during winter of
2003, whereas in Figure 3 a part of the plain is depicted with a snake-like furrow, where water flows
towards the Nestani cave-sinkhole through it (see Figure 4).

The “ground rift" of Pausanias is the sinkhole of Nestani, located at the margins of the field, just
below the cemetery of the village.

e 8

Figure 2. The Argon Fied ﬂoded, as a result of heavy rainfall during the winter of 2003.

snake-like
furrow

Figure 3. Part of the plain with the snake-like furrow, where
through it.

water flows towards the Nestani cave-sinkhole

M nNeiuara opop ' Kiiosg d6gou
i 1 Y
0 8 16 24m ws  Kykudupara W) OPOPrK,
»*  Texvmoi roixor i XapnAorepa aioéSoy
®  Iriker 2D Yoo
O KowBélpoa o
Wl Adom A7 Por ubdrav
Qp _ Bpéxor

Figure 4. Plan of the Nestani sinklhole (after Petrocheilou, 1974)
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2 THE WATER ROUTE

Water from Nestani sinkhole, comes to Dini Spring.

Dini is the ancient name of a submarine group of krastic springs at the bottom of the Argolic
Gulf, near Kiveri village. The actual name of the springs is that of “Micros Anavalos” and “Saint
George Springs’.

Next to the Dini springs, which are located some metres away from the coastline, two well-
known places are located. The first one is called Genesion, whereas the second one is known as
Apovathmi.

The ancient Argeans used to sacrifice horses to God Poseidon at the place of Genesion,
whereas, it is said that Danaos and his 50 daughters disembarked at Apovathmi, when they re-
turned from Egypt. One of his daughters was Amymone that Poseidon met and fell in love with,
when she was sent in search of water by her father, during a dry period, in order to provide Argos
with drinking water. Due to his love for Amymone, Poseidon stroke the rock with his trident and wa-
ter appeared at the area of Lerna.

The underground hydraulic connection, which was known to ancient Greeks, was verified with
tracing experiments during the eighties. In Figure 6 the connection between the sinkhole of Arcadia
Plateau and the three major karstic springs of Argolis is depicted schematically, based on tracing
experiments.

Argos - Astros
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lgure 5. Dini Sring (Anaalos) and the location of Apovathmi and “Genesion”, where Poseidon appeared.
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Flgure 6. Thé connechdn between the smkhole of Arcadia Plateau and the three major karstic springs of the Ar-
golis is depicted schematically, based on tracing experiments (modified after Zojer et al., 1986).
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3 THE GEOLOGY OF THE AREA

Two main geotectonic units outcrop around the Argon Field, named Pindos and Tripolis units.

3.1 Pindos Unit

The thin-bedded Upper Cretaceous limestones are multifolded. On the small mountain Alision
at the western margins of the Argon Field, a tectonic inversion is observed. In this case, the flysch
sediments are overlain by the Cretaceous limestones of the Arcadian Nappe.

3.2 Tripolis Unit

It consists mainly of neritic carbonates. From a tectonic point of view, the geotectonic unit of
Tripolis is overthrusted by the geotectonic unit of Pindos.

LEGEND
GEOLOGICAL FORMATIONS
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3 Tripolis Unit flysch
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Figure 7. Geological map of the area.
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4 MYTHOLOGY

While Titan Rhea (the mother of all Great Gods) was pregnant, she found herself somewhere
near Mantineia (=Ptolis = Nestani?), where she gave birth to God Poseidon. At that time, Cronus,
Poseidon'’s father, was eating his children, because he was afraid they were going to overturn him.
So Rhea left the baby near a spring, next to a sheep-pen, in order to protect him and told Kronos
that she gave birth to a colt (baby-horse) instead. This spring was Arna (“arni” means sheep, in
greek).

Milia village is located behind Arna spring., there is a temple dedicated to “Ippios (horsey) Po-
seidon” in Milia. Mantineia village is located further to the west.

4.1 God Poseidon

Poseidon is one of the six Great Gods of ancient Greeks. He was the God of the sea and all wa-
ter, springs and the protector of flora.

According to the myth, he was able to provoke tempests or calm the sea by using his trident,
which was his main characteristic. He created gulfs, straits and isthmuses (he was called “/sthmios”
and “Porthmios”). By this trident he was also able to create springs and lakes (he was called
“epilimnios”, “limni” means lake in greek) and could change the water quality (he was called "phy-
talmios”).

Poseidon was also the God of the interior of the Earth. He could move the Earth and cause
earthquakes, that's why he was called “seisihthon”, “gaioseistis” etc. (both of these words mean ‘“he
who moves the Earth”).

4.2 The Geomythological approach — The Proposal of Geomythological interpretation of
Poseidon’s birth

Taking into account all the above mentioned and also that:

1. at Genesion, next to Dini, where the water from Argon Pedion ends up through the
Nestani sinkhole, the ancient Argeans sacrificed horses to Poseidon,

2. thatin Milia there is the temple of Ippios Poseidon and

3. thatin a roman mosaic (Brado Museum, Tunis) Poseidon rises from the sea on a char-
iot pulled by 4 horses, then there can be no doubt that the emerging point of Poseidon
has to be the greatest area of Dini and Genesion.

The Great Question: How can a God of springs, lakes and seas — a God - protector of water in
general, and at the same time a God of the interior of the Earth to move from his birthplace, Nestani
village, to his main action places, the Saronic gulf, the Aegean sea and the rest of the Hellenic
area?

Is it possible that he moved over the mountains — mountain Artemision— as Artemis or Pan
would do? No, itisn't.

Poseidon must have used the Nestani sinkhole to arrive to Dini, i.e. he used the route of the Argon
Pedion waters.

5 GENERAL CONCLUSIONS

Some people may think that all the above-mentioned are a great story, but what do all these
really mean? Is Greek Mythology nothing more than a tale?

Greek Mythology is not a product of imagination of the imaginative Greeks, but the en-
crypted physical and geological evolution of this area.

The hydrogeological conditions of the greatest area are directly connected to the actions of a
God of the prehistoric Greeks. Poseidon could never be the creation of a different nation, adopted
by the Greeks. He is an autochthonous God.

Poseidon may not be the first inhabitant of Mantineia Prefecture, but he is certainly the most
famous of the prehistoric Mantineians and, why not, the Ptoleans (the inhabitants of Ptolis).

But, we have to note that not even one of today’s inhabitants of Nestani is aware of its prehis-
tory, with the exception of a few “initiated” ones. That is really a pity !!
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ABSTRACT

Along the eastern margins of the Argive plain, in the torrent of Megalo Rema and at a
distance of 4 kilometers east of ancient Tiryns, lies the “Mycenaean dam of ancient Tiryns” a unique
technological work of 13" century B.C. It is believed that it was constructed for the effective
protection of the immediate environs of the Mycenaean acropolis of Tiryns from the great floods of
Megalo Rema torrent which was flowing just south of the citadel in Mycenaean times. This technical
feat is survived in very good condition, having an almost N-S direction, a length of 80-100 meters, a
base of 10 meters and an extant height of 8 meters. Its external side is lined with Cyclopean walls.
The stability of the dam is strengthened by the presence of flysch on its southern end.

The diversion of the channel of Megalo Rema was accomplished by the digging of a 1.4 Km
long artificial channel having a SSW direction and joining downstream with the natural channel of
Agios Adrianos Rema which discharges in the Gulf of Argos farther south from ancient Tiryns. The
course of this downstream part of the new Megalo Rema was again diverted by the Venetians
around 1500 A.D.

The presence of this dam comprises a fundamental reference point for the geomorphological
evolution of this area in the last 3200 years, given that when it was constructed the drainage
network of Megalo Rema had already incised in the Pleistocene sediments to a depth of about 10
meters as testified by its inactive channel behind the dam. The ensuing downcutting in the artificial
channel during the last 3200 years is 2 meters below the depth of the inactive channel. The incision
processes in this time period were not continuous resulting in the formation of a 3-4 meter inner
alluvial terrace probably in post — Roman times.

The construction of the Mycenaean dam for flood protective purposes seems to be valid, but
the study of the evolution of the broader coastal environment of the Tiryns acropolis leads to an
equally important hypothesis that the high sedimentation rates of Megalo Rema had been creating
serious problems in the sediment filling of this Mycenaean port whose operation was vitally
important for the broader area of the Mycenaean Argive plain.

I INTRODUCTION

Greece is very fortunate in having rich archaeological evidence covering several thousand
years as a result of the flourishment of different civilizations such as the Mycenaean, Classical,
Hellenistic, Roman and Byzantine. The information provided by the above evidence is very useful in
the understanding of the palaeogeographical evolution of many parts of Greece. The Argive plain is
one of the best areas where archaeology and geomorphology can be combined in order to
determine the recent environmental evolutionary history of this area.
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Fig. 1. Location of the study area in northeastern Peloponnesus.

The present study deals with a major constructional feat of the Mycenaean times, where great
cities like Mycenae, Argos, Midea and Tiryns flourished in the second millennium B.C. (Fig. 1). It
was a flood prevention dam near Tiryns in the southeastern Argive plain, which diverted a
significant torrent to a nearby stream channel (Fig. 2, C). This archaeological work is a key element
in the reconstruction of the palaeoenvironmental evolution of this area during the Late Holocene.

For this reason the present study aims to determine the morphological evolution of this area in
the tast 3000 years. In this context very detailed geomorphological mapping was performed in order
to determine subtle changes that have taken place along the artificial channel dug out by the
Mycenaeans.

2 GEOLOGY

The Argive plain is a tectonic depression of Plio — Pleistocene age. The eastern side of the plain
where the study area is located is composed mainly of massive Triassic to Cretaceous limestones
which tectonically are thrust over younger flysch formations (Fig. 3). On top of these, at lower
elevations, there are Plio-Pleistocene lacustrine marls and fluvial conglomerates. In the coastal
plain and in some valley bottoms there are Holocene alluvial and coastal deposits.

The general trend of the major faults of the Argive plain has a NW — SE direction which is
responsible for the formation of the graben. The secondary faults which dominate the study area
have E — W and NE — SW trends and control partially the flow directions of the torrents.
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Fig. 2. Topographic map of the broader area of the Mycenaean dam of Megalo Rema and ancient Tiryns. A
stands for the inactive channel 3200yrs ago, B for the most recent diverted channel undertaken by the
Venetians around 500yrs ago and C stands for the artificial channel.

3 THE MYCENAEAN DAM OF TIRYNS: THE ARCHAEOLOGICAL EVIDENCE

At a distance of four kilometers to the east of the Mycenaean acropolis of Tiryns lies a dam, a
distinct technical work of the Mycenaean period, in use until today, constructed for effective
protection against floods which troubled the environs of the citadel and the ancient port of Tiryns
(Fig.4)

The original (old) channel of Megalo Rema, has an E-W direction is still intact west of the dam.
The dam has a length of 80-100 meters with approximately N-S direction, a total height of 10
meters and a mean base width of about 60 meters.

The dam proper (the core) is constructed by natural red earth while on both eastern and
western sides two protective walls have been built. The eastern protective wall is strong and large
having an extant length of 80-100 meters, height 8 meters, width about 10 meters and is
constructed with the Cyclopean method of Mycenaean external defenses made up of partly
processed large limestone blocks, while the inner part of the dam is composed of rock and dirt fill
(Photo 1). The upper section of this wall and especially its inner side has almost entirely collapsed
due to erosion, particularly by torrential floods, but also by the removal of blocks for building
purposes in more recent times. There are still some well — preserved parts in the lower portions of
the outer side of the retaining wall.

The northern part of the outer protective wall has been intensely eroded by floods and is
preserved at a width of 1,5-3 meters. The northernmost curved end of the outer wall used to reach
the southern side of the provincial road joining Neo Roino with Nea Tiryns. Unfortunately, this
section of the wall was destroyed in 1998 by illegal widening works of the road undertaken by the
municipality of Nea Tiryns.

The western protective wall is smaller and much lower than the eastern one and is not
discernible today. This wall was not affected by the hydraulic pressure of the torrent. It is
noteworthy that both protective walls have a curved shape. The dirt and the core of the dam
comprises a smaller part of the eastern side while on the western it forms a smoother shape.

1156



._’.-:“1.5_2. Lo,
A Yol o S _'_° - &g T Vi
\ p - 5 DL _ : oD %)
. =
G 0.0,
@ \o" (\*‘\\o @
\H
O\ _ =
\.NAFPLIO\/\

LEGEND
Hotocene alluvial and coostal N Plio-Plaistocene Crataceous - Triassic
[j deposits conglomerates limgstongs
Plaistocena alluyiel daposits Flysch .= Fault,Probabie foult

Fig. 3. Simplified geological map of the eastern side of the Argive plain.

Going to ancient Tiryns, Muller and Oelmann excavated geometric age graves in 1912 where
they discovered that the Mycenaean foundation walls were 1.40 meters below the ground surface.
The graves to the southeast of the citadel also lay within the course of a former stream bed and its
alluvial deposits.

The first reference made for the Mycenaean dam was by G. Karo in 1930, who during
excavations at Tiryns came upon fluvio — torrential deposits around the citadel (acropolis) and he
correctly attributed them to Megalo Rema and the protective dam.

The ephor N. Verdelis in 1963, engaged in archaeological excavations south of the citadel,
encountered fluvial deposition down to a depth of 2.80 meters, which he dated to the Early Bronge
age (Early Helladic Il, second half of the third millennium B.C.) up to historical times. Verdelis
associated these deposits to Megalo Rema and the abrupt cessation of flood deposits to the
construction of the dam.

E. Slenczka (1973) during his archaeological work around Tiryns discovered 0.60 meter thick
flood deposits and dated them to the Early Helladic 1l, like Verdelis did (1963). He related them to
the Tiryns dam and the old channel of Megalo Rema and also to a new diversion channel south of
the acropolis.

J. M. Balcer (1974) studied in the field the Mycenaean dam of Tiryns and gave an overview of
all the work done in the area.

The archaeological study around the citadel of Tiryns by K. Kilian (1978) ascertained the
habitation of the northern side of Tiryns during the Late Helladic lIC period (Late Mycenaean,
1200-1100 B.C.) upon a fluvio — torrential deposit. This habitation presupposes the security of
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complete protection of Tiryns by catastrophic floods which could be ensured only by the
construction of a dam farther upstream.

(4
e_gmos
Adrianos

Fig. 4. Large scale morphological map of the Mycenaean dam of Megalo Rema showing the inactive channel
and the artificial channel leading to the nearby torrent of Agios Adrianos. Note the inner alluvial terrace of post-
Roman times along the artificial channel and the position of the two nickpoints

The construction of such a large technical feat presupposes the existence of a strong central
government. The dating of the construction of the dam during the Late Helladic Iil B period (1300 —
1200 B.C.) coincides with the most prosperous time of the Mycenaean civilization. According to the
archaeological study as well as the geoarchaeological research of the Argolid by E. Zangger (1994)
it was found that the old channel of Megalo Rema was flowing along the southern side of the
acropolis of Tiryns until the Late Helladic Ill B period and it was then diverted to the north of the
citadel obviously due to the catastrophic floods and heavy deposition of sediments.
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J. Knauss (1996), an engineer, dealt with the construction of the dam of Tiryns, the diversion of
the main channel of Megalo Rema to the south and the technical dig up of the artificial channel for a
total length of about 1,4 Kilometers.

Photo 1. View of the Mycenaean dam with remnants of the eastern retaining Cyclopean walls on the side of the
active channel. The core fill is made of dirt and large limestone blocks.

4 GEOMORPHOLOGICAL OBSERVATIONS IN THE MEGALO REMA DRAINAGE
SYSTEM

The drainage network of Megalo Rema is developed mainly upon flysch formations with some
limestone outcrops and is generally characterized by downcutting. The flysch is located in an E-W
running tectonic depression between two limestone horsts. Most of the eastern part of the flysch
was covered by fluvio-torrential deposits in the Plio — Pleistocene. The drainage network of Megalo
Rema formed in the early Pleistocene and has partly eroded the Plio — Pleistocene formations while
erosion has moved upstream into the flysch formations as well.

In the Middle - Late Pleistocene the network entered a depositional phase causing the
accumulation of 15 — 20 meter thick alluvial sediments.

Near the end of this depositional phase a brief erosional period is observed in the top 3-4
metres in the form of coarse - grained channel - fills. A period of intense downcutting followed,
which at some points reached down to 10 meters and locally into the flysch formations. This period
of incision continued into the Holocene. The presence of the Mycenaean dam located in the main
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channel of Megalo Rema indicates that the incised channel existed at that time. A depositional
period in post — Roman times left a channel — fill type terrace of 3 — 4 meters.

In Late Holocene times the lower reaches of the Megalo Rema torrent changed positions
several times both naturally and artificially. Until 3300 — 3200 BP the mouth of Megalo Rema was
located near Mycenaean Tiryns (Fig. 2). It seems that the river mouth was first located on the
southern side of the citadel in the Early Helladic period and was then shifted on the northern side
(Late Helladic period) or was on both sides of Ancient Tiryns (Zangger, 1994). This is evident in the
morphology of the area deduced by detailed field investigation with the use of very large scale
topographic sheets (1:2000). The mouth of Megalo Rema was very close to the hillock of Tiryns as
the old coastline was right in front of it in the west (Kraft, 1974, Finke 1986, Gaki-Papanastassiou
1991). Sea level was 1.75 meters below present level 4500yrs B.P. and 1.5meters below sea level
3250yrs B.P. and was about 200 meters west of the citadel of Tiryns (Knauss 1996). Today the
present coastline lies about 2 Kilometrs SW from the acropolis of Tiryns.

Photo 2. View of the lithological knickpoints at the beginning of the artificial channel composed of flysch
formations with the resistant sandstone strata being the most prominent. In the background the flysch strata are
visible overlain by the Pleistocene fluvial-torrential deposits.

The construction of the Mycenaean dam farther upstream was accompanied by the diversion of
the main channel of Megalo Rema to the south towards today's Agios Adrianos village thus
directing it to flow south of Profitis llias knoll and then to the Gulf of Argos in the west. It is believed
however that the main channel of Agios Adrianos torrent was even more to the south towards the
modern city of Nafplion when the dam was constructed (Fig. 2, channel B).
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During the works undertaken in 1990-1991 to extend the irrigation channel of Anavalos (western
Argive plain) at a short distance east of Profitis llias of Nafplio hill and immediately west of the
provincial road from Nafplio to Agios Adrianos, the main channel of Megalo Rema was discovered
having a width of 40-60 meters, a minimum depth of 3 meters and running NE-SW (Piteros, 1992).
It thus becomes apparent that the original diversion channel ended up further south from Profitis
llias hill and the gulf of Nafplio.

The present channel of Megalo Rema flowing between the two hills of Profitis llias was probably
emplaced around 1500 A.D. by the Venetians for the more affective protection of Nafplio from
floods. It is worth mentioning that at that time, 500 years ago, the Venetians shaped and fortified
the city of Nafplio giving it its present shape.

The location for the construction of the dam is the most appropriate as it is situated just below
the confluence of two tributaries with the main channel. There are no tributaries downstream of the
dam in the inactive channel and thus no significant additional water flow towards ancient Tiryns. An
additional reason for the construction site is that the flysch formation reaches very close to the top
of the quaternary sediments and was used as a support on the southern end of the dam. The
artificial diversion channel is straight with a length of approximately 1,4 Kilometers. Since the
downcutting of the main channel of Megalo Rema had reached a depth of 10-12 meters, the
artificial channel had to be deep enough to accommodate the discharge of flood stages through it.
So we believe that the easiest way to dig out the channel would have been the construction of a
step-like trench with five 1,5 meters high and 2 meters wide steps and a channel bed of 4 meters.

Thus, the artificial channel would have a width of 20 meters and a depth of 7,5 meters making it
possible to facilitate flood discharge. The remaining depth down to at least 10 meters where the
main channel was located would have been incised by river erosion after forming a small lake
behind the dam. The formation of the temporary small lake would have served as a dampening
obstacle to the high flood flow rates of the torrent.

As a consequence of the constructions of the dam, the section of the main channel of Megalo
Rema farther downstream became inactive and has remained so until today. Since no changes
have taken place along this channel for the last 3200 years the morphology observed today reflects
a picture of how Megalo Rema'’s main channel was at the time of the construction of the dam and
has changed only a little, filled with colluvial sediments from the sides of the channel.

In the ensuing centuries, following the construction of the dam, continuous incision reached the
artificial channel down to approximately the same depth where the natural channel was, that is
about 10 meters. An old channel that had been flowing parallel and south of today’'s inactive
channel in Mycenaean times became a tributary in its upstream section of the artificial channel (Fig.
4 and 5A). Thus this section followed the morphological evolution of the artificial channel which is
very obvious in the longitudinal profile of Figure 5A, while the downstream part has remained
inactive since the construction of the dam.

Some time in Late Roman and Byzantine times a short period of aggradation occurred which is
encountered in other parts of the Argive plain and the remaining Peloponnesus (Vita Finzi, 1969,
Zamani et al., 1991). Following this depositional phase, a period of downcutting took place which
continuous until today and has reached the level of the upstream natural channel. There are two
locations along the artificial channel which are regarded as knickpoints; one at the beginning of the
channel composed of flysch (Photo 2) and the other about a kilometer farther downstream where a
3-4 meter limestone knickpoint has been revealed. The first one is composed by intercalations of
sandstones, marls and locally conglomerates which however behave differently when eroded. The
most resistant is the sandstone and as the strata dip steeply against the flow of the torrent they
become even more difficult to erode.
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Fig. 5. A. Longitudinal profile of a tributary of the artificial channel of Megalo Rema. B. Cross
section of the Mycenaean dam between the artificial and the inactive channels.

5 CONCLUSIONS

The geoarcheological study of an exceptionally well preserved manmade work has helped in
the understanding of the environmental changes that have taken place in the late Holocene in this
part of the Argive plain. The presence of the Mycenaean dam constructed 3200 years ago together
with the excavation of an artificial channel led to significant conclusions regarding the
geomorphological evolution of the study area.

The construction of the dam leads to the conclusion that incision of 10meters had already taken
place by that time. Since then about 2 meters of entrenchment has occurred. However this process
was not continuous because in post Roman times a short period of aggradation took place in the
artificial channel leading to 3-4 meter channel fill which was followed in the last centuries by
downcutting and formation of a inner alluvial terrace.

Human interference in the natural evolution of Megalo Rema resulted at least in two diversions
of the main channel. The first occurred in Mycenaean times and the second around 500 yrs ago.
The coastline in Mycenaean times was about 200 meters southwest of the acropolis of Tiryns and
close to 1.5 meters below present sea level.

Although it is generally accepted that the reason of the construction of the Mycenaean dam was
for flood prevention, we believe that an equally important cause was for the mitigation of sediments
in and around the port of Mycenaean Tiryns.
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2 B Ewopeia Mpoiatopikwy kar Khaooikwy Apyaiotritwy, 21100 Nautrhio.

210 avarohikd mepiBwpia Tou ApyohikoU Tediou otnv koitn Tou Meydhou Pépartog kan o€
amoaraan Tepittou 4 XA A g TipuvBag, Bpioketar 1o «Muknvaikd @pdypa g Apxaiog
TipuvBag», éva povadikd Texvikd épyo Tou 13% X, aiwva. Motedetar o1 o Adyog Trou
KATAOKEUAOONKe fTav n amroTeAeouariky wpooTagia Tou duegou TTePIBAAAOVTOG XWPOU TG
Muknvaikig akpdmoAng Tng TipuvBag amd TG peYAAeg TTANUHUPEG Tou Xelddppou Tou MeydAou
Péparog, o omoiog diepxdTav katd Tnv Muknvdaikf €TToXr OPECWS VOTIOTEPA TNG GKPOTTOANG. To
TEXVIKO auTd €pyo diatnpeital o€ kaAf katdoTaon, £xel SievBuvon B-N, prikog 80-100u, TAdTog
Bdaonc 10p kot cwldpevo Uwog 8u. H e€wTtepikn Tou TTAEUPA Exel eTrevouBel amrd peydAha KukAwTrela
1eiXxn. H oT10BepbTNTa TOU @pdyuarog evioxUetal amd Tnv Utrapén Tou @AUOXn £TTi Tou OTTOIOU
edpaderan Tppa Tou. H exTpot TNG KoiTNG Tou MeydAou Pépartog yive pe Tnv didvoign TexvnTig
Koitng pAKoug 1,5 xAu pe kareuBuvon pog N-NA waoTe va CUPBAAAEI OTA KATAVTN PE TNV QUOIKN
KoiTn Tou pépatog Tou Ayiou Adpiavou To otroio ekBAAAel vomiotepa Tng TipuvBag. H Béan Ttou
KOTWTEPOU TUAMOTOS Tou Meydhou PEUATOC PETATOTTIOTNKE €K VEOU TEXVNTA TrEPiTTOU TO 1500uX
ato Toug Evetoug.

H Umopgn autol Tou @pAydatog armoTeAei onuavTikdéTaro onueio avagopds yia v
YEWHOPYoAOYIKA €EENIEN TNG TeEpioxn¢ KaTd To TeAeuTaia 3.200 xpévia dedopévou 6T 6TAV
Kataokeudotnke 10 Udpoypa@ikd diktuo Tou MeydAou Pépartog eixe AON eykiBwTigTel OTIg
Tetaptoyeveic amoBéosig oe PaBog epiTrou 10p OTTWG TIOTOTTOIEITAN OTNV AVEVEPYN| KoiTn Tou. H
emmakéAoudn diIGBpwan katd Ta TEAeutaia 3.200 xpoévia OTnV KOITR EKTPOTTAG @BAvel Ta 2 |
XaunAoTepa atd TNV eykaraAeAeigpévn koitn. Or diepyaaieg Tng katd BdaBog didBpwong Bev ATV
OUVEXEIG HE aTTOTEAETUA TNV drpIoupyia KOTA BECEIS HIOG E0WTEPIKNAS avaBabuidag Uyoug 3-4 p.

H xaraokeury Tou MuknvaikoU @pAyddaTog yia TTPOCTATEUTIKOUG QvTITTANUUUPIKOUG OKOTToUg
QaiveTal va euoTaBel aAAa n PEAETN TNG €EEAIENG TOu TTAPAKTIOU TTEPIBGAAOVTOC TNG €UpUTEPNS
TEPIOXAS TNS akpoTToAng Tng TipuvBag pag odnyei oe pia egiocou onuavTikr uttoéBecn OTI N €viovn
ilnuatoyévean AOyw Twv uwnAwv otepeoTrapoXwy Tou MeydAou Péparog, Ba Trpémel va
TpokahoUoe cofapd TTpoBARuaTa  eTMIXWUATWONG oTo Muknvaikd Apdvi pE CUVETTEIEG OTN
AerToupyia Tou o1 oTToia ATAV (WTIKAG ONUACIAg yia TO EUPUTEPO XWPOo Tou ApyoAikou Trediou.
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MINERALOGICAL AND STABLE ISOTOPIC STUDY OF ANCIENT WHITE
MARBLE QUARRIES IN LARISA, THESSALY, GREECE
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Department of Mineralogy, Petrology, Economic Geology, School of Geology, Aristotle University
of Thessaloniki, GR-546 24, Thessaloniki, Greece melfosv@geo.auth.gr

ABSTRACT

The present work focuses on the white marbles which were extracted in Larisa prefecture, Cen-
tral Greece, during the antiquity. Three characteristic ancient quarries, which are located in the Kas-
tri village (Aghia area), in Kalochori (Sykourio area) and in Gonnoi (Tembi area), were selected for
the present study. Data obtained from the extraction techniques are combined with the geological,
mineralogical and stable isotopic features in order to determine these marble ancient sources. The
average 5"°C and 6'®0 values of the Kastri marble are +2.80%o and 4.51%. and of the Kalochori
marble +0.87%0 and —8.33%o.. At Gonnoi ancient quarrying sites, the isotopic results are heterogene-
ous: +1.05%0 5'°C, -4.65%o 5'°0 for Gonnoi 1A, +1.89%. 8'°C, -7.97%. 5'°0 for Gonnoi 1B, +2.27%o
5'°C, -3.12%0 5'%0 for Gonnoi 3.

1 INTRODUCTION

The white marble, an attractive and brilliant stone, is strongly related to the social, religious and
economic life of Greeks, from the Prehistoric period until today. Especially, throughout antiquity,
from Classical and Hellenistic time to early Byzantine period, marble affected the rapid evolution of
the technology and economy of the ancient Greeks. Theophrastus (4th century B.C.) refers that
“one of the most well-known characteristics of the stones is the possibility for treating them, and
some of them can be carved, sculptured and chiselled or cut with a saw” (Theophrastus, About
Stones, 5). Since the ancient Greeks had deep knowledge of the physical properties of the marble,
they expressed the harmony of proportion in the buildings and sculptures construction. It was there-
fore admirably suited for both architectural and sculptural work, and for epigraphical purposes.

Important marble producing centres were spread around the Aegean sea and provided unique
varieties of raw materials in all the Mediterranean area. Famous marble quarries operated in Paros,
Penteli, Hymettus, Naxos, Thasos, Doliana, Skyros, Euboea, Prokonnesos (Marmaras sea), Ephe-
sos, Aphrodisias, Dokimia (Orlandos 1958, Craig & Craig 1972, Herz 1987, Tsirambides 1996).

The extensive use of the marbles as building materials by the Greeks, began during the 7" cen-
tury B.C. Marble was extracted from open pits with straight rock faces and stepwise excavations.
The quarrymen selectively mined marbles of high quality and purity, in places where the slopes of
the mountains were steep.

In modern science, it is very important to know the exact sources of the raw materials used for
the manufacture of the marble artifacts and buildings in antiquity, because this permits to come to
important conclusions about the quarrying techniques, the trade patterns, the distances of transpor-
tation and the networks of exchange and communication between different ancient communities.
The determination of the origin of the white-marble artifacts by only macroscopic examination (such
as colour and crystallinity) is rather difficult, as large variations of the physical properties can be ob-
served even for marbles from the same quarry or quarrying area.

The most accurate methods which have been developed for distinguishing white marbles of dif-
ferent origin, are petrographic analysis, stable isotopes ("°C and ®0) and sometimes trace element
analysis and Electron Paramagnetic Resonance spectroscopy (Craig & Craig 1972, Lazzarini 1980,
Herz 1987, Tsirambides 1996, Maniatis & Polikreti 2000, Polikreti & Maniatis 2001, among others).
The suitability of these techniques is based on the development of extensive data-bases from
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known ancient marble sources and the statistical treatment of the measured parameters. Important
additional requirement is the small amount of sample needed. Especially, isotopic ratios of C and O
provide usable signatures for determining the provenance of marbles. Isotopic analysis involves
measuring of the °C/"*C and '®0/'®0 ratios in samples and the results are expressed in terms of
the deviation from a conventional standard. This deviation, called &, is expressed as 5'"°C and 5'%0
in parts per thousand (%o or per mil) and forms the isotopic signature. The values exhibit a relatively
restricted range in each quarry area or limited parts of a geological formation (Craig & Craig 1972,
Herz 1987).

The present study focuses on three white marble quarries in Larisa prefecture (Thessaly county,
central Greece) and aims in characterizing the variations of the petrographical and stable isotope
ratios (°C and '®0). These quarries are located in the Kastri village (Aghia area), in Kalochori
(Sykourio area) and in Gonnoi (Tembi area), and are considered to be of exceptional cultural inter-
est. Previous studies on ancient quarries of Larisa have been carried out by Germann et al. (1980)
and Melfos et al. (2002), who presented microscopic, geochemical and isotopic results.

2 GEOLOGICAL SETTING

The geology of the Larisa district is dominated by metamorphosed Paleozoic-Mesozoic rocks,
which belong to the Pelagonian zone (Fig. 1, 4). The Paleozoic crystalline basement (gneisses,
amphibolites, schists) in Eastern Thessaly is overlain by the composite Pelagonian nappe (Migiros
1983, Kilias & Mountrakis 1989, Caputo 1990, Reischman et al. 2001). The Pelagonian nappe
comprises: i) The Paleozoic crystalline and magmatic masses of Voras, Vernon and Pieria-
Kamvounia mountains as well as those outcropping further to the south (Othris, Pelion, Skiathos
and N. Evia), ii) The Permo-Triassic volcano-sedimentary series (amphibolites, mica-schists,
gneiss-schists) and the Triassic-Jurassic carbonates (marbles) which are non- to only weakly
metamorphosed at the western margin and more intensely metamorphosed at the eastern margin
of the Pelagonian nappe, iii) The serpentinites, characterised by Late Jurassic-Early Cretaceous
deformation, iv) The transgressive Cretaceous crystalline limestones that pass upwards into Pa-
laeocene flysch.

Granites, orthogneisses and metapilites are predominant among the pre-Alpine lithologies and
constitute the crystalline basement of the Pelagonian zone. Geochronology of the plutonic rocks
outcropping in Elassona, Verdikoussa and Deskati areas (southwest of Mt. Olympos) as well as in
northern Pelagonian zone, revealed that they are of Late Paleozoic age (225 to 302 Ma) and they
resulted from the Hercynian magmatism (Katerinopoulos et al. 1998, Koronaios et al. 2000,
Reischman et al. 2001). According to Reischman et al. (2001) the magmatic rocks are younger than
the basement gneisses of the Pelagonian zone.

Intensive tectonism and shear deformation during the Early Cretaceous and Tertiary brought
about multiple zones of mylonitization and imbrication, and thrusting of the units from east to west
(Koukouvelas 1994, Reischman et al. 2001). An extended ophiolitic transgressive breccia is located
close to the Omorphochorion village at the Chasambali hill.

The studied marbles in Kastri and Kalochori areas belong to the of Upper Cretaceous Aghia
marble unit, whereas the marbles in the Gonnoi area are part of the crystalline basement of Late
Paleozoic-middle Triassic age.

3 MATERIAL AND METHODS

Fresh white marble samples were collected from the studied ancient quarries in Kastri, Kalo-
chori and Gonnoi areas. A total of 10 thin and polished-thin sections of the rock samples were min-
eralogically studied by optical microscopy at the Department of Mineralogy, Petrology, Economic
Geology, University of Thessaloniki. Additionally, X-ray diffraction (XRD) was applied in order to
distinguish calcite from dolomite and to verify the related abundances in each sample. Eighteen
fresh marble samples were analyzed isotopically to determine their carbon and oxygen ratios. The
isotopic analyses were carried out at the Department of Geology, Royal Holloway University of Lon-
don, United Kingdom.
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Flgure 1. Geologncal sketch map of the broader area of the Kastn and Kalochori quarrying sntes (modlf‘ ied after
Katsikatsos et al. 1981).

4 HELLENISTIC AND ROMAN MARBLE QUARRIES IN THE KASTRI VILLAGE

Five ancient white marble quarries are found on the flanks of the mountain Mavrovounio and
very close to the ancient Bibois lake (the modern drained Karla lake), close to the Kastri village, 25
km east of Larisa city (Fig. 2a,b). The rocks belong to the Aghia marble unit (Fig. 1), which is di-
vided into two subunits. The lower subunit consists of platy black marble horizons with schist inter-
calations, passing gradually into the upper subunit, which comprises massive white recrystallized
marbles with crystalline dolomite intercalations (Koukouvelas 1994). These rocks are suggested to
be deformed crystalline reef limestones of Upper Cretaceous age (Godfriaux 1968).

The Kastri ancient quarries belong to the upper subunit of the Aghia marbles. The marble has a
white to white-grey colour and in some cases grey-green-coloured thin orientated stripes (2-4 cm
thick) are observed parallel to the schistosity. It is a coarse-grained marble with crystals up to 3 mm
long. Based on the microscopic and XRD study, the marble consists mainly of calcite, with quartz,
white mica and chlorite as accessory minerals (Fig. 3a). The marble is characterised by a high degree
of preferred orientation of the calcite crystals which are considerably distorted by elongation, flattening
and bending as a result of intensive strain.

A detailed study of the Kastri quarries revealed the extraction techniques of the marble blocks
during antiquity. The rock faces still bear the tool marks left by the pickaxes and the pointed chisels
(Fig. 2c). The technique was simple and depended on the geological and structural features of the
rock, such as bedding, cleavage, faults and cracks.

The main quarry has a height of 20-25 m above the present level of the ground floor, which is
covered by a thick layer of debris. The extraction zone has a roughly west-east orientation and cov-
ers an area 50 m long and 25 m wide. The marble was quarried in large massive rectangular stone
slabs and monoliths, e.g. 250 m x 1.20 m, 3.70 m x 1.50 m and 3.20 m x 1.30 m, and 0.80 to 1.00
m thick. Extraction proceeded stepwise, first by cutting a bench of the length required for the block
(Fig. 2d). By hacking a channel, up to 25 cm wide, around the perimeter of the potential marble
block, the latter was eventually disengaged from the rock mass. This was achieved by undercutting
the block transversally, chiselling out small cylindrical cavities, up to 10 cm long, with pointed chis-
els, and placing iron or sometimes wooden wedges in the cavities. The next step was to split off the

1166



s

Figure 2. (a-b) Rock faces of the ancient marble quarry in Kastri, (c) Tool traces on the marble in the Kastri an-

cient quarry, (d) Marble slab left uncut insitu, (e) The ancient marble quarry in Kalochori, (f) The archaic city
wall, ancient Gonnoi, (g) Cavities, 40 cm long, where wedges were placed for cutting the marble, ancient Gon-

noi, first quarry site, (h) A small quarry, ancient Gonnoi, second extraction zone.

]
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Figure 3. Photomicrographs (N+, figure length: 3 mm) of thin sections of the Larisa quarries white
marbles. (a) coarse-grained calcite intergrown with white mica, Kastri quarry, (b) equalgranural cal-
cite crystals and a white mica vein, Kalochori quarry, (c) small-sized dolomite-calcite grains, Gonnoi
1A, (d) strong deformed coarse-grained calcite crystals, Gonnoi 1B.

block from the bed-rock, by hammering the wedges. Material extracted from the quarry was roughly
worked by sculpturing in the quarry area, in order to give an approximate shape to the block for an
easier transportation. This suggestion is supported by the observed spoil heap, in the form of a
horizontal plateau, in front of the quarry, as well as by the presence of a broken column left in the
quarry.

Three smaller quarries are observed in the same extraction zone and very close to the main
quarry. The quarrying method is exactly the same, and in one of them, with dimensions 16 m long,
has been dug up along a big fault. In another small quarry, 15 m x 10 m, big marble blocks have
been left in situ. The slab monoliths left uncut, are 3 m long, 0.80 m wide and 0.60 m thick. The sur-
rounding channel is 25-30 cm wide and the cavities dug for putting the wedges are 15 cm long.
Four to five successive extraction levels have been observed in this small quarry. It is important that
all the marble slabs were cut parallel to the slope of the ground floor (30-40° inclination).

Dating of the operations of the Kastri quarry is not precisely known, although it is ascertained
that quarrying works were held mainly during Hellenistic and Roman times. The raw materials were
used for the construction of the seats and parts of the stage and the cavea of the ancient theatre in
Larisa are from the Kastri marble quarry. The theatre, which lies on the south slope of the hill called
"Phrourion” (Fortress), was built at the end of the 3rd century B.C. and continued to be used in the
Roman period. The quarry provided marbles also for the funerary stelaes and inscription manufac-
turing found in the area of Larisa. The extraction technique and the cutmarks still preserved on the
rock faces are similar to those from the white marble quarries in Maronia area of Thrace (Melfos &
Vavelidis 2000), operated during the same period.

Modern extraction workings for exploitation of the white marble have destroyed a great part of
the ancient quarry, and together the significant witnesses of the past and the used ancient technol-
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ogy. Additionally human activities like bee-feeding and dumping rubbish at the entrance of the
quarry cause big problem in approaching this monument of the ancient technology.

5 ANCIENT MARBLE QUARRIES IN THE KALOCHORI VILLAGE

Close to the Kalochori village at the Sykourio area, 15 km NE of Larissa city, a few traces of an
ancient quarry of white marble are still observed today (Fig. 2e). The area is located near the
Chasambali district, where the very important and famous green Thessalian stone quarries exist.
Columns and other architecture elements, made of the Chasambali ophiolitic breccia, were trans-
ported throughout the Roman Empire and in Byzantium, especially during the Justinianus time. The
ancient white marble quarry have been totally severed, due to the modern quarrying works which
were held in the area by English, Italian and Greek companies between 1860 and 1980, demon-
strating the extensive damage of such an important cultural monument.

Geologically the white marble belongs to the Aghia marble unit (Fig. 1). it is a fine-grained mar-
ble (<0.5 mm long crystals), with a white colour. XRD and microscopic investigation revealed that
the main mineral is calcite, with minor dolomite and traces of white mica (Fig. 3b).

Dating of the quarrying operations in Kalochori is almost impossible due to the lack of ancient
marks on the extraction walls. It is possible that quarrying works were held mainly during the Helle-
nistic and Roman time, the same period with the Kastri quarries operation or at the Roman and
early Byzantine times, as the green Thessalian stone quarries at the adjacent Chasambali area.

6 ANCIENT MARBLE QUARRIES AT GONNOI

Ancient Gonnoi, an important city of Perrhaibia, is located 25 km north of Larisa, on the left
bank of the river Pineios, at the western entrance to the Tempi pass and at the southern spurs of
Mt. Olympos. Due to its position the city
evidently prospered in the Archaic and
Classical periods, as well as in the
Hellenistic and Roman time. The city walls
and the ruins of the site are still preserved
today and are extending on along three
hills. Many quarrying works have been ob-
served inside the ancient city.

The area is dominated by metamorphic
rocks (Fig. 4) which overlie the Paleozoic
crystalline basement of the Pelagonian
zone and are folded. These formations
have a Pre-Carboniferous to Middle Trias-
sic age and are divided into two units, the
lower and the upper (Migiros 1983, Katsi-
katsos & Migiros 1987, Caputo 1990). The
lower unit consist of gneisses alternated
with amphibolites and amphibolitic schists
and the upper unit comprise mica-schists,
gneiss-schists, amphibolites and marbles
with schist intercalations. These marbles of
the upper unit outcrop at the Gonnoi area
and were exploited during the antiquity.

At a distance of 15 km north-west of
the Gonnoi area, plutonic rocks, repre-

Quarternary
Torrential terrace material and alluvial deposits

Middle-Upper Triassic
Marble

er Paleozoic-Middle Triassic
& Marble beds with schist intercalations

- Amphibolites. mica-gneisses
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Figure 4. Geological sketch map of the broader area of An-
cient Gonnoi quarrying sites (modified after Migiros 1987,
Katsikatsos & Migiros 1987).

sented mainly by granites to granodiorites,
intrude the Pelagonian zone. According to
Migiros (1983), the magmatic intrusions
have affected the surrounding rocks caus-
ing a contact metamorphism zone, with
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migmatites and hornfels. The plutonites often contain blocks of metamorphic rocks which have in-
truded, especially in the contact zone. The size of these blocks ranges from a few tens to a few
hundreds of metres.

Two quarrying sites were studied in ancient Gonnoi. The first one is found at the western part of
the city, close to the walls (Fig. 2g). Two types of white marble exist in this site. The first type (sam-
ple: Gonnoi 1A) is a dolomitic marble and a grey colour. Grains are small, with grain size up to 0.5
mm, but in some parts the size reaches 2 mm. The marble consists mainly of dolomite and calcite
(Fig. 3c) with white mica as an accessory mineral. The second type (sample: Gonnoi 1B) is a white
coarse-grained calcitic marble, with crystal size over 3 mm. This type comprises calcite, with traces
of dolomite and chlorite (Fig. 3d). Green-coloured thin orientated stripes consisting mainly of chlo-
rite are often observed.

Some unfinished marble-slabs left in this quarry, reveal the cutting method, which was used in
antiquity. For the separation of the block from the parent rock the quarrymen chiselled out cylindri-
cal cavities, 40 cm long and placed iron wedges. The distance between the cavities ranges from
0.40 to 1.00 m, depending on the hardness of the block and the size of the required block. The
cavities were chiselled parallel to the schistosity of the marbles, in order to use the physical proper-
ties of the blocks and to eliminate harder and useless work. By hammering the wedges, the quar-
rymen could easily split off the whole block from the bed-rock. The length of the removed slabs was
about 5 m each, and their width ranged from 0.5 to 1.00 m.

This quarrying site provided blocks for the construction of the city walls, which were built by
regular roughly squared stone slabs, during the archaic period. Stahlin (1924) refers that this wall
circled the NE hill of ancient Gonnoi in the archaic period and part of it was still preserved to 6 m in
height (today only 2-3 m in height wall is observed).

At the second quarrying site three at least small white marble quarries (5 x 2 x 1 m in size) are
found (Fig. 2h). This site is located at the northern part of the city on the top of a hill. The rock is
coarse-grained with crystals up to 5 mm long, and consists mainly of calcite, with traces of white mica
(sample: Gonnoi 3). The schistosity of the marbles is clearly observed in the most parts. Traces of the
cutting marks of quarrying tools were not detected, probably because the extraction method was simple
and used the physical properties of the rock (e.g. schistosity). The quarrymen probably put the wedges
or the crowbars into the open spaces of the cracks and faults and by hammering them they detached
the slabs from the parent rock beds. Then they chiselled the blocks and they produced smaller slices,
which were used for the wall and buildings construction. These quarrying works are dated to the Helle-
nistic time, based on Stahlin (1924) who refers that the city wall of Gonnoi was extended along the
ridge and included the other two hills during 4" century B.C.

7 1SOTOPIC SIGNATURES

The isotopic results of 18 fresh marble samples collected from the quarry sites are listed in Ta-
ble 1 and are plotted in the diagram of figure 5. The 8'°C values of the Kastri marble range from
+2.71 to +2.85%. (average +2.80%c, n=6) and the 5'°0 from —4.35 to —4.75%. (average 4.51%o,
n=6). The results of the isotopic analyses fall in the same range as the isotopic ratios published by
Germann et al. (1980), which are 2.46%, 8'°C and -5.66%» 5'°0 in average.

Three fresh samples were collected from the Kalochori ancient quarry for carbon and oxygen
isotopic analyses (Fig. 5). The 8°C values range from +0.84 to +0.91%. (average +0.87%o, n=3) and
the 5'°0 from —8.59 to —8.00%o (average —8.33%o, n=3).

At Gonnoi ancient quarrying sites, the isotopic results are rather heterogeneous. In the first
extraction zone, different isotopic ratios have been measured in the two marble types: +1.05%o0 "G
and -4.65%o 5'%0 for Gonnoi 1A and +1.89%. 5'°C and -7.97%. 5'°0 for Gonnoi 1B (Fig. 5). In the
second quarrying site at Gonnoi, the isotopic analyses showed 5'°C values: 2.09-2.41%. and 5'°0
values: -2.98 to -3.32%.. This isotopic variation in the samples from ancient Gonnoi is in agreement
with the differences in the mineralogical composition and is possibly attributed to the affects of the
plutonic rocks which intruded into the Pelagonian zone.
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Table 1. Oxygen and carbon isotope composition (5'°0 %, &'°C %e) of white marble from the ancient quarries in
Kastri (1-6), Kalochori (7-9) and Gonnoi (10-18).

=ampling Sample 50 5
site
1 -4.56 2.79
2 -4.41 2.81
. 3 -4.75 2.71
s 4 -4.60 2.80
5 -4.37 2.83
6 -4.35 2.85
7 -8.40 0.87
Kalochori 8 -8.00 0.91
9 -8.59 0.84
10 -4.64 1.01
1A 11 -4.81 1.23
12 -4.49 0.91
'g 13 -7.96 1.77
S 1B 14 -8.31 2.02
O 15 -7.63 1.89
16 -3.32 2.41
3 17 -3.05 2.09
18 -2.98 2.31
3.00 4
0"
2.50 A
0 X "
'
2.00 A X & Kastri
e 4 Kalochori
8 ® Gonnoi1A
2 1.50 2 Gonnoi1B
é" XGonnoi3
[le] ®
1.00 1 °
ah B ®
0.50 4
0.00 T T T !
-10.00 -8.00 -6.00 -4.00 -2.00
5"%0(ot00)

Figure 5. 5'°C/5'%0 isotopic clusters of the white marbles in Larisa region.

8 CONCLUSIONS

All the ancient quarrying works are recognised as important and potential sites which belong
to our natural and cultural heritage. They provide significant information and knowledge concerning
the ancient Greek technology, being diachronous historical monuments, which have to be protected
and preserved from human activities.

The studied ancient quarrying sites in Larisa area provide significant information regarding the
used materials and the applied technology in antiquity. In this direction carbon and oxygen isotopic
measurements, combined with petrological and mineralogical results, provide a useful and potential
tool in identifying the provenance of ancient marble artifacts.
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ABSTRACT

The provenance of the materials making up the metal artifacts represents a fundamental ques-
tion for archaeological research. The complex processes necessary to extract the metals from the
minerals cause considerable changes in their chemical composition. By contrast, the ratio of the dif-
ferent lead isotopes in artifacts is not influenced by metallurgic processes. Therefore, the raw min-
eral material and the extracted metal exhibit the same isotope “footprint”.

Over the course of history, Sardinia has played a major role in maritime routes. Its considerably
rich mineral resources, with copper, lead and iron mineralizations, moreover complemented its stra-
tegic importance. During the 10th and 9th centuries BC Sardinia, because of its strategic location,
was to become directly involved in the "precolonial” Phoenician expansion.

Two repositories of copper ingots recovered at different levels within a nuragic village in north-
west Sardinia, can be placed within this historical context of intense traffic and exchange of goods
between native Sardinian and Phoenician communities. The ingots were made in different shapes:
plane-convex, biconvex, truncated cone and irregular.

The analyzed ingots exhibit a considerable lead isotopic variability, although no systematic dif-
ferences in isotope composition were revealed between the ingots from the two different reposito-
ries. Moreover, no systematic isotopic variations were observed between the different shapes in
which the material was found.

Overall, the ingots exhibit a linear distribution in the lead/lead diagrams. The group of ingots
with the lowest isotope ratios project onto the area defined by the northwestern Sardinian minerali-
zations. The ingot located on the other extreme end of the straight line in the Pb diagrams overlaps
the area defined by the southern Sardinian deposits. The isotope footprints of the intermediate
samples seem to indicate that they stem from the mixing of two components from two different min-
ing areas of Sardinia, one in the north, the other in the south. Therefore, widespread exchange of
metal must have taken place throughout the island, and such an exchange does not seem to have
been hindered by the advent of the Phoenicians in Sardinia.

The results of the present investigation indicate that the majority of the examined ingots was
produced with metal from the northwest of the island, and that these mines were therefore known
and exploited in nuragic times. Such findings shed new light on the complex issues involved in
proto-historic Sardinian metallurgy.

I INTRODUCTION

Geographically, Sardinia is set at the crossroads between the eastern and western Mediterra-
nean (Fig.1). Thus, over the course of history it has played a major role in maritime routes. Its stra-
tegic importance is moreover complemented by its considerably rich mineral resources, with cop-
per, lead and iron mineralizations scattered throughout various parts of the island (Marcello et al.
1978, Garbarino et al. 1984, Cello & De Vivo 1988).
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Figure 1. Sketch map of Sardinia showing the location of base-metal ores (black dots) grouped in three areas:
Northeast (NE), Northwest (NW) and South-central (SC). Grouping is based on lead isotopic similarities, without
considering genetical processes.

The earliest exploitation of these natural resources by local communities can be traced back to
the late Neolithic Age (Lo Schiavo 1989). Metallurgic activities appear to have been particularly de-
veloped and widely practiced in Sardinia between the close of the Bronze Age and the beginning of
the Iron Age. Particularly wide-spread testament of this period are present in the findings of reposi-
tories, collections of metal in the form of both whole or fragmented manufactured articles as well as
ingots of varying types, though most commonly loaf-shaped. Thus, these sites represented true
treasure chests: wealth accumulated in the form of metal, amassed and stashed away by local
communities.

It is during this same period that the complex phenomenon of "precolonial" Phoenician expan-
sion came about. In fact, during the 10" and 9" centuries BC, these middle-eastern peoples devel-
oped into a powerful economic and commercial force, whose sphere of influence spread outwards
from the area of Syria and Palestine toward the regions of the central and western Mediterranean.
Because of its strategic location, Sardinia was to become directly involved in their influence (Mo-
scati 1983, 1988, Bisi 1988, Godart 1988).

Within this historical context of intense traffic and exchange of goods between native Sardinian
and Phoenician communities we can place the two hoards of copper ingots recovered at different
levels within a nuragic village near Alghero, in northwest Sardinia (Fig.1). The first (Site-1) was un-
earthed beneath the floor of a nuragh, in a turned Phoenician amphora dated to between the late
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8" and mid 7" century BC. The second (Site-2) was in a nuragic vase discovered beneath a layer
containing a Euboic Skiphos dated to the early g\ century BC.

The two caches were deposited at the height of nuragic metallurgy, between the time of their
earliest contact with the western world, in the 10"-11" century BC, and the colonization of Sardinia
by the Phoenicians, from the 8" to the 7" century BC. It is thus interesting to investigate any influ-
ence the Phoenicians may have had on the metallurgic techniques and origins of the metals used.

2 THE ORIGIN OF THE METAL ARTIFACTS AND PB ISOTOPES

The origins of the raw materials, first amongst which the metal components, represents a fun-
damental question for archaeological research. Attempts to establish the origins of the copper in ar-
tifacts by comparing their chemical composition with that of cupriferous minerals have to date been
unable to yield unequivocal results. Indeed, the metallurgic processes necessary to smelt the metal
from the ore, and its subsequent refining, cause considerable changes in their chemical composi-
tion. For instance refining the copper can dramatically change the levels of iron, sulfur, arsenic and
other elements (Tylecote et al. 1977).

In contrast to their chemical composition, the ratio of the different lead isotopes in artifacts is not
influenced by metallurgic processes (Barnes et al. 1978). Therefore, the raw mineral material, the
extracted metal and even the scoriae all exhibit the same isotope “footprint”. The ubiquitous pres-
ence of lead in copper mineralizations therefore allows for characterizing the metals originating in
different copper deposits, as well as the articles manufactured therefrom. Thus, artifacts can be
linked to the deposits whence their constituent metals were drawn.

3 ANALYTICAL METHODS

The procedure used for the Pb isotope ratio analysis consists of two stages: firstly, the Pb is
separated chemically from other elements; secondly, the pure element is analyzed via TIMS (ther-
mal ionization mass spectrometry).

In detail, the chemical purification technique adopted is as follows: several mg of sample are
purified of the oxidized parts via a Frantz isodynamic separator, then dissolved in aqua regia at
100°C in a Teflon-PFA beaker. The Pb is concentrated and separated from other interfering ele-
ments by passing the solution twice through anion exchange resins. A blank analysis is conducted
for each sample series, that is to say, the complete chemical procedure is performed without the
addition of any sample, thereby providing a test of the degree of contamination due to the reagents
and materials used. During the current study, the blanks were about 0.4 ng.

Pb isotope ratios were measured on a Finnigan MAT 262 multicollector mass spectrometer.
Two ul of the solution containing the sample were loaded onto a preheated Re filament using the
silica gel-phosphoric acid loading technique. Stable beams of 10" Amps were obtained at filament
temperatures of 1150-1180°C.

Each Pb isotope ratio reported in Table 1 represents the mean value of a series of 100 individ-
ual measurements. Within run errors were generally below 0.01% (2c). A more realistic evaluation
of the errors, however, ought to take into account the isotope fractionation that occurs at the high
temperatures attained in the spectrometer source. The degree of fractionation was evaluated using
the international standard for common Pb isotopic composition (NBS SRM-981). Standard samples
were measured repeatedly in alternation with the unknown specimens, and the resulting sample
isotope ratios were then normalized to the standard at the end of each measurement set.

The error reported in Table 1 for each isotope ratio includes both within run and fractionation er-
rors. Such "total" values provide a measure of the precision with which the individual isotope ratios
were determined and are represented graphically by means of the error bars.
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Table1. Lead isotope ratios of the analyzed copper ingots
Sample (shape)  2%Pb/2%Pb 27Pp/2%Ph 2%pp/2%ph X7Pp/ph 2%8pp/2 %P 28pp/27Pp

Site-1

13 (plane-convex) 18.536 15.656 38.645 0.8446 2.0849 2.4685
23 (bi-convex) 18.287 15.632 38.437 0.8548 2.1019 2.4589
26 (truncated cone)  18.512 15.611 38.572 0.8433 2.0836 2.4708
28 (irregular) 18.288 15.553 38.421 0.8504 2.1009 2.4705
33 (plane-convex) 18.109 15.602 38.169 0.8618 21077 2.4463
Site-2

17 (flat) 18.433 15.581 38.444 0.8453 2.0856 2.4674
30 (fiat) 18.557 15.675 38.712 0.8447 2.0861 2.4696
50 (truncated cone)  18.243 15.590 38.290 0.8546 2.0989 2.4560
51 (truncated cone) 18.527 15.610 38.603 0.8426 2.0836 2.4728
59 (irregular) 18.536 15.614 38.621 0.8424 2.0836 2.4734
Error% (20) 0.08 0.09 0.10 0.05 0.05 0.09
4 RESULTS

Ten copper samples were analyzed (Tab.1), five each from the two different hoards, Site-1 (13,
23, 26, 28, 33) and Site-2 (17, 30, 50, 51, 59). The five specimens for each site were drawn from
different shaped ingots: plane-convex, truncated cone, flat, biconvex and irregular, in order to test
for any possible differences in composition.

The Pb isotope ratios of the analyzed samples were plotted with the respective error bars in
the variation diagrams in figure 2. The ratios 2®*Pb/*®Pb, 2’Pb/*®®Pb and 2®Pb/***Pb were used be-
cause they exhibited the lowest error (the error associated with 2*’Pb™*Pb is not visible is in the
graphs, as it is below the scale of the symbols). The diagrams can be looked at as the mirror image
of groups of points in a three-dimensional space projected onto two planes at 90° one from the
other. Each point is defined by three parameters: the ratios “°Pb/*®Pb, 2’ Pb/*®Pb and “*Pb/**Pb;
two points can be only considered equivalent if they coincide (within the limits of error) in both the
diagrams.

Although the copper ingots exhibit a considerable degree of isotopic variability, no systematic
differences in isotope composition were revealed between the different shapes in which the mate-
rial was found (fig. 2a). Moreover, no systematic isotopic variations were observed between the in-
gots from the two different caches (fig.2b and c).

The diagrams in figure 2 show that, overall, the samples exhibit a linear distribution. A group of
isotopically homogeneous samples, highlighted by the stippled area, is made up of six ingots that
are heterogeneous in both shape and site of origin. These ingots present the lowest 27pp2%ph and
208p,2%py ratios and the highest “°Pb/2%Pb ratios of all the analyzed samples and are all clustered
on one end of the straight line defined by the other samples. It should also be pointed out that sam-
ple 17 falls within this group only in the 2*®Pb/*®Pb vs ’Pb/*®Pb diagram (fig. 2c), while its lower
26pp,2%py, distinguishes it from the other samples, even if the error bars are taken into account (fig.
2d).

A linear distribution in the Pb variation diagrams may be indicative of a two-component mixing
process: the pure components are found at the two extremes, while the hybrids produced by their
blending in various proportions are lined up along the plot. This fact leads to the hypothesis that at
least some of the copper ingots are the product of recasting.
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Figure 2. 2®Pb/*Pb (a, c) and °Pb2*Pb (b, d) vs *’Pb/**Pb diagrams. (a, b): the copper ingots are marked
with different symbols indicating their shapes. (c, d): the two different repositories in which the ingots were found
are distinguished. Error bars are according to the errors reported in Table1.

With the aim of determining the origins of the metal employed to produce the ingots, figure 3
shows the Pb isotope data drawn from the literature on the mineral deposits of Sardinia, Tuscany,
Spain, Cyprus and Attica (Lavrion).

The homogeneous group of samples with the lowest 2°’Pb/?®®Pb project onto the area defined
by the northwestern Sardinian deposits (Fig.3a, b), in particular near the mines of Calabona and
Capo Marargiu (Fig.3c, d). The ingot located on the other extreme end of the straight line passing
through the samples in the Pb diagrams, overlaps instead the South-central Sardinia field (Fig.3a
b), in the area defined by the Montevecchio mine (Fig.3c and d).

As regards to the intermediate samples: i) sample 17, which in figure 3c plot near Cala-
bona/Capo Marargiu mines, in figure 3d is displaced towards the lower 26pp/2%pp values of Cy-
prus. ii) Sample 28 has “®®Pb/?®Pb and *’Pb/*®Pb similar to those of the Canale Barisone mine
(NE- Sardinia; fig. 3c), but distinctly lower 2°Pb/?*Pb (fig. 3d). iii) Both samples 23 and 50 lie within
the field characteristic of the South-central deposits of Sardinia, though they plot rather towards the
edge of the field.

As already mentioned, the diagrams in figure 3 are two-dimensional projections of a three-
dimensional space, by which, two points can only be considered coincident if they overlap in both
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Figure 3. ®Pb/”®Pb (a, c) and **Pb/"™Pb (b, d) vs ’Pb/”®Pb diagrams. (a, b): Besides the analyzed copper
ingots, the representative fields of Sardinian, Tuscan, Spanish, Cypriot and Attica (Lavrion) mining areas are
also indicated. The areas of Sardinia are labeled according to Figure 1. (c, d): The data points of some specific
Sardinian mines are reported, along with published data on some nuragic bronzes and objects, as well as cop-
per oxhide ingots. (Data sources: Swainbank et al. 1982, Stos-Gale et al. 1986, Gale & Stos-Gale 1987, Ludwig
et al. 1989, Sayre et al. 1992, Stos-Gale & Gale 1992, Stos-Gale et al. 1995, Stos-Gale et al. 1997).

diagrams. Thus, it follows that the material making up samples 17 and 28 do not originate directly
from the Sardinian or Cyprus mines. The isotope footprints of these samples, and perhaps of 23
and 50 as well, instead seem to indicate that they stem from the mixing of two components from
two different mining areas of Sardinia, one in the northwest, the other in the south.

Isotope studies conducted by Gale & Stos-Gale (1987) on bronzes from the cache of Santa
Maria in Paulis, on some nuragic lead artifacts from the nuraghs Antigori (Cagliari) and Albucciu
(Arzachena), as well as some copper bars from Baccu Simeone (Villanovaforru), have indicated
their origins to be in the ore deposits of southern Sardinia (fig.3c, d). Some copper oxhide ingots
found in various parts of Sardinia, analyzed by the same authors, have however shown ambiguous
lead isotope characteristics. While their 2°Pb/***Pb and **’Pb/*®Pb (Fig.3d) were similar to those of
the Cypriot mines, their °®Pb/*®Pb (Fig.3c) were displaced towards rather low values, far from both
the Cypriot or the Sardinian field.

The data presented in the foregoing support the existence of a second source of copper on Sar-
dinia, in addition to the well known southern deposits: the northwestern deposits.

The utilization of metals of various origins (and therefore with varying isotopic characteristics) in
the production of ingots fits in well with the metallurgic techniques in use in foundries of the Tyrre-
nian area during the first lron Age. Some circular plane-convex ingots from the Sicilian hoard of
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Mendolito di Adrano (datable to the end of the first Italian iron age) bear incompletely melted frag-
ments of objects, demonstrating that the ingots themselves were produced by re-utilizing metallic
discards and remnants (Albanese Procelli 1993). Study of the composition of bronzes from the
hoard of San Francesco in Bologna (early 7 century BC) has moreover revealed that in Emilia dur-
ing Villanovan times valuable bronze objects were produced from pure copper, to which the neces-
sary tin was added (Bietti Sestieri et al. 1998). It was therefore common practice to have two types
of ingots, alloy bars and pure copper ones, distinguishable by their color, and to fuse together frag-
ments of ingots having the same copper-red shade to guarantee a similar composition.

5 CONCLUSIONS

The results of the lead isotope study suggest a predominantly local origin for the copper making
up the ingots from the two repositories near Alghero. It seems, in fact, to have originated to a large
extent in the geographically nearby deposits of the northwestern Sardinia. However, there are also
indications that copper from the south of Sardinia was utilized as well: it seems to have been mixed
with the local metal to produce bars with intermediate Pb isotope compositions. Therefore, wide-
spread exchange of metal must have taken place throughout the island, and such an exchange
does not seem to have been hindered by the advent of the Phoenicians in Sardinia. Even the
strengthening of ties with Villanova that came about in the first iron age (Lilliu 1988) does not ap-
pear to have translated into direct copper importation, at least based on the results of the reported
analyses.

It should moreover be stressed that no difference in makeup of the ingots has been found
which enable the metals from the two areas to be distinguished: either the plane-convex, the trun-
cated-conical, and the irregular artifacts result to be products of both northern as well as southern
copper.

In closing, the results of the investigations carried out on the caches near Alghero indicate that
the majority of indigenous ingots were produced with metal from the northwest of the island, and
that these mines were therefore known and exploited in nuragic times. Such findings shed new light
on the complex issues involved in proto-historic Sardinian metallurgy.
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NEPIAHWH

216X0G TNG £pyaciag autig eival va agioAoynBei To Buvapikd Tou yewBepuikoU Trediou Oepuwv
kai va digpeuvnBei n duvatdtnTa aglotainang Tou. Ma 10 okotod autd £yive delyparoAnyia amd €€
YEWBEPUIKEG YEWTPAOEIS KAl BUO YEWTPROEIS WuXpou veEPoU TN Teploxng. Mpayuarotroriénkay ye-
TPACEIS OTNV UTTAIBPO, KABWG KAl EpYaaTnPIaKol TTpoodIopIoHOi, KATA TOUG OTTOIoUG EQaPUOTTNKAV
KAQOIKEG KQI aUYXPOVEG HEBOBOI avdAuong. AIQTTIOTWENKE OTI O BEPUOKPATIEG TWV YEWBEPHIKWY
YEWTPrioEWV Kupaivovtal atd 38,5-64°C kai ol Tapoxeg Toug atd 40-70 m/h, yeyovog mou odnyei
gTo CuPTTEpacya 6T To medio eival katapxrv agloToiaIpo. AGYw Twy UYNAWY CUYKEVTPWOEWY As
kai Li rou peTpriBnkav ata peuaTd, KPIVETAI QTTapaitnTn N ETTAVEICAYWYT TOUG GTOV TOUIEUTHPA JE-
TG TN XPrion TOUG.

MNa v aglotoinon Tou yewBeppikoU Tediou TTPOTEIVETAI N EQApUOYH THAEKAIJATIOHOU, TTOU TTE-
piAapBavel B¢puavon kal yugn Turiparog Tou TroAeodouikou ouykpotiuatog Niypitag pe Tn Boreia
avTAiwy BepudTnTag, ge cuvduacuod ue tn Bépuavan Beppokntiwy. O EQAPUOYES QUTEG TOTTOBE-
ToUvTOl OE OEIPd, WOTE va EEOIKOVOUEITOI EVEPYEIQ KAI VA ETTITUYXAVETOI HEIWON TOU KOOTOUG KATA-
okeurig. To KOOTOG TTaPAYWYNG TNG EVEPYEIQS TWV TTAPATTAVW EQAPHOYWIV UTTOAOYIZETAI TUVOAIKA
oe 0,0226 supw ava kWh. Eival @avepd OTI Ol TTPOTEIVOPEVEG EQPAPUOYEG TTAEOVEKTOUV OIKOVOUIKG
£VavTl TWV CUPRATIKWY KAUGiPwy Kal eTITTAEOV TTapéxouv ongavtikd epiBallovTiké 6peAog, ka-
BWG aTTOQEVYETAI N EKTTOUTTH) TNV OTHOCQAIPA TNHAVTIKWY TTogoTATwy CO2 (> 8.000 tévol eTnoi-
W), TTOU Ba EXTTEUTTOVTAV OE TIEPITITWON XPAONG TTETPEAGIOU YIO TNV KAAUWN TWV GUYKEKPIHEVWY
QAVAYKWV.

1 EIZATQrH

To yewBeppuikd edio Oepuwv Niypitag eival éva yewBeppikd edio xapnArg evBaATiag kal atro-
TEAEl TO TTPWTO aTrd Ta TTEdia TG AekAvng LTpupdva TOU VONOU ZEPPUIV TTOU EPEUVIBNKE. ZUUPwva
Je €kBeary Tou |.I.M.E. (Kapuddkng 1983) o yewBeppikd Tedio Kpibnke atrd Tov idlo peuvnTr OIKO-
VOUIKG a&loTToINOIYO YIa AUETES XPHOEIG (BEPUOKATTIO, BEpUAvON KATOIKIWY, IXBUOKAAAIEPYEIES K.41.).
O1 Kupliakidng kai Tadkag (1987) YeAETNOQV TNV TTPOEAEUCT KOl TTOPEIQ TWV YEWBEPUIKWY PEUCTWV
ME TN péBodOo Twv yewnAekTpikwy BuBookotroewy. O Anuédtroudog K.d. (1987) kai or KoAAiadApou
kal FaAavidng (1988) peAéTnoav TIG YEWAOYIKEG, UOPOAOYIKES Kal YEWBEPHIKEG OUVBAKEG TNG TTEPIO-
XA¢ Twv Tnywv Oeppwv Niypitag. Or ApBavitng k.4. (1998) mpayuarotroingav yewxnuIkn kal Bep-
UOUETPIKN £PEUVA TNV TIEPIOXT.

O1 UQIOTAUEVEG XPrIOEIG TOU YEWBEPHIKOU TTEdioU aQOpPOUV KUPIWSG O aypoTIKEG XPrOEI KAl OU-
YKEKPIPEVA O€ B8 OTpéupaTa BEpPOKNTTIWY, OTA OTToIa KAAAIEPYOUVTOI KNTTEUTIKA, QUKIa (Spirulina),
AouAoUbia, kaBwe kai o 30 oTpéupata Bépuavang eddeoug yia kaAMIEpyeia oTrapayyiwy. Emiong
UTTAPXOUV IapaTika AouTpd Tou EOT, Ta otroia Asitoupyouv pdvo katd tn Bepivr) Tepiodo.
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Ztnv EAAGSa o1 o B1adedOUEVEG XPNOEIS TNG YEWBEPUIKAG EVEPYEIQS €ival oI BEPUOKNTTIAKESG
EQOPHOYEG KAl Ol EQAPUOYES BEpUAvVONG edAPOUG, TwWV OTTOIWV N OAIKH EYKATEGTNUEVN IOXUS Eival
29 MWy, (Mendrinos et al. 2003a). Ocov agpopd oTig avTAieg BEpPOTNTAS N CUVOAIKN EYKATETTNUEVN
10%U¢ oTnv EAAGda orjpepa eival 2 MW, (Fytikas et al. 2000, Mendrinos et al. 2003a).

ZTnv Trapouoa gpyacia egetaletal n duvardrnta aglotroinong Tou Trediou @gpuwy Niypitag pe
TV £Qappoyn ot oeipd Bépuavong BepuoknTTiwy Kal TNAEKAIHATIONOU (BEppavan-wugn) TUAMATOG
ToUu TToAE0dOIKOU cuykpoTAuaTog Niypitag pe Xprian aviAiwy BepudTnTag, HeAETATOI TO SIAYpapPa
porg TNG EKPETAAAEUONG Kal UTTOAOYIZETAI TO KOOTOG TTAPAYWYNG EVEPYEIAG TWV TTPOTEIVOUEVWY E-
PAPHOYWV.

2 TEQAOTIA

H euputepn mepioxn Twv Oeppwv Niypitag TotroBereital ota duTikd TrepIBwpia Tou BuBiopartog
TOU ZTPUMOVa Kal CUYKEKpIpéva 20 km voTia Tng TTOANG Twv ZeppwV. MEWTEKTOVIKG aviKel aTn Zep-
BopakedovikA pAda Kal CUYKEKPIPEVA OTO KpuoTaAhooxioTwdeg auoTnua BepTiokou, To oTroio arro-
TEAEI KAl TO yewAoyikd utréBabpo Tng meploxng. MNavw ato urdabpo éxouv amroteBei Neoyevh 1n-
Jara, ou Tapouaidfouv axedov Taviol éva kpokahotrayég BAang, To otroio atoTeAei Tov KUpIo
opiovta KUKAoQopiag yewbeppikwyv peuctwv (Kapuddkng 1983). AkoAouBouUv MAEIGTOKQIVIKES Kal
OAokaivikég Aipvaieg kar AipvoBaAdoaieg atmoBEaels.
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Zxnua 1. FewAoyikog xaptng pp leypn G- eéosu; TWV vswpnoswv (IFME 1970, Tporrorromuevog)

3 MEO©OAOAOrIA

Ma tn peAéTn Tou yewBeppikoU trediou Oeppwiv Niypitag éyive derypatoAnyia vepol amo 6 yew-
Beppikeg yewTproeig (TH-6, TH-11, TH-8, TH-1, ©-11, N-14) ka1 amd dUo yewTpAOEIS YuxpouU Ve-
pou (Al, N-4). To BaBog, OTO OTTOIO OI YEWTPROEIS AUTEG TUVAVTOUV TOV 0pifovTa KUKAOQOpIag Ye-
WOEPHIKWY peuaTwy, givar: n TH-6 ota 265-300 m, n TH-11 ota 235-285 m, n TH-8 ata 155-200 m,
n TH-1 ota 115-135 m, n ©-11 ota 120-150 m, n N-14 ota 180 m. O1 yewtprioeig Al kai N-4 gu-
vavTouv Tov udpo®opo opifovra ata 200 m kar 180 m, avrioToixa.

Kard tnv utraiBpia epyaaia petpribnkav n Beppokpaaia, 1o pH, To NAekTpIkd BUVAUIKG, N nAe-
KTPIKA aywyiudtnta, 1o CO, kai n aAkoAikotnTa. Mo Toug didgopoug TpoadiopiopoUs Xpnaluo-
rromenKav r] QACHATOUETPIA poplamg amoppoPNang (yia Tov TPoadiopIoHd TWV TTEPIEKTIKOTATWY
5042 P04 NOy, SiO,, NOs, NH4 ), N POCUATOUETPIA ATOUIKNG aoppéenang (yia Tov TTpoadio-
PICHO TWV TTEPIEKTIKOTATWY Ca", Mg *2 Na', K"), evw yia Ta IxvooToixeia (As, Ba, Be, Cd, Cr, Cu,
Fe, Hg, Li, Mn, Ni, Pb, Sc, Se, Te, Ti, Zn) xpnoipotroiidnke n yéBodog ICP-MS. AkoAoubnaoe aglo-
Aoynon Twv amoTeAEOUATWY KOl PE BACN T CUUTTEPGOUATA TTOU TTPOEKUWAY, £YIVE n TTPOTOON YA
TNV aglotroinon Tou yewBeppikoU Trediou.
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4 ANOTEAEZIMATA

Zrov Mivaka 1 avaypdg@ovral povo eKEiva aTrd Ta ATTOTEAECUATA TWV METPAOEWYV Trediou Kai ep-
yaoTnpiou, TTou evBia@épouv Aueca aTnv aglotroinan Tou Tediou HE TIG TTPOTEIVOUEVEG EQAPHOYEG.

Mivakag 1. ATTOTEAEUATA XMUIKWY GVGAITEWY TWY YEWTPACEWY TS TIEpIoxI|s Oeppwv Niypitag.

Mérpnon TH-6 N-14 TH-11 TH-8 TH-1 011 N4 AT
T(°C) 385 425 51,5 62,5 59,0 62,5 19,0 18,0
vV (m%h) 40 60 70 70 55 70 20 45
pH 6,53 6,53 6,61 6,79 6,81 6,89 749 7,119
€O, (mg/) 616 686 588 432 378 394 102 164
TDS (mg/l) 30000 31635 31891 31405 33338 3169,1 567,4 687.7
As (ppb) 796,51 85527 887,51 83178 95504 806,62 2,090 3,98
Li (ppb) 699,37 750,28 88246 947,07 852,05 860,62 12,63 23,55

AlamaTwenke 6T 0F BEPUOKPATIEG TWV YEWBEPUIKWY YEWTPAOEWY (TH-6, TH-11, TH-8, TH-1, ©-
11, N-14) kupaivovral amé 38,5°C (TH-6) £wg 62,5°C (TH-8, ©-11) kai o1 Trapoxeg Toug amod 40 £wg
70 m%h. Etropévwg gival @avepd, 0T Adyw Twy UYPNAWY TTAPOXWY TWV YEWTPAOEWY, GAAG KOl TwWV
IKQVOTTOINTIKWY BEPUOKPATIWY, TO YEWBEpHIKO TTedio @epuwv Niypitag eival agiotroinaipo.

ATTO TNV £MECEPYQTIQ TWV ATTOTEAEOUATWV TWV XNHIKWY aVaAUOEWY DIamoTwenke OTI T YEW-
Bepuikd vepd mapouoidfouv ouvoAo diaAupévwy aAdtwy (TDS) amréd 3.000 éwg 3.335 mg/l. Zup-
Qwva pe TNV Tagivounon katd Hem (1970), Ta yewBePUIKA PEUOTA TNG TTEPIOXK G HTTOPOUV VA Xapa-
KTNPEIOTOUV WG PETPIa alatolxa. Ta wuxpd f umdBeppa vepd TTapouaidlouv aUvoAo SiaAupévwy
aAdTwy (TDS) ammod 567 £wg 688 mg/l kai eTTopévwg Katardaoovral ata YAUKA vepd. O1 upnAég ou-
YKEVTPWOEIG € 0UVOAO BlaAupévwy OAdTWY TTPETTEl va AngBouv cofapd utréwn KaTa TNV EKPETAA-
Aeuan Tou yewBepuikoU TTediou Adyw Tou OTI UTTOPET Va TTPOKAAETOUV ONUOVTIKA TTpORARHATa TOGO
TePIBAMOVTIKAG, 600 KAl TEXVIKAG QUOEWS. Zuykevipwoelg TDS peyahitepeg ammd 1920 mg/l wpo-
kaAoUv TTOAU coBapd TpoBAAuaTa aTIG KOAANIEPYEIEG KAl EiVOl KATAOTPOPIKA yia TNV KapTtropopia
(KaAAépyng 1986).

Ta yewBeppikd peuoTd Trapouaiddouv TipéG pH, Tou kupaivovral atd 6,53 éwg 6,89 kal eTTOUE-
VWG UTTOPOUV va XapakTnpioTouv EAa@pws 68iva Ewg oudétepa. Ta Wuxpd VEPG PTTOPOUV va Xapa-
KTNPIoTOUV oUdETEPQ, aPou o1 TIEG pH eival 7,19 kai 7,49.

O1 ouyKevTpwaoeic 16vTwy Li* kupaivovral amré 0,6 éwg Trepitou 1 mg/l yia TIG YEWBEPMIKES YEW-
TeRoeig. O1 yewTpraoelig yuxpol vepou Trapouciddouv XaunAég ouykevrpwaelg Li, ouviBeig yia 1a
utrdyeia vepd. H uwnAnq ouykévipwan Tou Li oTa YEWBEPUIKG pEUaTTA TTRETTE! va AngBEei urOWn Kard
v aglotroinon Tou Tediou, kaBwg evdexdpevn EAEUBEPN aTTOPPIYN TOU PEUCTOU WETA TN XPriOn TOU
OUVETTAYETAl onUavTikéS TTEPIBOANOVTIKEG emiTTTWoElS. EIBIkG yia Ta oTrwpopdpa SEVIpa CUyKe-
VTPWOoEeIS PeyaAUTepeg Tou 0,07 mg/l ptropei va eivanl kataoTpo@ikég (KaAhépyng 1986, A.E.B. 2003).

O1 ouykevTpwoelg As gival eiang uwnAES kal kupaivovtal atéd 0,7 £wg 1 mg/l ota yewBeppika
peuatd. Mpokemar yia éva Togikd PETaANO, TO OTToi0 PTTOPEl Va £XElI OOBapPEG EMITTTWOEIG TOTO OTO
mepIBaAov, doo kat otV avBpwTTivn UyEia gg TEPITTTWON TTPOTANYIGS Tou PéTWw TNG TPOWIKAG O-
Augidag. H avwrarn emTpemopevn ouykévipwan As yia Ta apdeuTika vepd eivar 0,1 mg/l (KaAAép-
yng 1986). Eival @avepd Aoimodv, TTwG To pEUOTO TwV YEWBEPHIKWVY YEWTPAoEwY Bev pTTopei va dia-
TEBEi pETA TNV eKPETAMEUOT Tou eAeUBepa oTo TeEPIBAAAOY, €1IBIKA OE pia aypoTiKA TEpIoXr, OTTwG
givail n Niypita, kal ETTOPEVWG Eival aTTapaiTnT N ETTAVEICAYWYT| TOU OTOV TOHIEUTAPA.

5 MNPOTAZH A THN AZIONOIHZH TOY TEQOEPMIKOY MEAIOY GEPMQON
NITPITAZ

5.1  O1 TPOTEIVOUEVEG EQAPHOYES

MpoteivovTal ol TTapaKdaTw EQAPUOYES O€ OEIPd:

1.@éppavon BeppoknTTiwy.

2. TnAekAipaniopog (Béppavon-yogn) Tuiparog Tng TOANG Tng Niypitag pe xprion avrAiwv
BeppodTNTAG.
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Ma TV TpaypaToTroinan Twv TTapaTTAVW EQAPHOYWY BEpUAvONG TTPOTEIVETAI VO XPNOIKOTIOIN-
Bouv o1 yewtpnoeig TH-1, TH-8, TH-11, N-14, ©-11 (Zx. 2). lNa v epappoyn wigns kard Tn Bepivi
Tepiodo TpoTeiveTal va XpnoipotoinBei n yewtpnon Al (18°C) kai 4 AANeg apdeUTIKEG YEWTPAOEIG
g TepIoxnic (18°C, 40 m*h) (Ex. 3).

AvVOAUTIKOTEPQ, TO YEWBEPUIKO PEUOTO TwV YewTprioewv TH-8 (62,5°C), TH-1 (59°C) kai ©-11
(62,5°C) Ba guMAéyeTal kai 0Tn ouvéxela Ba dloxeTeveTal e Bepuokpaaia 61°C aTo TPWTO BEPUO-
KATTIO, TO OTroio UTToAOYIZeTaN OTI UTTOPEI VO KATAAGpBAvE! eTIQAveia 23 OTPeHPATWY (BA. kEP. 5.2.1
kar Zx. 2). MNa mn Béppavon Twy BEPUOKNTTIWY TTPOTEIVETAI VO XpnoipoTroinBei TTAaKOEIdNG EVAAAG-
KTNG BepudTnTag pe TTAdKeg TiTaviou (Bartlett 1996). Me Tov Tp61TO QUTO ATTOQEUYETAI TO HEYAAO KO-
010G oUVTAPNONG AdYw KaBaAATWaEwWY 010 ECWTEPIKO KAEIOTO BikTUO TOU BeppoknTTiou, agou Ku-
kKAo@opei kaBapbd vepd. To yewBepuikd peuatd oxediddetal va EI0EPXETAlI OTOV EVOAAAKTN
BepuotnTac pe Bepuokpacia 61°C kal va amoBdieran pe 38°C.

To yewBepuikd peuaTd Twy yewtproewy N-14 (42,5°C) kat TH-11 (51,5°C) Ba quAAéyetan kat
aTtn ouvéxelia Ba dloxeTeveTal oTo JeUTEPO BEPUOKATTIO, TO OTTOI0 UTTOADYIJETQI OTI UTTOPEI Va KaTa-
AapBdver éktaon 15,5 orpeppdtwy (BA. Ke@. 5.2.1 kai ZX. 2). To yewBepuIKd peuaTd oxedialeTal va
EI0EPXETAI OTOV EVAAAAKTN BEpPOTNTAG TOu BeppoknTriou pe Beppokpaaia 47°C kar va amoBaAAeTal
ue 24°C.

To atmoBaAAdpuevo atmd TOUuG YEWBEPUIKOUG EVAAAAKTEG TWV BEPUOKNTTIWY YEWBEPHIKO PEUTTO
OUAAEYETAI KQI OTN CUVEXEID PETAQEPETAN PEOW OIKTUOU EVTAPIACUEVWY CWARVWY OE aréoTaan 4
km atnv woAn TG Niypitag, TTPoKeIpévou va XpnoIuoTroindei yia B€puavon KaTolKIWY UE TN XpARon
YEWBEPUIKWY avTAiwY BepudTtnTag (Xx. 2). MNa Toug idloug AGyoug TTPOTEIVETAI va XPNaIKoTToInBEi
TTAOKOEIONG EVOANAKTNG BEpUOTNTOG TTAOKWY TiITaviou, €701 WOTE OTO KAEIOTO JikTUO TNG TTOANG VO
KukAo@opei kaBapd vepd. To yewBePUIKG PEUOTO OXEDIAZETAI VO EICEPXETAI OTOV EVOAAGKTN Bepud-
TNTOg KE Beppokpaaia 30°C kal va atrodAAeTal pe Beppokpacia 16°C. To vepd Tou deutepeliovTog
KUKAWUATOG TOu eVAAAGKTN, Beppokpaaiag 21°C, 8a SioxeteleTal oTig avtAieg Beppotntag. O avrAi-
€ BeppoTNTag Tou Ba xpnoipotroinBoulv, eival UBPOWUKTEG YEWBEPHIKEG AVTAIEG BeppdTNTAG pE
BaBud amodoong 4 (COP=4). YmoAoyiletar 611 utrdipxel n Suvarodtnta Bépuavong 365 1008Uvapwy
KOTOIKIOV Twv 100 m? (BA. ke®@. 5.2.2). Mpokerral va xpnaipotromnBouy 20 avrAieg BepuotnTag 10xU-
oG 240 kW (pia avtAia BepudTtnrag avd 18 mepitrou omima), €701 WOTE va eTITEUXOEi BEpuavan Ka-
TOIKIWV OUVOAIKNG ékTaong 36.500 m? To vepPO TTou Ba aoBAaAAeTal aTrd Tig avtAieg BeppdTnTag, Ba
guMAéyeTal kai Ba BloxeTeleTal TTAAI OTOV EVOAAGKTN BEpUOTNTAG.

To amoBaAAGuEVO aTTd TOV EVAAAGKTN BepPOTNTAS YEWBEPUIKG PEUCTO Ba LETAPEPETAN OE GTTO-
oTaon 4 km, 6mou Ba £TTAVEICAYETAI OTOV TAWIEUTAPA OTT OTTOU TTPONABE, O€ Beppuokpaaia TTepITTou
16°C. Mg autdv Tov TPOTTO SIag@aAieTal n agipopia ToU CUCTANATOG Kal atrogelyovTal o1 EVOEXS-
UEVEG TTEQIBAAAOVTIKEG ETTITITWAEIG ATTO TNV ATTAPPIYN TOU YEWBEPUIKOU pEUCTOU OTO TTEPIRAAAOV.
TH-1 g@.11

THS Nl THD Feorenem XEIMEPINH [IEPIOAOCL
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ZXAua 2. AIdypapua porig Tou BIKTUOU TwV TTPOTEIVOUEVWV EQAPUOYWYV KATA TN XEINEPIVY) TTEPI0dO.
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ZxAua 3. Aildypappa porig Tou SIKTUOU Twv TTPOTEIVOHEVWV EQAPHOYWY KaTd Tn Bepivi) TTepiodo.

MNa v woén kartd 1n Bepivr) TTEPiodo, TpOKEITal va xpnoipoTroinBei vepd atmd 5 apdeuTikég yew-
TpA0EIG Beppokpaaiag 18°C (Zx. 3). To vepd TwV YEWTPAOEWYV auTwV Ba CUANEYETQI KaI OTR QUVE-
Xela Ba peragépetal otny TOAN TG Niypitag péow Tou idiou dikTUoU pE TO YEWBEPUIKO PEUOTO, TO
otroio Katd Toug Bepivolg priveg dev Ba xpnaigotrolgital. Adyw Tou 0TI n XnuIkr oUoTagn Tou Vepou
TwWV APOEUTIKWYV YEWTPACEWY €ival KATAAANAN, WoTe va €mMTPETE TNV aTeuBeiag xprion Tou, dev
KPIVETON OKOTTIUN N XPAON EVOAAGKTN BgppdTnNTag KAl £T01 TO VEPO OIOXETEUETAI PE BEPMOKPaTia
18°C ameuBeiag oTig avrAieg BeppdTnTrag. To vepd TTou Ba arofaAAeTal amrd Tig avrAieg BepudTtnTag,
Bepuokpaoiag 28°C, Ba cuMéyeTal kal Ba DIOXETEUETAI OTN YEWTPNON ETTAVEICAYWYNAS KAl aTTO EKET
OTO YEWOEPHIKS TAMIEUTHPA, OTOV OTTOI0 Ba e10dyeTal pE Beppokpaaia trepitrou 28°C. Me Tov TpdTTo
auTod evioXUETaI TTEPICOOTEPO N AEIPOPIA TOU CUCTAMATOG KAl ETTITTAEOV WE TNV ETTAVEICAYWYT| VEPOU
HeyaAUTEPNG BeppoKpaaiag Katd Toug Bepivolg UAVEG PEIIVETAI N TIBavATNTA TITWONG TS Beppo-
Kpaoiag Tou yewBepUIKoU peuaTol TOU TAUIEUTAPO AGYw TNG ETTAVEIOAYWYNRS PEUaTOU TTOAU Xaun-
A6TEPNG BepUoKpagiag amrd auTtrv Tou avTAoUpEVOU.

5.2 H diaoTagioAdynon Twy TTPOTEIVOMEVIIY EQPUPHOYWY

5.2.1 Oepuoknma

H mpwtn £pappoyr agopd atn Bépuavan Beppokntriou (@1), Tou BpiokeTal atnv TeEPIOX O¢p-
pwv Niypitag. To yeEwBepUIKO PEUOTO TTOU XPNOILOTTOIEITAN, TTAPAYETAI OTTO TPEIS YEWTPROEIS (TH-8,
TH-1, ©-11), o1 oTToieg TTApouadIAdouv apTeaIaviIoPO Kal BpigKovTal O HIKPR atrogTaon atmd 1o Oep-
HoKkNTTIO. TO yewBeppIkd peuoTd TToU Ba AauBdveran atmd TIG YEWTPHOEIS, EXEl CUVOAIKN) Trapoxn 195
m*h kai péan Bepuokpaoia 61,7°C. ZTn ouvéxela BIOXETEUETAI OTOV EVOAAGKTN BeppdTNTAG TOU
Beppoknriou (TrpwTrevov KUKAwa) ue Bepuokpacia 61°C kal utroAoyileral 611 Ba atroBAAAeTal aTTO
autdv Je Beppokpaaia 38°C, amodidovrag tn BepudTnTa 010 BePpokATIO. O1 EVOAQYES BEpUOTNTAS
KOl 01 TEXVIKEG TTPODIAYPAPES TNG EQAPHOYNGS QUTHS Trapouaidlovral atov MNivaka 2.

10\1

Nivakag 2. O1 Texvikég Tpodiaypagég Tng BEpuavang Tou 1% Beppoknriou.

Mpwrevov KIKAWHA EVOAAGKTN BeppOTNTAG (YEWOEPHIKO KUKAWHA):

Oeppokpaoia £10680u oTOV EVOANGKTN 61°C

Oeppokpaacia 660U ammd Tov EVAAAGKTN 38°C

Mapoxn yewBeppIKoU peuaTol 195 m’h
EvaAaoobdpevn Beppotnra 4.954 kW,
Atutepelov KUKAwPa evaAAdkTn BeppoTnTag (KOKAwpa kaBapou vepou):
Oeppokpaocia 100d0u oTOV EVOAAGKTN 36°C

Oeppokpaocia e€680u atrd TOV EVAAAAKTN 54°C

Napoxr| YAukoU vepou 237 m'h
ATrodidopevn BepuotnTa 4.707 kW,

O1 evahayég BepudTnTag Kai n 1oxU¢ ou amodideTal aTo XWpo utroAoyidovral atrd Tov TUTTo:
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O=V AT -y -a (@)
omou ¢ = Beppikn 10XUG (BeppodtnTa), ¥ = Tapoxn, AT= Olapopd BepHoKPaATiag, y= To YIVOUEVO
g e1dIKng BeppoxwpnTikdTNTAG Tou peucTou (SHC: specific heat capacity) kan Tng TTukvoTNTAGS TOU
(d) ka1 a= ar6do0on Tou EVOAAAKTN. YTToAOyioTnKe OTI N amodidouevn I0XUS oTo BeppoknTTio Ba gival
4.707 kWih.

H avaykn oe Beppotnta (q) evog BeppoknTriou utroAoyileTal atd Tov TUTTO (Nikita-Martzopoulou

2002, Karytsas et al. 2003):

q=(4-U+1/2-V-n)-130-AT, (@
omou Ac= n ouvoAikn e€wtepikh em@aveia, U= o guvreheoTtig petadoong BepudTtntag yia SImAd
TTAQCTIKG, V= 0 OuvOAIKOG OYKOG TOU BEPUOKNTTIOU, N= 0 aPIBUOS TWV EEAEPIOTAPWY TTOU XPNOIUO-
TroloUvTal avd wpa, 1,30= cuviEAEOTHG TTOU QYOPA OTN CUVEICPOPG TNG NAMGKAS akTIVOBOAIQG, N
otroia Bswpeital 30% (Ta OTOIKEIO AUTA agopouyv Tn Beppikr amddoan Tou BeppoknTiou) kal ATe= n
atmodidopevn aTo BeppokATIo dlapopd Bepuokpaciag.

H avaykn Beppo6tnTag avd arpéupa Beppokntriou yia 1o Nopd Zeppwyv, BewpwvTag TapayovTa
aocaheiag 10%, kar ye TN Xprion TeTpeAaiou kard 20% (back up) utroAoyiletal og 203,2 kWe. ETro-
WEVWG eTrapkei yia 23 oTpéupara Beppokntriou. Alamaotwenke o1t yéxpl T Bepuokpacia -4°C, Ta
23 agTpéppara BepPoknTTiou PTTopouv va BeppavBoulv TTApwG HE YEWBEPUIKN EVEPYEIQL.

H Beltepn epappoyn agopd otn Bépuavon Beppokntriou (©2), TTou BpiokeTal oTRV TTEPIOXN
Oeppwv Niypitag. To YEWBEPUIKO PEUTTO TTOU XpNOIYOTToIEiTal, TTapdyeTal ard duo yewTprioelg (N-
14, TH-11), o1 0TToiEG TTAPOUTIAJOUV APTECIAVITNO KAl QTTEXOUV HIKPR ATroaTacn amo 10 OepUOKA-
0. To yewBeppikd peuaTd TTou Aapfdvetal amoé TiG YEWTPAOEIG, OUVOAIKAG Trapoxrs 130 mh kai
péang Bepuokpaaiag 47,3°C, SloxeTevetal oTov eVAAAGKTN Tou BeppoknTriou (TTPWTEUOV KUKAWHA)
He Beppokpaaia 47°C kai arofdAAeTal atméd autov pe Beppokpaaia 24°C. O1 evalhayég Bepuotntag
KAl 01 TEXVIKEG TTPOdIaypa@ES TNG eQappoynig autrg Trapoucidlovral otov Mivaka 3.

Mivakag 3. O1 Texvikég Tpodiaypageg Tng BEppavang Tou 2° BeppoknTiou.
Npwretov KUKAWPA EVAAAAGKTN BEppOTNTAG (YEWBEPHIKO KUKAWA):

Ogpuokpacia elg60d0u OTOV EVAAAAKTN 47°C

Oeppokpaacia e§0dou aTrd TOV EVAAAGKTN 24°C

Mapoxn yewBeppikol peuaTol 130 m’h
EvaAAacaopevn Beppotnra 3.303 kWi,
Agutepelov KOKAWPA EVOAAAKTN BeppoTnTag (KOKAWHaA KaBapol vepol):
Oeppokpaoia e106d0u aTov EVAAAGKTN 24°C

Ogpuokpaoia e£6dou atrd Tov EVAAAGKTN 42°C

MNapoxr YAukoU vepoU 157,.8 m¥h
ATo6106pevn BeppoTnTa 3.138 kW,

YmoAoyioTtnke (TUtrog 1) 611 n amodidéuevn 10xUg oTo BeppokATo Ba gival 3.138 kWi, n omroia
emapkei yia 15,5 orpéupara Beppokntriou. AlamaTtwBnke o611 péxpl Tn Beppokpaaia -4°C, 1a 15,5
oTpéupara BepuoknTiou propolyv va BepuavBoly TTARPWES E TN YEWBEPUIKA EVEQYEIQ.

5.2.2 TewbBepuikéc avries Bepudrnrac

H epappoyr autr agopd otn BEppavaon kal TNy Yuén TuAuaTog g ToOANg tng Niypitag We xpn-
on avtAiy BeppdTnTac.

‘Ocov agopd atnv epappoyn TG BEpuavang, To YEWBEPUIKO peuaTd TTou atroBAAAETal PETA T
Xprion Tou atd Ta BepUOKATTIA, Ta oTroia amméxouv 1 km peTagl Toug, CUAAEYETAl Kal pe péan Bep-
pokpacia 32,1°C kar ouvolikr) TTapoxn 325 m°/h, OloxXeTEVETON OE BIKTUD EVTAPIACHEVWY CWANVW-
OEWV, MEOW TOU OTTOIOU PETAQEPETAl OE amooTaon 4 km otnv oAn NG Niypitag. YmoAoyigetal 61
Ba utrdpxouv atmwAcieg TepiTrou 2°C Adyw g petagopdg (0,5°C avd km) kai 611 TEAIKA TO yewBep-
HIKO peuoTO Ba €1I0€ABEI OTOV KEVTPIKO evaAAAKTN Tng Niypitag pe Beppokpacia 30°C kal Ba ato-
BaMAeTal ye Beppokpaacia 16°C (TpwTelov kUKAwpa). H BeppdTtnta autr Ba atrodidetal kal 6a Bep-
gaivel To kaBapd vepd TTou KUKAQ@OpPEi aTo deuTePEloV KUKAWHAO TOU €VAAAKTN, TTOU OUCIATTIKA
gival To KA€I0Td BiKTUO TNG TTOANG, OO TO OTTOI0 TPOPoDOTOUVTAI 01 AVTAIES BepuoTnTas. To vepd
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ou Ba aroBdAAETal OTTG TOV EVOAADKTN B0 HETAQEPETAI HECW CWANVWOEWY OTN YEWTPNON £TTA-
VEITQYWYNAG (ZX. 2). O1 evaAayég BepudTNTAS KAl O TEXVIKES TTPOBIAYPAPES TNG EQAPHOYAS QUTHS
Tapouciagovral atov Mivaka 4.

Nivakag 4. O1 TexvikéG TTPOdIaypaPEg TNG EQappoyrg BEppavong Tou KeVTPIKoU evalAdkTn Tng Niypitag.
Kevrpikog evaAAGKTNG
Npwretov KUKAwpa eVaAAGkTn BeppoTnTag (Yewdeppikd KUKAwpa):

Oeppokpacia e10680U aTOV EVAANAKTN 30°C

Ogppokpacia e€6d0u atod Tov EVAAAGKTN 16°C

Mapoxr| YEwBeppIKoU peuaToU 325 mh
EvaAAaoo6pevn Beppdmra 5.026 kW,
Agutepelov KOKAWpPA EVAAAAKTN BeppoTNTAS (KUKAWHG KaBapoU vEPOU):
Oepuokpaacia e10660u OTOV EVOAAGKTN 16°C

Oeppokpaocia e€680u atd TOV EVOAAGKTN 21°C

Mapoxn YAukoU vepou 720,4 m*/h
Atrodidopevn BeppotnTa 4.775 KWy,

H evahhaocoduevn kai amodidopevn BeppodTtnta utroAoyifovral arrd Tov TUTTo (1). To vepd Tou
OEUTEPEUOVTOG KUKAWMATOG (KUKAWHA KaBapoU VEPOU) TOU YEWBEPUIKOU EVOAAGKTN, TTOU QTTOTEAEI
T0 KAEIOTO KUKAWMG Tou dikTUOU TNG TTOANG, Ba dioxeTeUeTal TTPOG TIG AVTAiEg BepudTnTag pe Beppo-
kpaaia 21°C kai cuvoAikf Trapoxn 720,4 m¥h. Se kGBe avrAia BepudTnTag Ba eloépxeTal vEPDO BEp-
Hokpaoiag 21°C, To otoio Ba amoBdAlAetal ye Beppokpacia 15°C, amodidovrag Tn BeppdTNTA OTO
xwpo. To vepd, Tou Ba amofdrreTar amrd Tig avrAieg BepudtnTag, Ba oulAéyeran kar Ba eTTavadioxe-
TEUETAI OTOV EVOAAGKTN. O1 evaAAayég BeppdTNTAG Kal 01 TEXVIKEG TTpodIaypa®ES TNG EQAPHOYAS au-
1A Tapouaidlovral otov lMivaka 5.

Nivakag 5. O1 Texvikég Tpodiaypaéc TG epapuoyrc TNAEBEppavang pe avrAieg BeppdTnrag.

Oepuokpagoia £10650U VEPOU OTOV EEATUIOTN 21°C
Oeppokpacia e£6dou vepol aTod Tov e§aTHIOTH 15°C
Oeppokpacia 10600U BEUTEPEUOVTOG OTOV GUHTTUKVWTY 39°C
Oeppokpaoia 680U DEUTEPEUOVTOG ATTO TOV OUPTTUKVWTH 54°C

COP avtAiv BgpuodTnrag 4

ZuvoAIKf Trapoxr vepouU oTig avTAieg BeppoTnTag 720,4 mh
EvaAhaooodpevn BeppdtnTa 4.775 kW,
loxug Tou OUPTTIEDTH) (NAEKTPITHOC) 1592 kW,
ATodId6pevn BeppoTNTA 6.367 kWy,

H 10xU¢ 1rou atrodideTal oTo XWPOo (YEWBEPUIKA OUV NAEKTPIKA 10XUG) Yia Tn Béppavon HE avTAieg
BepuoTNTAG UTTOAOYIZETON ATTO TOV TUTTO:

. . Qr
=0 +——- 3
| Q.=g; cop_1 3)
ooy Q «= 10XUg TTou amrodidetal 1o XWpo, O = TTapexdpevn YEwBEPUIKR 10XUG, COP= guvteAe-
otig amédoang avrhiag Beppotntag (COP=4). YmoAoyidetar 611 n amodidopevn 01O XWPO BEPUOTN-
Ta gival 6.367 kW, MNa tn 8€ppavan evéeg omitiov Twy 100 m? xpeidlovral 15.000 keal/h. ETTopEvVWG
utrdpxel n duvardtnta Bépuavong 365 ammwy Twv 100 m?.

‘Ogov agopd oTnv YUEN KAToIKIWV PE XPAON Twv aviAiwy BepudTnTag Katd tn didpkeIa Twy Be-
PIVWOV JNVWYV, TTPOTEIVETAI VO XPNOIMOTTOINBOUV YEWTPAOEIG YuXpou VEPOU TNG TTEPIOXNS BEpHOKPa-
oiag 18°C kai ouvoAIkig Trapoxng 205 m®/h, TIpOKEINEVOU va WuXBE 0 iBI0C apIBUOC KATOIKIWY.

To vepd TWV YEWTPAOEWY QUTWY Ba cuAAéyeTal kal Ba petagepetal otnv TOAN TnG Niypitag pe-
ow Tou idlou BIKTUOU, HE TO OTTOIO KATA TN DIGPKEIA TOU XEIMWVO PETAPEQOTAV TO YEWBEPHIKO pEU-
o16. AOyw Tng oUOTACNG TOU VEPOU, N OTTOI ETITPETTEI TNV QTTEUBEIAG Xprion Tou, 0 eVOAAAKTNG
BepuOTNTAG TTAPAKAUTITETAI KAl TO VEPO DIOXETEUETAI OTEUBEIG OTIG AVTAIEG BEpUOTNTOG. ZE KABE
avTAia BeppodTnTag, Ba eloépxeTal vepd Bepuokpaaiag 18°C, 1o otroio Ba amoBdAAeTal pe Beppo-
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kpaaia 28°C, amdayovrag €ral BeppdtnTa atrd 1o xwpo. To vepod, TTou Ba atmoB&GAAETal aTTO TIG QVTAI-
€G BepudTNTAG, Ba CUAAEYETQI KQI OTN OUVEXEIQ Ba TTAPOXETEUETAI OTN YEWTPNON ETTAVEICAYWYHS Kal
Ba eiodyetal oTov Tapieuthpa. O evaAlayEég BepudTNTAG KAl OI TEXVIKEG TTPODIAYPAPES TNS EQAPO-
yrig autrig rapouatalovrai atov lMivaka 6.

Mivakag 6. O1 TExVIKEG TTpodIAYPaAPES TNG EQapUOoyNg TNAEBEppavang e aviAieg BeppdTnTag.

Oeppokpacia e100d0U VEPOU OTOV CUNTTUKVWTH 18°C
Oeppokpaaia £6d0U VEPOU ATTO TOV CUPTTUKVWTA 28°C
Oeppokpaaia e10000U JeUTEPEUOVTOG OTOV EEATUIOT 6°C
Oeppokpaaia e€600U EUTEPEUOVTOG ATTO TOV EEATHIOTH 12°C

COP avtAiv BeppoTnTag YIa TNV Yugn 3

Mapoxr YewBepuIKOU PEUTTOU 205 m*h
ATrod106pevn ato é8agpog BeppodTnTa 2.264,5 kW,
lox0¢ Tou CUPTTIETTR (NAEKTPIONOG) 566 kW,
AToBI56PEVO WUKTIKS popTio 1.698,4 kW,

H 10x0¢ TTou amodideTal 0To XWPOo (YEWBEPUIKY) peiov NAEKTPIKY) 10XUG) YIa ThV TTEQITITWAN TG
WUENG pe avtAieg BepudTnTag UTTOAOYIZETAI ATTO TOV TUTTO:

. B . ~ gzy
0.=¢ COP +1

YoAoyileran 671 N amrodidouevn oTo Xwpo BepudTtnTa eival 1.698,4 kWi, MNa tnv wogn evég oTi-
TIou Twv 100 m? xpelagovral 4.000 kcal/h, dedopévou 6TI GUVABWG WUXeTal HOVO TO COAGVI Kal n
Tpateapia Kal MBavwg éva akopn dwpdTtio, dnAadn xwpor ou kataAapBdvouv 1o 80% TOoU OTTI-
TIoU). ETropévwg utrdpyxel n duvarétnta wugng 365 ommiwy Twv 100 m?2.

4)

5.2.3 Kdarog Mapaywyric Evépyeiag

To ouvoAikd KOOTOG KATAOKEURG Tou JIKTUOU TWV EQapPOYWVY aglotroinang Tou YEwWBEPHIKOU
mediou uroAoyioTnke 2.010.473 Eupw. 10V UTTOAOYIONO TOU EXOUV QUUTTEPIANQOET 01 TWANVWOEIG
padi ye tTnv ekaka@r, o EVOAAGKTEG BeppdTnTag, of avrAies BepudTNTAG, Of AVTAIEG-KUKAOQOPNTEG,
Kabwg kol didpopa AAAa £¢oda. Oi Tiég TTou Xpnaoidotroinenkav, £xouv AngBei atrd Tpoaopig
TTPOUNBEUTWV.

To KOOTOG TTAPAYWYNS EVEPYEIQG TWV EQAPUOYWY TTOU TTpoTEivovTal yia TNV aiotroinan Tou Ye-
wBeppIkoU TTeEdiou xaunAng evBaATiag Oepuwy Niypitag, TrTapouaialeTal avaAuTikg oTov Mivaka 6.

2TOV UTTOAOYIGHO TOU KOOTOUG TTAPAYWYNS EVEPYEING £XOUV TUUTTEPIANGBEI TO KOOTOG KATO-
OKEUNG KATAHEPITPEVO ava £TOG, N KATAVAAIGKAUEVN NAEKTPIKT EVEQYEIQ, N quvTtipnan Tou e€OTTAI-
opoU, ol uIoBoi Tou TTPOCWTTIKOU, N &dela XProNng Tou YewBEPUIKOU peuaTouy, BIGQOPES GAAEG daTrd-
VEG, KABWG Kal N atréoRecn Tou KepaAaiou, To OTToio BewpeiTal AT TTPOEPXETAI KATG TO HHIGU ATTO
emdoTNaN Kai Katd 10 ripigu ammé davelapd. Mo 1o Adyo autd Exel auvuTToAoyIoBei Kai TO €TI0 TO-
KoxpeoAuaio amorrAnpwprg daveiou yia 12 1n.

Mpoékuwe 6TI TO KOOTOG TTAPAYWYNS EVEPYEIAS yia Tn guVoAIKA e@apuoyn eivalr pdhig 0,0226
€/kWh, yeyovdg Tou o@eiAeTal aTn OnuAvTIKA EE0IKOVOUNGN EVEPYEIQG TTOU ETTITUYXAVETAI AGYW TOU
OTI Ol EQAPUOYEG £xOUV TOTTOBETNBEI OE aeIpd. Av yivel GUYKPION TOU KOGTOUG TTAPAYWYIG EVEPYEIQG
NG TpoTevouEvnS epapuoyrs (0,0226 €/KWh) pe Tig Tigég Tou TreTpeAaiou (0,0426 €/KWh), Tou
Quaikol agpiou (0,039 €/kWh), aAAG kai Tou nAekTpikoU peuparog (0.07 €/kWh), rou Ba xpnoipo-
TToIoUTAY KUPIWG yIa TNV £QAppoyr TG Wugng, diamoTwveTal 6T N TTPOTEIVOUEVN EQOPUOYR Eival
TTOAU oup@Epouca. ESw Ba TTpETTel va TOVIOTET OTI OTO KOOTOG TTAPAYWYNG EVEPYEIAG TNG TTPOTEIVO-
HEVNG €QapuoynS auutrepiAauBaverar €E0AOKARPOU N KATAOKEUR KAl n eykaraaraan Tou Oiktdou,
EVW Ol TINES TOU TTETPEAQIOU, TOU QUOIKOU AEPIOU KOl TOU NAEKTPIKOU PEUPATOS Eival TINEG KABapAg
EVEPYEIQG.

‘Eva agnpavTiké etTiang 6@eAog eivai kai To TePIBAAAOVTIKO, apoU QTTOPEUYETAI I EKTTOUTTH OTNV
atgéoeaipa meplogdTepwy amd 8000 Tévwyv CO,, ol otroiol uttoAoyieTal 6TI Ba EKTTEUTTOVTIAV QV
XPNOIKOTTOI0UTAV TTETPEAQIO YIA TIG EQAPHOYES QUTEC.
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Nivakag 6. To KOOTOG TTAPAYWYIG EVEPYEIRG TWV EQAPLOYWV.

E@appoyn Oeppoknmol Oeppoknmo2 AvrAieg BepuoTnTag ZuvoAo
Oéppavon-
kAipaTiopog(365 ka-
TOIKIWV)
HAekTpIKn evépyeia (€) 45,9 31.2 248.214,2 248.291,2
Zuvtipnaon e€oTTAIopOU (€) 2.059,4 1.841,9 76.527,7 80.428,9
Mpoowmiké (€) 24.000 24.000 24.000 72.000
Adsia xpriong
YewBepuIKoU peuaTou (€) 13.298,2 8.865,5 18.288,6 40.452,3
Aidpopeg Aatraveg (€) 5148 460,5 19.129,4 20.104,7
ZuvoAIké eTrialo kbaTOG Trapa-
YWyng (€) 39.918,3 35.199,0 386.159,8 461.277,1
Kéotog mapaywyng evEpyEiag o€
€ kWh 0,0048 0,0064 0,0378 0,0193
AtromAnpwpr daveiou(€) 2.065,6 1.847,7 76.749,7 80.663,0
ZuvoAik6 €TAaI0 KOOTOG TTapa-
Ywyrg oupTtreptAapBavopévou
Tou daveiopou (€) 41.983,9 37.046,6 462.909,5 541.940,1
KoéoTog mapaywyng evépyeiag
og €/kWh ouprrepiAapfavopé-
vou Tou daveigpou 0,0051 0,0067 0,0453 0,0226
Evépyeia ou utrokabioTtartar
(kWh) 8.246.664 5.497.776 10.216.569 23.961.009
Toévol io0duvdpou TeTpeAaiou 886,5 591,0 1098,4 2575,9
CO, Tou dev eKTTEUTIETAI OE TO-
Voug 2.837,0 1.891,3 3.514,6 8.242,9

6 ZIYMMEPAZIMATA

Ta Baoika ouptrepdopara TnG Tapoloag HEAETNG eival:

1. AlammoTwenke Ot eival @Ikt n aglotroinan Tou yewBeppikoU Trediou KOl TTPOTEIVETAL ) EQAP-
Joyn o€ oglpd Bépuavang BeppoknTiwy Kal TNAEKAIpaTIoPoU (BEppavong-wogng) THAYATOG TNG TTO-
Ang Tng NiypiTag.

2. Adyw TWwV UWPNAWY CUYKEVTPWOEWY ApTevIKoU Kal AIBiou aT1o yewBeppikd peuatd kpiveral
QTaPAiTNTN N ETTAVEICAYWYT) TOU OTOV TAWIEUTHPA.

3. To kO6OTOG TTOPAYWYHAG EVEPYEIOG TWV TTPOTEIVOHEVWY EQAPHOYLIV UTTOAOYIOTNKE TUVOMKA OF
0,0226 €/kWh kai diarmioTwenke Ot £ival TTOAU 0IKOVOUIKOTEPO TWV CUHBATIKWY KQUOTHWV.

4. Ymdpxel oAU onuavtikd TepIBalAovTikd 6peAog 1600 Adyw Tng £§oikovOUNONg EVEPYEIAG,
000 Ko AOyw Twv onuavtikwy ToootATwy COz, Tou gemepvoly Toug 8.000 TOVOUG £TNOIWG, TWY
OTTOiWV N EKTTOUTIA OTNV ATHOCPAIPA ATTOPEUYETAI.
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ABSTRACT

STUDY ON THE EXPLOITATION POSSIBILITY OF THE THERMA-NIGRITA
GEOTHERMAL FIELD (PREFECTURE OF SERRES)

Birbili M.", Christanis K.", Labrakis N.? and Karytsas K.*
" Section of Earth Materials, Department of Geology, University of Patras, 26500 Rio-Patras,
birbili@hotmail.com, christan@upatras.gr

2 Section of Applied Geology and Geophysics, Department of Geology, University of Patras,
26500 Rio-Patras, lambraki@upatras.gr

8 Geothermy Section, Center of Renewable Energy Sources, 19009 Pikermi Athens,
kkari@cres.gr

The aim of this study is to evaluate the potential of Therma Nigrita low-enthalpy geothermal field
and to examine the possibility of exploitation. Six geothermal fluid samples and two cold-water
samples were obtained from eight boreholes situated in the Therma field of Nigrita. Field measure-
ments, as well as laboratory determinations using classic and modern methods of analyses were
carried out. The temperature of the geothermal fluids ranges from 38,5 up to 62,5°C; the discharge
rates of the boreholes range from 40 up to 70 m*h. These data lead to the conclusion that the field
is exploitable. Due to high As and Li contents and in order to avoid environmental impacts, it is es-
sential to reinject the waste geothermal fluids into the geothermal reservoir.

For the exploitation of the geothermal field, the applications of district heating and cooling of a
part of Nigrita Municipality using heat pumps, in combination with greenhouse applications, are
proposed. In order to save energy and reduce the capital cost, the above applications have to be
placed in cascade. The energy production cost, including also the capital amortisation cost, of the
above application amounts to 0.0226 €/kWh. The proposed geothermal applications have a signifi-
cant economic advantage over the use of fossil fuels. Additionally, there is an important environ-
mental benefit from avoiding the emission of severe quantities of CO; (>8,000 tons annually), which
would be emitted in case of oil use.
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ME®OAOI ENANAMPOZANATOAIZMOY NMYPHNQN FrEQTPHZEQN :
E®APMOIH XE NYPHNEZ IZHMATQN ANO THN B. EAAAAA

Andovd E.", A. KovrotroUhou' kar Scholger R.2
’Touéag Fewquaikng, Tunua MewAoyiag, Apior. Mav/uio Oea/vikng, aidona@lemnos.geo.auth.gr,
despi@geo.auth.gr

2Paleomagnei‘ic: Laboratory, Institute of Geophysics, University of Leoben, Austria

MEPIAHWH

Ztnv epyacia auTtr TeplypdgovTal ol SiIdpopeg pEBodOI ETAVATTPOTAVATOAICHOU TTUPAVWY YEW-
TPACEWV TToU £X0UV avatrTuxBei 181aiTepa Ta TEAEUTAIa XpOVIa TTAYKOOHIWG. OTTwg gival yvwoTo, yia
TV £€aywyr] CUNTTEPAQUATWY OTTO TN HEAETN TWV TTUPAVWY YEWTPHOEWY OXETIKA PE TIG DIEUBUVOEIG
TWV I{NUATOYEVWV Bopwy, Tn dIOTTEPATOTNTA TWY OXNUATIOHWY KAl TNV aviooTpaTria, gival amapai-
TNTO Va ETTAVaPEPOUPE OAQ Ta KOPPAETIO TOU TTUpriva oTnv apxIkf Toug B€on (in situ) og oxéon pe 10
Boppd kai 10 KAatak6pu@o ETTITTEDO (ETTAVATTPOTAVOTOANIGHOG TTUPAVWY).

[Diaitepa avamrTioosTal n TaAaiopayvnTikg péBodog, n oTroia XpnoIUOTTOIE! TIG CUVIOTWOES NG
HayvATIONG TWV TTETPWHATWY (KUupiwg Tnv 1I§WAN payviTion) yia va Tpoadiopioel T dielBuvon Toug
w¢ TTPo¢ To Boppd, dnAadr va emavatrpocavaToAioel Tnv Tiur Tng amokAiong D. Emiong mepiypd-
@ETAI AVAAUTIKA Kail n p€Bodog TNG aviooTpoTriag pe TNV otroia eival duvatov va kabopioTel n TpoTi-
pNTEQ KaTEUBUVON TWV KOKKWY EVOS TIETPWHATOS Kall va BlopBwBei £101 n TipA Tng EykAiong .

TéAog epappodZovral ol 800 TeAeuTaieg pEBoBOI O PN TTPocavaTONGUEVD DEIYNATA TTUPHVWLY I-
{nuatwy amd yewtprigeig atnv B. EAAGda Kal @aiveTal n onuavTikf ouveiopopd Twv PeBOdwY au-
TWV OTNV TTaAQIOPaYVNTIKA £€peuva.

| ENANAMPOZANATOAIZMOZ NYPHNQN FrEQTPHZIEQN

AlGipopol epeUVNTEG £X0UV aaXoAnBei €TTi OEIpd ETWV HE TO TTPORANKA TOU ETTAVATTPOCAVATOAI-
OpoU TV TTUPAVWY YEWTPROEWV. MNa TNV e€aywyr] CUPTTEPACHATWY OTTO TN HEAETN TWV TTUPHVWIYV
OXETIKA pE TIC DIEUBUVOEIS TWV IZNUaToyeVWV dopwy, Tn JIATTEPATOTNTA TWV OXNWATIOHWY Kal TV
aviooTPOTTIQ, E£ival ATTAPAITNTO VA ETTAVAPEPOUPE OAA T KOUPGTIA TOU TTUPHVA OTNV QpXIKA TOUg
B¢on (in situ) oe oxéon pe 1o Boppd kai To kataképugo etrimedo. Auth n diadikaoia ovopdaleTal &-
mTavampooavaroAiIguog MUPHVWVY YEWTPHOEWY.

Téooepig BAOIKEG TTPOOEYYIOEIG £XOUV XPNOILOTTOINGE YIO TOV ETTAVATIPOOAVATOAIONO TWV TTU-
privwv. H mo uBeia péBodog eival n xpnoipotoinan evog KUAivdpou TTpooavatoAiopol. Z0pguwva
Me auth) TN PéBodo pia 181K KApEpa péoa OTn YEWTPNON QwToypagiel Tn BEon piag Tugidag n o-
Troia ouvdéeTal Je pia eykotrr) TAvw oTov Truprjiva (Davison & Haszeldine 1984). H péBodog autr
givar apkeTa akpiBn yiari xpeidovral e§edikeupéva opyava. ETriong o€ TTOAEG TTEPITTTWOEIG N EYKO-
T} TTOU QTTOTEAET TNV avaopd Oev XapAZETal CWATA TTAVW OTO OEiypa PE aTTOTEAETHO va 0dnyei Ot
AGdBo¢ mpooavaroAigpous. Ta mpofArfuara autd £xouv aulntnBei amd toug Nelson et al. (1987), o
otroiol kal TTpoadiopifouv éva AdBog aTov TTpocavatoNiop6 Tng Tagng Twv 11° kal BEwpouv 6T pévo
10 26% TWV ETAVATTPOTAVATOAIOUEVWY BEIYUATWY Taipiddouv pe Sefypara TTou EXOUV TTPOTAVATO-
NOBei ue AAAeG akpIBEoTepeg PEBGDOUG.

H deutepn, apketd diadedopévn, péBodog TTpooavaroAiopol Baailetal atn xprian dedopévwv
KMOIMETPWY. AV N YEWTPNON aTTOKAIVEI OTTO TO KaTakopugo ettimedo kal autr) n omrékAion eival
yVWwarTr, 101e gival moavov va TpoBAe@Tei n SietBuvon Tou Boppd o€ oxéon e TN WEYIOTN QAIVOUE-
vn KAign Twv oTpwudTwy péoa otov Truprva. Auth n péBodog PTTopEi va eQapuooBei povo 6tav n
YEWTPNON aTroKAIVEI AT TNV KATAKOPUPO 1} OTAV TA OTPWHATA TTAPOUTIAZoUV Wia onuavTikr KAion.

Mpbéogata, £xel apxIigel va avamTUuooETal Pia véa HEBOBOG TTOU XPNOINOTTOIEI EPYAAEia OTTEIKOVI-
ong (imaging tools) péoa aTIg YEWTPAOEIG. ZUPQwva He TN péBodo auTr, ye Tn BoriBeia cuaTripaTog
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AKOUOTIKWYV Slaypa@Iy (sonic) areikovifovtal OAeg or dopég (emiTeda oTpwong, emimeda B8pau-
opoU) OTa TOIXWHATA TNG YEWTPNONG kal We TN BonrBsia payvnTikrg Tuéidag TTpooavaroAifovral. £1n
OUVEXEID EUBUYPaNPIZOVTAl OI AVTIOTOIXEG TTAPATNPOUUEVEG DOPESG TOU TTUPAVA PE QUTEG TWV TOIXW-
MaTwy Kai €101 To deiypa TTpooavaTohifeTal. AuTr n TEXVIKA aTraitel 101aiTEpa akpIBO EEOTTAITHO Kal N
emITUXia TNG £EaPTATAI ATTG TN CWOTH AVAYVWPION KAl CUOXETION Twv OOUWV OTn YEWTPNON Kal
aTOV TTUpAVA.

H tétapTn TEXVIKA €ival o TTaAaiopayvnTikdg TTpooavaroAiopog. H péBodog autr) otnpiletal ato
yEYovaG OTI axedov OAQ TO TTETPWHATA HETAPEPOUY Wia ) TIEPICTOTEPEG TUVIOTWOEG TNG HAYVATIONG,
ol oTroieg euBuypappifovrar e Tn dieuBuvon Tou Tediou KATA TO XPOVO TNG ATTOKTNONG Toug. O1 ou-
VIOTWOES QUTEG TTapEXOUV Hia kaTaypar] TG SilBuvong Tou yewypagikol Boppd ae oxéon pe Tn
ypauur avagpopdg Tou Tupriva (reference line), €ite oe TPdO@YATOUS XPOVOUG EITE KATA TN dIdpKEI
oxnuanouou Tou TeETpwuarog. ‘ETol, Ye TNV amopdvwon auThg TG oTabeprig dievBuvong ata deiy-
para he T BorBeIa TWY TTAAQIOPAYVNTIKWY TEXVIKWY gival duvaTdv va eTTavaTTpocavarohoBei o
TUPAVAS OE OXEON WE TO YEWYPAPIKG Boppd. ‘Eva onuavTiké TTAEOVEKTNUA auTrg TNG peBddou eival
OTI 0l YETPAOEIS YivovTal oToV iDI0 TOV TTUPRVA KAl JE AUTO TOV TPATTO atrogelyovTal Ta AGBn TTou
dnuioupyouvTal KaTd Tn YEWTPNON. ETITAéov Bev amaiTeital N yeWTpnaon va ammokAiVEl A Ta aTpwa-
TQ va TTapouaciagouv kAion, 6Trwg oupBaivel atn péBodo Tou KAIOIOPETPOU.

2 BAZIIKEZ APXEZ THZ MNAAAIOMAINHTIKHZ ME©OAQY MNPOZANATOAIZMOY
MYPHNQN

H mpwrtn avagopd autrig Tng HeBddou Eyive amd tov Lunton 10 1938. ZTn ouvéxela peAETABNKE
atoé Tov Fuller (1969), rapoAo TTou Ta pEaa TTou DIEBETE EKEIVN TNV ETTOXT TOV TTEPIOPICAV OTN PEAE-
TN HOVO TWV IGXUPA HaYVNTIOUEVWY TTUPIYEVWV TTETPWHATWY. 10 TTpoa®artes EQAPHOYES QUTHS TNG
pEBOBOU TO0O OE TTUPIYEV GO0 Kal Og IZNUaTOYEVH TTETpWUATA TTEPIYpAgovTal atrd Toug Van der
Voo & Watts 1978, Kodama 1984, Shibuya et al. 1991.

Run 1 Run 2 — Run 3

y j j /ﬂ] ]/@@LQ
| 1

Break Rubble
IyApa 1. EmavatomoBETnon Twv Siapopwy KOPPATIWY TOU TTUPAVE YIa TOV TTAAGIOPAYVNTIKO TTPOCAvATOAIgHO.

To mpwrto Briua Tng HeBODoU eival va Taipiagouv peTagy Toug Ta didpopa KoppdTia amd Tov TTu-
priva 6Twg Qaivetal ato oxApa 1. £Tn ouvéxela, Xapdooetal pia koivl ypapph avagopdg. Etal n
péan dieBuvan TNG TOPAUEVOUCAS YayvrTiang kaBopiletal e axEan PE QUTH TN YPAUMN avago-
pdc. H opifévTtia cuvioTwoa Tou BIavUoPaTog TNG MEONG TTapPApévouoag PayvATiong kaBopidel To
payvnTikd Boppd, kai n ywvia 8 poodiopilel To yewypagikod adijoubio (Zx. 2).

ma&ﬂ)"“m IXAUa 2. Bagikd OTOIXEIQ TTAAQIONAYVNTIKWY TTU-
@ / privwv amapaitnTa yia TNV EQapuoyr g pedddou

H (Horizontal componentof J)  ETTAVATIPOTAVATOMIOHOU OE KATAKOPUQN YEWTPN-

% ! on (Hailwood and Ding, 1995).
i : ;
. X

Ta mepiogbrepa  TETPpWUATA  QEPOUV

¥ OIGPOPEG CUVICTWOEG PAYVATIONG TTOU OTTO-
O\C. T KTABNKav Ot OIAPOPETIKEG XPOVIKEG OTIYUEG
z remanent magnetism, J. NG 10Topiag Toug. lNa Tov TpocavatoMoud

TWV TTUPrAvVWY, N o XpAoiun améd TIG auvi-
OTWOES QUTES gival n IEWONS YayvATIan, n oTToia avaTrTiooeTal aTadiakd otn diEUBuvon Tou onpe-
pivou Trediou. To dITTOAIKO PHEPOG Tou yrivou payvnTikoU Tediou ptropei va BewpnBei 611 ogeieTal o€
éva payvnTikd SiToAo oTo KEVTPo TG g pe Tov d€ova Tou va atokAivel 11° armé To yewypagikd
Gagova.

1195



Abdyw TG anwviag PeTaBoArg Tou payvnTikou mediou, auTr n ywvia peTaBAaAAETal pe To Xpdvo
(Hailwood 1989) kai kG8e 10000 xpdvia 10 payvnTiKO SITTOAO CUMTTITITEI PE TO YEWYPAQPIKO dEova.
‘Eto1 0 payvnTikdg Boppdg TauTidetan pe To yewypa@ikd. H 1§wdng payviTion avTimpoowTedel T Oi-
€0Buvon TOU YeEwpayvnTiKoU TTEdiou amd Tnv TeAeutaia avrioTpo@r) Tng ToAikoTNTAS (~ 730.000
xpovia). Av Bewpriooupe Aoirov OTi N 1IEWBNG HayvATIon BEV EXEl ETTNPEACTET Ao ‘UTTOTITES” Payvn-
Tioglg Trou gival duvaTtdy va atrokTnBoUv Kard Tn dIGPKEIQ TNG YEWTPNONG, TOTE PTTOPEl va XpNnoiuo-
TroInBei ameudeiag yia va kaBopioel To onuepivo yewypagikd Boppd (Hailwood & Ding 1995).

H péBodog auth pTropei va xpnaoipotroinBei kai yia Tov ETavATTpooavaToAioné tng SieuBuvong
™G KUpIag payvATiong evag Trupriva yvwoThg nAikiag (Rolph et al. 1995). Autr n SieuBuvan ptropsi
VO OUYKPIBE pe TNV avayevopevn dielBuvan yia Tn ouykekpipévn nAikia. Zto oxAua 3 ameikovio-
vTal 01 PEOEG TINEG TNG IEWBOUG Kal TNG KUPIOG HayvATIONG aTrd évav Trupriva nAikiag Meppiou atré
B. ©dAacoa. Etriong otnv idia atepeoypa@ikr) TTPoRoAr @aivetal n avapevouevn dielBuvon yia To
Méoo Méppio. OTTwg @aiverar ato oxApa 3, n 1EWING payvATIon TTPETTE! va TTEPIOTPAPE] BEEI6OTPO-
@a kard 15° yia va TauTioTel pe To Boppd. ‘ETal kar n SietBuvon TS kUpiag payvrtiong 8a £pel ae
oupQwvia pe TNV avapevouevn diglBuvon, pEoa aTa EMTPETTOUEVG Opla Tou a@dApaTtog (Rolph et
al. 1995).

‘Eva atd 1a mpofAfpara Tou Trapouciddel n péBodog auTtr ival n EYQAvIon TTAPACITIKWY Ha-
yvntiogwv TTou dnuioupyouvtal Kard tn didpkeia TG yewTtpnang. O1 1IB16TNTEG QUTWY TWV payvnTi-
gewv €xouv peAETNOEl Katd To TTapeABOV kai £T01I aAHEPT YVwPICoupE OTI ivai TTAPAAANAES 1 avTi-
TapAAANAEG pe Tov G&ova TnG YEWTPNANG KAl XAPaKTNPIZovTal amd pia £vTaon PayvATIONS n oTroia
gival Kata& apkeTéG TAGEIS peyEBoug peyaAUTEPN ard T QUOIKN Trapapévouaa payvhTion (Auduns-
son & Levi 1989, Li et al. 1991). H mapoucia autig TNg ouvIOTWOAG TNG payvATIong dnuioupyei
B1dpopeg BUTKOAIEG OTOV KABOPIoUSO TWY AAAWY QUOIKWY CUVIOTWOWV. Mo GUYKEKPIPEVA, KAAUTITE
v 1§WdN payvATion xwpig Tnv otoia dgv uTTopei va TpayuarotromnBei o eTavaTTpodavatoNgpog
Twv TTUprfivwy. ETriong, auth n Trapadimikr payvrition eival Suvartov va emaKIACEl 1) va TPOTTOTION)-
ggl TNV KUPIA GUVIOTWOA TNG HAYVATIONG, JE ATTOTEAETHA va pnv gival duvaTh n xprion Twy dedopé-
VWV YIa HayvnTooTPWHATOYPAPIKOUG Kal AAAOUG OKOTTOUG.

N, X

Ixnua 3. Méoeg Tipég Tng 1§wdoug payvAmiong (VRM) kai TG KO-
piag BievBuvang amo deiypara tou Meppiou. H epioTpo@r g
1Ewdoug ouviaTwaag TPog To Boppd pETaKIVED Kal TNV KOpIa Cuvi-
OTWAA JE ATTOTEAETUATA VA CUUTTITITEN HE TNV QVAPEVOUEVN TIpr
yia 1o Méppio (Rolph et al. 1995).

A1Ggpopol pnxaviopoi £€Xouv TTPOTOBEI OXETIKA PE TNV
TPOEAEUON QUTAG TNG HOYVATIONG. ZUMPWVQA HUE TOUG EPEU-
VNTEG, UTTOPET va OPEIAETAl OE PEPIKY BEPUIKY TTAPAPEVOU-
oa payvAtion (Sallomy & Briden 1975), ot medo-
Tapapévouca (Kodama 1984) kai og 1060epun Tapapé-
vouoa (Audunsson & Levi 1989). O1 Shi & Tarling (1999)
£deIEav OTI UNXavikég TaAavTwaoelg Kal XTutriuata (shocks)

Spperlieniepiind mavw ata deiypara kard m didvoign Tng yewTtpnang, giva
O duvatov va digyeipouv Eva unxaviopd oUPQWVa PE TOV
OTTOi0 O TTUPHVAG UTTOPEI VO OTTOKTHOE! Mia JayVvATION Hé-
oa ot éva auénuévo payvnTikd edio oTnv Aakpn Tou oTeAEXOUG Tou Tputraviou. ‘ETol, pe epyaotn-
plakég eTTavahapBavéopeveg dovioeig oe Bahdoaia Seiypata Wapyitn, amrodeixBnke OTI N TTapACITIKA
JayvATIon amrd TN YEWTPNON TPOKAAE augnon TG XaunAAg Toug payvnTIKAG ETTIDEKTIKOTNTAS KO
avgnon NG IKavoTNTAg TOUG VA OTTOKTROOUV 1060epun TTapapévouoa payvition (Shi & Tarling
1999).

Y ass

2.1 Npooavarohiopdg TTupAvwy We T PéBodo ThE avICOTPOTTIOG

H payvnTikr) avigoTtpoTtria gival pia KaAd edpaiwpévn TTPOOEYYION YIa TOV KaBoplopé Tou TTPooa-
VATOANIGHOU TWV ICNUATOYEVWY KOKKWY OTIG TPEIG dlaoTdaoelg (Hamilton & Rees 1970, Sayre & Hail-
wood 1985, Folami & Hailwood 1991, Tarling & Hrouda 1993). H péBodog autiy atnpileTan oTnVv a-
ve€apTnaia TNG aviooTpoTTiag TNG HAYVNTIKAG ETMIBEKTIKOTNTAG WS TTPOg TNV euBuypdppian Tou
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yeydAou Kal Tou pIKpoU G&ova Twv payvnTIKWY KOKKwV péoa oTo ifnua. MNa éva guvoAo payvnTIKwy
KOKKWY PECQ OE £Va iCNUG, N aVICOTPOTTIA TG HaYVNTIKNG ETIOEKTIKOTNTAG TOU SEIYUATOS AVTIAVAKAG
TV TPOoTIUNTEQ €UBUYPAUUIOT TOU TTANBUCHOU TWV MAYVNTIKWY KOKKWV. ‘ET0l, O Kmax GVTITTPOOW-
evel Tn dielBuvon TNG TPOTIUNTERS KaTEULBUvONG Tou peydAou GEova kai © kmin TN diEGBUVON TOU
pikpoU dgova tou 1IZrpaTtog. H peTpnon Aoimmdv ThS avicoTpoTriag evag SeiypaTog TTapEXE! pia ypryo-
pn Kal Ur) KaragTpo@ikn yia 1o deiypa péBodo yia Tov kabopiopd TNV TPoTIUNTEAS KATEUBUVONG TWV
KOKKWV.

Epyaompiakég HEAETEG TNG MOYVNTIKAG GVICOTPOTTIAC ICNUOTOYEVWY aTroBécewy TTpocdidpicav
X0PAKTNEIaTIKOUG TUTTOUG IENUATWY Ot dlagopeTikd TepiBaAlovia amdBeong (Hamilton & Rees
1970). ‘Eval, og 1Ilfpata Tou atmotédnkav ae fpepa TrepIBAAAOVTA, £XOUHE Hiat OUYKEVTPWAN TWV
Kmin 0EOVWV KOVTG OTO KATOKOPUPO ETTTTEDO, TO OTTOIO AVTITTPOCWITEVUE! TNV KATAKOPUPN BieuBuvon
TOU HIKpOU dgova Twv KOKKWY. AUTO avTioToIxXel g€ éva opifovTio TTiredo amdOeons. O Kmax G§oveg
Katavépovral oxedov ato opigdvtio etritredo, deixvovrag £rar TNV atrouadia kdBe auaTtnuatikrg dU-
VapNGg EUBUYPAUYIONG TWV NayvNTIKWY KOKKWY 0t auTd 1o eTTiredo. AvTifeta, av n amdbeon Twv i-
{nuaTtwy yivetal o KATTola Koitn TroTapou (TTepIBAAAov UWNANRG EVEPYEIAG), TOTE N TTpOTIUNTEQ DIEU-
Buvan Twv KOKKwY Ba gival TTapdAANAn pe auTr TG KoiTng Tou TroTauou.

3 NPOZNAGEIEZ ENANATMPOIANATOAIZMOY AEIFTMATQN AMNO FEQTPHZEIZ
THZ B. EAANAAAZ

H maAaiopayvnrikry péBodog  OTTWG
TEPIYPAPNKE  TTOPATTAVW, EQAPUOOTNKE
oe deiypara amd muprveg 13 yewTpRoEwyY
amd myv B. EAAGSa (Andova 2002). O
B€0EIC TWV YEWTPAOEWY @aivovTial oTo
oxAua 4 kal PTTopouv va XwpeIoTouv o€
TPEIS CWVEGS: @) YEWTPROES Kaoadvdpag,
B) yewtproeig ETavoung kai y) yewrpr-
oeig Aglou. O1 Trupriveg atroteAouvral atrd
Mia KAaoTIKA ogipd 1ICnUaTWY nAiKiag Hw-
Kaivou — Melokaivou TTou eTTIKABovTal 0TO
Meoolwiké utréBabpo. To BdabBog Twv TTu-
privwy kupaivetar amd 2Km xal pTavel
atnv yewrtpnon Tou Mooeidiov (Kaoodv-
Opa) Ta 4Km.

22°E 24°E
IxAHa 4. ZXNUaTIKOG XAPTNG TNG TTEPIOXAS HEAETNG OTTOU @aivovTal Ol BETEIG TWV YEWTPHTEWV.

Z1a Seiypata TTou UTTORARBNKaV Ot payvnTikd kabapiopd, ammopovwenke n 1§WdNG payvATion
Kar uttoAoyioTnke n dieuBuvon TnG. H diglBuvan auTth TEETTEl va avTITTpoowTTEUE! TN dievBuvan Tou
anuepivol yewpayvnTtikou ediou, dnAadn) 8a TTPETTE! N TIUN TNS ATTOKAIONG VA KUMGIVETAI yUpw OTIG
0° kai TNg £ykhiang yUpw aTig 55° - 65°.

Zrov Trivaka 1 TTapaBEéTovTal QVTITTPOTWTTEUTIKEG TINEG TWV uTToAoyloBévTwy  SleuBuvacwy g
1Ewdoug payvATiong amod 6Aa Ta e¢eTacBévra deiypara.

Mivakag 1. YroAoyildpeveg Tipég 1€wdoug payviniang (TH: Oepuik Amopayvrtion, AF: ATopayviTian evai-
Aaooobpevou Tediou).

Atiyua AtokAion (D) ‘Eykhion () MEBobog Atropayv.
KASS -1

1117,2b 236,7 10,3 TH (NRM-100°)
1118,5b 181 -6 AF (NRM- 10 mT)
1118,6b 167.5 95 AF (NRM- 10 mT)
1119,7a 217.4 3,4 TH (NRM-100°)
1119,7b 205,6 -23.8 AF (NRM- 10 mT)
KASS -2

1133,3b 173,3 -31,5 AF (NRM-10 mT)
1134,3 216 16,2 TH (NRM-100°)
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1134,8b 173,6 -3,6 TH (NRM-150°)

1135.8a 2034 18,5 TH (NRM-100°)
1135,8b 216,8 -17.9 AF (NRM-10 mT)
1136,9b 1727 188 AF (NRM-10 mT)
1197,8b 174,8 9.6 AF (NRM-10 mT)
1198,9 200,7 -26,9 TH (NRM-180°)
1202,4b 171.5 -15,3 AF (NRM-10 mT)
1202,5 199,6 -10,7 AF (NRM-10 mT)
1205b 1543 -22,4 TH (NRM-150°)
1205¢ AF (NRM-10 mT)
1464,2b AF (NRM-15 mT)
mﬁ,3'€ dad £ i % xﬂ%?é
1686,2a 299,1
1687,9a 1934 TH (NRM-180°)
1687,9b 190,6 AF (NRM-20 mT)
1688,9a 176,3 TH (NRM-150°)
1688,9¢ 230,1 AF (NRM-10 mT)
1689,2a 130,1 TH (NRM-180°)
1689,6a 117.4 AF (NRM-10 mT)
1690b 171.4 . TH (NRM-75°)
1690c 7.7 -15,8 AF (NRM-10 mT)
1691,3b 173,5 -117 AF (NRM-10 mT)
1691,7a 169,8 11,5 TH (NRM-150°)
1691.7b 172,6 247 AF (NRM-10 mT)
1692,8b 173,7 16,4 75°)
KASS -4 EOpRb R S S R e SRR ;
1863,2 159,3 3,9 AF (NRM-15 mT)
1863.5 169.7 89 AF (NRM-10 mT)
1864,3 160 -3.9 TH (NRM-180°)
1864,8 243,5 -3,7 TH (NRM-100°)
1865,6a 198,8 0.7 TH (NRM-150°)
1865,6b 1717 12,3 TH (NRM-120°)
1867,2b 186,6 -4.4 AF (NRM-15 mT)
1867,6a AF (NRM-10 mT)

1867,6b TH (NRM-200°)
23298 . = o AP (NRM-15mT)

TH (NRM-100%)
AF (NRM-10 mT)

2799,8 168,6 05 TH (100-150°)
28033 3192 33 TH (NRM-100°)
2803,6 190,4 5,0 AF (NRM-5 mT)

2902,8 173,7 -34,6 AF (NRM-10 mT)
2903,2 276,9 -28.6 TH (NRM-100°)
AF (NRM-5 mT)
TH (NRM-100°)
AF (NRM-5 mT)

,2b AF (NRM-15 mT)
2647,3a 351,2 19 AF (NRM-10 mT)
3028,4a 198,4 -5,0 TH (NRM-200°)
3028,4b 187,8 2,9 AF (NRM-15 mT)
3029,9a 177,6 35 TH (NRM-200°)

3029,9b 167,7 6,2 AF (NRM-10 mT)

3031,4a 177.4 5,2 TH (NRM-150°)
3031,4b 177,3 -16,3 AF (NRM-5 mT)
3469,9a 231,9 258 AF (NRM-10 mT)
3472b 1914 -31,2 AF (NRM-10 mT)
41154 276,5 -16,4 TH (NRM-150°)
4116,7a 101,8 1,6 TH (NRM-150°)
4118,9 167,3 11,4 TH (100°-150°)
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OTweg QaiveTal oo TOV TTOPATTAVW TTVAKA Of
TIMEG TNG £YKAIONG OTNV TTAEIOPNQIa TWV TTEPITITW-
OEWV EiVOI QPVNTIKEG Kal TTOAU XQuNAOTEPES aTTd
Vv avapevopevn Tiuy (55° -65°). To yeyovdg autd

H pag odnyei 01O OUUTTEPATUa OTI givanr aduvatn n

; xprion autwy Twyv JIEuBUVOEWY YIG TOV ETTAVO-

I Tpoodlopiopd TnNg amokAiong D. daivetan 6m N I

&wdng HayvATIOn £XEl ETNPEQTTEl O peYAAo Babud

MAPOAOQZ armd pia TAPACITIKA PayvATion TTou gixe dnuioup-

XPONOY ynBei ato xwpo atmobrikeuong Twv delyudrwy. E-

10!, n TTOAUETAS aTroBrikeuan Twv JelyudTwy ae o-

pifovTio BEon HECO OTOUG XWPOUG auToug odriynoe
aTNV KAaraoTpoen TnG IEWAOUS payvATIoNG.

Zxnua 5. H tmapaacitikr yayvrition H mou emédpace ota
1~0-10 Selypara Tou ftav atrodnkeupéva Pe ouvETTEIR T peiwaon

g éykAiong 1.

O1 1600 xaunAég Tipég Eykhiong dikaioAoyouvral Aaufavovrag utréyn Tnv opifovTia Béon Tou
gixav ol TTUPAVEG TWV YEWTPrOEWY PETO OTOUG XWEOUG atrobrikeuang (Zx. 5). H yovadikn egaipeon
TapoucidZetal atn yewtpnon KASS-4 étmrou otoug Truprjveg Trou Bpigkovtal og Bdln 2330-2335,
2650-2651 kai 3040-3043 o1 TIpEG TN EYKAIONG €ival BETIKES KQl TTOAU KOVTA OTNV GVAUEVOUEVN TIUN
Tou onuepivol Trediou. MNa TG TTEPITTTWOEIG QUTEG (YPAUMOCKIAOUEVEG TTEPIOXEG OTOV Trivaka 1)
B10pBWONKe N TIPN TNG aTrOKAITNG OE KABE pia TePITITWAN XWwpIaTd.

Dir Kir:

1.MRM - 3.T160, 3 points

DECy = 177.5, INCg = 75.7

DECS="177.5, " INCS=7577

Efng = 4.3

i IR R e
1 L e ’
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ZxAua 6. Mapouoia Tou ykaititn 6TTWG PaivETal Ao TN YEiwan TNG KAPTUANG TG évTaong Tng YayvATIong Katd
N BepuIkr| atropayviTian (TTadvw didypappa) Kal eTRERaIVETAl aTrd TO avTioToIXo dIdypaupa NG aTropayviTi-
ong pe evalaoooduevo medio (KATw didypappa) 01Tou @aivetal 411 dev £XEl aropayvnTIoBei evieAws To defyua.

MapdaAAnAa pe T diepedvnon NG 1IELAOUC HaYVATIONG ETTIXEIPABNKE KA1 O EVTOTTIONOS TOU Opu-
KTOU YKaiTiTn. TO OpuKTOd QUTO BPioKETAN OTN QUON Kai gival To pdvo TTou £XEl Tn duvaTdTNTA VA ‘pE-
Tagéper’ pia TTapapévouoa payvrtion. H Bepuokpacia gpaypol Tou KaBopiletal oToug 100°C —
120°C pe atmoTéAeoua va atropayvnTideTal oTa TTPWTa oTAdIa TG BEPUIKAC OTToPAyVATIONS. AvTife-
Ta, KOTA TNV amouayvATion ye evaAhaocaduevo edio, o yKaITiTNG Trapouciddetal otabepog kai dev
atropayvnTigeTar uéxpr Ta 100mT. Adyw TG 1IBIGTNTAS Tou va ‘KPaTd’ T payvhTion, n dietBuvon TTou
TIPOKUTITEl KATA TNV QTTOUAYVITION TOU CUUTTITITEl PE TN BIEUBUVOT TOU ONUEPIVOU YEWMAYVNTIKOU
mrediou (Collinson 1983).

AlgpeuvABnke n mBavoTNTa UTTapéng yKatitn o 0Aa ta deiypata TTou uTroBARBnkav as BepUIKO
HayvnTiko kabBapiopod. ZTnv mTepiTwon Tou Tupriva KOR-1 givar eudidkpitn n TrTapoudia Tou yKQuTi-
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N OTTWG QaiveTal Kl 0TO OXANG 6. AUOTUXWG HOVO Ot NYEG TTEPITTTWOEIG BIATTIOTWONKE n UTTapén
Tou (aQoU emBERAIWONKE OTTd Ta ATTOTEALOUATA TNG ATTOUAYVATIONG HE EVOAAAOOOUEVO TTEDID) Kall
TPOXWPNATANE £TCI ATOV ETTAVATTPOTAVATOAIONG TNG atrokAiang D. Ztov Trivaka 2 TTOU akoAoubBei
TTapouciagdovTal ol apxIKEG TIMEG TNG aTrOKAIONG Kal TNG £yKAIong Tng 1IEWB0UG payvhTiIong Twy OEly-
HATWY TTOU TIEPIEXOUV TTOOOTNTESG YKAITITN.

Nivakag 2. YoAoyiZopeveg TIPEG IEWDOUG payvATIONG.

KOR-2

Asiypa Amrékhion (D) ‘Eykhian (1) MéBodag Atropayv.
853,8 163,1 67,4 TH (100°-150)
2705,2 79,2 64,5 TH (100°-150°)
2742 2a 20,2 83,5 TH (100°-150°)
2744 1a 61,9 58 TH (100°150°)
2797 ,8a 177,65 755 TH (100°-150°)
2798,2a 108,2 69,4 TH (100°-150°)
AL-1

1626a 2432 66,7 TH (100°-150°)
1700,5a 139,8 57,6 TH (NRM-100°)
1701,5 2451 81,1 TH (NRM-100°)
1702,7a 2258 743 TH (NRM-100%)
1702,7b 302,5 73,9 TH (NRM-100°)

Eival xapaktnpioTikd 10 yeyovog 0TI aTtnv TrAElown@ia Toug Ta deiypata amod TG YEWTPARTEIG
KOR-2, AL-1 rapouadidgouv TTOAU KOAr] GUUTIEPIPOPG KATA TNV ATTOPAYVITION CUYKPITIKE HE TIG U-
TONOITTEG YEWTPROEIS. OTTWG PaiveTal Kal amd Tov Tivaka 2 atroudidfouv oTa TTpwTa aTadia aTro-
HayvATIONG Ol TTOAU XapnAEg TINEG TG £yKAIoNG divovTtag pag €101 T duvatoTNTA va XPnoIJoTToIrN)-
OOUUE TIG TIMEG QUTEG YIO TOV TTPOCOVATOMOUO Twv TINWY TG atmokhiong. Paivetal Aorrov on 1a
SEiyHaTA QUTWY TWV YEWTPrOEWY 0LV £XOUV ETTNPEQTTE! ATTO TNV TTAPACITIKA PAYVATION TTOU €XEI €-
mdpdoel ota utrdAorra deiypara. To yeyovog autd mlavov va o@eileTal oto 611 Ta deiypara autd
QuAdogovTav aTig amodnikes Twyv EAAnvikwy MetpeAaiwy otn KaBdha kai 6x1 atnv ABrjva amo o6-
TTOU GUAAEXBNKav Ta utroAoitTa Beiypara. ‘ETol Aoirov emBeBaiwveTal n ATToWn HAg OXETIKA YE TV
KOTAOTPOWIKA ETTIGPACN TOU XWPoU atroBrikeuong ota Seiypara, OTTwG EXEl avagepBei oTnv apxr
auTtoU Tou KepaAaiou.

To delTtEPO OTADIO TNG TTPOCTTABEING ETTAVATIPOCAVATOAITHOU TWV TTUPAVWY HAG ATAV 0 EAEYX0G
NG opBOTNTAG TNG TIMAG TG £yKAiong |. H péBodog TTou akoAoudnBnke ATav n peBodog Tng avioo-
Tpotriag. Omwg €xel Adn avaepBei atnv Tapdypago 2.1, HETPWIVTAG TNV AVICOTPOTTIA TG HayvnTi-
KNG EMOEKTIKOTNTAG TWV JEIYUATWY, PTTOPOUME Va £XOUNE WE OKPIBEIO TNV EKTIUNGN TNG TTPOTIMNTEAS
BIEUBUVONG TWV KOKKWV.

H avicoTtporia TNG payvnTiKAG EMIOEKTIKOTNTAG PETPABNKE OE QVTITTPOCWTTEUTIKG BeiypaTa amod
K&Be Trupriva yewTtpnang. Ao T pétpnan auth Tpoékuyav ot dfoves Kmin Kai xaptoypagrienkav
0€ OTEPEOYPAPIKES TTPORBOAEG.

Mpiv Tpoxwprcoune atn d16pBwan TN KAIONS Twv OTpwHATWY Ba ETTpeTTe va BeBaiwboupe OTI
ol TINEG TOU Kmin Eivan a€iommoTeG. "Evag TpoTTOG Yo va TO EAEYEOUPE NTAV VO OUOTXETIOOUUE TIG TINEG
10U Kmin HE TIG TIPEG TIG payvnTikhg Aemiwong F. H payvntiki Aetriwon F opiletal oav 10 Adyo Tou
evlidueoou d€ova K2 pog Tov pikpd déova Kz Tou eAAEIwoeIdoUg TG HaYVNTIKAG ETIOEKTIKOTNTOG
Kal EKQPAZEl TNV EKKEVTPOTNTG TOU EAAEIYPOEIBOUG. Ma va Exoupe agiommoTa arroTeAéopaTa Ba TTpé-
el 01 TIUEG TNG AeTriwong va eival peyaAuTepeg ammd 1.010. Agiypara TTou TTapousiagouy TIREG TNG
Aetriwong pikpdTepeg amd 1.010 dev Bewpouvrtal avicdTpOTIa OTTOTE BEV YTTOPOUHE VA EPTTIOTEU-
ToUpE TNV TINA Tou a€ova Kmin (Tarling & Hrouda 1993).

‘OTwg @aivetal ota axfiua 7 otnv TAsiown@ia Toug ol Kmin Agoveg eival katakopuol, dnhadr 1o
emimedo oTpwong eival opiIfovio. Z1a deiypaTa TTOU TTOPOUCIAlouy TINEG £YKAIONG TOU Kmin (UTTAE
KUKAOI OTO OXAMA) MiKpOTEPES aTrd 75° Bpédnke karapxrv 10 ETTESO OTPWANG KAl OTR CUVEXEIX
akoAouBnoe n divpBwon TG KAIoNG.

To ouvolo Twv JEYPATWY TTOU TEAIKA ETTAVATTPOCAVATOAIGTNKAY @aivovTal aTo GXfAHa 8 Kal aTo
Tivaka 3. Z10 oXAua 8a @aivovTal o1 apXIKEG TIMEG TG aTTOKAIONS Kal TNG £YKAIONG £VW OTO OXAPA
8B gaivovral o1 dropBwpéves dieuBUvVoEIS Twv idiwv BeiyudTwy. MNaparnpolpe AoITov OTI apXIKA Ta
Seiypata Tapoudidlouv peydAn diaamopd, evw UETE Tn G10pBwon QaivETAl OTI TUYKEVTPUWVOVTAI
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KOAUTEPX EV) N PEON TIWN TTOU UTTOAOYIOBNKE yIa To 0UVOAO Twv BelyudTwy autwyv (D = 27.5° | =
58.2°) Bpiokeral ae TTOAU KOAR CUHQWVIO LE TNV QVAUEVOUEVN BIEUBUVON yia TV TIEPIOXA Kal TV
OUYKEKPIYEVN NAIKiQ.
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IxAua 7. Aidypappa Twv TIpwV NG éykAiong | Tou Kyin 0 ox€on PE Tn AsTTiwan Kai oTepeoypagikf TpoBoAn
ToU Kinin YIO 0Aa 1O SEiypOTO TTOU HEAETABNKAV.

Mivakag 3. Tigég Tng amokAiong (D) kai Tng £ykAiong (1) TTpIv KAl PETG TOV ETTAVATTPOCAVATOAITHO TwV BelypdTwy

MPIN THN AIOPOQZH META THN AIOPOQZH
AmokAign (D°) ‘Eykhion (1) AmokAian (D°) ‘Eykhion (1°)
177 14 275 58.2
167.4 41.6 345 351
132.4 29.2 4.1 77.7
238.6 19.4 340 73.2
110.7 77 100 72.3
189 76 70 63.9
318.2 7.7 358 78.2
197 12:2 57 14
3155 111 47 41.6
68.8 86.5 356 29.2
161.5 351 80 19.4
65.1 LT 21 76
39.5 73.2 7 76
122 723 327 25
90 63.9 22 38.6
75 78.2 340 15
104.9 64.3 60 63.6
183.5 21 82 27
258 71.9 45 73.6
197.2 51.5 25 64.3

4 ZIYMMEPAIMATA

21N Tapoloa gpyacia TEPIYPAPOVTAl OI DIGPOPES PEBODOI TTOU XPNCTIKOTTOIOUVTAI YIO TOV ETTA-
VOTTPOCAVATOAIOUO TTUPAVWYV YEWTPATEWY. EIBIKOTEPA N TTaAQIOPAYVNTIKY HEBODOG EQapUOlETal OE
TTUPAVES YEWTpAOewyY amrd Tov B. EAAadIKO xwpo. H TAciopneia Twy delypdTwy TTOU HEAETABNKAV
QAIVETQI OTI £XEI ETTNPEACTEI ATTO I TTAPACITIKY YAYVATION TTOU £TTESPACE KATA TNV TTOAUXPOVN QU-
Aagn Twv OelyudTwy PE CUVETTEIQ TN KATAOTPO®r TNS 1EWO0US HayvATIonS Toug. XTa deiyparta TTou
Oev €XOUV ETTNPEACTEl ATTO QUTA TN payvhTIon, ATav duvatdv va d1IopBWCOoUNE TOTO TNV ATTOKAION
000 Kol TNV £YKAION Kal OTTWG @aiveTal oTTd To aXAHO 8 PETA TOV ETTAVATTPOCAVATOAIOHG TOUG TTO-
parnpeital KAAUTEPN CUYKEVTPWAT TwV TEAIKWYV dieuBUvoswy. O pécog 6pog BpiokeTal oe TTOAU Ka-
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A oUPQWYVia PE Ta ATTOTEAEOHATO GAAWYV EPEUVWIV OE ETTIQAVEIAKOUS OXNHATIONOUS TNG idlag Treplo-
xni¢g (Mivakag 4). ®aiveral AormTov 6T1 0 ETTAVATTPOCAVATOAITHOG TWV TTUPAVWY YEWTPHOEWV Eival pia
oAU anuavtikn diadikaaia yia Tnv e€aywyr] agIOTNOTWY TTOAQIOHAYVNTIKWY ATTOTEAETUATWV.

. .
% [ 2d .
L ] * ®
T D=27.5° ¢ \
! . e, 4 1=58.2° *e¢e. 1! «® |
: . | - : o

a

Ixnua 8. (a) Apxixkég BieuBivoelg Twv delypdTwy Tou eTTavampoaavaroAiodbnkay, (B)TeAikég Tipég DieuBivoewv
OTTWG TTPOKUTITOUV pETA T B16pBwon yia Tnv amokAion kai TNV ykAion. Me Tov aoTepioko @aiverar n pEomn Tipr
¢ dievBuvong.

1. XaAkidixn IZApara Meio - MNAe16- 247 54.2 Haubold et al., 1999

(Kaoodvdpa) KQaivo

Agiog 1gAuara Meiékaivo 20 46 Sen et al., 2000

3. Ztpupovikdg  MAoutwvikG OAyokaivo — 26 47 Westphal et al. (1991)
Mei6kaivo

6. Afi6g (Qpai- MAouTwVIKG Hoxaivo 29.5 39 Feinberg et al. (1994)

0KaoTpo

_ Jai s
Kaooavdpa Hwkaivo 104 50.8 Westphal et al. (1986)
Kaogodvdpa OAyokaivo 8.2 56.4 Westphal et al. (1986)
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ABSTRACT

RE-ORIENTANTION METHODS OF CORE SAMPLES: IMPLICATIONS TO
SEDIMENT CORES FROM N. GREECE

Aidona E.", Kondopoulou D.", and Scholger R.?
1Depar1ment of Geophysics, School of Geology, Aristotle University of Thessaloniki, 546 21,
Thessaloniki, aidona@/emnos.geo.auth.gr, despi@geo.auth.gr

zPaIeomagnetic Laboratory, Institute of Geophysics, University of Leoben, Austria

The different methods of re-orientation of core samples are discussed in the present study. In
order to obtain results from core samples concerning the direction of the formation, their permeabil-
ity and their anisotropy, it is essential first to bring all the pieces of the core into their initial position
with regard to the North and to the horizontal (in-situ).

In this study we emphasize particularly to the palaeomagnetic technique. This re-orientation
method uses the magnetic components of the rocks (especially the viscous component) in order to
determine the direction with regard to the North (declination). Also, the anisotropy method which
helps us to correct the angle to the horizontal (inclination) is described here.

Finally we applied the last two methods in non-oriented core samples from N. Greece and the
significant importance of the re-orientation techniques to the palaeomagnetic studies is shown.
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FEQ®YZIKH AIAZKOMHEH XTO OPOMEAIO TOY OMAAOY, N. XANIQN

Bageidng A.', MavoutaoyAou E.2 Hamdan H.', Avdpovikidng N.', Koukadakn M.,
Kpnmikakng I". ", Okovépou N." kar Zravouddkng N.

! Touéac Epappoauévne Meweuaikng, Tunua Mnxavikwv Opuktwy Mépwyv, MoAutexveio Kpnng,
731 00 Xavid, vafidis@mred.tuc.gr , mkoukad@mred.tuc.gr.

2 Touéa¢ MewAoyiag, Tunua Mnxavikwv Opuktwy Mépwv, MoAurexveio Kprmg, 731 00 Xavid,
emanout@mred.tuc.gr.

NEPIAHWH

E&eTagovral Kai CUYKPIVOVTAIl TA TTPOKATOPKTIKG ATTOTEAECHATA YEWPUOIKAG dIaoKOTTNONG TTOU
TTpayparotroiidnke oto opotédio Tou Opaiol oto voud Xaviwv, Kpitng. H yewuaoikr épeuva Tre-
pIEAGUBaVE UETPAOEIS NAEKTPIKAG TOMOYPAQIAG, NAEKTPIKAG XAPTOYPAPNONG, OEIOUIKASG SIdBAaong,
yewpavtdap, VLF, kivoupevou Toptrou-0ekTn kol TEAOG BapuTIKAG XapToypdenong. ZT0X0G TNG Ou-
YKEKPIPEVNG PEAETNG €ival n OUYKPION TWV GTTOTEAEOUATWY TwV dla@opwyv PeBOBOAOYIWYV TTOU Xpn-
GIMOTTOIOUVTAI VIO TOV EVTOTTIONG KOl TNV ATTEIKOVION TWV KAPOTIKWY HOPQUV TTOU TUVAVTWVTAI OThV
mepIoXA. ZTNV TTapoUaa HEAETN ETTOMEVWG DIVETAI EUPATN OTN XPNOILOTNTA TWV YEWQUOIKWY PEGS-
dwv aTov evromapod kapoTikwy dopwyv. H emeepyaaia Twy GeSOPEVWY ETTITPETTEI TNV QvayvwpIoN
TPIWV YEWNAEKTPIKWY OTPWHATWY TTOU JUVIOTOUV TO YEWAOYIKO uTTORabpo. Mpokeirai yia To TPwTo
OTPWHA TTOAU UPNAWY EIDIKUIV NAEKTPIKUWY QVTIOTATEWY, TO OTT0I0 XapakTnpifeTat ws aAAoUBIaKéS /
SiAAouBiakéc amobéaels. To GEUTEPO TTPWHA HEIWUEVWY NAEKTPIKWY QVTIOTATEWY TTOU KATA KUPIO
Adyo avTikaroTrTpifel TNV UTTapén Hapywy Kai TEAOG TO TPITO YEWNAEKTPIKG OTPWHA, TO OTTOI0 PE TN
o€lpd Tou opIoBETEl TO avBPOKIKG UTTOBABPO TNG TTEPIOXNG MEAETNG. O ouvBUATPOS OAWVY TWV YEW-
QUOIKWY PEBODWY CUYKAIVEl OTO iDI0 CUNTTEPACHO OXETIKA PE TO TTAXOG TWY UTTEPKEINEVWY OXNUO-
TIOUWYV Tou avBpakikou utroBdBpou, To péyioTo TTAxog Twy otroiwy eivan Trepimou 115 m. Emiong
aT10 avepakikd uTréRabpo evroTTioTNKAV BOAIVES KOl KAPOTIKA £YKOIAG OE £va TUAA Tou opoTrediou
Tou OpahoU, 6TToU KOl TTPAYHATOTTOINBNKE N YEWPUAJIKY dIaoKoTnO.

| EIZArQrH

2TV TapoUaa PEAETN TTOPOUCIAZOVTAl TA QTTOTEAECUATA TTOU TTPOEKUYAV aTTd TNV eTEEEpyaaia
TWV YEWQUOIKWY HETPrIOEWV aTo opotédio Tou OpaAol kard ta £€rn 2002 - 2003. Zko1ég NG ou-
YKEKPINEVNG EpYaTiag gival va diatmoTwBEi katd OG0 0 CUVEUATHOG TWV YEWPUTIKWV HEBGDWY Ei-
val o Béon va e€ayel 0pBA TUPTTEPACHATA OXETIKG PE TOUG YEWAOYIKOUG OXnuATIoPoUg TTou do-
poUv 10 opoTrédio. O1 yewQualkég péBodol TTou epapudoTnKav amrogkoTTouoav oTov uttoAoylopd
TOU TTAYoUG Tou £da@IKOU KAAUPUATOG KOl TOU GUVOAOU TwV KAQOTIKWY OXNUATIOPWY KaBWS Kal
OTNV GTTEIKOVION TwV OOAIVWY KOl KAPOTIKWY £YKOIAWY TUAPATOG TOU opoTTediou.

H yew@uaoikn diaokdéTNon TpayuaToTroienke Ye Tn gupBoAn @oitnTwy Tou MoAuTexveiou Kpr-
NG, Ol OTTOIOI ATTOKOUICAV TNUAVTIKA EPTTEIPIT KOl EEOIKEILIONKAV PE TO YEWQPUOIKSO EEOTTAIGHO Kal TN
guAAoyr| Bedopévwy.

2 TEQAOTIA

H trepioxr) MEAETNG evToTTiZeTan OTO BUTIKO TURMA Twy Agukwy Opéwv. To opotredio Tou OpaAol
amoteAei pia Tutrikh TTOAYN Trou BpiokeTal otnv Trepioxr e€ATTAWONG TNG PNYHOTOYEVOUS Wvng peE-
Ta&U TOU KAAUPHOTOG TOU TPUTTOAIOU KOl TWYV UTTOKEIMEVWY QVBPOKIKWY OXNUATIOUWY.

H moAyn Tou OpaAou xapakTnpidetar yewAoyikd amod Tpeig evotnTteg: a) Neoyeveig — TetapToye-
veig amoBéaeig, B) Evornta Tputraiiou kai y) Opdda Aakwdwy aaBeatoAiBuwy.
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Z70 ZXNHa 1 TAPOUCIAZETal O YEWAOYIKOG XdpTNng TG upUTEPNG TTEPIOXTIS TOU OpOTTEDiOU, OTOV
otoio dlakpiveral n £vrovn Trapoudia aAAOUBIAKWY aTTOBETEWY EVTOG TNG TTOAYNG pE KATA TOTTOUG
ENPAVION PAPYWYV KOl KPOKAAOTTAYWY TTavVW OTOUG KapOTIKOTTOINUEVOUG aoBeoToNBoug. H TToAyN
Tou OpaAol avamTiooETal OTNV ETTAPH TN evornTag TputraAiou kai MAOKWAWY acBECTOAIBWY Kal
KaTa KUp1o Adyo evrog Twy aoBeaToAiBwy Tou TpuTtrahiou.

AAAouBiakég
arroBéoeig

Evorna TpumaAiou

MNAakwdeic AoBeaTdAifol

ZxAHa 1. MewAoyikdg XApTNG TOU 0poOTTEdiou Tou Opaho kal TOTToypaQIKOG XAPTNG TNG Kpnng.

3 MNPATMATOMOIHZH FEEQ®YSIKHE AIASKOMHEHS

H yewguaikr Slagkétnon mou avagéperal 0NV TTaPoUsa HEAETN TTPAYHATOTTOINBNKE € TTpo-
KOTOPKTIKO TURAMA TNG TTAAYNG Tou OpaAoU dlaoTdoswy 3x2 km. O YEWQUTIKEG evTouToIC péBodol
TTOU TTAPOUCIAZOVTal 0T TUVEXEIQ, EKTOG ATTO BUO YPAUUES NAEKTPIKAG Topoypagiag T1 — T1' kai T2
- T2' (BA.§3.5), €xouv eTikeVTpwOEi Ot £va MIKPOTEPO TUAWA TNG APXIKAS €KTAONC, BIGOTAOELWY
350x250 m (kUkAog ato Zx. 2). H GUYKEKPILEVN TTEPIOXT| ATTEIKOVIZETON PE PEYAAUTEPN AeTrTOpEPEIO
oTo ZXApa 3.

Ta arroteAéouaTa Tou TTapouaIGdovTal TTPOEKUYAV KATOTTIV ETTEEEPYATIAG TWV YEWPUOIKWV Be-
Bopévwy Trou eA@Bnoav Katd TIC mepIdBoug 2002 - 2003 kar avagépovial oTn oUYKpION YEWQUOI-
KWV HEBOSWV TTou TTpayparoToIiénkav oty idia TTEPIOXT) EVOIAPEPOVTOG.

ZUYKEKPIPEV , N YEWPUOIKR £pEuva TEpIEAAUBavE:

V' HAekTpIKr) XapToypdenon pe diaragn Wenner (a = 10 m pe I0QTTO0TACN YPAUUWY
10 m ) o 3 kavvaBoug ouvolikig éktaong 20.000 m?.

v XapToypdgnon pe Tn péBodo KIVOUPEVOU TropTroU — 8¢KTN OE 3 KAaVVEBOUG TUVONIKAG
éxTaong 4000 m>.

v Bapurtikr xaptoypdenon ot 3 YPOUUEG pEAETNG ouVOAkoU pKoug 5000 m kai HE 10a-
TOaTAON OTABUWY 50 m.

v Zaopikg 81a6Aaon SiapAKwY Kal eyKapaiwy KUMATWVY 0 17 ypoppEG HEAETNG GUVOAI-
KoU prfkoug 1200 m.

v Tewpavtdp e kepaieg Twv 110 MHz ot 2 kavvapoug éktaong 1600 m 2 kan 3 YPOUMES
GuUVoAIkoU prikoug 430 m.

v" HAektpikr) Topoypagia pe  didragn Wenner — Schlumberger oe 6 ypauuég MEAETNG
OUVOAIKOU prikoug 3320 m.

v Xaptoypaenon We Tnv NAekTpopayvnTikA péBodo WETpnang ywviag kAiong (VLF) ot 3
KavvaBoug auvoAikrig éktaong 42.000 m? kar 20 YPOWUEG HEAETNG OUVOAIKOU PAKOUG
14.000 m.
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IxAua 2. TOToypagikog XApTng EUPUTEPNG TIEPIOXAS YEWQPUOIKNAG SIaTKOTNaNG oTo opoTédio. Mapouoiddovral
eVOEIKTIKEG YPaMUES NAEKTPIKAG Topoypapiag (T1-T1', T2-T2'), kdvvaBol VLF kaBwg ko ypappés BapuTikig xap-
Toypaenong (A-A’, B-B’, I'-I"). H KUKAIKA) TTEPIOXA UTTOBNAWVEL TO XWPO, OTTOU ETTIKEVTPWONKE N YEWQUOIKN dia-
oKkOTTNaN KOl TG 0TToiag Ta aTOTEAETUATA TTAPOUCIAoVTal OT CUVEXEID.
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ZxAua 3. Tomoypagikdg XApTNG TNG TTEPIOXNAS TTOU ETTIKEVIPWONKE N YEWQUOIKY BIaoKATNan. AlakpivovTal ol
k@vvaBor Tou yewpavtdp (R2A, B, IN) g peBodou kivoupevou Troptrou-0éxtn (H1 -H10) Kai TNG NAEKTPIKNG pe-
860ou (K1, K2, K3) . H AB avrioToixel o€ ypappr NAEKTPIKAG Topoypagiag kai n KABeTn o€ autr) o€ ypappn yew-
pavtdp (BA.§3.3). To mAaiglo pe BIAKEKOUPEVN YPauU) TETPAYWVOU OpIOBETEl TV TEpIoXN Trou diaokoTriBnke
arrd T CEIoHIKA diGBAaon.
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3.1 Zuvduaopog nAeKTPIKAS TopoyPAPiag - oeIguIKNAG dIdBAaong

Zg éva TUANa TNG TTOAYNG Tou Opaiol TTpaypaToTromnkay pia Ypauun NAEKTPIKAG Topoypapiog
uAkoug 36 m kai dieubuvong PBopeia — BopelavaToAikd TTPOG VOTIO — VOTIODUTIKA KaBWG Kal Wia
yYpaupr ogiopikAg didBAaong urikoug 94 m kai idiag dietBuvong.
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ZxAHa 4. YmépBeon ypapung oeiopikng diaBAaong avw ota 6edopéva TNG NAEKTPIKAG Topoypaiag. Alakpivo-
VTal TA TPIA YEWNAEKTPIKGE OTPWUATA TTOU TTPOEKUYAV aTTd TNV EpUNVEIQ TNG TOPOYPAYIag KaBwe kai or dUo yew-
AOYIKEG EVOTNTEG TTOU OPIOBETOUV Ol TEITHIKEG PETPNTEIG. ZTOV opifovTio dfova atreikovifovtal ol oTabpoi cuAAo-
YAG TWV TEIOPIKWV JEDOPEVIIV KAl OTOV KATAKOPUQPO TO BAB0g diaakatrnang (m).

H nAexTpikiy Topoypagia TpayparoTronenke cupgpwva pe Tn didragn Wenner - Schiumberger
Katd TNV otroia n amdaTaon NAeKTpodiwv peUPATog Kal duvapikou augavoTav CUPPETPIKE WG TTPOg
10 KEVTPO TNG didTagng pe Bripa 3 m. MNa v avtioTpo@r Twv dedopévwy XpnalgoTToIenke To Aoyi-
ouikd Takéto RES2DINV (Loke and Barker, 1994).

H yewnAekTpikr) Topr ameikovidel Tn peTaBoAr Tng €18IKAg NAEKTPIKAG avTioTaang g€ auvapTtnan
pe 10 BABog. O1 TipEG TNG E1BIKNG NAEKTPIKAG AVTIOTACONS Yia TNV eV AGYw TTEPIOXT) KupdivovTal atrd
50 -1300 Om. Zuykekpipéva diakpivovTal TPEIG YEWNAEKTPIKEG EVOTNTEG: 1) TO TTPWTO OTPWHA EEAI-
PETIKA UWNAWVY avTIOTAOEWY, WE TIPEG TToU EeTTepvoUV Ta 1270 Om, 2) éva BeUTEPO OTPWHA, TO O-
TT0i0 XapakTnpidetal atd pelwpEVES TINEG 50 - 400 Om kal TEAOG 3) TO TPITO YEWNAEKTPIKG OTpwUA,
TO OTTOI0 Kal XapakTnpileTal améd avTioTAgElg TNG TaENg Twy 400 — 1270 Om (Zx. 4). O1 aguviBigTa
UWNAEG TIPEG TTOU TTOPATNEOUVTAI OTO TTPWTO OTPWHGA eival duvatdv va dikaioAoynBouv edv AngBei
uTTOYN N ETTOXN KOTG TNV OTToia TTPAYUOTOTTOMBNKE N YEWPUOIKN diaokoTnon. O1 HETPATEIG TG N-
AEKTPIKAS Topoypa@iag GUAAEXBNKav OTO TEAOC TOU KOAOKQIPIOU, HE ATTOTEAECHA TO ETTIQAVEIAKO
oTpwpa Tou utreddgpoug va eival Idiaitepa §npd, ye undapivr TTapoucia uypaciag ae oxéon WE Ta
KATWTEPA OTPWHATA.

ZXETIKA WE TN YEWAQYIKN EQPUNVEIQ TNG NAEKTPIKIG TOHOYPAPIAG, Ol TPEIG YEWNAEKTPIKES EVATNTES
WUTTOPOUY va epunveuToly wg €€AG: TO TTPWTO OTPWHA TTOU TTAPOTNPEITAl MTTOPE VO XAPAKTNPIOTE
w¢ aAouBIakég 1) BIANoUBIOKEG aTTOBETEIG. 2T OUVEXEIQ KOAOUBE pia evéTtnTa, n otroia amodide-
TO O€ HOPYEG EVW TO TEAEUTAIO OTPWUG £ival AuTO TToU OPIOBETE TO avBPaKIKO UTTORABPO.

Maparnpeital 6TI 0 YEWAOYIKOG XAPAKTNPIOKOS auToU TOU TUAKATOG TNG TTOAYNG, OTTOU KAl TTpay-
parotroiiBnke n dlaokoTNon, BpiokeTal oe cup@wvia Pe TO YEWAOYIKO XApTn TG TTEPIoXAS. O1 eI
@avelakoi axnuaTiapol Tou OpaAol XapakTneidovral OVTwS wWe auyXpoveg aAOURIOKES aTToBETEIC,
ol OTToiEG ETTIKGBOVTAI TTAVW GTO avBpaKikd UTTORABPO TNG TTEPIOXNS.

‘Ooov apopd aTn YPaUunR TNG CEIOUIKNAG BIABAaoNG TTou TTpayuaToTToINBnKe oTov idio XWPOo PE
TIG HETPAOEIG TNG NAEKTPIKAG TOpOypaiag, eixe ouvoAikd prikog 94 m kal 1IcaméoTacn oToug aTad-
HOUG YEWQWVWY 2 M. ZTnNV TTEPITTTWAON QUTH N CEITUIKN YPOPUN OpIoBETEl BUO YEWAOYIKA OTPWUA-
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Ta. TO TTPWTO OTPWHA QvTIOTOIXET 0€ AAAOURBIAKESG — BIANOURBIAKES ATTOBETEIG Kot TO BEUTEPO OTO Qv-
Bpakikd utToRaBpo (Zx 4). Or oelopIKéG TaXUTNTEG TTOU UTTOAOYioTnKav pE T HEBOBO ouv ~ ANV
(plus — minus) frav Tng TagNg Twv 530 m/sec kai 2500m/sec yia ta dUo oTpwparta avrioToixa. Mia
GUYKPION TWV OTTOTEAETUATWY TNG NAEKTPIKAS TOPOypagiag kal TnG oeiopikAg didBAaong atrodel-
KVUEI OTI KOTA KUPIO AOYO OupQwvoUly, PE Tn dlagopd OTI N YEwAOYIKY epunveia ye Baon tTnv €10IKN
NAEKTPIKA QVTIOTAON TWV OXNHATIOUWY TTPOCQPEPE! HEYAAUTEPN AETTTOHEPEIQ OE OXEDT HE TNV EPHN-
VEia TToU TTPOKUTTTEl aTd TN TaXUTNTA DIAB00NG TWV CEICHIKWY KUPATWV.

3.2 Zuvdudagpog Yewpavtdp - oeiopikig SiaBAaong

H ypappn Tou yewpavrap Trou Teptypd@eTal eixe prikog 75 m, dieubuvan amrd duan mpog ava-
TOAr| Kal BAdBog Bieioduong Twv NAEKTPOUAYVNTIKWY KUPATWY péxprl 10 m mepimou. Ta Sedopeva
gulAéxBnkav pe kepaieg 110 MHz, evw To Brpa delypatoAnyiag frav 0,5 m.

AtiZel va onueiwBei 611 OTIG KATAYPAYEG TOU YEWPAVTAP TTapaTnpeital e§aobévion autwy pE 10
Bd&Bog. Evw apxikd Traparnpeitar évrovn SIEicduan TwWV NAEKTPOUAYVATIKWY KUUATWY péxpl BdBoug
4 m TEPITTOU, OTN GUVEXEIQ O1 KATAYPAPES TOU YEWPAVTAP TTapouaidlovTal Idiaitepa §aaBevnuéveg
pEXp! kar Ta 10 m (Zx. 5). H e€aoBévion aut mBavoTara OxeTi(eTal PE TO BEUTEPO YEWNAEKTPIKO
aTPWUa TToU xapaktnpiletar amod Tnv Umapén papywy. H 8iadoon eTOPEVWS TWV NAEKTPONAYVNTI-
KWV KUPATWY duoxepaiveTal EEaITiag TG TTapousiag JApYag, YE ATTOTEAECHA TO YEWPAVTAP VO Unv
gival o€ B¢on va dWwoel TTEPIOCTOTEPES TTANPOYOpPiEg OE PEYOAUTEPT BABN. H diaxwpIoTIKr) ETIQAVEIQ
QVAPETQ OTIG IOXUPESG KAl AlYOTEPO 10XUPEG KATAYPAYES OPIOBETE] TN BIETIPAVEIQ AVAUETT OTO TTPW-
TO KOl BEUTEPO YEWNAEKTPIKO OTPWHA.
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Ixpa 5. YmépBean Tou povTéAou TaxuTATWY ard Tn oeigpiky SidBAaon Tavw OTIG KATAYPAPES TOU YEWPAVTAP.

Ta oelopikd dedopéva CUNTTANPWYOLY TIC KOTAYPAPES TOU YEWPAVTAP TTPOCPEPOVTAS TTANPO-
@opieg yia To avBpakikd utTTdRaBPOo TNG TTEPIOXAG HEAETNG. ZUYKEKPIMEVA N YPAUWN TNG TEITUIKAS
O1d6Aaang @aiveTal va oploBeTEl TNV opo@r} Tou avBpakikou utrodepou.

3.3 Zuvduaguog NAEKTPIKNG TOUOYPAPING - YEWPAVTAP - NAEKTPIKAG XaPTOYPdPnong

H ypapun nAekTpikiAg Topoypagiag AB gixe guvohikd urikog 36 m, Briga SiaokoTTNONG 3 M Kai
dieuBuvon voTio — voTioduTtika TTpog Bopeia ~ BopeiavatoAikd (BA. DIGKEKOUHEVEG YPAUHES OTO
2x.3). H emodveia Tou édagoug otnv ev Adyw Trepioxn ATav opilovTia Kal 8 XPEIAOTNKE va yivouv
ToTToYPa@IKES DIopOWOoEeIg. H YEWAOYIKA EppNVEia TNG CUYKEKPILEVNG TOPOYPO®Iag ATav ot TTARpPN
OUHQWVIO HE TO YEWAQYIKO HOVTEAO TTOU TTPOEKUWE OTTO TTPONYOUHEVEG NAEKTPIKEG WETPAOEIG
(BA.§3.1). AiCel va onpelwBEi 0TI 0TN YEWNAEKTPIKA Topur) AB Trapartnpeital peiwon Tou Taxoug Twy
UTTEPKEINEVWY OXNUATIOHWY Tou avBpakikoU utroBdaBpou, Kabwg kareuBuvopaoTe TTpog Ta Bopelo-
avaroAikd Tng mepiaxig (Zx. 6).
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TnVv NAEKTPIKI TOPOYPAPIa TUPTTANPWOAY JETPATEIG TTOU TTPAyUaTOTTOINONKAV WE TN uéBodo Tou
yewpavtap. O1 ypappég Tou yewpavtdp eixav prikog 75 m, diebBuvan Bopeia — BopeloduTiKd TTpog
vOTIO — vOTIoavaTOAIKG Kal éTepvav oxedov KABETa TN YPGHMN TNG NAEKTPIKAG Topoypagiag. AkOun
Kal oTnV TTEPITTTWON QUTH, Ol Kataypagiég eugavifouv évrovn e§aaBévion Twy NAEKTPOUAYVNTIKWY

KUPATWY PECT OTO OTPWHA TWV PapywV (ZX. 6).

B-BA ’

HIAIS 100G 5 elipouc trsacy

Zxnua 6. Zuvduaoudg nNAeKTpIKrg Topoypagiag (AB) kar yewpavtdp (BA. Zx. 3). Eival epgavrg n taution tou
TPWTOU OTPWHATOG TTOAU UYNAWV EIBIKWY NAEKTPIKWY aVTIOTAGEWV UE TIG IOXUPEG KATAYPAPES TOU NAEKTPONA-
yvnrikoU KUPaTog oTo yewpavrdp. H TopA Tou yewpavtdp éxel guvoAiko prikog 75 m kai Baog 15 m. H nAekrpi-
Kr) Topr £x&1 urikog 36 m, BaBog 14,5 m kal €UPOG EIDIKWV NAEKTPIKWY GVTIOTGOEWY 50 £wg 1300 Om.

(Boppdg)

(Adon)

&

<50 500 Y

Zxnua 7. Xaptng @aivopevng e101kAG NAEKTPIKAG avTioTaong kai ypappn nAekTpIKNAG Topoypaiag AB. H xapro-
ypag@non wpayparorronenke ye 1n didtagn Wenner pe a = 10 m kai ioamwootaon ypauuwy 10 m. To TeTpdywvo
QVTIOTOIXEI OTNV TTEPIOXT) UWNAAG QaIvOPEVNG EIDIKNG NAEKTPIKAG avTioTaang.
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ZXETIKG HE Ta Bedopéva TnG NAEKTPIKAG XapToypdgnang (BA. kavvaBo K3 ato Zx.3), n omoia Sie-
&nxen oTov id10 XWPOo PE QUTO TWV TTPONYOUNEVWY HEBODWY N ETTEEEPYATIO TWV PETPHAOEWY UTTEDEI-
&e pia mepioxr) auénuévng Qaivouevng EI0IKAG NAEKTPIKIAG avTioTaong pog Ta BopeloavaToAikd Tng
TEPIOXNS HEAETNG (TETPAYWVO oTO ZX. 7). H diatrioTwon auth CUPQWVET JE TNV apxIKA €TTIOHUAvon
ota dedopéva NG NAEKTPIKNAG Topoypagiag kal aimoAoyeital av AngBei uréwn OT1 kateuBuvouaoTe
TIPOG TO GpI0 TNG TTOAYNG Tou OuaAou.

3.4 Zuvduaouag YEWPAVTAP - NAEKTPONAYVNTIKIS XAPTOYPA®Nong

To €1og 2003 d1e€AxON ouvduacpévn BIOOKOTTNON NAEKTPOUAYVNTIKWY HETPAOEWY (UéBodoI Ki-
VOUPEVOU TTOUTTOU — BEKTN KAl YEWPAVTAP). Av Kai 0 Kdvvafog Tou yewpavTtdp ritav 20x40m, n eTre-
gepyaoia mpaypatotroiiBnke ge koivd kdvvaBo diaoTdoewy 20x20m kabwg o KAvapog TG nAe-
KTpopayvnTikAg diackdtnang ritav 20x20m. O1 ypaupés kai yia Tig dUo YeBddous eixav dieuBuvan
arré voTo Tpog Boppd.

(a)

(Avon)

{Nérog)

Class 1

113 115 118 120 123 125

Zxfua 8. Zuvduaopdg nAEKTpopayvNnTIKrG HEBODOU KIVOUpEVOU TTOUTTOU — BEKTN (a) Kai yewpavTdp (B). Z1o Xap-
™ NG PAIVOPEVNG EIDIKNG NAEKTPIKAG avTioTaONG (a) KAl OTOV TA§IVOUNPEVO OYKO TWV KATAYPAPWY TOU YEWpPa-
vTap (B) maparnpeitar pia mBavA doAivn oto Bopeio TunRpa Tou kavvdBou (13 m). Z1o TpiodiaoTtaro oxrua (B) o
Karakopupog agova avrioToixei ot xpdvo (0-540 nsec) kai o1 U0 opifovTiol o€ amdoTtaan (0-40 m kai 0-20 m).

21N Y€B0DO KIvOUpEVOU TTOUTTOU — DEKTN uTToAoyifovTal atreuBeiag pe Bripa diaokdTNoNg 1 mn
TTPAYUATIKY KAl QAVTOOTIKA OUVIOTWOO TOU DEUTEPEUOVTOG NAEKTPOPAYVNTIKOU TTEDIOU KOl OTN OUVE-
XEIa N eaivopevn 1Bk NAeKTPIKA avriotaon. To BaBog diaokéTNong pe 1o Opyavo EM — 31 £prave
HEXPI Ta 6 m TEPITTOU (ZXAMa 8a).

ZXETIKG WE TOV KAVVAPBO TOU YEWPAVTAP, O YPAUUES aTreixav ioatmdoTaon 1 m, To BAua diaokd-
mnong Atav 0,5 m kai xpnoipotrorenkav Akl kepaieg Twv 110 MHz. Ztnv mepimrwaon autr ota
Oedopéva Tou YEWPAVTAp eQapudaTnkav pEBodol Tagivounang. H Aoyikr Tng tagivounong atnpiletal
aT0 Yyeyovog OTI OAEG OI UETPHOEIG TOU YEWPAVTAP EXOUV KATTOIES IBIOTNTEG, Of OTToiEG AAAOTE Eival
KOIVEG Kal GANoTE Blagépouv KaTd TTOAU aTrd PETPNON Ot PETPNON. AvAAoya ETTOPEVWG HE TO XOPa-
KTNPIoTIKA TOug (attributes), Ta dedopéva Tagivourndnkav oe opddeg — Tagelg. Aedopéva pe TTapduola
XAPAKTNPIOTIKA eP@avifovtal Je iB10 XpWHATIOHO KAl QvTIOTOIX0UV O aVAAOYEG YEWAOYIKES LOPQES
(Taner et. al., 2001). Amé Ta tagivounuéva TAéov dedopéva, daToTWONKE OT1 01 TTEPIOXEG aTta 13
Kal 28 m avrigToixa TTpog duopdg avrikouv atny idia Tagn (Xx. 8B). Ta BABn ota orroia gvroTioTn-
Kav Ol avWHOAIEG TTPOEKUYAV ETTEITA ATTO avTIoTOIXia TNG TaXUTNTAG BIAd0CNG TWV NAEKTPOUAYVNTI-
KWv kupdatwy (0,1 m/sec) kal Tou povou xpovou diadpouns Kupartog (130 nsec yia TNV avwuaAia
TWv 13 m).
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H péBodog Tou KIVOUNEVOU TTOUTTOU — BEKTN EPPAVIOE HE TN OEIPA TNG TTEPIOX XAUNAWY EIBIKWY
NAEKTPIKWY QVTIOTAOEWY OTA BOPEIR TOU KOIVOU KAVVEBOU. ZUYKEKPINEVD QUuTH N avwpaAia TTapaTn-
peiTal OVTwg o€ pia atmd TIg dUo TTEPIOXEG TTOU €ixav emManuaveei amod ta Tagivounuéva dedouéva
TOU YEWPQVTAP (TETPAywvo aTo ZX. 8a). O1 dUo péBodol ETOUEVWG QAIVETA! VO CUUQWYOUV UETAEY
TOUG, OPIOBETWVTAG Hia TIBavr doAivn.

210 onueio autd TTPETTEl va avapepOei 6Tl o1 XapnAig TIHEG €18IKAG NAEKTPIKNAG avTioTaang TTou
atrodidovral ot JoAivn. H apatrdvw diammioTwaon eV PTTOPET Vo YEVIKEUTET WS Kavovag yia dAa Ta
KapoTikG £ykoiAa.. O1 TIpég eTTopévwg TNG e1BIKAG NAEKTPIKAG avTigTaoNG TTOU PTTOpPoUV va atrodo-
BouUv ag kapaTikf dopn dev eival aTToKAEIOTIKA UWNAES 1) XaUNAEG, aAAd EEapTWVTAl TTAVTOTE QTTO TIG
OUVBRKEG Tou TTEPIBAANOVTA XWPOU.

3.5 HAektpikr Topoypagia (ypapuég T1—T1 ka1 T2 — T2')
2TV TePITrTwon auth Tapouaiddovial dUo ypaupég NAEKTPIKAG Topoypagiag prikoug 330 m é-
KaoTn Kai pe Bripa diaokotnong 30 m oto kEVIpo TepPiTTou TNG TTOAYNG Tou Ouaiol (BA. Zx. 2). O
TKOTIOG TWV TUYKEKPIMEVWIV HETPACEWY fTav va JITIoTWOEN katd TTOC0 eival £vTovo To avayAugo
NG OPOPAG TWV AVBPAKIKWY OXNUATIOUWY oTn TTOAYN Tou OpaAoy,.

(@)

Cepth  terstion S RMS enac ™ 148 %
xa o 510 750 m

i

zn_; ~® Yynhég avnioTdoeg

3 4000-12700m
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748 50-400Qm

e 95

i) 1 oAU uynAég avnioTaaeig
. >1270Qm
inserse Wads! Regis! n»lv Geclan
.ll.%,. ~m = " 504 ]
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o Xapnhég avTIoTAOELS ' 4000-12700m
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>12700m
143
awerae Model Regislaity

Q0 "y 12 ag 3w S 1] 1278

Resistraty n shon.m Lt electode spacng X0 m

ZXNHa 9. HAEKTPIKEG TOHOYPAPIEG KATA PAKOG TwV YPapuwyv peAétng T1 — T1' (a) kai T2 — T2’ (B) TTou ammelkovi-
Jouv TNV evaAAayn TwV TPIWV OTPWHATWY Kal TNV évrovn diakupavan TG 0po®rg Tou avlpakikol utroBadpou.

Mpdypar o1 NAEKTPIKEG TOPOYPOPIEG 0pIoBETRTAV T TRI YEWNAEKTPIKA OTPWUATA TWV aAAOU-
Biakwv atroBEgewy, TG HAPYAS KAl TOU avBpakIKoU utroBdBpou. ZXETIKA WE TO TEAEUTAIO, TTAPATN-
peiTal pia évrovn dlakupavaon ato B&B0g TG 0POPriG TOU WE TIREG TTOU KupaivovTal ammd 75 — 115
m. AIQTTIOTWVETAI ETTOPEVWG OTI TO AVAYAUQO TNG OPOPrG TwV OORECTOAIBIKWY OXNUATIOPWY TNG
OAYNG Oev eivar opalo (Zx. 9).

O1 BIaTTIOTWOEIG TWV YPOHPWY NAEKTPIKAG Topoypapiag ETIRERIWBNKAV aTTd YEWTPNON TTOU
Bpioketal oTo voTioBuTIKG TUARG TNG TTOAYNG Tou OpaAoy. ZUpP@Wva JE TN YEWTPNON epgavifovral
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aAAOUBIOKES TTPOOXWOEIG (XAAIKEG, ‘terra rosa’), oTPWHA PAPYAS HE AUPOUG, Kal TEAOG TO avOpaKi-
KO utréadpo.

3.6 Tpiodidararn atreikdvion TnG OpPOPRS TOU avBpaKIkou UTToRABPOU

H tpiodidoTarn aTrelkdvion TG 0po@ig Tou avBpakikoUy utToRdBpou TTpoékuwe amd Tn guvdua-
agpévn epunveia GAwv Twv ypapuwy oeigpikns diaBAaang mou diegrixbnaav ge Tuiua Tou Ouaiou
(BA. KUKAOG aTO ZX. 2). ZTNV TpIodidaTaTn eikdva epgavidetar BUBion Tou avBpakikou utroRddpou
aTa VOTIOQVATOAIKA TNG TTEPIOXNG HEAETNG (KUKAOG oTo Zy. 10). ZTn ouykKekpipévn B€an To BABoG TNG
0POPrG HEIWVETAI OTTO Ta 4-5 m o1 9 m.

%1,,00 a' g
L

=
BOPpyy

Zxnua 10. TpiodiaoTarn ameikovian NG opoPng Tou avepakikou utrofdBpou. O oTaupoi avTigToixouv oTig B¢-
TEIG TWV YEWQWVWVY OE KABE OEIOUIKr ypappun peAéTng. Me mo okolpo xpwua atrekovifovial Ta BaBurtepa on-
peia atrd v em@dveia Tou e8APOUG.

ZupTTEpaopaTIKG atrodelkvieTal 11 n péBodog TG oeiopikrg didBAaong eival o Béon va xapTo-
YPOAQHOEl PE AETTTOEPEIT TO avBpaKIKS UTTORABPO, TO 0TToI0 EpPavICETal apKeTd éviovo. H emiTuxrig
EQOpHOYH auTrg TNG HEBOBOU OTO OUYKEKPIUEVO TUANO TNG TTOAYNG UTTOdEIKVUEI TN CUVEXION TNG
B8100kdTTNONG 0 OAGKANPN TTALov TNV TTOAYN Tou OpaAou.

4 IYMNEPAZIMATA

H TTpoKaTapKTIK YEWQUOIKY SIATKOTINON TTOU TTPAYUATOTTOINBNKE OE THANA Tou opoTrediou Tou
OpoAol eTTéTpEWE TNV OTTEIKOVION OTTNAQILWOEWY Kal SoAiVwy KATG HAKOG TOU UQIOTAUEVOU ETTAP-
XIoKoU Opdpou. ZXETIKA HE T YEWAOYIKY XApTOoypd®nan TnNG TEPIOXAG, EVTOTIIOTNKAV TR YEWNAE-
KTPIKA oTpwyara, Ta oTroia avTiaTolXouv g€ aAAouBlakég — BIANOUBIOKEG ATTOBETEIS, OE £va OTPWHO
papyag kai TEAog 0To avBpakikd UTTORABPO Tou Xwpou HEAETNG. H ouvduaopévn epunveia Twv
YPOAUHWY OEIOPIKAG dIdBAaoNG KaBW¢ Kal OU0 YPAPMWY NAEKTPIKAG TOUOYPOQIag ETTETPEWE TNV
TpIodIdoTaTN aTEIKOVION TNG 0poPrig Tou avBpakikol utrofdBpou. MapdAAnAa avadeikviovral Bu-
Bioeig Tou avBpakikou utTToBABpou, ol oTroieg ouvdEovTal PE UTTaPKTEG DOAIVES TNG TTEPIOXIG.

ATTO Tn oUYKPION TWV ATTOTEAECHATWY TwV SI0POPWY YEWPUOIKWY HEBOGDWY, TTPOEKUWE OTI N
NAEKTPIKA Topoypagia gival n TTAEoV KATAAANAN yia TOV EVTOTTIONO TwV JI0QOPWY OTPWHATWY TOU
UTTEBAPOUG Kal TNV OTTEIKOVION TWV {NTOUHEVWY KAPOTIKWY pop@wv. Me tn péBodo Tou yewpavtdp
Kal TNV £@appoyn auyxpovwy PeBOdwV Tagivounaong ameikoviatnkay pe uwnAr TTAEov avdaAuon ol
SoAiveg Kal Ta KapoTIKA £yKolAa, Ta otroia emBeBaiwBnkav amd tn die€aywyn XapToypdenong He
TNV NAekTpOopayvnTiKA péBodo kivoupevou Troutrol — 8ékTn. Me Tn oeiopikr TéAog didBAaon, Tpoo-
SlopiaTnkav o1 TaxuTnTEG d1Ad0aNg TWV JIGUAKWY Kal EYKOPTiwV KUUATWY, TOOO OTOUG UTTEPKEI|E-
VOUG KAOOTIKOUG OXNUATIONOUG 600 KAl OTA PETAPOPPWHEVA aVBPAKIKG TTETPWHATA TNG EVOTNTAS

1212



Tou TputraAiou. AUO YEWNAEKTPIKEG TOMEG OTO KEVTPO TNG TTOAYNG uTrédeifav OTI To uTTORABpPO TTa-
pouaidZel ApKETA £vTovo avayAugo, e diakupdvoelg oTo BABog TNG opoPAg TwV avBpaKkiKwy oxn-
daTigpwy atro 75 - 115 m.

H mapoloa peAétn amedeige 61 n ouvOuUQOoUEVN EQAPHOYH TWV YEWQUOIKWY PEBOBWY, WE TN
CUPBOAY TTAvTa TNG YEwAoyiag, eival oe BEon va e¢dyel opOA OUPTTEPACHATA OXETIKA HE TIG YEWAO-
YIKEG HOP®ES oTNV TTEPIOX Tou OUaAOU KAl TV avAdEI§n ETTINEPOUS AVWHAAIWY KAl TTEPIOXWY EV-
OI0PEPOVTOC. Ta ATTOTEAECHATA WOTOCO TTOU TTAPATEBNKAY OTNV TTAPoUca EPYacCia, atroTeAOUV Po-
vAxa TO TTPOKATAPKTIKG OTAdIO TNG YEWPUTIKAG dIaokoTTNONG 01O 0poTrédio Tou OuoAol, KabBwg n
TTEPIOXA ATTOTEAEI QVTITIPOTWTTEUTIKG TTAPAJEIYUA EVOG OIKIOTIKOU KAl TOUPIGTIKOU XWPOU TToU £XEI
avaTrTuxBei Trévw g€ evepyd kapaTika Tredia kai ailel va HeAeTNOET AeTTTopEPETTEPQ.
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ABSTRACT

GEOPHYSICAL SURVEY AT THE OMALOS PLATEAU, CHANIA, CRETE

Vafidis A.", Manoutsoglou M.?, Hamdan H.", Andronikidis N.", Koukadaki M.", Kritikakis
G.", Oikonomou N." ka1 Spanoudakis N.'

’App/ied Geophysics Lab, Department of Mineral Resources Engineering, Technical University
of Crete, 73100, Polytechnioupolis, Chania, vafidis@mred.tuc.gr, mkoukad@mred.tuc.gr.

£ Geology Lab, Department of Mineral Resources Engineering, Technical University of Crete,
73100, Polytechnioupolis, Chania, emanout@merd.tuc.gr.

This paper discusses the preliminary results of a geophysical survey that was carried out at the
Omalos plateau in Chania, Crete. The geophysical survey included measurements of electrical to-
mography, electrical mapping, seismic refraction, georadar, VLF and gravity. The aim of this survey
is to compare the results from different geophysical methods used in imaging dolines and karstic
features. The processing of the measurements indicates three geoelectrical layers. The first layer of
extremely high electrical resistivity is attributed to alluvial — dilluvial deposits. The second layer of
very low electrical resistivity reflects mainly the presence of marls. Finally, the third geoelectrical
layer outlines the carbonate bedrock, whose relief appears highly irregular. The comparison of all
geophysical methods leads to the same results, concerning the detection of dolines and karstic
anomalies at the Omalos plateau.
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2YMBOAH THEZ HAEKTPIKHE TOMOIPA®IAZ KAI THE ZEIEMIKHE
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AIMNOAEZAMENHE :THN KOYNTOYPA, A.NMEAEKANOY, N.XANION
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2 FEQTEK ETE, Mepiyiéh 83, KaBdAa
¥ OAAYK Mharsia 1866 & Kpidpn, Xavid

MEPIAHWH

ZTnVv gpyacia autr) Tapoucidfovtal kal agloAoyoUvTal Ta OTTOTEAECHATO TNG YEWQUOIKAG Ola-
okétnong otnv teploxr Tng Kouvroupag Tou Afjgou MeAekdvou Xaviwv. H yew@uoikr €épeuva eixe
WG OTOXO TOV TTPOCBIOPITHO TOU TTAXOUG TWV ETTIQAVEIAKWY YEWAOYIKWY OXNHATIOPWY TTAVW OTOUG
otmoioug Ba edpaaTei n Aigvode€apevri kal TNV UTTOOEIEN BEoEWY BEIYHATOANTITIKWV YEWTPHOEWV.
Zra mAaioia TG HEAETNG aUTAG OXEDIAOTNKE YEWQUOIKY £PEUVA, N OTToia TTEPIAGHPBAVE! 7 YPOUMES
MEAETNG ceiopikhg BidBAaong ouvoAikou prikoug 1012 m, 3 ypQAuUES NAEKTPIKAG TOpOypagiag
GUVOAIKOU pAkoug 248 m KaBwe Kal 7 ypapuEG HEAETNG OTIG OTTOIEG TTPAYUATOTTOINBNKAV NAEKTPO-
payvnTikég perprioeig VLF.

210 TUAMA TNG TTEPIOXNG MEAETNG BUTIKA TNG eTTapXIaKAS 080U TTpog BouTtd, n osiopikr| did6Aacn
UTrOdEIKVUEI TPIG OTPWHATA, TO TTPWTO KAl TO BEUTEPO QVTIOTOIXOUV OE AATUTTOTTAYr) OXNUATIONO. Z€
Mia atré TIG OEIOUIKEG YPAUMEG HEAETNG TTPaYHaTOTTOINBNKE BIACKOTTNON KAI YE TNV NAEKTPIKA TOMO-
ypagia (didtagn Wenner). Zuykpivovtag Tnv YEWNAEKTPIKY TOUN HE TNV QVTIOTOIXN OEICHIKY TTOPO-
TNPEEITAl OTI TO TPITO OTPWHA TOU HOVTEAOU OEITHIKAG TaXUTNTAG Eival NAEKTPIKG TTIO AYWYILO Kal O-
vTIgTOIXEl Ot Wdpyeg Tou Neoyevoug. Ta Trapamdvw empBefaiwbnkav amd TTAnpogopicg 1600
SEIYHATOANTITIKAG YEWTPNONG 600 Kol dlaypagiuwv QUOIKAG padlEvEpYEIag of oTToieg dievepynBnkav
O€ yewTpnon 1ou utrodeixBnke atrd Tn YyEwuaikr dlaokoTTnan.

270 TUAMA TNG TTEPIOXNG MEAETNG aVATOAIKG TNG ETTAPXIOKNG 000U TTpog Boutd, epgavidetal évro-
vn TAEUPIKA PETAROAN TNG EIBIKAG NAEKTPIKNG avTioTaang, n otroia o@eiAeTal CUPQWva PE delypaTo-
MTITIKR YEWTpnon oe eEaMoiwpévo QUAANITH TTou TTapedBAAAeTal OTIS pApyeg Tou Neoyevoug. Atd
TO YEWQUOIKA Kal YEWTPNTIKG OTOIXEIQ KATAOKEUAOTNKE TPIODIADTATO HOVTEAD TNG OPOPrG TWV Pap-
YWV TOU VEOYEVOUG, Ol OTTOIEG UTTOKEIVTIQI TOU ETTIQAVEIOKOU AaTutroTrayoUus oTpwuaTtog. Otrwg yive-
TQI EHPAVESG aTTd AUTO TO POVTEAO, To BAB0G TTou ammavrdral 0 oXNHATIoONOG TNG Hapyag TTapouaiddel
SloKUPAvoEIg, o) 0TToieg OPwWG dev QaiveTal va ogeidovtal oTnv UTTapén priypatog aAAd axetifovral
pe 1o TTaAQtoavayAu@o Tng atrooabpwpévng {wvng QUANITWV—XAAQZITWV KOl TV UTTOKEIMEVWY QU-
TG aoBecTOABWV.

| EIZArQrH

H mrapoloa epyacia TPAYPATEVETAI TNV YEWQUOIKA EpEuva TTOU £XEI TTPAYUQTOTTOINBEl OE TTE-
ploxr) 6TToU TTPOKEITAl VO KATAOKEUAOTE Aipvodeapevr). TOOO n YEWAOYIKA £pguva 600 Kal N YEw-
QuaIk Oev gival IKAVEG aTTO MOVEG TOUG VO TTAPEXOUV TO TTARBOG TWwV ATrapaiTTWV TTANPOPOPILY
TTou atraiTouvral yia Tov axediaopd autol Tou TeXVIKOU épyou. O ouvBUaoudg TWV YEWAOYIKWY
OTOIXEIWV ME Ta YEWQUOIKG dedopéva, divel Tnv duvatoTnTa yia eEQywWYr) CUUTTEPOOUATWY TTOU OXE-
Tiovral YE TIG YEWAOYIKEG OUVONKEG. Ta YEWQUOIKA atroTeAéTpaTa (OEIOUIKT) OIGBAaON, NAEKTPIKN
Topoypagia) agioAoyriBnkav Kal £V OUVEXEIQ TTpayHATOTTOIBNKAV YEWTPAOEIG OE BETEIC TTOU UTTE-
BeIEE N YEWPUOIKN EPEUVA TTPOKEIPEVOU VO ETTAANBEUTE N apXIKA EPUNVEIa.
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2 MEPIOXH MEAETHX

H Kouvroupa Bpioketal 0To voTIodUTIKG GKPO Tou vopou Xaviwy, 7 km trepitrou duTikd Tne Ma-
Aatdxwpag. H eptoxn Tng Kouvtoupag xapaktnpifetal amd fmo avayAugo kal €ival EAa@pa €TTIKAI-
V|G WE KareuBuvon TTpog Tn BAAagoa. ZuyKeKpIPEva, N TIEPIOXT UEAETNG TTEPIOTOIXIZETOI OTA VOTIA
a1rd 10 EKKANTAKI Tou Ay. Mewpyiou, ota avatoAikda amd tov Adpo TpouAa, ota SUTIKA atTd Tnv Tre-
proxn] MAATteg kar ota Bopeia ammd 1o ekkANGakl Tou Apx. MixanA. AgiCel etriong va onueiwdei 011 n
TEPIOXN MEAETNG Blaipeital amrd TPAPA TNG ETAPXIAKG 0600 TToU KATEUBUVETAI OTO BouTtd. 10 OXI-
pa 1 atreikovigovral To avayAugo Tng TTEPIOXAS HEAETNG kaBWG eTTiang kal Ta 6pia TG Aivodegaue-
VAG.

Oi yewAoylikoi axnuaTiopoi TTou TTapatnpolvTal atnv eupUTepn TEPIOXN Eival:

a) Tetaproyeveic amoBEiaeig @ eival ol vedTepeg amoBETEIS TNG TTEPIOXIS KAl OTTOTEAOUVTQI OTTO
KPOKAAEG, AUPOUG Kal GAAG UAIKA XOAaprG OUVEKTIKOTNTAG. To PéyIoTo TTaX0G TOUG aTo QUAAO Xdp-
™ «lMaAaidbxwpa» divetar Tepi Ta 100 pérpa. Evrdg Twyv opiwv TNG TEPIOXNAG HEAETNG TO 0PATO TOUG
TTAXO0G TTOIKIAAEL KAl KUMAIVETQI QTTO MEPIKA EKATOOTA OTnV avaToAikr KAITH, TTdvw amd Toug avepa-
KIKOUG axnuatapous, dUo TTepitTou PETPA KATA PAKOG HIaG TOUNAG OTO KEVTPIKO THAKA Kal TTepi Ta 15
HETPO KATA PriKog Tou Bpopou ato BOPEIO TUNAHA TNG TTEPIOXIAS.

B) Neoyeveig ammobéoeig: amroTehoUvTal KUpiwg aTTd PAPYES, WOUMITEG, POPYAIKOUS GoBeaTOMI-
Boug, AatutroTrayr] Kai KpokaAoTtrayn.

y) PUAAITIKOI-XaAQdITIKOi OXnUATIOHOI: avrikouv aTnv evotnta Twv GUAANTWV-XaAadiTwy TTou
BpiokeTal eTTwWONUEVN TTAVW OTNV CEIpa TputraAiou.

8) AvBpakikoi axnuaTiopoi: atroTeAoUV Toug TTAEoV OI0DEDOUEVOUG YIA TO TEKTOVIKA KOAUUUOTA
NG Mivdou kai TpitroAng.

ZUpQwva pE Ta aToIxEia arrotuyxouoag apdeUTIKNG YEWTPNONG aTtnVv TTepioxn (Zx. 1), To emea-
VEIOKO OTPWHA TWV AQTUTTOTIAYWY £ival OUVEKTIKO Kai £Xel TTAX0G 18 m. O UTTOKEIPEVOS OXNUATI-
op6g avTiaTolxei o€ papyeg Tou Neoyevoug.

YNOMNHMA
0 reogiong
SN Zes et Saliidost

—— 1 100 YOO@k
wuF
Bpbpag

— i RvoSeSimentc

IxAua 1. Toroypa®ikd opoiwpa TNG TEPIOXNG HEAETNG.

3 TEQO®YZIKH AIAZKOMNHZH

3.1 MEéBodor yewuaikig diaokoTnong

H oeiopiki 8idBAacn avrikel OTIg CelopIKEG PeBODoUg dlaokdTnang. H apxn Tng uebddou auTrc
BagifeTal oTOV TTEIPAUATIKO TTPOCDIOPIOHS TwV XpOVWY dIadpoprg Twv oTTeUBEeias KUPATWY Kol TWY
KupdTwv 81a8Aaong Kai Tn XpnaigoTroinar, Katémv, Twv KapTTuAwy Tou Xpévou diadpoung Twv Ku-
HATWY QUTWY, Yia Tov KaBopIiouo6 TNG TaxUTNTAG TWV KUUATWY OTA ETTIPAVEIOKA oTpwuaTa (Lankston
1992). H diaokotrnon pe TN ogiopikr SIGBAacn TPAyUaToTTOINBNKE KATA UAKOS ETITA YPOAUMWY HEAE-
™G (ZX. 1). O1 CeIopIKEG Ypappég HEAETNG 1 éwg 4 atroteAoUvTal atrd SU0 avamTiyuara 24 yeww-
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VWV Kol grikoug 92 m 1o KABE €va, EVW Ol UTTOAOITTEG TPEIG ATTO EvVal AVATTTUYHO PrKoug 92 m. H -
ooTrdaTAC TWV YEWPWVWY ATaV 4m . H TTapaywyr) CEIOHIKWY KUPATWY TTPAYPATOTTOINBNKE HE TNV
Kpouon BaploTrouAag Tavw o€ PETAAAIKY TTAAKA, TOOO dkpa NG DIATAgNG TWV YEWPUVWY OO Kal
HETAEY TWV YEWQWVWY. ZTNV TIPWTN TIEPITITWON N améaTtacn g Tyng ATav 2 kai 20 m armé 1o 1°
Kal To 24° YEQQWVO, EVW 0T BeUTEPN N TINYr Bpiokovrav PETagy Twy YEwQWvwyY 6 -7, 12 -13 Kal
18-19.

H nAekTpIKr TOHOYPaQia avrikel OTIG NAEKTPIKEG PEBBDOUG YEWPUOIKAG DIAOKATTNONG KAl CUMBAA-
A&l 0TN AETTTOPEPT ATTEIKOVION TOU UTTEDAPOUG, KaBWG eival péBodog uWwnAnG BIaKPITIKAG IKaveTNTag
(Loke & Barker 1996). Ztnv nAekTpIKr} TOPOYpa@ia, n TEPIYPOPH TNG YEWAOYIKAG Bourg Baacileral
oTnN MEAETN TWV PETABOAWY TNG EIBIKNG NAEKTPIKAG avTiIOTAONG KATA TNV OPICOVTIO KOl TNV KATAKOPU-
@n OieUBuvan evroTiovTiag €101 AOUVEXEIEG TWV OXNUATIOPWY, OTTWG priypata. H diaokoétnon pe
TNV NAEKTPIK] TOPOYPA®PIQ TTPAYUOTOTTOINBNKE KATA PAKOG TPIWV YPaUUWY PEAETNG pE TN DidTagn
Wenner kai 1I0aTr60Ta0N NAEKTPODIWV 4m.

H péBodog VLF avriker aTig nAekTpopayvnrikég peBddoug yewguoikrg dilaokotnong. Orav H/M
kUpara Siadidovial ato uTTESaQPOg ETTAYOUV NAEKTPIKG PEUUATA OE OTTOI0 AYWYIHO GWHA TUVAVTH-
oouv. Ta pevparta autd dnuioupyouv BeUTEPOYEVESG HayvnTikG TTedio. ETreidr n £vraon Tou TPwTeU-
oVTOG Kl Tou deuTePEUOVTOG payvnTIKoUu TTediou PETABAAAETAI PE TO XPOVO, TO GKPO TNG CUVIOTAE-
vng Toug Ba diaypdeel EAAEIYN (EAAEITTTIKA TTOAWPEVO KUMPA), TNG OTToiag O WEYIOTOG Ggovag
oxnuariel ywvia 6 pe 1o TpwTtelov payvnTiko Tedio. H ywvia 8 ovopddetal ywvia KAiong TG ouvi-
aTauévng évraong Tou payvnTikoU Tediou. Kard tnv epapuoyn tng peBdédou VLF Tpayuparotoliol-
VTOI JETPAOEIS TNG Ywviag kKAiong oe didgopa onueia Topwyv. MeTaBoAr TG TIMAG TNG ywviag KAiong
uTToONAWVEl BoPES UWNARG NAEKTPIKAG aywyinotnTag (priypara). Z1nv Kouvroupa Xaviwv Tpayua-
ToTTOIONKAV PETPACEIG TNG Ywviag KAiong pe 10 nAektpopayvntiké 6pyavo WADI kard pfikog 7
YPOUHWYV HEAETNG.

3.2  AmoreAéopara YEWQUOIKAS dlaokoTTNoNng

3.2.1 AmoreAéouara aeiouikng SIaoKOTTNONS

O1 KaTaypaQég TWV CEICPIKWY BedOPEVWY ATTOTEAOUVTAI ATTO COEITUOYPANUATA, OTA OTTOIN QTTEl-
KoviZeTal n £da@Ikr TAAGVTWON O OUVAPTNON PE TO XPOVO (ZX. 2). H emeepyacia Twv CEITPIKWY
dedopévwy Eyive pe To Tpoypaupa SIP tng EG&G GEOMETRICS ©. To mpoypaupa autd Xpnoi-
HoTTOIEITAl VIO TNV ETTEEEPYATIA TWV TTPWTWY AQIEEWY TTOU AVTIOTOIXOUV OF QTTEUBEiag i HETWTTIKA
KUpata. H emeéepyacia Twv oeigpikwy dedopévwv trepIidapBavel Ta e€Ag oTddia: a) Aoy Twv
TPWTWV aPiewv B) dnuioupyia dpopoxpovikol diaypdupaTog Y) TTPOadIOPITUOS TWV OEICHIKWV
TOXUTATWY Kal Tou povtéAou BdaBoug pe Tnv Tpotrotroinuévn péBodo cuv-rAnv (Haeni et al. 1987). H
OEIOHIKN £peuva TTEPIEAAUBaVE 7 ypappES HEAETNG ouvoAikoU prikoug 1012 m. AvatoAikd Tou £TTap-
XlakoU dpbéuou Tpog Boutd BpiokovTal oI CEICUIKES YPaUUES ZA-1, ZA-2 kai ZA-7, evw) OUTIKA Tou
BPOHOU 01 UTTOAOITTEG YPAMUEG.

AuTikd Tou eTTap)IakoU dpopou Bpiokovtal oI OEICUIKEG YPappEg ZA-3, ZA-4, TA-5 ka1 ZA-6. ZTig
OEIOHIKEG Ypappég ZA-3 kai ZA-6 TTpoadiopiaTnKav Tpia OTPWHATA HE TAXUTNTEG TWV P — KUPATWY
armd 1492 éwg 1862 m/sec yia 1o TTPWTO OTpWHA, atd 2091 £wg 2434 m/sec yia 1o SeUTEPO OTPW-
pa kar atré 3081 éwg 4009 m/sec yia To TPITO OTPWUA. ZTNV CEITUIKY Ypauun ZA-4 poodiopioTn-
Kav 000 oTPWHATA KE TaXUTNTEG TWV P — Kupdtwy amd 1714 £wg 1995 m/sec yia 1o TTPWTO KAl a1rd
3132 éwg 3448 m/sec yia 10 deUTEPO. TNV ZA-5 dev kKatéaTn duvarr n eUpeon Tou YovTéAou Bd-
Boug Aoyw TrepIopIgpévou apiBuoU TTPWTWY GQIEEWV YIa TO HETWTTIKG KUpPOTA. ZUPQWVA PE TA OTOI-
xeia Tng SelypatoAnTrTiKAS yewTtpnong O-1, To 8elTEPO OTpwHa OTIS ZA-3 kal ZA-6 gival AatutroTra-
YEG ME TAXUTNTA TroU Kupaivetal amd 2091 £wg 2434m/s, eviy 0 OAEC QUTEC TIC YPOAMMES TO
TEAEUTAiO OTPWUA QVTIOTOIXEl OTIG PAPYEG Tou Neoyevoug. ZUMTTEPACHATIKG, Trapartnpeeital Ot ol
Hapyeg TTapouaidlouv UEYOAUTEPEG OEIOHIKEG TaXUTNTEG ATTO T UTTEPKEIPEVA Aatutrotrayr, Trap’
OAO TTOU QUTA Eival CUVEKTIKA.

AvatoAikd Tou eTTapxiakou dpopou Tpog Boutd Bpiokovtal o1 ZA-1, ZA-2 kai ZA-7. H digvBuvon
Twyv ZA-1 kal ZA-2 eival BA-NA. Ztnv ZA-1 mmpoadiopioTnkav Tpia £Da@IKE OTPWHATA HE TAXUTNTES
P — kupdtwy 861 m/sec, 2036 m/sec kai 2476 m/sec avrigToixa. To TEX0G TOU TTPWTOU OTPWHATOS
Kupaivetal atmd 2 éwg 6 m kai Tou deutepou atd 6.5 £wg 15 m. Zmnv ZA-2 mpoadiopioTnkay dUo
oTpwpara. H taxutnra Twy P — KUPATWY 0TO TTPWTO OTpWwHa Kupaivetal amd 1055 £wg 1120 m/sec
kar oto deUTEPO aTTd 2656 £wg 3993 m/sec. To TT&XOG TOU TTPWTOU OTPWHATOG auédvel amd 7 oTta
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20 m pog NA. Ztnv ZA7 dievBuvong NA-BA tpoodiopiatnkav dUo oTpwparta pe TaxutnTeg Twy P
— Kupatwy 1140 m/sec kai 2241 m/sec avtioToixa. Ta péoo TAX0g Tou TTPWTOU OTPpWHAToC gival 10
m.
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IxNAua 2. Apopoxpovikd didypaupa kal TUTTIKY) Kataypa®n yia Tn Ypappr HEAETNG XA-7. ETov KaTaképu@o afova
aTTEIKOVIZETAl O XpOVOG OE Msec, EVW OToV 0pIZOvTIo, N ardéaTacn atd T CEIoMIKr TNy B kai Ta 24 kavdAia
(yewouwva).. To ‘1" gupPoAiler ameuBeiag OEIOUIKG KUPATA, EVW TO ‘2, T HETWTTIKA KUMATA.

Ma TNV Epunveia Twv CEICHIKWY TOUWYV Xpnoigotroifénkav ol delyparoAnmTikég yewTprioeig O-1,
0-2 kabwg Kal o1 epeuvnTikég O-3 kal O-4. H yewtpnon O-3 BpiokeTal oTnV Ypauur HEAETNG ZA-1
kal 0IETpnoe udapyeg Tou Neoyevoug péxpl BaBoug 30m. To €UPOG TWV TIMWY TNG TEIGUIKAG TaXUTN-
106 070 BEUTEPO OTPWHA (2036 M/s) kal OTO TPiTO (2476 M/s) KaTd prikog TNG ZA-1 CUPQWVE PE TIG
avTioToIXEG TNG Hapyag aTn BiBAoypagia.

Me Bdon ta TTapatdvw n opoer} Tou OTPWHATOS TNG pApyag duTtikd Tou dpduou, TTpog Boulta,
XAPTOYPAPABNKE XPNOIMOTTOILVTAG TAXUTNTEG TToU Kupaivotav atmd 3000 £wg 4009 m/s, evw ava-
TOAIK& Tou OpodpoU N Pdpya eP@aviel HIKPOTEPES TaXUTNTES TToU KupaivovTal amd 2000 £wg 2500
m/s.

3.2.2 AmoreAéouara nAekTpIkriS Topoypagiag

O utroAoyiopég TNG €IDIKAG NAEKTPIKAG QVTIOTAONG ETTITUYXAVETAI HE TNV XPAGN TOU AOYIOHIKOU
makéTou Res2Dinv (Loke & Barker 1996). 10 mpoypaupa autod Bewpeitar OT1 KABE TOWr) TOU UTTE-
ddgoug diaipeital o TuApaTa oxApaTog TTapalAnAdypappou. H e1dikf nAekTpIikh avrioTaon Bewpei-
TOI OTABEPr) OE KABE OTOIXKEIWDESG TUANA. ZEKIVIBVTAG, UTTOAOYIOVTal 01 TINEG TNG aIVOPEVNG EIDIKAS
NAEKTPIKAG AvTIOTAONG YIa ApXIKO YEWNAEKTPIKO PovTEND. Me BIadOXIKEG ETTAVAAAWEIG ETTIAEYETAI TO
TEAIKO HOVTEAO yIa TO OTT0i0 N SIAQOPd HETPOUUEVWY KAl UTTOAOYIOHEVWY TIHWV TNG QAIVOUEVNG El-
OIKAG NAEKTPIKAG avTioTaong yivetal EAAXIoTn. Etiong, 10 TpOypapua Trapéxel Tn duvarotnTa €100~
YWYNG TWV UWOUETPWY YIa KAAUTEPN TTPOCEYYION TOU TTPAYHATIKOU HOVTEAOU TOU UTTEDAPOUG.

H ypapun pehétng HT-1 pikoug 92m kai dieuBuvong BA-NA armoteAeitar amd 24 kévipa pe 10a-
moéotaon 4 m (ZX. 3). O1 xaunAég TIpES TNG e1DIKAS NAEKTPIKNG avTiotaong (1 — 100 ohm.m) Ttou
gM@avifovral atrd TNV €MIQAVEId TNG yng HEXP! PdBoug 10 m mepitrou eival mMBavov va avTioTol-
XoUV OE TTPOCPATEG ETTIPAVEIAKEG TTPOOXWOEIS. [TOAU eviIaPEPOV TTAPOUCIAZEl N TTEPIOXN HE TIG TTO-
AU XOHNAEG TIMEG TwV EIDIKWV NAEKTPIKWYV avTioTacewy (1-10 ohm.m) oe amdéotaon 58 — 70 m amd
TNV apxn TG YPaupng kai oe BdBog peyahutepo Twy 10 m. Z1n B€on autr OelYUATOANTITIKY YEW-
TpNnon didatpnoe Tnv atrocabpwpévn {wvn TNG OEIPAG TwV QUAAITWYV-XaAadITwy.
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Model resishvity with topography
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Zxrpa 3. H yewnAekrpikr} Topr yia Ty ypapur HT-1, pe kareuBuvon améd BopeoduTikd TTpOG VOTIOAVATOAIKG.

H ypapur peAétng HT-2 prikoug 96m kai diebBuvaong mepirou BA-NA atroreAeital amé 25 ké-
vTpa Je IoaméoTacn 4 m (Zx. 4). O1 oxeTikd upnAég TINEG TG €1BIKAG NAEKTPIKAG avTioTaong (100 —
700 ohm.m) 1rou gpgavilovral ammod TNV EMQEAVEIR TNG YNS HEXP! BABog 12-22 m Tepitrou, €ival -
Bavov va avTioToIXoUv oToug AQTUTTOTTaYEIG OXNMUATIONoUG. Eviy o1 XapnAég TIHEG TNG E18IKNAG NAE-
kTpikng avriotaong (1 — 100 ohm.m), kupiwg ato BopelodUTIKO AKPO TNG YEWNAEKTPIKNAG TOUAG KOl
o€ BdBog peyaAutepo améd 10 m, eivar mBavov va ogeidovral oTig pdpyeg. MNapartnpeital TTAEUpIKA
HeTaBOAR TNG €IBIKAG NAEKTPIKAG avTioTAONG KAl O€ AUTAV TN Ypaupr (62 m — 70 m amd TNV apxn
NG YPOAHMNAG), OTTOU PEIWHEVES TIHEG TNG E1I8IKNAG NAEKTPIKAG avTioTaang (150 ohm.m) SiakéTrTouV TN
OUVEXEIQ TOU gXNHATIOHoU TwV AQTUTTOTTAYWY, av Kal auTrh n JETaBoAr dev eival Téan évrovn OTTwg

auTh TNG TPWTNG YPAKHNAS.

Seamen 2 - PalaiovareQ01i]

Model resigtwty with topograghy
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Zxnua 4. H yEwnAeKTPIKN) TOpR yia TRV ypappn HT-2, pe kateuBuvan amd BopeoduTikd TPOG VOTIOAVATOMKE

H ypappn HT-3 prikoug 64 m kai SiedBuvang mepimou BA-NA atroteAeitarl atméd 17 kévrpa pe 100-
TOOTAON 4 M. IXETIKG UWNAES TINES TNG €1DIKNG NAEKTPIKAG avtioTaong (100 — 700 ohm.m) gpgavi-
Zovtai pEXPI BaBog 21-24 m. AuTég givar TTOAU TBavév va avTioToIXoUV OTOUG OXNUATIOHOUS Twv
Aatutrotraywy. Or xaunAég Tipég TG €18IKAG NAekTPIKAG avTioTaong (1 — 100 ohm.m), og BdBn peya-
Autepa arrd 20 m, gival TBavov va o@eilovral aTIG HAPYEG.
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3.2.3  AmoreAéouara nAeKTpouayvnTIKAG SIAOKOTTNONG

O1 YeTpAoeIg TNG Ywviag kAiong dev utrédeIfav KUpIo priyUa oTnv utrd PEAETN TTeploXr] kal ot Bd-
Bog péxpl 30 m. X100 oXrjpa 6 TrapatiBevial eVOEIKTIKA Ol HETPAOEIG KATA UAKOS TNG YPAUMAG HEAE-
tng VLF333 (Zx. 5).

ﬁ\

-1

aN 10 20 30 40

Zxiua 5. Tumikn karaypagr] TG ywviag KAiang (QUVEXNS YPaUpr) KATa UAKOG TNG YPauUrg peAétng VLF333.

4 IYNAYAIMENH EPMHNEIA

4.1  Tuvduaopévn epunveia YEWPUOIKAS SIaTKOTINONS

H nAekrpikry ypapu HT-1 oupumimTer pe TpApa g oEIopIKAG ypauung ZA-1. 1o oxrua 6 To-
pouaidZetal n UTTEPBEDN TNG YEWNAEKTPIKAG TOUAG KAl TOU HOVTEAOU TWV TOXUTATWY. Ta ATTOTEAE-
opara TG oeIopIkAg dIGBAaong kal TNG NAEKTPIKNAG Topoypagiag deixvouv va gupgwvolv. H oel-
ouikr JIGOAaon UTTOOEIKVUEL Eva ETTIPAVEIOKO OTPWHA OTO OTTOI0 N YEWNAEKTPIKY) TOUA TTAPOUTIAZEI
MEIWUEVEG TINEG EIDIKNG NAEKTPIKAG QVTIOTAONG. TNV YEWNAEKTPIKI) TOWN TTAPATNPEITAl EVTOVN TTAEU-
pIKr HETAPBOAN TNG E1DIKNAG NAEKTPIKAG aVTIOTAONG, N OTTOIC AVTIKATOTITPIZETAN PE TN €vTovn PETABOAR
TOU TrdXoUG Tou DeUTEPOU OTPWHATOG OTO HOVTEAO Twv TaxuTATwY. Me Bdan Ta Tapatdvw uTrodei-
XOnke n Béan dUo yewTpATEWY, N TTPWTN Ot améoTacn 42 m a1mod TNV apxr) TNG YPAUUAG (peuvnTi-
Kr)) kai n deuTepn O€ améoTaan 64 m amd TNV apxn TNS YPAMUHAG (BEIYHAToANTITIKA). 210 OXrHa 6
ToTroBeTrBNKAaV KaI TA OTOIXEIA TNG BElypaToAnTITIKAG yewTpnong O2. Zrnv yewrpnan O2 diatprin-
Kav Ta £€¢ OTpwUaTA: a) VEOTEPES aTTOBETEIC PEXP! BABoug 5 m Trepitrou, B) pdpya péxpr Ta 17 m
TTEPITTOU KAl ¥) aTTooaBpwuévn CWvn TNG QUANITIKAG XAAQQITIKAG OEIpAg HEXP! TO TEAOG TNG YEWTPN-
ong Tou é@Bace Ta 30 m. H gpeuvnTikA yewTtpnon O3 Si€Tpnoe vedTePEG ATTOBETEIG KAl HAPYES TOU
VEOYEVOUG PEXP!I Ta 30 m.

lin21000
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Zxnua 6. YépBean Tou poviéAou TaxUTNTag TNG OEICHIKAG YPAUHNG Z.A-1 Tavw OTNnV YEWNAEKTPIKA Toun HT-1.
H yewtpnon O-2 diatpnoe mpooxwoelg (M), pdpyeg (M) xai Tnv atrooabpwpévn {wvn TNG QUANTIKNG-XAAAGITIKAG
oelpag (d).
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O1 NAekTPIKES Ypappég HT-2 kal HT-3 eival oxeddv mmapdAAnAeg, kai deixvouv tnv idia tdon,
TO OTPWHA TWV XOUNAWVY QVTIOTAOEWV VO EUQ a Bdéen mpog Ta

Madi maixtisity with tomngraatyy
Hetation 4 RME eror=~ 132

AcPeorolbikd Aaturonayé
apyakd €T
EZudoionpevo apyihiké- | -
\arvronayéc :

Ixfua 7. YwEPBeon TUANATOS TOU JOovTEAOU TaxUTNTAG TNG TEIOHIKAG Ypapung ZA-3 ko TG yewTtpnong O-1 md-
VW 0TNV YEWNAEKTPIKA TOpr HT-2.

BopeloduTikd. MapdAAnAa pe TV nAexTpIKr ypauun HT-2 kal og ammdéoTtacn 18 m wpog Ta JUTIKA
Bpioketal n oeiouikr ypauun ZA-3. Ta amoteAéoparta TnG OEICHIKAG BIGBAaTNG Kal TNG NAEKTPIKIG
ToHoypagiag Oeixvouv va cupewvouv (Zx. 7). H oeiopikr diaBAaon utrodeikvuel BU0 ETTIPAVEIOKA
OTPWHATA PE TIGXN TToU KupaivovTal amd 1 €éwg 3.5m kai amd 12 £wg 20m kai pe Taxutnreg 1862
Kal 2436 m/s avrioToixa, Tou amodidovral guppwva pe Tn yewTtpnaon O-1 aroug AATUTTOTTQYEIG
oxnuaTIopoUg. AkOua, 0 BIOXWPIOHOS TwY AaTuTToTrayWy ot U0 OTPWHATA OTNV OEIOUIKA TOWN
OUPQWVET PE TNV YEWNAEKTPIKA TOPA OTTOU EP@AVIZETAI AETTTO ETTIQAVEIOKO OTPWHA HE HIKPOTEPEG TI-
MEC TNG E1I8IKNAG NAEKTPIKAG avTioTaong. To TPiTo OTPWHA, OTNV TEICHIKN TOWr] CUMTTITITEI UE TO OTPW-
MO XOUNAWY TIMWY TNG €10IKAS NAEKTPIKAG avTioTaong otnv YEWNAEKTPIKA Topr. O1 800 auTEG TOMEG
deixvouv TNV TdoN va epeaviodbei autd To oTpwUa ot pIKkpdTEPa BGBN oTo BOPEIOdUTIKG TUANG TNG
ypauung. H 8éan tng utrodeixBeicag BelyHATOANTITIKAG YEWTPNONG, Eival oe amoaTacn 12 m amo
™MV apxn TS YPaupns. Zmv yewrpnon O-1 diatpriBnkav ta e§fg aTpwpara: a) acBeoToAiBikd Aa-
TUTTOTTOYEG-OPYIAIKO PEXPI TO BABog Twv 13,2 m, B) e€aAoiwpEVO apPYINIKG-AQTUTTOTIQYES HIKPOU TTd-
XOUG, Y) OXNHATIOWOG TNG HAPYOS UEXP! TO TEAOG TNG YEWwTpnong, Trou épBaoe Ta 30 m. H yewTtpnon
eToABeuoe TNV UTTAPEN TOU OTPWHATOG TwV Papywyv ge BdBog Tepimou 13 m ato otoio n €1dIKr
NAEKTPIKA avTioTaan eivar PIkpr).

4.2 Aaypogieg QUOIKNG PadIEVEPYEITG

MeTd 10 TPWTO OTAdI0 TNG YEWQPUOIKAS £PEUVAG KAl TNV avOpuln Twy TECTAPWY (4) yewTpn-
oewv (deryparoAnmrikwy (O-1 & 0-2) kar epeuvnTiKwy (O-3 & O-4)) 0g OuyKekpIPEVES BECEIS TTOU
gixav UTTodEeIXBEl aTrd TN YEWQUOIKN £pEuva, akoAouBnoe BIagKATTNON EVTOG TWV YEWTPNOoEwV (dia-
YPOGIES).

O1 diaypagieg Tpayuarotroidnkav  aTig yewtprioeig O-1 kar O-4 B&Boug 27 kai 31 m avrigTol-
xa. O e€0TTAICHOG TTOU XPNOIHOTTOIRBNKE yia TIS Siaypaieg TTEPIAGUPBAVEL
- owparr pétpnong g Puaikrg AktivoBoAiag Mappa yia Tov utroAoyiou6 Tou deiKTn Qual-
KAG aKTIVOBOAIGG YAUMA KaI TNG apYIAOTNTAG TWV SIATPNBEVTWY YEWAOYIKWY TXNHATICHWY.
- Qwparh akouaTikAg diaypagiag TTAPOUS KUPATOPOPPIG, YIa TNV EKTIUNON TNG TAXUTNTAG
TWV JIOUAKWY Kal EYKAPOIWY KUPNATWY aToug diaTpnBEvTeS YeEwAoyikoug axnuaTiopous. Me
N Slaypagia auTr EKTIUATAI 0 BaBPOG CUVEKTIKOTNTAG TWY BIATPNBEVTWY OXNHOTIOUWY KO-
BWg kal n UTTapgn AoUVEXEIWY YUpw aTTO TN YEWTPNOT.
- Qwparr PETpNang NG dIAPETPOU TNG YEWTPNONG.
210 oxnua 8 Trapoucialovral ol dlaypagieg Tou deiKTN apyIAOTNTAG ouvapTAdEl Tou BaBoug yia
TG yewTprjoeis O-1 kai O-4. O deiktng apyIAoTnTag EKPPalel To TTooooTd apyilou (%) Tou diaTpnBE-
VTOG oxXnuaTopou. Ztnv yewrpnan O-1 o Seiktng apyIAdTNTAG TTAPOUCIASE! HIKPES TIHEG HEXPI Ta 14
m. A6 Ta 14 m péxpl 1o TeAIKO BABOC Twy 31 m TTapaTnpouvTal auEnUEVES TIUEG Tou BEiKTN apyIAd-
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TNTOG, Ol OTTOIEG AVTIOTOIXOUV OTIG UAPYEG TOU veoyevoug. XTnv yewTtpnon O-4 eugavidovral duo
oTPWHATA UE HEYAAO BeikTn apylAoTNTaG 0 BABog 5-11 m kal 19-24 m.

210 oXnua 8 TTapaTnpEital OTI TO UTTOAOYIOPEVO, OTTO Ta BEDOUEVA TNG YEWPUAOIKAG dIaokoTnong
(Z.A-3, H.T-2) BaBog TnG 0po@ig TOU OTPWHATOC TNG Hdapyag (12 m) emBeRaiwbnke téoo amd ta
YEWTPNTIKG aToIXeia Tng yewrtpnong O-1 mou diETpnoe Tov oxnuatiopd Tng papyag ota 13 m

FEQTPHZEIZ O-1/ O-4

Nipvodegapevry Kouvroupd

Anfpog MeAekdvou N Xaviwv
ApyIASTNTA TMEWAOYIKWV ZXNPATIO NV

1
Fewrpnon O-1 —
08 aTpnon O ]
frwrpnon O-4
s 06
4
3
Q
<
>
Q.
<
°
¥ 04
02
‘ ol
o) Hhi.;. S . . 41
o] 2 4 6 8 10 12 14 16 18 20 22 24 26

BG8og (M)
Zxfpa 8. Alaypagia Tou SeiKTn apyIAGTNTAG TWV YEWAOYIKWY OXNUATIOUWY Yia TIg YewTpriaeig O-1 kar O-4.

TEPITTOU 600 Kal ATTo TIG DIAypapieg GTToU METPRBNKE augnuévn Tipr Tou BeikTn apyIAdTNTAG OE BA-
Bog 14 m. Emiong, oTto oxfipa 6 maparnpeital 6T n TAEUPIKA PETARBOAR OTIG TIHEG TNG EIDIKAG NAE-
KTPIKAG avTioTaong, ota 64 m Trepitrou NG yYeEwNAekTpIkAG Toprg HT1, emBeBaiwdbnke amod 1a yew-
TENTIKG oToIXEia TNG O-2. Mpdypar ato BaBog Twv 17 m diarpriBnke o oXNUATIOPOS TWV QUANITUWV-
XaAQgITWY 01 0TTOi0I ATAV KEPUATIOUEVOI KAl ITXUPA aTTOCABpWHEVOI.

4.3 Anuioupyia TpigdidoTatou povTéAou

ATTO TO OUVOAO TWV ATTOTEAECUATWY TNG £PEUVAG ONUIOUPYRBNKE TPIODIGOTATO POVTEAO TNG O-
POPNGS TWV Papywv Tou NeoyevoUug Tng TTepIoxXns TNG Aiuvodeapevig (Zx. 9). Zuykekpipéva, 1o Ba-
600G TNG 0POPrG TNG HAPYAG KATW ATTO KABE YEWPWVO PETATPATTNKE OE ATTOAUTO UYOPETPO. Opoiwg,
atmd TIC YEWNAEKTPIKEG TOPEG, UTTOAOYIOTNKE TO BABog TnG opoPng TNG HAPYAg (onueio evaA-
AOYAG uwnAWV Kai  XaunAWY TIHWYV €10IKAG NAEKTPIKNAG avTioTaong) KATw aTTd KABE KEVTPO TNG Nn-
AEKTPIKAG Ypapung. ETriong xpnoiyotroibnkav yewAoyikd Kal YEw@UaOIKa dedopéva atrod Tig YEw-
TPROEIC. Me TNV eigaywyn Twv dedopéVwy auTwY 0To AoyIopIk6 TTakéTo Surfer © dnuioupyrBnke 1o
avAayAu@o NG 0poeng Twv papywyv Tou Neoyevoug. To atmdAuTo UWOUETPO TNG 0POPHG TNG HApyag
Kupaivetal amro 36 £wg 68 m. MeyaAUtepa atmdAuTa UWoPETpa TTaparnpouvTal TTpog Ta BA. XTo
TPICBIAOTATO HOVTEAD TNG 0pOYNG (ZX. 9) TNG Hdpyag £xouv TOTTOBETNBET 01 YEWTPAOEIS (OTAUPOI), Ol
OEIOUIKES KAl NAEKTPIKES YPAMMES (Mavpa BeAdKIa), KaBWGS Kal 0 ETTAPXIAKOS dpOUOG TTou 0dnyei aTo
Xwp16 Boutac (uaupa TeTpdywva). Z10 TPIodIGOTATO HOVTEAD eV epgavifovial prypata Tou €1n-
PEACoOUV TIG HGPYEG TOU VEOYEVOUG. ZTa DUTIKA TOu ETTOPXIaKoU Opouou TTpog Boutd Bpioketal URW-
Ja, Kovta otnv 8éan Tng yewTtpnang O-1, 1o otoio cuveyilel TTpog Ta A-NA. AuTr n yewAoyikA pop-
on diaipei TNV Teploxn TTou Ba kaTaokeuadBei n Aiuvodegapevr) oe dUO TUHATA. ZTO VOTIOTEPO
TURHG auédveTal n kKAion Tou papydikou oxnuatiopou. Evw ato Bopeldtepo, o pdpyeg epgavi¢ovral
o€ PIkpoTEPA BABN Kot PE MIKPOTEPN KAION. ATTo TNV PEAETN TOU TPIOBIAOTATOU TTPOTEIVETAI TO VOTIO
dkpo NG uTrd Kataokeuns Aipvodegauevig va BpiokeTal TTANGIOV TG yPAUUNG TTOU OPIOBETEl TV
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mpoavaepBeioa é€apon. TEAOG 1O TPIoBIAOTATO HOVTEAD ETTIRBERAIONKE ATTO OTOIXEI TTPOYEVEDTE-
png yewTtpnong (13520 easting, -890 northing, Zx. 9). Auti n yewtpnon (Zx. 1) diETpnoe Tov oxnua-
TIOPO TNG papyag ota 19 m, yeyovog TTou cupwvei pe To BaBog Twv 18 m 10 oTToio TTPOEKUWE AT
TO HOVTEAO TNG OPOYPrG TNG HAPYOS.

i B S b g
NORTHING

ZxApa 9. TpiodidoTtato povréAo TNG opo@rig TG Hapyag. Omou ameikovifovral pe aTaupols ol YEWTPATEIG, HE
paupa BeAdKIa o1 TEIOHIKEG KAl NAEKTPIKEG YPaPHES KABWGE Kal 0 ETTAPXIOKOG dpopog TTou 0dnyei aTo Xwpié Bou-
146 (HaUpa TETPAywva).

5 ZYMMNEPAIMATA

1) ) H oTpwuartoypa@iki diadoxr TTou TTapaTnpEiTal oTo XWPo Tou £pyou XapakTnpifetal amd
TNV ETIYAVEIAKT EUPAVIAN AATUTTOTTOYOUG OTPWHOTOS TO OTT0I0 ETTIKABETAI PE OpaTO BIGPOPETIKO
TTaX0G TTadvw OTO apyiAikd papyaikd uopabpo. To BdBog Tou amavrdral To uTTORaBpo auTd TTa-
POUTIAZE! DIOKUPAVOEIG O OTTOIEG OHwS Jev gaiveral va o@eilovral aTtnyv Utrapén priydarog aAAd
mMBAVOTEPA OXETICOVTAI JE TO UTTOKEIPEVO TTAAQIOaVAYAUQO TNG atmooaBpwiévng Jwvng GUANITLY —
XOAadITWV KOl TWV UTTOKEIYEVWY auTrig aoBeatoAiBwy. To TaiaioavayAu@o auté CUVEXITE va Ui-
ortaral kai Kara v didpkeia Tou MAgioToKaivou Siapop@wvovTag Tov Xwpo ammdBeong Twy TTOTAHO-
XEPOQiwV KpokaAoTTaywy dlagodpou Trdxous. H drrown auTr evioxUETal Kal Ao TIG NAEKTPOUAYVNTI-
kéG peTproeig VLF.

2) H ouvBeon Twv JeDOHEVWV TWV OPXIKWY YEWQUOIKWY HETPACEWY (NAEKTPIKES TOPOYPOPIES,
YPQUPEG OEIOUIKNG BIABAaONG) pe Ta dedodEva TWV YEWTPACEWY, TWV HETPATEWY TWV dIaYypPaQIWY
Kal TWV PETPAOEWY PE TNV NAEKTpouayvnTikr péBodo VLF, odriynoav otnv kataokeur] TpicdidoTa-
TOU HOVTEAOU OTTOU OTTEIKOVIZETAI TO AvAYAUQO (0pOPr]) TOU PaPYAikoU OTPWHATOS OTO XWPEO £PEU-
VaG. ZE QUTO TO HOVTEAO TTAPATNPOUME OTI TO OTTOAUTO UWOHETPO TNG 0POYPAS TNG HApyag KupaiveTal
ammd 36 éwg 68 m. Zra duTikd Tou emapyiakol dpduou Tpog Boutd Bpiokeral UBWUA, KOVIG aTnV
B¢on tng yewrtpnong O-1, To otoio ouvexiCel Tpog Ta A-NA. ATrd TO TpIGBIA0TATO POVTEAO TTPOKU-
TITEI OTI TO VOTIO AKPO TNG UTTO KATAOKEUr) AIpvodeapévng TrpoTeiveTal va Bpioketal Bopeia atméd Tnv
oEIpa TV £EAPOEWYV TNG UApPYaG.

3) Ao TNV oUyYKpPION TWV ATTOTEAEOUATWY TWV YEWQUOIKWY PEBOBWY TTPOEKUWE OTI TOCO Ta
armoTeAéopaTa TNG ZelopIKAG AidBAaang 600 kal autd TG HAekTpIkAG Topoypa®iag cUPQWVOUV e-
TagU TOUG KON ETTIRERQILIVOVTAI ATTO T YEWTPNTIKA OTOIXEID.
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ABSTRACT

CONTRIBUTION OF ELECTRICAL TOMOGRAPH AND SEISMIC
REFRACTION IN SITE SELECTION FOR A DAM AT KOUNTOURA,
CHANIA

Vafidis A.', Hamdan H.", Andronikidis N.", Dasiras A.?, Kritikakis G.", Koukadaki M.",
Koumakis N.2, Lampathakis S.°, Manoutsoglou E.', Oikonomou N.", Papakonstantinou
K.2, Spanoudakis N."

' Applied Geophysics Lab, Department of Mineral Resources Engineering, Technical University of
Crete, 73100, Polytechnioupolis, Chania, nandron@mred.tuc.gr

2 GEOTECH, Perigiali str 83, Kavala
S0.AD. 1.K., Square 1866 & Kriari str, Chania

This paper presents the results from a geophysical survey conducted at Kountoura vergion,
Chania. The aim of this survey was to estimate the thickness of the geological formations in the
area where a dam is going to be constructed. Electrical tomography and seismic refraction were
utilized in order to indicate the location of four drill holes. VLF, well logging and drill hole sampling
were carried out. A 3D model was constructed indicating the relief of the underlying neogene marls
covered by recent deposits and neogene conglomerates whose thickness ranges from 2-30m. This
model does not show any major faults, which may affect the construction of the dam. The relief of
the neogene marls is mainly affected by the paleorelief of the phyllite-quartzites and the underlying
carbonates. One of the wells shows the weathered layer of phylite-quartzites at depth less than 20
m. This survey shows that the geophysical method give useful information regarding the site selec-
tion for the dam at Kountoura.
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HAEKTPOMAINHTIKH ME©OAOZ MAPOAIKQN MEAIQN ZTHN EPEYNA
TOY FEQOEPMIKOY MEAIOY APIZTINOY AAEZ/AHE

M. Kappng', I. Bapyepédng’ , H. Mamadomoulog? , kai M. TooupAog?

! Avan Mewuaikng, Ivorirouro MewAoyikwy kal MetaAAsutikwyv Epeuvwy, Megoyeiwy 70, 11527
Abnva

2 TomeAs I EQ®YSIKHE, TMHMA TEQAOTIAS, APISTOTEAEIO MANEMISTHMIO OESSAAONIKHE, 54124
OESSANONIKH

NEPIAHWYH

Ztnv gpyacia auth egeTdovral o1 duvarotnTeg TNG HAekTpopayvnTikAg peBOdou TTapodiKwy TTe-
Biwv (Transient EM), otnv £€pguva yewBepuiKwy Tediy Kal Tn PEAETN TNG YEWAOYIKAS OTPWHATO-
ypagiag. H uéBodog e@apudobnke o1o yewBepuikd edio Tou ApioTivou AAe§avdpoUTTOANG, BUTIKG
NG TpaiavouTroAng, GTToU UTTAPXOUV 01 YVWOTEG BEppEG TTNYES. H HM pgBodog kai eidikoTeEPa n Ja-
yvnroteMoupikry (MT), £xel epappoaBei ato TTapeABOv oTnv EAAGDa arré didpopoug epeuvnTég (Ad-
yiog 1992, TZavng 1993), aAAd gival n TpwTN @opd Trou dokIpAZeTal n epappoyr NG TEM peBodou.

Omwg £xer katadeixBei amd TNV eKTEAEON €peuvnTIKOU TTpoypduparog Tou IFTME (Kohidg k.a.
2001), atnv gupuTePN TTEPIOXK TOU APIaTIVOU QvaTITUCOETAI £VO ONUAVTIKG YEWOEPUIKO KOITATHX HE
YEWBEPUIKA pEUTTA Bepuokpaciag 30%-95° kai UWNAAG TTEPIEKTIKOTNTAG DIGAUNEVWY OAATWY TNG TA-
&ng Twv 10 gr/it. O1 TapaTTdvw TTAPAYOVTEG EXOUV 0V OTTOTEAETHA TNV EUQAVION YEWNAEKTPIKWV
0pICOVTWY ITXUPAS AYyWYIHOTNTAS TTOU OXETICOVTAl AUETT HE TO YEWBEPUIKO Tedio TnG TeEpIoxng. H
utrapén duo YEWTPAOEWY OTNV TrepIoxn EMETPEWE TNV Babuovounon Tng HM épeuvag kai Tov EAeyxo
NG amoTEAeopaTIKOTNTAG TG TEM peBGSou.

ATTé Ta QTTOTEAEOPOTA TNG YEWQPUOIKAG EPEUVOG OPIOBETEITAI JWVN TOTTIKOU YEWBEPHIKOU evia-

PEPOVTOG TTOU DIapoPPUVETAI atrd Bepud udpopdpo opifovta MIKPOU OXETIKG BABOUG, ETTEKTEIVOE-
vo Bopeia Tou ApioTivou kai HETAEU Twv KUPIWY pnyddTwy Tng Treploxns. Ta duo kupia priypata i-
val utreUBuva yia T dnuioupyia TekTovikoU BuBiouatog otnv evOIAUEDN TTEPIOXA Kal gival £Tiang
UTTEUBUVA yIa TNV QVATTTUEN TOU 1I0XUPA QywyIMOU axnuaTiopoU TTou ouvoéetal e To Bepud udpo-
@OPO TAPIEUTAPA TWV YEWTPAOEWY. TO YEWBEPHIKS PEUDTO avEPXETAl ATTO TO GUOTNHA TWV PNYHA-
TWV TNG TTEPIOXNG £XOVTAG OTTOKTAOEI HEYAAN BeppoKpaTia atrd TNV ETAQN JE HOYHATIKEG HAES.
H epapupoyry Tng TEM ueBodoloyiag atmédEIEE Ta ETTIXEIPNTIOKG TNG TTAEOVEKTAUQTA OTNV £pguva
YEWOBEPUIKWY TTEDIWV. O PIKPOS apIBUOS TwV YETPATEWY BEV ETTITRETTEI TNV ECAYWYN QOQAAWY OU-
HTTEPACTUATWY O€ OTI aPopd To YEWBEPUIKO TTEDIO TNG EUPUTEPNG TTEPIOXAS, AAAG N agloAdynan Twv
OTTOTEAEOPATWY PE BAon Ta YEWAOYIKG KOl YEWTPNTIKA OedOPEVA TNG TIEPIOXNS Eival AKpwS evBap-
PUVTIKG Kal BikaloAoyouv tn xpran TNg HEBOBOU aTn QUOTNUATIKY) HEAETN KOl XapToypd®non yew-
Bepuikwv Tediwv.

1 EIZATQrH

Ztnv mepioxn Tou ApioTivou AAe€avdpouTtroAng (oxrpa 1), DIEEAXON YEWQUOIKY épeuva pe TN
péBodo TEM, oe ouvepyaoia pe Tov Popéa N* 2, ye OKOTTd TNV EKTIUNGN TNG ATTOTEAECUATIKOTNTAG
NG HEBODOU OTNV EPEUVA YEWBEPUIKWY TTEQIWV Kal TN HEAETN TNG YEWAOYIKAG OTPWHATOYPAPIAS TNG
TTEPIOXAS.

H mepioxr) Bpioketar Bopeloavatohika tng AAe¢avdpoutroAng kar duTikd Tng TpdiavoUutroAng,
OTTOU UTTAPXOUV Ol YVWATEG BEPUEG TINYES UE ETTIQPAVEIAKES EKDNAWOEIC BEPUATNTAG.

H amoteAeoparikr epappoyn TnG HAektpopayvnTikrg (MT, TEM) ueBddou ot £peuveg yewBeppi-
Kwv ediwy, yivetal duvarr] e§aiTiag Twv akOAOUBWY TTapAYOVTWY :

o Augnuévo TTopwdES TWV UBPOTTEPATWV OXNHATICUWY TToU GIA0EEVOUV TO YEWBEPHIKA pEU-
(oa(¢]
o H peydAn Beppokpaagia Twv peucTwy TTou cupBAAAEl oTn peiwan TG €13IKAS avTioTaong.
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e H mapouadia TekTovikrg 6pdaong He eTTakdAouBo Tn dnuioupyia aywylpwy apyIAIKWY UAIKWY
AGYW TWV ouVodWY UBPoBEPHIKWY EEAANOILIOEWY.

e H augnuévn mEPIEKTIKOTATA TWV DIGAUPEVWY OAGTWY TWVY YEWBEPUIKWY PEUCTWY, TTOU
EXOUV WG AUEDN CUVETTEIQ TNV AUENUEVN aywyiuoTnTa.

H mepioxr} Tou ApioTivou 6TToU £QapuOoONKe dokIpaoTIKA n pEBodog TTapouciddel Eviovn TEKTO-
VIKA ME onuavTIKh avamTuén Tpiroyevoug nQAIOTEIOTNTAG KAl ONUAVTIKEG EKXUOEIG PHAYUATIKWY Ha-
Cwv. OTTwg £xel katadeixBei (KoAibg k. a. 2001), oTn TepIOXA avaTrTUooETaAl EVa ONUAVTIKO YEWBEP-
MIKO KOITAONQ PE YEWBEPUIKA PEUOTA Beppokpaaiag 30%-95°C kau UWNAAG TTEPIEKTIKOTNTAG BIGAUE-
VWV oAdTwY NG T8¢Nng Twv 10 gr/lt.

O1 aparmdvw ToPAYOVTEG £XOUV OOV ATTOTEAETHA TNV EPQAVION YEWNAEKTPIKWY 0pIZOVTWY I-
OXUPNAG QyWYIPOTNTAG TTOU OXETICOVTAl AUECT PE TO YEWBEPUIKS TTEDIO TNG TTEPIOXNS.

41" 30N

41" 00N

AkgLuvopoimon

S
TI—— 4 —1-40" 30N
25" 00 25" 30E 26" 00E 27° 00

Zxnua 1 Xaptng tng eupuTePNG TTEPIOXNAS £PEUVACG.

2 TEQAOQOTIKA ZTOIXEIA

H 1epioxn Tou ApioTivou kal Twv Aoutpwyv TpaiavoutroAng avikel otnv iI{nuatoyevr Aekdvn Au-
TIKd Tou TToTapou ERpou, n omoia avarrtuoaeral ato NOTIO TUANG TNG PoBOTTIKAG PAZag, HE MEYAAD
Taxog Mahaloyevwy ignudTtwy Tou Hwkaivou kar OAiyokaivou TTou kaBovral acUpguwva gite oe Me-
O0fWIKA TTETPWMATA, EITE O AUPIBOAITES, yveuaioug TG PodoTrikAg pnalag.

H avdmrugn Tng i{nuaroyevoug Aekdvng akoAouBnae Tnv TTopeia Tou eupuTtepou MepipodoTTikoU
iIlnuartoyevoug xwpou atrd To Avwtepo KpnTidikd péxpl OAHEPQ, PE TNV IENUATOYEVEDT Va aKOAOUBE]
TNV TEKTOVIKI} OPOYEVETIKA DIadIKATia TWV TEAEUTAIWY QACEWY TWV AATTIKWV TITUXWOEWV.

AtroTéAeoua Twv SIaPPAEEWY KaI TNG EPEAKUCTIKIAG TEKTOVIKAG ATav n dnuioupyia PEYIAwWV Ta-
PPOEIBWV AEKAVWYV, TTOU QTTOTEAECAV TO XWPO ATTOBECNG TPITOYEVWV HOAATOIKWY IgNUATWY. AuTd
emiKaBovTal oo YUANITIKG uTTORadpo NG oeipdg TG Mdkpng, TTou atroteAeitar amd Kpnridikoug ap-
YIANIKOUG — OEPIKITIKOUG OXIOTOMBOUG.

210 Méoo Hwkaivo (Aoutnaio) eugavifetal n Baoikf KAAOTIKA CeIpd IENUATWY, OTTOTEAQUMEVN
a1d AQTUTTO-KPOKAAOTTAYT, WAUMITEG KAl AOBECTOWAUMITIKOUG WG JAPYATKOUG 0PICOVTEG.

210 Avw Hwkavo, katd Tov idlo xpoévo pe Tnv ammdBean Twv POAATIKWYV INHATWY, eppavifetal
NPAITTEIAKA — PaydaTikr dpdan PE NQAIOTEIOKA TETPWHATA avOETITIKAG ouoTaang, AGBEG, TOPOUG
Kal NQAICTEIAKG AaTuTToTTaYr), TOTKA éviova eEaAAoiwpéva. Ta NQAICTEIOKA TTETPWHATA EVOAAGO-
COVTQI HE NOAQCTIKA ICANATO WAKKITOMAPYATKOU KOt GORBECTOWANMITIKOU TUTTOU.

210 OAiyokaivo Ta 1Iffjpata armoTeAouvTal atrd evaAAQYES JapYWY HE Wappites. MNMapdAAnAa eu-
QavigeTal NYaIOTEIOTATA PUOAIBIKOU TUTTOU, WE TNV avamTuén 6&ivwy dopwy, TOPWYV Kal TOPITWV.

210 1ZApaTa Tou Neoyevoug TnNG TTEPIOXNG £PEUVAG CUYKATAAEYOVTOl EVOANAYES WAPMITWY, G-
Hwv, auPoUXwV apyiAwv — apyiAwyv, aTa oTroia eTTIKABoVTAI GUOTAPATA avaBaBuidwy, atToTeAoUE-
va ammd epuBpég GuPoug, apyIAoUXoug AUHOUG, KPOKAAEG Kal XOAiKIa. £T0 OxAHa 2 TTapoudiddeTal
TURMG TOu YEwAoyikou xaptn ®éppeg (ITME 1980) pe T OTEVH TTEPIOXN TOU XWPOU £PEUVAG.
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H mepioxn xapaktnpigetal amd NOTIa yewAoyIKf KAIOn Kal EvTovn TEKTOVIKA, JE KUPIapXo Yeyo-
vog To dlaoTaupolpevo ouotnua pnypdtwy BBA-NNA, BBA-NNA.
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LS SPYIAOL, KPOKAARS Kt o i

Kardrepo otorpu avufalpidov: Fmlpis fng mrydotyes apuuo,

HE BYOAILIVES T AT THES KPORIAES Ko Jrkikie

Mokaoauwd e Tvahloye appilany poproy o ooy,
OPILOVILS RYWITAY Kol OZ1V0Y THREOY, TOORITHOY, vodlivpng odenc
PodraBou Kipu [alo viedong £ DIoKPUGTAARIK HE [IKpoAlBikd
WD KIE) TEPLITUCT 1} PEOCTIKT) 1Ty

Popprapapraing-Tlupesiaotuc ghon: Migpyes mow svarigonovto
T petafiolvony o8 WapguTies Hipyes, Welpites, Kpokedonayi.21a
ATVERTEP TR AT SEporviiinvTin TQUp £rg TupIpites

VOGNS YPAUTTELOTH TS,

Awiroadeis Avdtoiteg

Zxnpa 2. MewAoyikdg xapTng TG Teptoxrig épeuvag (améamaoua xéptn IFTME, 1980 ®UAAo PEPPEL, MNamado-
TouAog, M., 1982). Znueiwvovtal o1 B€oeig Twv TEM BuBookoTroewy Kal Twv YewTpragewy My, AA1.
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3 TEQOEPMIKO ENAIA®EPON THZ MEPIOXHZ EPEYNAZ

Mépa atrd TIC EMIPAVEIAKEG EKONAWOEIG OTIC BEpéG TTNYES TG TpaiavoUuTToAng, TO YEWOEPUIKO
evOIaQEPOV TTPOKAAEiTal amrd TNV UTTapEn UDPOTTEPATWV YEWAOYIKWY OXNHATIOPWY, TNV KATAAANAN
TEKTOVIKN HE EVEPYA PAYMATA, TIG EVOAAAYES NQAICTITWY KAl TTUPOKAQTTIKWY TTPOIOVTWY KaI TN puo-
NBIKr) npaioTeidTNTA. Of NPAICTEIOKES PACES TOU UTTORABPOU AsiToupYOUV WG BEPUIKEG ATTOBAKES Kat
0t OUVOUOONO WE TA EVEPYA PHYHOTA ETTITPETTOUV TN BNUIOUPYIA ETTOYWYIKWY PEUPATWY PETAPOPAG
KQl CUCOWPEUANG BEPUIKAG EVEPYEIQG O TTEPATOUG OXNHATIONOUG. (KoAibg KATT. 2001).

2NV TEPIOXT) Tou ApPIiaTIvOu £XOUV YIVEI KOTA TO TTAPEABOV EPEUVEG POPEWV TNG TOTTIKAG AUTO-
Bloiknong kain éxel avopuxBei 1BIwTIKY yewTtpnaon (Mp), TG otroiag Ta atroTeAéopaTa epgavifovral oTo
oxnua 3. Exouv diarpnBei 1I{ApaTa Kal nQaioTeIoKA TETpWHaTa Tou Avwrepou Hwkaivou (Mpia-
uTTovIoU), HE apYIAIKG IZripgaTa TTdxoug 55 pétpwy va emkaBovtal ToOQwY, eEAAAOIWHEVWY N@al-
oTEIOKWY, DAKITOEIDOUG avdeaitn pe

peTaAogopia FeS; kai TEAog Bakitn ae BaBog 116 PETPWV.

e BaBog peTatu 55 kat 115 pétpuwy, aviABnke 1o YEWBEPHIKG peuoTd e Beppokpacia 80° kal
n XNk av@Auan o xapaktnpicel wg Cl-Na-Ca-K-Li-Sr —oUxo , (Kupiakidng-Toodkag 1988).

ZTnv idia TTEPIOXN OTO TTAPEABOV gixe TTPAYHATOTTOINBET AVEEAPTNTN YEWAOYIKN — YEWQUOIKA pE-
AETn pe TN Xprion nAekTpikwyv BuBookotrioewyv VES, (Kupiakidng - Todkag 1988), yia T HEAETN Tou
YEWOBEPUIKOU TTediou. ZUpQwWva e auTr, OpideTal wg TBavOS XWPOG TTOU TTEPIEXEI YEWBEPH IKO
peuaTd pia mepioxi BBA-NNA digiBuvang, akpiBwg TAvw 01O KUpPIApXo PriypMa tng TeEPIOXNS, O-
TTWG PAIVETAI OTO YEWAOYIKO XGPTN TOU OXrHaTOG 2.

Z& XpOVO PETAYEVEDTEPD TNG YEWPUOIKAG Epeuvag TEM tTou TTapouaidleTal oTn TTapolad HEAE-
™, AjeBnkav utrown oTtoixeia amd épeuva Tou ITME atnv euputepn Trepioxry (KoAiég k.a. 2001) kai
€1I0IKOTEPQ YIQ TN OTEVI] TTEPIOXH] £PEUVAG TA YEWTENTIKG atTroTeEAEapaTa TNG Beang AA1(axrua 4).

H yewtpnon AA1 TotroBeTriBnke BA Tou xwploU ApioTivo Je TeAIkO BaBog 465 pétpwyv. Aiatpi-
Bnkav apylAikoi axnuariopoi péxpl Baboug 110 péTpwy, akoAoUBwS apyiAoWwappITIKoi axnuartiopol
HEXPI BABoug 170 péTpwy, TTaPEUBOA £EAANOIWPEVWY NQAITTEIOKWY PEXPI BABog 210 péTpwy, a-
KoAouBouueva atrd apythoyappitikd opifovra péxpl BaBog 430 pérpwy, 61TOU Kai diarpribnkav u-
YIEIG NQAIOTITEG IYVIUBPITIKAG QUONG HE uwnAn udpogopia. XTn oXeTikn €kBean (KoMog k.a.2001),
avaQépeTal oav a&loonuEiwTo TO YeYovog TnG UTIapENG Twy neaioTeiakwy petagu 170 kai 210 pé-
TPpWy, Tou atroTeAoUV 10XUPd udpoPdpPO oxXNUaATIoNd pE Bepuokpacia 50°C. H Bepuokpacia Tou
yEWBEPHIKOU peuaTou @Bavel Beppokpacia 72.3°C ot BdaBog 360 péTpa. Ta NPAICTEIQKA XAPAKTN-
piCovral gav Aatutrotrayr} amo Toug dakiTikoug dopoug TG Bopeidotepng mepioxng. Ta yYEwBePUIKA
peuotd eival  (Ca)Na-Cl(SO4) ouotaong, ue auvoAo dioAupévwy aAdTwy 10 gr/it kal uwnAfR aywyi-
pértnTa 12200 us/cm (KoAiég k.a. 2001).

4 ANOTEAEZIMATA THX TEM MEOOAQY

Zmnv mepioxn autr) e@apuéaobnke dokipaatikd n TEM péBodog pe akotrd TNV EKTipNon Twv du-
VaToTATWY TNG pEBODOU O yewbBeppikd tedia. H Epeuva uttaiBpou oAokAnpwONKE g€ pia PEPa Kal
WG €K TOUTOU BEV EiXE TAKTIKO EPEUVNTIKO XOPAKTAPA, aAAG TTpoTéPepe T BuvATOTNTA VA EKTIUNBEI N
aupBoAr TnG peBOdoU gt Eva yVwaTd YEWBEPHIKO KOITATHA.

v mponynBeioa yewAoyikr PHEAETN eixav TTpaypaToTroinBei Tévre BuBoakoTTioelg e TN péBo-
00 NG e10IKAG NAEKTPIKAG QvTioTAONG.

H péBodog Twv NAekTpIKWV BuBookoTriicewy dev ammodeixBnke 1kavr) va dlayvwael To uTToRadpo
NG TEPIOXNAS, AOYw Tou HIKPoU BaBoug SiaokdTTNONG, TTOU ATAV ATTOTEAETUA TNG MEYAANG aywYIHO-
NTag Tou uTTedAPOoUG. OI HEYGAES TINEG TNG AYWYIHOTNTAG £XOUV WG ATTOTEAETHA TTOAU PIKPES TINEG
Tou peTpoupevou Auvapikou 1mou @Bdvouv Ta 0.1 mV kai e guvduaopd pe TNV 1IoXupn €midpaacn
TWY PNYHATWY TNG TTEPIOXNG OTIS HETPNOEIG, TTOU TTAPOHOPPUVOUY TTOAEG POPEC KATAOTPOPIKA TIG
KOQUTTUAEG €10IKNAG QVTIOTAONG, HE AUETT CUVETTEIQ N EPUNVEIT va €XEl TTEPIOCOATEPO TTOIOTIKG Trapd
T0goTIKO Xapakthpa. O1 Béoeig Twv TEM BuBogkotTrigewy TOTTOBETABNKAV KOVTA OTIG BETEIG TWV
avrigroixwv VES BuBooKoTHOEwWY.

To péyioto BaBog tng Buboakétnong épbaoe Ta 200 TepiTTou péTpa KAl auTd ETITEUXBNKE pE
HETPOUNEVO XPOVIKO @Aopa 10 msec, Kard TTOAU PIKPOTEPOU TwV dUVATOTHTWY TNG CUTKEUNS. To
BdBog auté eivar peyaAlTepo Hev atrod To avtioTolxo Twv HAekTpikwyv VES BubBoakotmrnaswy (Ku-

1227



plakidng, Tookag 1989), aAAG TTOAU pIkpOTEPO TwV duvarotATwy TNG TEM peBodoAoyiag ot £peuveg
YEWBEPHIKWYV TTEdiWV.

H peydAn aywyipétnta Tou uTredAPOUG ETITPETTE TN DIGCKOTINGN APKETUIV EKATOVTABWY PETPWY
Kai n epappoyr) NG TEM peBddou otn yewBepuIKA €pEuva TTPOCPEPEI ONUAVTIKG TTAEOVEKTHUATA
gvavtl Tng VES peBodou.

H epunveia Twv dedopévwyv  €yive pe  autopatotroinuévn  péBodo eTAOYAS OTPWUATWY Kal
apopéTpwy (Kédppung 2003). Ta aTTOTEAECHATA TWV AVTIOTPOPWY QAIVOVTAl YPaQIKA oTd oxfua 4
Kal gTov Trivaka 1 6TTou TTapouaIAdovTal GUYKEVTPWTIKG Ta OTTOTEAECUATA TNG EpuNnVeiag Twv TEM
OI0OKOTTAOEWV YIa TA HEDOMEVA TWV TTPWIT, WV XPOVWV.
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Ixnua 3. Zrpwpartoypa@ikr oTriAn yewtpnong ot 8€on Mo.

Mivakag 1. ZuykevipwTikd atoteAéopata TEM diaokomAoewy amd Tnv Treploxn ApIiaTivo

AAe€avOpouTToAng. O1 avTIOTATEIG TWV OTPWHATWY Eival og Qm Kal Ta TTAXN TwV OTPWHATWY OE Y.
1 5

2 3 4

MapdueTpol - 5 e 2 - 3 - i v
Zrpwpa 1 35 27 70 19 38 21 41 23 38 21
Zrpwpa 2 3.2 10 59 59 43 23 3.5 19 3.2 17.5
ZTpwpa 3 12.3 25 2.8 49 18.7 27 11.3 17 9.7 13
Zrpwpa 4 3.1 22 2 42 43 4.1 37 3.7 39
Zrpwpa 5 11.2 455 8 39 9.1 45 7 36
ZTpwpa 6 2.8 40 3 2.9 44 2.7 47
Zipwpa 7 110 76 50
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5 EPMHNEIA

ATTO TO QTTOTEAETHATA TNG EPUNVEIOG YiVOVTOI QUETWS EPPAVE TO KOIVA XAPAKTNPIOTIKG Twv Bu-
BookotrAoewy. Ze OAeg TIG BEaelg epgavileTal em@aveiakd oTpwua €18ikig avriotaong 35-41 Om
Kal TTayoug 21-27 PETPWY. YTTOKEIYEVOI auToU epgpaviovial EVAAAQYEG OXNUATIONWY MIKPOTEPNG a-
vTioTaONG, 01 OTToi0I €XOUV KATNYOPIOTTOINBEl OTOV TTiVOKO  YEWNAEKTPIKAG OTPWHATOYPAPIaG OF

T

Time (msec) Ohm*m

Ixnua 4 Epunveia Twv BuBookotmoewv TEM 1-5

axéan HE TIG TIPEG €18IKiG avTigTaang.

To evdiagépov kal Kupiapxo oToixeio, Trou eival koivd oe OAeS TI¢ BUBOCKOTTACEIS Eival N TTAPOU-
ol 1Io0XUPA aywyIdou axnuaTiouou (oTpwua 6), Pe TTapaTTANTIES TIHEG avTioTaong TTepi Ta 2-3 Om.
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O oxnuaTiIonog autog €xel TTaxog 40 Tepitrou pETpa oTig BuBookotrroelg 1, 4 kal 5 Kal UTTEPKEITAI
QavTIoTOTIKOU UTTORABpOU Pe avTioTaon HeyaAuTepn Twy 50 Om.

211G BuBookotrioelg 2 kau 3 Oev KaTEoTn duvatd va avixveuBei To avriotatikd utrdRadpo. To H-
AEKTPOPAYVNTIKO OANA TTAPEHEIVE EYKAWRIOWEVO OTO IO0XUPA QYWYIHO PHECO TOU TEAEUTAIOU OTPWHA-
TOG, ME ETTAKOAOUB0 va TrePIopIaBei TO BABog BlaoKOTTNONG Ot OXEON HE TIg BEOEIS 1, 4 Kau 5.

BuBookoétrnon 2

Eidikdétepa yia tn 8éon 2 1a armmoteAéopara eival kal Ta TAov eviutTrwoiokd. H BuBookétmaon
ekTeAéaBnke Tepi Ta 400 pétpa NoTIa TnG 1IBIWTIKAG yewTpnong Mo, n otroia kal diETpnoe amd 1o Bd-
B0¢ 55 ewg kal 116 PETPWY NPAICTEIAKA UAIKA, CUUTTEPIAIHBAVOREVWVY TOPQWY Kal EEQAAOILPEVWV
neaIoTEIaKWY, JE udpogopia oe BepHokpaaia 80°C. Bpioketal kovrd otn SiaoTalipwon Twv KUpIwY
pnypdTwy Aievbuvang B160 kan BO70 tng TTEPIOXAG.

Ta atmroTeAégpaTa TNG EpUNVEiag deixvouv TNV UTTAPEN KPOKAAOTTAYWY Kal APYIAIKWY IGNUATWY
péxp! BaBoug 78 péTpwy, Ta otroia AapBavouévng utrown Tng NoOTIag yewAoylkAg KAiong Tng Trepio-
XNG, EPXOVTAl OE CUP@WVIQ PE TO TTAXOG TWV 55 PETPWY ETTIPAVEIAKWY APYIAIKWV IZNUATWY TTou dIo-
TPRBNKE 0T yewTtpnong Mo. Xtn 8€0n auth kal ot BABOG 78 PETPWY EVTOTTICETAI OXNUATIONOG €101
K¢ avtiotaong 2.8 Qm, Tou OTToioU UTTOKEITAl OXNMATIONOG avtioTaong 2 Om oe BdaBog 125 pé-
Tpwv. O oxnuaTiopog Twyv 2 Om  ouveyxiletal pExpl BaBoug TouAaxiotov 170 péTpwy TrepiTTou. Ta
OTPWHATO QUTA AVTIOTOIXOUV OTOUG TOPPOUG Kal aTa eEaAAOIWPEVA NQAIOTEIOKA TNG yewTpnong Mo.

ZUPTTEPQIVETAI AOITTOV 1 AUECT GUOXETION TWV OTPWHATWY AUTWV PE TO YEWBEPUIKO TAUIEUTAPA
TTOU EVTOTTIOBNKE OTO YEWTPNTIKG TTPOYpaupa Tou ITME (KoAibg k.a. 2001).

BuBookoémnon 3

H BuBookdétnan tng Béong 3 exteAéaBnke epi Ta 300 p AvaroAikd Tng yewtpnong AA1 Tou IT-
ME (Kohiég 2001), n otroia kai katédele o011 o BABog 360 pETpwy avamTiooETal YEOA OF TTUPO-
KAQOTIKG NQAIOTEIOKA TTPOIOVTA YEWBEPHIKOG TAUIEUTAPAS HE BEPUOKPATIEG GVW TWV 86°C. EkT6¢
autou duwg atrd Tn yewtpnaon AA1 diammotwnke n Urapén opiovra eEAAAOIWHEVWVY NQAITTEIAKWY
UAIKWOV a1 7o BEB0g Twy 170 £wg kat 210 pérpwy, OTTOU Kai avatrTiooeral SelTepog udpoPopog
opigovTag pe BEpUOKPACIEG 50°C.

Ta mpwTa 4 YEWNAEKTPIKG OTPWHATA TNG EPUNVEIAG TOU TTivaka 28 kal péxpl BaBog 114 pérpwy
avTigToiXoUv oTa apyIAIKa IGApara NG yewtpnong AA1, atmroTEAOUPEVA aTTO EVAAAQYEG KPOKAAOTTQ-
YWV KQI  HapywyV. YTTOKEIUEVOG BPIOKETAI QPYIAOWAHKITIKOG OXNHATIONOS TTAXoug 40 PETpwy TTEPI-
TTOU WE avTiotaon 8 Om.

To mAéov evOIQQEPOV OTOIXEID TTOU TTPOKUTTTEI aTrd TNV eppnveia TNg BuBookdtnong 3 eival n
UTrapén aywyipgou oTpwpaTog ot BdBog 153 pétpwy pe Tipn €191k avriotaong 3 Om, rapatmAioia
TWV TIWWYV TTOU QVTIOTOIXOUV OTa aywylya atpwyara 3 kat 4 Tng S1IaokOTTNoNG 2. AT T TTAPATTAVW
guvayetal n meavr) GuVEXeia TTPog Ta AvaToAIKA Tou €TTiQavelakou Beppol udpo@opou opifovta Tng
yewTpnong AA1.

BuBookoétrnan 1

H BuBookdTrnon ekTeAéaBnke AUTIKA Tou priydarog dietBuvong BBA-NNA trou TrapepBAaiAeTal
MeTagu Twv BuBoaokotigewv 1 kai 3. AT Tnv EpunVveia TTPOKUTTTEI AvAAOyn OTpwHaTOypaia HE TN
Béon 3, pe TV Utrapén avrioToixwv apyIAIKWY IENUATWY TTAXoug 84 PETPWY, UTTEPKEINEVWY apYIAO-
WAHMITIKOU gxnuaTigpol péxpt Baboug 130 pétpwy Trepitrou. 1o BAB0GC autd ERQAVIZETAl QYWYIHO
oTpwHa Traxous 40 WETpWY WE TIUA €1I0IKAS avTioTaong 2.8 Om  avTioToixng Twv TINWY Tou Bepuol
udpoPOPOU OTPWHATOG TWV BETEWY 2 Kai 3.

To TGX0g TOU aywyIhou auToU OTPWUATOG Eival TO D10 PE QUTO TWV EEAAAOIWHEVWV NPAIOTEIQ-
KWV TTou diarprBnkav amod Tn yewtpnon AA1, Ta oTroia BePaiwg evromifovial Ot peyaAuTepo BaBog
Aoyw Tng dpdang Tou priypatog dietBuvang BBA-NNA. TéAog o avTioTaTikdg NHIXWPOS TTOU EVTOTT-
CeTal atrodideTal o€ oupTrayeic SAKITIKOUG avOETITEG.

BuBookotrigeig 4 kai 5

O1rwg TpoavagépBnke n epunveia Twy utroAoiTwy BuBooKoTTAOEWY EBEIEE KOIVA XQPAKTNPIOTI-
KG pE ONUAvTIKG OToIXEio TNV UTTApEn aywyldou oTpwHOTOS TTaXoug 37-44 PETPWV Kail TIHES EIDIKAG
avtiotaong 2.7-2.9 Qm. O1 Tigég auTtég TNG avTiagTaong eival ol idIEG PE QUTEG TOU AYWYIMOU OTpW-
MaTog TToU VTOTTICETAI OTIG AAAEG BUBOOKOTTAOEIS Kal atTodiOETON OTO OTPWHA TWV EEAAAOIWHEVILV
NQAICTEIAKWY KAl TO OTTOi0 OTTOTEAEI TO OTOXO THG EPEUVAG.

Ta amoteAéopara TnG epunveiag oxedidobnkav O 2 TOPEG, €K TWV OTToiwyv N TTpwTn dielBuvong
A-A Trepihapfaverl Tig BuBookotmoelg 1, 3, 4, 5 kai Tn yewTpnaon AA1 kai n deltepn diedBuvong B-N
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116 BuBoakoToelg 2, 1 kal T yewTpnon Mo. ATTo TIG TOPES DIAQAIVETAI N CUPGWYVIA TNG YEWAOYIKAG
OTPWHATOYPOPIAS TWV YEWTPOEWY HE T YEWNAEKTPIKF oTpwpaToypagia tng TEM peBodou. Me
SiamoTwpévn TNV agioToTia TNG YEWPUOIKAS TTANPOPOPNONG TTPOKUTITOUY XProila CUPTIEPAoUATa
YIQ TO YEWBEPUIKO KABEOTWGS TNG TTEPIOXNG.
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Zxnpa 5 Epunveutikég TopEg yYewBeppIkou Trediou ApiaTivou

6 ZYMIMEPAZMATA

AlamoTwverar n UtTapgn Beppol udpopodpou opifovra peTagl Tng yewTtpnong Mo, TTOU ETTEKTEI-
VETOI WG TN B£on Tng BuBookodtnong 1, TTapakoAouBeital otn yewtpnon AA1 kai ouvexilel épav
NG 8€éang 3, Tou priyparog dietBuvong BBA-NNA wg Tig Béo€ig 4 ko 5.

Ta duo kUpia priypata Tng Tepioxrig dieuBuvong BBA-NNA kai BBA-NNA, givai utreGBuva yia
dnuioupyia TekTovikoU BuBioparog (grabben) atnv evdiduean meploxh kai gival emmiong umeUBuva
yia TNV avdaTmTugn Tou I0XUpd aywyIou axnUaTtiopol Tou guvdgéTal PE To Bepud udpoPoOpO TaUIEU-
TPa Twv yewTprigewv AA1 kai Mo. H UtTapgn Twv pnypdtwy kovtd aTig Béoeig Twv BuBookoTrae-
wv 1 kai 2 dikanoAoyei Tnv aduvapia Tpoodiopiopoy avTioTaTikoy uTToRAaBpou oTig BECEIG QUTEG.

To yewBeppikd peuaTd TTou TTANPOI TOV USPOTTEPATO OXNHATIOHO TWV EEAAAOIWHEVIWY NPAICTEIAKWY

Twv duo yewTprioewyv Bpioketal o UBPaUAIKN ETTIKOIVWYVIA PE TO BaBU Bepud udpPoPOPO TTOU EVTO-
mrigbnke og B&Bog 430 péTpwy atn yewtpnon AA1. To yewBepuIKG PEUOTO avépXeTal atrd To gU-
OTNHA TWV PNYMATWY TNG TTEPIOXAG £XOVTAG QTTOKTHOEl PEYAAn BepPoKpaaia amd Tnv emagr PE
paypaTikég pades. Ta priypaTta gival Kal of TEAIKOI CUAAEKTEG, KOBWG TTapatnpridnkav oAU uwnAég
aywyinoTnTEG, KaI TTEPIOpIgovTal oE Jwvn evOidpeon Twy pnypaTwy pe ANA diedBuvan.

AtrotéAeopa eival n dnuioupyia Tou em@aveiokol Beppol udpo@dpoU OPIfOVTa TTOU  ETTEKTEIVE-

Ta1 Bopeia Tou ApioTivou kal JETAEU TwV KUPIWY pnyHaTWwy, dIGHop@wvovTag {wvn TOTTIKOU YEW-
Beppikou evOIaQEPOVTOG.
H egappoyr) Tng TEM peBodohroyiag ameédeife Ta eMIXEIPNTIAKA TN TTAEOVEKTHHATA OTNV £pEUVA
yewBeppikwy Tediwv. O pIKPOG aplBUEG Twy HETPAOEWY Jev EMTPETTE! TNV £€ayWYT] AOPAAWY CU-
UTTEPAONATWY OE 0TI apopd To YewBepUIKO Tredio TNG eupUTepng TepIoxng. O PETPROEIC TTPAYa-
TotroIienkav ota TTAicia Tou eAEyXOU TNG AIOTTIOTIAG TOU TTPOYPANHATOS AUTOHATOTTOINKEVNG £P-
pnveiag kai N agloAdynon Twv amoTeAEOUdTWY PE BAon Ta yewAoyIKA Kal yewTpnTikd dedopéva g
TEPIOXNGS Eival AKPwG EVBAPPUVTIKA Kai BIKAIOAOYoUV TN xprian Tng HEBOBOU OTn CUTTNUATIKY MEAE-
TN KQI XOPTOYPAPNON YEWBEPUIKWY TTESIWV.

1232



ANA®OPEZ

Kdpung M. 2003 Autopatotroinuévn eppnveia HAekpopayvnikig peBodou Tapodikwy mediwv, Aildakropikr dia-
TPIRN, EBVIKO kai KatrodioTpiako MavemaoTtruio ABnvwy, ABrRva

Kuplakidng E. , Tadékag ., 1988, MewnAekTpikr) peAETN Trepioxig Aoutpwv AAe€avdpouTroAng (Zuvdeapog
Afpwvy kan Kovotrtwv lapamkwy Mnywv EAAGdOG)

Kohiog N., Kapuddkng I"., Koutaivog Z., ZnkétmouAog K., 2001 Epsuva kai avdamTuén MewBeppikAg evépyeiag
atnv AvatoAiky Makedovia kai ©pakn. Epyo 9531519 MNEN - B* KNZ, Texvikr ékBeon ITME

Aaylog E., 1992 MayvnroteAAoupikég DIaOKOTTAOEIG OTIG YEWBEPUIKOU EVDIOQEPOVTOG TIEPIOXEG Zouoakiou kai
MeBdavwy, Topor | kai ll. Texvikr EkBeon, AEME/AEH, Aerva

Tzanis A., Lagios E., 1993 Magnetotelluric exploration of Sousaki geothermal prospect, Corinth prefecture,
Greece: The first results, 2" Congress of Hell. Geophysical Union, Florina, Greece

ABSTRACT

THE APPLICATION OF THE TRANSIENT EM METHOD INTO
THE GEOTHERMAL FIELD EXPLORATION

Karmis P.", Vargemezis G.?, Papadopoulos 1.% , and Tsourlos P.?
' .G.M.E. Dept. of Geophysics, 70 Mesogion, 11527 Athens, Greece

2 Department of Geophysics, School of Geology, Aristotle University of Thessaloniki, 546 21,
Thessaloniki, Greece

In this work we examine the potential of the time-domain electromagnetic method (Transient
EM) in the exploration of geothermal field and the study of the geological environment. The method
was applied in the geothermal field of Aristino (Alexandroupolis), westwards of the Traianoupolis,
where the known hot springs exist. The EM method and more specifically magnetotellurics (MT), it
has been applied in the past in Greece by various researchers, but it is the first time the TEM
method is applied for geothermal exploration purposes.

As it has been shown by previous works, in the wider region of Aristino an important geo-
thermal field is developed, with geothermal fluid temperature of 30°-90° and high content of dis-
solved salts of 10gr/lt. These factors result to the appearance of highly conductive geoelectrical
anomalies which are directly related to the geothermal field. The existence of two drillholes in the
region allowed the calibration and the control of the effectiveness of the TEM method. The geo-
physical survey has delimited the area of local geothermal interest that is formed by hot aquifer at a
relatively shallow depth, extended North of Aristino and between the main faults of the region. The
two main faults are responsible for the creation of a tectonic graben in the intermediary region and
the development of a highly conductive formation which correlates well with the hot aquifer tank.
The geothermal fluid circulates through the faulting system having high temperature caused by the
contact with magmatic masses.

The application of TEM proved the operational advantages of the method in the geothermal
field exploration. The relatively limited number of TEM soundings presented here does not allow the
export of safe conclusions regarding the geothermal field of the wider region, although the evalua-
tion of results based on the geological and geoelectrical data of the region is extremely encouraging
and justifies the use of the TEM method in the systematic study and mapping of geothermal fields.
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NEPIAHWH

To @aivopevo TG SIAOTTOPAG TWV ETTIPAVEIOKWY KUPATWY Kal EIBIKOTEPA TWV ETTIPAVEIOKWY KU-
pdrwv Rayleigh, éxer amoteAéaer Ta TeAeuTaia xpovia £QAATHpIO yid TNV EQappoyr] oUyxXpovwy Te-
XVIKWV TNG YEWTEXVIKNAG KAl TTEPIBAAAOVTIKNAG YEWQPUOIKAG. ZTIC MEPES MAG, N avdAuon TWV ETTIPA-
VEIOKWY KUPAaTwy Rayleigh xpnoipotroigital eupdtara yia tov TTpoodIopIgHSd TWV TAXUTATWY TwV
EYKAPTiWY OEIOUIKWY KUPATWY.

21NV epyacia auTr] TEPIYPAPETI KUPiwG N EBoOOAOYIag avAAUCNG TWV ETTIQAVEIAKWY KUNATWYV
Rayleigh, evi rapdAAnAa TTapouciagovTtal EQAapUOYES TNG OF OEITHIKA dedopéva TTou TTPoépxovTal
ammd SIaoKOTAOEIG, 01 OTroieg TrpayparoTroirjfnkav ota TAQiola Tou EupwtraikoU TTpoypdupaTog
HYGEIA, oe &Go mepiBarhovTikd emBapnuéves TEPIOXEG: a) oTnv TTEpIOXr) Tou Monfalcone otn B6-
peia ItaAia kal B) otnv Blopnxavikr wepioxr Porto Petroli, otn Mévopa.

H peBodoloyia autr amodeikvUeTal TTOAU Xprigiun oTnv OploBETNAN Tou £TEPOYEVOUG EBAPOUG
TTOU TTEPIEXEI Bappéva aoppippara otnv Teploxn) Tou Monfalcone kal oTnv Xaproypdgnan Tou a-
vdyAugou Tou utroBdBpou Tng Blounxavikng Tepioxrg Tou Porto Petroli, yéow Tou poabiopiopol
TWV TAXUTATWY TWV EYKAPTIWY TEITUIKWY KUUATWY.

1 EIZArQrH

Eival yvwaoTté 611 Ta EMIQAVEIOKA OEIOUIKA KUPATA TTAPOUCIAJouV £VIOVO TO @aivouevo Tng dia-
otopdg (dispersion), dnAadr Tng e€apTtnong Tng TaxuTNTAg PACNg ad TN ouxvoTnTa. H Taxutnra
@dong Twv kupdtwy Rayleigh oe opiévria otpwuarwpévo edagikd povrédo e€aptdral atmd T gu-
XvoTnTa Kail T€ooepig edaQIKES TTapapéTpoug (Schwab and Knopoff, 1972):

» Taxutnta Twv diapnkwy Kupdrwy (P — kUpara)

» TaxitnTa Twy £YKapaiwv Kupdrwy (S — kuuara)

» TMukvoTNTa TWV OXNHATIOHWY

» Mdxog KABe aTpwHaTOS

* H raxutnTa diddoong Twv £YKOPOiwWY OEIOUIKWY KUPATWY £TTNPEAZEl TNV KAPTTUAN diaotropdg

TEPIOOOTEPO aTTd OAEG TIG AAAES €BQPIKES TTapapéTpoug. IMNa To Abyo auTtd, XPNOINOTTOIWVTAG TEXVI-
KEG QVTIOTPOQNG, €ival Suvatd va TTPoadIopIaTEi N KATAVOUN TNG TaxUTNTAG TWV S — KUPATWY CgU-
vapTroEl Tou BaBoug, ammd Tnv kapTrUAn diaotropdg Rayleigh.

H mAgupIkr) HETABOAR TNG TaXUTNTAG TWV EYKAPTIWV CEICUIKWY KUPATWY TTpoodiopileTal Xpnal-
HoTTolwvTag TeEXVIKEG roll along katd Tnv amokTnon Twv oeiopikwy kataypaguwy (Miller et al, 1999).
ATTO KABE KaTaypa®n KOIVAS TTNYAG KaI ETA TNV avTiaTpo@n Tng BepeAiwdoug kapTrUANng diaotropdg
TPOKUTITEl N TAXUTNTA TWV S — KUMATWY ouvapTrioel Tou BaBoug. ToTToBETWVTAG Ta aTroTEAETUATA
ammd kdBe avrioTpor aTO KEVIPO TOU QVATTTUYHATOS TTNYAS - YEWQWVWY TTPOKUTITEI N WEUBOTOUN
™G TaXUTNTAG TWV S — KUPATWY.

MoAAES EQapUOoYES TTPOODIOPITHOU TNG TaXUTNTAG TWV EYKAPTiWV KUPATWY atréd geiopikd dedo-
péva emipaveiakwy kupdtwy (Pamrdkng, 1995, Stokoe et al., 1994, Misiek, 1996) éxouv armodeiei
TNV agiomoTia Tng yeBddou auTrg. TEAOG, O VEEG TAOEIG OTO OUYKEKPIPEVO QVTIKEIPEVO EICAYOUV TNV
TTOPAPETPO TNG TTAEUPIKAG AVOUOIOYEVEIQG TNG TaxUTNTag aTta edagikd povréda (Misiek, 1996) yia
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TOV XAPOKTNPIOHO TWY OXNUOTIOWWY PE AUECO YEWTEXVIKO Kal TrEpIBaAhovTikO evdiagépov (Miller
and Xia, 1999, Miller et al., 1999).

2 MEGOAOAOrIA THZ ANAAYZHZ TON EMIGANEIAKON KYMATQN

H avdAuon Twv EMQAVEIOKWY KUPATWY TTEPIAQUBAVEI TN AN Kataypa@wy TTAOUCIWY OE ETTI-
paveloka kUupata Rayleigh kal Tnv avTioTpo@r] Twv XOpOKTNPIGTIKWY KOUTTUAWY BI00TTopdg TOUG,
yia Tov KaBopiopd TNG TaXUTNTAG TWV dIATUNTIKWY KUPATWY KATaveRnPévng e To fadog. Mia amd
TIG KUPIOTEPES BIAdIKATIES YIa TNV AVAAUCN TWV ETTIQYAVEIAKWY KUPATWY Eival 0 TTPOodIOPITHOS TWV
XOPAKTNPIGTIKWY KAPTTUAWY d1acTTopdg atrd TIG KATAYPAYES. H avTioTpoQr TwV XAPAKTNPICTIKWY
KaptrUAwy diaotropdg atroteAei Tn deUTEPN ONUAvTIKOTEPN YA TN eTeEEpyaaiac.

ATé T diadikacia TG avTioTporig TTpoadiopiovTal o TTAPAUETPOI Tou £0a@IKOU povTéAou. H
peBodoAoyia TNG avaAuong Twy ETIYAVEIAKWY KupaTwy Rayleigh eival duvatd va xwpiotei ge duo
Blakpitd otadia (Zx. 1). Kard 1o mpwrto o1ddio, amod TIG CEIOUIKEG KATAYPOPES KOIVIAG TTNYAS, Of O-
Troieg Ba TTPETTEl va TTEPIAGURAVOUY ONUAVTIKE) CEICHIK EVEPYEIR KATOVEUNUEVT OTO ETTIPAVEITKA
KUpaTa, TTPOKUTITOUV Ol TTEIPAUATIKEG KAUTTUAEG BlaoTropds. Evy ato deltepo oTddio poadiopio-
vTal ol BewpPNTIKEG KAUTTUAEG B1aaTTopds yia opildvTia OTPWHATWHEVO DAPIKO HOVTEAO, XPNOIHO-
TToliwvrag Tnv Texvik Thomson-Haskell (Haskell, 1953, Schwab and Knopoff, 1972). Tpomotmoiw-
vTag ETAVOANTITIKG To €Da@IKO poVTEAO ETTITUYXAVETQI N TTPOCOPHOYr TNG BewpnTIKAG KAUTTUANG
dlaotropag otnv Teipayarikr (dladikagia ou ovopdleTtal avriotpo@n). ‘ETol, e@bdooV Tpayparto-
TTOINGEl TAUTION TWV KAUTTUAWY, TTpoadiopileTal TO TEAIKO £DAQIKG POVTEAD (KaTavoun Tng TaxuTnTag
TWVY EYKAPTIWY TEITHIKWY KUPATWY PE To BAB0G). ZTIC ETTOHEVES TTAPAYPAPOUS TTEPIYPAPOVTAIl AVA-

* AUTIKG OAa Ta Brjpata Tou akoAouBouvtal Katd T diadikaoia TNG avaAuang TwV ETTIPAVEIAKWY KU-
parwv Rayleigh.

| ANAAYZH TON ENI®ANEIAKON KYMATON |

AN
g = - o "
1 ZTAAIO1 I ITAAIO 2
ZeIoMIKEG ApxIKé
xataypagic £5UQIKO
.‘Jﬁm?&%‘fsm Hovrého

v -

Merao xnpamnopog Evrihuon Tou guBéwg §
4TOU Kupankoy 1ediou TTpofAfHaTog ]

| i?:#m:;tg . “‘_”"0"" . xuu‘r)r%t:gc
Biaomopd A Enavarqmmxi | Siaoropag
Tporrorroinen Tou /
M apxikou povriAou}’
Taumion
KOHTTOA WY

TEAIKG £BaQIKG uovrt)\ A
{karavopr Vs pe to Badog)

ZxAua 1. Aidypappa porig TTou Treplypdger Tn peBodoAoyia Tng avdAuang Twv kupdTwy Rayleigh.
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2.1 Zradio 1

2.1.1  AmoKInon oEIoUIKWY KaTaypapuwv

I1a TEIPAUaTa OEICUIKAG BIaoKOTTNONG, T ETTIPAVEIOKA KUPATA EMPAVICOVTOI OTO OEICUOYPAUMO-
TQ META TQ KUPATA XWEOU Kal avayvwpifovral atrd 1o JEYAAD TTAGTOG KaI TH OXETIKA XAUNAr OuxXVvo-
™TA TOUG. H aTTOKTNON TWV CEICUIKWY KATAYPAPWY, OTIG OTroieg Ba TpéTrel va SeoTrdlouv Ta ETTI-
QAVEIOKA KUPATQ, OTTQITER OPICPEVEG PUBNIoEIG, OTTWG gival n eTTIAOYA Tou KatdAAnAou e§otTAiopoU
(yeEwuva KatdAANANG 18100UXvOTNTAG KAl CEICHIKA TTNYH WE EUPU QAOTUATIKO TTEPIEXOUEVO), N PUB-
MIon TNG aTréOTAONG TTNYAS — YEWPWVOU KAl TG I0ATTOCTAONS TWV YEWPUWVWYV KaBWS Kal n puBuI-
an tou diaotiparog delypatoAnyiag kai TG didpkelag kataypapns. MNa tnv cuAAoyr Twv CEITUIKWY
Sedopévwy Xpnaigotroigital Sidragn NS - yewewvwy kat kUAIoA Tng (roll along) pe otabepd Brua
TTPOXWENONG, TTPOKEIPEVOU TO ATTOTEAECUATA TG QVTIOTPOQAS VO ITOTTEXOUV TTAVW OTNV WeudoTo-
Hn.

H ogiopik TnynA Traidel onpavtikd pdAo yia T Afyn Twv dedopévwy, kabBwg 600 TTIo TTAoUaIo
OUXVOTIKG TTEPIEXOUEVO TTAPEXEL, TOTO KaAUTEPN avdAAuan emituyxaveral. ETiong, yia tn dlaokoTn-
on BaBUTEPWY YEWAOYIKWY OXNUATIOWWY OTTAITEITAI N KATAYPAPr) ONUAVTIKIG EVEPYEIAS 08 XAMNAES
ouxvoTNTEG. EKTEVEOTEPEG AVAPOPES OXETIKA HE TIG BEATIOTEG TTAPAPETPOUG ATTOKTNONG TWV CEICHI-
KWV KaTaypaguy £xouv TrapouctaoTtel atrd Toug Park et al (1999).

2.1.2  Meraoxnuariopdg rou Kuparikou 1rediou

O1 XapakTnPIOTIKEG KAPTTUAEG DIOOTTOPAG TWV ETTIPAVEIAKWY KUPATWY TTOU KaTaypd@ovTal atrd
didragn KoIviig TINYAS TTPOKUTTTOUV PETA TNV £QAPHOYT EVOG PETATXNMATIOPOU TOU KUMatikoy TTedi-
ou a1 TOV XWEo X —t atov xwpo p — w (McMechan and Yedlin, 1981).

ApXIKG £QapuodleTal YPOUMIKA Xpovikh atokAion (Linear MoveOut — LMO) ota oeigpikd dedo-
VAo

LMO
u(x,t) — Ux,7)=U(xt-px) (1)

otTou u(x, f) eival n kaTakdPUPn PETATOTTION TWY UAIKWY anueiwy oTo TTedio amdéataang — xpovou, T
gival 0 xpdvog kabuaTtépnong:

T=t-px @)

Kal p €ival N TTAPAPETPOG TN CEICHIKAG akTivag (€€, 3), n otoia yia opifovTia BIadIdOHEVA TEITUIKG
kUpaTa 1ooUTal JE TO QVTIOTPOPO TNG OEIOUIKAG TaXUutnTag Kal ovopdletar Bpadutnta @daong
(Yilmaz, 1987).
sin(i 1
_ Sin(®) = p=—-v 3)
\4 i=90° \

Emiong, n Bpadutnta @dong (phase slowness) oxetiferal pe TNV TaxUTNTAS QAang (¢) oUpQwva JE
T oxéon:

hor

- 4)
C

H taxutnra dong ek@padel Tn Taxutnta diddoaong KABe apuOVIKOU TEICHIKOU KUPATOG.
E@appodgovrag tnv 1I816TNTa TNG XPOVIKAG PETABeONG (time shifting) Tou peTaoxnuaTtiopou Fourier, n
YPQUHIKT) XPOVIKF aTTOKAION TTPOYHATOTTOIEITAI OTO XWPEO TWV CUXVOTHATWY CUN@WVA PE TNV axéon:
U(x,1) = U(x,t-px) <> U(x,f) "2 )

otou u(x,t) <> U (x,f) kai To oUPBoA0 <> uTrodnAwver Zelyog Fourier.
AkoAoUOwg, aBpoiovTal Ta ixvn TTOU £XOUV UTTOOTE! YPAMMIKA XPOVIKI OTTOKAIGN OTO XWPO TOV
TUXVOTATWV:
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§(p,f) = ZG(X‘f)'e—ilﬂfpx .

OTTOU TO gEK(ppG'CEI TO KUpaTIKG Tredio oTo Xwpo (p = f).

o
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(a) Frequency (Hz) (b) Traces
Ixnua 2. (a) KaptruAeg draaTropds Tou TTPOoEKUWay atrd 1o PETACOXNMATIONG Tou KupaTtikoU Trediou TnG Karta-
ypagng ue kwdiko mediou (FFID) 206 (b) otnv 1repioxr Tou Monfalcone. Alakpivetal n BgpeAiwdng kautuAn dia-
OTTOPAG Kal TBavov 2 KaPTTUAEG avTEPNG TAENG.

35 40 45 50 5 20 2

O1 KapTTUAeg dIaaTropds avTIaTOIXOUV OE TOTTIKA £VEPYEIOKA WEYIOTO TNS KUMOTIKAG EVEPYEIQS
TTOU Traparnpouvral oto edio p — f Kal OUCIACTIKA ATTEIKOVICOUV T METABOAR TNG TaxUTNTAg GAcng
TWV EM@avelakwy Kupdtwy Rayleigh ouvaptroel Tng ouxvoTtntag (otaupoi oto ayx. 2a). To evdia-
QEPOV TNG AVAAUCNG TWV ETTIPAVEIOKWY KUPATWY OTrn CUYKEKPIUEVN EPYOCIa ETTIKEVTPWVETAl OTN
BepeAdindn xapaktnpiaTik KaptuAn (fundamental dispersion curve), vy kKautrUAeg dlagTropds a-
vwrepng Tagng (higher modes) epgaviouv uwnAoTEPEG TaXUTNTEG Ao AUTAV TNG BePENILBOUG Yia
OUYKEKPILEVN OUXVOTNTA.

2.2 Z18d10 2

2.2.1 Mpoadiopioudc apxikoU edapikou HovréAou
ZTIG HEBGBOUG avTIOTPOPNS N UN YPapHIKA avaAuTiky axéan TrpoageyyileTal HE T Xprjan Tou a-
varrtiyparog Taylor. Z1n cuvexeia e@appodetal eTavaAnTrTiky Siadikaoia, yia TNV emiTUXr oUyKAIon
NG OTToiag aTraITEITal TO APXIKO HOVTEAO va BPIOKETAl «OXETIKA» KOVTA OTN YEITOVIA TNG Auong. E-
TTOMEVWG, YIa TNV avaAUOn TwV ETTIYAVEIOKWY KUPATwY Rayleigh gival ToAU onuavriki n emAoyn
KatdAANAou apxIKou e8AQIKOU HOVTEAOU.
‘Er01, yia Tov Tpoodiopicpd Tou apxikou edamikou poviéAou AapBdavovtar utroyn Ta e€nc:
» Ao TIg KaPTTUAEG S1aaTTOpdS KAl yia KABe Tiur) TaxuTnTag GAong Kai guxvotnTag eival duva-
TO va TTPOCBIOPIOTE TO AVTIOTOIXO MAKOG KUPOTOG TWV ETMQAVEIOKWY KupdTwy Rayleigh,
agUpewva Pe Tn BepeAiudn e€iowan TNG KUMATIKAG:

Cp =Ag T M

OTTOU CR EiVal N TAXOTNTA QACNG, fr N OUXVOTNTA KA1 Ag TO UAKOG KUPOTOG TWV ETTIPAVEIGKWV
Kupatwy Rayleigh.

» H karokopu@n HETATOTION TWV UANKWY onueiwyv katd tn JiGdoan Twy ETQAVEINKWY
KuudTtwy Rayleigh og BaBog {00 pE TO HAKOG KUNATOG TOUG I00UTAI TTEPITTOU pE TO 15 % Tng
petaroémong otnv em@aveia (Nazarian, 1984). Apa, 10 em@avelakd Kopata Rayleigh
B1e10BUoUV TTPOKTIKG O€ PEYIOTO BABOG TTEPITTOU i00 PE TO PKOG KUPATOG TOUG KAl ETTOHEVWG
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0l TTANPOPOPIEG TTOU EPTTEPIEXOUV YIO TOUG £DAPIKOUG OXNUATIONOUG guvowilovtal HEXP! TO
BA&Bog auTo.

» H taxutnra Twv EMQavEIOKWY Kupdtwy Rayleigh ocuvdéetal pe Tnv TaxdtnTa Twy £yKApoiwv
OEIOMIKWY KUpdTwy (Vs) pe Tn oxéon:

cp(f)=2-Vy(f) ®)

OTToU 0 apPIBUNTIKOG OUVTEAEOTAG @ AapBAavel Tipég atrd 0.874 £wg 0.955 yia avTioTOIXES TIHES

Tou Abyou Poisson atré 0.0 £wg 0.5 (Xia et al, 1999, Stokoe et al, 1994).
Ev kartakAgidi, utroAoyifeTal To prKog KUPATOG TWV ETTIPAVEIOKWY KupdTtwy Rayleigh améd tnv €. 7.
ZTn ouvéxela kabopiletal To pEyioTo BaBog (d) dieioduang Twyv ETTIPAVEIAKWY KUPATWY KAl TO TTAX0G
TWV OTPWHATWY Tou DdaQIKOU HovTEAOU, TO OTToi0 AuEaveTal JE TO BABOG. AuTO £XEI WG ATTOTEAEOUA
TNV IKGVOTTOINTIKN EKTIUNON TNG KATAVOUNAS TNG TaXUTNTAG TWV EYKAPTiWV TEITUIKWY KUPATWY PE TO
BdaBog. AkoAouBwg, Bewpwvtag oTabepd Adyo Tou Poisson (v) yia kdBe £dagikd oTpwua gival du-
vaTo va EKTINNGET N TaxUTNTA TWV BlaPAKWY KUPATwy (Vp). TEAOG, HE TN XPON EUTTEIPIKWV OXECEWY
EKTINATAI KQI N} TTUKVOTNTA KABE eda@ikou aTpwpaTog. MAnpogopieg améd aAAeg neBddoug TTou ago-
pouv TNV TaxuTNTa TWV SIAPAKWY KUPATWY KOl TNV TTUKVOTNTA TWV YEWAOYIKWY CXNUOTIOPWY Eival
duvard va xpnoipotroinBolv aTreubeiag wg TTAPAUETPOI TOU apXIKoU 8APIKOU HOVTEAOU.

2.2.2  EmiAuon tou euBéws mpoBAfuarog
H taxitnta @dong Twv Kupdtwv Rayleigh, cri, TpoodiopileTal amd Tnv guvdaptnon Siooopag
F otn un ypaupikh kai TeTAeypévn TG poper (Schwab and Knopoff, 1972):

F(f.,cg;s Vs, Vp,p,d)=0 i=12,3,...,n) )

otrou f; eival n ouxvotnTa o€ Hz, cg; eival n taxutnta edang Twv kKupdtwy Rayleigh yia 1n ouxvoTn-
Ta f, Vs = (Vs Vsa ..., Vsm)" gival To SIGvuaua Twv TAXUTATWY TWV S — KUPGTWY, PE Vs; TV Taxu-
™TTa TWV S — KUPATWY ToU j oTpwaTtog (f =71, 2, ..., m), m gival 0 apiBPog Twv oTpwuaTwy, Vp =
(Vps, Voo, ..., me)T gival To DIGVUOHA TWV TAXUTATWY TwV P — KUPdTwy, pe Vip;Tnv Taxotnta Twy P
— KUMGTWY TOU j OTPpWHATOS, P = (01, P2, ..., pm)" €ivar T SIGVUTHA TWV TTUKVOTIATWY, WE pj TNV TTU-
KvOTNTA TOU j OTpwMaTog kat d = (dy, da, ..., dm-1)7 €ival To BIGvVUOPA TwV TTaXWV, YE dj To TTaX0G Tou
J oTpwpaTtog. O1 pifeg TNG avaAuTIKAG ax£ang TNG auvapTnong dINaTTOPAS YIa TUYKEKPIPEVEG TTAPA-
pétpoug Tou povtédou (Vs, Vp, p, kai d) kai yio ouxvotnTa (fi) avTigTolxouv oTig TaxutnTeg @Aong
TWV ETTIPAVEIOKWY KUpaTwy Rayleigh otn ouykekpipévn ouxvornTa. Ze autr Tnv epyacia, e€etdleTal
HOVO n BePeNWBNG xapakTnPIoTIKr) KAUTTUAN (fundamental mode) n otroia, og XaunAég ouxvoTnTEG,
aTtroTeAEiTal aTré TIG PIKPOTEPEG BETIKES Pifeg TNG guvdpTnang dIaCoTTOPAS YIa DIGPOPES TUXVOTNTES f;
=1, 2, ..., n. Na va rpoodlopiaTei N TaxUTNTa QACNG Cri OTIG diIdYopeg auxvotnTeg fi (i=1, 2, ..., n)
Xpnaoigotroigital n péBodog Tng dixotéunong (bisection), n omoia Tpoodiopilel TI Pifeg TNS TUVAp-
tnong diaatropdg (e€. 9, Press et al., 1992).

2.3 Avriotpor} Twv KapTTUAwY SlaoTropdc

E@boov o avTiKEINEVIKOG OTAX0G Eival 0 Undeviopdg NG auvdptnang dilaatopds (€€, 9), n Taxu-
ra Qaang, cri, yia pia dedopévn auxvetnTta fi eivar duvard va EKPPACTEl WG aUVEPTNAN TWV TaXU-
TATWV TWV S-KupdTwy cUPwva pe Tn oxéon (Kpntikdkng, 2001) :

Cri = Chi (VSI VS350 VS0 {Vpl.l,...m P w2 m }vfl) (10
H guvdptnon autr (€. 10) eival duvatd va avamtuxBei oe oeipd Taylor wg Tpog Vs diatnpw-

vTag HOVO TTPWTNG TGENG dpoug.
‘Etoi, mpokdTrTel n axéon:
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CRi_CgiziQCR_i '(VSJ_VS?) (LL)

=1 5VSJ- v, =V
V2=V
Q _y°

sm sm

ommou 10/ =1, 2, ..., N €ival 0 0 APIBUOG TWV PETPATEWY, EVW O EKBETNG 0 aupBoAilel To apxikd po-
VTENO TOOO YIa TIG VY 600 ka yIa TIG UTTOAOYIOPEVEG TINEG TNG TAXUTNTAS 9Aang Cr
Z1n dlavuapaTiKh Hop®r N idia oxéan ypdeeTal wg £§AG:

Acy =1J;-AVs (12)
6tTou 10 dIAvUOHA:
_ 0
Acy =c, —cy (13)

ekppdler Tn diagopd avapueoa ota diavUiopaTa Tng TEIPAUATIKAG Kal BewpnTIKAG TaXUTNTAS @J-
ong. To didvuopa:

AVs =Vs—Vs° (14)

TEPIEXEN TIG AYVWOTEG TaXUTNTES VS AAAG KOl TIG QVTIOTOIXES vs®Tou apxikou £8agikol PovTéAou.
TéAog, n lakwBiavn Jjj NG cuvdptnong diaoTropdg, TTpoadiopileTal cUp@wva PE T axéon:

oF
oVs. .
J,=- L= _iCR_' (15)
! oF OVs,
Ocg;

o6mou 10/ = 1, 2, ..., m, cudBoAilel To TTARBOG TWV £0APIKWY OTPWHATWY (CUPTTEPIAQUBAVOpE-
VOU Kai Tou nuixwpeou). O Tpoadioploués TwV HEPIKWY TTapaywywyv TG lakwpiavig (€. 15) kard
Bladikaagia TNG AVTIOTPOYNG, EMITUYXAVETAI HE TN pEBOBO TNG TTOAUWVUNIKAG TTapepBoArig (polyno-
mial extrapolation) Tou Ridder (Press et al., 1992).

MNa 1o oloTnua TWV ypauuikwy e§lowaotwy (e€. 12), opifeTal AVTIKEIYEVIK OUVAPTNON, £TC1 WOTE
n AUON TOU Va TTPOKUTITEI UETW TNG EAAXIOTOTTOINGNAS TNG:

£€=J-Vs—A¢ (16)

Xpnaigotroiwvrag tnv uéBodo Levenberg — Marquardt (L-M, Marquardt, 1963) kai Tnv Texvikf Sin-
gular Value Decomposition (SVD, Press et al., 1992).

3 E®PAPMOIMH THZ ME©OOAOAOTIAZ XTHN NEPIOXH TOY MONFALCONE ZTH B.
ITAAIA

H gpappoyn Tng peBodoAoyiag TNG avaAuang Twv ETTIPAVEIAKWY KUNATWY TTPAYHATOTIOMBNKE HE
emTuxia atnv mepioxr) Tou Monfalcone otn Bépeia Itadia, é1Tou a16X0G TNG BIACKOTTNONG fTAV VA
xaproypagnBouv mlavég BEaelg pe Bappéva atmoppippata. ‘ETol, yia Tnv atmrékTnon Twv CEICHIKWY
Bedopévwy TTpayparotroiidnkav 23 karaypageég Koviig TnNyn¢g He igatrdotacn Tywv 5 m, xpnoi-
dotroiwvrag tnv TexVIKA roll along. H igaméotaon Twv YEWPWVWY opioTnKE 2 m Kal n eAdXIOTn O-
T60TACN TNYAS YEWPWVoU 5 m. MNa Tnv karaypa@r] Xxpnolpotroidnke 24k&vaAog OEIOUOYPAPOg
KOl YEW@WVA, T OTToia £Xouv TNV duvaToTNTa VO KaTaypdpouv OeiouKEG DOVATEIS XWPIG va Kap-
@wvovtal gto ¢dagog (gimbals).

O Tpoadiopiouds TnG BepeAiwdous KaPTTUANG BIaoTTopds atTd TIG KATAYPAPES TWVY ETTIPAVEID-
KWV KUPGTWY TTPOYUOTOTTOINBNKE JE TN XPron TTPOTUTTWY aAyopiBuwy TTou avarTixenkav oto Ep-
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yaotAplo EQapuoopévng MNewguoiknig Tou MoAutexveiou KpATtng, XpnoIHOTTOIWVTAG TNV TEXVIKHA Tou
METAOXNHOTIGPOU TOU KupaTikou Trediou TTou Teplypd@eTal otnv Tapdypago §2.1.2. O1 meipayarti-
KEG KAUTTUAEG BiooTTOPdS Yia TNV KaTaypa@r] ue kwdikéd mediou (FFID) 206 areikovifovral o1o OXii-
pa 2a. MNa v emiAuan Tou €uBEWS TTPORBAAATOS XPNOIUOTTOINONKE HWIG TPOTTOTTOINKEVN MEBODOC
g Thomson — Haskell (Schwab and Knopoff, 1972) (§2.2.2), evw kard n diadikagia tng avri-
OTPOPNG akoAouBrBnke n peBodoloyia Trou TeEpIypageTal OTNV TTapaypa®o §2.3. Ta atmoteAéopara
NG QVTIOTPOPNG yia TNV Kataypaer) ye FFID 206 armreikovifovral 010 oxrjua 3. AUO OTPWHATA XAun-
Arig TaxutnTag evroTidovral o BA6N Tepitou 7.5 m kai 21 m kai atrodidovTal o€ appouxo TNAS kai
dpyiAo avrioToixa. To yeyovog autd Tovilel TV UTepoxr TnG HeBodoAoyiag Trou TTeplypd@eTal atny
epyacia autr) og oxéan pe Tnv oelopikh SidBAaan, n otoia aduvarei va BWOEl IKAVOTTOINTIKA TTOTE-
AéopaTO OE TEPITTTWOEIG AVOOTPOPNS TAXUTATWY, OTTWG TTapatneARBnkav atnv guykekpipévn dia-
oKoTTNon.

Z10 OXAHa 4 TapaTiBETAl TO EPUNVEUNEVO TEICUIKO JOVTEAO Kai N YEWAOYIKH OTAAN ammé TTapa-
TANCIO EPEUVNTIKY YEWTPNan pHeE Kwdiké S1. H yewTtpnon autr améxel 18 m amd 10 KEVIPO TOU
TTPWTOU QVATITUYUATOS TINYAS YEWwPWvwy. Zuvdudlovrag Ta dedopéva Tng yewTtpnong (Mivakag 1)
Kal TNG QVAAUONG TWV ETTIPAVEIAKWY KUPATWY, TTPAYHATOTTOMBNKE YEWAOYIKA EppNVEia TG TOUNS
NG TaxutnTag diddoong Twv S — KUPATWY (OXANa 4).

Maparnpeital 611 To agBeaToAIBIKO UTTORABPO TNG TEPIOXAG atravTdTal oe BABog TTou KupaiveTal
atd 20 m (oTa SuTIKA) £wg 24 m (OTA AVOTOAIKA), EVL) TO AETTTO UTTEPKEINEVO OTPWHA TNG aPpoUXoU
apyiAou @aiveTal va TTANPWVEl Ta KOIAWPaTa Tou aoBecTOoAIBIKOU avdyAugou. To eme@avelakd
OTPWHA, OTTWG EBEIEE KAI N YEWTPNON, ATTOTEAEITAI QT ETEPOYEVEG £8apOg O diIdPopeg avaloyieg
JE oTEPEd aTroppippara. H Tepioxn HE TO EPWTNHOTIKO AVTIOTOIXEI OE AUQIAEYOUEVN EPUNVEI ETTEIDH
n TTAnpo@opia yia Tig TaxUTNTEG GTO ONUEIO AUTO TTPOEKUWE OTTO TTAPEUPBOAN DEDOHEVWV YEITOVIKWY
TTEPIOXWIV.

Dispersion Curves Vs Distribution
2680 ¥ prst, st 0, : : i e e i
i % measured curve i - initial model
- initlal curve final model
final curve i T o
2401 sl 4
ifinal curve | S e ﬁ. 3
220 ! i Ly ynmalmodd
:
. K 1or 1
8 i | 1
£ ¥ ] |
E 200 4 = | 1 i
3 E | I
g 15 },, o -
kS s | | [final model
180 - i i
% \ f |
§ Ty {
N 7o {
160+ 4 _initial curve i |
Y 254 i i
140 %u»a_,mﬁmﬁhmkha
1 200 5 10 15 20 a 100 200 300 400 500
Frequency (Hz) S-Wave Velocity (m/sec)

IxAua 3. AmoteAéoparta TnNg avrioTpo@ng yia Tnv kataypa@r] ye kwdiké mediou (FFID) 206. H B¢on tng Kara-
YPAPAG QUTAG TTAVW OTN YPAUUA HEAETNG UTTOBEIKVUETAI OTO OXI U 4.

Mivakag 1. FewAoyikn eppnveia tng yewtpnong S1

Avw em@aveia Karw emeaveia ewAoyikA
aTpWPATOg (M) oTPWHATOG (M) TTEPIYPAQP
0.0 4.0 Etepoyevég £dagog pe atroppippara
4.0 4.6 [kp1 appoUxog TNAOG
46 5.0 Kagé nAog pe aoBeoToMBIKEG KPOKAAEG
5.0 6.5 IAUG Kat dipyIhog
6.5 13.0 Appouxog nAog
185 18.0 ATBeTTONBIKEG QUUOUXES KPOKAAES
18.0 18.3 Appouxa apyidog
18.3 20.0 Keppariopévog aoBeoToAiBog (uTrdRabpo)
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R ETepoyeveg
£dagog

Appouxog wnAeg

Keppariopévog
acBeoTéhBog

Tewrpnon S$1 20 30 10 50 60 70 80 %0 100 o 120 130
ATéoTacn aTn ypapun peAETnG (m)
FFID 206

Aurika Avartohika

100 200 306 400 SO0 600
Taxumra Twy S - Kupdrwy (m/sec)

ZXNHa 4. ATTOTEAETPATA TTOU TTROEKUYAV OTTO TNV aVAAUON TWV ETTIPAVEIOKWY KUPATWY OTNnv TTERIOXT Tou Mon-
falcone otn Bopeia [taAia. H yewAoyikn eppunveia Tpaypartotroienke Pe T BorBeia YEITOVIKAG YEWTPNONG.

4 E®APMOTH THEZ ME©OAOAOTIA ZTHN BIOMHXANIKH MEPIOXH TOY PORTO
PETROLI, GENOA

H idia peBodoAoyia amdkTnong kai emegepyaoiag akoAoubriBnke kai atnv Teploxry Porto Petroli,
otn MévoPa, o1ou dlIaoKoTMBNKAV 4 CEIOUIKEG YPAUUES HEAETNG, OVANEDQA O KTAPIA TNG BIOUNXAVI-
KNG TEPIOXIiG. H XapToypaenan Tou UETAPOPQWUEVOU OQEIOAIBIKOU uTToBABpou TnNG TEPIOXNS aTro-
TEAET IO oNPAvTIK TTANPoYopIa yia Tov KAAUTEPO OXEDIACHSO AAAWY YEWQUTIKWY HEBOBWY Kal TOV
EVTOTTIONO TTIBavVWY BECEWYV OTTOU 01 puTTOI Eival duvaTdy va eloXwpnoouy ae BaBiTepoug oxnuat-
opoug.

Or meipapaTikég KaUTTUAEG diaaTropdg yia Tnv karaypagr] ye FFID 748 tng ypapunig HEAETNG
Profile1 ameikovifovral oto oxfjua 5a, evw Ta avtioToiXa amoTeAEoUATA TNG AVTIOTPOYG TTaparTioe-
vTal aTo oxfApa 5b. H weudoTtopr Twv TaXUTATWY TWV S — KUPGTWY YIO QUTAV TNV YPAUUN OTTEIKOVi-
Cetal ato axfpa 6. O opifdvriog afovag avTiaToixei atoug kwdikoug Tediou Twv kKaraypaguyv. H
YEWAOQYIKN EpUNVEia TNG TONAS (TTPoadioplioudg Tou avayAugou Tou utToR&Bpou) TTpaypaToTToIrenke
HE Baon YEWAOYIKEG TTANPOQPOPIES YIA TNV TTEPIOXT] HEAETNG.

x10° Dispersion curves Vs Distribution
- . o 850 prmemmm o B psmppmnss ot —
B initial model
—— initial curve final model |
{ findeurve v T i
5002 i 2 y H
5 :  final curve i
i 4
& 450} 4 i
E 2 T i 1‘
T H 1
H g ~ {
B2s £ a00: Es ]
2 2 ¥ £
1] a
H s % K -
: 2 30F 8 final modet
0 9 % l
£ i y {
o o A
0 initial curve 10:’
- |
|
2503 124 H
i initial model:
5 e : g 200 ; 14 -
(a) 10 20 30 40 50 80 100 20 30 4C 50 60 (b) Q 500 1000 1500
Frequency Hz) Frequency (Hz) 5-Wave Velocity (m/sec)

Zxnua 5. Mepapatikég kapmuAeg dlaaTropdg yia Tnv kataypa@r pe FFID 748 tng ypapprg peAétng Profile1 (a)
Kal Ta avTigToIXa ammoTeEAEoHATa NG avtioTpoeng (b).
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Ixnua 6. WeudoTopr| Twv TaXUTATWY Twv S — KUPdTWV yia TNV ypappn peAémg Profile 1 otnv Blopnxavikr e-
pioxr Tou Porto Petroli.

5 ZIYMMEPAZIMATA

MNa v mpayparomoinon TNG avaAuong Twv ETTIPAVEIGKWY KupdTwy Rayleigh Twv oEIopIKwY
Oedouévwv OTIG TTEPIOXEG MEAETNG TTOU TTapoudiddovTal aTtnv epyacia autr, n peBodoAoyia Tou Tre-
plypagetal avaTTuxBnke ot epIBGAAov MATLAB utrooTtnpifopevn amd aAydpiBpoug oe YAWooa
mpoypappanopol FORTRAN 77. ZuvoTrTikd, n peBodoAoyia autr yia TO HETAOXNUATIONO TOU KUPG-
TIKOU TTEBiOU OTO XWPEO P — W XPNOIYOTIOIEI TNV TEXVIKN TTou €XEl TTpoTabei amd Toug MacMechan
and Yedlin (1981) ka1 yia Tov uTToAOYIOHO TNG OuvdpTNONg SIKOTTOPAS TNV TPOTTOTTOINPEVN OTTO
Toug Schwab and Knopoff (1972) texviki Thomson — Haskell. Kard tTnv aviioTpo@ri XpnoIpoTTolEiTal
n p€6080g Twv EAQXIOTWY TETPAYWVWY, N oTToia UAoTTolEiTal oTnv peBodoAoyia Tng avaiuong Tivd-
kwv SVD, evw n egacedhian TnG oUYKAIONG TNG QVTIOTPOQIG ETTITUYXAVETAI UE TNV TEXVIKI Leven-
berg — Marquardt (L — M, Marquardt, 1963).

H peBodoAoyia Tng avaAuong Twy Em@avelakwy Kupdtwy Rayleigh amodeixBnke oAU xprioun
oTnV 0pIoBETNON TOU ETEPOYEVOUG £BAPOUG TTOU TTEPIEXEI Bappéva aTroppippaTa oTnV TTEPIOXT] TOU
Monfalcone kai aTn xapToypdenan tTou avayAlgou Tou utrofdBpou TNG Plopnxavikrg Tepioxrig Tou
Porto Petroli.

TUMTTEPAOHATIKG, N HeBoSoAoyia auTr atroTeAei éva XpAoIHO EPYTAEIO yia TNV AVTIMETWTTION TTE-
PIBAAAOVTIKWV TTPORANUATWY OUVEITPEPOVTAG OTNV XOpPTOYPdPnan Tou UTTEDGQOUG WECW TOU
TPoadiopIgnol TNG TaXUTATAG TWV S — KUPATWV.

EYXAPIZTIEZ

O1 guyypageig Ba BeAav va euxapiatigouv Tnv Eupwraik Evwon yia TNV 0IKOVOMIKY UTro-
omipiEn péow Tou TTpoypdupatog EVKA-CT2001-00046-HYGEIA (HYbrid Geophysical technology
for the Evaluation of Insidious contaminated Areas).
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ABSTRACT

RAYLEIGH SURFACE WAVE ANALYSIS AND APPLICATION AT THE
MONFALCONE LANDFILL, AND AT THE INDUSTRIAL AREA OF PORTO
PETROLI, GENOA, NORTHERN ITALY

Kritikakis S. G.", Vafidis A.", Gourry J. C.2
1App/ied Geophysics Lab, Department of Mineral Resources Engineering, Technical University
of Crete, 73100, Polytechnioupolis, Chania, gkritik@mred.tuc.gr, vafidis@mred.tuc.gr

?BRGM Development Planning and Natural Risks Division, Orléans, France, je.gourry@brgm.fr

During the last few years, the dispersion of Rayleigh surface waves has been intensively stud-
ied as an alternative to contemporary geotechnical and environmental geophysical technigues.
Nowadays, Rayleigh surface wave analysis (SASW, MASW) is widely used for the determination of
S-wave velocity distribution with depth.

This work aims to the description of the Rayleigh surface wave analysis methodology as well as
to the presentation of its application on seismic data from geophysical surveys, carried out for the
purposes of the HYGEIA European project, in two poliuted areas: a) In the area of Monfalcone,
northern ltaly and b) in the industrial area of Porto Petroli, Genoa.

Rayleigh surface wave analysis proved very useful in locating the lateral and vertical extent of
the heterogeneous soil in Monfalcone and in mapping the bedrock relief in Parto Petroli through S-
wave velocity determination.
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H XPHZH THZ TPIZAIAZTATHI IAPQIHZI QX MEOOAOAOrIA ITHN
ANOTYNQZH ZMHAAIQN. EGAPMOIH ZTO ZMHAAIO Al'. TEQPTIOY
KIAKIZ

Mayouvng B., KaAukdkng Z.kar Mmiga .
Epyaornipio Tommoypagiag, Tunua Tomoypagiag, T.E.I. ABnvwv

X. Mamradéoulog
HCB ETE, Avrigidou 3, Abnva

MNEPIAHYH

H guotnuariki peAétn Twv omnAaiwy atraitei Tnv 0rapén agiémoTou kal AeTTTopepoUs uTToRd-
Bpou o€ KAatdAANAN pop®r Kai KAIJOKO £T01 WOTE VA IKAVOTTOIE] OTTOIOBATTOTE YVWOTIKO QVTIKEIPEVO
TWV YEWETTIOTNPWY (YeEwAoyia, atrnAaioAoyia, TTaAalovroAoyia, atarikn, K.a.). H oUvBetn yewpeTpia
KABWG Kal n TTOAUTTAOKOTNTA TWV OXNHATIOPWY Eival Ta KUPIa XapaKTNPIOTIKA TTou KaBioTouv Tnv
Kataypagr], amoTUTTwon Kal TEKUNPiwaon evog otrnAaiou eTTitrovn kai 181aiTEpa SUCKOAN Giadikaaia.

O1 1016TUTTEG TUVONKEG TTOU £TTIKPATOUV aTa OTMAGIa KaBioTouv TIG KAAOOIKEG HEBOGDOUG aTroTU-
TWONG (TOTTOYPAPIKEG — PUTOYPOAUMETPIKEG) XPOVOPBOPES KAl OIKOVOUIKA QOUMPOPES. ZTIG TOTTO-
yPaQIkéG HEBODOUG gival aduvaTto va aTmoTuTTwBoUv OAa Ta onueia EVOg TTOAUTTAOKOU avAyAupou
EVW) OTNV QWTOYPOUHETPIO av Kal N KATAYPA@H TOU XWPEOU £ival TTIo €UKOAN, 01 TTANPoQOpIES TTou
eayovral dev £xouv TNV atmrairolpevn akpiBela.

H xpnon tng 1p10d1doTatng odpwang atroTeAEl Hia evaAAQKTIKE peBodoAoyia Kal Eva anuavTikd
epyaAgio oTIg amoTuTTWOEIG aTTNAdiwy. H olyxpovn autr) péBodog divel Tnv duvardTnTa TTAPaAYWYng
TPIOSIAOTATWY WNQIOKWY HOVTEAWY, TTApEXOVTag uwnAn akpifeia, TaxUtnTa, EUKOAIQ aTtn povTEAO-
TT0IiNON KOl JEIWON TOU KOOTOUG TTAPAYWYAS TUYKPITIKA WE TIG KAOOOIKEG HEBGDOUG arToTUTTWONG.

To olUotnua odpwong Tpoadiopilel TNV TPICOIAOTATN YEWHETPIA TWY QUOIKWY ETTIPAVEIWY N
oTroia aTreIkovIZeTal O pop@n TTUKVWY onueiwy (point cloud). Katda tn Sidpkeia tng odpwong xIAa-
BeG HEPOVWHEVEG TPIODIGOTATEG HETPROEIG EPPavifovTal SNUIOUPYWVTAS OE TTPAYHATIKO XPOVO WId
TpiodidoTarn ameikévion TG Afwng. EmimAéov, pe v kataypaer Tng TIUAG TNG éviaong Tng £T-
OTPEPOUEVNS AKTIVOBOAIQG, TTPOKUTITEI XpATIun TTANpoQopia yia TNV uen TG ETTIQAVEING TWV TXI-
HATIOHWY TwV OTTNAQiwv.

Ztnv epyacia autr digpeuvouvTal oI duvardTNTEG Kal oI TTPOUTTOBETEIS EQAPUOYNG TNG HEBODO-
Aoyiag Tng TpIoSIGOTATNG OGPWONG OTIG ATTOTUTTWOEIS OTTNAGIWY KOl TTAPOUCIAZETal EQAPHOYR TNG
MEBBGDOU TTOU TTPAYUATOTTOINBNKE Ot TURa Tou aTnAaiou Ay. Mewpyiou KIAKiG.

| EIZATQrH

H kartaypa@r Twy aTnAgiwy, oTnyv TPWTN QAcn TTou akoAouBei TNV avakdAuWr) Toug, PTTopEi va
yivel HE TN XPAon amAwy péowy OTTWG KAIGTUETPA, WETPOTAIVIEG. H QUOTNUATIKY) OpWG HEAETN TWV
omnAgiwy arraitel TV UTrapgn agiomoTou Kal AETTTOMEPOUS UTTORABPOU TE KATAAANAN pop®r Kal
KAIOKa €701 WOTE VA IKAVOTTOIEL OTTOIOBATIOTE YVWOTIKO AVTIKEIPEVO TWV YEWETTIOTNHWY (YEWAOYIa,
omnAaiohoyia, TTaAalovroAoyia, oTaTikn, k.a.) (Aoyyoupng 1986, Kovroyiavvng 2001).

Mo TNV oAokAnpwpévn TEKPNPIWoN Twy atnAdiwy eival avaykaia n eQoapuoyy TOTTOYPOQIKWY
pEBOBWY, TTPOCAPUOTUEVWY KABE opd aTIC 1IBIAITEPOTNTEG TOU avTiKEIpEvou. Me Tnv e€ENIEN TNG Te-
xvoloyiag divetal n duvardétnta dnuioupyiag TpIodIGOTATWY dIAYPAUHATWY TwV oTrnAdiwv (Hor-
rocks 2002, Wierzbinski 1999).
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2 AMNOTYNQZEIZ ZMNHAAION

Mo TNV ouaTnUaTikg HEAETN Kal ETTEPBACN oTa OTTAACIO QTTAITEITAI Eva AETITOPEPEIAKO UTTOROBPO
TEKUNPIWONG-ATTOTUTTWONG TNG YEWMETPIAG Kal Hop@ng Toug. O1 KATNYOpIiEg HEAETWV avd yVWOTIKO
QVTIKEIPEVO KAl TOPEQ UTTOPOUV VO XWPIOTOUV OTTWG TTOPAKATW:

o [EWAOYIKEG HEAETEG,

e YTQTIKEG UEAETEG,

¢ MeAéreg aglomoinong kal avadeigng Twy oTnAaiwy,
o ApXQIOAOYIKEG KOl TTOAQIOVTOAQYIKEG HEAETEG.

H amotuttwan evdg aTrnAaiou TTEPIEXE! TA OTOIXEIN EKEIVA TTOU €ival XpOIUa OTIS TTAPATTAVW Ka-
Tnyopieg peAetwyv. ‘ETal, ol armaitiogig oe 6T apopd To BePATIKO TTEPIEXOHEVO KAl TNV aKpiBeIa TNG
arroTuTTwang diaépouy avdAoya Pe To £i00g TS HEAETNG.

la TNV OAOKANPWEVN TEKUNPIWON €EVOG OTTNAQIOU KOl KAAUWN TWVY QVAYKWY TOU PEYAAUTEPOU
TTO00CTOU TWV XPNOTWY, OPICETAl £va EAGXIOTO TTEPIEXOPEVO TWY TTPOG ATTOTUTTWON OTTNAdIWY WE
Bdon 1o otoio opideTan kal n peBodohoyia amoTUTTWONG TTOU akohouBeital. ‘ETal Aommov n amoTti-
TTwan Twv oTnAdiwy TepAapBdver kar’ eAdxioTo Ta e€Rg:

e OpICovTioypa@IKA KAl UWOUETPIKA EVTagn OTO KPATIKG yewdaITIKO guaTna avag@opdc,
e  ATOTUTTWON TOU UTTEPKEIPEVOU TOU oTTnAdiou £8Agoug,

e OpigbvTieg TopEG TOu oTrnAdiou o€ BiIdpopa Uyn,

o Katakdpu@eg KaTd UAKOG KAl EYKAPOIEG TOUES O DIAQOPES BETEIG,

e OpigovTtioypa@ikr) aToTUTTWON TOU ATTESOU TOU OTTNAQioU.

H KAigaka amroTuTrwong TTou XproIJoTTOIEITal TIG TTEPICTOTEPES PopEg eival n 1:500. Ze TTOAAEG
TEPITTTWOEIS OUWG ETTIAEYETAU PIKPOTEPN KAipaka (1:1000), 6TTWG O¢ TTOAU peydAa oTriAaia ) Heya-
AUTEPES KAipOKEG (1:200, 1:100) yia TNV avaykn OTATIKWY HEAETWY OTO OTIACIA 1) GKOPO HEYOAUTE-
pn (1:50, 1:20) ot TEPIMTTWOEIS EI0IKWY HPEAETWV 1 APXAIOAOYIKWY TEKUNPIWOEWY (Aoyyoupng
1986).

O1 aTToTUTTWOEIG OTTNAGIWY AVAKOUV OTNV KATNYopia Twy UTTOYEIWY ATTOTUTTWOEWY. MpayuaTto-
TToloUvTal o€ éva 1010TUTTO TTEPIRBAAAOV, O€ OTI apopd OxI Povo TIG cuVBrKes Tou idlou Tou aTrnAaiou
(duopeveic ouvbrikeg QWTIOWOU, uypaaiag K.a.) aAAd eTiong kai TIG SUOKOAIES TTOU TTPOKUTITOUV
aTro TNV TOTTOBETNON TWV OPYAVWY KAl TNV KUKAOPOPIA TOU CUVEPYEIOU AOYW TTEPIOPITHEVOU XWPOU.
H e€aptnon Tou ecwTePIKOU PE TO EEWTEPIKO BikTUO (KPATIKO CUCTNUA AVAPOPAS) ATTOTEAE] UIal ETTi-
tTovn dladikagia. ZuvBwg, Adyw Twv peyGAwV KAIOEWY OTO EOWTEPIKG TWV OTTNACiWY N Xprion ye-
WHETPIKAG XWPooTdaBunong eival aduvarn kal dAAeg peBodol uywopeTpiag epappélovral.  Emiong,
Adyw TOU &TI TA OTTAHAQIC TUVABWG £X0UV pia £i0000 TO UTTOYEIO TOTTOYPAPIKO BiKTUO Eival TTPOCAVA-
TOANIOpEVa Kal EEaPTNUEVA OTO £va POVO AKPO.

OAa ta maparrdvw Kadigtolv Tnv Kataypar], amotUTTwan Kal TEKUNpiwan evog atrnAaiou e1mi-
tTovn Kal 1diaitepa dUakoAn diadikaaia.

3 TO ZYITHMA TPIZAIAZTATHI ZAPQSHE

‘Evag 1p1081d0TaTOq CAPWTAG Eival OTTOIAOATTIOTE GUOKEUN] TTOU GUAAEYEI QUVTETAYHEVES TPIWV
QIOOTACEWY (X, Y, Z) QUTOHOTA KOI CUCTNHOTIKG, HIOG CUYKEKPIMEVNG TTEPIOXNS 1) EVOG QVTIKEILEVOU,
HE uwnAd pubud auAloyig onpueiwv kal TTeTuxaivovtag amoteAéopara (3D model) e TpaypaTiko
Xpovo.

O etmiyelol oapwTég avaAoya HE TNV apxr TTOU XPnOIJoTToloUV yia TNV HETPNAN ATTOOTATEWY
oapwTr-oTdX0oU dlaKpPivovTal OF:
1. Time of flight capwtég (TOF)
e Ranging capwtég
e Phase comparison capwrég
2. Triangulation capwTég

ZTn OUYKEKPIPEVN HEAETN Ba avagpepBoupe oe guotnua odpwang TOF. Mpoékerral yia éva eopnTd
oUoTNPa, TToU N AsiToupyia Tou BACIZETAI OTNV EKTTOUTTH KOl Afypn NAEKTPOPAYVNTIKAG aKTIVOROAIAG.
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O gapwTng ekmépTel TTAAHOUG Aéilep. To TTaAAdpevo Aéilep oxnuaridel pia déapn n omroia uAo-
TToIEl éva Katakopupo eTiTedO Tou kaBodnyeital aTo XWPo amd éva oUaTnua TTEPIOTPEPOUEVWV
KQOPEQPTWY, TTOU BpioKoVTal aTO E0WTEPIKO Tou. H Béaun Tng akTivoBoAiag Kiveital kard tnv opifo-
VTIO €VVOIa EVTOS pIag ywviag (Eipog odpwang) (Zx. 1). To eUpog TG ywviag déoung opilel To oTrTI-
k6 medio Tou capwTh Kal kaBopileTal aTrd TOV KATAOKEUQOTH .

Orav n déopun TTPOOTTITTTEI OTO AVTIKEIMEVO, AVOKAGTAI KAl ETNIOTPEQPEI OTO DEKTN OTTOU KA KATA-
YPGQETAI O XPOVOG HETARACNG-ETIOTPOPNG TNG KOBWG Kal n Tipr | TG €viaong TnG EMOTPEPOUEVNS
akTivooAiag. Ta dedopéva autd Kataypd@ovTal oTnV KATaypa@ikr] Jovada Tou capwTh Kal HETOQE-
povtal arn povada eAéyxou O1ou kai emeepyddovral. H odpwon Tou TTpog amoTUTTwan aVTIKEIWE-
VOU TTPOKUTITEI oav SiadoxIkr o€ipd oTnAwy d1IadoxIKwy onuEiwy TTou oxnuatifouv pia TpiodidoTa-
N €IKOVA.

C;ll OAPWTEG KATAYPAPOUV GTNV KATAYPAPIKA TOUG HOVADQ Ta TTAPAKATW CTOIXEID :

1. xpbvo PeTERaONG - ETTIOTPOPAG TOU OAHATOG EKTTOUTTTG

2. ywvieg 0GpwWaONG - Ol YWVIEG WE TIG OTTOIEG EKTTEUTTETAI N SEOHN QTTO TO CAPWTH (KATAKOPU-

on ywvia)

3. évraon | TNG ETIOTPEPOUEVNS OKTIVOBOAING.

ATTO Ta OTOIXEIQ QUTA TTPOKUTITOUV: N ATTOCTACT CAPWTH-ONUEIOU, OI TTONIKEG CUVTETAYMEVEG TWV
onuEiwY TNG ETIQAVEIAG TTOU CAPWVETAI, Kal N TIUA TNS éviaang | Tng emMoTpe@OpEVNS akTivoBoAiag.
ATTO TIG TTOAIKEG CUVTETAYHEVES UTTOAQYI{OVTQI 0T GUVEXEIQ QUTOUATA Of KAPTECIAVEG TUVTETAYHEVEG
(X, y, Z) TWV ONUEiWV TOU TTPOG ATTOTUTTWON AVTIKEINEVOU OTO TPITOPBOYWVIO cUCTAUA TOU CAPWTT).
‘Etol, 0¢ kdBe onpeio avTioToIXEl N TTAnpogopia (X, Y, Z, i), ME CUVETTEIO va OpileTal n BEon KaBwg
Kal n uer Tou. Ta onueia TOu AVTIKEINEVOU TTOU OTTOTUTTWOVOVTAI ME TNV TEXVIKA TNG odpwang, Tra-
pouagidlovTal eviaia HE TN HoPPr] evog VEQoug anueiwy (point cloud) Trou oxnuaridel kal amodidel pe
akpiBeia TNV TPIOBIGOTATN YEWHETPIO TOU QVTIKEIHEVOU TTOU OUPUIVETAL.

H amédoon tng TpIodIAOTATNG YEWUETPIOG WE VEQPOG ONMEIWV Kal OXI HE HEPOVWHEVA OnuEia
OTTWG YivETOl OTIG KAGOOIKEG HEBODOUG aTroTUTTWONG, TTODIOEI OAEG TIG AETTTOUEPEIES TNG ETTIPAVEITG
TTOU COPWVETOI, XWPIG KEVA Kal avakpiBeieg, g oAU pikpd Xpovikd didotnua. Me tn xprion g
TPIODIGOTATNG OAPWONG UTTOPE! KAVEIG va ATTOTUTTWOEI TIEPICTOTEPA TV 40 EKATOPHUPIWY ONUEiwy
Méoa o pia nuépa, KATE adiavonTo yia TIG KAAOOIKEG HEBGDoUG amroTUTTwaong. To VEQPOG onuEiwy &-
VOG QVTIKEIMEVOU TTOU €XEI COPWBE atroTeAel Bedopéva ETOIMA YIO HETPROEIG OTTO ONMEIo OE onueio
(oTroOTACEIG-YWVIES), TPIOBIAOTATN AvaTTapdaTaarn, HOVTIEAOTTOINGN, TTapaywyn 1000wy, aAAd kal
yla epappoyég ae poypdupara CAD (Boehler 2002).

3.1  AkpiBeia Twv PETPATEWY

H améoTaon Tou CuCTAPATOS aTrd TO TTPOG ATTOTUTTWON AVTIKEIYEVO KupaiveTal ammé 1 — 200m. O
puUBUGG oApwWang TOU TTPOG ATTOTUTTWON AVTIKEIPEVOU €ival TNG TagNg Twv 1000 onueiwv avd deute-
pdAetrro. O1 diaatdoelg TNG Koukidag (spot) Tng déapng Tou TTaAAduevou laser gival Bmm o€ amrd-
araon 50m evw O€ ATTOOTACEIG PEYAAUTEPES TwV 50mM 1 KOuKida peyaAwvel avaloya HE TNV aTrod-
araon (Zx. 2).
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Ixnua 2. Aidypappa peraBoArg didataang koukidag Tng déaung Tou laser

H akpiBela pétpnong Twy aTTOOTACEWY Eival TNG TAENG TwV + 4mm, VW N OKPIiBEIa PETPNONG
Twv Ywviwy eivalr Tng Tagng Twv + 60 mrad. O1 povieAOTTOINUEVEG ETTIQAVEIEG TTPOKUTITOUV WE
akpiBeia £ 2mm. Me Tnv 0AoKApwaon TNG CApWOonNg VAS AVTIKEINEVOU TTPOKUTITEI TO VEQPOG OnuUEiwy
TTOU OTTOTUTTWVEL TN YEWMETPIA TOu aT10 XWpo. Me tTnv kataypa®r TnG TpIodIA0TATNG YEWUETPIAS TOU
QVTIKEIMEVOU, OI TTOAIKEG OUVTETAYHEVEG TWV ONUEIWY TNG ETTIPAVEIAG TOU AvaQEPOVTal HE ApXH TOU
OUGTANOTOG TN B€0N TOU CAPWTH, N OTTOIa OTTOTEAE! KAl TNV aPXr) TOU CUCTAPATOS CUVTETAYUEVWV
(Toduou 2003).

ZTIG TTEPIOCOTEPEG ATTO TIG EQAPHOYEG TTPOKUTITEI N avdykn yia €viagn TwWV GUVTETAYUEVWY TWV
ONUEIWV TOU QVTIKEINEVOU OE EVIAio oUOTNUA ava@opds. ATTaiTeitTal dnAadr N yewavagopd Tou avri-
KEINEVOU, TTPOKEINEVOU VO UTTOPEI VO XPNOIMEUOE! Kal g€ GAAEG EQapuoyEG. MNa Tnv évragn piag od-
pwaong o€ £va cUCTNPA avagopdg, apkeEi va utTToAoyicoupe oTo emBUUNTO CUOTNUG TIG BECEIS KA-
TTOIWV CNUEIWY TOU QVTIKEILEVOU.

Ymdpyouv 8Uo TPOTTOI YIO TNV £VWAN TWV CAPWOEWY. ZUPQWVA PE TOV TTPWTO YiveTal Xprion &l-
SIKWv aTéXwV oTo Tedio, eV HE Tov DEUTEPO TPOTTO YiveETal XPrian OHOAOYWY CNUEIWY TWV ETTIKO-
AUTTTOHEVWV TTEPIOXWYV OTIG YEITOVIKEG OAPWAEIG. H €mAoyr) TOU TPOTTOU YIa TNV £vVwan TwV 0apw)-
oewv e€apratal amo TIG duvOTOTNTEG TTOU TTAPEXEI O OAPWTAG, TO AOYIGHIKO TTOU TOV OUVODEUEI,
OAAG Kal TIG GTTAITAOEIG akpIBEiag Tou TEAIKOU TTPOIGVTOG. TNV TTEPITITWON TTOU N €KTACN 1 N TOTTo-
Bétnon A 1dlopopPia Tou UTTO PEAETN QVTIKEIMEVOU gival TETOIO, WOTE va ATTAITEITAI N odpwar Tou
atrd TTOAEG TTAEUPEG-OWEIG WaTe va atmodoBei N yeEwETpia Tou, N £viagén Twv TTOAAQTTAWY Capw-
OEWV OF EVIQIO OUCTNHA AVAQOPAG TTPAYUATOTTOIEITON JE TNV £vTAgn TwV BETEWY ONUEIWY TOU avTI-
KEIMEVOU OTO gUGTNHA GUVTETAYHEVWY, YIa KGBE odpwar.

4 E®APMOIH THZ ME©OAOQY ZTO ZMHAAIO Al. FTEQPTIOY KIAKIZ

To omAaio Bpioketal oto Adgpo Tou Ayiou Mewpyiou atnv OAN Tou KiAkic. AvakaAugenke Tu-
xaia 10 1925 kot 10 1960 £yive n TPWTN XapToypdenaon Tou amd tnv Avva lMetpoxeidou. To 1977
apxigouv ol epyacieg aglotoinang Tou otnAaiou, eviy To 1986 To oTiAQIO GVOIEE YIG TO KOIVO.

To omrAaio TTapouoialel évav TpwTOTUTTO OXNHATIONO (katakopuen didvoign), Ye diakAadwoeig
TToU O€ TTAPAAANAEG Kal KABeTeG BiEuBUVOEIg TTapouaidlouv WNAEG opo@Eg Kal aTevoug diadpduoug.
AtroteAeital atrd duo opdPoug, pe prikog 500 pétpa kal €ktacn Trou utrepRaivel cuvoAikd Ta 1600
TETPAYWVIKA PETPA.

O1 capwaoelg yia Tn dnuioupyia Tou TPIOSIAOTATOU POVTEAOU EYIVE OE TUAPG TOU OTTnAdiou. Zu-
YKEKPIPEVA aTroTUTTWBNKav duo BdAauol Tou atnAaiou, 0 BdAapog Tou «NaoU» Kal Twv «KopaAAé-
viwv Alapepiopdtwyy (Metpoxeilou 1985) (Zx. 3). MNa tnv TpIodIGOTATN OTTOTUTTWON TWY BAAdUWY
TPayHarToTromrenkayv cuvoAiKa 42 oapwoelg. 210 axfiua 4 divetar axnuaTtikd Tapddeiypa tng Béang
Kal TOU TPOTTOU adpuwong.
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IxAua 3. Aidypapua oapwoewyv oe Katoyn kal 6yn

%‘? A
=

ZXAHa 4. ZXNPATIKO TTAPAdEIYUa CApWOEWY O€ KATOWN Kal 6yn

H avdAuon tng odpwaong fitav 1000x1000. AnAadn capwbnkav 1000x1000 onueia opifovTia Kai
KATaKOPUPQ, KATI TTOU avTIOTOIXEl 0 éva Yoo BAua 3x4mm. O xpdvog oAokApwaong kabe adpw-
ong kabopioTnke améd 10 YEyeBOS TOU TUAUATOS TOU awmaluévou TTO0U capwvoTtav. O yéoog xpdvog
odpwong frav TepitTou 15 AeTTTd.

Kard tnv BIGpKEIa TWV CAPWOEWVY UTTHPXE N duvarotnta ge Tpaydariké xpovo "mepijynong”
aTO TTPOG OAPWOTN AVTIKEIUEVO, UE QTTOTEAECHA O TTEPITITWON EVTOTTIONOU KEVWV 1) AVETTOPKOUS KA-
Augng, va eTavaAn®Bei n adpwaon Twv TUNUATwyY autwyv. H epyacia oto edio Atav didpkeiag 23
WPWV.

01 capwoelg evwenkav PeTagl Toug e TN HEBODO Twv OPOAGYWY onueiwy. Adyw TNG TTOAUTTAO-
KOTNTAG TWV OXNUATIOPWY OTOUS BaAdpoug Tou oTrnAdiou, yia TNV £€Vwon Twv TAPWOEWV XPnoIyo-
TToImBnkav kol o@aipikoi oToX0! (tie points) WaoTe va eao@aliferal n "okoétreuan” Tou iBlou onueiou.
270V TTOPaKATW Trivaka divovtal ol TINEG TWV PECWYV TETPAYWVIKWY TQAAPATWY YIA TIG EVWTEIG KABE
oapwong.

Mivakag 1. Tipég PECWV TETPAYWVIKWY TQAAPATWY EVWONG CAPWOEWY

Registration RMS (m) Min (m) Max (m) Std Dev (m) Avg (m)
©dAapog 1 0.0121 1.5x10° 0.060 0.009 0.007
©dAapog 2 0.0207 5.0x10° 0.050 0.012 0.016
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Anpioupynénkav dUo apxeia VEQoug onueiwy yia KaBe éva BaAapo. To guvolo TWY CAPWOEWV
atroteAel éva apxeio 865 MB kai mepiéxer 15.190.185 onueia o mTpwrtog BAAapog (Zx. 5) Kai
19.341.396 o deuTepog.

Zxnua 5. Tpigdiaatatn ameikoviarn Tou Baidpou «Naogy.

ATTO TNV oTTOTUTTWON TTPOEKUYE N opIfovTioypagia Twv BaAdpwy (ZX. 6), KaTakOpuPeS KaTd pri-
KOG Kal EYKAPOIEG TOUEG (ZX. 8, 9), KaBwg kal dnuioupyia TpiodidoTatou poviéAou (ZX. 7). H eme-
Eepyaoia Twv apxeiwv autwy €yive ato Aoyiopikd Cyclone 4.1 — CYRA Tech. Ta amoteAégpara
(paivovTal OTa TTOPAKATW axXEdIAL.

Ixnua 7. Anpioupyia mesh og Tpfpa Tou 2° BaAdpou.

Ixnua 8. Anpioupyia eykapoiag ToprnG. IxApa 9. Anpioupyia NNKOTOUNG.
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5 IYMMNEPAIMATA

Ta teAeutaia Xpovia gival TTAEOV ETTITAKTIKY n avdAykn TTapaywyrs WYn@Iakwy TpIodidoTaTwy Ho-
VTEAWVY TTPOKEIUEVOU YIO TN MEAETN KAl £PEUVA CUVOETWY Kal TTOAUTTAOKWY QVTIKEIMEVWYV. TNV avaykn
auTr €pXeTal va Kahuwel n pEBodog Tng TPIodIGaTATNG OAPWANG, N OTroia aTToTEAEl pIa aUyxXpovn,
oe Taykéopio emiredo, pyébodo. Me Tn xprion Tng TpIodidoTaTng odpwong, HEYAAOG aplBuog 6edo-
HEVWY PTTOPOUV va PETPNBOUV PE UWnAr akpifeia og PIKpd Xpovikd SidoTnua yia Tnv Tapaywyn
WN@IOKWYV TPITOIAOTATWY POVTEAWY.

MeTagl Twv ONUAVTIKWY TTAEOVEKTNUATWY TG JEBGDOU CUYKATAAEYOVTAI O MIKPOG OXETIKA XPO-
vog guMoyrig kai eme€epyaaiag Twy SeSopEvwv Kal TTapaywyng Twv TPoidvTwy Kabwg Kal To Xa-
UNAS kéaTog TTapaywyrig TpIodidaTaTng TTAnpogopiag, v £va ommd Ta TPoRAuaTa TTOU TTapou-
aiadovral gival 0 HEYAAOS OYKOG TWV QPXEIWV TTOU TTPOKUTITOUV.

ZTn OUuyKeKpIYEVn epyaaia digpeuvouvtal ol duvatdTnTeG EQapHoyrg TNG peBodoAloyiag Tng Tpio-
didoTaTng oAPWOoNG OTIG ATTOTUTIWOEIG oTNAdiwy. Ta ammoTeEAéoPATA TNG TTAPATTAVW EQPAPMOYAS
Oeixvouv 611 n TpIodIdaTaTn adpwaon atoTeAel pia agidémiotn péBodo yia Tn dnuioupyia TPICBIGOTA-
TOU UTTORABPOU TTPOKEINEVOU VO XPNOILOTTOINGET yia TNV TTEPQITEPW HEAETN TOU OTTNAGioU.

H xprion tTng TpiodidoTarng adpwang atroteAei pia eVOAAAKTIKY pEBodoAoyia Kal éva anuavTike
epyaAeio. MapoAa autd o€ kapia TepiTTwan dev TPETTE! va BewpnBei 6TI PTTOPEI A TTPETTEI VA avTI-
KaTaoTACE! TIG KAQOIKEG pEBOBoUG atmoTUTTwaong. O guvdUaoHOg TWY HEBOBWYV TNG TOTTOYPAYIag Kal
G QwroypappeTpiag pe T xprion tng 3A odpwaong atoTeAel TTPOKANGCT KOl aVAYKN YIO TNV EKTEAE-
on oUVOETWY Kal OAOKANPWHEVWY EPYATIWV HETPNONG Kal arddoang TpiodidaTarng TAnpogopiag.
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ABSTRACT

THE USE OF THREE-DIMENSIONAL SCANNING AS METHODOLOGY OF
3D LASER SCANNING AT CAVES’ SURVEYING. PRESENTATION AT
AGIOS GEORGIOS CAVE OF KILKIS

V. Pagounis, S. Kalikakis, P. Biza
Laboratory of Survey, Department of Land Surveying, T.E.l. Athens

H. Papadopoulos
HCB, Antifilou 3, Athens

The systematic study of the caves demands the existence of a reliable and detailed background
at a suitable form and scale so as to satisfy any cognitional subject of the geosciences (geology,
speleology, paleontology, statics, e.t.c). The composite geometry as well as the complexity of the
schematisms is the main characteristics that make recording, surveying and validation of a cave an
especially difficult procedure.

The faddish conditions that are carried out at caves make the classical - traditional surveying
methods (topography — photogrammetry) time consuming and unprofitable procedures.

The use of three-dimensional scanning is not only an alternative methodology but also a signifi-
cant tool at caves' surveying. With this up-to-date method there can be produced very fast 3D digi-
tal models of high accuracy, easy modeled, cost effective comparatively to the classic surveying
methods.

With the 3D laser scanner the three dimensions of the surfaces are determined and represented
as a point-cloud. During the scanning thousands of separate 3D points are measured and the 3D
model of the scan is represented in real-time. Additionally, by the recording of the intensity of the
reflected radiation, useful information can be obtained for the texture of the surface.

This paper deals with the study of the capabilities and the preconditions for the usage of the
methodology of 3D laser scanning at caves’ surveying. A case study of this methodology is repre-
sented that took place at a part of Agios Georgios cave , Kilkis region.
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NEPIAHWH

ZTnv £pyaacia auTh TTApouCIAZoUpE TNV £TTECEPYATIa TTOU £YIVE OTA YNPIOTTOINUEVA AgpOUaAyVn-
TIK& dedopéva NG Makedoviag kal @pdkng. H emefepyaaia autr €yIVe YE OKOTTO TOV UTTOAOYIOHO
TWV HAYVNTIKWY ETTOQWY KOl TwV BaBwV TaQAG TWV HAyVNTIKWY TTYyWV OTNV TTEPIOXA HEAETNG.
Tpeig péBodol epapudOTNKAV YIa TOUG UTTOAOYIGHOUG auToug: n HEBodog TnG opifdvTiag Babuidag, n
HEBODOG TOU aVOAUTIKOU OANaTOG Kal N HEBODOG Tou TOTTIKOU KupaTapiBuou.

la Tov utroAoyIoud Tou BABOUG TAPAS TWV PAYVNTIKWY TTNYWY OTTO Ta aEPOHAYVNTIKA Sedoué-
va, €ival TTpWTa atrapaitnto va uttoAoylioBolv ol BECEIG TWV PayVNTIKWY ETTAPWY. AUTO Yyivetal e
TNV KaTaokeur KatdAANANG ouvdpTtnong, n otroia Ba TTapousIddel akpOTaTa TTAVW aTTd TIG ETTAPEG.
ApPKETEG TETOIEG OUVAPTAOEIG UTTApXOUV aTnv BiBAIoypagia, OTTwWG n ouvapTtnon Tou PEYEBOUG NG
opigoviag Babpuidag (Cordell & Grauch 1982, Cordell & Grauch 1985, Blakely & Simpson 1986), n
guvapTnon Tou peyéBoug Tou avaAutikou orjpartog (Nabighian 1972, Roest et al. 1992, Roest &
Pilkington 1993), kai 0 TomKOG KupaTdpiBuog (Thurston & Smith 1997, Smith et al. 1998). e kdBe
TEPITTTWAN, N iBlId CUVAPTNON TTOU XENCIKOTTOIEITAI IO TOV EVTOTTIONO TWV BECEWV TWV ETTOQWY,
WTTOPEI Va XPNOIUOTTOINBE! KOl YIa TNV EKTIUNGN Tou BABOUG TAPNG TWV HOYVNTIKWY TTNYWV aTIG BE-
OEIG QUTEG.

O1 BE0EIC TWV PayVNTIKWY ETTAQPWY TTOU UTToAoYioBnkav yia kA8t pia atréd Tig Tpelg ueBodou ava-
Auang auvdudlovtal og £va XApTn yid va BonBAgouv aTnv EPUNVEID TWV TTPOTEIVOPEVWY BECEWY
HOYVNTIKWY ETTAQWY. AV Kal 01 ETTIKAAUTITOUEVES ETTAQES UTTOPEI VO BewpnBouv TTIo agIdoTIoTES, au-
16 Oev eival KPITAPIO yIa TNV ETIAOYA TWV TTPOTEIVOUEVWIV ETTAPUIV.

Kai o1 Tpeig uéBodor avaAuang ATav ETTITUXEIG TOOO OTOV EVTOTTIONG BaBUTEPWY HAYVNTIKWY TTN-
YWV péoa oe Aekdveg 600 Kal ETMQAVEIAKWY TINYWY O TEPIOXES PE ETTIPAVEIAKEG EKONAWTEIG TOU
KPUOTaAAIKOU uTToBABpou. AVAAOYa HE TO PETAOXNMATIOWO TOU payvnTikoU Trediou TTou Xpnoluo-
TToI0UME gav gloaywyn oTig peBodoug opifdvriag Baduidag Kal avaAuTikoU OrjgaTog HTTOPoUME va
uTtroAOYioupe Ta eAGXIOTO Kol péyioTa BABN TAQAC TWV HAYVNTIKWY ETTAQWY. Ta BaBn tng pebddou
TOU TOTTIKOU KUMQTAPIBUOU gival yevikd BaBuTtepa atrd Ta eEAAXIOTA TTOU UTTOAOYIOQUE OTIG TTponyou-
peveg peBOdoUG, Kol ogeileTar aTto 6T N pEBodog Tou ToTIKOU KUPATApIBUoU Eival avegapTnTn Tou
HOVTEAOU TWV TTNYLOV.

|  EIZATQrH

Ta payvnTikd dedopéva guvhBuwg XPNOIPOTTOIoUVTal VIO TRV XAPTOYpApNan HayvnTIKWY EAACHA-
TWV Kal/ff ETaQWY, OTTWS Ta priypata. H eppnveia Twy payvnTiKWy dedopévov TTEPITAEKETAI Adyw
™G dIMTOAIKAG QUONG TOU PayvnTIKOU TTESIOU, TWY ACUPHETPIKWY QVWHOAIWY TTou dnuioupyouvTtal
ammd un KaTakopueeg dIEUBUVOEIS HAYVNTIOEWY, ACUUHPETPIKWY aVWHAAILV AdYw KN KATaKOpUPWYV
HAYVNTIKWY ETTOQUY Kal TIOAVWV HETATOTTIOEWY HETAEU TWV GKPWY TWYV HAYVNTIKWY TINYWY Kal Twv
XOPOKTNPIGTIKWY ONUEIWY Tou payvnTikou TTediou (UEyiaTa, EAAXIOTA Kol anpeiwy HETGRaong).

YTrdpxouv apkeTég HEB0DOI TToU £Xouv OXEDIOTTE! yia va ATTAOTTOINCOUVY T payvnTika dedopéva,
AQAIPWVTAG HIG 1] TIEPITTATEPES QTG TIC TTAPATIAVW QUTIEG TTOAUTTAOKOTNTAG. O PETAOXNHATIONOS
™G avaywyng atov moAo (Baranov 1957), oe cuvropoypagia RTP, agaipei TNV aouppeTpia Tou
OQEIAETAI OE UN KOTAKOPUEN WAyVATION, EVW O PETACXNUATIONOG TnG weudoBaputnTtag (Baranov
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1957), oe guvtopoypagia PSG, PeTaTPETTEl TO DITTOAIKO payvnTIKO TTedio o€ JovOTTOAIKO, avaAoyo
TOU BapuTiKoU.

O1 Blakely & Simpson (1986) dnuoaieuoav Tnv TpWwTn autoparn YéBodo yia Tov EVIOTIIoNO Twv
0pPICOVTIWY BETEWY PayvNTIKWY ETTAPWY O kavovikotroinuéva (gridded) payvnTika dedopéva. H pé-
Bod0og Toug BaaifeTal otnv Tapatrpnon Twy Cordell & Grauch (1985) 611 Ta péyioTa NG opIZOVTIag
BaBuidag Tou peTaocxnuaTiIogoU TG weudoBapuTtntag evog payvnTikou Tediou, Bpiokovral Tavw
QTTO KATAKOPUQES HAYVNTIKES ETTAQES. ‘Eva TapdBupo 3x3 mepvd Tavw atrd Tov kavvapo (grid) Twv
TIMWV TNG opIgovTiag Babuidag, e guvtopoypagia HGM, kai yivetal TTpooTrdBeia va eVTOTTIoTOUV Ol
Kopu@eg (horizontal gradient maxima) TTou avTIGTOIXOUV OTA OPIA TWV JAYVNTIKWY ETTOQWV.

Or1 Roest & Pilkington (1993) mpoteivav Tnv xprion tou HGM yia Tov utroAoyiopéd Babwv atéd
TNV KOPUPH TWV HAYVNTIKWY ETTAQWY. AAEG TUVAPTACEIG 01 OTTOIEG EXOUV HEYIOTA TTAVW ATTO TIG
MAyVNTIKEG ETTAQES KAl UTTOPOUV va XPNOIKoTToBoUv aTnV ekTiunon Twyv Babwy Toug eival To Te-
TPAywvo Tou TTAATOUG TOu avaAutikou oruatog (Roest et al. 1992) kai o TomKOG KUPATApIBUOg
(Thurston & Smith 1997, Smith et al. 1998). O1 TTapamdvw PEBoJOI XpPNoIPOTToINBNKAaV oTnV avAAu-
an Twv agpopayvnTikwy dedopévwy TG Makedoviag kar ©@paKng yia TOV EVIOTTIGHO TWV JAYVNTIKWY
ETTAQWY KAl TNV EKTiPNON Tou BABoug Tarig Toug.

2 TA AEAOMENA

Ta payvnTikd 6edopéva TnG TTapolaag HEAETNG TTPOEPXOVTAI ATTO TIC ATTO AEPOG KATAYPAPES TOU
OAIKOU payvnTikoU Trediou mou Trpaydarotroinoe n eraipia ABEM (AB Elektrisk Malmletning) 1o
1966, yia Aoyapiacpd Tou eAAnvikoU IvaTitoUtou MewAoyikwyv kai Yreddgiwy Epeuviiy, onuepivée
Ir'ME.

H kaAuyn Tng BA EANGDag éyive aTo didatnua petagl 23 louviou kal 13 OkTwRpiou 1966 (A-
BEM 1967). ZuvoAikd, mpaypatotromrénkay 30192.9 Km ypauuwy TTACEWY, KAAUTITOVTAS Jia €-
KTaon 22.000 Km? TeEPITTOU. Ta OpIa TNG TTEPIOXAS BIAOKOTINONG TrEPIopifovTal, oTa dUTIKA aTrd TNV
€Bvik] 006 Oeaoalovikng-Eudwvwy kal Ta glvopa ye TNV pwnv MNouykooAaBikr Anuokparia Tng
Maxkedoviag (F.Y.R.O.M.), ota avarohikd amro tnv 0d6 ANeEavdpoUTToAng — AidupoTeixou, ota voTia
atd Tnv BGAacoa Tou B. Aryaiou kai ota Bopeia ammd Ta ouvopa pe BouAyapia kal F.Y.R.O.M.

H payvnrikf 81a0KOTTNON £yIve WE TTTAOEIG OTaBepou Uwoug TrTAang 275 + 75 m, Tdvw atmod Tnv
EMQPAVEIR Tou £8APOUG, aKoAoUBWVTAG TNV ToTroypaia (terrain clearance), evw n amdéaoTaon UETA-
&0 Twv ypappwy TTAoNg Atav mepitmou 800 m. H dielBuvon Twv ypapuwy TTRong frav ANA-ABA,
kdBertn otnv kUpia dietBuvan Twv EAANVidwy. KABeTa aTIG TTPONYOUHEVES EYIVAV O YPAUMEG EAEY-
Xou (tie lines), ye péon améaraon 30 km, TTepitTou.

Ta dedopéva autd gival TTAEOV BIABECINO OE NAEKTPOVIKN HOP®r], agou wn@lotroinénkav Kal u-
TéoTnoav TIg avaykaieg diopBwaelg (ZtaptroAidng 1999).

3 ME©OAOAOTIA

Kar ot 1peig YéBodol TTou epappodlovral oTnv TTapolaa epyacia EXOUV.HI KOIVF TTPOoTEyyion
aTov TTPocdiopiopd Twv opifévTiwy BETEWV Kal Tou RABoug TaQAS TWV PayvnTIKWY eTTaQuwy. lMa
povodidaTtara dedopéva Eva TTapdBupo TPIWY CNUEIWY KIVEITAl KATA UAKOG TOU TTPO@IA TNG Trapa-
YWYOU Kai yiveTal TTpo0TTABeIa va TTPOCAPHOCTE! HIa TTAPABOAIKT) Kopu®r) g€ KABe Tpidda dedopé-
VWwV. AV EVTOTTIOTE! HIa KOPUQN, N opIZéVTIa BETN TG KOPUPAS opidetal wg 8éan TNG HayvnTIKAG &-
maeng. MNa kabe pia péBodo n Tapdywyog KovTa aTnv Kopu@n diveTal atrd pia ox£on TG Hop®ng

Kz
Z\h)=—-_L—> (1),
v (h=nyF + 2,

o1ToU Z gival TO TTAATOG TNG TTapaywyou, Kz gival pia otaepd ou e&aptdral atmd tnv uéB0do, zo

givai To BaBog, ho gival n opIfdvTia GUVTETAYHEVN TNG KOPUPAGS Kai |h- ho| ival n opifovTia amdéoTaon
aTrod TNV KopuQn.

MNa dedopéva dUo dlaaTAdewy XpPnaldotroigiTal n Tpoaéyyion Twy Blakely & Simpson

(1986) pe tnv xpnon evog Tapabipou 3x3, PEoa aTo OTToio avalnTouvTal Ta TOTTIKG pEYIOTO. Av

BpeBoluv TouAdyioTov dUo TOTTIKG pEYIaTA, N ToTTikA TTapdTagn utroAoyileTal avalnTwvTag TpdabeTa
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MEYIOTQ OTNV TTEPIPEPEIA TOU TTAPABUpoU 3x3, 1| HEOQ Ot Eva PEYAAUTEPO TTapdBupo 5x5 kal Tpo-
gapHOZOVTAG OTNV CUVEXEID HIA EUBEIQ EAOXIOTWY TETPAYWIVWY OTO ECWTEPIKA KOl TTEPIPEPEIAKE HE-
yiora. Ta dedopéva oTo TTapdBupo (CUNTTEPIAGUBAVOUEVWY KOl TWY UTTOAOYIGUEVWY HEYIOTWYV) EEG-
yovtal yéoa o€ pia {wvn kdBeta atnv dietBuvan Tng Trapdatagng kar 1o BaBog utroAoyileTal Ye TNV
Xprion eAaXioTwy TETPAYWVWV.

H péBodog Tng opifovTiag Babuidag xpnaoipotrolel TNV TiUA TNG opifdvriag Babuidag, H, (HGM)
TTou yia TIg 8Uo diaatdoeig divetal amrd Tn oxéon

EE (aﬂf ; %)2 @
' o Y '

o6trou M eivai To payvnTikd Tedio, eite avnyuévo otov oAo, (RTP), €ite agol UTTOOTEl TO pETA-
axnuaTiopo g weudoPaputnrag, (PSG).

H péBodog Tng opifovTiag Baduidag dtav epapuoleTal 0TO AvNYHEVO OTOV TTOAO payvnTiko Tredio
(RTP) evromilel pe akpiBeia TIG KOPUPES GTTOMOVWHEVWY  KATOKOPUQWY HAYVNTIKWY ETTAPWY PEYA-
Aou TTaxoug, evw O6Tav EQappoleTal aTov Tedio Tou eTaaxnuamopou tng weudofaputnrag (PSG)
Oivel e akpifela TIG BECEIG TWV ATTOPOVWHEVWY KOPUPWY opIfovTiwy AETTTWV eAaapdtwy (Phillips,
2000). O1 Roest & Pilkington (1993) ¢deigav 6T otnv TeAeuTaia Tepimtwon 1o, H, (HGM) divetal amd

NV oxéon
H\h
|(] (v %Y“%

otou Ky = 2kFzo, k eival n diagopd payvntikig emOEKTIKOTNTAG KaI F n évraon Tou yewuayvnTi-
kou trediou, evid Trapduola oxéon 1oXUEl Kol TNV TEPITTTWAN TTou To M €ival To avnyuévo aTtov To-
Ao payvntikd medio. Av o1 TInyES €xouv KAIon, TOTE 01 BECEIG TWV ETTaPUV TTou TTpoadiopifovral atrd
TNV péBodo eival perateBeipéveg TTpog Tnv BieBuvon TnG KAIONG, 08 OXEON UE TIS TTPAYHATIKEG B¢-
ogIg TwV Kopuwy (Grauch & Cordel 1987).

Ta BABN TAPG TWV OPOPWV TWV HAYVNTIKWY TTYWYV TTou utroAoyiovTal amré Tnv péBodo tng o-
pigévTiag BaBuidag eival akpifry otnv TEPITTWON TTou oTo TEdIo £XEl Yivel avaywyr) oTov ToAo
(RTP) kai 01 payvnTIKEG ETAPEG EXOUV MEYAAO TTAXOG, VW OTIG UTTOAOITIEG TIEPITITWOEIS ETTAPUIV
Taipvoupe eAdyiota Badn Taeng. Otav ta dedopéva eival weudoPapuTika TOTE n EKTiUnan Tou PBa-
Boug Taeng eival akpIBAG yia AeTTTd opIf6vTia EAGTHATA, EVW Yia TIG UTTOAOITTEG TrNYES Ta BAGBN TTou
utroAoyilovrai ivai Ta péyiata (Phillips 2000).

H pé6odog Tou avaAuTikoU ORHATOS XPNOIUOTTOIEl TO TETPAYWVO TOU TTAGTOUG TOU avaAUTIKOU
gAuaTog, To 01Toio Yia TIG BUo dlaoTdoElg diveTan atTd TN OXEDN

O CICIC T

omou M eivar To payvnrikd medio. ZuviiBwe o1 opifovrieg Babuideg utrohoyifovral oto Tedio Tou
XWpou, evw I KaTakopuen Babpida utroloyileral pe TNV XpAon Tou peracxnuatiopou Fourier oto
medio TWV KUPATAPIOUWY.

Av 10 M gival To payvnTiké Tedio pIag aTmopoVWHEVNG HAYVNTIKAG ETTAPIG TTOU EKTEIVETAI OE pE-
yaAo BdBog, T61E TO TETPAYWVO TOu TTAGTOUG TOu avaAuTikoU ofuarog ouugwva pe Tov Nabigian
(1972) diverar amd tn oxéon

©)

Alh (5)
o -

otou Ka = [2kF(1-cos?i sin‘a) sin di%, d n kKAion Tng emaQnc, i n EKAION TOU YEWHAYVATIKOU TTEdi-
oU, Kal @ n ywvia PETAEU Tou TTPOPIA Twv PETPATEWY Kal Tou payvnTikoU Boppd. Otav n pébodog
epappoletal oe dedopéva oAikoU payvntikoU Trediou (MAG) Bivel KOAEG EKTINATEIS TWV OPICOVTIWY
BE£0EWY TWV LaYVNTIKWY ETTAQPWY KOl AETITWV EAQOUATWY aveEdpTnTta amrd Tnv KAion Toug 1} TV KAi-
on Tou YewpayvnTikoU Trediou. H péBodog PTTopei va epappoaTei EKTOG atrd Ta JayvnTikd dedopéva
ohikou Tediou kai oe Bedopéva PSG, kaBwg kal O TIYEG TTPWTOU KATOKOPUPOU OAOKANPWHATOG
(FVI), Tou payvnTikoU mrediou. O1 ekmiprjoelg BaBoug otnv TpwTn mepitTTwaon, (MAG), eivar akpiBeig
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YIO HAYVNTIKEG ETTAPES, AAAG UTTOEKTIUNKEVES Yia GAAOU €ioug TTNYEG, EVW OTNV TTEPITITWAN TTOU TO
HayvnTikd Tedio gival oTnv Hop@n TOu TTPWTOU Katakdpu@ou oAokAnpwuarog (FVI), éxouue KaAu-
TEPEG EKTIUAOEIS BABOUG VI TTINYEG HE HOPPH AETTTUWY EACOHATWV.

H pé6od0og Tou ToTKOU KUpatdapiBuou (Thurston & Smith 1997, Smith et al. 1998) divel apkeTa
KaA£G EKTIUAOEIG yia TNV B€on, To BABoG Ta@rig, TNV KAioNn Kal TRV SIaQopd HAayvNTIKAG ETTIOEKTIKOTN-
TOG, ETAPWY ATTAWY HayVNTIKWY TTNywy. O TOTKOG KUPATAPIBUOG yia kdvvaBo payvnTikou Trediou
M(x,y) Biverar (Phillips 2000) a6 tnv oxéon

2

(5.v) 1 (Pmom Pmam o*mom
= Ly XA J
.A(x’y)'z 2

—+
0x0z Ox  Qyoz oy oz~ oz
o61ou 1O |A(x,y)|2 Oivetal amrd tnv oxéon (4). O1 Smith et al. (1998) £dci1gav 6T yIa ATTOPOVWHEVES
YPOUMIKEG TTNYEG, O TOTTIKOG KUMATAPIBUOG K ouvdEeTal PE TO BABoG TaPrg zo ME TN OXEan

xln) =
(- ho)z“o

To KL e€aptdral yovo amd 10 €idog TNG HayvNnTIKAG TTNYNAG (TT.X. HOYVNTIKH eTTa@r, AeTrTo éAaopa,
KUAIVOpOg, o@aipa). O1 ekTIuAoEIg, AOITTOV, yia TIG BE0EIS Kal Ta BABN TaQnG gival aveEapTnTEG TWV
KNIOEWY TWV HayVNTIKWY TIMYWY, TWY CTOIXEIWV Tou YewpayvnTikot Tediou (€ykAion, amméxkAion) kai
NG TTAPAPEVOUTOS HAYVATIONG TOUG.

(6)

7)

4 ENEZEPTAZIA

To utroAeigpaTikd payvnTikd medio NG Makedoviag kar @pdkng (Zx. 1), dnAadr 10 OAIKO payvn-
TIKO Tredio YeTd TIG B10pOWOEIG KAl TNV apaipeon Tou padnuarikol povréAou Tou diTToAikou Trediou
s 'ng IGRF (International Geomagnetic Reference Field) yia Tnv Trepiodo Twv peTprioewy, givar n
Bdaon Tng Tapamépa avaAuang TTOU TTAPOUCIAJOUHE TTAPOKATW.

EmAéEape £va avTITTpOOWTTEUTIKG TUAUA Tou XdpTn (Zx. 1) yia Tnv koAUTEPN TTapousiaon Tng
EMEEEPYATIAC TTOU KAVALE OTO TUVOAO Twyv dedopévwy. H Evrovn payvnTikh avwpaAia Tou epgavi-
ZeTal OTO KEVTPO TOU OXAHATOG (2A) TrpokaAciTal amd 10 ypavitn Twv PAiTTTwy, o otroiog dev €xel
£m@AveEIakr ekdAAWGON, N YPaUMIKr avwuoAia pe d1elBuvaon BA-NA, oTo voTioavatoAikd TUrjua Tou
ogeileTal gTOV Ypavitn Tou ZupPRdAou, evwy autr aTa BopeIoBUTIKA AVTIOTOIXEI OTOV TTAOUTWVITN TOU
$akakpol 6poug.

H péBodog Tng opifovtiag Pabuidag epappdoTnke oTa payvnTikd dedopéva PETA TNV avaywyn
Toug o1o MOAo (RTP) pe OoTOXO VO £VTOTTIGTOUV Ol BETEIC TWY PAYVNTIKWY ETTAPWY KaI T EAGXIOTT
BdBn Twv payvnTIKWV TNYWY. ZT0 OXNua 2 TapoudidadeTal n akoAouBia eTTegepyaoiag yia To ETmI-
AEYUEVO TUAMA TOU agpopayvnTikou xdpTn (Zx. 1). H avaywyn otov oAo (Ix. 2B) agpaipei Tnv o-
OUMHETPIO TTOU OQEIAETAI OE PN KATAKOPUQN HayvATIon. ZT0 oxnua 2 TTopoucIddeTal o METAOXNHO-
TiIopog TG emmedotroinong (TER-RTP) o otroiog xwpilel TNV €ikOva Tou Trediou oe TEPIOXEC iong
payviTiong pe amotopa 6pia (Cordell & McCafferty 1989, Phillips 1992, Phillips 1997). O1 mrepioxég
TToU dnuIoUpyoUVTal avTIoTOIXOUV O€ YEWAOYIKOUG OXNUATIOUOUG UE DIGQOPETIKEG PAYVNTIOEIG KAl N
Hopery Tou “emmiredotroinuévou” Tediou divel TNV eVIUTTWON YewAoyikoU XApTn. XT10 oXfipa 2A Ta-
pouaiddetal To péyebog NG opigovtiag Baduidag (HGM-RTP), evw oto axfjua 2E €xouv TomoBeTnBEi
Ol UTTOAOYIOHEVEG KOPUQPES TWV PAYVNTIKWY TTNYWV KAl CUNQWVA PE QUTA TTOU ava@épBnkav Tpon-
yoUpEVa QvTIATOIXOUV OTA EAAXIOTA BABN aTTd TNV KOPUPr] TWV TINYWV, HE OPAANA PIKPOTEPO 1 i00
Tou 20 % (HGM-HDEP). Z1o oxfjpa 2ZT o1 TponyoueveS EKTIUAOEIC EXOUV TOTTOBETNBE! GTO XApTN
Tou “emmedomroinuévou” ediou (TER-RTP-HDEP). O kWaIKag Twv CUPBOAWY YIa TA EKTIHWHEVA
a6n apouaiddeTal aTov Trivaka 1.

1255



ZxApa 1. To utroAeigpaTiké payvnTiko Tedio otnv Makedovia Kai ©Opdkn. AepopayvnTikog XApTnG He HEOO Uyog
Tong 275 pétpa. O1 DIGKEKOUPEVEG YPAMHEG OPIOBETOUV TO TUAPG TOU XAPTN TTOU ETIAEXBNKE yia TNV TTapOoUaTi-
aon TG emegepyaoiag.

Nivakag 1. O kwdIKag Twv GUPBOAWY YO T EKTIHWHEVG BABN TOQAG PHAYVNTIKWY ETTAPWV.

ZoppoAo EAdyioTo padog (km) MéyioTo BaBog (km)
KukAog 0.0 0.5
Terpdywvo 0.5 1.0
Tpiywvo 1.0 25
A\{Ecrpapévo 25 5.0
Tpiywvo

OKTaywvo 5.0 20

H péBodog NG opigdvriag Babuidag epappdaTnke ava ata payvnTika dedoyéva, auTtr Tn gopd
META TOV PeTaoXnuatiopd tng weudoBaputntag, (PSG), o omoiog WeTATPETTEI TO DITTOAIKO PayVNTIKO
medio 0 POVOTTOAIKG, WE OTOXO VO EVTOTTIOTOUV 01 BETEIC TWV PAYVNTIKWY ETTAPWY Kal TA PEYIOTA
Ba8n Toug. Mapoduoia eTTeepyaaia YE AUTH TTOU EQAPHOCTNKE OTO AVNYHEVO OTOV TTOAO payvVNTIKO
medio, epappooTnke kal oto medio NG weudoPapuTtntag. ‘Erol, 010 oxfiua 3A TapouaciddeTal To ap-
X1kd edio, oto oxrjua 3B o petaoxnuariopog ng weudoBapurtntag (PSG), oto oxrpa 3l To emime-
dotroinuévo edio Tou peTaaxnuatiopou g weudoPaputntas (TER-PSG), ato axrjua 3A Tmapou-
a1dgeTan To Pé€yeBog TnG opigovTiag Babuidag Tou Tediou Tng weudoBapuTtnrag (HGM-PSG), evw ota
oxfpara 3E kai 3XT mapouaidfovral Ta péyiota Babn Tou utroAoyioBnkav pe tnv pEBodO TNG opi-
Zovmiag Babuidag atoug xapTeg Tou peyEBoug NG opifovriag Babuidag (HGM-PSG-HDEP) kai emi-
medomroinuévou mediou (TER-PSG-HDEP), avriotoixa. O kWdIKag Twv GUMBOAWY VIO TO EKTIMWHEVT
3&6n eival autog Tou TTivoKa 1.

H pé€B080g Tou avaAuTIKOU OrPATOS EQAPHOOTNKE apXIKa oTa dedopéva oAikoU payvnTikoU Tredi-
ou (MAG) pe okotr6 va uttoAoyioBolv pe akpiBela Ta BAOn Ta@rig, kar otTnv cuvéxela ato edio Tou
TPWTOU Katakopupou oAokAnpwuatog (FVI) Tou payvntikou mediou. OTTwg avagépBnke Kal Trapa-
TTAvVW 01 EKTIPACEIS yia TOo BABog Tapng atnv TpwTn TepiTTwon (MAG) eival akpIBEIS yia HayvnTIKEG
ETAPESG, OAAG UTTOEKTIUNUEVEG yia GAAou gidoug TTNYEG, evw oTnv deuTepn Trepirtwon (FVI) éxoupe
KAAUTEPES EKTIUNAOEIG BABOUG yIa TINYEC HE HOPPH AETTTWOV EAATUATWV.
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Zxfua 2. ETrsF,epyo.(oia HayvnTIKWV BeBOPEVWY PE TNV p‘tBoéo g opigovTiag Babuidag ato avnypé;/o aTov ToA0
payvntiko medio (RTP). Emegriynon oTo keipevo. YWnAEg TIHEG avTIOTOIXOUV OE oKoUpa XpWHaTd.

Ixfua 3. Emgspy.qoia yayvnTikwv deBOpPEVWV HE TNV uééobo NG opigovTiag Padbpidag ato medio T'r]g weudopa-
putntag (PSG). Emre€riynon oTo keipevo. YWnAEG TIHEG QvTIOTOIXOUV O€ OKOUPa XpWwHATa.
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Z10 OxApa 4 TTapouaiadeTal n akoAoubia Tng eme§epyaaiag pe TNV PEBOSO TOU avaAuTIKOU Ofjpo-
TOG OTO THANO TOU agpopayvnTikoU XdpTn (Zx. 1) Tou opiletal atmd TG DIOKEKOUHEVES YpauUES. To
oxnua 4A eival To oAik6 payvnriké medio (MAG), To oxriua 4B eival To TTAGTOG TOU avoAuTIKOU Ofj-
paTog yia 1o wponyouuevo medio (AS-MAG), evw To oxfipa 41 Tapouaciddovral ol BECEIC TwV pa-
YVNTIKWYV ETTOQWYV Kal 01 EKTINACEIS BABoug TnG PeBGDoU, TOTTOBETNEVES TTAVW OTO XAPTN TNG ETTI-
medotoinong Tng avaywyng otov ToAo (TER-RTP-ASDEP-MAG). O kwdIKag Twy cupBoAwy yia Ta
EKTIHWHEVA BAON TTapouciGgeTal oTov Trivaka 1.

AvrtigToixa, ota oxfjpara 4A, 4E kai 4ZT mapouoiagovral To TEdI0 TOU TTPWTOU KATAKOPUQOU
oAokAnpwparog (FVI), Tou TTAdToUug Tou avaAutikoU arjparog Tou trediou autol (AS-FVI) kai ol Bé-
OEIG TWV HAYVNTIKWY ETTAPWY Kal 01 EKTINACEIS BABoug Tng HeBOBou, TOTTOBETNUEVES TTAVW OTO XAp-
N TG etmiTredoTroinong Tng avaywyng atov éAo (TER-RTP-ASDEP-FVI).

ZXAUa 4. Enso‘,epv-uola payvnTikwy OEBOPEVWV PE TNV pé.eobo TOU avaAuTikou orfjpatog (AS). ETre:‘,l‘]ynon aro
Keipevo. YWnA€g Tipég avrioToiXoUv 0 oKoupa Xpwpara.

TeAeutaia e@appéoTnke n péBodog Tou TOTTIKOU KupatapiBpou. H péBodog auth emreidr xpnaoli-
potrolei OEUTEPES TTaPAYWYOUG gival TTOAU guaioBnTtn oTov BOpUR0 TTOU TUXWV UTTAPXEl OTa BEDOUE-
va. Ma va BeAtivwooupe Tov Adyo Tou orjpartog pog BopuPo ata dedopéva eival ouviBws atTapai-
TNTO VO GUVEXICOUKE TO TTEDio TTPOG Ta TTAVW TIPIV TNV EQappoyr TN pEBOdou. H eegepyaaia auth
gival avaloyn pe TNV EQApUOYr IATPOU QTTOKOTIAG TWV UYNAWY CUXVOTATWY, TTOU CUVABWG TTEPIE-
XOUV Kal To HEYaAUTEPO TTO000TO TOU BopUBou Twy dedopévwy. ZTa TAaiola TNG TTapolaag HEAETNG
£yIve dvw ouvéxela Tou Trediou Katd 725 pETpa TTAvW atrd TNV ETTIQAVEIQ TWV HETPATEWY HE TNV Wé-
Bobo Chessboard (Cordell 1985), ordTe TO GUVOAIKG UWOUETPO QTG TNV ETIPAVEIX TOU £8APOUS TOU
véou mrediou rou dnuioupynBnke eival 1km (1km terrain clearance). Zto oxfua 5 mapouaidZetal n
akoAouBia tng emegepyaaiag pe TNV p€Bodo Tou avaAuTikoU GrjpaTOg aTO THUIHA TOU QEPOpayvnTI-
KoU xGpTn (ZX. 1) TTou opideral atrd TIG DIOKEKOUMEVEG YpappEg. To axrpa 5A gival To oAikd payvn-
1Ik6 TEdio (MAG), To oxripa 5B eival To ouvexiopévo pog Ta Tdvw Tedio (UP), To axipa 51 eivail o
TOTIKOG KupaTapiBuog (LW-UP), oto oxfiua 5A mapouaiddovral o1 BE0EIG TwV HAyVNTIKWY ETTAPWY
Kal 01 EKTIUAOEIS B&BoUG TNG peBOBoU, TOTTOBETNUEVES TTAVW OTO XAPTN TOU TOTTIKOU KUUaTdpiBuou
(LW-UP-LOCDEP) ka1 yia guykpion WE TIG TTponyoupeveg peBodoug (ZX. SE) oTo XapTtn TNG ETITE-
dotroinong Tng avaywyng otov moAo (TER-RTP-LOCDEP). O KW3IKAG TWV TIMWV YA TIG EKTIUATEIG
Ba&Boug eivar autdg Tou Trivaka 1. X10 oxfjua 5ZT Trapouciddovral 500 akdun Tapdywya TG HEBS-
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Bou Tou TOTTIKOU KUPATGPIBUOoU, N Trapatagn Kail n kAion Twy JayvnTikwy eTagwy. H Tapdragn piag
HayVvNTIKAG ETTOMAS TTOPOUCIAZETal PE TUARKA £UBEiag ypauuig, evw n KAion tng pe BEAog TO oTToio
deixvel TNV BievBuvan tNg KAiong TNg eTTAPNG Kal £xel pEyeBog avaAoyo TnG ywviag kAiong Tng. To
MEYEBOG gival péyioTo OTav n ywvia kAiong eivar 90°, evw eAAxXI0TO OTav N ywvia TANCIalel otnv opi-
Zovtio (0°).

Ixfua 5. Ensispy&oia HayvnTIKWv deBOPEVWOV PE TNV ﬁéeoéo TOU TOTTIKOU KUPaTApIBuou (LW). E.Trsgr']vnoq aTo
KEIPEVO. YWNAEG TINEG aVTIOTOIXOUV O OKOUPA XPWHATA.

5 ANOTEAEZIMATA

levikd, Ta akOAouBa KpITAPIA XENOILOTTOINBNKAV YIa TNV ETIAOYHA TWY TEAIKWY BECEWV TWY ETTO-
Qwv atrd 1o oUvoAo auTwy TTou uttoAoyioBnkav atoé Tig ueBddoug: (1) Otrou ol eTagég TnG opIlo-
vTiag BaBpidag eival ATTOPOVWHEVEG, QVTITTpOaWTTEUOUV TNV KaAUTEPN diaBéaiun Ban eTagwy. (2)
OTr0U 01 ETTAPEG TNG OPICOVTIAG BaBuidag eival TTOPAAANAEG Kal HETATEBEINEVEG EAAPPWIG OTTO TIG
ETTAQEG TOU QVAAUTIKOU OAUATOG, N ETTAPA TOU AVOAUTIKOU OAHATOG QvTITTPOOWTTEUE! TNV aAnBIvi
Béon emagwy kai n emagn TG opifovtiag Babuidag deixvel Tnv dieuBuvan BuBiang. (3) Otou ol &-
TTOQEG TOU AVOAUTIKOU OMPATOg €ival QTTOMOVWHEVES Kal Oev Eival EUBUYPAPMIOUEVEG YVWATEG Ka-
TEUBUVOEIG BopURou, TTAPEXOUV TIG AIOTTIOTEG BETEIG eTAQWY. (4) OTToU 01 ETTAPES TOU AVAAUTIKOU
ONpaTOG Eival ACUVEXNG, HTTOPOUV VA CUPTTANPWBOUY atTd TIG ETTAPESG TOU TOTTIKOU KUMATAPIBLOU.

Ta eAdxiota Kai hEyioTa BAen Ta@rig Twv PayvNTIKWY ETAPWY TToU UTToAoyioBnkav amoé TIg e-
06d0ug NG opIZoVTIOG BaBUIdag Kal avaAUTIKOU OrjUaTog, KaBwg Kal ol EKTIUACEIG BABoUG Tang NG
HEBOBOU TOU TOTTIKOU KUNATAPIBOU HTTOPOUV va XpnalpoTtroin8olv oTnv kataokeur aglomaTwy yo-
VIEAWV TWV HAYVNTIKWY Tywy. Mo OTTOHOVWHEVEG HOYVNTIKEG ETTAQES KOl AETITA eAGOpOTA, ave-
&dptnTa amd TNV KAion Toug (TT.X. priyHaTa) n pEBodog Tou ToTIKOU KupaTdpiBuou Bivel Ta o agid-
TMOTA aTTOTEAEOATA, TTPETTEI OPWG N AUon va BpiokeTal YETAEU TwV EAOXIOTWY Kal WEYIOTWY TTOU
Bivouv o1 dAAeg péBodoI. O eKTIUNACEIG TNG PEBODOU Tou TOTTIKOU KupaTtdpiBuou dev eival akpifrig
oTNV TTEPITITWON TTO TTOAUTTAOKWY CWHATWY, OTTGTE XPrOIHOTTOIOUNE TIG EAGXIOTEG KAl WEYIOTES E-
KTINRo€Ig BaBwy Twv AAAWV pEBOdWV.

O1 payvnrikég eTTagEg TTou evroTTioTnKav Pe TS didgpopeg HEBGBouUG atrd Tnv TTapammdvw emefep-
yaciag TomoBeTrBnKav oTo yewAoyikd xdpTn NG TEPIOXNS (Zx. 6). Ta onuUavTIKATERA CTOIXEI TToU
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JTTopoUpE va Siakpivoupe oTo oxfpa auTtd eival a) Ta TTAEUPIKG 6pia Tou ypavitn Twy PIAITTTTWY, 0
oTroiog ep@avifeTal KATW OTTO TA ICAPATA KOI TA AVBPAKIKA TTETPWHATA TNG TTEPIOXNAS, B) TNV OUVE-
Xela Tou TAouTwvitn TG KaBdahag mpog 1a BA, kdtw amd ta pdppapa ota Opn Agkdvng, y) Tnv
KAion rpog Ta BA TTou £x€1 TO dpio Tou TTAoUTWViTN, O) T TTAEUPIKA OpIa TOU TTAOUTWVITN TTOU EVTO-
mieTal KATw ammd TA AVEPAKIKG TTETPWHATA Tou PaAakpoU Opoug kal €) éva TTARBOG TEKTOVIKWY
YPAUMWYV, HEPIKEG ATTO TIG OTTOIEG TAUTICOVTAI HE XAPTOYPAPNUEVA PriyMaATa OTTWG Yia TTAPASEIYUa TO
prAyHa BA Twv GINTTTTWY HECA OTA HETAUOPQWUEVE TTETPWHATAL.
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ZxAua 6. Eviomaopog wv dedopivwv. Kwoikol pefddwv:
®-(HGM-RTP), V-(HGM-PSG), =-(AS-MAG), A-(AS-FVI) kai o-(LW-UP). [ewAoyikoi aoxnuariouoi: -
UETAUOPQWHEVA, -aVBPaKIKA, -ypaviTeg, -ICrpaTa.
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ABSTRACT

LOCATION OF MAGNETIC CONTACTS AND DEPTH ESTIMATES FOR
THE MAGNETIC SOURCES FROM THE AEROMAGNETIC DATA OF
MACEDONIA AND THRACE

Stampolidis A. and Tsokas G.
Department of Geophysics, School of Geology, Aristotle University of Thessaloniki, 541 24,
Thessaloniki, astamp@lemnos.geo.auth.gr, gtsokas@geo.auth.gr

In this work we present the processing that applied to digitised aeromagnetic data from Mace-
donia and Thrace. This processing was aiming the calculation of magnetic contacts and depths of
burial of magnetic sources in the region of study. Three methods were applied for these calcula-
tions: the method of horizontal gradient, the method of analytical signal and the method of local
wavenumber.

All methods were successful in locating the deeper magnetic sources in basins and surface
sources in regions with surface outcrops of the crystalline basement. Depending on the transforma-
tion of magnetic field we use as input for the methods of the horizontal gradient and analytical sig-
nal, we could calculate the minimum and maximum depths of burial for the magnetic contacts.

The locations of magnetic contacts that were calculated for every method of analysis were com-
bined in a map in order to help in the interpretation of proposed magnetic contacts.
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2-D GEOELECTRICAL SURVEY FOR THE PRELIMINARY ROUTE OF
1('5HE NATURAL GAS PIPELINE INSTALLATION AT ALISTRATI CAVES, N.
REECE

Atzemoglou A. ' Tsourlos P. ? and Vasiliadis C.
" Institute of Geology and Mineral Exploration, 1 Fragon str, 54626, Thessaloniki, Greece (e-mail:
matzem@thes.igme.gr, Fax: +302310517071)

2 Department of Geophysics, School of Geology, Aristotle University of Thessaloniki, 54006
Thessaloniki, Greece.

ABSTRACT

An extensive 2-D geoelectrical survey was carried out at the Alistrati caves, prefecture of Ser-
res, N. Greece, as part of a preliminary route survey for the planned natural gas pipeline that was
about to cross these regions of Northern Greece.

Geophysics can play a significant role in this procedure. Synthetic modeling and inversion ex-
amples presented in this work support the above claim.

The dipole-dipole array was used with inter-electrode spacing of 5m and maximum dipole sepa-
ration of n equal to 8 dipole spacing. Two groups of personnel, including geophysicists and techni-
cians, worked for one month to realize this survey. The number of measurements is really enor-
mous for such type of research. A total of 7616 measurements (952 electrode points) were
obtained. The area of investigation was chosen on the basis of the local geological conditions,
which appeared to favor the existence of void structures. The survey line had a length of approxi-
mately 5 km.

The 2-D geoelectrical survey proved to be an effective tool for delineating the subsurface lithol-
ogy and structure of the surveyed area. Most importantly, the technique proved successful in locat-
ing highly karstified areas and can be used to aid void mapping as well as to provide useful infor-
mation about their general setting.

| INTRODUCTION

The cave of Alistrati is situated about 50 Km SE of Serres and 25 Km SW from the city of
Kavala. The cave has 3000 m length and covers about 25000 m?. The surveyed area was near the
Alistrati caves (N. Greece), 6 Km SE from the village of Alistrati. Not far from the cave, Agitis River
is passed across. The route of the natural gas pipeline (branch of Kavala) was initially situated
across the cave of Alistrati and there was a great possibility that during the cutting of the pipeline
the cave of Alistrati would have great damage. So, there was at great priority to locate and avoid
the shallow karstic voids (either air or clay filled) existed into the metamorphic formations of
Rhodope massif.

A large-scale geoelectrical survey was conducted at the Alistrati caves (N. Greece) (Figure 1).

In particular, since karstified areas are effectively buried voids (either air or clay filled), they are
ideal geophysical targets. 2-D electrical is a widely used technique for void detection. Many suc-
cessful applications of the techniques can be found in literature (Dahlin 2001, Ward, 1989). These
techniques were tested to the known voids and proved particularly successful.

One popular way to incorporate geology into the interpretation procedure is given from some
concrete geological information (i.e. drill columns) to assume that certain properties of some
geoelectrical layers are known. However, this approach effectively requires that prior geological
knowledge is transformed successfully into concrete geoelectrical information and this is not always
an easy task.
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Figure 1: Location map of the study area

2 GEOLOGICAL SETTING

The studied area of Alistrati region (figure 2) belongs to the Rhodope massif, which is an old
cratonic mass over lied by Paleozoic and Mesozoic metamorphic layers. The exact stratigraphy of
the massif is very difficult to be interpreted due to intense tectonism and metamorphism. The layers
of the Rhodope massif, which have a thickness of about 12 Km, can be divided in 3 major groups.
An upper and lower group of gneisses and an intermediate group of marbles (case of Alistrati area).
Alpine folding has strongly affected the Rhodope massif while simultaneous intrusions of granites of
Mesozoic and Cenozoic age are widespread (between else: Ivanov, 1981; Kilias & Moundrakis,
1990; Atzemoglou, 1997). In different basins, like the basins of Drama and Serres, the layers of
Pliocene have been deposited on the metamorphic rocks. The well-known subsurficial karst of Alis-
trati and the possible smaller karsts that develop in the wider studied area are very possible to con-
stitute a system of conjoined caves.

The studied area is covered by Tertiary formations, which consist of marls, conglomerates,
sandstones and marly limestones. These formations cover the greater surficial area near the village
of Alistrati. The low relief of the Alistrati area is due to these formations. In the wider area outcrop
quaternary deposits and metamorphic formations of Paleozoic. In the studied area of the caves, the
limestones are underlied the marls. More precisely, the formations of the wider area are the follow-
ing:
1. Fluvial terraces consisting of sand, gravel, sandy gravel, sandy clays and rounded pebbles
having thickness between 5 and 10 m.

2. Terrestrial breccia-conglomerates consisting of coarse, unbedded, ungraded and cohesive
breccia-conglomerate.

3. Reddish-brown loams with dispersed rounded pebbles: consisting of red clays, sandy loams
with dispersed rounded pebbles mainly of marble.

4. Pliocene marls and marly limestones that are alternations of sandy marls, marls and marly
limestones with white grey color.

5. Miocene conglomerates non-cohesive and marls mainly with gneiss and marble pebbles con-
solidated with marly cement.

6. Miocene compact conglomerates consisting of marble pebbles. Limestones bands are also
found in the conglomerates.
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7. Paleozoic marbles and mica schist-gneisses. They belong to Rhodope massif. These forma-
tions constitute the geological background of the previous mentioned tertiary and quaternary depos-
its. The marbles are grey to whitish, coarse crystalline or micro crystalline, massive to bedded and
locally platy marbles and the mica schist-gneisses are of low-grade metamorphism.
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Figure 2: A synoptic geological map of the studied area (IGME, 1988). The measuring line is also drawn.
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3  MODELLING AND PROCESSING

2-D resistivity measured data in the form of pseudosections of apparent resistivity produce a
distorted image of the subsurface resistivity. Inversion is currently the standard procedure to obtain
a realistic estimate of the true resistivity based on the field observations. Among others, the
smoothness constraint inversion (Constable et al, 1987) has become the most popular for interpret-
ing ERT data since it produces a simplified subsurface resistivity model which is a reasonable rep-
resentation of the subsurface and at the same time guarantees inversion stability.

In this work a flexible non-linear 2-D scheme (Tsourlos, 1995; Tsourlos et al., 1998) based on a
smoothness constrained algorithm was used to invert the collected resistivity data. The aim of the
inversion is to construct an estimate of a subsurface resistivity distribution, which is consistent with
the experimental data. The algorithm is iterative and fully automated and is based on a reliable
2.5D finite element forward modeling scheme, which is also used for calculating the Jacobian ma-
trix when necessary. The smoothness inversion scheme, used in this work, tries to calculate a sub-
surface resistivity estimate x for which the difference dy between the observed data dobs and the
modeled data dcaic (calculated using the forward modeling technique) is minimized under the condi-
tion that the roughness of the produced model is minimized. The resistivity correction at the k+1 it-
eration is given by:

Ak 1=[(Jk JHUC C+C2 C)T™ I’ Jk dyi @)

where Cy, C; are matrices which describe the smoothness pattern of the model in the x,z, direc-
tions, Jx is the Jacobian matrix estimate and p is the lagrangian multiplier.
a) Model
-5 20 Om
10 barmnmags 3 TR
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Figure 3: (a) Resistivity model (b) Synthetic data in a pseudosection form obtained for the model (a). (c) Inverted
image of the synthetic resistivity data.

A proven 2.5D Finite Element Method (FEM) scheme was used as the platform for the for-
ward resistivity calculations. In 2.5D modelling the change in resistivity is considered to be two-
dimensional but the current flow pattern is a three dimensional one. In other words, the measured
values correspond to a three dimensional subsurface where the resistivity is allowed to vary in only
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two dimensions and remains constant in the strike direction. The adjoin equation approach was in-
corporated into the FEM scheme in order to calculate the Jacobian matrix J.

To illustrate the effectiveness of the above procedure the model of Figure 3a, which simulates a
void within a resistive bedrock formation (i.e. limestone), was used. A sediment overburden of vary-
ing thickness is also included into the model. We produced a 2-D dipole-dipole data set using the
2.5 FEM forward modeling scheme. The obtained apparent resistivity data, depicted in a pseu-
dosection form in Figure 3b, were subsequently inverted and the results are shown in Figure 3c.
The inverted subsurface resistivity image is very close to the initial model and is definitely a major
improvement when compared to the pseudosection of Figure 3b, illustrating that voids are a particu-
larly good target for the resistivity method even when they are placed within a resistive formation.
Further the sediment layer is mapped accurately. Note that a similar processing procedure was fol-
lowed for all the real data collected from the studied area.

4 MEASUREMENTS AND INTERPRETATION

All resistivity 2-D data sets were collected using the dipole-dipole array with a maximum N
separation maxn=8. During our measurements, we used an inter-electrode spacing of 5 m between
the electrodes. Data were obtained with a SAS 300 Terrameter. The survey line was positioned be-
tween the 64.5 Km and the 69.5 Km of the initial planned pipeline (Vasiliadis, 1997).

a. INVERTED RESISTIVITY IMAGE (300-520m)

330 340 350 360 370 380 390 400 4%0 420 430 440 450 460 470 4éO 490 560 510
X (m)

310 320

Log Resistivity

24

b. INTERPRETATION
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E s
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10

310 320 330 340 350 360 370 380 390 400 410 420 430 440 450 460 470 480 490 500 510
X (m)

POTENTIAL VOID

Figure 4: a) typical 2-D inversion section obtained from the area. Highly resistive features are noted as potential
voids and b) interpretation of the inverted image.

Table 1: Resistivity ranges and their correlation to various geological features of the area.

Resistivity (Ohm-m) Formation
1, 31<pa<3100 (10" °<pg< 10°°) Non-cohesive conglomerates
2. 3100 <pa< 10000 (10>°<pg< 10%) Compact conglomerates
3. 10000 <pa< 40000 (10*<pe< 10*°) Marbles
4. pa > 40000 (pe> 10*°) Voids
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Figure 5: The interpreted geoelectrical image of the entire survey area.

The survey line has a length of 4760m. Because of this large length, we decided to divide this in
2 major sub lines having lengths of 2280m (KM64500) and 2480m (KM72000) respectively, which
were inverted separately. Initially data were split into several sub-sections, which were inverted in-
dividually in order to facilitate processing and to further remove bad-quality data points. A typical in-
version result is depicted in Figure 4 where highly resistive areas are clearly outlined (Fig 4a). Note
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also that the bedrock is clearly distinguished. In Figure 4b results are presented with a different col-
or scale in order to emphasize areas that are interpreted as potential voids or fracture zones.

Final results are produced by inverting the 2 major sub lines, despite their size, in order to avoid
artificial discontinuities between the individual subsurface resistivity images. Subsequently each
sub line was sub divided in segments of 400m approximately solely for presentation purposes.

The overall picture presents high resistivities (>1O3 Ohm*m), which are indicative of the marble.
Yet, there are areas in which the resistivity is extremely high which is indicative of the existence of
voids. Calibration tests over known test areas suggested that a resistivity value over 4-10* Ohm*m
is a reasonable threshold above which the existence of a void is highly possible. According to the
above threshold the section is re-plotted in Figure 5 depicting the areas of non-cohesive conglom-
erates, the areas where there are compact conglomerates, the marbles regimes and the areas that
are characterized as potential voids.

The interpreted results (based on Table1) for the entire area were taken into account in Figure
5. Several high resistive zones are recognized and interpreted as faults or fracture zones. This im-
age is in good agreement with the geology of the studied area and suggests that the designed route
of the pipeline in the area, onto the Alistrati cave, is not suitable for gas-pipe installation.

5 CONCLUSIONS

In the studied area, according to the in situ geological observations, the existence of big karstic
structures, even below the superficial cover, was more than possible (Vasiliadis, 1997). The 2-D
geoelectrical survey proved to be an effective tool for delineating the subsurface lithology and struc-
ture of the surveyed area. Besides the limitations of the used methodology (the dimensions of the
caves cannot precisely defined), the technique proved totally successful in locating precisely the ex-
isting karstified places of the studied area.

The produced subsurface resistivity images can be easily understood by non-geophysicists and
were particularly useful for redesigning the route of the natural gas pipeline. Based on the results of
this research, the route of the natural gas pipeline was finally redesigned far from the cave of Alis-
trati and the neighbouring caves.

Conclusively, it is shown that geophysical surveys, especially with the modern equipment, can
play a significant role in infrastructure planning by providing reliable results in a limited time and low
costs. i
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ABSTRACT

In order to evaluate eathquake site amplification characteristics, horizontal to vertical Fourier
spectrum of microtremor has been widely used. As long as the Fourier transform (FT) cannot dis-
tinguish between stationary and non-stationary coefficients we cannot eliminate the contamination
of microtremors signals from short period transients.

The wavelet transform (WT), using the property of localization of wavelet bases has been widely
used in signal processing. Unlike the Short Time Fourier Transform (STFT) in which the width of
window is fixed, the WT localizes signal in a variable window using the dilation parameter. This
property, which derived directly from multiresolution analysis provide us the ability to decompose a
signal in a well localized set of coefficients and identify the non-stationary portions of it.

In the present study we use the WT in order to eliminate the non-stationarities in microtremor
signals before we calculate the spectrum of each one using conventional FFT algorithms

| INTRODUCTION

With the term “microtremors” we define Earth's surface vibrations caused by daily human activi-
ties such as movement of machinery in factories, motor cars, people walking and natural phenom-
ena such as flow of water in rivers, rain, wind, variation in atmospheric pressure and ocean waves.

The spectral ratio between horizontal and vertical components (H/V ratio) of microtremors (as
measured from triaxial seismometers at the ground surface) has been used to estimate fundamen-
tal periods and amplification factors of a site in order to identify the site’s response during earth-
quake. This technique was first applied by Nogoshi and Igarashi (1970, 1971) and popularized by
Nakamura (1989) in order to determine the predominant frequency and amplification of a site. The
preciseness of this method depends on the stationarity of the recorded microtremor signals. Non-
stationary components (such as transients) contaminate the signal and reveals frequencies that are
not related with site’s characteristics.

In the present study we will estimate first the Horizontal to Vertical Spectrum Ratio (HVSR) us-
ing ordinary methodology and then we calculate the HVSR using wavelet-filtered microtremor sig-
nals in order to identify the variation of HYSR when the non-stationary components elimininated.

2 SIGNAL ANALYSIS

2.1 Conventional Methods

The Fourier analysis (Papoulis, 1962), which decomposes a time series into orthogonal fre-
quency components or vice versa, has been widely used for geophysical signal processing. The
fast Fourier transform (FFT) algorithm has made the Fourier analysis very attractive for many data
processing applications, mainly because of the orthogonal properties of the Fourier series and of its
simple expression. However, upon inspection of the expression of FT
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F(w)= j FOe ™ dt, (1)

one must notice that the FT extracts periodic signals from a function f(t) of infinite time duration
and the frequency information cannot be associated with time. One can only analyze and process
signals in either the time or the frequency domain.

To compensate for the limitations of the FT related with time-frequency analysis, the concept of
the short time Fourier transform (STFT) was developed. This transform which also called Gabor
transform is defined as (Chui, 1992)

Gyy(@)= [f(e™ g, (bt @

where g(t) is a Gaussian function
2
1 .S
(1) =———=¢e ¥, (3)
SN P
which also called a window function. (Alternative formulations replaced the Gaussian function by
other window functions). Thus the Gabor transform localizes the FT of a signal f(t) at around t=b.
The width of the window is determined by the fixed positive constant k. In the majority of STFT
methods there are undesirable computational complexities when either narrowing of the window is
required for better localization or widening the window required to obtain more global picture (Chui,
1992).

2.2 Wavelet transform (WT)

Wavelets are functions that satisfy certain mathematical requirements and are used in repre-
senting data or other functions. The class of functions that present the WT are those that are
square integrable and satisfy that when the frequency approaches zero, the Fourier transform of
the wavelet function must also approach zero. This class of functions is denoted as:

f@el®= [[fx)f dr<eo. @

The wavelet functions that used in the wavelet analysis are derived from a single prototype
function (the mother wavelet) by dilating (scaling) and translating (time shifting) its two characteris-
tic parameters, the dilation (a) and the translation (b), which vary continuously. A wavelet function
Wap(x) can be defined as

x—b

Wap(X)= ——l——l//( ) a,be Rwitha=0 (5)
a

The parameter a (dilation) controls the number of dilations hence it provides the frequency reso-
lution of the wavelet function as long as the parameter b (translation) controls the position of wave-
let in time.

Whereas the Fourier transform decomposes a signal into infinite length sines and cosines, ef-
fectively losing all time-localization information, the CWT's basis functions are scaled and shifted
versions of the time-localized mother wavelet. The CWT is a convolution of the data sequence with
a scaled and translated version of the mother wavelet, the y function such as

W, fXa.b)=(f-Wius)= \/— If(t)w( ) ©®)

Equation (6) contains normalization so that the wavelet function contains unit energy at every

scale.
In the CWT, for each value of the scale used, the correlation between the scaled wavelet and
successive segments of the data stream is computed. Unless reconstruction is needed, there are
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no restrictions in the CWT as to how many scales are used, nor of the spacing between the scales.
The convolutions can be done up to N times at each scale, and must be done all N times if the FFT
is used. The CWT consists of N spectral values for each scale used, each of these requiring an in-
verse FFT. The computational load of the CWT and its memory requirements are thus consider-
able. The benefit from this high measure of redundancy in the CWT is an accurate time-frequency
spectrum.

The selection of the mother wavelet function is critical for the results that we expect to derive. In
our analysis we choose one of the most known and widely used in geophysical signals is the Morlet

wavelet. This wavelet consists of a plane wave modulated by Gaussian function and is defined as:
2

1 n
iy
wo(m) =x ‘e™e ? ()
do is the so-called “wavenumber” of the wavelet and is adjustable from 6 (minimum value to
satisfy the admissibility condition) to 500, where small values provides better time resolution against
frequency resolution and vice versa. In Figure 1 we have a morlet wavelet with wavenumber 6.

Morlet
150 r i 1

100 | ! VSRS PRSI SNS RS, DS

Wavelet
o
=)

o

b1

i

-100
-750

750

Time
Figure 1. Morlet wavelet (d, = 6).

In practice the CWT is interpreted as the signal f is filtered by a particular (non-uniforms, band-
pass) filter banks y. These filters decompose the signal's spectrum into sub-spectra of different
bandwidths (wavelet's wavenumber). Octave filter banks (filters with exponentially spaced centre
frequency and bandwidths) are used in order to perform the WT (Mallat, 1989). Decomposition al-
gorithm exists to compute scaling function and wavelet coefficients at level j from the scaling func-
tion at level j-1 (Odgen, 1997). This algorithm implemented as a pair of filtering operations. The de-
composition scheme builds from two-channel tree-stucture filter banks consisting of a low-pass
filter H and a high pass filter G as shown in Figure 2, for a j=3.

HY

Y HGY

GY

_HGYY

\ GY

The plot of the coefficients of WT is called scalogram. Usually it consists of the square of the
CWT (or another parameter that can be calculated from wavelet coefficients) which plotted against
scale and translation over time.

Figure 2. Tree diagram for j=3 wavelet decomposition algorithm.
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Just as it is possible to reconstruct a signal f(t) given its Fourier transform F(w) by means of the
inverse Fourier transform, it is also possible to reconstruct a signal given only its continuous wave-

let transform (W,f)(a,b). For an appropriate wavelet y and for f € L* (R)

2 % 1
=== [, XabWp®—5dadb @
(/W -0 0 24
for every ¢ € ‘R at which fis continuous. The constant Cy, is given by
A 2 A 2
0 l//(a)) 1) ‘//(‘0))
c, =2dea)=zj ———do (©)

0 0

3 ESTIMATION OF HVSR

The horizontal to vertical spectral ratio (HVSR) is estimated from the three components of the
microtremor recordings (North-South, East-West and Vertical) through the following steps (Magri et
al.1994, Mucciarelli 1998) :

a) Offset removal: the mean of the entire recording is deducted from each sample.

b) Single window processing: The second step consists in selecting portions of the signal that
do not contain transients. This is done manually (by visual examination of the recording) or with the
aid of automatic window selection algorithms based on well-known STA/LTA approaches.

c) Process of individual windows:

 Bandpass filtering (usually from 0.1 to 20 Hz)

+ Cosine tapering with a length of 5% is applied on both side of the window signal of the verti-
cal, North-South and East-West component.

» FFT is applied to each component in order to obtain the spectral amplitudes.

A smoothing function is applied (usually Konno & Ohmachi window function) to each spectral
amplitude (Kohno et al. 1995).

» Merging of two horizontal spectral amplitudes with a quadratic mean,

NS? + EW?
B = gl (8]
2
Thus in each of the windows the distribution of logio(H/V) is obtained as a function of fre-

quency.
d) Average results
H/V is averaged over all window results

4 APPLICATION TO MICROTREMORS

4.1 Data acquisition

Microtremors recordings were collected with Reftek DAS-130 data logger at 125Hz using Ser-
cel's L3-4D seismometer at Chania, Greece. One set of three microtremor recordings is presented
below (Fig. 3a, 3b, 3c)
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Figure 4. HVSR from unfiltered microtremors

4.2 Using WT and filtering in HVSR estimation

We estimate the HVSR following the steps defined in section 3. The calculated amplification
factor S over frequency is depicted in Figure 4. We can identify amplification for frequencies around
1.1Hz (point A) and around 16.4Hz (point B)

As mentioned earlier HYSR method needs stationary data because any non-stationary event
(transients, spikes e.t.c) contaminates the spectrum ratio because its frequency components take
place in the calculation of spectral ratio. For this reason we altered the steps that presented in sec-
tion 3 and specifically we split the step “B” with the following two:

b1) Calculation of Wavelet spectrum using (5) or (6)

b2) Wavelet filtering for time and frequency simultaneously.

From the b1) we can identify clearly the non-stationary components of the microtremor gather-
ing both time and frequency information. The calculated wavelet spectrum of recorded mi-
crotremors are depicted in Figures 5a, 5b and 5c.
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Figure 5a. Wavelet spectrum for E-W component

1274



NORTH-SOUTH (recording 2}
[E U B Peepasecsy Spsolrugsy

o sosnnt Tirne

quared Magrinide

5

@5

o0
Figure 5b. Wavelet spectrum for N-S component
VERTICAL (recording 2)

Tordiuiuons Wavekd Teme Fragquesnoy Spaectrisn

e S e

B z\\h

T

{

{
4
i
+

&
o
=
e
2
-
1
]
B
178 42
5 ¥
&,
‘s,q‘
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From the above figures we can clearly identify non-stationary components with frequencies from
8Hz to 18Hz between 15sec and 25sec. From this point as long as we identify the undesired por-
tions of the microtremor we apply a wavelet cut-off filter (non-linear filter which eliminates signal's
components using both time and frequency parameters). The filter that we apply blocked the fre-

quencies from 8 to 18Hz for 15 to 25 sec time interval as depicted in microtremor recording shown
in Figures 6a, 6b and 6c¢.
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Figure 6a. Horizontal (East-West) component filtered
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For evaluation of filtering correctness we present below the calculated wavelet spectrums after
filtering (Fig 7a, 7b and 7c).
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Figure 7a. Filtered wavelet spectrum for E-W component
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From the comparison of wavelet spectrums it is clear that the strong non-stationarities elimi-

nated and at the same time lower amplitude components revealed.
After non-linear filtering we continue the estimation of HVSR to step c) and the result depicted in

Figure 8.
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Figure 8. HVSR from filtered microtremors
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The latter estimation of HVSR indicates that the dominant frequency is around 3.5Hz and not
16.4Hz as we calculate using traditionally applied steps in HSVR technique. This result is expect-
able as long as we identify the non-stationarities with frequencies around 16Hz. After non-linear fil-
tering the lower amplitude stationary components revealed and contribute to the spectral ratio re-
sulting in @ more accurate HVSR estimation.

5 CONCLUSIONS

The precision of the HVSR method for site effect investigations depends on the stationarity of
the recorded microtremors. This is not obtainable when measurements take place in urban areas.
In the present study we apply wavelet transform in order to identify non-stationarities in mi-
crotremors and then eliminate short period transients using non-linear wavelet filtering. This ap-
proach does not nullify the commonly used HVSR method but it is incorporated with it by adding
one more procedure in order to achieve better and trustworthy results.
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ABSTRACT

The reconstruction of gapped microtremors recordings with the aid of CLEAN algorithm, which
originally developed for spectral analysis of unevenly spaced time series, is studied. As proved in
previous relative studies the algorithm has the ability to "clean” the spectrum of a discrete signal
from artifacts and additionally (through an Inverse DFT) to reconstruct the signal in time domain.
We studied the algorithm's effectiveness of reconstruction in microtremors recordings. We saw that
for continuous gap with length up to 10% of the total length of microtremor recording, the algorithm
was able to reconstruct efficiently.

1 INTRODUCTION

The purpose of this study is to examine the successive estimation of HSVR applied in gapped
microtremors recordings. Our approach is based on CLEAN algorithm. This algorithm originally
developed for spectral analysis of unevenly spaced time series (Roberts et.al, 1987). Experimental
studies (Gitterman et. al. 1996, Bour et.al. 1996, Giampiccolo et. al. 2001) used microtremors
recordings in order to determine the response of a site as a precondition for a successful analysis
of a local seismic hazard. The majority of the studies involved in situ recordings using three
directional seismometers with appropriate data recorders. A problem that arises from in situ
recordings is the missing data, which are depicted as gaps in recorded time-series. Common
solutions such as interpolation usually produce spectral artifacts, which may be critical in final
produced spectrum. As long as the common microtremors analysis techniques (Nogoshi et. al.
1978, Nakamura 1989) take place in frequency domain it is imperative to use a reconstruction
technique that leaves the spectrum undominated.

The CLEAN algorithm performs a nonlinear deconvolution in frequency domain equivalent to a
least-squares interpolation in the time domain. In this study, we used the CLEAN algorithm as
described and modified (Baisch et al. 1999) in order to reconstruct microtremors recordings with
continuous gap. As proved in previous relative studies (Ding et.al. 1999, Baisch and Bokelmann
1999) this algorithm has the ability to "clean" the spectrum of a discrete signal from artifacts and
additionally (through an Inverse DFT) to reconstruct the signal in time domain. The idea of modified
CLEAN algorithm is first to calculate the contaminated spectrum of gapped microtremor recording
(which is known that is the convolution of harmonic contents of recording time series with the
spectrum of sampling function) and then to find the strongest spectral component (i.e. amplitude
and phase in a particular frequency) from this spectrum. Finally this component is subtracted
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(including sidelobes) removing in this way its contribution to the spectrum. This process is iterative
and every time we produced a residual spectrum "cleaner" than previous. After a predefined
number of iterations we finally have a uncontaminated spectrum (which is acquittaled from the
spectrum of window function).

2 THE CLEAN ALGORITHM: FORMULATION

Let x(¢) a signal continuous in time and D( f) its Fourier transform. Consider now the discrete
case, where data are given at N times?, of the above. Its Fourier transform D(f;), as known, is
the convolution of the spectrum D(f) with the spectrum W' (f;) of the spectral window function
as shown:

D(f))=D()®W(f,) M

For convenience in the following, we named D( f,) as “contaminated” spectrum and W ( f,) as
"window" spectrum.

From equation (1) is obvious that in order to get the true spectrum we must deconvolve the
contaminated spectrum from window spectrum preventing weak frequency peaks being masked
from strong sidelobes of window spectrum. Especially in our case with the existence of gap in
microtremors time series the spectrum W ( f,) becomes more complex.

The CLEAN algorithm is based on a method proposed by Roberts et al. (1987). They utilized
the knowledge of sampling function in order to perform an iterative deconvolution of the spectral
window in frequency domain.

To illustrate the application of CLEAN algorithm we consider a single frequency cosine signal

ft)=A-cos2-7- f-1+0) @)
For ¢ — oo the spectrum of f(f) is:

F(f)=a-8(f-N+a - 6(/+f)

0

“ A "
Where f denotes peak frequency, a = Ee and a the complex conjugation of @ .

If () sampled at N discrete times the spectrum will be:
F(f)=a-W(f-)+W(f+[) 4)

In equation (4) we have is a "contaminated" spectrum, which contains real peaks at *+ f and
false peaks, which generated by discretization of the signal as well as the sidelobes of window
function W (f) .

At peak frequencyf" assuming W (0) = 1 we have:

F(f)=a+W(Q2f) ()
Knowing f* we can determine a as Ding et al. (1999), calculated:
2 _F(N-F'())-W2f)
a(f) = —
- |W(2 f)‘
The idea of CLEAN algorithm is to use equation (6) to find the first spectral component (i.e.
amplitude and phase in a particular frequency) and then subtract it (including sidelobes) from D
using equation (4) removing in this way its contribution to the spectrum. This is done by choosing

the largest peak in the contaminated spectrum. This procedure is iterative and the iteration scheme
as given by Roberts et al (1989) is:

1. Compute the contaminated spectrum F'( f')

(6)

2. Start the iteration with the initial residual spectrum R’ = F
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3. On the K'th iteration find the maximum frequency f[

e,

« In the previous residual

spectrum R*™" and calculate its complex amplitude a(fpwk) using equation (B).
4. Use equation (4) to calculate the contribution of a(fpm) to the contaminated

spectrum and form the residual spectrum R¥ by subtracting a fraction g (0<g<1) of
the result from R* '

R = R = glla® W7 = f)+ @) (7 + £,))

5. Store the subtracted fraction g-aKto an uncontaminated component array at

locations f .., and = f ...

6. After the iteration, convolve the uncontaminated component array with a Gaussian
function to obtain reasonable frequency resolution. Finally add the residual spectrum of
the last iteration

Using the above iteration scheme we calculated the spectrum of gapped microtremors time
series, which is known to be a convolution of harmonic contents of time series with the spectrum of
sampling function. At the end of the iterations, we add the uncontaminated spectrum the residual
spectrum and we apply an inverse DFT to this sum in order to reconstruct the signal in time
domain.

3 APPLICATION TO MICROTREMORS

Microtremors measurements recorded from various sites at Crete (Greece). Rec 1 recorded at
old Venezian city of Chania (11/7/2002), Rec 2 recorded at Ancient Aptera (24/1/2004) and Rec 3
recorded at Castello (21/10/2003). The microtremor data used have been recorded with a
tridirectional sensor Lennartz 3D-Lite (1Hz period), connected with a 24-bit digital acquisition unit
and a personal computer. The sensor has the same characteristics on the three axes. All the
equipment , sensor and power supply included, is mounted in a single aluminum case whose base
is stiffened by a 1cm thick steel plate. This mounting enables the avoidance of any interference
(mechanical or electrical) caused by external wiring. The sampling rate was 125Hz and each
recording was 112500 points long provides 15 min of recording. Each time series were corrected
for base-line and anomalous trends and then a band pass filter applied with range 0.3-20Hz
following the methodology described by Bour et al.(1996) and Mucciarelli (1998). The result from
three recordings depicted in fig.1, 2 and 3.

Rec 1

Z component
T

2 1 . L
0'020 3 6 g 12 15
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Figure 1: Recording from old Venezian city of Chania, Greece
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Figure 2: Recording from Ancient Aptera, Greece
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Figure 3: Recording from Castello site, Chania, Greece

The CLEAN algorithm as implemented by Baisch and Bokelmann (1999) requires two crucial
parameters: Number of iterations and gain factor. The number of iterations (K) controls how many
times the algorithm is repeated until it reaches the final value of residual spectrum. The next
parameter, gain factor (g), controls the portion of peak frequency that subtracted from the spectrum
because it proved that we couldn’t subtract in each iteration the whole frequency peak that we find.
Therefore, in every iteration we subtract from contaminated spectrum the g-a portion
with0 < g <1.

In previous studies, (Roberts et al. 1987, Baisch and Bokelmann 1999, Ding et al. 1999) g
usually was 0.1 until 0.5 but these values referred to data with noise up to 31%. We tested the
microtremors with these values of g but we did not receive successful reconstructions. The main
reason for this seems to be the nature of microtremors, which is pure noise. Based on this, we
expect a spectrum with rich frequency content without excessive peaks. In order to choose the
appropriate values for g and K parameters we calculate the spectrums for each component for
several values of g,K (i.e. Rec 1-NS component spectrums for several values of g and K=100, at
Fig.4). Then we compare each calculated spectrum with the original one and we define the r
coefficient between them. Assuming successive reconstruction for > 0.95 and as plotted at Fig.5
and Fig.6 we chose g=0.05 in order to remove small fractions of smeared frequencies in every
iteration and K=100 iterations.
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Figure 4: Calculated spectrums for various values of g and K=100 (Rec 1 — NS component)
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Figure 6: I vs. K parameter for fixed g=0.005

For each recording we produce gapped microtremors signals with gaps from 2% to 30% of the
total time series length. From each gapped microtremor signal, we produced two reconstructed
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signals: One with the aid of CLEAN algorithm and the other with interpolation in time domain. For
each triple of the signals (Original, reconstructed by CLEAN, reconstructed by interpolation) we
calculate their spectrums (fig.7 - fig 15).
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Figure 7: Original, CLEANed reconstructed and interpolated spectrums for 10% gap of Rec 1 (UP)
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Figure 8: Original, CLEANed reconstructed and interpolated spectrums for 10% gap of Rec 1 (N-S)
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Figure 9: Original, CLEANed reconstructed and interpolated spectrums for 10% gap of Rec 1 (W-E)
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Figure 10: Original, CLEANed reconstructed and interpolated spectrums for 10% gap of Rec 2 (UP)
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Figure 11: Original, CLEANed reconstructed and interpolated spectrums for 10% gap of Rec 2 (N-S)
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Figure 12: Original, CLEANed reconstructed and interpolated spectrums for 10% gap of Rec 2 (W-E)
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Figure 13: Original, CLEANed reconstructed and interpolated spectrums for 10% gap of Rec 3 (UP)
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Figure 14: Original, CLEANed reconstructed and interpolated spectrums for 10% gap of Rec 2 (N-S)
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Figure 15: Original, CLEANed reconstructed and interpolated spectrums for 10% gap of Rec 3 (W-E)
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In order to investigate the effectiveness of CLEAN algorithm in HVSR calculation we produce
HVSR plots using original recording, gapped recording and recording reconstructed by CLEAN for
various gaps and for each recording. At fig.16 we present representative HVSR plots for 10% gap
for each recording.
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Figure 16: HVSR plots for original, gapped and reconstructed by CLEAN recordings for 10% gap

We can clearly see that the CLEAN algorithm provides better reconstruction than simple
interpolation as the calculated HVSR is quite similar than original signal's HVSR. We can also see
that as the gap of the missing data increases then the reconstruction became unsuccessful. In
order to investigate the exact behavior of CLEAN we calculated the correlation coefficient P
between original and reconstructed signal for gap length 2% till 30%, for the microtremors
recordings. The results plotted in fig.17 where we can clearly see that if we assume successive
reconstruction when /# > 0.95 then we have successful reconstruction for gap lengths below 10%.
We can also state that after 15% gap we have a dramatically failure in reconstruction which shows
us that here lied the limit of the algorithm for these type of microtremors signals.
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Figure 17: Squared correlation coefficient vs. gap length for the three recording microtremors signals.

4 CONCLUSIONS

The application of CLEAN algorithm for reconstruction of incomplete sampled microtremors
signals is studied. Even the algorithm originally developed for spectral analysis we used its ability to
uncontaminate the spectrum of a discrete signal and after that with a back transformation to time
domain (through an Inverse DFT) to reconstruct the gapped signal from its uncontaminated
spectrum.

We applied the algorithm in five gapped microtremors recordings and we examined the
successive reconstruction in relation with gap length. We show that for continuous gap lengths
below 10% of total length of the signal. Additionally we see that for performing the best results with
CLEAN algorithm we must know the nature of our signal in order to select the appropriate value of
parameter g.
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ABSTRACT

In this work the effectiveness of 2D and 3D algorithms for inverting Electrical Resistivity Tomo-
graphy (ERT) data deriving from 3D structures is studied. Further, an analysis of data-collection
strategies in the case of 3D structures is being carried out. Dense 2D measurements are consid-
ered a practical tool for mapping 3D structures given the current limitations in ERT hardware.

To perform the tests 2D and a 3D inversion programs are used. Both schemes use a forward
model based on a 2.5D and 3D finite element scheme respectively. For both the 2D and 3D cases
a fully non-linear inversion scheme based on a smoothness constrained algorithm is used. The Ja-
cobian matrix is calculated using the adjoined equation technique.

Comparisons are being carried out by means of synthetic examples for 3D models and dense
2D measurements with their axis parallel to the X (X-lines) and/or Y (Y-lines) directions. For the
case of 3D structures and 2D inversion tests results illustrate that both X-line, Y-line measurements
are required to delineate the modeling body. However, when 3D inversion is considered either X-
line or Y-line measurements are adequate to produce good quality reconstructions of the subsur-
face.

Overall, results clearly illustrate the superiority of 3D over 2D inversion schemes in the case of
3D structures both in view of quality and logistics. Despite the increased computational time re-
quired by 3D inversion schemes, good quality results can be produced. Further, 2D inversion tech-
niques require effectively a double amount of measurements to produce acceptable results. The
ongoing advancement of fast computers renders the described approach of combining dense 2-D
measurement with 3D inversion practical for routine data treatment.

| INTRODUCTION

The Electrical resistivity tomography (ERT) technique is considered as one of the most signifi-
cant new geophysical methodologies to emerge in the last decade. ERT is now widely used for en-
vironmental, engineering and groundwater resource mapping.

The development of the technology associated with automatically multiplexed electrode ar-
rangements and automatic measuring systems facilitate the acquisition of a large number of meas-
urements in a limited time. Further, the advent of fast computers allowed the development of the
automated resistivity inversion schemes which aim to construct an estimate of a subsurface resis-
tivity distribution which is consistent with the experimental data. Among others, the smoothness
constraint inversion (Constable, 1987) has become the most popular for interpreting ERT data
since it produces a simplified subsurface resistivity model which is a reasonable representation of
the subsurface and at the same time guarantees inversion stability.

Several 2D smoothness constrained inversion algorithms for ERT data have been presented in
literature (Sasaki 1989, Xu 1993, Elis & Oldenburg 1994, Tsourlos 1995, Loke & Barker 1996a).

Further, since many of the problems associated with geophysical exploration are of a three-
dimensional nature several algorithms for treating the ERT problem in three-dimensions have been
presented (among others Park & Van 1991, Loke & Barker 1996b, Tsourlos & Ogilvy 1999).
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Despite the development of advanced instrumentation and 3D interpretation techniques still
common geophysical practice relies mainly on 2D approaches both in view of measurements and
interpretations (Chambers, 2001). Even in the case of fully 3D resistivity variations 2D measure-
ments are still quite popular among geophysicists. In this framework the effectiveness of 2D and 3D
inversion strategies for the case of 3D structures is studied in the present work on the basis of syn-
thetic model tests in combination to data-collection strategies. To perform the tests 2D and 3D in-
version programs are used. Both schemes use a forward model based on the finite element
method, whereas inversion is based on the same, fully non-linear, iterative scheme.

(a) (b)

Figure 1: a) 2D measuring mode, b) 3D measuring mode

2 MEASURING-INTERPRETATION STRATEGY

There are two main measuring modes in ERT: a) 2D measuring mode involves laying a number
of equally spaced electrodes over a line and obtain measurement combinations for varying spacing
in order to obtain sectional images of the subsurface (Fig 1a) and b) 3D measuring mode which in-
volves laying out a number of electrodes on a 3D grid and measure a large number 4-electrode
combinations in order to obtain information about the 3D variation of the subsurface resistivity (Fig
1b). 2D measuring mode is fast, easy and low-cost to implement, and results can be interpreted
fast using 2D inversion programs but is problematic when 3D structures are to be detected. Con-
versely 3D measuring mode treats successfully 3D structures however it is expensive since it in-
volves increased instrumentation (cable) and computational cost if data are to be treated with 3D
inversion programs. The later is not an important problem considering the high increase in com-
puter power but hardware logistics is most of the times prohibitive in measuring with the 3D mode
particularly with large electrode spacing.

So in practice instead of using the 3D measurement mode 3D resistivity variations are recorded
by recording a dense 2D measurement grid which is considered to be a more practical and eco-
nomical approach for field-data. Dense 2D sets involve measuring parallel 2D lines with inter-line
spacing equal to the inter-electrode spacing. Measurements can take place along the X-axis (X-
lines) (Fig 2a), or along the Y axis (Y-lines) (Fig 2b), or along both axes (XY-lines) as depicted in
figure 2c.

These dense 2D measurements are routinely being interpreted with 2D algorithms and the re-
sults are combined a-posteriori to generate pseudo-3D (x,y,z) images. This type of results often
suffer from artifacts either due to the fact that 3D responses are attributed to 2D structures and/or
due to the varying level of misfit that individual 2D inversions may reach to. It is therefore reason-
able to assume that the quality of the pseudo-3D images is dropping the noisier the data and the
more complicated (3D) the subsurface structure is. Techniques such as smoothing can certainly
improve pseudo 3D results yet this approach is not implied by the data or the model but is simply a
mathematical operation lacking physical (geological) intuition.
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arallel to Y axes

Figure 2: Dense 2D measurements a) parallel to the X-axis (X-lines), b) paraliel to the Y-axis (Y-lines), c) com-
bined XY-lines.

3 MODELLING AND INVERSION

The models presented in this work have been calculated using the finite element method (FEM).
The technique has been extensively described in many works so only a brief description of the
method is presented here.

3.1 2.5-D Forward Modelling

In 2.5D modelling the change in resistivity is considered to be two dimensional but the current
flow pattern is a three dimensional one. In other words, the measured values correspond to a three
dimensional subsurface where the resistivity is allowed to vary in only two dimensions and remains
constant in the strike direction (Tsourlos et al., 1999). To include the potential variability in the strike
(y) direction a cosine Fourier transformation is applied.

The FEM treats the problem by discretizing the earth into homogeneous triangular (in this case)
regions called elements (Fig 3a). The potential within each element is approximated by a simple in-
terpolation function (basis function). In order to minimize the error between the approximated and
real potential, the Galerkin minimization criterion is applied. After applying the Galerkin minimization
scheme to every element, the individual element equations can be assembled in to one global sys-
tem which has the following form:

KA=F, (1)
where A is the unknown transformed nodal potential vector, F is the vector describing the
sources and K is a matrix which is related to the nodal coordinates. After applying the homogene-
ous Dirichlet and Newman boundary conditions the system of equation (1) is being solved and the
transformed nodal potential is obtained. After solving equation (1) for several wavenumbers the to-
tal potential is recovered by applying the inverse Fourier transform. Since the nodal potential is
known, point to point potential differences and apparent resistivities are easily obtained.
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Figure 3: (a) triangular element - 2.5D FEM, (b) hexahedral element — 3D FEM.

3.2 3D Forward Modeling

The approach is very similar to the 2.5D case however here the problem is treated in 3D so
there is no need to use a fourier transformation. The solution of the differential equation that gov-
erns the flow of the electrical current in the ground ( Poisson equation) is sought by subdividing the
area into hexahedral elements (Fig 3b). After applying the Galerkin minimization scheme to every
element, the individual element equations are assembled to form the global system which has the
form of equation 1.

The final step is to solve the system of equations: for the 3D case which in general involves
large systems of equations an iterative technique is preferable. In this work the conjugate gradient
method for solving large sparse linear systems is used.

3.3 Inversion
The inversion core algorithm is the same for both the 2D and 3D case. A non-linear smooth-

ness constrained inversion algorithm was used (Sasaki, 1992). The inversion is iterative and the re-
sistivity xk+1 at the k+1th iteration is given by:

Xicrt = XickdXe = Xick [(Wo k) T (Wadi) +11,. (Cx Cx+C'C2)]™ (W Ji) Wa dyic ()

where Cy, C, are matrices which describe the smoothness pattern of the model in the x and
z axes respectively (de Groot-Hedlin and Constable, 1990), dyk is the vector of differences be-
tween the observed data d®®® and the modeled data d™° (calculated using the forward modeling
technique 2.5D or 3D), Jx and . is the Jacobian matrix estimate and the Lagrangian multiplier re-
spectively for the k™ iteration, Wy is the diagonal matrix of the data variances, and T denotes the
transpose. The adjoint equation approach (McGillivray & Oldenburg, 1990) was incorporated into
the FEM scheme in order to calculate the Jacobian matrix J (Tsourlos, 1995). Depending on the
dimensions of our problem the Jacobian matrix is calculated either by the 2.5D or the 3D forward
solver.

4 SYNTHETIC EXAMPLES

Synthetic data were created assuming a 15X15X8 3D grid. Synthetic data involved measuring
15 2D lines parallel to the X-axis and 15 2D lines parallel to the Y axis. Inter-line and inter-electrode
spacing was set to be a=5m. Synthetic data were obtained using the pole-dipole array with max_n
separation equal to 7a.
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Figure 4: Model 1

MODEL 1

The modeling body is a typical 3D structure and is depicted in figure 4. The produced synthetic
data were inverted using 2D inversion and the interpreted 2D sections were combined to produce
pseudo-3D depth slices for the X-lines, Y-lines and XY-lines and are depicted in figure 5. It is clear
that in the X-lines inversion the features parallel to the X axis cannot be reconstructed. A similar re-
sult is obtained for the Y-lines and the features parallel to the Y axis. Only when both X,Y-lines are
inverted the modeled body is reconstructed successfully. This signifies that in dense 2D surveys if
2D interpretation is to be used both X,Y-lines need to be measured and combined in order to be
safe that no feature is “missed”.

However this is not the case when data are inverted using the 3D inversion scheme. In figure 6
it is clearly shown that the 3D inversion results plotted as depth slices are equally satisfactory for
the X-lines and XY-lines and superior to the 2D inversion results for the XY-lines. This signifies that
if 3D inversion is used measuring just the X or the Y lines is enough to produce good quality results.

MODEL 2

The synthetic data (X,Y,XY-lines) produced for the modeling body of figure 7 were inverted us-
ing 2D inversion. Results are depicted in Figure 8. In this case, although the 2D inversion of XY-
lines is superior to the X and Y lines inversions, the latter managed to delineate the modeling body
far more successfully than the previous case. This is due to the fact that the modeling body has a
dip in relation to the measuring axes. This signifies that in areas where the main strikes of the tar-
gets are known (i.e faulting systems) and the survey orientation dips the main strikes, 2D inversion
of just the X or Y lines is enough to obtain an acceptable subsurface image.

MODEL 3

The synthetic data (X,Y,XY-lines) produced for the modeling body of figure 9 were inverted us-
ing both 2D and 3D inversion. Results are depicted as depth slices in figure 10. All inverted images
(2D, 3D) are in general satisfactory however again 3D inversion results are by far more accurate.
Also note that the 3D inversion results of the X and XY-lines are effectively identical. In figure 11 a
3D view of X-lines 3D inversion results is depicted
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5 CONCLUSIONS

The results illustrate the superiority of 3D over the pseudo-3D inversion schemes. Dense 2D
measurements across either X or Y axis combined with 3D inversion schemes are adequate to de-
lineate even complicated 3D structures. The 2D (Pseudo-3D) schemes requires measurements
across both X-Y axes in order to produce safe information.

This approach of combining dense 2-D measurement with 3D inversion is considered practical
for routine data treatment since the extra computational time/power required by 3D inversion
schemes is compensated by the reduced amount (50% less) of field data required when compared
with the 2D approach.

MODEL Z=1.25m 2D XY INVERSION 2D X INVERSION 2D Y INVERSION

i0203040506070&090100
Figure 5: Pseudo-3D depth slices of the 2D inversions for the X-lines, Y-lines and XY-lines of Model 1

MODEL Z=3.75m 2D XY INVERSION

e

3D XY INVERSION 3D X INVERSION

)

Figure 6: 2D and 3D inversion results for the X-lines and XY-lines of Mlc;del 1 presented as depth sliéés
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Figure 8: Psed&o-SD depth slices of the 2D inversions for the X-lines, Y-lines and XY-lines of Model 2
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Figure 9: Model 3

MODEL Z=1.26m
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MODEL 2=6.26m
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Figure 10: Depth slices of the 2D and 3D inversions for the X-lines, Y-lines and XY-lines of Model 3
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Figure 11: 3D view of the X-lines 3D inversion results for model 3
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ABSTRACT

In this work, a monofractal and multifractal characterization of the short-term time dynamical
fluctuations of the ultra low frequency (ULF) geomagnetic field, measured by one station installed in
Creete, Greece, has been carried out. Time scale properties of the three ULF geomagnetic
components, two horizontal (x, y) and one vertical (z) have been analyzed through the power
spectral density, Higuchi method and Hurst R/S analysis. Results point out the presence of fractal
features expressing long-range time correlation with scaling coefficients, which are the clue of
persistent mechanism. Using a set of multifractal parameters, defined from the shape of the
multifractal spectrum, it has been observed that the degree of multifractality, that characterizes the
original signals, is “weaker” if compared to the residual signals, obtained from the original ones after
removing the four observed periodicities (24-, 12-, 8- and 6-h periodicties). Furthermore the
horizontal x and y components have revealed to be less multifractal than the vertical z-component.

1 INTRODUCTION

The investigation of the temporal fluctuations of ultra low frequency (ULF) geomagnetic signals
has recently revealed its potential in giving information related to seismotectonic processes. ULF
emissions in the frequency range 0.01-10 Hz were observed using magnetic sensors in very active
seismic areas, such as before and after the great crustal earthquakes at Armenia, Spitak on Dec. 7,
1988 and Loma Prieta, California on Nov. 18, 1989 (Kopytenko et al., 1993; Molchanov et al.,
1992). In the study of seemingly complex phenomena such as those generating electromagnetic
signals, fractal analysis techniques, developed to draw qualitative and quantitative information from
time series, have been applied recently to the study of a large of variety of irregular, erratic signals
and by now have proved to be very useful to detect deep dynamical features. These methods are
mainly useful to detect the presence of long-range power-law correlations that have been found to
exist in a wide variety of systems. As soon as they are found, they are generally quantified by a
scaling exponent. By estimating the scaling coefficient we are able to obtain quantitative information
on the strength of power-law fluctuations of the signal and to get insight into the kind of
mechanisms which may be responsible of its generation. Hayakawa et al. proposed a fractal
analysis of ULF data obtained at Guam observatory during a strong (Ms=8.0) earthquake occurred
on August 8, 1993 near the Guam island (Hayakawa et al., 1999). They found that the spectrum of
emissions displayed decreasing power-law behaviour, typical of self-organised critical dynamics,
with the scaling exponent gradually decreasing during the process of earthquake preparation. In a
later paper, Hayakawa et al. showed that the February 17, 1996, Biak, Indonesia, earthquake was
preceded by a decrease of the spectral power-law exponent approaching unity (Hayakawa et al.,
2000). Other electromagnetic anomalies were observed in Greece (Tzanis et al., 2000).

The above analyses concern with the determination of a single exponent, leading to a mono-
fractal description of the temporal fluctuations of such kind of signals. Monofractals are
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homogeneous in the sense that they have the same scaling properties, characterized by a single
singularity exponent (Stanley et al., 1999). The need for more than one scaling exponent to
describe the scaling properties of the process uniquely, indicates that the process is not a
monofractal but could be a multifractal. A multifractal object requires many indices to characterize
its scaling properties. Multifractals can be decomposed into many -possibly infinitely many- sub-
sets characterized by different scaling exponents. Thus multifractals are intrinsically more complex
and inhomogeneous than monofractals. Maybe the most adequate manner to investigate
multifractals is to analyze their fractality or singularity spectra. The singularity spectrum quantifies
the fractal dimension of the sub-set characterized by a particular exponent that is gives information
about the relative dominance of various fractal exponents present in the process. In particular, the
maximum of the spectra furnishes the dominant fractal exponent and the width of the spectrum
denotes the range of the fractal exponents.

Therefore, the aim of the present work is to perform a multifractal characterization of the time
dynamics of three series of ULF geomagnetic data (two horizontal and one vertical components),
measured in Crete, Greece, one of the most seismically active areas of the Mediterranean.

2 GEOLOGICAL AND SEISMOLOGICAL SETTINGS

The measuring station is located in Crete island, Greece, in the southern Aegean area, one of
the most seismically active of the world and one of the most rapidly deforming continental regions.
The southern Aegean area is limited to the north by the continental blocks of the European plate, to
the south by oceanic material of the African plate, to the east to central Turkey and to the west by
the Adriatic sea (Baker et al., 1997). In this region, the African plate is subducted under the
Eurasian lithosphere along the Hellenic arc; in this region, the seismic activity is very intense and
extends up to a depth of 180 km (Papazachos, 1990).

The geomagnetic station is equipped with LEMI-009 magnetometer, which has a digital
structure and with a full measuring range of +100,000 nT. Furthermore, features of the type of
magnetometer used are: very low noise, high temporal and thermal stability and low power
consumption (Korepanov et al., 2001). The 1-Hz-sampled geomagnetic field has been continuously
measured for two months, April and May 2002. We applied the fractal analysis on the minute
means, and the number of samples is sufficient to obtain reliable measures of the multifractal
properties.

3 DATA ANALYSIS

3.1 Monofractal analysis

Before performing the fluctuation analysis of the geomagnetic series, we removed linear trends
and then we “studentized” the signals, in order to deal with data having zero mean and unity
variance. Fig. 1 shows the “studentized” signals. We firstly performed the power spectral analysis
method, which allows detecting significant periodic components of the signals. For long-range
correlated signals, that is characterized by a scaling behavior, the power spectral density behaves
as a power-law of the frequency f, P(f) = f°. The results are shown in Fig. 2. Four frequency lines
with a relative high amplitude are clearly recognizable. They correspond to the 24-, 12-, 8- and 6-h
periodicities. The first two are clearly associated with diurnal and semidiurnal processes
(temperature and atmospheric pressure) while the other two frequencies could be higher harmonics
of the first ones. The periodic components are superimposed on a scaling behavior, typical of
colored-noise processes.
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Figure 1. ULF geomagnetic “studentized” signals: horizontal components (x and y) and vertical component (z).
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Figure 2. Power spectra of the signals plotted in Fig. 1.
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We performed the Higuchi analysis, which reveals the property of fractal curve in a time series,
by means of the estimation of its fractal dimension D (Burlaga and Klein, 1986; Higuchi, 1988). A
new time-series is constructed from the given time series X(i), (i=1, 2, ...., N),

XM X(m), X(m + 1), X(M + 27),...., X(M+[(N-m)/t});(m =1,.....1) (1)

where [ ] denotes Gauss' notation. The length of the curve is defined as

[(N-m)/1] ) N__‘I 1
Lm(t)={( ; iX(m+IT)—X(p+(1—1)‘c\jm}; @

The average value <L(t1)> over 1 sets of Ly(t) is defined as the length of the curve for the time
interval 1. If <L(t)> ot P, within the range Tmn< 1 < Tmax then the curve is fractal with dimension D
in this range.

Fig. 3 shows the results of the Higuchi analysis. As observed in the power spectral densities, we
can recognize the presence of two scaling behaviors in each signal, with significantly different
estimates for the fractal dimension D, which assumes values ranging between 1.1 and 1.2 for the
first scaling regime, and values around 1.9 for the second scaling region. Furthermore, the 24-hour
oscillation is clearly identifiable, especially at high timescales 1.
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Figure 3. Higuchi analysis of the signals plotted in Fig. 1.

We finally performed the Hurst R/S analysis (Feder, 1988). The Hurst exponent H, defined in
the following relation, provides information about persistent/antipersistent long-range correlations in
a time series.

RM) e (3)
S(m)
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Figure 4. Hurst R/S analysis of the signals plotted in Fig. 1.

The range R(m) is the difference between the minimum and the maximum accumulated departure
X and S(m) denotes the standard deviation over the period m. For a purely random processes, with
no correlations among their increments, H=0.5. For other stochastic processes, H can be less or
more large than 0.5, indicating in both cases the presence of correlation. Such a correlation is
positive if H>1/2, that is increasing (decreasing) fluctuations in the past imply on the average
increasing (decreasing) fluctuations in the future. This feature leads to persistence; the signal
appears rather smooth and shows seemingly regular patterns. Persistence is useful to describe
processes generated by positive feedback mechanisms. Fig. 4 shows the R/S analysis performed
on the ULF geomagnetic data of fig. 1. As observed in the previous analyses, the appearance of
two scaling regimes is clear, with a crossover located at about 24 hours. Furthermore, the
fluctuations of the signals seem persistent at all timescales m, with the short-time scale interactions
more persistent than those at long-time scales, as indicated by the value of the Hurst exponent H,
that assumes larger values at small time scales. The 24-hour oscillation is also visible at long-
timescales, indicating the persistence of such modulation at long time scales.

3.2 Multifractal analysis
3.2.1 Method
Many authors have developed the multifractality and its formalism, applying it to several fields of

the scientific research (Mandelbrot, 1974; Meneveau and Sreenivasan, 1991). Firstly, the so-called
partition function Z(qg,) has to be defined,

Nooxes (€)

Z(qe)= ; [ ()] O]
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The quantity pi(e) is a measure and it depends on ¢, the size or scale of the boxes used to cover
the sample. The boxes are labeled by the index i and Npoxes(e) indicates the number of boxes of
size £ needed to cover the sample. The exponent q is a real parameter that indicates the order of
the moment of the measure. The choice of the functional form of the measure pi(e) is arbitrary,
provided that the most restrictive condition pi(e)=>0 is satisfied. In the case presented in this paper,
we use the following definition of measure:

K (8) = M Z |x|j ©)

N
where |x]; is the j-th absolute value of the signal x inside the box i. M = le|k is the sum of all the
k=1

absolute values, and, therefore, it performs as a normalization constant, so that Zipi(e) =1; with
this normalization, the measure pi(e) can be interpreted as probability.

The parameter q can be considered as a powerful microscope, able to enhance the smallest
differences of two very similar maps (Diego et al., 1999). Furthermore, ¢ represents a selective
parameter: high values of g enhance boxes with relatively high values for pi(e); while low values of q
favor boxes with relatively low values of pi(e). The box size € can be considered as a filter, so that
big values of the size is equivalent to apply a large scale filter to the map. Changing the size €, one
explores the sample at different scales. Therefore, the partition function Z(q,¢) furnishes information
at different scales and moments.

The generalized dimension are defined by the following equation

1 InZ(qe)
D(q) = lim — ——~/
(q) ) q-1 Ing ©)

D(0) is the capacity dimension; D(1) is the information dimension, and D(2) is the correlation
dimension. An object is called monofractal if D(q) is constant for all values of q, otherwise is called
multifractal. In most practical applications the limit in Eq. 6 cannot be calculated, because we do not
have information at small scales, or because below a minimum physical length no scaling can exist
at all (Diego et al., 1999). Generally, a scaling region is found, where a power-law can be fitted to
the partition function, which in that scaling range behaves as

Z(qe)oce™ (7
The slope t(q) is related to the generalized dimension by the following equation:
©(@)=(a-1)D(q) ®)

An usual measure in characterizing multifractals is given by the singularity spectrum or
Legendre spectrum f(a), that is defined as follows. If for a certain box j the measure scales as

() o ®

the exponent a, which depends upon the box j, is called Holder exponent. If all boxes have the
same scaling with the same exponent o, the sample is monofractal. The multifractal is given if
different boxes scale with different exponents o, corresponding to different strength of the measure.
Denoting as S, the subset formed by the boxes with the same value of o, and indicating as N.(g)
the cardinality of S, for a multifractal the following relation holds:

N, (g) e (10)

By means of the Legendre transform the quantities a and f(c) can be related with q and 1(q):
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a(q)= d;(:') (1)

f(a)=qa(q)-t(q) (12)

The curve f(a) is a single-humped function for a multifractal, while reduces to a point for a mo-
nofractal. To be able to make more quantitative statements concerning possible differences in Le-
gendre spectra stemming from different signals, it is possible to fit, by a least square method, the
spectra to a quadratic function around the position of their maxima at oo (Shimizu et al., 2002):

f(o)=A(ot-0t0) +B(ot-0to)+C (13)

Parameter B measures the asymmetry of the curve, which is zero for symmetric shapes,
positive or negative for left-skewed or right-skewed shapes respectively.

Another parameter is the width of the spectrum, that estimates the range of a where f(a)>0,
obtained extrapolating the fitted curve to zero; thus the width is defined as

W=0tmax-Otmin (14)

where f(omax)=f(omin)=0.

These three parameters serve to describe the complexity of the signal. If oo is low, the signal is
correlated and the underlying process “loses fine structure”, becoming more regular in appearance
(Shimizu et al., 2002). The width W measures the length of the range of fractal exponents in the
signal; therefore, the wider the range, the “richer” the signal in structure. The asymmetry parameter
B informs about the dominance of low or high fractal exponents respect to the other. A right-skewed
spectrum denotes relatively strongly weighted high fractal exponents, corresponding to fine
structures, and low ones (more smooth-looking) for left-skewed spectra. Therefare, high maximum,
large width and low asymmetry denote a signal with “strong” multifractality degree.

3.2.2 Results

In order to quantify how the presence of powerful osciliations can affect the multifractal
character of the signals, we firstly removed from the signals the four periodicities, which were
observed in the power spectral densities. We therefore, applied the multifractal formalism to the
original signals as well as to the residuals. Fig. 4 shows the multifractal spectra a-f(a) for the three
ULF signals, both in the original as well as residual case, obtained considering the time scale range
from 10° min to 4-10* min (more than 1.5 decades). By visual inspection, we can observe that the
residual time series display a “stronger” multifractality degree, revealed, in particular, by the wider
spectrum. In order to quantify such degree of multifractality, we fitted the multifractal spectra by
means of a parabolic function centered on the maximum of each spectrum. The results are shown
in Fig. 5: the three residual signals are characterized by higher maximum, larger width and lower
asymmetry than those of the original ones. This indicates that the multifractality degree of the
signals is strongly reduced by the presence of powerful oscillations. The presence of strong
periodicities in the original signals is due to an external origin, correlated with diurnal and
semidiurnal processes (mainly, temperature and air pressure), these phenomena act as
“regulators” of the dynamics of the ULF signals, which lose their finer time structure becoming less
complex.

Furthermore, the vertical component of the ULF residual geomagnetic field is characterized by a
stronger multifractality degree than the horizontal component. Maybe, the different character could
be put in relation with the higher sensitivity of the horizontal components to low-frequency
ionospheric disturbances (Karakelian et al. 2000).
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4 CONCLUSIONS

The investigation of the time scale properties of the three-component-ULF geomagnetic field,
measured in Crete, Greece, one of the most seismically intense areas of the world, has put in
evidence very evident fractal features, indicating the presence of 1/f>-like long-range correlations.
On time scales going from minutes to weeks, the signals, although modulated mainly by diurnal and
semidiurnal cycles, show the presence of two main scaling regimes characterized by scaling
exponents denoting persistent temporal fluctuations, that indicate that the signals are governed by
positive feedback mechanisms. The Legendre spectra have shown a strong multifractality degree
for all the signals, from which the diurnal and semidiurnal periodicities have been removed. The
vertical component, furthermore, evidences the highest multifractal character.

The multifractal approach could be more advantageous respect to monofractal analysis from
extraction of the earthquake precursory signatures. The supporting argument for that is the
qualitative analogy between the process of crack propagation and multifractal structure generation,
which have been established recently (Kiyashchenko et al.,, 2003). The multifractal spectrum is
characterized by important generalized features of the time series as information entropy and the
high-order fractal dimensions, which can be sensitive to earthquake preparation processes.
Application of the multifractal approach for study of the evolution of the regional seismicity
distribution before a number of the large earthquakes of Japan and Southern California showed
specific precursory dynamics of those parameters before the major shocks (Kiyashchenko et al.,
2003). So, it is possible to expect the corresponding precursory behavior in the multifractal
characteristics of ULF geomagnetic fields in seismo-active regions. The multifractal properties of
the ULF signals longer than those investigated in this work suggest us to analyze longer samples of
measures in order to assess the variation of the multifractal features of ULF geomagnetic signals.
At the same time, we believe that a similar analysis, carried out on data coming from different sites
located in the same zone and from sites belonging to different seismic areas might be very
interesting to get insight on the link among multifractal properties, features peculiar to the specific
site, local tectonics and very general properties of the ULF geomagnetic signals.
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ABSTRACT

The anisotropy of magnetic susceptibility (AMS) is a physical property of rocks widely used in
petrofabric studies and other applications. It is based on the measurement of low-field magnetic
susceptibility in different directions along a sample. From this process several scalar properties
arise, defining the magnitude and symmetry of the AMS ellipsoid, along with the magnetic foliation,
namely the magnetic fabric. Imaging the sense of magma flow in dykes is an important task for vol-
canology; the magnetic fabric provides a fast and accurate way to infer this flow direction. More-
over, the AMS technique can be used in order to distinguish sills and dykes, a task that is almost
impossible by using only field observations. Finally in the case of lava flows, the method can be ap-
plied to define the local flow conditions and to indicate the position of the “paleo” source region.
However, this technique is quite new in Greece. Some preliminary results from volcanic formations
of continental Greece and Southern Aegean are presented (Aegina, Almopia, Elatia, Gavra, Kos,
Patmos, Samos, Samothraki and Santorini).

KEYWORDS

Anisotropy of magnetic susceptibility (AMS), volcanology, petrofabrics, flow directions, Greek vol-
canics.

1 INTRODUCTION

The anisotropy of magnetic susceptibility (AMS) is a physical property of rocks widely used in
petrofabric studies and other applications. This technique, combined with palaeomagnetism and
rock magnetism can greatly contribute to volcanology by providing: (1) a correlation or dating tool;
(2) a way of documenting the tilting and rotation of rocks; (3) a way of assessing the thermal history
of rocks; and (4) a magma flow direction indicator (e.g. Ernst 1990, McKenzie et al. 1992, Tarling &
Hrouda 1993, Raposo & D'Agrella-Filho 2000, and references therein).

Petrofabric studies in volcanic rocks are difficult due to fine grain size and weak preferred ori-
entation. The AMS efficiency in determining the internal structures, t.i. the flow plane and/or direc-
tion, of these rocks has been demonstrated in volcanic formations throughout the world (e.g.
Dragoni et al. 1997, Le Pennec et al. 1998, Smith 1998, Varga et al. 1998, Archanjo et al. 2000,
Canon-Tapia & Pinkerton 2000 among others). The method favours great acceptance because: it
exhibits high sensitivity, is non time-consuming and can be applied to a variety of formations — lava
flows, pyroclastic deposits, ash and tuff flows, ignimbrites, sills and dykes.

1308


mailto:izanan@lemnos.geo.auth.gr
mailto:despi@geo.auth.gr

2 METHODOLOGY

2.1 Sampling and measurement of AMS

Oriented drilled cores or hand samples are collected on the basis of access, freshness of ma-
terial and presence of flow structures. The number and distribution of sites are determined by the
nature of the studied formation, e.g. different sampling strategy for dykes and lava flows.

The magnetic susceptibility, k, represents the response of a body when it is inserted in a mag-
netic field, and is an intrinsic physical property of minerals. In rock samples and minerals, k, varies
with the direction of measurement, and can be regarded at a first approximation, in low-field and
low temperature, as a symmetrical, second rank tensor. Thus, it is geometrically represented by a
triaxial ellipsoid of K1>Kz>Ks major axes.

Laboratory measurement of the magnetic susceptibility is performed either by the Agico Kap-
pabridge KLY-2/3/4 susceptibility bridges, or the Sapphire apparatus. Each anisotropy of magnetic
susceptibility (AMS) measurement yields the magnitudes of the three principal orthogonal axes of
the AMS ellipsoid, and their declinations and inclinations with respect to the geographical frame.
The bulk magnetic susceptibility magnitude is given by eq. 1. The anisotropy degree (eq. 2), and
the shape parameter (eq. 2) of Jelinek (1981) are the most commonly used scalar AMS parame-
ters.

K,=(K,+K,+K;)/3 (§))
K 2 K 2 K 2
P'=exp [2|| In—~| +|In—2| +|In—- )
K. K K.
_ _K _K
T=(nF-InL)/(InF+InL), where F= ZK &L= lK 3)
3 2

2.2  General character of AMS in volcanics

The magnetic anisotropy of volcanic rocks is derived from the viscous flow during their em-
placement. Various studies (Khan 1962, Bolshakov & Skorodkin 1967, Le Pennec et al. 1998, Zan-
ella et al. 1999, among others) showed that the degree of magnetic anisotropy in volcanic rocks is
usually low, less than 10%, while the bulk susceptibility ranges according to the magnetic miner-
alogy, but most commonly is of the order of 10° = 102 SI. The low anisotropy suggests that the ori-
entation mechanism of ferromagnetic minerals is not very effective.

(a) N () N

Figure 1. Representative magnetic fabrics of volcanic formations. Squares represent K; axes, triangles K, axes,
circles K3 axes, and dashed line represents the foliation plane.

Lava flows, dykes and sills have fabrics that tend to be more foliated than lineated, and since
the foliation plane lies close to the flow plane, their minimum susceptibility axes are perpendicular
to it. The predominance of foliation means that the maximum and intermediate axes commonly form
a girdle on the stereographic projection (Fig. 1a), or can be sometimes grouped either parallel or
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perpendicular to the flow direction (Fig. 1b) (Khan 1962, Eliwood 1978). These relationships have
been also observed in laboratory materials in which the magma flow was simulated (Wing-Fatt &
Stacey 1966, Dragoni et al. 1997).

3 APPLICATIONS

The method of anisotropy of magnetic susceptibility can be applied in various volcanic forma-
tions: dykes and sills, lava flows, pyroclastic flows, ignimbrites.

3.1 Dykes and sills

Dykes are primary conduits of magma formed in the mantle and emplaced into the crust by fill-
ing fractures created during an extensional stress regime. It is clear that the magma migrates up-
wards, however, the flow path may include lateral transport to great distances from the source.
AMS data from chilled margins of dykes and other sheet-like intrusions can potentially yield the flow
plane, the flow direction and even the flow sense (Knight & Walker 1988). Determining magma-
transport directions in dykes and/or sills is one of the most important steps forward in our under-
standing of magmatic plumbing systems. There are several case studies exhibiting this application
(Rochette et al. 1991, Archanjo et al. 2000, Herrero-Berrera et al. 2001, Gil et al. 2002, among oth-
ers).

Standard sampling of dykes involves collection of samples from within 10 cm of the two chilled
margins — minimum of six samples per each margin — because often the middle of the dyke has lit-
tle to do with the direction of the flow (Staudigel et al. 1992, Tauxe et al. 1998). This applies espe-
cially in cases of dykes thicker than 1.5m, where the primary flow fabric is much more easily lost
because the inner part of the structure is characterized by: (1) slower and less regular flow, result-
ing in poorly defined fabric, and (2) larger heat capacity, causing the magma to remain fluid for
some time inside the already chilled margins. The basic principles of AMS interpretation of flow di-
rections in dykes are shown in Figure 2. In the ideal case, the K directions from the two margins
are distinct and fall on either side of the dyke trace. The fact that the western margin data plot on
the western side and the eastern margin data plot on the eastern side suggests that the flow was
upwards.

<. dike
Eastern trace
margin %:u
® Western margin Ki
\[ 0O Eastern margin K1
K1 %
K1

Figure 2. Principles of AMS for interpretation of flow directions in dykes (After Knight & Walker 1988, Tauxe
1998).

The orientation of the magnetic foliation can also be used to distinguish between different
structures, e.g. sills and dykes, a task sometimes impossible simply by field observations (Hal-
vorsen 1974). In the case of sills the foliation planes are almost horizontal and similar to each other,
while throughout a dyke swarm the foliation planes are distributed along various semi-vertical direc-
tions.
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3.2 Lava flows

The application of the anisotropy of magnetic susceptibility technique in lava flows is more
complicated than in dykes/sills because of two aspects. Firstly, the flow direction is less well-
constrained since the magma flows in an open environment, and secondly, there are no imbricated
margins to provide directional information.

Generally, in lava flows a planar fabric with sub-horizontal K;, K, axes is observed. However,
flow planes and directions can be widely dispersed throughout the lava flow due to local flow condi-
tions. A typical example can be seen in Figure 3. This Quaternary lava flow of basaltic type can be
clearly followed from the volcano to its toe. Where the flow was faster and possibly less viscous the
fabrics are well defined (Fig. 3a), whereas fabrics near the nose of the flow are poorly defined (Fig.
3b) due to more irregular flow or less alignment because of the slower speed and greater viscosity.

o, SR
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™ \«\‘"zf_,/ Vo N
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- %
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)
oy

'san Pearo
divetgence

Figure 3. Magnetic fabrics and flow directions from (a) & (b) The Chribsky Les lava flow, Moravia, Czechoslova-
kia (After Kolofikova 1976), (c) The Tshirege member of the upper Bandelier Tuff, Valles Caldera, New Mexico
(After MacDonald & Palmer 1990).

Magnetic fabrics, apart from defining local flow conditions, can also be applied to determine the
magma source of the lava flow. The flow path is inferred by the directions of maximum susceptibility
axes, K1, which are pointing away from the volcanic centre. This approach is demonstrated in an
example of MacDonald & Palmer 1990; magnetic fabrics helped to determine the sources of flows
where these were uncertain (Fig. 3c). If AMS is applied on Miocene or younger occurrences, by in-
dicating the direction in which the magma source is located, it can help to assess the present-day
volcanic hazards.

A noteworthy factor that must be taken into account when interpreting AMS data is the eruption
environment of the flow. It has been suggested that the magnetic fabrics of subaerial lavas differ
from those of subaquous flows (Ellwood & Fisk 1977, Ellwood 1978). The former commonly have a
consistent fabric, while the latter are said to have more random fabrics (Ellwood 1978). This differ-
ence may result from faster cooling rates, several chemical changes, and degassing phenomena
caused by the presence of water during deep-sea eruptions.

3.3 Pyroclastic flows

The behaviour of pyroclastic rocks is more complicated, since deposition of the pyroclastic ma-
terial and cooling may partially overlap. Moreover, the transportation and deposition can be highly
variable ranging from concentrated and laminar flows to turbulent currents. However, many studies
showed that pyroclastic flows have the ability to preserve in their fabric imprints of the flow direction
during their emplacement, as well as information on the vent position (Knight et al. 1986, Hillhouse
& Wells 1991, Seaman et al. 1991, MacDonald et al. 1992, Cagnoli & Tarling 1997).
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The anisotropy of magnetic susceptibility depends on the anisotropy of each mineral grain and
the spatial distribution of the grains within the rock. Thus, it is a powerful indicator of the preferred
orientation of minerals and provides information about the processes leading to the transport and
deposition of pyroclastic rocks. This approach was used by Zanella et al. (1999), (o study the em-
placement dynamics of pyroclastic surge deposits from Vulcano (Aeolian Islands, Italy). The folia-
tion planes were horizontal and well-defined, while in most sites the lineations were directed upflow
towards the eruptive centre of the La Fossa caldera.

3.4 Ignimbrites

Studying the magnetic fabric of ignimbrites with known source areas, Ellwood (1982) illustrated
the potential use of the anisotropy of magnetic susceptibility in these rocks in order to locate their
sources. More recently the use of the AMS technique has been extended in undeformed ignim-
brites, as a flow fabric delineator (Seaman et al. 1991, Lamarche & Froggatt 1993, Palmer et al.
1996, Palmer & MacDonald 1999). In a recent study by Wang et al. (2001) the magnetic anisotropy
has been also used in order to check whether some stratigraphically and geochemically similar
units originated from the same source.

4 AMS DATA FROM GREECE

The AMS technique has been applied in various volcanic formations of continental Greece and
Southern Aegean: Almopia, Elatia, Gavra, Kos, Samothraki and Samos. Preliminary results of the
above studies, together with existing published data from Greek volcanic rocks (Fig. 4) are pre-
sented here (Table 1).

Table 1. Existing AMS data from Greek volcanics (1: Morris 2000, 2: Atzemoglou et al. 2001, 3: ongoing re-
search; 4: Morris, personal communication; 5: Kondopoulou et al. 2004, 6: Zananiri 2000).

Location Age Lithology Sites Km (x107 SI) [ T/shape’
Aegina" Plio-Quaternary  Lava flow 13 19.9 1.080 oblate
Almopia® Plio-Quaternary  Lava flow 6 14.2 1.028 0.254
Kos® Plio-Miocene  Lava flow 5 46 1.089 0.314
Patmos™ Plio-Miocene  Lava flow 5 0.9 1.033 oblate
Samothraki®  Early Miocene Lava flow 4 14.8 1.043 0.246
Samos® Miocene Lava flow 3 8.3 1.023 0.364
Elatia® Mid-Oligocene  Lava flow 8 29.3 1.027 0.068
Gavra® Late Oligocene Lava flow 2 0.3 1.045 0.376

* Oblate ellipsoid: T>0, Prolate ellipsoid: T<0. The shape of the AMS ellipsoid is indicated where no mean value
for T parameter was available.

Figure ‘ Lon map of exnstin S d in Greece (1: Aegina, 2: Santorini, 3: Kos, 4: Patmos, 5: Samos,
6: Samothraki, 7: Elatia, 8: Gavra, 9: Almopia).
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In the majority of cases the magnetic fabric is well-defined with prevailing oblate ellipsoids (Fig.
5). Kz axes, which are perpendicular to the magnetic foliation, range from vertical to semi-vertical,
defining thus a sub-horizontal flow plane. K1 and Kz axes are either grouped, in semi-horizontal po-
sitions, or moving along the flow plane. The anisotropy degree is low, as expected for volcanic
rocks, ranging from 3 to 8%, while the magnetic susceptibility is of the order of 102, Representative
plots of the magnetic fabric are shown in Figure 6.
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Figure 5. P vs. T plot for various Greek volcanics: (a) Almopia, (b) Kos-Samos, (c) Samothraki, (d) Elatia. Oblate
susceptibility ellipsoids fall in the T>0 domain, while prolate susceptibility ellipsoids are in the T<0 domain. For
definitions of parameters see text.

Figure 6. Lower hemisphere stereographic projections of AMS data (direction of axes of the AMS ellipsoid) from
several sites from Greek volcanics: (a) Almopia, (b) Kos, (c) Samothraki, (d) Elatia. Squares represent K, axes,
triangles K; axes, circles K; axes (open symbols are sample values and filled symbols are site means). Dashed
lines represent foliation = flow planes, perpendicular to K axis.

5 CONCLUSIONS

The method of the anisotropy of magnetic susceptibility (AMS) can be successfully applied to a
variety of volcanic formations allowing us to reach meaningful conclusions about their emplacement
mechanism and flow direction. Thus, numerous studies have been carried out worldwide in dykes
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and sills, lava flows, pyroclastic flows and ignimbrites. Recently, the method has been used in pet-
rofabric studies of Greek volcanic rocks. Published and new data from Aegina, Almopia, Elatia,
Gavra, Kos, Patmos, Samos, Samothraki and Santorini are presented. In the majority of cases the
magnetic fabric was well-defined, with low anisotropy degree and quite high susceptibility values.
The shape of the AMS ellipsoid was predominantly oblate.
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ABSTRACT

The emplacement and tectonic evolution of the Tertiary Vrondou granitoid in the Greek
Rhodope has been studied by a combination of field tectonic, microtextural and anisotropy of mag-
netic susceptibility (AMS) methods. The Vrondou pluton is composed of at least two intrusions: a
Mid-Oligocene one at its eastern and an Early Miocene at its western parts. Room for the em-
placement in both cases was provided by the opening of an extensional ramp space within a sev-
eral km thick, mid-crustal subhorizontal shear zone, with a top to the SW sense, active during the
Mid-Oligocene to Early Miocene period. The older eastern part of the pluton is much less deformed
than the younger western part. Magmatic textures are well preserved in the older intrusion whereas
they are scarcely present in the younger one. They indicate a NW-SE direction of magmatic flow in
both cases. Sub-solidus plastic deformation affected mostly the younger western part of the pluton
and only locally the older eastern one. In both cases mineral lineations trending NE-SW were de-
veloped. An increase in the shear rate by the Early Miocene or a localization of shear mainly in the
west, in combination with the more silica saturated rock types present there, are probably the rea-
sons for the different deformational behaviour of the two parts of the pluton.

I INTRODUCTION

The anisotropy of magnetic susceptibility (AMS) has become a powerful tool for unravelling the
emplacement, cooling and deformational history of granitic plutons (e.g. Bouchez et al. 1990, Trin-
dade et al. 1999). AMS can detect feeble anisotropies imperceptible in the field, imprinted in the
rock either at super-solidus temperatures during the emplacement of partly crystallized magmatic
bodies, or shortly after their complete crystallization at sub-solidus yet relatively high temperatures,
or even long after their emplacement, crystallization and cooling. Once such magnetic anisotropies
and their principal orientations are identified by AMS, re-examination of field exposures and careful
study of oriented thin sections or polished slabs may reveal mineral and fabric anisotropies which
otherwise could have passed unnoticed. In certain cases AMS can also provide clues as to the
mechanism and kinematics responsible for the observed anisotropy.

In this paper we present the results of a combined AMS and microtextural study of the approx.
300 km? Vrondou granitic pluton, northern Greece. Vrondou is one of the several Tertiary plutonic
bodies that intruded in the metamorphic formations of the Rhodope massif (Fig. 1).

Petrological aspects of the Tertiary granitic rocks emplaced in the Rhodope can be found in
several unpublished Theses (Papadakis 1965, Christofides 1977, Sklavounos 1981, Theodorikas
1982, Soldatos 1985, Kyriakopoulos 1987, Kolokotroni 1992). General reviews of the Tertiary
magmatism in the Rhodope were presented by Jones et al. (1992) and Christofides et al. (2001).

A lot of work has been done concerning the Tertiary tectonic evolution of the Rhodope (Kron-
berg 1969, Kronberg et al. 1970, Burg et al. 1990, Koukouvelas & Doutsos 1990, Dinter & Royden
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1993, Dinter 1991, 1994, Dimitriadis 1995, Burg et al. 1995, Dimitriadis et al. 1998, Kilias & Moun-
trakis 1998, Mposkos 1998, Soldatos et al. 1998, Kilias et al. 2002). This is characterized by the
presence of a several km thick mid crustal subhorizontal shear zone with a top to the SW sense of
shear, which affected successively the Rhodopian units from top to bottom during Eocene to Oligo-
cene — Miocene times. Southwest sense of movement was associated with greenschist to amphibo-
lite facies metamorphism and syn-extensional granite intrusions during the Oligocene and the Early
Miocene. The whole complex was elevated and finally exhumed its core via an extensional unroof-
ing that started by the Middle Miocene and resulted in the opening of the Strymon Valley (Dinter
1991, 1994, Dinter & Royden 1993). The Strymon Valley detachment fault actually bounds the
Vrondou pluton from the west (Fig. 1).
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Figure 1. Tertiary granitoid intrusions (with their isotopic ages) and the main lithological and tectonic features of
the Greek Rhodope. (After Kilias & Mountrakis 1998). The two stereoplots represent stretching lineations meas-
ured in the present study in western and eastern Vrondou.

Vrondou is a petrologically composite pluton, with granitic, syenitic, granodioritic, monzonitic
and quartz monzonitic parts (Fig. 2a). According to the most recent and reliable radiometric age de-
terminations (Ar-Ar in hornblende and U-Pb in titanite, Kauffman 1995, Dinter et al. 1995) the pluton
was formed by at least two distinctive intrusive events separated by several million years. During
the earlier one, of Mid-Oligocene age (30 + 0.4 Ma, Ar-Ar in hornblende) the monzonitic and grano-
dioritic types were emplaced in the eastern part of the composite pluton, whereas during the later,
of latest Oligocene to Early Miocene age (23.7 + 0.1 Ma, U-Pb in titanite) the more silica saturated
granitic and quartz monzonitic types were emplaced in its western part. No clear-cut contacts be-
tween the crystallized products of these two emplacement events have however been identified in
the field.

A subhorizontal planar fabric with top to the SW sense of shear is strongly imprinted in the
south-western, younger part of the pluton and has been generally interpreted as due to a “syn-
emplacement” Early Miocene deformation event. This same fabric, less well developed, is however
also present, though only locally, at the eastern, older part of the pluton.

It has been proposed (Kolokotroni & Dixon 1991, Kolokotroni 1992) that the Vrondou pluton was
emplaced by influx of magma into a flat extensional ramp space, laterally bounded at the last
stages of intrusion by a steep dextral wrench shear pair. This model is consistent with the shallow
stretching and mineral lineations trending NE-SW, mainly seen in the central and southwestern
parts of the pluton. The same authors have also suggested on geochemical evidence that the se-
quence of intrusions and the movement of a “crystallization front” in Vrondou was from SW to NE.
This latter is at variance to the results of the age determinations referred above.
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A combined AMS and microtextural analysis of the state and spatial distribution of deformation
covering both parts of the pluton could help understand the emplacement sequence and the rea-
sons for the observed differences in the deformational behaviour between these two parts. This is
the aim of the present study, preliminary results of which have already been presented in Zananiri

et al. 2002).

2 SAMPLING AND MEASUREMENTS

Drilled cores and oriented hand samples were collected at 40 sites (Fig. 2b). Sampling was re-
stricted only in areas exposing fresh rock; due to its deep weathering most of the central part of the
pluton was for this reason left out.

Both AMS and palaeomagnetic measurements were performed on the collected samples.
Thermomagnetic analyses and isothermal remanent magnetization (IRM) measurements were car-
ried out to investigate the magnetic mineralogy. Microscopic examination of oriented thin sections
helped characterizing the microstructures. All these data were combined with field structural data.
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Figure 3. Representative thermomagnetic (a)-(b) and IRM acquisition (c)-(d)-(e) curves.

3 MAGNETIC MINERALOGY

Palaeomagnetic and rock magnetic experiments were performed at the Palaeomagnetic Labo-
ratory of the Aristotle University of Thessaloniki. Representative thermomagnetic curves (Fig. 3a,b)
show that the magnetic susceptibility K decreases to zero at 580°C, the Curie temperature typical of
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magnetite. Stepwise acquisition of the IRM indicates that more than 80% of saturation is reached at
fields lower than 200 mT (Fig. 3c,d,e). Thus, magnetite as the main magnetic carrier can be as-
sumed, along with the presence of small amounts of hematite. The Lowrie-Fuller (1971) and
Cisowski (1981) tests suggest that the remanence carrier is mostly multi-domain magnetite. Mag-
netite as the prevailing magnetic phase is also verified by thermal and AF-demagnetization experi-
ments. Combining the results of the thermomagnetic curves and the Lowrie-Fuller tests we can as-
sume that we have a mixture of coarse- and fine-grained magnetites.

4 ANISOTROPY OF MAGNETIC SUSCEPTIBILITY

The anisotropy of the magnetic susceptibility was measured with the Kappabridge KLY-2 and
KLY-3 apparatuses at the Palaeomagnetic Laboratories of the Universities of Plymouth (UK), Sofia
(Bulgaria) and Turin (ltaly). A few samples were measured at all three laboratories to ensure accu-
racy and compatibility of the data sets. Each AMS measurement yields the magnitudes of the three
principal orthogonal axes of the AMS ellipsoid (K1>K2>K3), and their declinations and inclinations
with respect to the geographical frame. The bulk magnetic susceptibility magnitude is given by Ky, =

2 2 2
(K1 + K2 + Ks) /3. The anisotropy degree P'=exp 2{[1:1:—'} +[ln§‘—2] +(ln:{(—3] } and the

m m “m

shape parameter of Jelinek (1981) T = (InF —InL) / (InF + InL), where F = Kx/Kz and L = K1/K», were
also calculated. Table 1 gives averages of the AMS data at each of the 40 sites.

4.1 Scalar AMS data

The measured scalar AMS parameters vary significantly throughout the examined parts of
the pluton, but the western and eastern Vrondou have clearly different behavivurs. In western
Vrondou susceptibility ranges from 1.120x107 to 48x10™ SI, with a unimodal distribution and a fre-
quency peak around 10x10 SI (Fig. 4a,b). Eastern Vrondou on the other hand exhibits much lower
mean susceptibilities, ranging from 0.255x107 to 36.020x10° SI, with a bimodal distribution, the
major peak being at very low values (<10'3 Sl) and the other at intermediate values (~10><10'3 Sl).
Note that the main peaks of the two distributions differ by one order of magnitude.

Examining the magnetic susceptibility (K) versus the anisotropy degree (P’) (Fig. 4c,d) other
differences between the two areas become evident. In western Vrondou the anisotropy degree is
high, ranging from 13 to 55%, with a mean value of 37%. A linear correlation is observed between
K and P’, as is usually the case for magnetite-bearing plutons (Bouchez 1997). In the eastern Vron-
dou the anisotropy ranges between 5 and 56%, but anisotropies higher than 30% are present only
in 3 sites, with a mean at 18%. The P’ versus K plot does not show any correlation between the two
parameters.

As to the shape of the AMS ellipsoid (Fig. 4e,f), in western Vrondou the T values range from
-0.191 to 0.881, with a mean at 0.350, indicating that oblate ellipsoids prevail. The T versus P’ plot
points to the lack of prolate-shaped ellipsoids. Noteworthy is the trajectory of T with increasing ani-
sotropy degree. The dashed line in figure 5e first follows a curve of regression and then changes to
a steep increase, approaching the shape of a parabola. Similar paths have been referred by Bor-
radaile & Henry (1997) for sedimentary strained rocks, where the Jelinek plot showed the general
trend of the AMS ellipsoid during deformation. In eastern Vrondou the picture is totally different. The
shape parameter T ranges widely from —0.737 to 0.874, and in the T(P’) plot two distinct concentra-
tions are present; one in the positive T — low P’ domain with a mean value of 0.415, and the other in
the negative T — high P’ domain with a mean of —0.200. Hence, with increasing anisotropy the AMS
ellipsoid changes from oblate to prolate. These very different T(P’) trajectories point to different de-
formation paths for the western and eastern parts of the pluton.
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Figure 4. AMS scalar data for western and eastern Vrondou: (a)-(b) K value frequency histogram; (c)-(d) P’ vs.
K plot; (e)-(f) P’vs. T plot.

4.2 Magnetic fabric

The magnetic fabrics throughout the studied parts of the Vrondou pluton are well defined, al-
lowing thus reliable interpretations. The prevailing magnetic lineation (Ks) in the strongly deformed
western part of the pluton is subhorizontal and trends NE-SW (Fig. 5a) parallel to the mylonitic min-
eral lineation of these rocks. However, at a few sites magnetic lineations trending NW-SE were re-
corded. These are related with rocks preserving magmatic textures.
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Figure 5. a) Magnetic lineations (K; axe with plunges in degrees), Schmidt plots (lower hemisphere) and aver-
age orientations in the west and east of Vrondou. b) Magnetic foliations in the different sub-domains of the
Vrondou pluton, Schmidt plots of K; axes and average orientations in the west and east of Vrondou. In both fig-
ures, the dashed lines distinguish between the parts of the pluton where the stereoplots are valid.

By contrast, the prevailing magnetic lineation in the almost undeformed, eastern part of the plu-
ton is also close to horizontal but trends NW-SE (Fig. 5a). However, a few sites yield NE-SW mag-
netic lineations and these are related with rocks bearing indications of post-crystallization deforma-
tion. The above differences between the eastern and the western parts of the pluton may be
attributed to their different responses under the same stress field.

Both in eastern and western Vrondou Ks axes are mostly subvertical, defining subhorizontal fo-
liation planes (Fig 5b). The few sites that exhibit steep Ki-Kz planes are close to the borders of the
pluton and may be related either to magmatic flow close to steep bordering “walls”, or to marginal
deflections of originally subhorizontal foliation planes during the exhumation stage.
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Table 1. Average AMS data for each sampling site from the Vrondou pluton

Site N Knx10~ L F P’ T Koax Kint Kerin
(Dec/inc) (Dec/inc) (Dec/Inc)

1 7 18.910 1.074 1.149 1.233 0.337 056/63 155/03 249/27
2 8 10.311 1.172 1.133 1.328 -0.122  051/41 148/07 239/49
3 16 2.012 1.080 1.140 1.232 0.320 198/01 112/33 310/58
4 8 14.900 1.126 1.156 1.303 0.118 241/09 339/33 141/54
5 6 9.866 1.063 1.059 1.126 -0.074 122/09 218/03 215/19
6 7 16.421 1.055 1.103 1.164 0.353 119/16 021/55 352/65
7 4 10.946 1.187 1.289 1.534 0.184 062/27 171/39 272/59
8 4 19.199 1.116 1.283 1.445 0.391 062/28 156/07 258/61
9 4 12.903 1.067 1.303 1.417 0.608 056/19 153/14 278/67
10 5 16.407 1.150 1.169 1.345 0.044 091/39 348/17 241/46
11 5 27.773 1.061 1.109 1.181 0.330 240/22 087/56 328/18
12 6 9.757 1.132 1.207 1.369 0.209 050/05 319/08 168/81
13 4 10.144 1.147 1.155 1.325 0.020 056/20 327/01 232170
14 6 34.407 1.043 1.129 1.185 0.501 059/08 161/52 323/37
15 5 6.553 1.040 1.216 1.288 0.718  202/31 093/29 328/45
16 5 7.164 1.032 1.160 1.213 0.628 117/56 232/12 336/21
17 5 4.233 1.081 1.144 1.239 0.274 213/01 118/34 311/58
18 6 11.339 1.180 1.148 1.355 -0.095 217/15 094/63 315/25
19 5 11.557 1.119 1.354 1.539 0.467 064/11 329/03 217172
20 5 5.850 1.214 1.206 1.464 -0.020 056/02 146/22 321/68
21 8 10.144 1.039 1.124 1.176 0.497 103/01 193/37 012/53
22 5 23.624 1.091 1.183 1.297 0.319 122/07 219/52 026/37
23 6 12.382 1.026 1.116 1.181 0.665 160/46 64/06 329/43
24 5 0.487 1.031 1.035 1.068 0.055 047/02 316/79 133/10
25 7 18.914 1.231 1.097 1.364 -0.323  255/11 154/04 065/73
26 4 -0.004 1.030 1.087 1.124 0.487 285/25 077/58 187/13
27 7 1.834 1.236 1.160 1.439 -0.177  250/15 348127 135/59
28 12 0.330 1.023 1.124 1.188 0.676 250/09 352/19 139/61
29 4 1.418 1.086 1.084 1177 -0.011  300/01 069/06 031/80
30 4 21.356 1.033 1.102 1.144 0.502 113721 210/19 337/61
31 5 12.865 1.036 1.134 1.184 0.565 149/50 024/27 279127
32 6 6.304 1.019 1.053 1.075 0.444 23512 053/80 145/01
33 4 4.306 1.068 1.016 1.090 -0.547 - - -

34 9 19.023 1.070 1.087 1.165 0.102 127/23 222/03 312/07
35 4 13.005 1.164 1.120 1.345 -0.026 222/22 100/52 327/28
36 4 0.112 1.002 1.007 1.010 0.572  225/30 135/10 044/66
37 7 10.744 1.045 1.181 1.250 0.582 284/11 015/05 110/77
38 4 34.427 1.058 1.171 1.249 0.475 302/28 045/07 150/66
39 7 21.681 1.080 1.095 1.183 0.092 282/16 193/27 029/64
40 4 31.463 1.047 1.074 1.126 0.220 277/03 023/38 194/47

5 MICROTEXTURES

In most of the of the pluton, where granodiorite and monzonite prevail, the rocks appear mac-
roscopically isotropic. However, it is in these parts that AMS measurements record the NW-SE
trending magnetic anisotropy. This direction does not match any tectonic fabric known anywhere in
the Rhodope, which constantly presents only NE-SW stretching lineations. For this reason we re-
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examined outcrops of these rocks and studied oriented samples cut parallel and normal to the NW-
SE direction. What we found macroscopically is that platy microgranular enclaves of cm to dm
scales, although dipping at various angles, are constantly subparallel to the NW-SE direction. In a
few cases a faint NW-SE trending lineation was also visible in the field.

Under the microscope, even the most isotropic looking rocks with typical magmatic textures and
no indication of solid state deformational reworking apart from incipient undulose extinction in
quartz (Plate | a,b), reveal a plagioclase orientation anisotropy. Most of the platy plagioclase crys-
tals have their long axes parallel to the NW-SE direction (Plate Ic). In the same rocks a rather well
defined NW-SE orientation of “strings” of magnetite crystals, and to some extent of harnblende, can
be seen (Plate Id). All the above lead us to suggest that the NW-SE directed fabric is of magmatic
origin and has been clearly recorded by AMS. A NW-SE directed “magmatic movement” can be de-
duced, although this was apparently more complicated than a simple laminar flow.

19 K Mo

Plate |. Eastern (a-f) and Western (g-1) Vrondou photomicrographs.
(a)-(b) Magmatic textures in the monzonites, (c)-(d) Subparallel alignment of plagioclase laths, (c) and of femics
and opaques, (d) Same thin section and field of view with crossed polars (XPL) (c) and plain polarized light
(PPL) (d), (e) Quartz mosaics in a slightly deformed rock , (f) Marginal dislocation and recrystallization of a pla-
gioclase megacryst, (g)-(h) Mylonitic fabric in quartz monzonites, (i)-(j) Dynamic recrystallization of quartz in
quartz monzonites, (k)Recrystallized dislocations in feldspars, (I) Streams of microgranular quartz matrix.

In the same eastern part of the pluton there are places where the rocks show indications of
plastic deformation, with a NE-SW trending mineral lineation on flat subhorizontal shearing sur-
faces. Under the microscope the solid state plastic reworking of the rock is testified by the dynamic
recrystallization of quartz which turns into mosaic multigrains (Plate le), by broken and annealed
feldspar megacrysts (Plate If) and by a new NE-SW alignment of smaller plagioclase crystals,
femics and opaques. True mylonitic fabrics however are lacking.

In the western part of the pluton (Early Miocene in age) large tracts of quartz monzonite and
granite, the most common types there, have been pervasively deformed by a top to the SW shear,
which resulted in NE-SW trending mineral lineations. Original magmatic textures have been gener-
ally overprinted by solid-state plastic deformation, which in a few cases continued until reaching
semi-brittle conditions. Dynamic recrystallization of quartz, development of deformational twins in
plagioclase, “mechanical abrasion” of feldspar crystals and “flow” of a microgranular quartz matrix
round them are very common features in these mylonitized rocks (Plate | g,h). The magnetic linea-
tion in these rocks matches perfectly the observed tectonic fabric.

The few sites in the western part of the pluton where magnetic lineations deviate significantly
from the regional NE-SW trend, turning towards the NW-SE direction, correspond to rocks that ap-
parently escaped intense sub-solidus reworking by the NE-SW trending shearing. In these rocks,
apart from local dynamic recrystallization of quartz, recrystallized dislocations in feldspars and for-
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mation of some streams of microgranular quartz matrix (Plate | i,j,k,l), the original magmatic texture
has not changed much and no new mineral alignments were developed. It is therefore very likely
that the magnetic anisotropy in these rocks also records to a large degree the original magmatic
flow orientation, which we believe was also NW-SE oriented, as was in eastern Vrondou.

6 DISCUSSION AND CONCLUSIONS

In both parts of the Vrondou pluton, but especially in the older (Mid-Oligocene) eastern part, an
original magmatic fabric indicates that magmatic flow was NW-SE oriented, though no specific di-
rection of flow can be deduced. Also in both parts of the pluton, but especially in the younger (Early
Miocene) western part, a regional NE-SW oriented subhorizontal shear, with top to the SW sense,
overprints the original magmatic texture, developing a NE-SW oriented mineral lineation. AMS
measurements have detected the original magmatic and the sub-solidus tectonic fabrics in both
parts of the pluton.

Two questions arise from the above: a. is it significant that the direction of magmatic flow ap-
pears to be nearly normal to the shear direction in both the Mid-Oligocene and the Early Miocene
intrusions? b. why has NE-SW shear affected more intensely the western, younger part of the plu-
ton than the eastern, older part of it? Likely answers to the above questions will be given in the dis-
cussion that follows on the emplacement mechanism of the Vrondou pluton.

NW bounding
subvertical shear zone

Figure 6. 3D diagram showing the mechanism of emplacement of the Vrondou pluton. FE: Frontal edge of the
extensional ramp (younger intrusions), BE: back edge of the extensional ramp (older intrusions), MC: Ascending
magma conduits, MFD: Main magmatic flow direction.

The emplacement model we present is inspired from one already proposed by Kolokotroni &
Dixon (1991) and Kolokotroni (1992). Following these authors we envisage a subhorizontal exten-
sional ramp space at mid crustal levels (Fig. 6) formed by the regional top to the SW shear move-
ment in the Rhodope, active during the Mid Oligocene to Early Miocene period. A box-like exten-
sional ramp space was incrementally widening and was simultaneously being filled with batches of
magma generated at deeper levels. Free space for the influx of magma within the extensional ramp
was provided by the southwestward movement of its frontal edge in relation to its back edge, and
this may have been accommodated by strike-slip movements on two subvertical shear zones
bounding the ramp space from NW and SE. According to Kolokotroni & Dixon (1991) and Ko-
Jokotroni (1992) a subvertical shear zone at the southwestern border of the pluton was active during
the latest stage of extension when conditions changed from ductile to brittle. Such structures may
however be the last traces of earlier, longer lasted subvertical ductile shear zones, of which little
evidence may have been left, especially after their possible function as bordering walls during the
pluton exhumation. If such steep, deep reaching shear zones did actually bound the extensional
ramp space, then could have also acted as paths for the ascending magma, which was therefore
entering from the NW or SE the gradually developing ramp space and was filling it by steaming
along a NW-SE direction. Early magmatic intrusions were attached to the back edge of the ramp
space, while new space was developing in its frontal edge.
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The stronger imprint of the NE-SW shearing in the Early Miocene rocks in the west, as com-
pared to the Mid Oligocene ones in the east, may be the result of any, or of a combination of the fol-
lowing three, not mutually exclusive factors.The first is that the rate of regional shear movement
may have been higher by Early Miocene in relation to the Mid Oligocene; therefore, the more de-
formable hotter rock in the west took most of the strain, whereas the colder rock in the east was left
with only the feeble deformation imposed on it shortly after its emplacement in the Mid Oligocene.
The second is that the younger rocks in the west were more deformable due to their high quartz
and biotite content in relation to the less silica saturated, hornblende bearing older rock types in the
east. The third is that the initial stages of activation of the Strymon detachment may have especially
affected the western parts of the pluton in addition to the deformation imposed by the regional Mid
Tertiary shearing. The Strymon detachment, a clearly Neogene brittle structure, bounds the Vron-
dou pluton from the west and is related (it was actually responsible for) the starting of its exhuma-
tion. The direction and sense of movement of this detachment are the same with the mid Tertiary
regional shearing. It may be that the initiation of the Strymon detachment was actually the gradual
localization of the thick mid Tertiary subhorizontal shear zone into a much thinner zone within it, be-
fore ending up at a single brittle detachment surface. This localization probably started before the
Middle Miocene, since by that time sediments were deposited in extensional basins already opened
by the Strymon detachment (Dinter & Royden 1993). The restriction of shear movement near the
western margin of the Vrondou pluton by the Early to Middle Miocene may have strongly affected
its western parts as long as they were still hot.
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MNEPIAHYH

ZTnv epyacia auTr) TapouaidZeTal N avdarTuén evog TTANPOQOPIaKOU CUTTHHATOS TO OTToi0 OKO-

06 £XEl va a€I0TTOINOEI OEITHOAOYIKG, YEWDAITIKA, YEWQUOIKE, HAKPOOEIOUIKA Bedopéva TnG eupUTe-

pNg TTePIOXS TS OeooaAovikng HE OKOTTO TNV EKTIHNGN TOU CEITUIKOU KIVEUVOU atrd HEAAOVTIKOUG

OEIoPoUg KAl TNV TTaPOXN AUTAS TNG TTANpo@opiag ot xpraTes. Baoikd kopud autrg tng diadikaoiag

arroteAel 10 G€IOAOYO QPXEIO TLWV KATAYPAPEVTWY {NUILV KETA TOV 10XUP6 otioud Tng 20™ louviou

1978, M =6.5 trou £Ange Tnv TTOAN TNg @ecoaAovikng. To apxgio autd Tou diatébnke ae eUAG atmod

mv Y.A.Z.B.E. (Ymnpeaia Amokardotaong ZeigpotrAikTwy Bopeiou EAAGDOG) Tepidappdvel TTepi-

1ou 65.000 kataxwpnoel§ yia Tov TTOAE0dOpIKO 10TO TNG TOTE TTOANG, TIG OTTOIEC OPYAVWITAUE OF

ynoiokn popen. Me TTupriva autd Ta TTpwToYevr) dedopéva Kal gUyXpova OTOIXEI yia TNV PEYAAU-

TePN TOAN TNG EAMGDOG PETE TNV TTPWTEUOUCA, GVOTITUEAUE £va TTPWTOTTOPIAKG TTANPOPOPIaKS CU-

OTNHA QVOIKTHG GPXITEKTOVIKIG TTOU TTGPOUCIACE! EPTTOPIKI| KO OIKOVOUIKY) OTToudaidTnTa Kal TrEpi-

AauBaver:

e Mia katdAnAa oxediaopévn Baon dedopévwy.

o ‘Eva l'ewypagiké olotnua MANPo@opiwv TTou TTEPIEXEI TO TUVOAO TWV WNQIOTTOINUEVWY OESOUE-
VWV (HOKPOCEICUIKA OTOIXEIO TOu oelopou Tou 1978, apxeio YAZBE, TOTTOYPa@IKA, YEWAOYIKA
KO YEWQUOIKA) yid TV TTEPIOXT.

e ‘Eva mpétutro alatnua mpéoBacng ata Tapatdve HEaw SIadIKTUoU aAAd Kal HEOW KIVATWY
OUOKEUWV.

AZl0TTOI00HE TN YVWON TOU TTAPEABOVTOG, Ta DIaBETINA OTOIXEIQ ATTO TOV TTPONYOUHEVO PEYGAO
gelopd NS TEPIOXAS O€ ouvOUACOUd PE TN OUYXpOovn yvwon KaBwg Kal Ta aToixeia amd 1a dikrua

NG XWPAG YIa V& AVTAOOUUE TTANPOQOPIES YIa TN TUUTTEPIPOPA TOU TTOAEODOMIKOU I0TOU TNG XW-
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pag oe oevdpia peEAAOVTIKWYV oelopwy. Eival autr) n TAnpogopia Trou TEAIKA TTapEXETAI OTO XPATTN
pe Tn BoriBeia Tou TTANpoPopIaKoy GUOTHHATOG.

To mAnpogopiakéd autd ouaTnua OxedIAOTNKE €101 WOTE va UTTOPEl va Xpnoluotromeei yia tnv
aglomroinon Tapduoiwy dedouEvwy GAAWY TEPIOXWY, aAAd kal yia Tnv afiotroinan kal xprion dAAwy
XWPIKG KATAVERNHEVWY TTANPOPOPILIV ~ XAPAKTNPIOTIKG TTOU Tou TTpoadidel ETIOTAUOVIKY GAAG Kal
1810ITEPN EPTTOPIKN KAl OIKOVOMIKA OTroudaioTnTa.

1 EIZArQrH

‘Evauopa yia auth Tn oxediaon Tou guoThiuatog ATav n SIEBVAG EPTTEIPIO KUPIWG aTrd XWPES TTou
gival Tpwrotrdépeg oe avaloya Bépara kal TTapoxng TTAnpogopiag oto xpAoTn. EVOEKTIKG avagé-
poupe avaAoyeg epyaaieg atnv Auepikr] kai idiaitepa otnv mepioxf Tng KaAipdpviag (Dreger and
Kaverina, 2000; Stidham et al., 1999). Xtnv TTapouca gpyacia TTAPOUCIAZETal TO TTANPOPOPIaKO
oUGTNUO AVOIKTAS APXITEKTOVIKIAG TTOU TFEPIAQMBAVEI:

o Mia katdAAnAa oxedlaouevn Bdon dedopévy.

o ‘Eva lewypagikd olotnua MNMANPo@opIwy TTou TTEPIEXEI TO TUVOAO TWV WNQIOTTOINUEVWY DEBONE-
VWV aAAG Kai TOTTOYPAPIKG, YEWAOYIKA Kal YEwQuOoikd dedopéva yia tnv mrepioxr| (Marmaddyog
1998, Mamalaxog et al. 1979, Soufleris et al. 1982, Zraupakdkng et al. 1987).

e ‘Eva mTpéTUTTO GUCTNHA TTPOORACNG OTA TTAPATTAVW HETW TOU BIOBIKTUOU OAAG Kal HECTW KIvN-
TWV CUTKEUWV.

Ta dedopéva TTOU CUYKEVTPWONKAv, Kal atrodnkeudnkav Treplypd@ovTal ye Tn Borbeia Tou Kw-
Oika XML yia va dieukoAuvBei n emikoivwvia peTagl SIOQOPETIKWY EQAPUOYWY Kal yia TNV Trapoxn
TPpOoBeTng eueNiiag katd Tnv mOavr| ETTEKTACT TOU GUCTHUATOG PE TNV TTPOGONAKN VEwv TUTTWV O€-
dopévwy atn Bdaon. H xprion kwdika XML Bewpeital wg 1davik Auon 1600 yia TNV TEPIYpAPr TnG
AOYIKIAG TNG €QapuOYrg 600 Kai yia TNV oAokAnpwan Twv diagdpwy utroguatnuatwy. Mo guyke-
KpIPEVa Kal avapopikd PE To TeAeuTaio, avamrTtuooovral peBodoioyieg Baoiopéveg oe XML-RPC kai
SOAP yia Tnv oAokArfjpwon epappoywy. O1 uebBodoloyieg autég emTpETTOUV EVENI§ia aTNV avTaAAa-
yr Sedopévwy pe £EWTEPIKG guaTAuaTa Kal epapuoyés. H TeAIkA epapuoyr eivar SIaBéaiun péow
ToU DIAdIKTUOU KAl £TO1 TO TIEPIBAAAOV DIETTAPAS XPOTN UAOTTOIEITAI HECW TTPOYPANUHATOG TTAOKYN-
ong diadikTuou, Ye TN Xprion £vog amAou emTPATTECIOU UTTOAOYIOTH, A}, HE KATTOIOUG TTEPIOPICHOUG,
ME UTTOAQYIOTH TTAAGUNG.

2 NAATO®OPMA ANAMNTY=HZ

H kupia mAareéppa avarmtugéng Tou cuothuarog eival n TAargdppa Twyv Microsoft Windows
2003. Mo ouykekpipéva Ta KUPIA PEPN TOU OUOTAUATOS UAOTTOIOUVTAI OE TrEPIBAAAOV avdaTrTugng
Microsoft .NET Framework 1.1 kai k&vouv xprion Twv Microsoft Internet Information Services 6.0
(Web Server), kai Twv Microsoft Windows 2003 Component Services (Application Server). Etiong,
avagopika pe TNV ékBeon Twv xwpikwy dedopévwy (spatial data) Tou ocuoTiparog pe xprion Web
Texvoloyiag xpnaipotoigital o ArclMS (Internet Mapping System tng ESRI).

Qoov agopd TN Bdan Gedopévwy Tou ouoTAHATOG, Xpnaolpotroleitar o Microsoft SQL Server
2000, evy TEAOG OXETIKA WE TNV duvatdTnTa dIaTAPNONG TWV TTPOAVAPEPBEVTWY XWPIKWY DESOUE-
vwv (spatial data) yéoa otnv idio Baon dedopévwyv Tou SQL Server xpnoipotroieital o ArcSDE
(Spatial Data Engine Tng ESRI).

Mpokelpévou yia TNV BEATIOTN axediaan Tou ouaTApaTog A KAl yia TNV aTTodoTIKOTEPN ava-
TTAPAOTaOr auTOU Kal TwY ETTIHEPOUS LEPWYV TOU YiveTal eupeia xprion TpdTutTwy UML diaypapud-
TWVY TG OTTOIa TTAPATIBEVTAI HETQ OTO TTAPOV KEINEVO OTTOU Eival aTTapAiTTO.

3 APXITEKTONIKH ZYZTHMATOZX

To cUotnua uhotroieital ue xprion 3-Tier Client/ Server apxitektovikrg pe Zero Footprint Client.
AtroteAeital amd pia kipia Web epappoyr n otmoia uhotroiital wg .NET Web Application ka1 poAog
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NG eivai n TTpooPopd (pEow Internet) evog 1diaiTEpa eVXPNOTOU Kai AEIToupyiKoU TIEPIBAAAOVTOG Yia
TNV aTroJOTIKATEPN EKBEQT KA EKPETAAAEUTT) TOOO TWV XWpPIKWY Gedopévwy (spatial data) 6oo kai
TwV utréAoITwy diaBéoipwy dedouévwy Tou ouaTipaTog PE Xprion olyxpovwy Web TexvoAoyiwy.
Ta dedopéva auTd TTEPIEXOVTAI OE KAVOVIKOTTOINpEVN Hoper (normalized) otn Bdon SeGopévwy Tou
ovoTtiuarog. OAEg o1 AEITOUPYIEG TOU CUOTHPATOG, EiTE aTTOTEAOUV AEITOUPYIEG avAKTNONG / OUVTH-
pnong Twv dedopévwy, ite AAAEG AsiToupyieg aglotroinong autwy, SIEVEPYOUVTAl OTO GUCTNHO METW
Buo Opouwyv. Ooov aPopd Ta XwPIKA dedopéva kal TIG AEITOUPYIEG ETTE QUTWV YiVETQI Xprion Tou
ArcIMS (Internet Mapping System tng ESRI) og cuvduaoué pe to ArcSDE (Spatial Data Engine g
ESRI), eviy avaopikd He TIg utrdAoITreg Aeitoupyieg / dedopéva Tou GUATHHATOS YveTal Xprian Twy
EMIUEPOUG components Tou cuaTiuarog. Autd ulotrolouvral wg .NET/COM+ Components Kal guv-
duaaTika armroteAouv Tov diapegoAaBnTr petagu Tou MepiBdAAovrog AicTragrig (User Interface) rou
mpoo@épel n Web gpapuoyr| kai Tng Bdong dedopévwy Tou ouoTtriparog. Emiong, éva amd autd £xel
emTAéov Tn pop@r] evog .NET XML Web Service kal poAog Tou Ba gival amd Tn pia va Tapéxel Ka-
BoplopEvn AsiToupyIkOTNTA PETA OTO CUOTNUA (UETAEU TWV ETTIMEPOUG HEPWV TOU) Kail aTrd TNV GAAN
va amoTeAEl pia TTUAN £10680u TTPOg To oUoTNUA £T01 WOTE GAa EEWTEPIKG CUCTAKATA / UTTNPECIES
va éxouv Tn duvatoTnTa va KAvouv Xprion KATToIaG GUYKEKPIKEVNG AEIToupyiag TTou Ba TTpog@EépETal
Héow auTou.

Me Bdon Ta TTapardvw, kal 6TTwg cupBaivel g OAG Ta CUOTAUATO TTOU AVATITUTOOVTAI PE XPr-
on 3-Tier apXITEKTOVIKAG, YiVETAI QvTIANTITG OTI TQ EMUEPOUG WEPN TOU CUOTHKATOG Eival SuvaTov va
ToTroBeTNBOUV AoyIKA O€ Kdtrolo(a) amd ta 3 layers (Presentation, Business, kai Data Layer) mou
ouvBértouv To ouoTtnpa. Etriong, kabe éva amd Ta amd autd Ta layers eival Suvarov va EKTEIVETAI O
£va fj TEPIOoOTEPO aTTd TA JIABECIHG PUOIKA WECT TOU CUOTAMATOS (EITE QUTA OTTOTEAOUV KATTOIN
Hop®r} server Tou guaTtriuarog, eite kAol pop@n amAou client autod). Z1o oxrjua 1 Tou amroteAei
10 Aidypappa ApXITEKTOVIKIAG ZUCTAHATOG ATTOTUTTLIVOVTal TrapaoTarTikd Ta didgopa etmireda. Autd
TTAPEXE! PIO CUVOAIKA EIKOVA TNG APXITEKTOVIKAG TOU GUOTAHUATOS, ATTOTUTTWVOVTAG OAD TA ETTIUEPOUG
pépn TTOU CUVBETOUV TO OUCTNMA, TN HOP@r TTOU £XEI KABE éva amd autd kai TIG TEXVOAOYIEG TTou
auta uAotroloUv, akdua Ta SIQQPOPETIKG layers oTa otroia eKTEIVOVTal GAAG Kal ToV TUTTO TWV QUOI-
KWV HEOWV OoTa oTToia eKTEAOUVTAI, KaI TEAOG TN YETAgU TOUG OXETN Kal ETTIKOIVWVIAL.

mpact — Application Archi

Ixfua 1. Aidypappa apXITEKTOVIKAG OUTTHATOS
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4 AEAOMENA ZYZITHMATOZ

Ma v KaAUTEEN avaAuan, eppnveia kal a&loTroincr Toug Ta SeBOopEVa TOU CUCTANATOS £XOUV
UTTOOTEl KavovikoTToinan (normalization) kot €XOUV XWPIOTEI OE AOYIKEG kaTnyopieg. AKoAouBei Tra-
PABEDN TWYV KATNYOPIWV QUTWV.

+ GIS (Spatial Data). NepiAapBdvovial Ta XwPIKG (1} yewypagikda) Sedopéva (spatial data) Tou

OUOTAUATOG.

e Security Data. MepiAapBavovral Ta Sedopéva aOPAAEING TOU CUCTHHATOG.
¢ System Attributes Data. MepidapBavovral Ta Sedopéva TTou agopodv Ta didgopa attributes (1-

B16TNTEG / TTAPAPETPOI) TOU TUOTAHATOG.

e Incidents Data. MepiAauRdvovTal Ta eGOUEV TTOU OXETICOVTAI HE TO KATAYPAPOUEVA OUUBAVTT

(Zeiopoi) péoa oTo CUOTNHA.

o Autopsy Data. MepidauRavovral Ta dedopéva OxeTIKA WE TIG AuTowieg TTou BIEVEPYOUVTQI VIO

KABe kaTaypapduevo ouppav (OEIopd) HEOQ OTO GUOTNUA.

To oxAua 2 amoreAei To Aidypappa cuaxémiang (Entity Relationship Diagram) twv dedopéviv
TOU QUOTAUATOC TTOU OTTOTUTTWVEI GUVOAIKG, avd Katnyopia SeSopévwy, OAeg Tig ovToTnTEG (entities)
/ Trivakeg (tables) Tou amaptiouv Tn Rdaon SeSopévy TOU CUOTARATOG KABWG Kal TIG PETAEU TOUG
OUOXETIOEIG.

Seislmpact - Entity Relationship Diagram
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Zxnua 2. Aidypappa cuaxénong (Entity Relationship Diagram)
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5 ZTOIXEIA (COMPONENTS) ZYXTHMATOZX

Otrwg £xel AdN avagepBei, yia T BEATIOTN amOS00N TOU CUATAKATOS AAAG KAl YO TNV aTTOd0TI-
kOTEPN KOl TTAEOV AEITOUPYIKA UAOTTOINON KO OUVTAPNON TWV ETTIUEPOUG UEPWV / AEITOUPYIWV TOU,
gival avaykaia n 8IACTTacn QUTWVY OE OUYKEKpIuéva components. K&Be éva amd autd, uAoTrolgital
wg Microsoft Windows .NET/COM+ Component (éva €xel emimAéov Tn pop@ri evog .NET XML Web
Service) kai giAogeveital péoa oTo TepIBAAOV Twv Microsoft Windows 2003 Component Services
oe Karolov amod toug diaBéoipoug Application Server(s) Tou ouoTtiparog. Autd kGvelr duvarr Tn
XpAan, kard TePITTwan, GAWY Twy TTPOTPEPOUEVWV UTTNPECIWV (services) Tou TePIBAAAOVTOS au-
ToU (TX. ZuvaAAayeg (transactions), guyxpoviouod (synchronization), KATT), eV GuvOAIKA ETITUYXG-
VETal N KoAUTepn duvarr) aloToinon Twv  XapakTNPIOTIKWY ammédoong Kol KAIHAKWONS
(performance, scalability) Tou Tpog@épel autd To TTEPIBAAAOV eKTEAEDNS EQapHOYWV. MapdAAnAa n
XPrion Tou OUYKEKPIYEVOU TEPIBAAAOVTOG (QIAOGEVIOG KAVEI EUKOAOTEPN Kal TMO OAOKANPWUEVN
(integrated) Tnv KEVTPIKY CUVTAPNON TWY QUOTATIKWY TNG EPAPHOYIAS EVW N XPriON TOU EVIOXUMEVOU
Kal £YyeVOUG POVTEAOU QOQAAEIAG TTOU TTAPEXE! EYYUATAI TN PEYIOTN SuvaTr) aOQPAAEID TNG EQAPHO-
Yi¢ o€ emiredo ouaTripatog (system level security).

Z10 oxfpa 3 (Component Diagram) ammoTUTTWVETAI pIa YEVIKT) EIKOVA TwV SIABECIHWY OTOIXEIWY
(components) Tou cuaTAPATOG KABWG KaI TNG IEPAPXIKAG OXEONG TTOU UTTAPXE! HETAEY TOUG AT TTd-
VW TTPOG 10 KATW (top-down hierarchy).

Ixnua 3. Aiaypappa atoixeiwv (Component Diagram)
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AkohouBei n Teplypagn kabevog amrd Ta diabéoiya oToixeia (components) TOU CUOTAPATOG.

e Component 1: Seislmpact Srv. AmroteAsi Tnv TTUAN €10630uU TTPOg To UATNUA YyIa Tov £Ew KO-
opo. ‘Exovrag tnv poper} evog katdAAnAa Siapoppuwuévou XML Web Service €xel 6iTAd poAo.
ATTO TN MO va TTapEXEl CUYKEKPIMEVN AEITOUPYIKOTNTG OTA UTTOAOITTA YEPN TOU OUCTANATOG (TTX.
SiapecoAaei yia TNV Topoxr ouykekpipévwy dedopévwy TTpog 1o User Interface tng Web ¢-
@apuoyig) kai atrd TNV GAAN va atToTeAE! TRV TTUAN €10680U TTPOG TO GUTTNHA YIa TOV £§w KOO HO
EKBETOVTOC KABOPITUEVN AEITOUPYIKOTNTA TOU CUOTAWATOG TTPOG XPAON OTTO GAAG EGWTEPIKG OU-
TAMOTA / UTTNPETiEG.

e Component 2: Security. YAOTTOIEl TO POVTEAO AOQAAEING TOU QUATAHATOS ATTOQATifovTag 1o
«TTOI0G» KaI TO «TI EidOUG» TTPOafaan EXel OTA ETMUEPOUG PEPN TOU CUCTHAHOATOG.

e Component 3: Reports. MNMapéxel 6Aeg TIg BiaBéaipeg AeiToupyieg reporting Tou CUCTANATOG.

e Component 4: Helper. ATroteAei BonBntiké component 10 o1roio TTApEXE! OAES TIG TTAPAPETPOUG
OXETIKA pe To configuration Tou cuoTAPATOG KABWGS Kal kATTOIEG AAAEG BonBnTikEG AciToupyieg
TPOG €EUTTNPETNON TWV UTTOAOITTWY components.

e Component 5: DataAccess. EmiteAsi OAeg TIG AeiToupyieg TTou £xouv oxeon pe Tnv mpdcBaon
ora dedopéva NG Bdong dedopévwy Tou CUOTAHATOG KABWG Kal WE T BIAXEIpION auTwy Twv de-
OopEVWV.

6 TMEPIBAAAON AIEMA®HZ (USER INTERFACE)

H e@appoyn givar S1o8éoiun péow d1adikTUou, CUVETTWG TO interface TNG EQAPUOYIG QTTEIKOVIlE-
Tal o€ éva 0dnyd Aorynong ato diadiktuo (Web Browser) eite emrpatrédiou utrohoyioTr (desktop
PC), eite gopnrou utroAoyioTr (laptop), €iTe —ue KETOIOUG TTEPIOPIOUOUG- UTTOAOYIOTH TTAAAUNG
(PDA). Mia evBeIkTIKr) HakéTa (mockup) oxnua 4 Tapouadiddel 086vn Tou OUOTANATOG PE XOPTOYPO-
@IKG dedopéva. Mapduoleg pakéTeG avatrTiooovTal yia OAEG TIG BaoIKEG 0BOVEG TOU CUCTAPATOG
woTte va e€Eao@aNiaTel N euxpnaTia Tou TTEPIBAAAOVTOG DIETTAPG XPAOTN KAl N IKAVOTToinan OAwv
TWV OXETIKWY OTTAITHTEWY TWV XPNOTWV.

¢seislMP‘ﬂCT
The

s satgniki

ISIMPACT SDE ADDIESSES STREET SEISIMPACT SOE
EAETNATIA 274
NEAEMNATIA 312
s e 5 g
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7 YMOAOMH KAI TOMOAQTIA AIKTYQY

To guatnua @Aogeveital ato Telecom & Data Center Tng Hellas On Line (tTrou BpiokeTal oTo
Kopw1ri) o aopaiég kai fault tolerant epiBdAAov yia Tn diac@aAion kai eyyunan tng aglomoTiag
Kal TNg ouvexoUg TTapoxrg TNG UTINPECiag, aAAd kal TG ao@dAsiag Twv TAnpogopiwv. To data
center Tng Hellas On Line mpooTarteletal o€ 24wpn Baon atrd guyxpovoug unxaviououg UAagng,
eival e€0TTAIOUEVO PE ouOoTAMOTA EAEYXOU BEPUOKPOOIOg, CUCTAUATA TTUPAVIXVEUCONS Kal TTUPOTTPO-
otaoiag, UPS kal nAekTpoyevvATpIES yia TNV e§ac@AAIon adIGAEITTTNG TTAPOoXAS NAEKTpIKOU pElpO-
T0g 0TO &iKTUO, KOI CUCTANATA remote management. O1 @IAoEevoupevol servers TTapakoAouBouvTai
ae 24wpn Bdan amd 1o olatnua TapakoAolBnang dikTuou kat Kataypaens oupBdviwy Tng Hellas
On Line To otroio eAEyxel TNV opaAr Aeitoupyia Tou e€0TTAIGHOU Kl ToU AoyIOHIKOU Twv @IAoEEvou-
HEVWV CUCTNHATWV.

OAa 1a gupBavra rou agopouv otroloditroTe TpdBAnpa oto Telecom & Data Center, evepyo-
TTo100V TO CUCTNWA KaTaypa@ng Kal emiAuong ZupBdavtwy. H kapdid Tou Trapatdvw cuaTiHarog €i-
vail To ovotnua NMS trou divel To apxikd Alarm 1y rou avayvwpilel pia kataoTtaon mou meavév va
odnynoel oe Alarm. Zg kaBe T€ToIa TTEPiTTTWON To NMS Trapdyel éva Incident ) Trouble Ticket kai To
atroaTéMeTal pe email kai SMS atov YetBuvo Mnxavikd Bapdiag oe wpeg ekTdC AsiToupyiag ri oto
Network & Data Operation Center oe wpeg kavovikig Aeiroupyiag yia va ekivrioel n diadikaoia dia-
XEipiong Tou.

Me yvwpova 1 dloBeoipétnra (availability) kai v e€ao@dAion Tng ouvexolg AciToupyiag
(continuity) Twv oUCTNPATWY KOBWG KOl TwWV AEITOUPYIWY TOU CUOTAUATOG, O€ CUVOUQCUO WE TIG Agl-
TOUPYIKEG QTTAITAOEIS OTTWG AUTEG opiovTal atrd Toug SIAPOPOUS XPHOTEG TOU CUCTAHATOG £YIVE UIa
TPWTN agioAdynan 60ov agopd Ta UTTOAOYIOTIKG GUOTAKATA TTOU ATTQITOUVTAI YIG VA KOAUWOUV TIG
OUVOAIKEG avaykeg TnG Auong. H TeAIkr UAIkoTeXvikr utrodopr Ba TrpokUwel Katd Tnv didpkeia TNG
vhotroinong kai Ba e€aptnBei Kupiwg ommd To XpdVO ATTOKPIONG (response time) Tou CUOTAPATOG.
Exmipdral Twg n apxITEKTOVIKA Tou cuoTripaTtog Ba TTapapeivel OTTWS TTEPIYPAQETal aTo axfua 5, e
mOavEG SIOPOPOTTOINCEIG TTOU ICWG TTPOKUYOULV OE OXEON HE Th TTOOOTNTO PVAENG KOl OTTOBNKEUTI-
KOU XWwpou.

Zxfua 5. ATrairoUpevn BIKTUGKN APXITEKTOVIKT.
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H aogdAeia otnv Tapexouevn utrodopry, TePIAAPBAVE!:

e Ao@dAcia ae etrimedo Layer 2 isolation e To otmoio To gUOTNUQ TTPOCTATEUETAI HETW TTAPOUG
OIKTUOKAG aTTOPOVWANAG Tou atrd 1o utrdAoimro dikTuo. O quykekpipévol servers Ba amoTeAolv
autdvopo utrodikTuo Twy utrodopwv @ihogeviag Tng Hellas On Line.

o [lpogragia g Tapexouevng umodoprs amd fully redundant CISCO PIX Firewall To otoio Ta-
PEXEI a0QAAR TTpooTaoia Kal uwnAd erireda performance.

s Monitoring: Auvarétnra on-line TrapakoAouBnong Tou e¢oTTAICUOU Kal TTPOQIPETIKG Anwn Real-
time alerts (uéow e-mail).

Moapéxetal ag’' evog duvatdtnTa €€ ATTOOTATEWS BIAXEIPITTIKAG TTPOORACNG, AP’ ETEPOU PUAIKAG
Tpoéapacng atov e€ommAicpd amd eidikry KovodAa oTig eykaraaTtdoelg Tng Hellas On Line, karomiv
ouvevvdnang He 1o TexVikO TurRpa tng Hellas On Line. MNa tnv €€ amootdoewg diaxeipian Ba mapé-
XeTau pia (1) oUvdeon ISDN 128 Kbps ue tnv Hellas On Line. H €§ ammooTdcewg mpoéoRacn ptropei
va yivel e Terminal Services amo Tov SiaxeipioTr. EmiA€ov eival duvaTtdv va dnuioupynBoulv éva n
mepIoodTEPA accounts pe dikaiwpata diaxeipiong oTa cuoTApaTda, avaloya PE TIG avAaykeg TTou Ba
TpokUWouv. MNa emmTPO0BeTn AoPAAEIa TTPOTEIVOVTAI [ia 1 kat ot BUO ATTO TIG KATWO! AUTEIS:

e Tpoéafaon mavrote amd mpokaBopiopévn otatikh IP n omoia Ba yvwatotroindei €101 WoTe va
yivel n evnuépwan tou Firewall Tou TpooTatelel To ouoTnua. H avTipeTwmion piag moavrg
emiBeang spoofing Tng IP S1elBuvang, Ba yivetan péow tou Firewall.

e Auvatdtnta dIaxeIpIoTIKAG TPOoRaong KaTd Tr SIAPKEID CUYKEKPINEVIWY WPWV NUEPNTIWS TTOU
yvwpilel pévo o dIaxEIPIOTAG, KAl Eival TTPOKABOPIOEVEG.

8 ZIYMIMEPAZIMATA

Ta BaoikdTEpa OQEAN TTOU TTPOKUTITOUV aTTd TNV avatTugn Tou uTo £€€Taon TTANpogopiakou

OuOTHHATOG cuvowigovTal oTa ak6Aouba:

e AU¢non tng diaBéoiung Texvoyvwaiag oe BEuara Siaxeipiong deSOPEVWY TEICUIKWY KATAYPAPIV
Kal YEVIKOTEPQ BEpaTa DIaXEIPIONG KAl ETTEEEPYQTIAG YEWYPAPIKA KATAVEUNHEVWY TTANPOPOPIWV.

o ATTOKTNON CNUAVTIKAS EQTTEIPIAS HE TNV UAOTTOINON VOGS OUVBETOU TTANPOPOPIAKOU GUATHNATOS
TTou ouvdiel Bdon dedopévwy, YEWYPAPIKO claTnua TTANPoQPOpIwY Kai epapuoyes WEB

o AvATTUEN TEXVOYVWOIOG OF EQOPUOYES TTOU Eival TTPOCRATINEG HE QopnTEG TUOKEUES (Mmobile
terminal devices — PDAs) ka1 o€ location based applications

e Avamruén dpaatnpiotATwy ato Nopd Oecoalovikng.

o Emixeipnuanikr avdmtuén kar mlavr eptTopikr aglooinon evog TPWTOTTOPIaKOU CUOTHUATOG,
T600 e TN HOPQN TTAPOXNG UTTNPECIWY péow Internet 0o kal péow TG TTWANTAG Tou Oav ave-
&apTnTn EQappoyr) AoyiouIKoU.

EYXAPIZTIEZ

H avdmtuén tou ouatipaTtog xpnuatodoteital améd Tn Mevikr Mpapuareia ‘Epguvag kar TexvoAo-
yiag oto Aaigio Tou gpeuvnrikou épyou: SEISIMPACT-THES ZYITHMA EKTIMHZIHZI TQN ZEI-
IMIKQN ENINTQZEQN XTO AOMHMENO MEPIBAAAON TOY NOMQY ©EZZAAONIKHZ, tou
Exel evraxBei atn Apdon 4.5.1 Tou Emixeipnoiakol Mpoypdupatog yia TV AvIaywvioTIKOTnTa ToU
3% Kowvotikou MAaigiou ZTpIEng kai guyxpnuarodoteital amé tnv Eupwraikr Evwon kal 1o EAAN-
vIKd Anuodaio.
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ABSTRACT

SEISIMPACT-THES: DESIGN, DEVELOPMENT AND
APPLICATION OF AN INFORMATION SYSTEM TO
ASSESS THE VULNERABILITY TO EARTHQUAKE
HAZARD OF THE BUILT ENVIRONMENT OF THE
PREFECTURE OF THESSALONIKI
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Savvaidis A.°, Tziavos H.%, Savvaidis P.” and Doukas 1.
'"Hellas On Line (HOL), Agiou Konstantinou 59-61, 151 24 Maroussi, Athens, skout@hol.net

2Agiltech S.A., 18 Aetideon, 15561, Holargos, Athens, gkarant@agiltech.gr, asot@agiltech.gr

3Depan‘ment of Geophysics, Aristotle University of Thessaloniki, P.O. Box 352-1, 54124,
Thessaloniki, Kiratzi@geo.auth.gr, Valadaki@panafonet.gr

“Ministry for the Environment, Ph ysical Planning and Public Works, 36 Trikalon Str. & Mesogeion
Av., Athens, Valadaki@panafonet.gr

®Institute of Engineering Seismology and Earthquake Engineering, P.O. Box 53, 55102
ntheo@itsak.gr, alekos@itsak.gr

®pivision of Geodesy and Surveying, Department of Rural and Surveying Engineering, Aristotle
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7Laboratory of Geodesy, Division of Geotechnical Engineering, Department of Civil Engineering,
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The scope of the present work is to organize into a digital form and evaluate the excellent re-
cord of reported damages, connected to the occurrence of the 1978 Thessaloniki earthquake (M
6.5). For this purpose an advanced Information System with open architecture is under develop-
ment. The system will include:

o A properly designed database.

e A Geographic Information System containing all the above data (after digitization and correc-
tions) enriched with more recent data, as well as topographic, geological and geophysical data
of the region (metropolitan area of Thessalonica).

e A model system of accessing the above via web and mobile devices.

The information system is designed with an open architecture so it can be easily adapted for
use with similar data from other regions, and/or with other geographically distributed information
with commercial importance. The data to be collected, stored and used will be described using XML
language to facilitate communication among different applications and for flexible expansion to in-
corporate any new data types that have to be described and stored in the database. The use of
XML is considered ideal both for back-end application logic, and as a platform for application and
platforms integration. More specifically regarding the latter, methodologies will be developed for ap-
plication integration based on XML-RPC and SOAP, which will enable flexible exchange of data
with external systems and applications. The application will be available through the Internet so the
interface of the application will be depicted through a Web Browser, using a desktop PC, a laptop,
or — with some restrictions - a PDA.
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MNEPIAHWH

21NV TTapouaa epyaaia YeAETATaI, PE TN BonBeia TNG Bewpiag TTOAVOTATWY, N CUNTTEPIPOPA TOU
petagxnuatiopévou deiktn BAdotnong TVI, kaBwg kai Tng TapaAlaypévng pop®rg autol, TVI'.
Eilodyovrag pia KaTAAANAN KOTOVOWRA YIa TNV TTEPIYPAQP TWV IOTOYPAUMATWY TWV KAVaANIWY NG
€IKOVOG, Kal agloTolwvTag BewpriuaTa TNG OTATIOTIKAG, TuvdyovTal ol JAaBnuaTikéG OXETEIS TTOU
TIEPIYPAQPOUV TIG KATAVOPEG TIHWY Twv JeikTwv BAdotnong TVI kar TVI. A6 1n peAéTn Twv
KATAVOMWIV QUTWY CUNTTEPAIVETaI OTI OTAV N TUTTIKA QTTOKAION TNG EIKOVAGS TNG JWvng Tou uTrEPUBpOU
eival peyaAUTEPN 1O QUTAV TNG Jwvng Tou epubpou, ato IaTdypappa TVI' n emikpaTouoa Tipr gival
ueTatomopévn Tpog Ta Oe€ld, wg TTPOG TNV ETIKPATOUTA TIMA TOU I0Toypduparog TVI. Ao tnv
GA\N TAeUpd, TO 1oTOYpappa TVI £xel wia emKkpatolod TR TTPOS TO UECOV TNG KAIPOKAG
TOVIKOTNTAG, KABWS Kal pia peyaAutepn diaammopd. Emopévwe n eikéva TVI €xel pia kaAUTEPN
avtiBean QuwrteivéTnTag amd TNV eikova TVI'. Bpébnke emiong o1 n eikova TVI éxer peyaAuTepn
dlaotropd Kal amd TNV €IKOVA Tou ouxvd epappolopevou deiktn BAdotnong NDVI. O1 BewpnTikég
auTtég TTPORAEWEIS ouPQWVOUV PE TTOPATNPAOEIS ot dopu@oplkr €ikéva Landsat amd tn NAco
Zdkuveo.

Ta Topiogara autAg Tng epyaciag ptmopoldv  va  aglotmoinfolv Ot yEWAOYIKEG  Kal
TEPIBAANOVTIKEG  £PEUVEG, HE  QVTIKEIHEVO TN XaPTOYPA@nan TEPIOXWY  JlIapopoTroinuévng
TukvoTnTag BAdoTtnong, or omoieg mBavov va €xouv oxéon pe diIdQopoug TUTTOUG £BaPWY Kai
YEWAOYIKWY EVOTNTWV.

| EIZArQrH

Ztn yewAoyikr Kai atnv TTePIBAANOVTIKY €peuva XpnaIPOTToIoUVTal QUXVA AOYOl QATHATIKWY
JwVwv atrd TTOAUQATUATIKEG EIKOVEG, WG OEiKTEG BAGOTNONG, TTPOKEIMEVOU VA XapToypagnBolv
TEPIOXEG ME BIQPOPOTTOINUEVN TTUKVOTNTA QUTOKAAUYNG. ZTn dieBvr) BiIBAloypagia €xouv TTpoTabEi
Oidpopor  Oeikteg BAAOTNONG, ME EMPTTEIPIKA KUPIWG KPITHPIA QVTATTOKPIONG OTOUG TUTTOUG
QUTOKAAUWNG TTOU ETTIXEIPEITAN va XapToypagnBouv (Jensen 1996, Rouse et. al. 1973, Deering et.
al 1975, Huete 1988, Faust 1989, Baret & Guyot 1991, Qi et. al. 1994, Burgan 1996). ‘Evag amé
Toug TTpoTaBévreg BeikTeg BAGOTNONG eival o MeTaoxnuariopévog Aeiktng BAdoTtnong (Transformed
Vegetation Index) TVI (Deering et. al. 1975), mou opiletal wg:

u= |72 (1)

x+y
X Kl y €ival ol TIHEG QWTEIVOTNTAS OTIG PATUOTIKEG JWVEG TOu £yyUg uTTEPUBPOU Kal Tou EpubpoU,
avrigToixa. v ival n apieunTikA Tiuf Tou deiktn BAdOTNONG.

Ortav 10 x gival piIkpoTEPO TOU ¥, 0 TVI gival undév. MPOoKEINEVOU va TTEPIOPICTEI 0 APIBPOS TWV
€IKovoaToIXEiwY pe pundevikd deiktn BAGOTNONG, CUXVA TTPOTINATAI N TTapakdTw TrapaAAayr] TVI' Tou
deiktn TVI (Schowengerdt 1997):

(2)

u= x_y+0.5
x+y

O ouvnbéotepa  xpnoidotroloUpevog  Oeiktng  BAdotnong eival o  Aeiktng  BAdoTtnong
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Kavovikotroinpévwy Alagopwyv NDVI (Boyd et. al. 2002, Chuvieco et. al. 2002, Peterson et. al.

2002, Stroppiana et. al. 2002 kai ToAAoi dAAoi). O NDVI opiletan wg (Rouse et. al. 1973):
u= x7)
xX+y

ZTnv TapoUoa £pyacia CUYKPIVOVTOI T& XAPAKTNPIOTIKG TWV EIKOVWY Twv dEIKTWY BAAOTNONG
TVI, TVI' kai NDVI. To Baadikd KpITApIo OUYKPIONG Eival TO EUPOG TOU IGTOYPAPHUATOS EIKOVAG, HETPO
TOU OTTOIOU Eival N TUTTIKF aTTOKAION. AV TO IGTOYPAUHA €IKOvag SeiKTn BAGOTNONG €XEI MIKPR TUTTIKA
atrokAIOn, N €IKOVA TTOPEXEI TTEPIOPITHEVN TTANPOQOPIa YIa TOUG OTOXOUG evOIaQEéPOVTOS. Av n
TUTTIKF] OTTOKAION Eival pEYAAN kol TO 10TOYPAUHA KAAUTITEl OAN TNV KAIMOKA TOVIKOTNTAG, TOTE O
OeikTng BAGCTNONG AVAUEVETAI VO DWOEI TIEPICTOTEPES TTANPOYOPIEG, 1IBIWG dTaV N EMKPATOUCA TIUA
BpiokeTai TPOG TO PETO TNG KAIUAKAG TOVIKOTNTAG.

Me tn BorBeiax KATGANAwWV KaTavopwy Kol OElIoTToIWVTAS BewpriHata TnG OTATIOTIKAG,
MEAETWVTOI Ta I0TOYPAUHATA TWV EIKOVWV TwV TPILWV JeikTwy BAGoTNONG Kai SlaTutrwvovTal
BewpnTIKEG TTPORAEWEIS YIa TNV ATTOTEAECUATIKOTNTA TOU KABE OEiKTN. XTN GUVEXEIQ, O TTPORAEWEIG
QUTEG OUYKPIVOVTal HE TO QTTOTEAEQHATA TNG EQPAPUOYAG Twv TPIWV JeIKTWY BAAOTNONG O€
dopupopikn elkOva. Ta TTopiguaTa QUTHG TNG EPyadiag UTTopouv va afloroinBolv atn YEWAOYIKA
Kal TrePIBAAAOVTIKY] £€PEUVA PE QVTIKEIUEVO TNV QvAyVWPIOT TTEPIOXWY HE OIAWOPETIKY TTUKVOTNTA
QUTOKAAUYNG.

3

2 NMIGANOGEQPHTIKH MEAETH

Ma v mBavoBewpnTIK PEAETN TNG CUUTTEPIPOPAS Twy JelKTwWvV BAGoTnong Ba Tpérmel va
TTPOCOUOIWBOUV T IOTOYPAPMATA TWV WVWV X Kal y PE pIa KATAAANAN KaTavopr. H katavour autr
Ba mpémel va Eekivdel atmod To PNdEv, va Exel PEYIOTO yia I OXETIKA MIKPA TIMA TNG KAiYakag
TOVIKOTNTAG KOl va PNOEVIZETaI TTPAKTIKG OTIG UWNAEG TIHES QwTEIVOTNTAS. Mia BopupopiKr €IKOVA
TTOU £XEI UTTOOTEI QTHOO@AIPIKA DIOpBwan Kal TTou dev €XEl Yivel O QUTHV EAKUGN 10TOYPANMATOG,
YEVIKA EXEI QUTA T XAPAKTNPICTIKA.

AapBdvovtag utToyn GQuTr Tn OCUPTTEPIPOPA TOU IOTOYPAMUHATOG EIKOVAG, EMAECApE TIG
TTOPAKATW KaTavopég p) KAl p,  YIG TNV TTEPIYPAPH] TWV IOTOYPAUUATWY Twv Jwvwy x KAl y,
avrigroixa:

p(x)= 2a1x.e‘“’”l (4)

p,(¥)= Zazy-e_azy. (%)
a; Kal a, eival BETIKEG TTAPAPETPOI TTOU BIQHOPPUIVOUV TNV ETTIKPATOUCA TIHT TOU IOTOYPAUUATOS.
270 (OX. 1) TTAPOUCIAZETAI N CUPTTEPIPOPA TWV KATAVOPWY p KAl ps.

01
0,08 +

0 51 102 153 204 255

ZX. 1. Fpa@ikA TTapAoTao TWV KATAVOUWY Py Kal p,. a;=a,=0.0001

Av BewpnBei 611 o1 PETABANTEG x Kal y €ival QQUOXETIOTEG, N KATAVOUN f1x,3) TWV JEUYWV TINWV
PWTEIVOTNTOG (x,y) EivVaI N:
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2 2

f(x.y)=4aa, e ™ (6)

‘Evag avayveotng pe Kpimikd TIVEUHd Ba pTropoUoe va Trapatnprioel 6T YEVIKG UTTAPXEN pid
YPOMUIKI) CUCXETION TIHWY QWTEIVOTNTAG PETOEU DIAPOPETIKWYV KAVOAIWY, ETTOPEVWG O JWVEG x KAl y
O¢ Ba Empetre va Bewpouvtal ws avedpTnTeg PETAgU Toug WETARANTEG TTOU va akoAouBouv v
Katavopr Tng axeéang (6). Opwg yia va epyaaTtoUpe Pe EUXPNOTEG, KOTA TO BUVATOV, HABNUATIKES
Ox£0€IG, BEwPOUNE OTI N YPAUMIKY CUCXETION €ival LIKpr Kai OTI JTTopEi va TTapaBAe@Bei. Mia téTola
uTTOBeon evioxueTal atmd TO OTI PETAEU €pudprig Kal eyyug umépuBpng Jwvng n oucoxETion eival
onUAvTIKG HIKPOTEPN OTT'000 HETAEU AAAWY JWVWYV (0 CUVTEAEDTIG OUOXETIONG UTTOPET VA EXEI TIHES
HIKpOTEPES TOU 0.5).

AgloTroIvVTag yvwoTd Bewprpata Tng otamoTikng (Spiegel 1977) ptopei va amodeixbei 611 n
katavoun g(u) deiktn BAGoTNONG u TTEPIypd@eTal atrd Tn axéon (Vaiopoulos et. al. 2004):

-1
gw) = [|J].f(v.p ' [u,v])dv ™
0
v gival pia petaBAnTr €§ opiopol ion pe x. o eivan n avrioTpogn TNG CUVAPTNONG @ TTOU
TePIypAagel To BeikTn BAGOTNONG w. J Eival N IaKWRIaVH TWV x KAl y WG TTPOG u KAl v.
Me Bdan tn oxéan (7), amodeikvietal (Vaiopoulos et. al. 2004) 6T n Katavoun TIMWY g(u) Tou
deiktn BAdoTnong NDVI, o otroiog opiletan atré T axéon (3), TepiypdeTal atmd Tn axéon:
41 -u?)
[Ad+u)" +(1-u)"]
H TrapdpeTpog A oxeTifeTal TG00 WE TIS TTAPAPETPOUG a1 KOl 2, OGO KOI KE TIS TUTTIKEG TTOKAICEIG
01 KAl 02 TWV JWVWV x Kal y avTioTolXa, pe Bdon 1n oxéon:
a (o)
A=—Lt= |2+ 9)
a, o,
AT TIg OoX€oelg (1) kai (3), ouvayeral 611 0 deiktng BAdatnong TVI eival ouvaptnon Tou deikTn
NDVI, ue Bdon T oxéan:

u(u') = Ju' (10)
Me u kau u’ aupBoAiovral o1 TINESG Twv deIkTwWY BAdaTnong TVI kar NDVI, avrioToixa.

Opoiwg, ammd T oxEoelg (2) kai (3) ouvayetal 611 o1 8eikteg BAGoTnong TVI' kar NDVI guvdéovral
UE TNV TTAPAKATW OXEON:

u(u') = Ju'+0.5 (11)

Me Bdon éva yvwaoTé Bewpnua tng atamoTikhg (Spiegel 1977), n katavour| g(u) Tou u GuvaEsTal
HE TNV Katavopn g(u’) Tou u’ pEow TN OXEang:

g(u) = glu'()] | ‘;—u | (12)
U

KaBwg o1 Tipég u Twv BeikTwv BAGoTnang TVI kai TVI' eival peyaAuTepeg n ioeg Tou undevog, 1o
TTO000TO TWV EIKOVOOTOIXEIWV g(0) PE UNOEVIKG u Eival i00 UE TO TTOTOOTO TWV EIKOVOCTOIXEIWV YIa
Ta otroia ol uTrdppIfeg TToooTNTEG OTIG OxEoelS (10) kan (11) givan PIKpOTEPES 1| ioEG Tou PNdEVOC.
Katd ouvémeia, yia 1o Seiktn TVI 1oxUer:

0
g(0) = [g(u)adu' (13)

To kaTw 6p1o oAokArpwong eival ioo pe TNV eEAaXIOTN Tiur » ' Tou BeikTn NDVI.
MNa 1o &eiktn TVI' 1oxVE!:

0
g(0)= [g()du (14)
-05
To kAdTw 6pI0 OAOKANPWONG gival i00 PE TNV EAGXIOTN TIUA TNG TTOCOTNTAG u +0.5.
Ao TG oxéoeig (8), (10), (12) kai (13) oguvdyetar 6T n KaTAVOUf TIUWV g(u) Tou OeikTn
BAdoTnong TVI eivai:

®
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8A(l—u’)u

(x2y)
2 2
(+u?)*| A+ 1y
g(u) =1+ 1+ 22 (15)
y)
Lm (x<y)

Ao TIg axéaeig (8), (11), (12) kaui (14), ouvdyetar 6T n Katavour g(v) Tou deikTn BAdoTNONG
TVI', TepiypageTtal amod tn oxEon:

( s _
8A(l.S—u")u : (x yZ—O.S)
1.5 -t ¥
0.5+u>)’| A+| ——
gy =+ (0.5+u2j (te
4 A=Y < 0.5
A+9 xX+y

270 (OX. 2) QvaTTapIoTAVOVTAl YPAQIKA O KATAVOMEG TINWY Twy deIkTwy BAdoTnong NDVI, TVI
kar TVI, pe Bdon 1ig oxéoeig (8), (15) kai (16), avriotoixa. Z10 (gx. 3) avamapiatdvovtal ol idieg
TIHEG, KAVOVIKOTTOINUEVEG WG TIG WEYIOTEG TIHEG auTWY, g(u). O1 TIHEG KAl TwV TPILWV OEIKTWV
BAGoTnong £xouv avaxBei oTnv Koivry kKAipaka TovikotnTag [0,1].

2,5 1

24

g{u)du

ZX. 2. O1 katavopég TiWV Twv deikTwv BAdoTnang TVI, TVI kait NDVI. 4=0.25.

ATTO TIG YPAPIKEG TTAPACTACEIG TOU (OX. 2), TTapatnEoUhe OTI TO WEYIOTO TNG KATAVOMAG Tou
Oeiktn BAGaTtnang TVI' gival JETATOTTIONEVO TTPOG TN BEEIA TTAEUPE TNG KAIHOKAG TOVIKATNTAG KO Eival
HIKPG TO TTOGOOTA TWV EIKOVOTTOIXEIWV HE XAHUNAEG TINEG QWTEIVOTNTAG. AUTO ONUGIVEl OTI N EIKOVA
Tou deiktn BAGoTnang TVI' avapévetal va £xel pia BIaXuTn QWTEIVOTNTA, TTOU EVOEXOHEVWG VA HNV
EUVOEI TNV avayvwpian oXNUaTIopwy XapnArg Tovikdtntag. Ta péyiota Twv Kartavopwv TVI kai
NDVI BpigkovTtal TTpog 10 pECO TNG KAIHOKAG ETTOUEVWC AVAUEVETOI VA £XOUV 01 EIKOVES TWV DEIKTWY
auTwv AIyoTEPN BIAXUTN PWTEIVOTNTA.

ZTIG KATAVOMEG TOU (OX. 2), n TTapGUETPOG A €ival pIkpOTEPN TNG povadag. Ma A peyaAUTEPO TNG
povadag, To péyioTo TNG Karavopris TVI' eviomidetal oTig XapnAES TIHEG TNG KAIMAKAG TovIKOTNTAG.
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Me Bdaon tnv epTeIpia gag, eKTIMOUME OTI N TUTTIKA aTrOKAION OTO £yyug UTTépuBpo eival ouviBwg
MEYOAUTEPN QT AQUTHV OTO EPUBPO, pE aTTOTEAETHA, Buvdpel TNG oxéong (9), va gival To A PIKPOTEPO
NG povadag.

ATTd TIG KOVOVIKOTTOINUEVEG KAPTTUAEG Tou (ox. 3), Qaivetral capwg 6Tl n dlaoTmopd TnNg
KaTavoung Tipwv Tou deiktn TVI givar peyahitepn amd autiv Tou NDVI, kaBwg kan Tou TVI'. Autd
emBeBaiiveTal  Kal oMo apIBunTikoUg  utroAoyiopoUg TG TUTTIKAG  ammokAiong, Tou
Tpaydarotrodnkav pe Bdon TIg oxéoeig (8), (15) kai (16), Kl TTOU TTEPIYPAQOUV TIC KATOVOUES
Tinwv NDVI, TVI kai TVI', avrioToixa. H yeydAn diaotropd tng katavoung TVI utrodnAwvel eikéva pe
KOAT avTiBeon QwTeIvOTNTOC. ’

normalized values

1.2

Zx. 3. KavovikoTroinpéveg TINEG TWV KOTAVOUWY QWTEIVOTNTAG Twv deIkTWY BAGoTnong TVI, TVI' kait NDVI

Me Bdaon tnv mOavoBewpnTIKr) HEAETN ekTIpATAl OTI N eIkOva TVI €xel T peyahutepn SiaoTropd
Kal TNV KaAutepn avriBeon @wreivotntag. MpopAémetal emiong o1 n eikdva TVI' €xer pia diaxutn
QWTEIVOTNTA («BAUTTWHAN). To eTTOMEVO Bripa ival va ouykpiBouv auTég ol BewpnTIkES TTPORAEWEIG
HE TTpaypaTika dedopéva.

3 NEIPAMATIZMOZ ME AOPY®OPIKH EIKONA

lMNa Tov éAeyxo Twv BewpnTIKWY TTPORAEWEWY O OXEDN HE TA XAPAKTNPIOTIKA £IKOVWY DEIKTWV
BAdoTnong, xpnoiyotroifibnke eikéva Landsat? ETM (Auyouatog 1999). Zto (0X. 4) epgavidetal n
432 RGB eikova tng mepioxns. Xta (ox. 5), (ox. 6) kai (ox. 7) Topoucidfovral of EIKOVEG Twv
deiktwv BAdatnong NDVI, TVI' kar TVI, avrigroixa, ol otroiol €xouv avayxBei ge Koivr) KAipaka
TOVIKOTNTAG WE TIPEG atmd 0 wg 1. MNa TV Tapaywyn Twv €IKOVWY Twv TPIWV SEIKTWY BAGoTnONg
xpnoipotroienke 1o Aoyiopikéd Image 8.6 Tng ERDAS. Z1o vnai gixe onueiwBei Trupkaid Aiyo tpiv 1N
Ayn TG €IKOVAGS. O1 KapEVES TIEPIOXESG ENPAVICOVTON HE OKOTEIVOUG TOVOUG OTIG EIKOVEG DEIKTWV
BAdoTnong.

MapatnpoUue 611 OTIG EIKOVEG TwV (OX. 5) kai (TX. 6) UTTApXE! pia DIGXUTN QWTEIVOTNTA, TTOU Eival
1Blaitepa egpavig otn BaAdcoia Trepioxr, Omou ed@avifovral paBdwoelg dlaQopoTToINuévnNg
ToviKOTNTAG. XNV €Ikdva TVI (ox. 7), 8ev umdpxel aut n didxutn @wreivétnTa kai n 8dhacoa
epavidetal pe Pabeig okotevoug TOvoug. ETriong, o1 kapéveg TEpIOXES epavilovial PE TTIO
agkoteIvoug Tdvoug otny eikéva deikrn TVI atr'doo otoug dAAoug duo DeikTeG.

H eikéva TVI €xel kaAUTepn avtiBeon gwrevoTnTag atr'ogo ol eikoveg TVI' kat NDVI kat autéd €xel
WG OUVETTEIO VO EPPAVIOVTAl EUKPIVEOTEPQ Ol OKOTEIVEG AETITEG YpapPES Tou 0dIkoU BiKTUoU oTnv
eikéva TVI atrd 10 Boépeio pépog TNG NAoou (ax. 8) am'éao otnv eikova TVI' Tng idiag Tepioxng (oX.
9). ®aiveral Aoirdv va eTraknBelovtal, atrd TTOIOTIKY ATToWn, O BEWPNTIKES TTPORBAEWEIS YIa EIKOVA
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TVI xwpig «BauTTwWHO» KAl HE KAAUTEPN avTIBETN QWTEIVOTNTAG OTTO AQUTHYV TWV BUo AAAWV BEIKTWOV
BAAOTNONG.

2X. 4. 432 RGB eik6va Landsat 7 ETM a6 1 Nfjoo  Zx. 5. Eik6va deiktn BAdotnong NDVI mng Nfjcou
ZdakuvBo Zakuveou

Ix. 6. Eixova deiktn BAdotnong TVI' tng Nrjgou Zx. 7. Eikéva deiktn BAaoTtnong TVI tng Nrjgou
ZakuvBou ZakuvBou

Ak

Zx. 8. Eikéva TVI amrod 1o Bépafo TUrAHa g Noou ZX. 9. Eiéva TVI' a6 1o Bopelo tprjpa 1ng Njoou
Zakuvoou ZakovBou
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ZTOV TTAPOKATW TTiVOKA £PQAVICoVTal O TUTTIKEG ATTOKAICEIG TWV I0TOYPANHATWY TWV EIKOVWY
TWV TPIWV BEIKTWV BAGOTNONG. OTTWG TTPORAETTE! Kal N TIBAVOBEwWPNTIKA WEAETN, N TUTTIKA atroKAion
NG eikdvag TVI eival yeyaAuTepn ammé autég Twv eikdvwy NDVI kan TVI'.

Mivakag 1
Agiktng BAGoTnong NDVI TVI TVI
Tumikr) ATrékAion 0.095 0.083 0.219

Tboo o1 BewpnTIKES TTPOBAEWEIG, 6TO Kal 0 TEIPANATIKOG EAEYXOG HE DOpuPOpIK EIKOVA, £BEICaV
om o Oeiktng BAdoTtnong TVI, Topdyel €IKOVEG WE WEYAAUTEPN TUTTIKA OTTOKAION KQI KOAUTEPN
avtiBeon QwTevoTNTAG amé aQuTEG TTou TTPOKUTITOoUV ammd Toug Oeikteg TVIT kai NDVI. Kartd
ouvémeld, o deiktng TVI gival o TTAov evBEDEIYUEVOS, KUPIWG YIa AViXVEUTN OXNUATIOHWY XaunAfig
TOVIKOTNTAG, OTTWG KOPEVEG TTEPIOXEG 1] YEWAOYIKEG EVOTNTEG WE APl QUTOKAAUWN.

Yapxel wotéco n duvardtnra va aflotroindei kai évag tpotrotroinuévog deiktng TVI, o MTVI,
10U opileTal atrd TN oxéon:

cx—y

u= (17)

cx+y

To ¢ eival pia TapdueTpog pe Tipég amd 1 we 3. Eaimiag autrig Tng mapapérpou o deiktng
BAGotnong MTVI AapBaver evdidpeoeg Tipég petagu TVI kan TVI', 6tTrwg @aivetar ato (ox. 10). Mia
eikéva MTVI, amd TAEupdg OTITIKOU OTTOTEAECHATOS KOl OTATIOTIKWY XAPOKTNPIOTIKWY, Eival pia
evdidueon kardortaon petagu TVI kai TVI. Zto BaBuod mou 10 ¢ TAnoIadel Tn povada, n eikéva MTVI
£XEI TTAPOUOIO XAPAKTNPIOTIKG e TNV €ikOva TVI. ZT0 BaBuoéd tou 10 ¢ audaveral, n eikéva MTVI
TpogopoiGdel pe TNV eikOva TVI. AIQQOPETIKEG TIHEG TOU ¢ QVTIOTOIXOUV OF EIKOVEG ME
dlagopoTroinpévn TovikotnTta, dieupivovTag ETa1 TIG ETTIAOYEG Tou XpriaTn. O deiktng MTVI ptropei va
KaTaokeuaoTei eUKoAa pe T BorBeia katdAAnAou AoyigpikoU (yia Trapddelypa pe To epyaleio spatial
modeler Tou ERDAS Imagine fj pe ™ yAwooa mpoypapuatiopol tou ILWIS) ko n peAétn tng
QITOTEAETUATIKOTNTAG TOU Eival avTIKEIUEVO HEANOVTIKAS Epyaaiag.

1

0.8

056 - - - - -MT
a —— TV

e —_—

Zx. 10. Mpagiky mapdotaon g peTaBoArig Twv Tipwv TVI, TVI' kar MTVI wg Tpog 10 AGY0o TWV QACHATIKWY
Jwvwv x4. c=1.5

4 IYMNEPAIMATA

H mBavoBewpntik avdAucn €8eige o1 o deiktng TVI mrapdyel €1IkOVeEG PE WEYAAN TUTTIKA
aTroKAION, TToU EUVOEl pia koA avtiBeon gwreivotnrag. O deiktng TVI', e€aitiag tng umdppilng
Toadtnrag 0.5, TTapAye! EIKOVEG PE HEYAAN QWTEIVOTNTA KAl MIKPF| TUTTIKF) oTTOKAIGT.

O Tmeipapatiopds pe dopugopik eikéva Landsat 7 ETM emBeBaiwoe T OewpnTiKES
TTPOBAEWEIG TTEPI KAAUTEPNG avTiBeong QwrtevétnTag g eikdvag TVI amd tnv eidéva TVI. ETi
TTAEOV, WG CUVETTEID TNG MEYAANG OIAXUTNG QWTEIVOTNTAG TTOU XOapakTnpifel tnv €ikéva TVI,
YPOAUMWOEIS XaMNARG QwTevoTnTag, OTrwg 10 00IKG BikTuo Yyia Trapadelypa, gu@avilovral pe
HEYaAUTEPN EUKpivela oTnyv eikova TVI.

Katd ouvémela, extipoupe o1 o Odeiktng TVI, éror omwg opidetan amd Tn oxéan (1), eivail
TIPOTIUNTEOG OE OXEON WE TOV TpoTToTroinuévo deiktn TVI', €0Tw kau av o BeUTEPOS XpNnOIUOTTOIEITA
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ouxvotepa Kai  eival  evowpoaTwpeévog ot diadedopéva  Trakéta  Aoyiopikol  emegepyaaiag
BOPUPOPIKWYV EIKOVWV.

QaoT600, av 0 XprioTng mMOUNET va Exel SIEUPUPEVA TTEPIBLIPIO ETTIAOYWY aTTO TTAEUPAS OTTTIKOU
arroTeAégpaTog, utTopei va epappéael 1o deiktn MTVI, ye Baan tn oxéon (17), yia SiIdQopeg TIPEG
NG Tapapétpou c. O1 eIkOveEG TTou Trapdyovrtal yia didgopa ¢ Ba €xouv evOIAUETES TIUES
QWTEIVOTNTAG METAEU AuTAS TwV EIKOVWY TVI kan TVI'.

‘Eva yevikdTEPO OUUTTEPACHA TTOU TTPOKUTITEI ATTG QUTAV TNV epyacia eivar 611 n Bewpia
mBavoTATWY uTTopei va gupBaAel atnv agloAoynon Twv deKTWY BAGOTNONG TTou e@apudlovral oE
ToAuQacpaTikeg eikoveg. Me Tnv mBavoBewpnTikA avaAuan propouv va diaTutrwBoUv TTPoBAEYEIS
VIO TG OTATIOTIKA XAPAKTNPICTIKA TNG £1kOVAg, o1 0TToieg, 010 Badud Trou emiBeRaiuvovial amd Tov
EAEYXO pE TTpayMaTIKG dedopéva TnAeavixveuong, odnyouv ot aflOMOTA CUMPTTEPAOMNATA YIa TIG
duvartdTnNTEG Kal TOug TTEPIOPICHOUS Tou uTTd peAéTn deiktn BAdoTnoNG.
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ABSTRACT

ASSESMENT OF THE TVI VEGETATION INDEX WITH THE AID OF
PROBABILITY THEORY

Skianis G. Aim.", Vaiopoulos D.", and Nikolakopoulos K.?

" Remote Sensing Laboratory, Faculty of Geology, University of Athens, 157 84 Athens.
skianis@geol.uoa.gr, vaiopoulos@geol.uoa.gr

216D GROUP, Vyronos 6, 152 31 Athens. knikolakopoulos@geol.uoa.gr

In the present paper the statistical behaviour of the Transformed Vegetation Index TVI is
studied. TVI is defined by:

u= [2=X (1
X+t

or, alternatively, by:

gl i L @)
x+y

u is the numerical value of the vegetation index. x and y are the brightness values of the near
infrared and red zones, respectively. Relation (1) defines the vegetation index TVI. Relation (2)
defines the vegetation index TVI'.

Using appropriate distributions to describe the histograms of x and y channels, and taking into
account certain theorems from probability theory, the expressions for the distributions of TVI and
TVI' values are deduced. According to these expressions, the standard deviation of TVI image is
larger than that of TVI', as well as NDVI (Normalized Difference Vegetation Index). The prevailing
value of the TVI' histogram is located at the right part of the tonality range. Therefore, according to
the mathematical analysis, the TVI image has a better contrast than that of the NDVI and TVI'
images. The TVI' has a diffuse luminance.

The theoretical predictions were tested with a Landsat 7 ETM image of Zakynthos Island
(western Greece) and they were found to be in accordance with the satellite data. It was also
observed that lineaments with a dark tonality are expressed more clearly in the TVI image than in
the TVI' image.

The general conclusion is that the TVI vegetation index is preferable from TVI', since the former
produces images with a larger standard deviation and a better contrast than the latter.

The results and conclusions of this paper may be useful in geological and environmental
research , for mapping regions with a different vegetation cover.

1346


http://uoa.gr
mailto:knikolakopoulos@geol.uoa.gr

Aehrio g EMnvikrg Mewoyixrg Etaipiag Top. XXXVI, 2004 Bulletin of the Geological Society of Greece vol. XXXVI, 2004
Npaxmikd 10 AigBvolg Zuvedpiou, Ocalvikn Ampikiog 2004 Proceedings of the 10" International Congress, Thessaloniki, April 2004

A FREEWARE PACKAGE FOR THE ANALYSIS AND INTERPRETATION
OF COMMON-OFFSET GROUND PROBING RADAR DATA, BASED ON
GENERAL PURPOSE COMPUTING ENGINES

Tzanis A. and Kafetsis G.
Department of Geophysics and Geothermy, University of Athens, Panepistimiopoli, Zografou 157
84, Greece, atzanis@geol.uoa.gr.

ABSTRACT

The Ground Probing Radar (GPR) has become an invaluable means of exploring shallow struc-
tures for geoscientific, engineering environmental and archaeological work. At the same time, GPR
analysis software is mostly proprietary and expensive. The academic freeware community has
been slow to react the limited free software is usually highly focused and generally unorganized.
Herein we report the beginning of an attempt to remedy this situation with a cross-platform freeware
analysis and interpretation package, which can also be expandable and customizable to the re-
quirements of a particular user with relatively little programming effort. Almost ideal platforms for the
development of such a kind of software are general purpose computing engines, such as MAT-
LAB™ and/or OCTAVE. These provide two very similar, cross-platform and complete environments
for the development of advanced analysis software. We have designed a two-layered software sys-
tem. The Bottom Layer comprises a set of self-contained and self-documented functions to handle,
visualize, process and interpret GPR data and is expandable with addition of a user's own func-
tions. The Top Layer organizes these functions, automating data management and streamlining the
flow of work by means of a GU Interface. At the present stage of development, this GPR analysis
offers a decent and in many respects advanced means of treating and interpreting common-offset
data; future releases may even become competitive, if maintained and developed by collective ef-
fort along the spirit of the GNU project.

I INTRODUCTION

The Ground Probing Radar (GPR) has become an invaluable and almost indispensable means
of exploring shallow structures for geoscientific, engineering environmental and archaeological
work. At the same time, GPR analysis software is mostly proprietary and usually available from
GPR manufacturers or a handful of other vendors (e.g. REFLEX by Sandmeier Engineering; GRO-
RADAR™ by Garry Olhoeft at http://www.g-p-r.com/links.htm, etc.)

There are only two exceptions. A good but quite limited freeware package provided by the
USGS (Lucius and Powers, 2002), which will never work in non-Microsoft platforms and due to the
particularities of its graphics drivers has even problems working in Windows XP. The second free-
ware package is the Radar Unix by Grandjean and Durand (1999), which is limited to Unix and
Linux platforms; it does not work in Windows, OS2 or Macintosh systems unless they're augmented
with the CygWin Linux emulator, and then under conditions. Furthermore, RU draws processing
power from the Seismic Unix (SU) analysis system, but as it is based on an outdated version of SU,
it requires extensive overhaul. Both freeware packages are written in C, while RU’s graphical inter-
face (Xforms) is written in C++. This renders both of them rather unwieldy to modification or aug-
mentation by the average practitioner.

The academic freeware community has been slow to react on this issue and the limited freely
distributed software is usually focused on very particular problems (mainly data input / output), gen-
erally unorganized and so diversely programmed, that it cannot form a consistent basis for the reli-
able manipulation of GPR data.
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Herein we report the beginning of an attempt to remedy this situation with a freeware analysis
and interpretation package, which can be truly cross-platform, as well as expandable and custom-
izable to the needs of a particular user, with little programming effort. Although easy to say, this
would be a truly demanding and ambitious undertaking, had it not been for the existence of power-
ful, general purpose computing engines. On this basis, the realization of such a project is feasible
because a computing engine will generally provide a complete high level programming environ-
ment, inclusive of graphics, which facilitates the development of advanced software because all the
complexities pertaining to low level interfacing, programming and functionality are taken care by the
engines themselves. This is much easier and faster than building programs from scratch in some
conventional high level language such as C, C++ or FORTRAN. A cross-platform package is also
possible because computing engines are usually made for, or transportable to more than one oper-
ating systems.

2 CHOOSING THE APPROPRIATE ENGINE(S)

General purpose scientific computing engines are not many: The most commonly available are
the proprietary IDL™ and MATLAB™ and the freeware OCTAVE and SCILAB. Of course, there is
an abundance of other (proprietary or non-proprietary) scientific data analysis software, which is
generally not suitable for our purpose because it is usually specialized (e.g. statistical analysis,
curve fitting, data modelling, graphics etc.) and does not provide a sufficiently general and versatile
enough programming environment for the development of integrated programs.

MATLAB and OCTAVE are, to a certain degree, complementary. They both provide the same
complete high-level programming language, which is furthermore fully vectorized, but is not as de-
manding as C/C++ or FORTRAN because all of the low-level functionality and interfacing is taken
care of by the engines themselves. Thus it is possible to create the same core software, which may
run in both engines. The fact that MATLAB is proprietary software while OCTAVE is freeware can
also be advantageous because the core software will work for everybody, even for those who can-
not afford MATLAB.

On the other hand, MATLAB being proprietary enjoys continuous and dedicated support and
development and is definitely richer in tools and more functional, in that it offers very extensive
graphical and GUI capabilities and a multitude of programming shortcuts. OCTAVE offers limited
GUI support unless operated together with additional freeware packages to which it may link dy-
namically. Such are, for instance the graphics package PLplot, which is also modelled on MATLAB
and the well known Tcl-Tk, which may provide GUI support (e.g. via the Tk_Octave interface by
Jodo Cardoso. Thus, the combination OCTAVE/ PLplot / Tcl-Tk could offer a quite cumbersome to
build, but totally free and quite decent substitute for MATLAB.

In short, the complementarities of MATLAB and OCTAVE allow for the development of software
which, with relatively minor changes may work in all platforms and operating systems in which
MATLAB can be installed (that is practically everywhere), as well as all platforms in which OC-
TAVE/ PLplot/ Tcl-Tk can be installed. The latter includes all flavours of UNIX and LINUX, but also
the Microsoft Windows family of operating systems, provided of course they're augmented with the
appropriate version of the (free) CygWin Linux emulator. Such versatility is not enjoyed by other
computing engines.

3 DESIGN AND IMPLEMENTATION

We have designed a two-layered software system, in which the boftom /layer comprises a suite
of scripts and functions to handle, display and process the data, while the top /ayer organizes these
functions, automating data management and streamlining the flow of work by means of a GU Inter-
face. As evident from the above discussion this interface has to be different in MATLAB and OC-
TAVE and therefore, the package must also comprise two clones: one for MATLAB (matGPR v1.0)
and one for OCTAVE (ocGPR v1.0). It is also possible to produce a basic (core) clone without GUI
support; this would provide only rudimentary dialog and messaging services through the engines'’
command windows and its functions would have to be invoked manually, but it would be truly plat-
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form independent and would work in both MATLAB and OCTAVE environments without any ado.
We will now attempt a concise description of the package.

3.1 The Top Layer

In effect, the Top Layer is a long script that organizes the bottom layer functions and automates
data management according to the flowchart of Figure 1. The physical appearance of the GU Inter-
face is shown in Figure 2 (matGPR only).

r

CURRENT INPUT
DATA

SHOW
INFORMATION

SAVE [
EXPORT

PROCESS

l

75 | o

DISCARD

Figure 1. The flowchart of a typical GPR data analysis session with matGPR and ocGPR.

# matGPR

7

Data Info

Basic data infromation will be displayed here '

S i s

GUI op Layer that realizes the flowchart

FigUre 2. Physical appearance of the matPR home window, i.e. ofte
of Figure 1.

The design philosophy is quite simple: work flows in a continuous cycle between the “current in-
put data”, i.e. that data before some processing operation (step) and the “output data”, i.e. the data
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resulting from this operation. The user imports, displays and inspects the current inout data with the
appropriate choices under the “Data” and “Plotting” menus. Then he/she decides and applies a
processing step and inspects the result. If satisfied, the user will ‘keep’ the result, replacing the cur-
rent input data with the output data and will cycle through the same procedure with a new process-
ing step. If not, he/she will ignore or discard the result and cycle with another processing step. An
example of this procedure is shown in Figures 3 and 4. While in Decision Node 1 (DN1), the user
may save or export the current input data. Soft and hard copies of the current input and output data
can be made at any time. Data management decisions are realized with the appropriate choices
under the “Data” menu (Figure 2 and Appendix 1), while the ‘next processing step’ is taken from
one of the tasks under the “Basic Handling”, “Filtering”, “Imaging” and “Modelling” menus (also see
Figure 2 and Appendix 1). Note also that some processes under the “Plotting” menu (viewing of
traces and spectra) can run parallel to the main processing cycle and automatically update them-
selves.

3.2 The Bottom Layer

This comprises a set of self-contained and self-documented scripts and functions to visualize
process and interpret GPR data. Any function can be called individually to perform a task or part of
a task. For instance, the call [tz, z, nz, dz, ddm] = ttoz(traveltime, d, dt, v1d), will take the two-way
traveltime, the two dimensional (time - distance) radargram d, the sampling intervai df and the one-
dimensional velocity-thickness profile v71d, will perform a time-to-depth conversion and will return
the a traveltime-depth vector (fz), a depth vector (z), the number of depth estimates (nz), the depth
sampling interval (dz) and the converted depth - distance radargram ddm, re-sampled at intervals
dz. The invocation help ttoz (without arguments) will display the embedded self-documentation
(help facility). The Bottom Layer is expandable with addition of a user’s own functions.

The tasks available at the present state of development are detailed in Appendix 1. The soft-
ware is organized in 6 basic units: Data (management), Plotting, Basic Handling, Filtering, Imaging
and Modelling (Figure 2 and left column in Appendix 1). Each unit comprises a number of homolo-
gous task groups as shown in the middle and right columns of Appendix 1 (where they are indi-
cated with common shading). Each task may require one or more functions to perform.

The package can accept data in the formats of the most common GPR manufacturers (GSSI
and Mala geophysics and shortly, Sensors and Software (Pulse EKKO). Because the package is
currently developed for common-offset surveys, only single-channel data files are acceptable. Data
stored in SU and SEG-Y Revision 0.0 formats can also be imported. With reference to the latter, it
should be noted that because of the outdated IBM floating point format used for storage, it has
proven to be more reliable to convert the data with an external, well tested C language routine. We
have implemented the program “segyread” from the SU suite, which is called by our “readsegy”
function to convert the data to an interim SU format file that is subsequently imported with native
routines. Once read, the data can be saved in native binary format (MAT files) for faster and easier
subsequent access. Data generated at different processing stages should also better be stored in
this format. For distribution or exchange, the data can be exported to SU and SEG-Y format files.
For the reasons quoted above, the external SU program “segywrite” is implemented.

Data visualization options include image (colour-coded) displays with several colour maps for
better discrimination of the details, wiggle-trace displays and variable-area displays. It is also possi-
ble to plot and scrutinize individual traces and trace spectra in individual figure windows.

Basic data handling includes graphical determination and adjustment of time-zero, removal of
the global mean (background trace), dewow and gain manipulation. The latter includes Automatic
Gain Control (AGC) functions, both in the standard form and with Gaussian tapering (for an exam-
ple see Figure 3). A gain function of the form g(t) = s*°, can also be interactively applied. A graphi-
cal routine to facilitate manual design of range-gain functions is nearing completion. Additional han-
dling facilities include resampling (increase or decrease of the recording rate) in time and in space
(along the scan line), using the versatile bandlimited sinc interpolation algorithm of Smith and
Gosset (1984).
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Figure 3. A snapshot of a processing session. The matGPR home window can be seen in the background (top
left); the “current input data” is in the middle ground (“GPR Data”) and comprises an apparently featureless sec-
tion. The “output data” is in the foreground (“Processed GPR Data”) and shows the same section after an AGC
operation, revealing the existence of multiple diffractors buried in a trench. This data set has been distributed by
Grandjean and Durand (1998).

Figure 4. Snapshot of the next processing step: The AGC'ed data have now become “current input data” and
the new “output data” shows the time-migrated section (Gazdag, 1978), in which it is possible to observe the
outlines of the trench and the locations of the diffractors.

For GPR instruments not equipped with survey wheels or other automatic distance measuring

and triggering device, a suite of marker interpolation routines is also provided, so as to transform
data collected at equal-time spacing mode, to data at equal-distance spacing. This suite of routines
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also facilitates the three-dimensional determination of trace locations, with respect to some local co-
ordinate system. Such information is necessary for the application of static corrections prior to im-
aging, as well as for 3D data visualization among other things.

Smoothing facilities include mean and median spatial filtering in one and two dimensions. Be-
cause this type of filtering is computationally intensive, an external Fortran 90 program is employed
to do the heavier part of the work. It should be noted that both MATLAB and OCTAVE workspaces
are basically interpreters of their programming language and therefore inherently slow when se-
quential number crunching in nested loops is necessary and unavoidable. In this case, external
compiled programs callable from within functions can offer a very fast solution to such problem. Ad-
ditional spatial filtering techniques include the removal of a sliding window mean (background)
trace. This will remove small horizontal features (coherent signal) from the data and may be used to
expose reflections that dip at high angles, (removing for instance most reflections due to hydro-
geologic sources). It is also possible to remove the sliding-window’s “foreground” traces: the back-
ground trace is assigned to the centre trace in the sliding window rather than being subtracted from
the data. This will remove high-angle reflections, for instance to expose the sub-horizontal hydro-
geologic features (a dip filter).

The software also provides for zero-phase FIR filtering of the frequency content (applied ‘verti-
cally’ to traces), and of the wavenumber content (applied ‘horizontally’ to — equally spaced — scan
lines). All types of filters are available (low / high / band pass, band stop and notch). All filters can
be designed interactively (graphically) and tested before they're applied to the data. Finally, this
suite of functions is complemented with an interactive F-K filter design and implementation routine,
facilitating the application of zone pass / stop filters, fan (velocity range) filters and updip/ downdip
mapping in the frequency — wavenumber domain.

The package also offers a number of imaging and modelling tools to assist interpretation. These
include velocity analysis by interactive fitting of diffraction front hyperbolae (assumes non-
dispersive propagation). Advanced interpretation tools include static corrections, F-K migration for
layered velocity structures (Stolt, 1978), Phase-shifting migration for layered velocity structures
(Gazdag, 1978), Split-step F-K migration for 2-D velocity structures (Stoffa et al., 1990, Sena et al.,
2003) and time-to-depth conversion (see Figure 4 for an example). Note that migration is a compu-
tationally intensive business, involving integrations with multiply-nested loops. This would cause the
MATLAB and OCTAVE interpreters to run slowly and would delay the results. As before, this prob-
lem is remedied with external, compiled Fortran 90 code callable from within the migration functions
to perform the heavy duty work.

Finally, interpretation can be aided with 2-D forward modelling tools. These includes a model
designer and constructor, which in the MATLAB clone is fully graphical and facilitates the easy and
fast creation and editing of models comprising multiple bodies of polygonal, circular or elliptical
cross-section, with point-and-click operations. In the OCTAVE clone, due to the less advanced de-
velopment of PLplot, this tool is a hybrid and is based on a different approach. The models can be
stored in disk and can be recalled for the calculation of 2D velocity profiles (to be used for Split-step
migration) as well as for modelling. The modelling technique implemented herein is in effect adjoint
Split-step imaging with the algorithm of Bitri and Grandjean (1998), appropriately adapted for the
requirements of our package. Here as well, the main number crunching routine is an external C or
/and Fortran 90 program fashioned after the program “radar2d4” of the above authors.

3.3 Additional features

A useful side-kick is the possibility to import / export of data in SU format. This provides the ca-
pability for invoking the power of SU from within MATLAB or OCTAVE, to perform even more com-
plex data manipulations. The invocation of SU programs can be done at the fingertip (using the sys-
tem call functions of MATLAB or OCTAVE), or through more complex scripts and functions that
make system calls and can work in tandem with the main package. This facility is readily available
in Unix, Linux and MS Windows/CygWin systems, and even pure MS Windows systems if there will
ever be a free and functional porting of SU to these platforms — the only existing effort by Hugh
Winkler (SUNT) is not easily accessible or fully operable.
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4 EPILOGUE

At the present stage of development matGPR and ocGPR provide a broad and functional range
of tools for the analysis of common-offset GPR data. Nevertheless, they are still infant and incom-
plete! For instance, they do not offer deconvolution facilities, which would be a valuable addition;
these are currently on the drawing board and will be implemented in the immediate future. One can
also think of several other processing tools and shortcuts that may be included in (near) future re-
leases, adding to the power of the package(s).

We consider useful to point out that at this stage, matGPR and ocGPR do not aspire to become
real substitutes for commercial analysis programs, which have been developed, debugged and per-
fected for long. However, the do offer a very decent and in several aspects advanced means of
treating common-offset data. We believe that they have the potential to become highly competitive,
if maintained, developed and expanded over time with contributions from other authors, along the
spirit of the GNU project. Both packages will be freely available through personal communication
and over the Internet, in the immediate future.
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APPENDIX 1

The following list presents the task groups and tasks available in matGPR v1.0 (Trial) and
ocGPR v1.0 (Trial). Note that one task may require more than one function to perform and vice
versa. Task groups are indicated with similar shading.

| Import raw data : GSSI (DZT) format
' Maéla (RD3) format
Seismic Unix format

SEG-Y format

. Keep processed data
Discard processed data

Export data > Seismic Unix format
SEG-Y format

TR =z
- Select display mode = image (colour scale)
wiggle traces

variable area
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Resample traces
| Resample scan line
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EYBOIAXZ ME BAXH TIZ METABOAEZ THX NEPIEKTIKOTHTAZ TOY
PAAONIOY ZTA YTNOIEIA NEPA.
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r Mavemaoriuo ABnvwy, Tunua ewAoyiag
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® IFME, Megoyeiwv 70, ABriva 11527

MEPIAHWH

ZnuavTikéG HETABOAEG TNG TUYKEVTPWANG Tou Padoviou ata utrdyela vepd, TTapatnerénkav arig
29/7/2003, gro otaBuo pétpnang Twv Kappévwy BoupAwv. O1 peTaBoAég auTég eival atroTéAeopa
TWV TTPOCEICHIKWY TATEWY TTOU avaTITUCOTOVTOI KAl £X0UV 0QV QTTOTEAETUO TOV TTPOCWPIVO EPTTAOU-
Tiopd Tou udpo@opou opifovia ge padovio MNa Tnv UTapén Twv PETABOAWY QUTWYV EVNUEPWONKE
apéowg o OAZNN. Znig 3/8/2003 kataypd@nke, o€ DIGOTNHA HEPIKWY WPWV EVAG TNUAVTIKOS apiBuog
oglopIkwy dovrioewv atnv Bépeia EUBola. Ta eTTikevTpa TwV OEICHIKWY QUTWY dOVATEWY TOTTOBE-
TOUVTQI OTNV voNnTH Ypauurf PETAgU Tou ETTIKEVTPOU Tou WEYAAOU OEIONOU TNG ZKUPOU Kal TnG B€ong
Tou oTaBpoU WETpnong Padoviou ota Kapuéva BoupAa. AnAadr) atnv TTpoéKTACn TOU PriypaTog Tou
Bopeiou Alyaiou.

Zig 23/1/2003, Trapouadidatnkav oTov idio oTabud pétpnong 3 onuavTikég HETaBoAES Tou Pado-
viou. Eidotroiiénke o OAZIN yia emikeipevn ogiopikr) dpaatnpidtnta atn Bopeia EGRoia. ZTig 29 la-
vouapiou éyivav TTpayHaT! TPEIG OEITIKEG DOVATEIG UE TO ETTIKEVTPO TOUG Va EUPIOKETAN TTOAU KOVTG
oT10 oTaBud péTpnong Twy Kappévwy BoupAwy.

211 2/2/2003, TTApOUCIGOTNKE VEQ onuavTikA HeTaBoAr Tou Padoviou otov Z1abuoé Twv Kappé-
vwv BoUpAwv TTou etriong auvodeltnke amd oeiguikr dovnon (7/2/2003) pe 1o idlo eTikevTpo. ZTIg
12/2/2003 og emioToAr TTou ameuBUvape oTtnv dioiknon Tou OAZI, avagepdrav n Evapén véag pe-
raBoArc Tou Padoviou Trou £mmiong katéAnge ot oeiopikh dovnan pe etmikevipo atnv B. EGBoia aé-
vavTl atré Tov oTaBpo Twv Kappévwy BoupAwy.

O1 peraBoAég Tou karaypdeovral oto cloTnua pérpnong Padoviou trou gival TotroBeTnuévo
otnv mepiox Twv Kapuévwy BoupAwy, Tponyolvral Kard 4-6 nUEPES, OEICHIKWY dOVATEWY TTOU
ouvO£ovTal PE TNV TTPOEKTACN TOU priypdaTog Tou B. Alyaiou pog Tnv Zteped EAAGSa kal £xouv TO
emikevrpd Toug otnv B. EURoia. H péBodog @aivetal 611 Ba aTroTEAETE! £va onUAVTIKG EPYAAEio aTnv
BpaxutrpOBeaun TTPOYVWON CEICPIKWY BOVACEWY, OE TOTTIKO ETTITTEDO.

1 EIZAFQrH

O1 petaBoAég atnv mepiekTikOTNTG Tou Padoviou oTa UTTOYEIQ VEPG TTPIV GTTO TOUG OEIONOUG TTa-
patneEfienkav yia TpwTn Qopd katd Tov peydAo oeiopd Tng Taokévdng 1o 1966 (Ulomof &
Mavashev, 1971). O1 peTaBoAég autég Bewpolvtal amrd TOTE gav £va OTTd Ta ONUAvTIKOTEPA TTPO-
Spopa QaIVOPEVA TWV CEICHWY. Xpnaigotroifénkav yia TV eITUXr TPOYVWON TwWV HEYGAWV OEl-
opwv Tng Kivag To 1975 kai 1976 (Group of Hydrochemistry, Seismological Brigade of Hebei Prov-
ince, 1976).

INUOVTIKEG HEAETEG TNG PETAROANG TNG TEPIEKTIKOTNTAG Tou Padoviou ota utrdyeia vepd PE OTOXO
™MV TPOYVWAN CEICUWY Yivovral otnv lamrwvia amé 1o 1973, kupiwg amd To Laboratory of Earth-
quake Chemistry Tou MavemoTtnuiou Tou Tokyo e emikepahrg Toug Kabnyntég H. Wakita kai K.
Notsu. To 1977, avémrTuéav péBodo autdpaTng, ouvexoug PETPNONS TWY PETABOAWY TNG TTEPIEKTIKO-
rag Tou Padoviou atnv aépia @aan trou dlaxwpideral, We 101K OUOKEUR, GTTO TO UTTOYEIX VEPA
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piag epioxns (Noguchi & Wakita 1977) kai pe Tautdxpovn autoparn JETPNON Kal GAAWV TTapapé-
TPpwV (Beppokpacia, UYPog VEPOU KATT).

Ao 10 1977 péxpl onuepa n pEBOSOC QUTH QVaTTITUCOETOI CUVEXWS Kal EXOUV TTPOKUWE! onua-
VTIKG atroTeAéopaTa TTou £xouv dnuoaicuTei oe diedvr) eplodika (Wakita et al., 1280, Wakita et al.,
1989, Wakita et al.,, 1991, Igarashi & Wakita, 1991, Notsu et al., 1991). Hon poévo oTnv eupuTEPN
eploxr] Tou Tokyo Aeitoupyouly, utrd Tnv euBUvn Tou Laboratory of Earthquake Chemistry Tou Ma-
VETTIOTNWiou Tou Tokyo, 18 otabpoi TapakoAoudnang Twv petaBoAwy Tou Padoviou o€ utrdyeia ve-
pd. H ouykekpipevn péBodog Bewpeital n AoV KATAAANAN yia TNV EupUTEPN TTEPIOXT TOU TOKyO €-
meIdr) oc avtifeon pe GAAeg peBODoUG (NAEKTPIKEG, PAYVNTIKEG KATT) Bev emrnpedleTal ommd TIg
avBpwTiveg BpacTnpIOTNTEG.

Tov ZemrtéuBpio Tou 1998, ata TAaigia epeuvnTIKOU TTPOYPAUHATOG TTOU XpnuarodoTeital atmd Tnv
larwviky KuBépvnon kai agopd Tnv PEAETN Twy PETABOAWY TNG TTEPIEKTIKOTNTAG Tou Padoviou (Rn)
otV aépia QAan UTTOYEIWV VEPWY TTRIV aTrd OEICPOUG, TOTTOBETABNKE CUOKEUN CUVEXOUG PETPNONG
Tou Rn, ¢ pia aé T1i¢ yewTprogig atd Tig oTroieg udpeleTal n TOAN TG ATaAAvTNG. ATro TIG HETPAOEIG
TIPOEKUWE OTI UTTAPXAV XAPAKTNPIOTIKEG HETARBOAEG OTIG TIHEG TOU Rn mrpiv atmd GAeg TIG OEIopIKEG Do-
VIAOEIC TTOU £YIVAV OTNV TIEPIOXN TOU priypatog Tng ATaAdving (Mntpotroulog et al, 2001). H mpoow-
piviy algnon TNG CUYKEVTPWONG TOU padoviou OTov UTTOYEIO UBPOPOPO OpIovTa, OPEIAETAI OTNV aTTE-
AeuBépwon Tou atrd Ta TEPIBAAAOVTA TTETPWHATA, OTA OTToIa Eival EYKAWRIOHEVO XWPig va OXNUATICEl
EVWOEIG, AOYW TWV EAACTIKWY TACEWV TTOU QvaTITUCTOVTAl TTPIV TTO TNV £KBAWON EVOG OEICHOU.

Me Bdon 1o TTAPATTAVW GNUAVTIKA OTTOTEAETUATA, KAl PE TNV Xpnuatodotnan mg lamwvikAg Ku-
Bépvnaong kai Tou OAZI, ToTroBeTriBnKav cuogkeuég pétTpnaong Padoviou og BeuTepn yewTpnaon, duTiKA
NG AtaAdvtng, ota Kaupéva BoupAa kai ato Kpuovépr ATTIKAG TNV TTEPIOXT Tou priyparog Tng Mdp-
vnoag.

2ty Trapolaa epyacia TTapouaiddovial ONUAVTIKG aTToTEAECHATA PETPATEWY TToU eAn@Bnoav
ato aTaluo pétpnong Padoviou Twv Kappévwy BoupAwv.

2 AMNOTEAEZIMATA METPHZEQN

To ocUotnua pétpnong Padoviou Twv Kappévwy BoupAwv eival TorroBetnuévo, amd to
2000, og @uaiki TTNyr TTou XpnoldoTtrolgital amd 1o Afuo yia Tnv udpodoTnon Tng TTOANG.

IxApa 1: Kappéva BoupAa (lovAiog 2001)
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TINAKAZ 1. Kardhoyog aeiopwv amd 1/8/01-3/8/01 (atré Mewd. Ivat. EBv. AoTep.)
Date Time North  East Depth M

(GMT) (N (E) (km) (Local)
2001 AUG 3 0021115  38.77 2357 10 2.7

2001 AUG 3 05 00 20.2 38.80 2359 10 2.9

2001 AUG 3 2054 6.9 38.83 23.53 10 2.8
2001 AUG 3 2108 54 38.82 23.54 5 2.8

2001 AUG 3 23 40 20.7 38.73 23.43 10 238

Tov lovAio Tou 2001, Tnv Trepiodo PETG TOV HEYGAO OEIOUO TNG ZKUPOU N TTEPIEKTIKOTTA Tou Pa-
doviou oTo vepd TTapouciace anuavtikg petaBoAn ( Zx. 1). H petaBoAl autr) dev PUTTOPOUCE va
ouvdéeTal oUTE TOTTIKA OUTE XPOVIKA WE TOV OEIONO TNg ZKUpou. MNa tnv Utrapén Tng PeTaBoAng au-
TAG EVNHEPWONKE apéows o utrelBuvog amd Tov OAZIM yia TNV TTapakoAoUBnon Tou epeuvnTIKOU
mpoypapuatog Ap. M. ZiRévag.

Omrwg paiveral amd Tov KaTAAOYo Twv CEICHWY £KEVNG TNG TTEPIGdoU ( Mewduvapikéd lvaTitouTto
EBvikoUu AOTEPOOKOTTEIOU), EKTOG QTTO TOV PEYGAO apPIBUO TWV PETOCEIOUIKWY JOVATEWV TOU OFl-
opou TNG ZkUpou, TRV 3" AuyouoTou £yive, OE BIGOTNPA HEPIKWV WPWY VOGS ONUAVTIKOS apiBpuog
oelopikwy dovigewy atnv Bopeia EvBoia (Miv. 1). Ta emikevTpa Twy CEITUIKWY auTwy dovigewy
ToTTOBETOUVTAN OTNV VONTHA YPAUUN HETAEU Tou ETTIKEVTPOU TOU pEYAAOU OEIOHOU TNG ZKUPOU KaI TNG
Béang Tou oTaBuou pérpnong Padoviou ata Kapuéva BoupAa.

ATTO YEWAOYIKEG KOl YEWQPUUTIKEG EPEUVEG TTOU YivovTal aTo TuRua MewAoyiag Tou MNavemornuiou
ABnvwv (Kpdvng, 1999) gaivetar 611 To priyda Tou Bopeiou Alyaiou TTpoekTeiveTal TTpog TNV TEPIOXN
Twv Kappévwy BoupAhwyv. OewpnBnke eopévwg moavé 6T, ol petaBoAés Tou Padoviou rou kara-
ypdgovral oto guoTtnua pérpnong twyv Kappévwy BoupAwv va ogeilovral o€ GEICUIKEG DOVAOEIS
TToU cuvOEovTal HE TO PAYHA QUTO.

Ing 23 lavouapiou Tou 2003, TapoucidoTnkav 3 onupavTikég PETaBOAEG Tou Padoviou ( Zx. 2)
oTov Z1aBpd Twv Kappévwy BolpAwv. Apéowg evnuepwBnke n dioiknan Tou OAZN yia eTTIKEIPEVN
oelopiIk dpaoTnmoéTTa oTn Bopeia EURoa. Img 29 lavouapiou £yivav TTPAyHATI TPEIG OEIOMIKEG
OoVvroEIg, PE TA ETTIKEVTPA TOUG va €UPIOKETAl TTOAU KOVTA OTO OTaBud péTpnong Twv Kappévwy
BoupAwv (Miv. 2).

Ing 2 Pepouapiou Tou 2003, TTAPOUCIAOTNKE QKON MIO gnuavTikr PETaBoAr; Tou Padoviou
oTov Z1a6ué Twv Kappévwy BoupAwv Trou eTTiong ouvodeUTnke amd aelopikh dévnan (7/2/2003) ue
T0 id10 etikevTpo (MMiv. 2).

Zng 12 deBpouapiou ot emoToAf Tou ameuBivape otov OAZIM, avagepdtav n évapén véag
onuavTikig peTaBoAric tou Padoviou ( Xx. 3) mou emiong karéAn§e oe ociopiky dévnon v
20/2/2003, pe emikevipo otnv B. EGBoia amévavrl amd tov atadud Twv Kappévwy BoupAwyv otnv
TEPIOXN TWV ETTIKEVIPWYV TWV CEICHIKWY Sovrigewyv Tng 3/8/2001.

MNINAKAZX 2. KatdAoyog ogiopwv atré 28/1/03-7/2/03 kai amd 15/2/03-24/2/03 (a6 Mewd. Ivot. EBv. AaTep.)
Date Time North East Depth M

(GMT) (N (E) (km) (Local)
2003 JAN29 0213 6.3 38.70 2275 5 2.8
2003 JAN 29 0244 6.8 3873 2268 4 2.7
2003 JAN29 0909 3.9 3875 2282 13 34
2003FEB 7 1306528 3872 2279 10 3.2
2003 FEB 22 022316.3 13874 2347 23 3.5
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IxAua 2: Kappéva BolupAa (lavouvdpiog 2003)
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3  ILYMIMEPAZIMATA

A6 10 TTapaTTAvVW TTPOKUTITEN OTI 01 METABOAEG TNG CuYKEVTPpwang Tou Padoviou atnv aépia @a-
an TWV UTTOYEIWV VEPWY, TTOU KATAYPAMOVTAI OTO CUCTNPA PETPNONG TToU Eival TOTTOBETNHEVD OTNV
mepioxn Twv Kapuévwy BoUpAwyv, TponyoUvTal katd 4-6 nuépeg OEIOUIKWY JOVATEWY TTOU OUVDEo-
VTQI JE TNV TTPOEKTAON TOU priyparog tou B. Alyaiou Trpog Tn Zteped EAAGDQ kan €Xouv TO ETTIKEVTPO
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Toug oTnv B. EuBoia atrévavt atrd 1o onpeio Trou TOTTOBETEITAI 0 OTABPOG PETPNONG. ZNUEIWVETAI, N
EMTUXNG TTPORAEWN TETOIWV OEIOPIKWY dovAoewv otnv TreploxXr (lavoudpiog kai PeRpoudplog
2003).

AvrioToixeg HETABOAEG TNG ouykévTpwong Tou Padoviou atnv aépia @aaon Twv UTTOYEIWV VEPWV
TapaTNEARBNKavV Kal oTa CUCTAKATA PETPNONG TGO TNG ATaAdvTng oo kal Tou Kpuovepiou. O1 pe-
TaBOAEG auTég, TTponyouvTal KaTA 4-6 NUEPEG OEIOHIKWY DOVATEWY TTOU GUVIEOVTOI PE TA PRYHOTA
NG AtaAdvtng kai Tng MdpvnBag avrioToixa. MPETEl va onueiwBei 6T Kai OTIG TPEIS TTEPIOXES (Kap-
péva BoupAa, AtaAdvtn, MdpvnBa) utrdpxel TTARPNG avTiaToixia Tou apiBuou Twv TEITUIKWY dovr-
otwv (M > 2.5) pe Tov apiBud Twv HETPOUHEVWY HETABOAWY Yia TIG XPOVIKEG TTEPIGDOUG TTOU Eival O
AeIToupyia Ta cuoTiuaTa HETpnong Tou Padoviou.

Emopevo otadio Tng £peuvag gival n TOTTOBETNON TPIWY CUOTNUATWY PETPNONG OE KABE TTrEPIOXN
woTe va eival duvarog o akpIBrG UTTOAOYIOHOG TOU PEYEBOUG TWV CEITPIKWY JOVATEWV.

ZUPTTEPOOUATIKG, QaiveTal 6T n péBodog uTTopEl va atroTeAéoel éva eEQIPETIKO pyaAEio yia TNV
BpaxutrpoBeaun TPORAEYN CEIOUIKWY SOVATEWY OE TOTTIKO £TTiTEdO.

EYXAPIZTIEX

O1 ouyypageic BEAouv va guxapiotrigouy TNV lamwviky KuBépvnan, Tov OAZM kai 1o E.K. MNa-
VETTIOTAIO ABNVWY, yia TNV XpnuatodoTtnan tng épeuvag. Emiang Tov k. E. MixanAidn, nAektpovikd
Tou Topéa Oikovoikrg MewAoyiag kai Mewxnueiag Tou MavemaTtnuiou ABNVWV IO TNV TEXVIKY] ETTi-
BAewn NG épeuvag. TEAOG o1 auyypageig BEAOUV va euxapioTHoouV Toug Anudpxoug Twy Kaupévwy
BoUpAwv, Tng ATaAdvTng Kai Tou Kpuovepiou yia TNV CUNTTapGoTaor TOUG.
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ABSTRACT

EARTHQUAKE PREDICTION IN THE AREA OF N. EVIA ON THE BASIS OF
GROUNDWATER RADON CONCENTRATION CHANGES

P. Mitropoulos’, K. Notsu?, N. Delibasis', N. Kakavas® and P. Voudouris'
! University of Athens, Department of Geology

2 University of Tokyo, Department of Earthquake Chemistry
? |.G.M.E., Mesogion Str. 70, 115 27, Athens

Significant changes in the groundwater radon concentration, were observed on the 29/7/2003,
at Kammena Vourla. The radon concentration changes can be attributed to the temporary enrich-
ment of the groundwater by radon from the surrounding rocks due to the action of stress release or
stress accumulation prior an earthquake. EPPO was immediately informed for the existence of
these changes.

On the 3/8/2003, a significant number of earthquakes in Northern Evia were recorded in an
interval of a few hours. The epicentres of the earthquakes were located in the conceivable line be-
tween the epicentre of the strong earthquake of Skyros island (July 2001) and the site of the station
of radon measurement at Kammena Vourla, on the extension of the Northern Aegean fault.

In the 23/1/2003, in the same station, 3 significant changes of radon concentration were
measured EPPO was immediately informed for impending seismic activity in Northern Evia. On the
29" of January three earthquakes were recorded. Their epicentres were located in N. Evia, close
to the radon measurement. station.

On the 2/2/2003, a new significant radon change occurred at Kammena Vourla followed by an
earthquake (7/2/2003). In the 12/2/2003 in a letter that we addressed to the EPPO administration,
the beginning of a new radon change was reported which also led to an earthquake with the same
epicentre.

The changes that are recorded in the system of radon measurement of Kammena Vourla are
precursors of earthquakes, related to the extension of the N. Aegean fault towards the Sterea Hel-
las and have their epicentre in N. Evia. It seems that the method can be an important tool for local,
short term earthquake prediction.
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LONG TEMPORAL VARIATION OF SEISMIC PARAMETERS FOR. SEISMIC
PATTERNS IDENTIFICATION IN GREECE

Baskoutas |.", Panopoulou G. ', Papadopoulos G.?2
"National Observatory of Athens, P.O. Box 20048 118 10 Athens i.basko@.gein.noa.gr,

zEarthquake Planning and Protection Organization, Seismotect. Div., Xanthou32, 15451 Athens

ABSTRACT

A new approach of detailed spatio-temporal variation analysis of seismic data is proposed by means of
FastBEE (Fast estimation of Big Expected Earthquake) aiming at the regional monitoring of seismic activity for
premonitory seismic patterns identification.

For the investigation of temporal variation, a set of seismic parameters is used, like the logarithm of the
number of earthquakes /ogN, estimates of b-value obtained by the maximum likelihood estimation model, time
clustering of seismic activity AR(t) and of energy released E*®, since they can be considered as precursory
seismological indicators. Earthquake catalog data, used in this approach, were elaborated in order to construct
the time series for each parameter within a time window, large enough, as to guarantee statistical meaningful
result.

The Hellenic trench-arc region under investigation is chosen in the basis of its seismotectonic
characteristics, in relation to the spatial extent of the seismogenic zone.

The tools were tested, for long temporal variation features in the lonian Islands Sea and the North Aegean
Sea regions and its successful applicability is presented. The rise of irregularity, along these temporal profiles,
was formulated in specific quantitative premonitory seismic pattern. In most of the cases, FastBEE premonitory
pattern found shows significant changes from the background values of each parameter. Parameter /ogN shows
a valley form curve, which start to increase before the expected earthquake occurrence, as well as the energy
parameter E?*, while b-value temporal estimates are forming a mountain shape curve, before the occurrence of
a big earthquake. Instead, parameter AR(f) present a rapid fluctuation, without any kind of premonitory
character :

| INTRODUCTION

Extensive researches on the general characteristics of earthquake precursors, particularly their
time variation and spatial distribution, are extremely important in studying the earthquake
prediction. Some theoretical and observational results about the temporal and spatial
characteristics of seismic parameters, acting as precursors, (Gusev, 1976; Sobolev et al., 1991),
have been formulated as premonitory seismicity patterns.

Thus several types of seismic patterns have been proposed (Habermann, 1981; Wyss, and
Baer, 1981; Keilis-Borok, 1982; Caputo, et. al., 1983 ; Kossobokov and Carlson, 1995; Press and
Allen, 1995; Shaw et al., 1997, Shebalin et al., 2000; Giovambatista and Tyupkin, 2000) world wide.
In addition, for Greek territory seismicity patterns have been also proposed by (Papazachos, 1981;
Papadimitriou and Papazachos, 1985; Karakostas et al., 1986). However, no premonitory seismic
regularity has been firmly established yet.

Identification of additional seismic patterns, which may reflect the geodynamic characteristic in
Greek territory, is the aim of this study. Thus long temporal variation of set of common seismic
parameters, depicting the characteristic of the seismic activity was considered.

Such parameters comprise the number and the time clustering of earthquake occurrence, b-
value estimates and the energy released. Their character, as seismological indicators, is related to
the seismogenic process and contains information that can be useful for seismic interpretation, as
well as, in earthquake prediction. (Mogi, 1962; Aki, K., 1965; Utsu, 1965, Scholz, 1968;
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Papazachos, 1974; Papazachos, 1981; Kuznetsova et al., 1981; Smith, 1981; Molchan and and
Dimitrieva, 1990; Wiemer and Wyss, 2002).

Long temporal variation of these common seismic parameters was monitored, to identify the
presence of a seismicity pattern. Analysis were performed by the mean of new software, FastBEE
(Fast expected Big Earthquake Estimation) tools, developed by Papadopoulos et al (2003) in
several seismic active areas of Hellenic territory. The Hellenic trench-arc system (Papazachos and
Comninakis, 1971; Comninakis and Papazachos, 1980), is seismically the most active tectonic
system in the whole Mediterranean region. Defined areas, within this system, have been chosen to
perform such temporal analysis, because of its geophysical, geodynamic and morphological
character.

2 SHORT DESCRIPTION OF FASTBEE SEISMIC PARAMETERS.

Application of FastBEE tools was based on the temporal analysis of a set of four seismicity
parameters, as they are described in the Papadopoulos et al., (2003). These parameters are the
quantity /ogN, i.e the number of earthquakes per unit time. Estimates of b-value, obtained by
means of the maximum likelihood estimation method (Gusev, 1976; Van Wormer et al., 1976;
Shoumilina, 1978), and the relationship proposed by Zavyalov and Sobolev, 1980, as follow:

b=lgl+— 2 |/aM

Z nNA/{mmw: M

n=0

With g, =1/ /N,

where Ny is the number of earthquakes in the time window considered for analysis; N is the number
of earthquakes in the magnitude range Mminsnam; N=0,1,2,3,4 ... is the weighting factor , Ay is the
unit of the magnitude range equal to 0.25 and oy, is the standard deviation of b determination.
Spatial clustering of earthquakes AR(t), were obtained with following relationship:

b
AR(t)=—) Ar,
O3

1=l

where

A =G =5+ Q=2+ -2 )

and energy released as:

N,
E(t) _ Z Ei2/3
1=l

where energy E is derived using the relationship, logE=1.5Ms+4.7, proposed by Papazachos and
Papazachos (2000) for Greek territory.

1363



79.5 20.0 20.5 21.0 21.5

Figure 1a. Seismicity map in the lonian Sea region during 1943-1963. Stars with number show the main events
reported in the table 1)
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Figure 1b. Seismicity maps in the lonian Sea region during 1966-1989. Stars with number show the main events
reported in the table 2)
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Figure 1c. Seismicity maps in the in North Aegean Sea region during 1970-1990. Nnumber show the main
events reported in the table 3)

3 DATA AND ANALYSIS

The data used in the calculations was taken from the Earthquake Catalog of Greece
(Comninakis and Papazachos, 1986) till 1965 and afterwards from the Earthquake Catalog of the
Geodynamic Institute, of the National Observatory of Athens (NOA), Greece.

Application of the FastBEE tools have shown, figure 2, that seismic data, for the period 1920 to
2004 present some clear, step like, increment in the mean b-value estimation, in the periods 1943
to 1965, 1966 to 1990 and 1991 to 2004, observation, which show how sensitive is parameter b to
the catalogue differences or incompetence. On the other hand this observation permits to consider
these time interval homogeneous for our purpose. For this reason temporal variation analysis were
performed within each previously mentioned homogeneous period. With regard to the accuracy in
the epicenter location, we consider the difference of the coordinates between successive
earthquakes and this procedure does not affect the temporal variation of the A(R).

All parameters were estimated from the sum N;s of the number of the earthquakes within a 19
months (in this work) time interval, especially b-values were attributed at the end of each time
window. Remarkable temporal variation of b can be considered when they exceed 10 or (70%).
Temporal variation for each parameter was obtained on overlapping time window running with step
of one month. To smooth out the irregularities of each time series a triangular window function - in
order to avoid significant side lobs-, is applied (Papadopoulos and Baskoutas, 2003).

The use of routine or worst, an incomplete earthquake catalogue, to obtain directly some
seismic parameters, it's a questionable matter. To overpasses the problem there area two
possibilities or by refining the earthquake catalogue, that is a very difficult task, either using a robust
analysis, like in the work, of existing data within the limits of its applicability. According to some
researcher the use of routine catalogs of earthquakes to describe the dynamics of seismic region
and derive precursory seismic patterns to make predictions can be useful too (Kossobokov and
Shebalin, 2003)
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Figure 2. Long temporal variation of logN, b-value estimates for the period 1943-2004, in the lonian Sea region.
Segments on b-value graph, shows the period of analysis (1943-1963 and 1966-1990)

4 CASE STUDY IN THE IONIAN SEA AND NORTH AEGEAN SEA REGIONS.

FastBEE tools, was applied for long and short time interval, covering the period of the
instrumental seismological observation in Greece, i.e. from 1900 to present, in two regions of
Greece, which have been affected by a series of strong earthquakes in the 20" century, August 12,
1953 Kephalonia and August 6, 1983 Lemnos earthquakes. The long temporal variation analysis at
lonian Sea region and North Aegean Sea comprises three periods, 1943 to1962, 1966 t01989 and
1970 to 1990 respectively.

An area of about 70Km? under investigation, in both regions are defined by the coordinates
37.6N, 38.9N, 20.0E, 21.5E and 39.3N, 40.6N, 24.0E, 25.6E, in order to cover the seismogenic
area of the examined earthquakes. In figures 1a, 1b and 1c the seismicity maps for all three
periods, 1943-1963 and 1966-1989 for lonian Sea, and 1970-1990 for North Aegean Sea regions
respectively, can be seen. Afterwards no significant seismic activity with strong earthquakes exists
in the examined areas. Before 1943 and 1970 for the lonian Sea and the north Aegean Sea regions
respectively, analysis can not be performed because of the lack of data (figure 2).

Results of these analyses are shown in the figures 3, 4 and 5 respectively. Output graph of the
seismic parameters drawings with their respective standard errors can be shown, in figure 3, 4 and
5. In the same graph the mean value (dashed line, parallel to time axis) of the respective parameter
for the entire examined time period and standard error 70 (continue lines parallel the mean line, in
both sides) can be also shown, as well as the number and magnitude of main strong earthquakes.
Seismic parameters of these earthquakes for both areas and periods are reported in tables 1, 2 and
3. Large standard errors of b-value in figures 3 and 5, reflect the data deficiency, but still they are in
the limits of the acceptance, showing thus the clear regular fluctuation of the temporal variation
especially for b-value and energy released.

Long temporal variation of the parameters estimates depicts a repeating regular wavy form
characteristic pattern. Qualitatively this pattern can be described by the clear and regular
fluctuation, which rise and fall in each time series signalize the earthquake occurrence. Namely, b-
value estimates, shows a clear mountain shape form and fore coming earthquake to be localized at
the end right slope.

In the opposite parameter E* passes a minimum, of a valley shape form, before the strong
earthquake occurrence and then increase as seismic activity develops further to the aftershock
activity. AR(t) clustering doesn't show a regular course, limited extension of the area under
investigation, geodynamic complexity and differences of the distinct nature of the region’s seismicity
may be reflects its temporal behavior. Quantity logN(f) pattern, in most of the cases, shows the
same behavior as parameter £2° forming a valley, before the strong earthquake occurrence,
indicating somehow a seismic quiescence. Parameter AR(t) seems to be more sensitive on the
seismotectonic geometry and on the period of formation of the earthquake source, which can
involve complex and rapid fluctuation of the parameters considered (Ponomarev et al., 1997).
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Figure 3. Long temporal variation of logN, b-value estimates, AR(t) and £%” seismic parameters for the period
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Figure 4. Long temporal variation of logN, b-value estimates, AR(t) and E?” seismic parameters for the period
1966-1990 in the lonian Sea region.

1367



0.28

01— R e s s SIS i s i et St St s et oo o i’ i s S s i — —

@_MM it Jd' P

y Lo T——— 759, =y

-0571mmm|nrm. ... T mm g || Lunthy Mot 3—|m—, ji FITTEWTICTY O T SFTTT T F -lmv
1

197n 1971 1972 19 1975 1978 1978 1979 1980 1881 1982 1983 1984 1985 1986 1887 1988 Year
086 B-velue ” | m

Eézg X\WMMHMMIMH “h:l 'Hl fih; i it Wit i [t '.; LTI “h’ml
e b ‘ i |

153 |l| . |||ih|| | i I

TrTpTTT L L LU RSN IR IR BB £ U
T T T

| | L
1870 1a79 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1987 1964 1985 1986 1987 1988 1989 Year
8723 GR-Clster g 2 3

[LLSUALIE LANRLIAY LR ) I | asadan L T U L | (A i T T TR Sy
Q7N 1Q7q 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1962 1987 1984 1985 1966 1987 1988 1869 Year
8605 LgE *(273)) 2 34

- — ME?——;——:322::5$%Z
630 1 1 T T AT T T Ty 1 Ty T d‘ T T o e grrm — —

1 |
1970 1971 1972 1973 1974 1975 1978 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 Year

Figure 4. Long temporal variation of logN(t), b-value estimates, AR(t) and E?’ seismic parameters for the period
1970-1989, in the North Aegean Sea region.

Table 1. Strong earthquakes parameters, for the lonian sea area of figure 1a, during 1943-1963.
Year Month Date Origintime Lat Lon Depth Ms

1953 Aug 11 033222.0 38.30 20.80 10 6.7
1953 Aug 12 092352.0 38.30 20.80 10 7.2
19563 Aug 12 120521.0 38.00 21.00 10 6.3

1953 Oct 21 183952.0 38.50 20.90 5 6.3
1959 Nov 16 170843.0 37.80 20.57 10 6.7
1962 Apr 10 21377.0 37.80 20.10 10 64
1962 Jul 6 091616.0 37.80 20.20 10 6.3

Table 2. Strong earthquakes parameters, for the lonian sea area of figure 1b, during 1962-1989.
Year Month Date Origintime Lat Lon Depth Ms

1972 Sep 17 1407131 3812 2025 5 569
1983 Jan 17 1241309 37.97 2025 9 6.2
1983 Mar 23 2351076 3819 2040 10 5.7

Table 3. Strong earthquakes parameters, for the North Aegean Sea area of figure 1c, during 1970-1990.
Year Month Date Origintime Lat Lon Depth Ms

1982 JAN 18 1927249 39.78 2448 5 6.3
1982 JAN 18 1931149 40.01 2431 29 54
1983 AUG 6 1543533 40.08 24.81 22 6.6
1983 OCT 10 101657.9 4044 2543 8 5.4
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5 CONCLUSIONS

Long temporal variation analysis with FastBEE tools in the Hellenic territory have shown the
existence of clear premonitory seismicity pattern, which in most of the cases, shows remarkable
change in the basic characteristics of the seismicity. Fluctuation of the parameters considered
depict the rise of irregularity in time, which was formulated in a specific qualitative premonitory
seismic pattern (FastBEE premonitory seismic pattern) for the examined seismogenic areas.

It is remarkable to mention that this pattern is not sensitive to the extension and area shape,
arbitrary in some sense, definition, but to the geodynamic regime, which dominate over the entire
region. In this sense regions with distinct nature of the seismicity (or distinct geodynamic features)
and period of formation of the earthquake source, affect time clustering patterns, producing
complex and rapid fluctuation of its behavior.

Moreover are still not formulated the quantitative features of FastBEE pattern. Application
should extent in different seismogenic zones in Greece and abroad in order to formulate accurately
its temporal premonitory behavior. Geophysical and seismotectonic information may can contribute
to effort.
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ABSTRACT

Coda decay rates of 538 vertical components corresponding to local earthquakes which occurred in
Greece during the period 1998 to 1999 were used to deduce the coda quality factor (Qc) character-
istics in the Hellenic area. The seismograms have been selected from a broader sample of 776 re-
cords obtained at 8 stations of the National Seismographic Network operated by the Institute of
Geodynamics of the National Observatory of Athens. Earthquake magnitudes range from 2.5 to 4.0;
epicentral distances and depths are smaller than 100 km and 40 km, respectively. Using the Single
Back Scattering model, the dependence of Q. on frequencies between 1 and 10 Hz has been in-
vestigated at each station and the usual Q. =Qq f" relationships have been deduced. The spatial
distribution of Qo has been drawn using waves that sample approximately equivalent ellipsoidal
volumes with semiminor axis up to 100 km. The corresponding map shows a decreasing trend in S-
N direction.

1 INTRODUCTION

In spite of their theoretical limitations, the analysis of waves of coda has been considered an ef-
fective method to estimate quality factor of seismic wave attenuation. Nevertheless, the influence of
some analysis parameters like length of the time window and selection of the beginning of coda, af-
fects the results.

In this sense obtained values are not easy to compare even within the same territory.

Besides that, results for most of territories concerns limited extent of areas or lack of uniform
seismological data. To overcome such a difficulty, the spatial distribution of Q in an extensive zone
can be obtained by applying the same methodology to a uniform set of data in the extent of dense
national seismological network.

Modern instrumentation offers the possibility to analyze the spatial distribution of Qc (Q factor
considered from waves coda) in the Greek territory, area for which numerous studies exists (see
APPENDIX table, from Panagiotopoulos et al., 1998., competed by the authors) but, nevertheless,
in zones of small size, usually covered from locally operating seismological networks, for which the
temporarily character doesn't permit any future comparison. (Martin, 1988, Tselentis et., al., 1988,
Baskoutas et., al., 1989 ; 1992 : 1993: 1995; Hatzidimitriou, 1993; 1995; Baskoutas, 1996; 1998;
Tselentis, 1997).

Single Back-Scattering model has been chosen to be used in the present study because it facili-
tates the comparison with other studies made in different zones within Greek territory and else-
where.

In order to obtain the spatial distribution of Qc values, data with good azimuthal distribution are
selected to cover homogeneously the space around the seismological stations.
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Tests have been made by running both the CODAQ Havskov's (1989) and Baskoutas software
(1993) as well as the Single Isotropic scattering model (Sato, 1977a,b) at a representative set of
data. No significant differences have been noticed.

2 DATA

We used 538 earthquakes which occurred in the period 1998 to 1999 and were recorded by
eight seismological stations of the National Seismic Network of Greece.
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Figure 1 Epicenters map (The locations of the stations is shown by triangles).

A first set of 776 earthquakes were obtained from vertical components at eight stations of the
National Seismic Network of Greece. Magnitudes are between 2,5 and 4,0. Hypocenter depths and
epicenter distances are less than 40 km and 100 km respectively (Figure 1). All events were re-
corded by broadband seismometers of three components. In both cases the sampling frequency is
50 sample/sec. Seismograms were inspected visually for errors (i.e. noise contamination and loca-
tion parameters). Therefore some of them have been rejected and a total of 538 events have been
selected (Table 1).

Table 1. Stations and number of events.

Station Name N° of Events
ARG 55

I™ 74

JAN 53

JAN 63

KZN 45

PLG 51

PRK 79

VLS 118
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The noise level was evaluated considering the average value of the spectrum amplitude corre-
sponding to 10 second before the arrival time of P- wave. S wave arrival was identified on the hori-
zontal components.

3 ANALYSIS AND RESULTS

As a first step we studied at each station, the variation of Q value for six different parameter
sets resulting from combinations between chosen time window and coda onsets i.e. considering
three different length of time window (10, 20 and 30s) and two coda waves origin time (t = 1.5ts and
t = 2ts). The analysis was carried out using the model of Single Back-Scattering (Aki and Chouet,
1975). Signals are filtered by the mean of band-pass filter with center frequencies at 1.5, 3, 5, 7 and
9 Hz. Analysis has shown that the most stable results were obtained, using as coda wave origin
time the value of 2ts and a length of lapse time window 20 sec. (Perez, 2000). Table 2 shows the
results for Qo for entire coda length (value of Q¢ at 1 Hz) and n corresponding to the power low re-
lation for each station.

Qc=Qf" )

For Qg the spatial distribution of the common sampling volumes for each event was considered.
This volume depends on the lapse time interval t. In this way scatterers that take part in the process
of coda waves generation, are located, in a volume of an expanding elipsoid, with foci the station
and the source (Pulli, 1984).

2
x2 y

+ =1
(v12)? " (v 1/2)°-R*/4

(2)

In the relation (2) Vs is the shear wave velocity, t is the travel time interval and R is the source-
station distance. The semiaxis a; and a; are equal to (vst/2)2 and a? - R%/4 respectively.

Examined ellipsoids can be practically considered spherical (ai/az~1) thus maximum depth can
be defined as zmax=az+ h, where h is the depth of the earthquake (Havskov et., al., 1989). S wave
velocities with respect to the depth are considered as follow:

h<15km = vs=3.47 km/s
15<h <40 km = vs=3.90 km/s,

which correspond to the regional velocity model, used by the Geodynamic Institute of National
Observatory of Athens, for the earthquake location.

For the analysis two restrictions were adopted. First, the dimension of the sampling volume,
which should mostly correspond to the crust and second, having at the same time a sufficient
number of events to be processed, which guarantees for the results significance. The optimal value
between these two conditions was a»< 100km. Although the number of earthquakes for each station
(values between parenthesis in Table 3) in some cases, was reduced drastically, still it can be
considered sufficient for the study. Figures 2 and 3 shows Qo and n values, for different ellipsoid
semi axis values (100, 130, 160Km) at each station of the Seismological network. Open circles
stand for a; =100Km, full rectangles and triangles for 130 and 160Km, respectively. The clear dif-
ference of Qo values among the group of stations situated in the concave part of the island arc (JAN
KZN, PLG, PRK), and those situated in the convex part (ARG, ITM, NPSM and VLS), can bee seen
in figure 2.
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Table 2. Q, and n values

Station Qo n
ARG 83+1 0.89+8e2
I™ 99+8 0.63+5e-2
JAN 67+4 0.71+5e-2
KZN 6749 0.63+9e-2
NPS 7612 0.89+2e-2
PLG 7115 0.73+6e-2
PRK 9148 0.80+6e-2
VLS 78+2 0.82+2e-2

Table 3. Q, and n values for different values of a, parameter

Station Q, n No of Q. n No of Qs n No of
cases cases cases

(a2 <100 km) (a2 <130 km) (a2 <160 km)
ARG 77412 0.84+7E-2 (4) 7746 0.89+6E-2 (21) 7145 0.945+1E-3 (41)
I™ 71#10  0.644+1E-3 (9) 83+7 0.64+7E-2 (24) 9247 0.63+4E-2 (48)
JAN 59+3 0.7145E-2 31) 5943 0.75+5E-2 (42) 634 0.7445E-2 (47)

(
KZN 5017  0.68+7E-2  (19) 5947  0.6847E-2  (21) 63+8  0.67:8E-2  (34)
NPS 69+4  0.77+3E-2  (12) 715  0.87:5E-2  (23) 72¢3  0.90:3E2  (36)
PLG 60+2  0.77+2E-2  (14) 63+1  0760+9E-3  (25) 715  0.74:5E2  (38)
PRK 59+7  0.91+8E-2  (12) 82t5  0.81+4E-2  (31) 87#6  0.79+4E2  (42)
VLS 76+3  0.68+2E-2  (21) 76+2  0.78+1E2  (42) 79+3  0.79:2E2  (75)

90 4

706 4

\
|
|
\
80|
1
| 60 1

50 4

40 ; - ‘ i
ARG MM JAN KZN NPS PLG PRK VLS ]

Stations

Figure 2. Qo at the NOA seismic stations for different ellipsoid semi axis values (a. =100Km, open circles). Full
rectangles and triangles represents the Qo values for a, equal to 130 and 160Km respectively.
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Figure 3. n values at the NOA seismic station for different ellipsoid semi axis values, (a; =100Km, open circles) .
Full rectangles and triangles represents the Qo values for a; equal to 130 and 160Km respectively.

4 DISCUSSION AND CONCLUSIONS

The obtained results show that the Hellenic region is characterized by a high seismic
attenuation. Q values of the table 2, summarizes the data obtained for all earthiquakes in each
station without considering any restrictions for the sampling volume. These results are, in general,
coherent with those obtained in previous studies, when the comparison is possible. Thus,
Hatzidimitriou (1993), using a time window of 15-30s, has obtained, for north Greece, Q, = 60 and n
= 0,79 that is very similar to the results of this work for PLG station. The similarity increases when
as= 100 Km is considered.

In the case of Kozani station also coherence exists, within the margin of error, with the results of
Baskoutas et., al., (1998) for the window of 20s. Instead, for Peloponnesus area and for unknown
length of time window, Martin (1988) reports Q, = 73 and n = 0,79, that differs from the results of
this work at ITM station, located in the western part of the zone. In several cases comparison with
results of other authors is not easy, because of missing information or of different parameters set
used for the data analysis.
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Figure 5. Spatial distribution of Qo for a,<100 km
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Figure 6. Spatial variation of b value from superficial seismic activity, (Papazachos and Papazachou 1997).

Obtained spatial variation for a,<100 km  (Figure 5) shows a significant attenuation
characteristic for Greek terittory, and indicates that attenuation in the concave zone is larger that in
the convex one.

In figure 5, also, a sharp Qo variation in the loanian Sea islands is observed with a slight
increase towards the N-S direction. This area is characterized by high seismic activity and is
influenced by different tectonic regimes. It is also important to notice that this tendency keeps a
remarkable similarity with the spatial variation (Figure 6) of b value given by Papazachos and
Papazachou (1997) for shallow seismic activity. Tendency indicating that b value decrease in a
systematic way from the southwest to the northeast. This result indicates that the values of Q. tend
to diminish in the zones in which the geological formation age is older (Baskoutas et al., 2000).

All the values assigned to the semiaxis a; imply that the sampling volume comprises also part of
the upper mantle playing an important role to the increase of Q. values, the contribution of the crust
must be very small. In order to confirm the above statement, it is necessary to diminish axis a, (and
thus the upper mantle contribution) using higher number of events.

Although the differences are small, the comparison of the results obtained for different values of
the sampling volume (Table 3) confirms the increase of Q, as depth increases.
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APPENDIX

Table of Qc power low estimates in the territory Greek.

Lapse time or Q= Qo " Region Reference
distance
10-20 sec Q.=33f"" North Greece 1
15-30 sec Q.=60f""* " "
20-45 sec Q=89f"" " "
30-60 sec Q.=04f ™ " "
50-100sec Q=128f"™ " "
20 sec Q=47 Kozani-Grevena 2
40 sec Q=80f"% . 4
60 sec Q.=100f""° g 4
80 sec Q=124
100 sec Q=140f"""
10 sec Q.=29f ' Central Greece 3
20 sec Q=45"% ® *
30 sec Q.=62f"% “ “
40 sec Q.=80f"% " “
50 sec Q=101f""
= Q1=1 H=182 Athens 4
- Q=73f"% Peloponnesus 5
30 sec Q.=121f"7 Gulf of Patras 6
50 sec Q=141 “ “
70 sec Q.=144f"% "
90 sec Q.=162f"% “ -
10-20 sec Q.=16f"" West part of Korinth 7
Gulf
= Qc(f=4H1)=1 83 Aegion 8
- Qe(r=s12=270 “ :
E Q=43f"% Kalamata 9
0-450Km Qf-11=350 Aegean sea 10
"30-250 Km Qp=11,=200-300 NA part of Hellenic arc 11

(1) Hatzidimitriou, 1993, (2) Baskoutas et al., 1998, (3)Baskoutas, 1996, (4) Baskoutas et.
al. 1992, (5) Martin 1988, (6) Tselentis 1993b, (7) Baskoutas etal., 1994, (8) Tselentis,
1997, (9) Tselentis et al., 1988b, (10) Papazachos C, 1992, (11) Kovachev et al., 1991.
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ABSTRACT

Evia Island (Greece) lies in a transition zone from strike-slip faulting in the east, due to the
strands of the North Anatolian Fault (NAF) that enter to the Aegean Sea, to normal faulting in the
west along central Greece. In June 2003 a series of moderate events occurred in central Evia
whose source parameters are investigated. These earthquakes caused serious damage to almost
20 residencies mainly in the town of Psachna. The sequence could be identified as an earthquake
swarm with earthquake magnitudes in the range of 3 < M < 4.9. We used the P and S arrivals at the
stations of the National Seismic Network to relocate the events using the double-difference algo-
rithm. All P and S phase pickings were made by us using the broad band records from the network
operated by the Geodynamic Institute of Athens. The relocated epicenters define a pronounced
ENE- WSW zone, parallel to the high topography of the area. All depths are shallow from 1 to 8
Km. Regional waveform modeling was applied to determine the focal mechanisms of the larger
events and FPFIT for the focal mechanisms of the smaller magnitude events. The majority of the
focal mechanisms indicate normal faulting along almost E-W striking planes suggesting that defor-
mation is mainly taken by normal faulting with a minor dextral horizontal motion. Normal faults with
a N-S strike have been also observed showing that the E-W extension is present as it is observed
in other parts of the Aegean region. Evia Island and its pattern of deformation is very interesting
from the seismotectonic point of view. The fact that no large magnitude earthquake has occurred in
Evia Island during instrumental times, makes the study of this earthquake swarm important. Previ-
ous work (Kiratzi, 2002) has shown that the deformation in northern Evia Island is taken up mainly
by strike-slip faulting. Moreover, depending on the orientation of the activated faults in respect to
the present state stress field, dextral or sinistral horizontal motion is observed. The Psachna earth-
quakes showed that an almost N-S extensional field prevails in central Evia Island with a few strike-
slip focal mechanisms, suggesting that this part is mostly affected by the normal faulting system of
central Greece.

1 INTRODUCTION

From the middle of June 2003 until the end of July 2003 moderate magnitude earthquake clus-
tering has been observed near the town of Psachna in central Evia (Greece). Similar clustering has
been also observed in July 2001. The 2003 clustering began on 13 June 2003 with an earthquake
of magnitude My, 4.2 that was followed by a series of events with magnitudes up to My 4.9. In the
town of Psachna more than 90 residencies were severely damaged and became inhabitant and al-
most 500 more experienced less but extensive damage. The occurrence of earthquakes at that
area continued until almost the end of August 2003. In total 13 earthquakes occurred in the area
with magnitudes larger than My 3.5 and more than 100 with magnitudes between 2.5 < M,, < 3.5.
The earthquake activity has the characteristics of an earthquake swarm. Earthquake swarms are
defined as a sequence of earthquakes, where the number and magnitude increase with time and
then decay after a certain period of time, and are characterized by the absence of a single domi-
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nant principal earthquake (Mogi, 1963). Swarms occur in regions having an exceptionally heteroge-
neous distribution of material properties and stress concentrations, typical of areas of recent vol-
canism, igneous intrusions, and geothermal activities.

The area of Psachna (Fig. 1) lies close to the north Gulf of the Evia Island which is a graben of
almost 100 Km length and is bounded by normal faults. The instrumentally recorded seismicity of
the area is moderate (Papadopoulos et al., 2003) and no earthquake with magnitude greater than
My 5.0 has been recorded. Furthermore even from historical records there is a lack of seismological
information about this area (Papazachos and Papazachou, 2003).

224" 226" 2 29 202° 204" 236 236 W 242" 24 246° 248" 25
308 3 z % b | — ¥ 398"

Psachna area
23.5° 23.6°

Figure 1. Left: Focal mechanisms of the broader Evia Island area. Note that on the northern part of the island
mainly strike slip mechanisms prevail. Right: Close- up of the Psachna area of study.

In the eastern part of the Evia Island (Fig. 1) strike- slip focal mechanisms are dominant due to
the branches of the right-lateral north Anatolian fault that extend to the northern Aegean area. In the
western part the focal mechanisms gradually change to normal due to the N-S extension of central
Greece. Evia Island lies in the crossroads between the two types of faulting systems. The only
available focal mechanisms on the Evia Island are concentrated in its northern part and show a dif-
fuse picture where strike slip faults are mixed with normal faults that have significant strike-slip
component (Hatzfeld et al., 1999). The lack of information about the Psachna area along with the
important role of Evia Island as the transition zone from strike slip to normal faulting makes the
study of the earthquake swarm of June 2003 significant.

The aim of the present study is to relocate the earthquakes of the earthquake swarm in order to
enhance the picture of the seismicity distribution, to specify the dimensions of the activated area
and also to define the focal mechanisms of the strongest events.

2 DATA COLLECTION AND METHODS USED

We used data from the stations of the national broad-band seismographic network, operated by
the National Observatory of Athens, for the time period from June 13, 2003 until August 30, 2003.
In total we collected data for more than 100 earthquakes of magnitudes that varied from My 3.0 -
4.7. We used HYPO71 (Lee and Lahr, 1975) location software for the initial location and HYPODD
(Waldhauser and Ellsworth, 2000) software for our relocation purposes. Furthermore for the largest
of these events we used the whole waveform inversion, following the method of Dreger and Helm-
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berger (1990, 1991, 1993) and Dreger (2002) to calculate accurate focal mechanisms. For the
smallest of the events we used FPFIT (Reasenberg and Openheimer, 1985) software that incorpo-
rates the polarity of the first-motion of the P-waves to calculate focal mechanisms.

2.1 Initial locations and relocation of the events

We manually picked P- and S- phases on all of the seismograms collected from the studied
swarm sequence. In total more than 2,000 phase pick selections were made for 100 earthquakes.
In figure 2A the epicenters of the earthquakes after the HYPO71 run are shown. The average RMS
residual was approximately 0.78 sec and the errors were 3.1 Km in the horizontal and 4 Km in the
vertical direction. A general ENE-WSW trend of the epicenters is visible.
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Figure 2. A) Epicenters of the earthquakes of the swarm using HYPO71 location software. B) Relocated epicen-
ters using the double-difference (HypoDD) algorithm greatly confined the activated area.

In order to achieve a more enhanced picture of the spatial distribution of the earthquakes and
have a better view to the dimensions of the activated area we relocated the swarm earthquakes us-
ing the HypoDD relocation algorithm that is based on the double-difference (DD) technique de-
scribed in Waldhauser and Ellsworth (2000) and Waldhauser (2001). The method takes advantage
of the fact that if the hypocentral separation between two earthquakes is small compared to the
event-station distance and the scale of velocity heterogeneity, then the ray paths can be considered
identical along their entire length. Under these assumptions, the differences in the travel times can
be attributed to differences in their hypocentral spatial separation. In this way, errors due to inaccu-
rately velocity models are minimized without use of station corrections. Thus, it is appropriate for
areas like the Aegean Sea that are characterized by structure complexity. The final data set con-
sisted of 1,971 P- and S- wave arrival times corresponding to 100 earthquakes. The selected
phase-pairs were subsequently used to estimate P- and S- wave differential travel-times relative to
the previously calculated origin times of the earthquakes.

2.2 HypoDD application and results

Prior to HypoDD run data are prepared in such a way so catalogs of differential travel times are
created for both P- and S- phases and parameters of the algorithm are set so the connectivity be-
tween the events is achieved. We estimated travel-time differences for all event pairs with a separa-
tion distance less than 10 Km. To ensure the connectivity between the events the primary dataset
was sub-sampled each event to be connected with at least 10 neighboring events. Those were
considered “strong links” (include at least 8 phase pairs). From the initial dataset of 100 earth-
quakes, only 78 of them fulfilled the aforementioned criteria. These events were connected through
a network of 3,514 P- phase pairs and 2,810 S- phase pairs. The average links per pair is 11 and
the average offset between “strongly” linked events is 3.3 Km.

The velocity model used was the 1D velocity model of Panagiotopoulos et al. (1985) and for
vp/Vs ratio we used a value of 1.78 (Kiratzi et al., 1987). Data have been weighted and re-weighted
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during the inversion procedure. During the first iterations the weights for the P- and S- waves were
1.0 and 0.5. After the first five iterations we applied a weighting curve that assigns larger weights for
small inter-events distances and smaller weights for large inter-event distances.

The singular value decomposition algorithm (SVD) was selected for the relocation purposes be-
cause it could provide us with reliable estimates of the uncertainty of the hypocentral parameters. In
total 71 earthquakes were relocated. The average uncertainty of the relocated catalog is 0.49 Km in
the E-W direction, 0.29 Km in the N-S direction and 0.61 Km in the vertical direction. The RMS re-
sidual decreased from 0.78 sec of the initial catalog to 0.33 sec in the relocated one. Similar im-
provement in the hypocentral parameters has been observed in the work of Roumelioti et al.
(2003b) for the relocation of the aftershock sequence of Skyros earthquake of July 26, 2001 using
HypoDD algorithm.

The relocated epicenters are shown in figure 2B and the location parameters are listed in Table
1. Figure 3 shows two cross-sections, one parallel (ENE-WSW) and one perpendicular (NNW —
SSE) to the main trend of the earthquake cluster. Earthquakes are concentrated in the upper 8 Km
of the crust and the main cluster is confined in an area 6 x 6 Km. The events were located between
the towns of Psachna and Politika and show a general ENE-WSW trend, parallel to the topographic
relief at the area. The vertical cross-section to the general trend of the cluster (lower part of figure
4) shows a slight dip to the south. Concerning the existence of a graben in the area it is possible
that the faults activated are connected to those that bound the basin from the north.
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3 FOCAL MECHANISMS

We determined the focal mechanisms of 14 earthquakes of the swarm (with magnitude 3.5
<Mw< 4.9) using the regional waveform modeling technique (Dreger and Helmberger 1990, 1991,
1993). For smaller magnitude events we used he FPFIT software (Reasenberg and Openheimer,
1985) and determined the focal mechanisms for 39 more events with magnitudes My < 3.5.

3.1 Regional waveform modeling method

We calculated focal mechanisms of the earthquakes of the swarm sequence using regional
broad-band seismograms. The method is based on the work of Dreger and Helmberger (1990,
1991, 1993) and is capable of revealing the seismic moment tensor of earthquakes of magnitudes
as low as My 3.5 (Pasyanos et al., 1996). Green’s functions were calculated using the frequency-
wavenumber integration code (FKRPROG) developed by Saikia (1994).

In brief, the general representation of the seismic source is simplified by considering a point
source both in space and time:

U,=(x8=M,-G, (x,2,t) (1)

where U, is the n™ observed component of displacement, Gy is the n" component Green'’s
function for specific force-couple orientations, x corresponds to the source-station distance, z is the
source depth and V) is the scalar seismic moment tensor. The general force-couples for a devia-
toric moment tensor may be represented by three fundamental faults, namely a vertical strike-slip, a
vertical dip-slip, and a 45° dip-slip (Jost and Herrmann, 1989). In order to apply the method, the fol-
lowing assumptions are made: the crustal model is sufficiently well known to explain the low fre-
quency part of the regionally recorded waveforms, event location can be represented by the high
frequency hypocentral location and the source time history is synchronous for all moment tensor
elements. Equation (1) is solved using linear least squares for a given source depth. The inversion
yields the Mj;, which is decomposed into the scalar seismic moment, a double-couple (DC) moment
tensor and a compensated linear vector dipole moment tensor (CLVD). The basic method and de-
composition of the seismic moment tensor is described in Jost and Herrmann (1989). The optimum
hypocentral depth is found by iteration and evaluating an objective function (f) that depends upon
the RMS of the difference of the observed waveforms (data) and the synthetic waveforms (synth),
modulated by the percent double couple (Pdc):

RMS (data — synth
PO (2)
Pdc
Another measure that is used is the variance reduction (VR):
. [(data - synth)’ ar (3)

_[[dulu]z dt

A successful application of the method results in small values of the objective function (f) and
large values of variance reduction (VR), indicating that both the fit between the observed and syn-
thetic waveforms and the percent of double couple are large.

3.2 Regional waveform modeling application and results

Data from the stations of the National Seismographic Network of the National Observatory of
Athens were used. The stations are equipped with Lennartz 20 sec seismometers (LE-3D/20s).
Prior to the inversion procedure the waveforms were cut into segments of at least 5 minutes of
data, they were band-pass filtered between 0.05 — 0.08 Hz and resampled to a frequency of 1 Hz.

The velocity model that was used for the calculation of the synthetic Green's functions was de-
rived from the work of Novotny et al. (2001) and was used as input in the FKRPROG code of Saikia
(1994). The aforementioned velocity model has been used in previous works in the Aegean area by

1383



others (Benetatos et al. 2002, 2004, Roumelioti et al. 2003a) and has proven that is adequate to
explain the low frequency content (0.05 — 0.08 Hz) of the waveforms. The synthetic Green's func-
tions were used later for the calculation of the focal mechanisms. The optimum depth for each one
of the studied earthquakes was found iteratively by examining the overall variance reduction and
the percent double couple of the focal mechanism. We performed the inversions for depths ranging
from 3 km to 10 km with an increment of 1km guided by the depths of the relocated catalogue.

2355 236 2065 237 2375 204 2345 236 2365 206 2065 207 2375
- e —— b 307 [ Ren— . S— o — 55

236" 23.65 20.7

i 35
236" | 237 23.75°

Figure 4. a) Focal mechanisms of the largest earthquakes of the swarm, calculated using regional waveform
modeling. b) Distribution of T-axes in the study area.

In total 14 focal mechanisms were calculated (Fig. 4a) the parameters of which are listed in Ta-
ble 2. The focal mechanisms show mainly normal faulting combined with strike-slip motions, in
agreement with the N-S extension that dominates in the mainland of Greece. Concerning the distri-
bution of the relocated events of the swarm (Fig. 4) the most probable plane to be the activated is
the one dip to the south that in all mechanisms has an E-W trend. The T-axes of the focal mecha-
nisms (Fig. 4b) clearly demonstrate the N-S extension field that is present in the studied area. Nev-
ertheless some of them show a NE-SW extension that is also consisted with the regional stress en-
vironment and it is believed to be associated with NW-SE striking faults that bound the western
coastline of Evia Island. Furthermore the solutions for two of the largest earthquakes of the swarm
are shown in figure 5.
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Figure 5. A) Focal mechanism of the
earthquake of June 18, 2003 05:25:02
(No.5, in Table 2) and B) Focal mecha-
nism of the earthquake of July 01, 2003
06:22:50 (No.11, in Table 2). For each sta-
tion the vertical, tangential and radial
components are shown. Observed wave-
forms are represented with solid lines and
synthetics with dashed lines. Station name
and variance reduction are listed beside
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3.3 Focal mechanisms from P-wave first motions: FPFIT application and results

In order to calculate focal mechanisms for the smaller of the events (My < 3.5) of the swarm se-
quence we used the polarity of the first-motion of the P-waves using the FPFIT software (Reasen-
berg and Openheimer, 1985). Focal mechanisms for 39 earthquakes of magnitude (2.5 <My, < 3.5)
were calculated and are listed in Table 3. Some examples of the FPFIT software output are shown
in figure 6 and all the focal mechanisms are shown in figure 7A. Normal faulting continues to be
present throughout the studied area with some events showing significant strike slip component or
being pure strike slip.

Figure 6 Focal mechanisms calcu-
lated with the FPFIT using the P-
; , wave first motion polarities. Above
P I Fa N each  mechanism the date

030730 03:32:08.6 U301 12:09:48.5

™

/ BT e N \ (yy/mm/dd) and the time of the oc-

ge b L o 1 currence of the corresponding earth-

AP SO B 4 o P quake is denoted. The triangles rep-

o Soam 17 N L I , resent dilatation and the circles

% M A { 9 \\ N S e f compression. On the smaller circles

g J p / \ ./ the uncertainties of the direction and
dip of both stress axes are shown.

24 5 . 3 S
a)

Figure 7 A) Focal mechanisms of the smaller events of the swarm calculated using the polarity of the P-wave
first motion. B) T-axes of the focal mechanisms calculated with first-motion polarity of the P-waves

The focal mechanisms of the small events of the swarm indicate the activation of secondary
faulting as well. Even though the main direction of T- axes is still ~N-S, there is significant evidence
for E-W extension as well along N-S trending fault structures (Fig. 7B).

4 CONCLUSIONS

The earthquake swarm that occurred near the town of Psachna in Evia Island in mid- June 2003
until the end of August 2003 is investigated. We used the digital broad band records of the National
Seismographic Network, to relocate the events. A significant improvement was achieved after the
HypoDD relocation process compared to the initial Hypo71 locations. The dimension of the acti-
vated area is almost 6 x 6 Km and the earthquakes hypocentral locations pronounce a southward
dip. We determined 53 focal mechanisms in total, 14 of which were obtained using regional mo-
ment tensor deconvolution and 39 using the P-wave first-motion polarities and the FPFIT code.The
focal mechanisms indicate mainly normal faulting along E-W trending planes and in most of the
cases this normal faulting is combined with a considerable strike-slip component. The mean focal
mechanism from all 53 mechanisms has the parameters: NP1: strike 91°, dip 53°, rake -102° NP2:
strike 290°, dip 39°, rake -75°% P axis: azimuth 316°, plunge 78°, T axis: azimuth 189°, plunge 7°.

1385



The focal mechanisms of the smaller events indicate that other secondary structures are also ac-
tive. Our results are in agreement with previous knowledge and with Gountromichou and Pohl
(2003) who performed a lineament analysis of Landsat ETM+ data in order to identify active faults
in central Evia Island combining also neotectonic data. Two predominant fault directions have been
identified, one ENE-WSW and a second NW-SE. The final neotectonic map of the area shows that
the active faults or the possible active faults follow the topographic relief and the western coastlines
of Evia Island. This observation agrees with our fault plane solutions inferred from the first motion
polarities of the P-waves (small events) for which focal mechanisms with similar parameters are
clustered near topography lineaments of the same orientations. Central Evia Island is interesting
area from the seismotectonic point of view. Most of the identifiable strike-slip zones in the north and
central Aegean terminate close to the major graben systems of the Greek mainland. At the eastern
coastline of the Island the branches of the North Anatolian Fault Zone are terminating having a NE-
SW direction and at the western part large basins have been created with an almost E-W extend
(Taymaz, 1991, Goldsworthy et al., 2002). The island seems to be a transition zone between these
two different seismotectonic environments. Complicated deformation occurs at the junction of the
strike-slip and normal fault systems because of the dramatic stress change in slip vector azimuth
from roughly NE-SW to roughly N-S (Kiratzi, 2002). Even though the northern parts of Evia show
mainly pure strike-slip faulting at least the part of central Evia Island, that we sampled with the Psa-
chna swarm, is dominated mostly by normal faults and/or normal faults with significant strike-slip
component of variable strike orientations. These faults follow main tectonic lines that seem to be
active under the present N-S extensional tectonic regime. The gulf of Evia from neotectonic and
GPS observations is considered as a rigid block that is rotated clockwise mainly due to the forces
transmitted from the right lateral strike slip faulting of northern Aegean Sea (Goldsworthy et al. 2002
and references therein).
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APPENDIX - LIST OF TABLES

Table 1 HypoDD relocation parameters of the June-July 2003 earthquakes in central Evia Island. Magnitudes listed with an asterisk have been determined from moment tensor
analysis.

YR L Day hh:mm:ss Lat. °N Lon.°E h(Km) ERew ERus ER;z(m) RNS Mw
(m) (m)
2003 6 13 16:06:34 6 3858 2359 35 413 255 538 064 43"
2003 6 13 16:3029.0 38.58 2358 51 479 289 599 058 43
2003 (] 13 20:22:024 3857 2355 35 664 387 833 047 44
2003 6 13 22:19:56.6 3858 2358 23 497 287 691 040 34
2003 6 13 221127 3858 2057 58 668 307 660 028 36
2003 6 14 01:49:06.7 38.58 257 39 426 261 533 047 33
2003 6 14 21:14218 38.56 2355 40 400 267 506 039 36
2003 8 15 10.40:43.2 3858 2360 27 493 299 592 042 32
2003 6 15 23:16:24.9 38.60 2343 55 460 349 674 0.39 42
2003 6 16 15:18:58.0 3858 2357 38 391 220 464 033 40"
2003 6 16 22:05259 38.58 2356 55 394 rall 453 050 33
2003 6 17 18:09:47.4 38.58 2357 40 356 218 458 038 33
2003 6 17 21:23436 38.56 2347 56 679 405 821 0.16 38
2003 6 18 05:25:02.5 38.60 2360 56 475 274 562 058 A7
2003 B 18 05:44:33.4 38.59 2861 50 39 185 420 0.48 35
2003 ] 18 07:50:417 3859 2359 38 384 213 464 234 43
2003 6 18 09:28:13.0 3859 2360 12 314 216 465 043 33
2003 6 18 09:37:02.1 38.61 2361 51 377 212 470 020 32
2003 [} 18 1247170 38.58 2362 76 534 296 660 0256 36
2003 3 18 1431099 38.59 2359 84 456 239 497 032 33
2003 6 18 16:13:23.8 38.59 2359 56 650 346 701 056 32
2003 6 18 2055247 38.60 257 59 573 250 484 064 34
2003 6 19 00:29:59 4 3859 2361 a9 a7 207 Lvil 050 31
2003 6 19 00:50:06.9 38.58 2360 40 344 200 396 068 35
2003 B 19 01:00:04 4 3857 2358 28 375 prx) 484 064 40
2003 6 19 01:14532 3857 2356 46 200 180 365 055 35
2003 6 19 01:29:48.9 38.58 257 08 295 204 401 019 36
2003 6 19 01:47:19.1 38.58 2356 42 314 207 409 047 34
2003 6 19 02:04:49.7 38.56 253 69 354 200 487 035 3
2003 6 19 03:36:41.8 3858 2356 32 378 208 444 058 40
2003 6 19 03:38:22.1 38.57 2358 55 468 308 674 067 45"
2003 6 19 05:59:45.1 38.59 2356 36 300 192 428 045 36
2003 6 19 07:01:259 38.60 2361 37 326 224 486 128 34
2003 6 19 07:10:26 0 38.60 2361 55 593 351 m 237 34
2003 [} 19 19:47:01.8 3858 2352 35 636 369 822 0.35 32
2003 6 18 20:08:54.0 38.58 2361 56 383 218 M 063 37
2003 6 19 21:05:30.2 3859 2353 42 566 381 720 074 34
2003 6 20 03:00:24.6 38.56 2359 15 361 202 415 019 37
2003 6 20 09:32:15.2 38.59 2364 35 587 386 818 0.36 37
2003 (] 20 2107555 38.60 2355 25 639 387 799 040 33
2003 6 21 03:29:19.7 34.58 2359 41 601 334 761 0.56 36"
2003 [ 22 06:18:37.0 38.58 2357 67 535 334 668 034 32
2003 6 23 13:25:39.0 38.60 2357 33 505 286 638 0.36 35
2003 6 24 17:32.355 3858 2361 1.0 354 13 443 0.09 35
2003 6 26 19:13:55.6 3856 2355 58 709 438 947 0.31 35
2003 6 27 03:32:57.3 3859 2361 70 712 461 951 061 39
2003 6 pis 08:29:37.5 3859 2360 65 41 262 558 055 42
2003 6 28 11:19:03.0 3859 2355 58 436 315 565 0.47 36
2003 6 29 12:16:54 1 3859 2363 78 451 287 566 034 39
2003 B 29 13:57.08.8 38.56 2353 100 391 222 435 0.26 32
2003 6 29 19.04:35.4 3859 23585 33 929 548 1201 938 30
2003 6 30 12371128 3859 2355 60 646 359 795 033 36
2003 7 1 06:22:50.1 3858 2354 48 654 390 825 063 43"
2003 7 2 03:08:14.0 3858 2359 58 626 353 785 051 35
2003 7 3 04:47:38.9 3857 2354 35 a73 209 608 0.68 35
2003 7 3 09:00:55 7 3857 2353 07 459 278 588 032 a5
2003 7 3 11:32:06.8 3857 2347 60 408 265 551 0.16 15
2003 7 3 16:50:49.1 3857 2353 24 355 243 496 044 35
2003 T 4 03:24:367 3858 2355 49 443 275 597 055 40"
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Table 2

2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003

B e e E VS R

05:43:20.2
0747147
07:18:48.2
07:18:50.7
13:00:14.0
20:35:54.7
04:45:38.4

1210301

15.40.28 6

03:20:29.1

03:32:08.6
08:57:07 4

3857
3859
3858
38.58
38.58
3857
38.59
3859
3860
3861
3861
3861

Focal mechanisms determined using regional waveform modeling

No

Table 3

Year

2003

2003

2003

2003

2003

2003

2003

2003

2003

2003

2003

2003

2003

2004

Month

Day

il

26

Time

16:06:34

16:30:29

20:22:02

15:18:57

05:26:02

01:00:04

01:0356

03:38:22

03:29:-19

13:45:58

06.22:30

03:24:36

13:00:13

1711025

Lat*N

38577

38575

38571

38.579

38508

38571

38566

38566

38575

38.573

38682

38579

38580

38575

Long°E

23591

23578

23554

23573

23603

23556

23576

23576

23590

274

23540

23.546

23553

23555

Focal mechanisms determined by first motion polarities using FPFIT
Month
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Year

2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003

NN NN N NN NN NN DD N DD NN DNDNDDDNDNDNDDD DD DD D

Day Time
13 221957
13 22113
14 01:49:07
14 201422
15 23.16:25
16 00:38:58
16 220526
17 18:00:47
17 21:23:44
17 212449
18 015347
18 05:44:33
18 07:50:42
18 09:28:13
18 121747
18 16:13:24
18 20:55:25
19 00:50.07
19 01:14:53
19 01:29.49
19 01:47:19
19 10:47:02
19 20:08:54
19 21:05:30
20 03:00:25
2 03:32:57
2 12:16:54
30 12:37:13
1 05:33.06
2 03.08:14
3 09:00:56
3 16:50.49
4 05:43:20
4 07:18:48
8 20:35:55
12 03:0512
30 03:20:29
30 03:32:09
30 08:57.07

Lat °N

38579
38578
38578
38.564
38.603
38.618
38579
38.576
38.558
38.551
38.819
38590
38587
38.586
38583
38587
38.697
38584
38573
38.581
38.58
38578
38683
38591
38563
38591
38593
38589
38581
38577
38572
38 568
38 568
38584
38571
38406
38612
38611
38 608

hikm)

2354
2354

2360
2355
2360

2359
2361
22343
2342
2342

44

40

47

40

43

45

40

16

40

Strike

90

97

135

84

51

99

92

89

126

7

80

n"

132

Dip

51

44

64

9

57

52

51

66

54

69

66

46

n

Dip

LSS BSLEIERIIITLLZ/S IS SILESEE/3IEER
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698
537
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543
431
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-138
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kXl
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Az pl
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Az Pl
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241 76
243 il
98 69
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33 8
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54 46
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355 35
82 39
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157 81
24 85
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124 56
115 52
280 35
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157 81
152 56
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2n 24
110 63
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313 47
114 7
290 70
9 49
353 35
2 36
298 a7
357 3%
262 40
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709
667
832
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907
994
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576
782
750
931
T axis
Az P
199 1
191 6
66 5
186 18
354 1"
185 12
179 i
186 6
205 20
183 g
180 23
176 19
25 2
183 2
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43 5
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345 8
169 1
198 7
63 29
177 28
177 28
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7 16
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101 2
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HISTORICAL EARTHQUAKES IN THE REGION OF LEFKADA ISLAND ,
IONIAN SEA — ESTIMATION OF MAGNITUDES FROM EPICENTRAL
INTENSITIES

Fokaefs A. and Papadopoulos G.A.
Institute of Geodynamics, National Observatory of Athens, PO Box 20048, 11810, Athens,
Greece, anna_fokaefs@hotmail.com, g.papad@gein.noa.gr

ABSTRACT

Historical documentation of strong shocks for Lefkada Island, lonian Sea, exists since the 16th
century A.D. In this paper we establish a relation between magnitude and maximum intensity from
twenty-nine instrumental events that hit the area in the past. Then, on the basis of historical docu-
mentary sources we reevaluate the intensities of strong historical earthquakes, their maximum in-
tensity being observed on Lefkada in the time interval from AD1577 to 1911, recalculate their mag-
nitudes on the basis of the magnitude/intensity relation and, finally, compile a new catalogue of
historical earthquakes. The results obtained are of importance for the seismicity studies and seis-
mic hazard assessment in the area.

1 INTRODUCTION

The Lefkada Island is characterized by strong seismicity and the seismic hazard assessment is
of high priority. The instrumental period of seismicity indicates that strong earthquakes with maxi-
mum magnitude up to Ms ~6.5 occur frequently in the region of Lefkada particularly in associa-
tion with (a) the strike-slip fault segment striking NNE-SSW to the west of the island (e.g. 27 No-
vember 1914, Ms =6.3, 22 April 1948, Ms =6.5, 30 June 1948, Ms =6.4, 14 August 2003, M =6.4)
(Figure 1, left), (b) the thrust structure offshore NW Lefkada (e.g. 4 November 1973, Ms = 5.9 ),
and (c) no well identified faults between Lefkada and Ithaki islands. In this paper an effort has been
made to improve magnitudes of a set of twenty-nine strong historical Lefkada earthquakes.

21"

24
a88"

388"

1 288
fiArkoudi * FKasto

iAtokos

288"

Figure 1.Left: Epicentres of the strong instrumental earthquakes associated with the strike-slip Le-
fkada fault system. Right: Towns and villages of Lefkada Island, mentioned in Appendix.
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2 PREVIOUS STUDIES

Data compilations and descriptions of a large number of strong, historical shocks that hit Le-
fkada island were published among others by Stamatelos (1870) and Schmidt (1875), while cata-
logues and / or short descriptions of historical and instrumental events were presented by several
scientists including Galanopoulos (1950,1952,1955,1981), Comninakis and Papazachos (1982),
Papazachos & Papazachou (1997), Spyropoulos (1997) and Papadopoulos et al. (2003). From the
documentary sources it results that the historical record of earthquakes in Lefkada Island practically
started on 16th century A.D. The historical catalogues containing information about the Lefkada his-
torical earthquakes can be distinguished in two categories. The first one contains the so-called
chronological historical catalogues given that the earthquakes are recorded and described in a
chronological order. However, this type of catalogues do not include the assessment of focal pa-
rameters, like epicentral locations and magnitudes. Such a historical catalogue is the one of
Galanopoulos (1952) where thirty strong earthquakes are described.

The second category contains the parametric historical catalogues, like the one of Papazachos
and Papazachou (1997), where not only the events are dated and described, but also an effort is
made for the epicentral location, focal depth, magnitude and maximum intensity of each one of the
events listed to be assessed.

3 A MAGNITUDE - INTENSITY RELATION

Magnitudes of historical earthquakes are usually calculated from relations established for in-
strumental earthquakes where magnitude, M, is a function of a particular element of the seismic in-
tensity, /e, of the general form M = f (l). /e is either the maximum intensity, /» , observed or the
perceptibility area for a given value of intensity. The second approach requires for a large number
of intensity observation points to be available in order to draw reliable isoseismals. However, a re-
view of several documentary sources regarding the historical Lefkada earthquakes (see in the
compilations of Stamatelos 1870, Schmidt,1875, Galanopoulos,1952, Papazachos and Pa-
pazachou,1997, Spyropoulos ,1997) reveals that only for a very few number of earthquakes the
available number of intensity observation points is adequate to draw isoseismals. Therefore, the
first approach has been selected for a reevaluation of historical earthquake magnitudes.

To establish a magnitude- maximum intensity relation we compiled data for a set of twenty-nine
instrumental earthquakes with maximum intensity being observed on some spot of the Lefkada is-
land (Table 1). An attempt was made by us to reassess the maximum intensity of these events
looking through original macroseismic reports and press reports archived in the Institute of Geody-
namics, National Observatory of Athens (NOAGI). This proved successful for a number of five
events marked with an asterisk in Table 1. Then, from regression analysis the relation

Ms=0.24In,+392, R*=0.734 (1)

was developed (Figure 2). The standard error of Ms on I is 0.25. The earthquakes that cause
maximum intensity on Lefkada have their epicentres very close to the island in either of the three
fault structures mentioned above and, therefore, it is practically meaningless for the epicentral dis-
tance, 4, to be inserted as a parameter in relation (1).

4 INTENSITIES AND MAGNITUDES OF STRONG HISTORICAL EARTHQUAKES

Historical documentation indicates that a set of fourteen strong earthquakes was reported with
estimated maximum intensity on the Lefkada Island in the time interval from AD1577 to 1911 (Table
2). No historical information was found for earthquakes occurring before 1577. For each one of the
fourteen events, I, was reassessed by us from macroseismic descriptions in MM and EMS scales
and no remarkable difference was found. In some cases, it was preferred rather to indicate value in-
tervals of the mode /m1— Im2, that is from intensity /1 to intensity /2, than to determine a single in-
tensity value not well justified by the observation data. Magnitudes were determined from relation
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(1). When mode /1 — Im2 was preferred, the respective magnitude was calculated as the average of
magnitudes Mss and Ms» determined independently for /1 and /.

Table 1: Data on instrumental Lefkada earthquakes. Maximum intensity values, /» , were taken from the NOAGI
monthly Bulletins. Events marked with an asterisk in Table 1 indicate intensities reassessed in this paper. Sur-
face-wave magnitudes, M;, were taken from Comninakis and Papazachos (1982) for the time interval from 1911
to 1963 and from the NOAGI earthquake catalogue (http://www.gein.noa.gr) for the time interval from 1971 to
2003. QOriginal NOAGI local magnitudes, M, , were converted to surface-wave magnitudes on the basis of the
calibration formula M, = M, + 0.5.

ala Date (YYYY. MM. DD) ¢°y Ae M, Im

1 1911.05.24 38.70 20.70 5.30 7.00
2 1914.11.23 38.80 2060 4.90 4.25*
3 1914.11.23 38.80 2060 5.30 6.00"
4 1914.11.27 38.80 2060 6.30 9.00
5 1915.02.20 38.80 20.70 5.00 4.00
6 1915.08.08 38.50 2070 5.00 3.00
7 1915.08.10 38.50 20.70 5.30 5.00
8 1921.05.10 38.70 20.70 540 7.00
9 1921.10.25 39.00 2050 5.30 5.00
10 1923.10.09 3880 21.00 5.00 5.00
11 1938.03.11 38.80 2060 5.60 7.00
12 1938.03.13 38.80 2060 5.80 8.00
13 1948.04.22 38.70 2050 6.50 9.00*
14 1948.06.30 38.80 2060 6.40 10.00*
15 1951.01.09 38.80 2060 5.00 4.00
16 1953.09.15 38.50 20.80 5.00 4.00
17 1957 10 C8 38.90 2060 520 6.00
18 1960.02.23 39.00 2060 5.00 5.25
19 1961.12.18 38.80 2060 5.00 5.25
20 1963.06.04 38.90 2050 5.00 6.25
21 1971.04.19 38.70 2050 5.30 7.00*
22 1973.11.04 38.78 2055 590 7.25
23 1976.01.18 38.70 2040 570 7.25
24 1978.09.14 38.90 2060 5.10 5.25
25 1980.04.12 38.60 20.30 5.60 5.00
26 1988.04.24 38.84 20.33 5.00 6.00
27 1994.11.29 3866 2046 540 6.00
28 1994.12.01 3869 2055 530 5.00
29 2003.08.14 3879 2056 6.40 8.00

0: o0

M=0241, +3.92
R?=0.73

3.00 5.00

T

7.00

9.00

I

m
11.00

Figure 2. The relation between M; and /,, developed by a set of 29 instrumental earthquakes.

As for the event dates no evidence was found to substantiate some corrections. An effort was
made to provide dates in the New Style (Gregorian) although in some particular cases it is not clear
whether or not the earthquake dates given in the original documents are in the Old (Julian) or the
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New Style. However, we introduced corrections in the origin time for several events. Our estimates
of the epicentral’coordinates practically do not deviate from those proposed by others who were
based on the prcximity of the epicenter to the meizoseismal region. More details about the reevalu-
ation of the earthquake parameters can be found in Appendix.

Table 2. Parameters of the Lefkada historical earthquakes; @N and AE are epicentral coordinates, /,, = maxi-
mum intensity, M, = surface-wave magnitude. P and FP denote Papazachos and Papazachou (1997, 2003) and
the present paper, respectively.

Date ON(P) AE(P) In(P)  Inr-lmFP) Ms(P) M- Ms, M;(FP)
1577 8.0 ? 6.20 ? ?
1612 05 26 388 208 80 9.0-10.0 6.50 6.10-6.40 6.25
1613 10 02 388 208 80 9.0-10.0 6.40 6.10-6.40 6.25
1625 06 18 388 207 90 10.0 6.60 6.40
1630 07 02 388 208 90 10.0 6.70 6.40
1704 11 22 388 207 9.0 10.0 6.30 6.40
1722 06 05 387 206 8.0 8.0-9.0 6.40 5.90-6.10 6.00
1723 02 22 386 2065 8.0 9.0 6.70 6.10
176910 12 388 206 9.0 10.0 6.70 6.40
1783 03 23 38.71 2061 10.0 10.0-11.0 6.70 6.40-6.60 6.50
1815 388 207 8.0 9.0 6.30 6.10
1820 02 21 388 206 9.0 8.0-9.0 6.40 5.90-6.10 6.00
1825 0119 38.7 206 100 9.0-10.0 6.50 6.10-6.40 6.25
1869 12 28 38.85 20.80 10.0 10.0 6.40 6.40

388K 1°

388" g

Figure 3. Epicentres of the events listed in Table 2 reported by Papazachos and Papazachou (1997).

5 CONCLUSIONS

Several documentary sources were utilized to recalculate surface-wave magnitude, Ms , for a
number of fourteen strong, historical earthquakes occurring in Lefkada from 1577AD to 1869. For
most of the events examined only a small number of intensity observation points are available and,
therefore, we were unable to calculate magnitudes from empirical formulas that involve perceptibil-
ity areas. From a set of twenty-nine earthquakes of Ms ranging from 4.90 to 6.5 and occurring in
Lefkada during the instrumental era of seismicity, it was found that data on magnitude and maxi-
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mum intensity, /m , fit well-enough the local relation Ms = 0.24 [, + 3.92 (R2 = 0.734). The standard
error of Ms on I, is 0.25. From the documentary sources, /m was reevaluated for each historical
event and then the respective magnitude was calculated from relation (1). The revised magnitudes
are systematically lower by 0.26 magnitude units on average with respect to those calculated by
Papazachos and Papazachou (1997, 2003). They seem, however, to be more realistic since they
are closer to magnitudes determined for strong instrumental earthquakes of Lefkada. The results
indicate that the methodology applied works and that it could be applied for the calculation of his-
torical earthquake magnitudes by producing local Ms / I, relations in other regions of Greece.
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APPENDIX: REVISION OF EARTHQUAKE EVENTS

1577
According to an Ottoman source, the walls of Ayamavra (Lefkada) castle were shifted because
of an earthquake and needed repair (Ambraseys and Finkel, 1999). Based on this information, Pa-
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pazachos and Papazachou (2003) assigned an intensity VIl in Lefkada and magnitude 6.2 for the
earthquake. However, we do not proceed with intensity and magnitude calculations because the
available macroseismic information is inadequate.

Barbiani and Barbiani (1864), Sathas (1867), Stamatelos (1870), Machaeras (1940, 1951),
Rondogiannis (1995) and Albini (1999), reproduced local archives and memories describing several
earthquake destructions occurring in Lefkada from 1612 to 1869. Little information about the 1869
event has been supplied also by Schmidt (1875). The above texts constitute the main bulk of
sources used by us to evaluate seismic intensities. Some of these publications were also repro-
duced by several authors (e.g. Galanopoulos, 1952, Papazachos and Papazachou, 1989,1997,
2003, Spyropoulos, 1997). The strong earthquakes of 23 June 1741 and 22 July 1767 were con-
sidered by some authors as Lefkada earthquakes. However, we did not evaluated them since both
had their macroseismic epicenters not in Lefkada but in the island of Cephalonia.

1612 May 26

According to the documentary sources two earthquakes occurred causing great damage to the
foundations of houses in many villages (...” moAAG xwpia eéeBeucAivBnoav amd 1év mdrov, kai eyu-
pioav t1a BspéAia dvw kdTw...”). The shock lasted for 50 or 60 days. Maximum intensity was evalu-
ated as equal either to /;»1=9 or to /»s1=10, and then from equation (1) we gut magnitudes Ms;= 6.1
and Ms2 = 6.4 respectively. The average (Ms(FP) = 6.25) of Mssand Ms,; was adopted as the most
reliable estimate of the earthquake magnitude. The occurrence time of the earthquake should be
corrected to 8 a.m.

1613 October 02

The sources indicate that this event was of similar destructive effects with the 1612 one and,
therefore, the estimated intensities and magnitudes were again found to be /n1 =9, In1=10, Mg =
6.1, Mso= 6.4, Ms(FP) = 6.25.

1625 June 18

This earthquake caused the collapse of all the houses and shops in Amaxiki, that is in the main
town of Lefkada: (...” émeoav n kaudpeg dAaig, kar e tnv Apaéikiv ra amina 6Aa kai ra payadd...,
Kai eyupraav Ta BepéAid rous dvw kdrw...”). Some houses and churches collapsed in the surround-
ing villages too, like in Tsoukalades. We estimated /, = 10 and Ms(FP)= 6.4.

1630 July 02

The earthquake destruction caused the death of many people as many houses collapsed in
Amaxiki, Kastro and Katouna where the trees were unrooted too. In some villages the earthquake
broke down all the houses. We estimated /, = 10 and Ms(FP) = 6.4.

1704 November 22

A terrible earthquake occurred during the night and the shocks continued for many days. All
houses and churches in Amaxiki and Kastro collapsed except St Athanasios’ church that was made
of wood. Thirteen people died in Amaxiki and three in Kastro. This shock reportedly affected the
whole island of Lefkada and the town of St Mavra (Ayamavra) (..."kar gyivn moAAf kar peyaAwrdarn
{nuia eic 6Anv v vrioov kai Ayiav Maupav...”). We estimated /» = 10 and Ms(FP) = 6.4.

1722 June 06
Two sequential earthquakes happened and many houses collapsed in Amaxiki, Athani, Damil-
iani and St. Petros. We estimated /n1=8, In1=9, Ms1=5.9, Ms2= 6.1, Ms(FP)=6.0.

1723 February 22

The mainshock was preceded by a strong shock on 20th of February. The mainshock caused the
collapse of several houses while many others damaged especially in Amaxiki. The place set apart
for women in the church of Evagelistria collapsed and the Latin church Pantokrator was pulled
down as well. Aftershocks lasted until May of 1723. We estimated /, = 9 and Ms(FP)=6.1.
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1769 October 12
More than 50% of the houses destructed while the rest suffered serious damage. Great dam-

age was caused to the houses and churches. The east walls of the castle and nearly all churches
destructed. Seven people killed. We estimate /n = 10 and Ms(FP)= 6.4.
1783 March 23

This earthquake was preceded by two strong shocks on the 9" and11th of March. The village
of Athani was completely destroyed, while many houses in St. Petros, Dragano, Komelio, Kalamitsi,
Damiliani, Exantheia, St. Elias, Englouvi, Syvros and Vournika were pulled down. Large pieces of
the mountains were landslided causing additional destruction. Sixty people were killed by the
earthquake. The aftershocks continued till August causing additional damage. We estimated /¢
=10, Im1 =11, Ms1= 6.4, Ms2= 6.6, Ms(FP) = 6.5.

1815
This strong earthquake caused the collapse of many buildings and death to many people of uni-
dentified number. We suggested i, = 9 and calculated M(FP) = 6.1.

1820 February 21

This earthquake caused the collapse of many houses and churches, while the city walls were
harmed and in the central square a subsidence occurred. We estimated /n1 =8, In1=9, Ms1=5.9,
Ms,=6.1, Ms(FP) = 6.0.

1825 January 19

The earthquake was great and destructed the town of Lefkada while most of the villages dam-
aged. Only in the town of Lefkada sixty people killed and another eighty injured. Victims were re-
ported from the villages as well. We estimated /1 =9, In1=10, Ms1= 6.1, Ms2= 6.4, Ms(FP)= 6.25.

1869 December 28

The town of Lefkada changed to a pile of ruins and only 20 to 25 houses remained undamaged.
Fifteen people died. Serious damage was observed in Tsoukalades, Katouna and Apoplaia, while in
Karya, Sphakiotes and Exanthia suffered less. We estimated /,, = 10 and Ms(FP) = 6.4.
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ABSTRACT

In the past years there has been a growing demand for precise earthquake locations for seis-
motectonic and seismic hazard studies. Recently this has become possible because of the devel-
opment of sophisticated location algorithms, as well as hardware resources. This is expected to
lead to a better insight of seismicity in the near future. A well-known technique, which has been re-
cently used for relocating earthquake data sets is the double difference algorithm. In its original im-
plementation it makes use of a one-dimensional ray tracing routine to calculate seismic wave travel
times. We have modified the implementation of the algorithm by incorporating a three-dimensional
velocity model and ray tracing in order to relocate a set of earthquakes in the area of the Mygdonia
Basin (Northern Greece). This area is covered by a permanent regional network and occasionally
by temporary local networks. The velocity structure is very well known, as the Mygdonia Basin has
been used as an international test site for seismological studies since 1993, which makes it an ap-
propriate location for evaluating earthquake location algorithms, with the quality of the results de-
pending only on the quality of the data and the algorithm itself. The new earthquake locations re-
veal details of the area's seismotectonic structure, which are blurred, if not misleading, when
resolved by standard (routine) location algorithms.

1 INTRODUCTION

Location is the first step that comes naturally in the study of earthquakes and reliable location is
necessary for all kinds of seismological research. Today, as the development of new techniques
and the advance of hardware resources allow it, the earthquake location problem is being reviewed.
All modern location techniques originate in Geiger's method (Geiger 1912). This is based on first
order Taylor series, that is, on the sufficiently valid hypothesis that a perturbation of the source pa-
rameters (spatial coordinates and origin time) and the resulting perturbation of the arrival times of
seismic waves are linearly related. Geiger's method became of practical interest in the late 1960s
and early 1970s, when the use of computers started to spread. The algorithm was then imple-
mented in computer programs, notably HYPOLAYR (Eaton 1969) and HYPO71 (Lee & Lahr 1972).

A major development in earthquake location was the introduction of the double-difference algo-
rithm (Waldhauser & Ellsworth 2000), which is also based on Geiger's algorithm but instead of us-
ing perturbations of arrival times (i.e. the difference between expected and observed arrival times),
it employs the difference of the perturbations in arrival times from two events which occurred close
to each other in space. The notion of the difference between events of the difference between ex-
pected and observed arrival times gave the name to the double-difference algorithm. It must be
noted that developments towards relative earthquake location already existed before (Fréchet
1985, Got et al. 1994), however the double-difference algorithm is superior for a number of rea-
sons: a) it uses all the data available, i.e. all pairs of earthquakes that are close enough to each
other and have common phase arrivals, b) it is capable of combining phase picks made by analysts
together with time-lag information calculated by waveform cross-correlation and finally, c) it is im-
plemented in a freely distributed computer program, named hypoDD (Waldhauser 2001).
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Our modification to this algorithm is the incorporation of a three-dimensional ray tracing routine.
The original program by Waldhauser (2001) assumes a layered velocity model, with a constant
compressional and longitudinal wave velocity for each layer and a constant longitudinal to com-
pressional wave velocity ratio. Although of practical use, such a ray-tracing technique is too restric-
tive and too different from the actual situation.

The main reason for incorporating a three-dimensional ray-tracing module to the program is not
to add to the precision of the earthquake location, but more importantly, to take a step towards the
use of double-difference techniques in seismic tomography. A similar approach has been proposed
by Monteiller (2003) and Monteiller et al. (2003).

The area where the algorithm was tested is the Mygdonia basin, which is located in Northern
Greece in the region of Central Macedonia (fig. 1-left). Its bedrock is formed of Mesozoic, Paleozoic
and Precambrian metamorphic rocks of the Serbomacedonian Massif and the Permian-Triassic and
Jurassic low-grade metamorphic series of the Circum-Rhodope belt. To the west of the Basin lay
the Mesozoic ophiolites of the Axios (Vardar) zone (Mountrakis 1985). The basin was formed in
two stages (Psilovikos & Sotiriadis 1983). The first stage, in which large scale grabens were
formed, took place during Miocene, Pliocene and Villafranchian, forming continental deposits with a
thickness of 350m (pre-Mygdonian system). The second stage, in which smaller basins were
formed, started before the end of the Villafranchian and continued during the Quaternary. The de-
posits of this stage have a thickness which varies from 50m to 160m.

The current seismotectonic setting of the region is also shown in figure 1 (right) (Mountrakis et
al. 2003). The basin is bounded by normal faults with a direction, which varies from NW-SE to E-W.
The stress field estimated by both neotectonic and seismological methods is also shown in the
same figure, where the T axis has a mean direction of N-S, which spatially varies quite rapidly
along the basin. Earthquakes with a magnitude of at least M=6.5 have been recorded in the Myg-
donia Basin area. The most well-studied one is the earthquake of June 20", 1978 (40.8°N, 23.2°E,
Ms=6.5, Imax=VIlI+ Stivos, Papazachos et al. 1979), which caused casualties and damage in the city
of Thessaloniki. The distribution of the epicenters of recorded earthquakes for the period 1981-2003
is shown in figure 2 (right).

A il 3t #
19 ) 2 7 T S TV » Cn & S
Figure 1. Location (left) and seismotectonic status (right) of the Mygdonia basin region. Lines denote seismic
faults, active faults and possible active faults. Black arrows are representative T axes, estimated from fault ge-

ometry and kinematics. Gray arrows are T axes calculated by the mean focal mechanisms of earthquakes.

2 ARRIVAL DATA AND 3-D VELOCITY MODEL

The arrival time data used in the present study were extracted from the database of the perma-
nent seismological network of the Geophysical Laboratory of the University of Thessaloniki. Only
the eight stations located closest to the Mygdonia Basin (Fig. 2, left) were used for the location. The
earthquake bulletin of the network (1995-2003) and HYPO71-formatted phase files (1981-1994)
were checked for errors and inconsistencies in a semi-automatic manner. Data were corrected
whenever possible, otherwise were discarded and only P and S wave first arrivals were considered.
Finally, the arrival information was converted to the hypoDD format. For the 3-D velocity model the
one calculated by Papazachos (1998) was adopted, which has a horizontal resolution of 10x10km
and a vertical resolution of 2km, extending at an area of 260x240x40km. A three dimensional visu-
alization of this model is shown in figure 3a.
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Figure 2. Stations used (left) and seismicity of the area (right). All reported earthquakes for the period 1981-
2003 are shown.
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Figure 3. a) Visualization of the three dimensional P-wave velocity model used for the location of earthquakes
(Papazachos, 1998). b) Travel time field for one of the stations used in this study visualized as surfaces of equal
traveltime to the station.

3 METHOD

The 3D ray tracing employed involves a two-step process. In the first step, the ray path is calcu-
lated as the shortest path on a regular grid, using Dijkstra’s algorithm for weighted graphs (Moser
1991). This algorithm takes as input a graph (i.e. a set of nods connected by edges), with a positive
weight assigned to each edge. In the case of ray tracing this weight is the travel time from one nod
to the next, taking into account the mean slowness between the two nods. The algorithm calculates
the shortest path (the path with the minimum sum of weights from the source nod to each of the
other nods). If the nods are dense enough and edges starting from each nod cover all directions,
then this model sufficiently simulates the minimum travel time path. The resulting ray path produced
by the first step is a first approximation of the real ray path and generally it is sufficiently close to the
global travel time minimum. The second step is then performed so as to bend the ray until it
reaches this “true” global travel-time minimum. This is achieved by a minimization technique based
on the conjugate gradients method (Moser et al. 1992, Snieder & Sambridge 1992).

Using this methodology for ray tracing, we have calculated the travel time field in the volume
covering the velocity model, over a regular grid. The results (the travel time and its three spatial de-
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rivatives) were stored in a binary file, using the same spacing as the velocity model (10X10X2km).
This calculation was repeated for every station, being the most time-consuming part of the data
processing. A typical travel time field for a station is shown in figure 3b.

The double difference earthquake location algorithm is described in Waldhauser & Ellsworth
(2000). It is based on Geiger's method, where the system to be solved is (Aki & Richards 1980)

Gm=d (1)
where the unknown, m, is the perturbation to the initial model 4, that will produce the true model a’

0 A

m =a, —a, (2)

a; (=1...4) are the source parameters; spatial coordinates x,y,z, or origin time 1, d is the vector of

observations, that is, observed travel time minus expected travel time (or, equivalently, observed
arrival time minus expected arrival time).

d =t -T(a) (3)
and finally G is a matrix, the elements of which denote what effect the jth source parameter has to
the ith observation

od ()

aa,
which is equal to the spatial derivatives of travel time, in the case of the three spatial source pa-
rameters, or equal to unity, in the case of origin time. The double-difference earthquake location al-
gorithm, subtracts equations that correspond to couples of earthquakes for which the difference in
arrival time differences is known. This leads to a system of equations, similar to (1) with a new
meaning for the unknowns and the data. m is still the perturbation to the initial model &, that will
produce the true model a’ (equation 2) but with j = 1...4N, where N is the number of earthquakes

being located. d is, still, the vector of observations, however now by observation we mean the dou-
ble difference:

dl' =i -1 @)~ ~7'(a) ®

where d* is observation i which involves events k and /, and ¢, T/ are observed and theoretical
travel times for the event k. The matrix G is modified to fit the new problem:

od" (6)
Gt =—
iy aaj( (a)

where d/ is observation i which involves event & and a," is source parameter j of the same event 4.

4 APPLICATION

To calculate the earthquake locations, equation (1) is solved iteratively. In the initial iteration the
vector m is filled in by values taken from the earthquake catalogue. Vector d is constructed with the
help of an auxiliary program that comes with hypoDD that takes as input a list of earthquakes with
their P and S wave first arrivals and extracts all travel time differences for couples of events that
conform to a number of criteria. These criteria are the distance between the two events, the dis-
tance between event pair and station and the common phases between the two events. Also the
user can (and must) restrain the number of pairs used, by setting a limit on how many other events
can each event be linked to, otherwise the system of equations will be too large, without containing
additional information. The theoretical traveltimes needed for the calculation of the double differ-
ence are retrieved from the pre-calculated travel time field (on the regular grid) by simple interpola-
tion. Similarly, the elements of the matrix G are retrieved from the same field. After each iteration,
the elements of G, m and d are updated, according to the new source parameters calculated.

During the progress of iterations, earthquakes can be “lost” for a number of reasons. First of all,
an earthquake may not be sufficiently connected to neighboring earthquakes to allow its relocation.
Another reason is that an earthquake has shifted to a position outside the 3D velocity model. Finally
an earthquake may lose connectedness with other earthquakes because some of them were lost in
previous iterations or because their new distance is too large. As a result, only a percentage of the
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earthquakes present in the original catalogue are relocated. This percentage depends mainly on
the quality of the data.

Equation (1) can be solved using either Singular Value Decomposition (SVD) or a sparse-matrix
conjugate gradient method such as LSQR (Paige & Saunders 1982). LSQR is much faster for large
sparse matrices (such as system 1), however only provides the solution and a rough estimation of
the error. As LSQR provides no information on the singular values of the coefficient matrix, the
conditioning of the system is ensured by applying a damping factor 4, to system (1) by solving:

G d @)

— (m

Al 0
In theory A should be equal to od/om (Franklin, 1970), where o denotes standard deviation. As
LSQR provides no reliable information on this, we followed Waldhauser (2001) and used an empiri-
cal rule to specify an appropriate damping factor. Thus, in each case we used a damping factor
which resulted in a condition number of 40 to 80. Tests showed that the damping factor does not af-
fect the results significantly, provided that the condition number of equation (7) is in this range.

5 RESULTS

The same set of earthquakes was relocated in three different ways. At first we relocated this set
of earthquakes using a 1D velocity model and the new three-dimensional ray-tracing module, to test
its reliability. The results, for the earthquakes that were finally relocated are shown in figure 5 (A). It
must be noted that only earthquakes that were successfully relocated are shown, so these maps
may not reflect the true distribution of seismicity, however most of its main features are visible.
Then we relocated the same set of earthquakes using the 3D velocity model (fig. 5B). The results
are consistent and relatively small differences in epicenter locations can be attributed to the differ-
ence between the 1D and 3D velocity models.

In order to achieve numerical stability, the original algorithm allows the user to divide the list of
earthquakes into clusters, based on a minimum number of links (common phases) among events.
This pre-processing ensures that in the system of the equations, all subsets of equations will have a
minimum number of unknowns in common. In the third and final step we have relocated the earth-
quakes, after clustering them, using a minimum number of 8 links for the clustering. This resulted in
430 clusters, the largest of which included 428 events (before relocation) and 639 isolated events.
We have relocated the 50 clusters, which included the largest number of events, with the smallest
clusters including 6 events. The results are shown in figure 5(C), where in addition to the events
that the algorithm failed to relocate, small clusters and isolated events are also not presented.

In figure 6 the central part of the Mygdonia basin is shown in detail. The visual inspection shows
that the modified double-difference algorithm has improved the locations by both producing more
linear distributions of seismicity (delineating active faults) and “migrating” epicenters to their (pre-
sumably) correct position due to the use of a 3D velocity model. A very clear delineation of the Ar-
naia 1995 sequence is found in figure 6(B), compared to the rather diffuse distribution of figure
6(A). Similar changes are observed for the Asvestochori seismicity close to Thessaloniki, the recent
sequence south of Thermi, the seismicity in the Langadas lake area and the activation of the
Ag.Athanasios area to the NW of Thessaloniki. A less clear delineation is observed for the Volvi
area events. It should be pointed out that the “migration” of epicenters due to the use of a 3D model
varies spatially, demonstrating the usefulness of its use for accurate absolute and not only relative
relocations. However, it must be emphasized that this improvement only concerns the percentage
of earthquakes that were successfully relocated and which must have been sufficiently well located
in the first place. To evaluate the usefulness of the relocation process in determining the features of
the spatial distribution of earthquakes, the results should be compared to the catalogue locations
shown in figure 2.
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Figure 5. Comparison of the original catalogue locations with the revised relocations. In the top row (A) the re-
sults of relocation using a 1D velocity model are shown. In the middle row (B), the results of relocation using the
3D velocity model, without any clustering are presented. Finally, in the bottom row (C), the results of relocation
for the 50 clusters which contained the largest number of events, using the 3D velocity model are shown.
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Figure 6. Comparison of the original catalogue locations with the revised relocations for the Mygdonia Basin. On
the top the original catalogue locations are presented, while in the bottom figure the revised relocations using
the modified double difference algorithm are shown. The positions of the faults of Asvestochori and Arnea are

denoted by lines 1 and 2 respectively.

To evaluate the effect of the relocation on the depth distribution of earthquakes, six profiles
were drawn and studied across the broader Mygdonia basin area (Fig. 7). In every case the relo-
cated events show more recognizable faulting patterns, especially along some faults (A, B, C, F). In
several cases the normal faults that dominate the study area exhibit a near-vertical dip (A, B, E, F).
However, this is not always the case, as is seen by the impressive depth-section of the Asvesto-
chori fault seismicity (fig.7C), which clearly dips under the city of Thessaloniki at depths between 2
and 8 km, with a dip angle of ~50-55°. These results are in excellent agreement with the 1999 As-
vestochori fault sequence presented in the same figure from Papazachos et al. (2000), which was
located using a temporary deployment (solid triangles at the right-hand side of fig. 7C). The excel-
lent agreement of the fault characteristics as these are revealed by the permanent and temporary
network verifies that the proposed approach can achieve comparable accuracies between the re-
gional network and temporary-local deployments.

The Ag. Athanassios seismicity shows a near vertical fault (fig.7A), slightly dipping to the south.
The main Arnaia fault zone (fig.7F) also dips steeply to the south, while the recent Thermi se-
quence extends between 2 and 12 km, steeply dipping to the north. It is interesting to notice that
the Volvi seismicity (fig.7E) shows a more complicated pattern, probably due to the activation of
several neighboring faults.
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Figure 7. Comparison of some images of the vertical distribution of relocated events with the original catalog locations. The exact location of each profile is shown in the inset map

For each cross-section the original catalog locations are shown on the left and the reviewed locations on the right.
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Figure 8. Extension of the Vourvourou neotectonic fault towards the east, as is delineated by the relocated
seismicity using the 3D model double-difference technique.

Except for the Mygdonia basin area, interesting results are also obtained for all faults of the
broader Mygdonia basin area, such as the Griva 1990 fault seismicity (NW cluster in figure 5). An
interesting continuation of the observed Vourvourou neotectonic fault is seen in figure 8, where the
eastern section of the fault clearly continues in the sea towards the east. Such results further con-
firm the usefulness of relative relocation using double-difference in a 3D velocity model for identifi-
cation of active faults and their correlation with independent (e.g. neotectonic) information.

6 CONCLUSIONS

The results obtained in the present work demonstrate that 3D ray tracing can be efficiently in-
corporated in relative location algorithms, resulting in more accurate both relative and absolute lo-
cations. The proposed modification can expand the application of double-difference algorithms in
seismic tomography. The method has been successfully applied in the Mygdonia basin area, allow-
ing the better description of the geometrical characteristics of several active faults, including the
Asvestochori fault close to the city of Thessaloniki, in very good agreement with previous studies for
this fault (e.g. Papazachos et al., 2000). Further improvement of the results can be obtained by us-
ing time lags from waveform cross-correlation, as the relative difference in traveltime is exactly what
is needed for the double difference algorithms, Another way to improve the results would be to use
better-located hypocenters as a starting point, for example by performing a preliminary relocation of
the events using station corrections. The applied method is currently under revision and is going to
be further improved and fine-tuned in the future by the incorporation of additional tomographic
terms in equation (1).
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ABSTRACT

SEISMO-SURFER is a tool for collecting, querying and mining seismic data being developed in
Java programming language using Oracle database system. The objective is to combine recent re-
search trends and results in the fields of spatial and spatio-temporal databases, data warehouses
and data mining, as well as well established visualization techniques for geographical information.
The database of the tool is automatically updated from remote sources while existing possibilities
allow the guerying on different earthquakes parameters, the analysis of the data for extraction of
useful information and the graphical representation of the results via maps, charts etc.

In the present work, we extend SEISMO-SURFER to include macroseismic data collected by the
Geodynamic Institute and filled in a relative database. More specifically, the seismic parameters of
the strong earthquakes, stored into the SEisMO-SURFER database, are linked to the macroseismic
intensities observed at different sites. Administrative information for each site, local surface geol-
ogy, tectonic lines, damage photographs and detailed descriptions from newspapers are also in-
cluded.

University of Piraeus and Geodynamic Institute are working together to continuously update and
develop SEISMO-SURFER, concerning the data included, the variety of parameters stored and the
mining algorithms supported for exploiting knowledge.

1 INTRODUCTION

Aiming to develop a prototype software in order to combine recent research trends and results
within the areas of spatial and spatio-temporal databases, data warehouses and extraction of new
knowledge from large databases (data mining), lead to the development of the SEISMO-SURFER tool
(Theodoridis 2003). SEISMO-SURFER is an example of cooperation between scientists of Informatics
(especially those who involved in the information and knowledge management) and of Geophysics.

As seismological data are multidimensional, they need to be stored and recovered by special
techniques, more complex compared to those used for the traditional alphanumerical data. Under
this point of view, spatial entities referred to temporal periods or temporal moments referred to lay-
ers of geographical information are under investigation within the frame of Database Management
Systems. Furthermore data warehouse techniques are used in order to unify different sources of
seismological data (available through Internet, for example). A user might ask information about the
most destructive earthquakes in Europe during the last 20 years, or to limit his/her question in
Greece only (drill-down operation) or to extent it world widely (roll-up operation). On the other hand,
different layers of thematic information can be included, like geological maps, tectonic maps, popu-
lation maps etc, in order for the user to search for possible relations between the grade of damage
and the epicentral distance or the distance of the damaged cities from the seismogenic fault, or be-
tween the damage and the dominant geology etc.

From the above mentioned simple examples, SEISMO-SURFER can be useful to a wide range of
users, including scientists of Informatics and Seismology, government officers, even students and
simple citizens. Under this point of view the tool should be continuously updated and improved con-
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cerning the records, the parameters included, the data-mining techniques and the visualization
techniques supported.

2 ARCHITECTURE AND OPERATION OF THE TOOL

The system architecture is illustrated in Figure 1. A number of filters “clean” and homogenize
the data (concerning mainly the double entries), which are available from the remote sources and
Data Load Manager loads the so resulted data in the Local Database. Users interact with the data-
base via the Query Manager. The Data Mining Module applies knowledge discovery techniques on
stored data. Querying and data mining results are presented in graphical mode (maps, charts, etc.)
via the Visualization Manager.

The operation of the SEISMO-SURFER tool is classified as follows:

1. Remote data sources management. The local database is automatically updated using up-to-
date information found in remote sources. In the current implementation phase, two sources are
linked in the system: one for phenomena in Greece (source: Geodynamic Institute) and one world-
wide (source: US Geological Survey). As an indication, alearthquakes above 4 Richter occurred in
Greece since 1964 have been integrated in the SEiISMO-SURFER database by using the web site of
the Geodynamic Institute, while the catalogue of Comninakis and Papazachos (1986) is used for
the integration of the earthquakes in Greece for the period 1901 - 1963.

VISUALIZATION MANAGER

i U U

MAP DATA MINING <:> QUERY
MANAGER MODULE MANAGER

DBMS
DATA & DW
LOAD

MANAGER

LOCAL DATA

S ource N,-"

Figure 1. The SEISMO-SURFER architecture.

2. Querying on seismic parameters of earthquakes: For example, one could ask about epicenters
of earthquakes in distance no more than 50km from Athens, the nearest epicenter with respect to a
given point on the map, highly populated cities located close to strong earthquakes etc. (Figure 2).
3. Data Warehouse operations: Due to the potentially huge amount of information related to
earthquake phenomena, summary data views could equally address user needs. Implementing
SEISMO-SURFER as a data warehouse offers the possibility to store locally summary information only
(e.g. total number of shocks, average magnitude), at different levels of detail in spatial (country,
continent etc.) and/or temporal dimension (month, year, century etc.). Should the details of a single
event be asked for retrieval, the remote data sources would be visited.
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4. Data mining operations: Finding clusters of information (e.g. shocks occurred closely in space
and/or time) or classifying phenomena with respect to area and epicenter could be useful tools for
earthquake data analysis. Spatial and time-series data mining provide a variety of techniques to-
wards this goal.

5. Detecting phenomena semantics: Examples include the characterization of the main shock and
possible intensive aftershocks in shock sequences, using pattern finding techniques, the similarity
of shock sequences, according to a similarity measure specified by the domain expert, etc.

3 PRESENT SITUATION

SEISMO-SURFER has been developed under Java language with the database running under
Oracle environment, aiming to support the possibility for the tool to be web-based, to support differ-
ent geographical coordination systems, to support spatial querying using specific indexes in order
for the searching time to be reduced and to improve data mining— already prepared algorithms can
be embedded after small modifications.

Spatial and spatio-temporal queries have been incorporated using the R-tree indexing tech-
nique provided by Oracle, including the range query (find the epicenters within an area), the dis-
tance query (find the epicenters within distance x from a specific point on the map), the nearest
neighbor query (epicenters closest to a point on the map) and the closest pair query (epicenters
closest to highly populated cities of Greece). Figure 2. is a mixture of spatio-temporal query screen-
shots.

Figure 2. SEISMO-SURFER screenshots for spatio-temporal queries.

For data clustering the popular k-means algorithm has been incorporated using as parameter
the number of clusters to be produced. Currently, clustering is based on spatial information only
(epicenters).
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The tool also includes visualization features like maps, plots and GUI tools that assist the user
to the query formulation process and allow viewing the selected or analyzed data in a number of dif-
ferent ways.

4 MACROSEISMIC OBSERVATIONS

Geodynamic Institute collects and evaluates macroseismic observation for more than 100
years. The observation is published in the monthly bulletins and in such a way is distributed to the
scientific community, comprising the primary material for research studies. During the last years,
within the frame of various research projects, Geodynamic Institute updated the whole procedure of
macroseismic observation management. More specifically:

The questionnaire has been improved, including more detailed description of damage in order
for the user to be helped answering. These changes did not affect the grading according to the in-
tensity scale used till now (Modified Mercalli, MM). Each answer has its own code number, so the
answers can be introduced to statistical analysis. The questionnaire is included in the G.I. web site,
in order for anybody to answer if and how he felt the earthquake and if and what damage he ob-
served.

The questionnaire-mailing-procedure, as well as the management of the answers, are handled
by a database of macroseismic observations, originally developed under MsAccess environment.
The database includes three main tables with one-to-many relationships: Table SITE includes the
administrative information of the municipalities and communities gathered after “Kapodistrias” law
for local authorities and the recent inventory of the Hellenic Statistical Service, like the name of the
municipality, the prefecture, the population, the mail and electronic address, phone numbers, as
well as coordinates and the dominant surface geology (IGME maps, 1:50000). Each record has its
own unigue code number. The spatial distribution of the sites to which the questionnaire has been
sent after the strong earthquake (according to criteria concerning the spatial distribution, the popu-
lation and the epicentral distance) can be checked. Table QUAKE includes the seismic parameters
of the earthquakes within the area 33°N - 42°N and 19°E - 29°E having a magnitude M; > 5.5 oc-
curred during the period 1900 — today. The table is updated continuously with the new strong
earthquakes. Each record has its own code number, while a column is dedicated to a notification
about the existence or not of macroseismic observation. Table EFFECT includes the macroseismic
intensity observed at each site for the different earthquakes. Other data included here are the epi-
central and hypocentral distance and the azimuth (the angle between the site-epicenter line and the
line of north. Each observation is characterized by the combination of the site code and the earth-
quake code. An auxiliary table named INFO includes photographs, descriptions, references about
the damage and the earthquakes.

The fore mentioned database has been incorporated to SEiSMo-SURFER with small modification
of the field names and some additional informative columns. For example the addition of tables
FLINN and FLINN_RECTANGLE, which are related to the tables SITE and QUAKE, assists on the
geographical representation of the affected sites using the Flinn & Engdahl geographical terminol-
ogy (Young et al., 1996), while the addition of table COUNTRY will be used in the future to import
macroseismic observation from neighboring countries (Greek earthquakes which might affect sites
of Turkey, Bulgaria, FYROM or Albania) or even from other countries. Moreover table FAULTS in-
cludes details about the focal mechanism of the earthquakes (characterization of the seismogenic
fault, the strike, the slip and the rake of the planes etc.), as well as the name of the seismogenic
fault (ex. Servia fault), all these taken from bibliography (ex. Kiratzi and Louvari, 2003), which is
also included. The Entity-Relationship diagram of figure 3 illustrates the entities included in SEismo-
SURFER and their relationships, on which the tables of Oracle relational database are based.

The integration of the macroseismic information in the SEiISMO-SURFER makes the tool to be
more complete and gives the advantage to the user to extract new knowledge by using its tech-
niques taking into account greater variety of data, connected with more complicated relationships.
For example, a question like “find the closest-to-a-point sites having an intensity greater than VI
and give the results together with the focal mechanism of the earthquakes, the distance and the
azimuth between the sites and the epicenters, as well as the local geology” can be applied in order
for the user to conclude to any possible relationship.
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5 PROSPECTS AND CONCLUSIONS

In the present work the architecture and the operation of the SEismo-SURFER is described with
emphasis in the collection, management and analysis of the macroseismic data. Indicative results
of this analysis are also mentioned by using knowledge-extraction techniques.

Taking into account the continuous seismological -and macroseismic — data collection by the
Geodynamic Institute, as well as the comparison between the SEismo-SURFER and other relative
tools (Han et al., 1997; Andrienko and Andrienko, 1999; Kretschmer and Roccatagliata, 2000 ) the
future steps for the SEismo-SURFER development include four directions. More specifically:

Enrichment of the database with new records and new characteristics: The enrichment of the
database will include new records coming from its temporal extension to the past. This could be re-
alized by the addition of historical catalogues (Papazachos & Papazachou, 2003). Moreover, new
characteristics of the existing records will be added, like the detailed geology for the sites of macro-
seismic observations, or the peak ground acceleration for specific sites, the characteristics of the
seismogenic fault, the seismic hazard zones and thus the connection of the information with the
seismic resistant code, bibliographic references for strong earthquakes etc.

Data warehouse functionality with aggregate information: The reason for the use of warehouses
instead of databases is the large volume of the seismological data, as well as the complexity of the
difference queries that the user could submit. The system is unable to give answer in case of a
complex query submitted to a large database. Further more, the user should have a good knowl-
edge of the specific programming language for query formulation (SQL usually), and the functional-
ity of the database is overloaded. In any case, it is possible to develop both a database and a data
warehouse due to the differences between them: The databases are mainly used for the continuous
dealing processing, while the data warehouses are used for the continuous analytical processing
and the information extraction. The data within the databases are dynamic, current and detailed,
while within the data warehouses are static, historical and concentrated. The modifications of the
database data are continuous, while the data warehouses are subjected to periodical updates.
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Figure 3. Diagram showing the entities included in the SEISMO-SURFER database and their relationships.

More data mining operations via additional algorithms: As already mentioned, it is only the k-
means algorithm that is incorporated in the system for the moment. Nevertheless, other data mining
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algorithms supported by Oracle are for classification (Adaptive Bayes Network for predictive infor-
mation and Naive Bayes), for clustering (O-cluster based on grid while k-means is based on dis-
tance), for attribute importance (predictive variance for the identification of the most effective char-
acteristics on a parameter under investigation), for association rules (A-priori using frequent item-
sets).

Various modifications — web edition: Various improvements are planned concerning the visuali-
zation part of the tool covering the possible new relations, various queries should be added or
modified in order for additional parameterization of the information included, the map navigation will
be improved, while the user could have the possibility to be supported by other external sources for
data mining. Finally, a subset of the tool is planned to be publicly available over the Internet as a
web-based portal of information and knowledge about earthquakes.
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ABSTRACT

In the framework of the “SEISIMPACT-THES" project (Koutoupes et al., 2004; Savvaidis et al.,
2004) a GIS database has been designed to include information on a wide range of components
related to seismic risk within the broader area of the prefecture of Thessaloniki. One of these com-
ponents refers to the distribution of strong ground motion produced by large earthquakes and the
ability of a potential future user of the database to retrieve information regarding the distribution of
strong ground motion from past destructive earthquakes in the area of Thessaloniki, as well as rela-
tive information for realistic future scenario earthquakes in the same area.

The selection of future scenario earthquakes that may affect this urban region of interest is
based on a combined review of historical data, previous probabilistic and deterministic hazard as-
sessments, seismotectonic and microseismicity studies, relocated seismicity in northern Greece
and the experience gained from worldwide research. In this study we present the results from hypo-
thetical rupture of one fault that is located at the suburbs of the city, the Asvestochori fault. Empiri-
cal relations applicable to Greece (Papazachos & Papazachou 2003), as well as seismicity informa-
tion are combined to determine the dimensions of the scenario earthquake source. Strong ground
motion for the selected scenario is simulated using the stochastic method for finite faults (Beresnev
and Atkinson, 1997). Uncertainties due to unknown parameters such as the rupture initiation point
and the distribution of slip on the fault plane are taken into account by examining a large number of
random scenarios. The average values from these multiple scenarios are then used to compile
maps of strong ground motion parameters (e.g. peak ground acceleration and spectral accelera-
tion). Although the examined scenario earthquake is moderate in size (Mw 5.2), the level of the re-
sulting strong ground motion parameters is indicative of the potential destructiveness of the exam-
ined source. Due to the simplicity in the underlying assumptions of the stochastic method, the
results of this study are a first-order approximation to the problem of defining expected shaking in
the wider area of Thessaloniki. Other strong motion simulation methods of more deterministic char-
acter will also be applied for the same purpose in the framework of the SEISIMPACT-THES project.
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1 INTRODUCTION

Earthquake scenarios describe the expected ground motions and effects of specific hypothetical
earthquakes. To simulate a hypothetical earthquake, one needs to make assumptions on the loca-
tion and the size of the event, although this does not mean that the specific earthquake will indeed
occur. Nevertheless, simulations of scenario earthquakes enhance our present knowledge of the
potential destructiveness of specific seismic sources and can, therefore, be used for earthquake
disaster planning and preparedness purposes.

Contributing to planning and coordination of emergency response to a large earthquake close to
urban areas is one of the main targets of the “SEISIMPACT-THES" Project (http://www.seis-
impact.gr). This project aims to the development of an advanced Geographic Information System,
which will include topographic, geological, seismological and geophysical data, as well as detailed
information about damage caused from previous large earthquakes in the area of interest. Further-
more, this system will provide synthetic strong ground motion parameter maps for hypothetical
earthquakes.

The SEISIMPACT-THES information system is being designed with an open architecture, so
that it will be usable in any area for which sufficient data exist. Nevertheless, its initial form will con-
tain information on the area belonging to the Prefecture of Thessaloniki.

In the frame of this project, we present some first simulation results for an earthquake scenario
in the proximity of the city of Thessaloniki. This hypothetical earthquake is related to the Asvesto-
chori fault, which is believed to dip underneath the city (Papazachos et al. 2000).

2 METHOD

The method used to assess the expected strong ground motion from scenario earthquakes
close to the city of Thessaloniki is the stochastic method for finite sources, which is based on the
idea that high-frequency motions can be considered random (Hanks 1979, McGuire & Hanks 1980,
Hanks & McGuire 1981). Boore (1983) was the first who applied this idea to simulate strong ground
motions from point sources and few years later Beresnev & Atkinson (1997) extended the original
method to encompass effects from finite sources. The method of Beresnev & Atkinson (1997) in-
volves discretization of the fault plane of the simulated earthquake into smaller subfaults, each of
which is assigned an w? spectrum. Contributions from all subfaults are empirically attenuated to the
observation site and appropriately summed to produce the synthetic accelerogram. For a detailed
description of the stochastic method, the reader is referred to Boore (2003) and to references
therein.

All simulations presented in this study are performed using the finite-fault simulation code FIN-
SIM (Beresnev & Atkinson, 1998). The applicability of the code to ground motion predictions has
been tested and verified by numerous researchers and in various seismotectonic environments
(e.g. Hartzell et al. 1999, Castro et al. 2001, Beresnev & Atkinson 2002, Hough et al. 2003,
Roumelioti & Kiratzi 2002, Singh et al. 2003). This code and the stochastic method in general, have
been previously applied in Greece to simulate strong ground motions from past strong earthquakes
(Papastamatiou et al. 1993, Margaris & Papazachos 1994, Margaris & Hatzidimitirou 1997, Mar-
garis & Boore 1998, Roumelioti et al. 2000, Roumelioti et al. 2003, Benetatos & Kiratzi 2004,
Roumelioti et al. 2004).

3 SEISMOTECTONIC SETTING

Thessaloniki lies in the northern part of the Aegean Sea region, where seismotectonics are con-
trolled by the N-S extension of the back-arc area and the dextral strike-slip motions transferred from
the east along western termination of the North Anatolian Fault Zone (NAFZ) into the Aegean
(Kiratzi 2002). Inherited structures that dominate the broader area are thrust, reverse and strike-slip
faults of the Alpide deformation, whereas normal and oblique-slip faults have also been formed or
reactivated by the post-orogenic extension. These latter structures are of different orientations,
which vary from NNE-SSW to E-W, although the predominant orientation is NW-SE. The E-W
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trending structures are few and rather small, but presently active as they are oriented perpendicular
to the active stress regime.

The broader area of northern Greece is characterized by intense seismic activity, which is basi-
cally concentrated along the Serbomacedonian geological zone, to the east of the city of Thessalo-
niki. This zone consists a permanent threat to the Prefecture of Thessaloniki, although more distant
large earthquakes e.g. from the area of Kresna in Bulgaria have also been proven damaging. In fig-
ure 1, we show the epicenters of known historical and recent earthquakes (Papazachos & Pa-
pazachou 2003) that have affected the built environment of the city of Thessaloniki. Of particular in-
terest is the earthquake of 1759, which according to historical macroseismic information
(Papazachos & Papazachou 2003 and references therein) ruined the largest part of the city and
caused the death of many people. This earthquake is not clearly related to any of the known fauit
structures around Thessaloniki, although the extent of the caused damage implies that its epicenter
was very close to the city.
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Figure 1. Past large earthquakes that have affected the built environment of Thessaloniki.

4 APPLICATION OF THE STOCHASTIC METHOD

4.1 Simulation Parameters

In the methodology of Beresnev & Atkinson (1997, 1998) modeling of the finite source requires
information on the orientation and the dimensions of the fault plane, as well as information on the
dimensions of the subfaults and the location of the hypocenter.

The orientation and the dimension of the fault model were chosen based on the spatial distribu-
tion of the foci of the 1999 Asvestochori sequence (Papazachos et al. 2000), as well as on geologi-
cal information (Tranos et al. 2003) and empirical scaling relations applicable to Greece (Pa-
pazachos & Papazachou 2003).
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The discretization of the fault was done using the empirical relation (Beresnev & Atkinson

1999):
logAl = 0.4M -2 (1)
where Al is the subfault dimension and M the simulated earthquake magnitude.

Another important input parameter of the employed methodology is the “stress parameter” Aa.
Since Ao is known with very large uncertainties for past events and even larger for future ones, we
decided to keep its value fixed at 50 bars (Kanamori and Anderson, 1975), following the suggestion
of the writers of the simulation code used (Beresnev and Atkinson, 1997). After all, a fixed value of
this parameter primarily affects the number of elementary sources that need to be summed in order
to conserve the seismic moment of the target event and not the radiation amplitudes (Beresnev and
Atkinson, 1997).

The propagation model includes parameters for the geometric spreading, the anelastic attenua-
tion and the near-surface attenuation, as well as site amplification factors.

For the geometric attenuation we applied a geometric spreading operator of 1/R, while the ane-
lastic attenuation was represented by a mean frequency—dependent quality factor for Aegean and
the surrounding area, Q(f) = 100 f 08 (P. Hatzidimitriou, personal communication).

The effect of the near—surface attenuation was also taken into account by diminishing the simu-
lated spectra by the factor exp(-=nfk) (Anderson and Hough, 1984). The kappa operator was given
the values 0.035, 0.044 and 0.066 for site classes B, C and D, respectively (Margaris & Boore
1998, Klimis et al. 1999).

The material properties are described by density, p, and shear — wave velocity, 8, which were
given the values 2.72 gr/cm3 and 3.4 Km/sec, respectively.

There are three more parameters that we cannot “a priori’ determine for an earthquake and
these are: the location of the rupture initiation point, the distribution of slip on the fault plane and a
parameter called sfact (Beresnev & Atkinson 1997, 1998), which controls the amplitudes of the ra-
diation at frequencies higher than the corner frequency of the subfaults and has been linked to the
maximum velocity of slip on the fault (Beresnev and Atkinson, 1997). Regarding the last parameter,
Beresnev & Atkinson (2001) suggested an average value of 1.5+0.3 based on a large number of
simulated earthquakes. We examined values within the entire range from 1.2 to 1.8, using a step of
0.1 (7 values in total). Furthermore, we tested all possible rupture initiation points by successively
moving the initiation point to a different subfault of the fault model (25 locations in total, i.e. equal to
the number of subfaults) and performed simulation for 30 random slip distribution models. In total,
for each observation point we computed 7x25x30=5,250 synthetic accelerograms and response
spectra.

A summary of the simulation parameters is presented in table 1.

Table 1. Simulation parameters for the Mw=>5.2 scenario earthquake on the Asvestochori fault.

Parameter Adopted Value
Fault orientation Strike 140°, Dip 55°
Fault dimensions (Km) 6x6

Mainshock mament magnitude (M,,) 52

Stress parameter (bars) 50

Subfault dimensions (Km) 12x1.2

Subfault moment (dyne-cm) 1.0 x 10%

Number of subfaults 25

Number of subsources summed 6

Subfault corner frequency (Hz) 1.7

Crustal shear-wave velocity (Km/sec) 3.4

Crustal density (gr/cm’) 272
Distance-dependent duration term (sec) Duration equal to source rise time
Geometric spreading 1/R

Q( 100 x f °8
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4.2 Results

Synthetic acceleration time histories were computed at grid points covering the area (lati-
tude/longitude): 40.575°N/22.725°E up to 40.775°N/23.075°E, using a grid spacing of 0.025° and
assuming hard rock surface conditions throughout the examined area. The 5,250 synthetic wave-
forms computed for each grid point were then used to estimate the average peak ground accelera-
tion (PGA) and average peak spectral acceleration (PSA) at each point and the resulting values
were used to compile the corresponding strong ground motion parameters maps.

The PGA map for the scenario Mw=5.2 earthquake on the Asvestochori fault is shown in figure
2. The map is contoured in units of cm/sec?, using a contour interval of 50 cm/sec®. PGA values
within the city of Thessaloniki range from 150 up to more than 300 cm/sec” and maximum values
are observed, as expected, within the projection of the fault plane.

22° 45 22° 48 22" 51 22" 54 22" 57 23°0 23" 3

40° 45
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22" 45 22 48 22° 51 22° 54 22° 57 23'0 23" 3
Figure 2. Average PGA map for the scenario earthquake of Mw=5.2 on the Asvestochori fault. Values are in
cm/sec? and the contour interval is 50 cm/sec’. Thick black line corresponds to the surface projection of the up-
per edge of the adopted fault model.

Response spectra portray the response of a damped, single-degree-of-freedom oscillator to the
input ground motions. In figures 3 and 4, we present response spectra maps for the examined
earthquake scenario at two reference periods: 0.2 and 0.65 sec, respectively. These period values
were chosen because they are close to the average resonance periods of typical building construc-
tions in the city of Thessaloniki (0.2 sec for low buildings and 0.65 sec for 6 to 9 storey buildings).
For each grid point, the value used is the peak horizontal value of 5% critically damped pseudo-
acceleration. PSA values within the city of Thessaloniki range from 0.3 to more than 0.6 g at 0.2
sec and from 0.08 to more than 0.14 g at 0.65 sec. The predicted values within the city are in satis-
factory agreement, especially at lower periods, with those determined from empirical attenuation re-
lations (Theodulidis, 1991) which lie within 0.3 to 0.6 g at 0.2 sec and 0.05 to 0.1g at 0.65 sec.

We also indicatively computed average response spectra at a specific site within the city of
Thessaloniki (triangle symbol in Figs. 2-4), for three representative site categories (B, C and D).
The site effect was included in the average spectrum through the use of empirical amplification fac-
tors previously proposed (Margaris & Boore 1998, Klimis et al. 1999). The resulting spectra are
presented in figure 5, where dashed lines correspond to + 1 standard deviation. Standard deviation
curves indicate the uncertainty in the average spectra due to our incapability of defining the slip dis-
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tribution, the location of the rupture initiation point and the value of parameter sfact for a hypotheti-
cal earthquake.
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Figure 3. Average PSA map at period T=0.2 sec for the scenario earthquake of Mw=5.2 on the Asvestochori
fault. Values are in g and the contour interval is 0.1g. Thick black line corresponds to the projection of the upper
edge of the adopted fault model to the surface.
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Figure 4. Average PSA map at period T=0.65 sec for the scenario earthquake of Mw=5.2 on the Asvestochori
fault. Values are in g and the contour interval is 0.1g. Thick black line corresponds to the projection of the upper
edge of the adopted fault model to the surface.
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Figure 5. Average response spectra (continuous lines) and + 1 standard deviation curves (dashed lines) for
three representative site categories (B, C and D from top to bottom) at a specific site within the city of Thessalo-
niki, which is denoted by the triangle symbol in Figs. 2-4.

In Figure 6, we indicatively compare two site-specific estimates of average response spectra
with corresponding spectra derived from empirical predictive attenuation relations (Theodulidis,
1991). Response spectra have been computed at two points, one of them located very close to the
assumed seismic source (R=1 km) and the other one located at the western suburbs of the city
(R=10 km). The agreement between the two independently calculated sets of spectra is very satis-
factory, especially in the intermediate period range (0.1 to 1 sec). Outside this range, the stochasti-
cally determined average spectrum deviates from the empirical one, although it remains within the +
1 standard deviation curves.
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Figure 6. Comparison between average response spectra calculated using the stochastic method for finite
sources (continuous thick lines) and empirically predicted spectra (continuous thin lines), at two points located
at distances of 1 km (top) and 10 km (bottom). Dashed curves correspond to the + 1 standard deviation of the
empirical spectra.

5 CONCLUSIONS

The stochastic method for finite faults was applied to simulate strong ground motion within the
area of the Prefecture of Thessaloniki from a scenario earthquake — that is rupture of the Asvesto-
chori fault producing a magnitude Mw 5.2 earthquake. Synthetic acceleration time histories and re-
sponse spectra were computed for a large number of grid points, covering the broader area of the
Prefecture of Thessaloniki. For each point we examined 5,250 rupture scenarios, which included
variable slip distribution patterns, rupture initiation points and values of the sfact parameter of the
stochastic method. Average PGA and PSA values at each grid point were then used to compile
synthetic maps of strong ground motion parameters. By examining multiple scenarios, we were ca-
pable to produce smoothed maps and also evaluate a representative uncertainty level of the aver-
age PSA spectra, introduced by our incapability of defining certain parameters, such as the rupture
initiation point, prior to the occurrence of a future earthquake.

Our results include site-specific synthetic PSA spectra for three representative soil classes (B, C
and D), an average PGA map of the examined scenario earthquake at hard rock conditions, as well
as average PSA maps at two reference periods (0.2 and 0.65 sec). Although the examined earth-
quake is of moderate magnitude, the resulting strong ground motions are of considerable ampli-
tude. PGA levels within the city of Thessaloniki span the range 0.15 to 0.35 g, whereas PSA values
go up to 0.65 g at the period of 0.2 sec. These levels, which are in very good agreement with those
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predicted from empirical attenuation relations (Theodulidis, 1991), are expected to rise even more if
coupled with site effects, a factor not taken into account in the present study.

Moderate-magnitude earthquakes can often be catastrophic, especially when occurring very
close to densely populated areas e.g. urban areas (http://neic.usgs.gov/neis/eq depot/). Regarding
the Asvestochori fault, available geological information favors a rather short length for the entire
structure. Therefore, it is not believed that the specific fault is capable of producing earthquakes of
magnitude greater than 6.0 (Hatzidimitriou et al. 1990). Nevertheless, our scenario magnitude,
which is based on the mapped length of the Asvestochori fault and the foci distribution of the recent
1999 earthquake activity, is capable of producing extended damage within the city of Thessaloniki.

The simulations performed in this study are a first-order approximation of the problem of predict-
ing the levels of strong ground motions from future earthquakes within the Prefecture of Thessalo-
niki. The philosophy of the applied method is to use the simplest representations of all factors con-
tributing to the strong motion spectrum and therefore factors such as detailed velocity models of the
area or 2D and 3D site effects cannot be taken into account. The application of other strong motion
simulation methods of more deterministic character and the comparison of the results of independ-
ent methodologies is one of the future targets of the SEISIMPACT-THES project.
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ABSTRACT

The results of the study of seismic sequences of all the mainshocks with M>5.6 during 1911-
1965 and M>5.0 during 1966-1985 which occurred in the Aegean and surrounding area are
presented. As regards the foreshocks, two relations have been proposed that can be used to
determine (1) the probability that at least one foreshock, with magnitude M or larger, will precede a
strong (M=>6.0) earthquake, and (2) the probability for the largest foreshock to occur during t days
before the mainshock. It was also found that the rate of foreshock occurrence, N(Ts), increases as
the time of the mainshock approaches and is described by a power-law function. The time and
magnitude distribution of several foreshock sequences were also studied. The study of aftershock
sequences concerned properties of their largest aftershock, the dependence of the duration and
number of the aftershocks on the magnitude of the mainshock and the time and magnitude
distribution of several aftershock sequences. The conclusion is that the study of a seismic excitation
which is based on continuous monitoring and fast determination of the basic focal parameters of the
earthquakes can contribute to clarify whether this activity evolves normally or not.

1 INTRODUCTION

The properties of the seismic sequences of strong mainshocks which occurred in the area of
Greece have extensively been studied. Investigations on seismic sequences usually dealt with the
magnitude and time distribution of foreshocks and aftershocks (Papazachos et al., 1967,
Comninakis et al., 1968; Drakopoulos, 1968; Papazachos, 1973, 1974a, 1975; Karakaisis, 1984;
Papadopoulos, 1988; Papanastasiou et al., 1989; Papazachos and Papazachou, 1989;
Papadopoulos et al., 1991, 2000; Latoussakis et al., 1991; Drakatos and Latoussakis, 1994;
Latoussakis and Drakatos, 1994, among others) as well as with the spatial distribution of
foreshocks and aftershocks (Papazachos et al.,, 1982; Karakaisis et al., 1985; Papazachos et al.,
2000). One of the most important results of the related work on the foreshocks is the observation
that a large percentage of strong shallow mainshocks are preceded by foreshocks with their foci
close to the focus of the mainshock, while the probability for an event to be a foreshock decreases
with time. Moreover, the b parameter of the magnitude distribution is smaller for the foreshocks
than for the aftershocks or than the normal (background) seismic activity.

In the present work two catalogues of seismic sequences were used: (a) The catalogue of
Comninakis and Papazachos (1989), which gives information on the basic focal parameters of the
foreshocks and aftershocks of 417 shallow mainshocks that occurred in Greece and the
surrounding regions with magnitudes M>5.6 during 1911-1965 and M>5.0 during 1966-1985. (b)
The catalogue of Kourouzidis (2003) which contains the seismic sequences of 184 strong (M>5.0)
shallow mainshocks that occurred™in this region during 1986-1997. For the compilation of the
second catalogue, the earthquake catalogue of Papazachos et al. (2003) was used and the
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following declustering algorithm was applied: all shallow earthquakes with M>5.0 were found and
the largest of them was considered as the first mainshock. Then, all earthquakes which occurred
within a space-time window, determined by proper relations between the mainshock magnitude, the
corresponding fault length and the duration of the aftershock sequence (Papazachos &
Papazachou 1989, Papazachos 1989), were associated to this mainshock. The procedure is then
repeated for the next mainshock (Kourouzidis 2003). The epicenters of the mainshocks of the 601
seismic sequences finally studied are shown in figure 1 (left).

2 FORESHOCKS

The epicenters of the strong (M>=6.0) mainshocks which occurred in the studied area during
1911-1967 and were preceded by at least one foreshock with M>4.9, during 1968-1997 with one
foreshock with M>4.4 and during 1990-1997 with one foreshock with M>4.0 are shown in figure 1
(right). It can be observed that foreshocks precede mainshocks which occur along the Hellenic Arc
and in particular in the lonian islands, as well as along the coast of Albania. It has to be noted
however, that, since the accuracy for the estimation of epicenters is of the order of 20km, we
cannot exclude the possibility that earthquakes which have been assumed to be foreshocks of
certain mainshocks, they actually have occurred in adjacent faults. Hence, the association of these
earthquakes to the respective mainshocks is based mainly on their temporal clustering.

0 160 200 i
33° — E— T T— — 33"
18° 187 2067 21° 227 237 28" 28° 267 27° 28" 29° 307

Figure 1. (left) The epicenters of all the shallow mainshocks of which the seismic sequences have been studied.
(right) The epicenters of the strong (M>6.0) shallow mainshocks which occurred in the Aegean area during 1911-
1997. Diamonds denote epicenters of mainshocks with at least one foreshock with M>4.9 during 1911-1967 or
M=>4.4 during 1968-1997 or with M>4.0 during 1990-1997 (Kourouzidis 2003).

From the examination of the cases of strong (M>6.0) mainshocks which occurred during 1911-
1997 and were preceded by at least one foreshock with M>4.9, during 1968-1997 by at least one
foreshock with M=4.4-4.8 and during 1990-1997 by at least one foreshock with M=4.0-4.3, it was
found (fig. 2 left) that the probability, P, that at least one foreshock, with magnitude M or larger, will
precede a strong (M>6.0) earthquake, can be calculated by the relation:

logP =2.02 - 0.57M; 4.0<Mi<5.4 (1)

On the other hand, by using all foreshock sequences of mainshocks that occurred during 1911-
1997 we found (fig. 2 right) that the probability, P, for the largest foreshock to occur during t days
before the mainshock, is given by the relation:

P =0.79 - 0.41 logt (2)
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Relations (1) and (2) are in agreement with the respective relations proposed by Papazachos &
Papazachou (1989).
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Figure 2. (left) Distribution of the probability, P, that at least one foreshock, with magnitude M or larger, will
precede a strong (M>6.0) earthquake in the Aegean area. (right) Distribution of the probability, P, for the largest

foreshock to occur during t days before the mainshock (Kourouzidis 2003).
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In order to investigate variations of the foreshock occurrence rate and since no individual
sequence contained enough events to define their temporal pattern of occurrence, all of the
foreshock sequences were combined into a single sequence. This was done by putting all of the
sequences onto the same axis, where the origin is the time of occurrence of each mainshock (fig.
3). It can be observed that the foreshock activity increases, as an average, about 40 days before
the mainshock. Then, the foreshock occurrence rate becomes higher a few days before the
mainshock and culminates a few hours before its generation. In all cases the occurrence rate, n(Ts),
follows a power-law of the form n(Ts)=A(Ts)? as it has been suggested by Yamashita & Knopoff
(1989). In addition, it was found that the exponent a is stable for all the time ranges examined (100,
10 and 1 day), in agreement with the foreshock occurrence model proposed by Yamashita &
Knopoff (1989).
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Figure 3. The time variation of the foreshock occurrence rate of all seismic sequences that occurred during
1911-1997. The rate of foreshock occurrence increases as the time of the mainshock approaches. This increase

is independent of the time interval considered (1, 10, 100 days before the mainshock) (Kourouzidis 2003).
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The study of the time distribution of foreshocks is difficult since very few mainshocks are
preceded by a significant number of foreshocks. For this reason, eight foreshock sequences which
occurred during 1986-1997 and included at least 20 foreshocks each were studied, following the
method suggested by Mogi (1962), Ranalli (1969) and Papazachos (1974a). It was found that the
parameter h of the time distribution function is equal to 0.93+0.1, whereas in some of them an
indication of non-normal evolution of the seismic activity may be observed, but it is rather weak to
be considered as a premonitory pattern of the oncoming mainshock.

The magnitude distribution of the foreshocks of the above mentioned sequences was also
studied. It was found that the mean value of the parameter b of the Gutenberg & Richter (1944)
distribution function of those foreshock sequences, in which the magnitude range of the foreshocks
was equal to or larger than 1.5, is equal to 0.67, in agreement with previous results (Papazachos
1974b).

3 AFTERSHOCKS

Considerable work has been carried out in Greece concerning properties of the aftershock
sequences. In a series of articles (Papazachos et al. 1967, Papazachos 1971, 1974b, Papazachos
& Papazachou 1989) it has been found that the mean value of difference between the magnitudes
of the mainshock, Mo, and its largest aftershock, My, is equal to 1.1 and that this difference is
independent of M,. These authors (i.e. Papazachos et al. 1967, Papazachos 1971), also found that
M+ depends linearly on Mo. In a recent study Drakatos & Latoussakis (2001) reported that the mean
value of the difference Mo-M is equal to 1.0.

Kourouzidis (2003) used two data sets that consist of (a) aftershocks of all mainshocks which
occurred in the studied area during 1911-1997 with M>6.0 and (b) aftershocks of mainshocks
which occurred during 1966-1997 with 5.0<M.<5.9, and found that the mean value of the difference
Mo-M1 is equal to 1.1 for the 108 cases with My>6.0 and equal to 0.9 for the 293 cases with
5.0<Mo<5.9. If all the cases are considered, then the average value of this difference is equal to 1.0.
The respective frequency histograms are shown in figure 4.
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Figure 4. Frequency histograms of the difference of the magnitudes of the mainshock, M,, and its largest
aftershock, My, for two sets of seismic sequences. The mean value of this difference for both data sets (n=401

cases) is equal to 1.0+0.5 (Kourouzidis 2003).
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Figure 5 (left) shows a plot of the difference M,-M; against M,, whereas the solid line
corresponds to Mo-M1=1.0. It can be observed that this difference does not depend on M,. On the
other hand, the dependence of My on M, is quite obvious (fig. 5, right) and can be expressed by the
relation:

My =-0.57 + 0.93 M, (3)

The parameters of the relation (3) are almost equal to those found by Papazachos (1971) who
used a data set of 216 aftershock sequences. A similar relation has been proposed by Drakatos
and Latoussakis (2001).

The spatial distribution of Mo-M; was also examined but no dependence of this difference on the
tectonic regime was found.

S ;

Lasealiaagl

Figure 5. (left) Independence of the difference between the magnitude, M,, of the mainshock and the
magnitude, M, of its largest aftershock on M,. Open and grey circles denote mainshock magnitudes with
5.0<M,<5.9 and M.26.0, respectively, whereas the solid line corresponds to M,-M;=1.0. (right) Dependence of
M; on M,. Solid circles correspond to the average values of My for each magnitude step of 0.1 for M,
(Kourouzidis 2003).

Papazachos (1974b, 1975), studied the aftershock sequences of all strong (M>6.0) mainshocks
which occurred in the area of Greece during 1911-1973 and found that the cumulative frequency
distribution, N(T4) of the time difference, T1, between the mainshock and its largest aftershock
follows a relation of the form N(Ti)=c-klogT4, where ¢ and k are constants determined by the
available data. Kourouzidis (2003) used all the available data and a similar relation, which can be
used to calculate the probability, P(T+), that the largest aftershock will occur within T1 days after the
mainshock. This relation is:

P(T1) =0.61-0.31 logT4 (4)
and shows that there is 39% probability for the largest aftershock to occur within the first day after
the mainshock, 65% within the first week and 85% during the first month. Similar results have been
found by Drakatos and Latoussakis (2001).

The dependence of the duration, T, and the number, N, of aftershocks of an seismic sequence
on the mainshock magnitude, Mo, has also been examined, by the use of the aftershock sequences
of all mainshocks with Mo>5.0 that occurred during 1966-1997 in the Aegean and were followed by
at least one aftershock with M>4.0 (Kourouzidis 2003). The results, shown in figure 6, indicate that
both quantities are linearly related to the mainshock magnitude, Mo, according to the relations:

logN =-3.85 + 0.86M, (5)

logT =-0.93 + 0.48M, (6)

Similar results, based on smaller data sets, have been reported by Papazachos et al. (1967),
Papazachos (1971), Papazachos & Papazachou (1989) and by Drakatos & Latoussakis (2001).

There are indications that the number of aftershocks depends not only on the magnitude of the
mainshock but on the tectonics of the area of its occurrence. For example, Papazachos (1971) and
Drakatos & Latoussakis (2001) suggested that the aftershock activity may be an indication of
heterogeneity of the crust in the vicinity of the mainshock rupture zone and that mainshocks which
occur in the lonian islands are followed by more aftershocks than the mainshocks which occur in
other areas of Greece. For this reason the logarithm of the number of aftershocks with M>4.0 was
calculated by the relation (5) for all the mainshocks with magnitude, M, larger or equal to 5.0 and
was subtracted from the logarithm of the aftershocks with M>4.0 of the respective seismic
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sequences. The resulted differences were plotted on the mainshock epicenters (figure 7) and
several zones with different levels of observed aftershock activity were defined in the Aegean area,
in respect to the activity which is expected by the relation (5). It can be observed that intense
aftershock activity follows mainshocks that occur at central lonian islands and the eastern Hellenic
Arc. However, this activity may be attributed to triggering of the mainshocks in nearby faults.
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Figure 6. Dependence of the logarithm of the number, N, of the aftershocks with magnitude M>4.0 (left) and the
duration, (T in days) of an aftershock sequence on the magnitude, M,, of the mainshock (right). Solid squares
correspond to the average values of the quantities logN and logT for each magnitude step of 0.1 for M,
(Kourouzidis 2003).

N/2 2N

Figure 7. Geographical distribution of the aftershock activity in the Aegean area. The four zones correspond to
aftershock activity smaller than the 50% of the normal activity, N/2, (expected by the relation 5), from 50% to
normal activity, N, from normal activity to two times the normal activity, 2N, and more than two times this activity
(Kourouzidis 2003).

Previous research on the time distribution of the aftershocks that follow mainshocks in the
Aegean area showed that the value of the parameter p of the aftershock time distribution (Omori's
law, 1894) is equal to 1.13 (Papazachos 1974c), whereas the b value of the magnitude distribution
(Gutenberg & Richter 1944) has been found to be smaller for the foreshocks than for the
aftershocks. An attempt was made to determine a representative value for the p parameter by using
a large data set. For this reason all the aftershock sequences (with at least 20 aftershocks each) of
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mainshocks that occurred in Greece during 1911-1997, and are included in both catalogues
mentioned earlier, were considered and the time distribution of their aftershocks was determined.
As it can be seen in figure 8 (left), the average value of the parameter p is equal to 1.0 (+0.2)
(Kourouzidis 2003). The magnitude distribution of the previously mentioned aftershock sequences
has also been studied and the respective b values have been calculated. However, it has been
shown that reliable b values can be calculated only when the magnitude range, AM, of the events
examined is at least 1.5 (Papazachos 1974d). Therefore, in the frequency histogram in figure 8
(right) only b values calculated for such aftershock sequences have been considered. It comes out
that the mean b value for aftershocks is 1.0 (+0.2) (Kourouzidis 2003).
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Figure 8. (left) Frequency histogram of the values of the p parameter of the aftershock time distribution. 105
aftershock sequences that occurred during 1911-1997 were examined with at least 20 aftershocks each. (Right)
Frequency histogram of the values of the b parameter of the magnitude distribution of the same aftershock
sequences. The b values considered come from aftershock sequences in which the magnitude range of the
aftershocks is at least 1.5 (Kourouzidis 2003).

The assessment of the evolution of the seismic activity in an area during a period of seismic
excitation is a problem of significant social importance because it may lead to preparedness
measures for the protection of the people. The first attempt to assess the evolution of an aftershock
sequence has been made by Papazachos et al. (2000) and concerned the magnitude distribution of
the aftershocks of the Athens 1999 (M=5.9) mainshock. The time variation of the mean magnitude,

M, as well as the b parameter was examined and it was concluded that this mainshock was
followed by normal aftershock activity. On the other hand, the study of the time distribution of the
foreshocks of the Mygdonia 1978 (M=6.5) mainshock, and the time variation of their mean

magnitude, M ,revealed a non-normal evolution of the seismic activity (Papazachos et al. 1982,
1983). Lomnitz (1966) studied the aftershocks of the Kern County 1952 (M=7.5, California)

mainshock and observed that the mean magnitude, M , of the aftershocks is constant. Utsu (1965)

showed that the b parameter varies inversely with M , according to the formula:
— loge
M= % +Mpin @)

where loge=0.434 and M,,;;, the minimum magnitude of the earthquakes considered.

The evolution of the aftershock activity of 16 strong mainshocks that occurred in the area of
Greece during 1950-1997 and were followed by at least 150 aftershocks above a certain minimum

magnitude, was studied, with the aim being to identify temporal variations of M that may indicate
normal or non-normal evolution of the seismic activity (Kourouzidis 2003). In most of the examined
cases the largest aftershock occurred within the first few hours to a few days after the respective
mainshock and then the aftershock acitivity evolved normally, that is, there was no significant time
variation of the mean magnitude (fig.9a). On the other hand, in some of the cases in which the
largest aftershock occurred within several weeks to months after the mainshock, there was an
increase of the mean magnitude (and consequently a decrease of the b value) prior to its
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occurrence (fig. 9b). A M=4.6 earthquake occurred on April 4, 1995 in Chalkidiki (Northern Greece)
which was followed one month later (May 5, 1995) by a M=5.8 event (mainshock). Figure 9¢ shows
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Figure 9. Time variation of the mean magnitude of the aftershocks of the Aegio 1995 (M=6.4) and Cephalonia
1953 (M=7.2) mainshocks (a and b). Each point in these plots corresponds to the mean magnitude, M, of a
number of aftershocks (i.e. 40, with step one aftershock) which is plotted against the occurrence time of the
last aftershock of the data sample. In each plot, the time axis starts on the mainshock origin time, while the
origin time of its largest aftershock is denoted by the vertical arrow. Grey lines show the standard deviation of
M. In c and d the time variation of the mean magnitude before and after the Chalkidiki 1995 (M=5.8)
mainshock is shown (Kourouzidis 2003). d is a magnification of ¢ and shows the time variation of the mean
magnitude of the earthquakes which occurred 30 hours before and after the mainshock.

the time variation of the mean magnitude of all the earthquakes of the seismic sequence, while
figure 9d shows the time variation of the mean magnitude of the earthquakes which occurred 30
hours before and after the mainshock. From these two figures it comes out that the mean
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magnitude of the earthquakes after April 4 remained stable but increased about 10 hours before the
mainshock on May 4.

4 CONCLUSIONS

The results of the study of the seismic sequences of strong mainshocks which occurred in
Greece during 1911-1997 are presented. The data have been taken from the catalogues of
Comninakis & Papazachos (1989) and Kourouzidis (2003) for the periods 1911-1985 and 1986-
1997, respectively. The data sample is obviously the largest ever used for similar studies in Greece.

The study of foreshocks resulted in the definition of two relations that can be used to determine
the probability that at least one foreshock, with magnitude M; or larger, will precede a strong
(M=>6.0) mainshock (relation 1), as well as the probability for the largest foreshock to occur during t
days before the mainshock (relation 2). The time variation of the foreshock occurrence rate of all
seismic sequences that occurred during 1911-1997 was also examined and it was found that the
rate of foreshock occurrence increases as the time of the mainshock approaches and is described
by a power law function of time, in agreement with previous results. This increase is independent of
the time interval considered (1, 10, 100 days before the mainshock). From the 8 foreshock
sequences that were studied (with more than 20 foreshocks each) it was found that the mean
values of the parameters of the time and magnitude distributions were equal to 0.93 and 0.67,
respectively, in agreement to previous results.

As regards the aftershocks it was found that the mean value of the difference of the magnitude,
My, of the largest aftershock from the magnitude, Mo, of the mainshock is equal to 1.0 (fig. 4). The
magnitude difference Mo-M is independent of the mainshock magnitude whereas the magnitude M,
depends linearly on this magnitude (fig. 5). A relation which can be used to calculate the probability,
P(T.), that the largest aftershock will occur within T4 days after the mainshock, was also derived
(relation 4). Two other relations were also derived between the number, N, of the aftershocks with
M=>4.0 of all seismic sequences and the duration, T, of these sequences and the magnitude of the
mainshock. The aftershock time distribution of seismic sequences with at least 20 aftershocks each
was examined (105 cases) and it was found that the mean value of the parameter p of the time
distribution function is equal to 1.0, while from the study of the magnitude distribution of these
sequences it was found that the mean value of the parameter b of the Gutenberg-Richter
maghnitude distribution function for the aftershock sequences in which the magnitude interval of their
aftershocks was at least equal to 1.5, is equal to 1.0.

The results of the study of the time variation of the mean magnitude of the aftershocks that
followed several strong mainshocks were also presented. It is concluded that the study of an
aftershock sequence which is based on continuous monitoring and fast determination of the basic
focal parameters of the aftershocks can contribute to clarify whether an aftershock activity evolves
normally or not.
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ABSTRACT

The time variation of the cumulative Benioff strain, S, in several critical regions of past main-
shocks which occurred in Greece and surrounding area has been examined, in an attempt to check
the validity of the critical point concept. For this reason, data concerning the critical regions of
twelve strong mainshocks, which have recently been defined by other scientists, have been used
and intermediate-sized earthquakes which occurred before and after each mainshock were col-
lected. It was found that the cumulative seismic crustal deformation released by these intermediate
magnitude events was accelerating before all the mainshocks considered, whereas the deformation
release rate during the respective postshock periods was, in general, lower than the preshock ones.

1 INTRODUCTION

Observations on large scale space-time clustering of earthquakes have attracted the interest of
seismologists long ago (Willis 1924, Imamura 1937, Gutenberg & Richter 1954, Tocher 1959,
among others). These observations reported changes in the occurrence rate of intermediate-sized
earthquakes prior to large mainshocks in California and Japan and later resulted in the definition of
the seismic cycle (Fedotov 1968, Mogi 1969).

Many scientists applied methods of Statistical Physics in an attempt to model the large earth-
quake generation process (Rundle 1989, Smalley et al. 1985). However, the study of this process
within the framework of the chaos theory during 1980’s led to the suggestion that the earthquake
generation process can be considered as a critical phenomenon that culminates in a critical point,
that is, the mainshock (Sornette & Sornette 1990, Allegre & Le Mouel 1994, among others). The
crust of the earth can be considered as a system, which is always in a dynamic state: stresses act
within the crust and cause deformation, faults slip with various velocities, etc. These physical proc-
esses form a complex system, which exhibits non-linear behavior and the earthquake generation is
one of these processes (Keilis-Borok et al. 2001).

Among the main issues on which research on seismicity patterns has been focused during the
last decade or so, is whether the crust is in a continuous state of self-organized criticality (Bak et al.
1988, Bak & Tang 1989) or whether it repeatedly approaches and retreats from a critical state
(Sammis & Smith 1999). Within this context, studies on the behavior of the intermediate magnitude
seismic activity prior to large earthquakes mainly in California resulted in the identification of accel-
erating seismicity, expressed in terms of seismic moment, energy or Benioff strain release before
these earthquakes, which follows a power law (Varnes 1989, Sykes & Jaumé 1990, Bufe & Varnes
1993, Jaumé & Sykes 1999). That is:

S(t)=A +B(te - t)™ (1)
where S(t) is the cumulative Benioff strain (square root of seismic energy) of all earthquakes oc-
curred at time t and are termed preshocks, tc is the mainshock origin time, and A, B, m are parame-
ters which are calculated by the available data (Bufe & Varnes 1993).
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The scientific hypothesis that a mainshock in a certain area can be considered as the culmina-
tion (critical point) of a dynamical process (approach to the critical state) which takes place within
this area, has to be supported by observations showing that significant changes of the properties of
the area (for example seismicity rate, etc.) take place in this area before and after the mainshock
generation. Papazachos (2003) examining the time variation of the cumulative Benioff strain re-
leased by intermediate-sized events before and after the 28 March 1970 large (M=7.0) mainshock
in NW Turkey, reported that accelerating strain release rate was observed in a broad area (critical
area) prior to the mainshock, which was followed by its aftershocks, that is, shocks that occurred in
the mainshock rupture zone. Then, the postshock strain release rate within the critical area varied
linearly with time.

In the present work the results of the examination of the properties of the large scale, space-
time clustering of intermediate magnitude earthquakes before strong mainshocks, which occurred
in the broader Aegean area, are presented (Kourouzidis 2003), with the aim being to find additional
evidence in favor of the critical earthquake model.

2 METHOD AND DATA

The proper definition of the critical area, that is, the area in which the deformation released by
intermediate magnitude events accelerates with time and culminates in the generation of a main-
shock, was first proposed by Bowman et al. (1998) on the basis of the curvature parameter C. This
parameter is defined as the ratio of the root mean square error of the power-law fit (relation 1) to
the corresponding linear fit error and practically quantifies the degree of deviation of the released
Benioff strain from linearity (acceleration); small C values (<0.7, Bowman et al. 1998) ensure that
the accelerating seismicity law (1) describes the data much more adequately than the standard lin-
ear time variation. Very recently, Papazachos & Papazachos (2000, 2001) and Papazachos et al.
(2003) proposed additional constraints, which facilitate the definition of a critical region of a past or
an impending mainshock. These constraints are expressed by several relations between the pa-
rameters involved and relate: (a) the radius, R (in km), of the circle with area equal to the area of
the elliptical region with the mainshock magnitude, M, and the mean deformation rate in the area, s,
(in Joule”zlyr and per 104km2), (b) the duration of the preshock sequence, f, (in yrs), with s, (c) the
mean rate of deformation during the accelerating deformation period, A/, with the long term rate of
seismic deformation, S;, and (d) the mainshock magnitude, M, with the average magnitude of the
three largest preshocks, My; (relations 2-5).

log R = 0.42M - 0.30logs,; + 1.28 0=0.08 (2)
logt, = 3.87 — 0.45logs; 0=0.09 (3)
log(A/ty) = 1.01logS;, 0=0.04 (4)
M = M3 + 0.60 0=0.10 (5)

In order to quantify the compatibility of these relations with observations, a parameter P was de-
fined (Papazachos & Papazachos 2001), which is the average value of the probabilities that each of
these four parameters (R, t,, A, M), attains a value close to its expected one, using a Gaussian
probability density function based on the deviations reported in equations (2), (3), (4) and (5). Fur-
thermore, Papazachos et al. (2002a) have defined a quality measure, q, given by the relation:

- ®)
a Cm

in an attempt to simultaneously evaluate: a) the compatibility of an accelerating seismic deformation
with the behavior of past real preshock sequences (large P), b) the deviation of the variation with
time of the seismic deformation from linearity (small C) and c) the degree of seismic acceleration
(small m). Investigation of preshock sequences of strong mainshocks (M26.4), which occurred in

the Aegean since 1950, has led to the adoption of the following cut-off values:
C=0.60, m=<0.35, P=0.45, 9=3.0 (7)

Papazachos et al. (2002b) studying the dynamic process in the Aegean lithosphere that results
in the generation of a strong earthquake, defined the critical regions of 18 mainshocks which oc-
curred in the Aegean and surrounding area during 1950-2000. They also examined the possibility of
retrospective prediction of these mainshocks. From this data set 12 mainshocks were selected, for
which the duration of the postshock period was equal to the duration of the preshock period. The
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basic focal parameters of these mainshocks along with the characteristics of their respective ellipti-
cal critical regions are listed in Table 1.

Table 1. The basic focal parameters of the shallow mainshocks that occurred in Greece and surrounding areas
along with information on their respective critical regions (Papazachos et al. 2002b). For each mainshock the
code number, the occurrence date, the epicenter coordinates (N latitude, E longitude), the center of the corre-
sponding elliptical critical region and its magnitude, M, are given in the first five columns. In the next three col-
umns the length of the major semi-axis of the ellipse, a (km), its azimuth, z, and the ellipticity, e, are listed. The
three remaining columns give information on the data considered, that is, the minimum magnitude, M, of the
intermediate-sized events and the years delimiting the period examined.

No Date epicenter ell. center M  a(km) z e Moin i t.
1 17.12.1952 344245 349244 7.0 274 30 0.90 52 1922 1983
2 18.03.1953 40.0 27.5 304273 7.4 469 0 0.95 56 1920 1983
3 12.08.1953 38.120.6 37.9206 7.2 385 90 0.95 53 1930 1976
4 30.04.1954 39.1223 39.1223 7.0 313 90 0.95 53 1932 1976
5  16.07.1955 37.6 27.1 38.026.1 7.0 313 150  0.95 52 1920 1990
6 09.07.1956 36.6 26.0 36.4 25.8 75 348 150  0.70 56 1929 1983
7 25.04.1957 36.528.6 36.128.0 7.2 388 150  0.95 54 1930 1984
8 19.02.1968 39.525.0 396252 71 313 30 0.95 53 1933 2001
9  09.07.1980 39.322.8 39.322.8 6.5 91 0 0.70 45 1965 1995
10  24.02.1981 38.2229 38.023.2 6.7 333 0 0.95 52 1966 1996
11 17.01.1983 38.120.2 37.2208 7.0 385 60 0.95 53 1967 1999
12 05.07.1983 40.327.2 40.027.8 6.4 130 60 0.90 46 1970 1996
3 RESULTS

In figures 1-4 the elliptical critical regions for the 12 mainshocks listed in table 1 are shown.
Black and grey circles in the elliptical critical region of each map correspond to the epicenters of the
preshocks and postshocks of the respective mainshock (large black circle), whereas the large grey
diamond denotes the center of this region. For each critical region, all earthquakes with magnitudes
M>Mnin which occurred during the time period defined by ts and te were collected and the cumula-
tive Benioff strain, S, was calculated by the relation:

n(t)
s)= 2 "2 ®
=
where E is the seismic energy released by the events within the critical region (in Joules) and can
be calculated by the formula logE=1.5M+4.7 (Papazachos & Papazachos 2000). Next to each map
a plot of the time variation of the Benioff strain, S(t), released by the earthquakes that occurred in
the respective critical region on the left is shown. Black and gray circles indicate the deformation re-
leased during the preshock and the postshock period, respectively. The large diamond corresponds
to the deformation released by the mainshock whereas small diamonds show the deformation re-
leased by its aftershocks (Kourouzidis 2003).

It can be observed that in all cases the strain release rate during the preshock time period is
higher than the release rate during the postshock period. This behavior is more prominent in those
cases in which the duration of the preshock period and consequently the postshock one, is rela-
tively small. For example, from the data listed in table 1 it comes out that the duration of the pre-
shock time period in the cases 9-12 was about 13 to 16 years, while in all the other cases the pre-
shock sequence was between 22 and 33 years. It has also to be noted that the size of the critical
areas of the Magnesia 1980 and NW Turkey 1983 mainshocks (earthquakes 9 and 12 in table 1) is
smaller than the size of the other critical areas.

In the cases 1-8 of those listed in table 1 and shown in the respective figures, the Benioff strain
release rate during the postshock time period, despite the fact that it is lower in general than the
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large diamonds correspond to the deformation released by the mainshocks whereas small diamonds show the
deformation released by its aftershocks (Kourouzidis 2003).
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Figure 2. The critical areas of the earthquakes with code numbers 4, 5, G of table 1(left) and the corresponding
time variations of the cumulative Benioff strain, S(t), released by all M>Mmi, shocks which occurred in the critical
areas during the examined time periods (right) (Kourouzidis 2003). Explanation as in figure 1.
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areas during the examined time periods (right) (Kourouzidis 2003). Explanation as in figure 1.
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critical areas during the examined time periods (right) (Kourouzidis 2003). Explanation as in figure 1.
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rate of the preshock period, exhibits transient excitations as, for example, in the case (4) (Central
Greece, 1954, M=7.0). It can be seen in figure 2 that the strain release rate during the postseismic
period increased abruptly in 1967 when the March 4, 1967 (M=6.6) earthquake occurred in North-
ern Aegean and probably part of the critical region of this mainshock coincides with part of the criti-
cal area of the 1954 mainshock.

Another observation concerns preshocks which belong to different critical regions (i.e. cases 3-
4, 2-5, 5-6, etc.). A tentative explanation may be that we can not rule out the possibility that several
earthquakes contribute to the approach to criticality (to a mainshock generation) in different regions
simultaneously. Furthermore, it has to be noted that a mainshock and its postshock activity in a cer-
tain region may trigger another mainshock in an adjacent region, as it has been shown in studies of
static stress changes (Stein, 1999; Papadimitriou and Sykes, 2001). More work is needed, how-
ever, to clarify this issue.

4 DISCUSSION AND CONCLUSIONS

A central issue for the earthquake generation process within the concept of self-organized criti-
cality is whether the crust continuously maintains itself in a critical state, as originally proposed by
Bak & Tang (1989) or it can repeatedly approach and retreat from a critical state. The explicit con-
sequence of the former view is that all small earthquakes will have the same probability of growing
into a large event, hence “..earthquakes are inherently unpredictable” (Geller et al. 1997). In the last
decade, however, there is a growing number of observations, supported by results obtained
through models of simple cellular automata with loss and/or structural complexity, that a large
earthquake in a region perturbs it away from the critical state and that methods of statistical physics
can be used to monitor the return of the region toward criticality and the next large earthquake
(Triep and Sykes, 1997; Sammis and Smith, 1999). There exists a considerable number of studies
which have shown that large earthquakes tend to be preceded by clusters of intermediate-sized
events; Sykes & Jaumé (1990) examining the seismicity in the San Francisco Bay Area, have found
that large earthquakes are preceded by a cluster of intermediate-sized events (within two magni-
tude units of the main shock) in a large surrounding region. Furthermore, Knopoff et al. (1996)
showed that all 11 earthquakes in California since 1941 with magnitudes greater than 6.8 were pre-
ceded by an increase in the rate of occurrence of earthquakes with magnitudes greater than 5.1.
Jaumé & Sykes (1999) summarize a large amount of relevant observations and cite earlier refer-
ences.

The above mentioned studies indicate that a key question to the mainshock generation process
is whether the accelerating deformation that leads to the critical point (mainshock) ends by the
mainshock or continues after its occurrence. We believe that seismological data can be used to re-
solve this ambiguity. The results presented in this paper favor the former view, since in all cases
studied the deformation rate in the postshock period is lower than the rate in the preshock period;
the accelerating strain release rate observed in the preshock time period probably is a manifesta-
tion of the growing correlation length within the critical area that has been considered as an indica-
tor for critical point behavior prior to large earthquakes (Zéller et al. 2001). The generation of the
mainshock destroys the criticality in this area in which a period of seismic quiescence follows. Then,
this process is repeated and the area approaches criticality again as long-range stress correlation
develops.
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ABSTRACT

Main purpose of the present study is to investigate the dynamic characteristics of the remainings
at the ancient city of Aptera (Chania) and identify the main damage mechanism, in order to evalu-
ate the risk of structure damage or collapse in case of future events using microtremor recordings.

Our study focuses on the application of HVSR method (Horizontal to Vertical Spectral Ratio) to
microtremor measurements carried out in specific sites.

Registrations have been performed by means of a tridirectional sensor Lennartz 3D-Lite
(1 natural Hz frequency), connected with a 24-bit digital acquisition unit. A set of 10 time series of
800 second each, sampled at 125 Hz was recorded in several sites. The selected time windows of
each time series were corrected for the base line and for anomalous trends, tapered with a cosine
function to the first and last 5% of the signal, and band pass filtered from 0.5 to 20 Hz with cut off
frequencies at 0.3 and 22 Hz. The same procedure performed for all sites and components and fi-
nally the H/V spectral ratios were computed. Most of the sites present significant amplification
peaks in frequency around 2 Hz.

Finally, electrical resistivity tomography was carried out. The extracted results clearly show a
very complex subsurface geometry indicated by the presence of large-scale voids, which may pos-
sibly correspond to ancient reservoirs.

In the present work we confirm that the archaeological site of Aptera in Chania consists of a
very complex subsurface structure and that the results obtained by HVSR method and by resistivity
method are very well correlated.

1 INTRODUCTION

Preservation of historical and monumental buildings all around the world and decreasing their
risk against earthquakes is a matter of great importance. To this end, concerning monumental heri-
tage, its architectural value and uniqueness calls for a detailed vulnerability assessment. Greece is
seismically very active and has large number of monuments, important part of our cultural heritage,
which could be affected by strong earthquakes. It is well known that damage caused by earth-
quakes strongly depend on the dynamic characteristics of structures as well as on the site amplifi-
cation of seismic waves. As a result an investigation on their seismic response should be con-
ducted before any repair or reinforcement.

Since historical monuments are not suitable for sophisticated analysis and laboratory testing
and all works should be carried out directly on the buildings, the appropriate method should be se-
lected very carefully. Considering this, the microtremor method is applied, which additionally among
other time consuming and expensive approaches is the easiest and cheapest way to under-
stand the structural behavior without causing any harm to the structure. In a short period of
time it provides the necessary information about predominant frequencies, amplification factors
(vulnerable points and modal shapes) and vibration characteristics of structures at different fre-
quencies. Moreover, estimation of the characteristics of surface layers is done since microtremor
spectral characteristics are associated with local geological structure, especially with the density
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and thickness of surface layers (Nakamura 1989, 1996, 1997, 2000, Nakamura et al., 1995, Mucci-
arelli et al., 2001, Diagourtas et al., 2001).

1.1 Basic theoretical aspects

It has, in general, been observed, that damage associated with the occurrence of earth tremors
is the result, not only of the magnitude of the earthquake and its epicentral distance, but also of lo-
cal site effects caused by the topography and geology of the site. These local effects are frequency
dependent. The reaction of the local geological conditions to the incoming seismic energy is known
as the “site response”.

During the last 30 years, various techniques have been studied to assess site effects: numerical
models, the standard spectral ratio method and the H/V spectral ratios method. The last one, ini-
tially proposed by Nogoshi and Igarashi (1971), and updated by Nakamura (1989, 2000), uses one
single station. It is very quick to implement and at a low cost. Its principle consists in recording the
ambient vibrations of the ground during a period of time and in calculating the spectral ratio of the
horizontal component over the vertical component. As shown by numerous authors the resulting
curve generally shows a peak at the resonance frequency of the site.

Nogoshi and Igarashi (1971) showed the relationship of the H/V spectral ratio to the ellipticity
curve of Rayleigh wave, and took advantage of the coincidence between the lowest frequency
maximum of this curve with the fundamental resonance frequency, to use it as an indicator of the
underground structure (Bard, 1998). The interpretation is based on the assumption that noise pre-
dominantly consists of surface waves.

This technique has been updated by Nakamura (1989, 2000). Its assumptions are in contradic-
tion with the preceding arguments. In short, he considers that noise is composed of body waves
and surface waves among which are Rayleigh waves. These ones alter the information brought by
the reflected SH waves, which are, according to him, predominant to explain the presence of the
resonance peak. In this sense, the spectral division is designed to get rid of the effects of Rayleigh
waves in the horizontal components. In this way the resulting H/V spectral ratio highlights the reso-
nance frequency of the sites and their corresponding level of amplification as well.

For sake of brevity, we will not report here a detailed discussion on the method. Bard (1998)
and Mucciarelli et al. (2001) report critical reviews. Main purpose of the present study is to investi-
gate the dynamic characteristics of the remainings at the ancient city of Aptera (Chania) and iden-
tify the main damage mechanism, in order to evaluate the risk of structure damage or collapse in
case of future events using microtremor recordings (i.e. low-amplitude oscillations of ground sur-
face produced by natural sources or by anthropogenic noise). It is worthwhile to notice that there is
no previous seismic study carried out in the area.

2 DESCRIPTION OF THE STUDY AREA

The area investigated (ancient Aptera) is located in the north-western part of Crete Island,
Greece, 15 Km from the city of Chania, near the village Megala Horafia on a hill above the bay of
Souda (230m). Figure 1 gives the geological setting of Crete.

mwmmm Typwi Sanekak
Cuadsde g Unk g

Figure 1. Geology map of Crete.
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Founded in the 7™ century BC, Aptera was one of the largest and most important city states in
Western Crete. It continued to be an important city during the Roman and first Byzantine periods
and was continuously inhabited until an earthquake destroyed it in the 7th century AD. The descrip-
tion of this destructive earthquake reported in the historical data suggests the existence of site ef-
fects in the area. In the historical period the town was fortified with a wall, which is still visible in
many places. Above the fortified acropolis are the ruins of huge vaulted cisterns and other public
constructions of the Roman and Early Byzantine periods. A small two-aisled Hellenistic temple has
been excavated and part of the Roman Bouleuterion.

Furthermore, there is no detailed geological survey available for the area. It is reported that the
territory of Aptera consists of many faults. From the preliminary geological survey, it is concluded
that the area of Aptera is characterized by limestones (Tripolis zone, Triassic-Cretaceous). These
limestones are compact, white-grey to bluish, microcrystalline to aphanitic usually with rudist frag-
ments, sometimes breccias, at places dolomitizited, strongly karstified. They may include lower
members of Jurassic to Triassic age.

3 MICROTREMOR MEASUREMENTS AND ANALYSIS

Detailed microtremor measurements were performed at selected sites in the area of ancient Ap-
tera (Chania-Crete). Their distribution is as homogeneous as possible over the whole area. By tak-
ing records both in ground and structures, analyzing and interpreting them, vulnerability specifica-
tions can be made. The sites where microtremor measurements recorded are presented in figure
12.

3.1 Microtremor Measurements

Registrations have been performed by means of a tridirectional sensor Lennartz 3D-Lite
(1 natural Hz frequency), connected with a 24-bit digital acquisition unit. The sensor has identical
characteristics on all three axes; thus working on ratios it is possible to consider a reasonable range
below the fundamental frequency, as demonstrated in Giampiccolo et al. [2001). Important care
was taken to avoid problems that may arise during in situ measurements such as asphalt coverings
that may induce spurious peak of noticeable amplitude, environmental factors and anthropogenic
transient noise.

3.2 Data Analysis

At each locality, site responses have been computed by collecting six to twenty-five microtremor
registrations, each lasting 60 s, sampled at 125 Hz. The selected time windows of each time series
were corrected for the base line and for anomalous trends, tapered with a cosine function to the first
and last 5% of the signal, and band bass filtered from 0.5 to 20 Hz with cut off frequencies at 0.3
and 22 Hz, selected in order to preserve energy and avoid spurious maxima due to unrealistic low
vertical spectra (Castro et al., 1990). The arithmetic average of all horizontal-to-vertical ratios
represents the HVSR site amplification function. The same procedure performed for all sites and
components and finally the H/V spectra were computed. Details and limits about the methodology
are given in Mucciarelli (1998).

3.3 Results

HVSR of ground level in the Bipartite Temple (site 3) is given in figure 2. It can be followed that
the fundamental frequency is 1.93 Hz and the amplification is A=2.5+0.4. In the North-East direction
at about 3 m far there was another measurement, whose HVSR resulted in a peak frequency
around 2.18 Hz. The amplification of the fundamental frequency is A=2.1+0.3 (see figure3).
Then, in the same N-E direction and in a distance less than 10 m there was another meas-
urement at the Doric Temple (site 7). As shown in figure 4 the transfer function has two dominant
peaks, the first one at 12.2 Hz and the second one at 5.84 Hz.
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Figure 2. HVSR curve at Bipartite Temple (site 3 on the map).
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Figure 3. HVSR curves at about 3m away from the Bipartite Temple.

Comparing the HVSR curve derived from the site near the Bipartite Temple in the N-E dimen-
sion (figure 3) and the HVSR curve derived from the Bipartite Temple (figure 2), is observed: (i) a
minor shift of the fundamental frequency towards lower values (from 2.18 to 1.93Hz) and (ii) a de-
crease of the spectral amplification, especially in the high-frequency range (at the high frequency
17.6Hz the amplification decreases from 2+0.2 to 1.1+0.1).

Microtremor measurement has been performed at the Doric Temple, which lies at about less
than 13m away from the Bipartite Temple (figure 4). The HVSR technique at the Doric Temple indi-
cates two sharp peaks. The amplification in the frequency of 12.2Hz is 3.3. A second amplified fre-
quency is observed at 5.8Hz with amplification 2. By comparing the spectral shape of HVSR curves
(figures 2,3 and 4) it is obvious that a high variation exists. This high variation possibly reflects to a
very complex subsurface geometry and to large-scale heterogeneities. In order to verify the validity
of the above observations (complex subsurface geometry, large-scale heterogeneities) resulted
from HVSR curves electrical resistivity tomography has also been performed at this specific area.

Frequency (Hz}

Figure 4. HVSR at site 7 (Doric Temple), at about less than 13 m away from site 3.
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The HVSR technique using microtremor measurements has also been performed to identify the
building fundamental frequencies of oscillations and to examine the possible coincidence of founda-
tion soil frequency and building frequency (see Mucciarelli et al., 2001). The specific construction
typologies as well as the structural properties of Monastery of St. John the Baptist (frames, infill
frames, straining beams, bearing walls, building stiffness, mass distribution, e.t.c) were not avail-
able. Since no construction technologies were available the estimation of the dynamic seismic re-
sponse of the Monastery cannot have the complexity and the richness of information of a detailed
study. However, the main result expected by the HVSR technique is the determination of the fun-
damental frequency of the investigated building and of its foundation soil, to put in evidence reso-
nance phenomena capable of compromising the building stability during an earthquake. In such a
way HVSR technique represents a preliminary evaluation of St. John the Baptist Monastery's seis-
mic stability. Microtremor measurements have been performed at the soil foundation, on the ve-
randa (points 1,4,7) and at different points of the first floor of the building (points 2,5,8).

The dynamic characteristics of the Monastery of St. John the Baptist result as follows:

1. Predominant frequency and amplification factor of the ground level are respectively
1.93 Hz and 1.9 +0.3.

2. On the veranda, along a longitudinal transect from the northern to the southern part
along the first floor (points 1, 4, 7) the value of fundamental frequency is 7.5 Hz and
the corresponding amplification levels are 13, 4.3, 5.8, respectively. Point 1 corre-
sponds to the northern part, point 4 in the central part and point 7 to the southern part
of the veranda. It is interesting to notice the existence of a stairway at the southern
part of the veranda (point 7 figure 5).

3. Inside the building, along a longitudinal transect from the northern (point 2) to the
southern part (point 8), the spectral ratios exhibit a resonant peak at about 7.5 Hz and
the amplification factor lies between the values 2.4 and 3.6. It can been seen that at
the southern side (point 8) the amplification ratio has the main fundamental peak at
7.5Hz, at the northern side (point 2) at 11Hz, and in the central part (point 5) of the
whole structure of the Monastrery the fundamental frequency has the same value as
the southern, 7.5Hz. The amplification values at points 8,2 and 5 are 3.6, 2.5, and 2.4
respectively. Microtremor measurements at points 8,2 performed at the same distant
from the south and north side of the building.

We note that the HVSR curves suggest that the resonance frequency of the building does not
coincidence with the fundamental frequency of the soil foundation. The result extracted from HVSR
technique is that the monastery of John the Baptist does not resonate at periods near the period of
the soil resonance, which implies that it may not be susceptible to failure during strong ground mo-
tion. In the longitudinal transect the northern part of the Monastery (point 2 in figure 5) presents dif-
ferent main period to the southern part (point 8 in figure 5). Consequently, we can speculate that
the dynamic behaviour of the southern side is not similar to the northern. Moreover, comparing the
HVSR curves derived from the Monastery soil foundation (point 9 in figure 5) with the HVSR curves
at the first floor (points 2, 5, 8) it is important to notice that the amplification level increases with
height. A similar result is observed by Gallipoli et al., 2004.
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Figure 5. Location of measurements at soil foundation and at the 1% floor (veranda and inner place) (Monastery
St. John the Baptist). HVSR results for each measurement. (5a) In the north part of the veranta (point 1), (5b) on
the center (point 4), (5¢) In the south part of the veranta (point 7), (5d) In the north part of the inner place (point
2), (5e) In the central part of the inner place (point 5), (5f) In the south part of the inner place (point 8), (5g)

HVSR curve at the foundation soil.
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Figures 7 and 8 demonstrate the HVSR in the Byzantine Buildings and Roman Bath. The dis-
tant between these two sites is 15m. We can observe a similarity between these two HVSR curves,
not only in terms of the fundamental frequency and amplification, but also in the whole shape. Both
spectra show a well-defined peak at 1.93 Hz and the amplification level is also the same. As it is
seen from the figures 7,8 the amplification at the Byzantine Building is 2.4 + 0.4 and at Roman Bath
is 2.4+0.3. This cultural terrain is not characterised by a complex subsurface geometry and lateral
discontinuities, in contrasts to the Doric Temple.
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Figure 7. HVSR at site 9 (Byzantine Building).
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Figure 8. HVSR at site 9 (Roman Bath).

We proceed to the estimation of site amplification close to Roman Reservoirs (see fig. Three
arched vaults (figure 9) enclose a huge cistern that held water to feed the Roman baths that cover
the site. One can enter the cistern system through a small doorway to view the central chambers.
We had three measurements, one for each chamber. All spectral ratios exhibit the resonant peak at

2.18 Hz. The amplification level for the central chamber is 1.8+0.2 and for the two neighboring
1.740.2.
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Figure 9. HVSR inside to Roman Reservoirs.

Below Aptera there is a Turkish fortress built in 1872 called Itzendin, once a prison. Figure 10
shows the location of five microtremor measurements, one out of the fortress, two inside it and two
more in the arches, as well as the HVSR’s in each site. The dynamic characteristics of the place re-
sult as follows:

1. Predominant frequency and amplification factor outside the castle are respectively
f=2.18 Hz and the amplification level is 2.5+0.5.

2. In the 1* arch we observe two amplified frequency peaks 1.33 and 12.2 Hz. The am-
plification of the first amplified frequency is 2.1+0.5 and the amplification of the sec-
ond amplified frequency is 1.6+0.1. In the 2" arch in the vicinity of the 1* arc) the
predominant frequency is 2.18 Hz and the amplification of the fundamental frequency
is 1.9+0.3 (figure 10).

3. In the interior space of the castle the spectral ratios exhibit again two resonant peaks
one at 3.16Hz and the second at 12.22 Hz. The amplification of the fundamental fre-
quency (3.16 Hz) is 1.7+0.5, while the amplification of the second amplified frequency
(12.2Hz) is 1.440.2. In 3 m distance the analysis of microtremor measurement re-
sulted in two peaks 1.18 and 12.22 Hz. The amplification of the fundamental fre-
quency (1.18Hz) is 2.2+0.5 and the amplification of the second amplified frequency is
1.9 +0.3.
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Figure 10. HVSR curves at the arches of Itzendin Fortress.

4 APPLIED GEOPHYSICAL INVESTIGATION: ELECTRICAL RESISTIVITY
TOMOGRAPHY

Finally, in order to have a first hint about the presence of lateral variations in the sub-soil struc-
ture and verify the validity of HVSR method electrical resistivity tomography was carried out in
those sites where apparently similar geological conditions produce significantly different HVSR's.
This geophysical investigation will provide information in order to establish the relation between the
local geological structures and the observed amplification effects in the aforementioned sites.

The survey was performed along the axis of the undefined anomaly of the subsoil (Doric Tem-
ple). The instrument used was an IRIS multi-electrode system (48 channels), and the data were
processed using RES2INV. The inter-electrode spacing was 4 m and the total length was 188 m.

Results extracted from electrical tomography (figure 11) clearly show a very complex subsur-
face geometry indicated by the presence of large-scale voids, which may possibly correspond to
ancient reservoirs. More concretely, we were able to identify two geophysically heterogeneous



structures within the same geological unit (inside the limestones) through the determination of dif-
ferent values of resistivity. Lateral variations of resistivity and a void 16 m width appear at about 10
m depth and a second one 12 m width at 8.5 m depth. The distance between these two voids is
about 30 m, whereas the depth to bedrock is not known. According to historical data there are a lot
of underground cisterns in the area, which could induce strong amplifications.

Figure 11. Electrical resistivity tomography

5 DISCUSSION AND CONCLUSIONS

This study focused on a mapping of site response functions using microtremor recordings. The
HVSR technique, using microtremor recordings, is used to empirically estimate the site response
functions in 8 selected sites in the archaeological site of Aptera. The microtremor measurements
yield a series of parameters that can be used to estimate the expected ground motion during an
earthquake. The key elements for seismic hazard scenarios are maps of the predominant fre-
quency and maximum relative amplification of ground motion. The frequency of each peak is re-
lated to the thickness and velocity of seismic waves of the surface layers. The amplitude of each
peak is related mainly to the impedance contrast between the near surface structure and the under-
lying bedrock. From HVSR curves it is obvious that most of the sites exhibit significant amplification
in the frequency range of 1.93-2.18 Hz except of the Doric Temple and Itzendin Fortress, where re-
liable amplification peaks are observed at high frequencies (12.2 Hz). We propose a preliminary
map (figure 12), created on the basis of measurement data, which shows the fundamental fre-
quency across the area and reflects the fundamental characteristics of possible site effects.

* 1 Roman Cistern

- |* 2 Roman Cisterns

,;’/ + 3 Bipariite Sanctuary
* 4 Roman Walls

* 5§ Roman Bouleuterion
+ 6 Theater

+ 7 Doric Temple

A PSS Tample of Bulls
+ F5 g Byantine Buldings
o Fra + 10 Graves
1o >
, e MBI [ gy Monastery of Sant Johm the Baptis
%g}, ' ; + 12 Ttzendin Fortress

Figure 12. Locations of sites whére microtremor measurements were performed and distribution of the funda-
mental frequency for ancient Aptera estimated from HVSR.
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We observe that similar geological conditions produce significantly different spectral shapes.
The general behavior of the amplitude response with frequency is not stable but shows a high lat-
eral variation. That possibly suggests the presence of a very complex subsurface geometry, small-
scale heterogeneities and possible variation in the thickness of the near-surface layers that proba-
bly smooth the amplification curves in such a way that the determination of specific resonance
modes becomes very difficult. Thus, we strongly recommend a denser grid of site measurements
and additional geophysical investigation. In order to verify the results obtained from HVSR curves a
resistivity survey was therefore made on a sector of Doric Temple. Results extracted from electrical
tomography clearly show a very complex subsurface geometry indicated by the presence of large-
scale voids. We infer that the results obtained from the HVSR technique are very well correlated
with the results extracted from the resistivity tomography.

From the results, microtremor method is proved to be a useful tool for this type of preparatory
study in highly seismic active areas, since it gives easily and in short time all the needed informa-
tion for preliminary damage estimation. In regions of unknown basement morphology, such a pro-
cedure may be a way to quickly obtain a general idea of the subsurface structure.

Acknowledgements
The work was supported by ARCHIMEDES project (MIS 86384) action 2.2.3.{, "Multiparametric
Seismic Hazard in the frontal part of the Hellenic Arc", Greek Ministry of Education

REFERENCES

Bard, P.-Y., (1998). Microtremor measurements: a tool for site effect estimation? (Paper presented at the 2nd
International Symposium on the effects of surface Geology on seismic motion-ESG98-held in Yokohama,
Japan, December 1-3, 1998).

Bard, P.-Y., (1999). Local effects on strong ground motion. Physical basic and estimatiom methods in view of
microzoning studies. Lectures presented at the Advanced Study Course, Kefallinia.

Castro, R.R., J.G. Anderson and S.K.Singh., (1990). Site response, attenuation and source spectra of S waves
along the Guerrero, Mexico, subduction zone, Bull.Seismol.Soc.Am, 80,1481-1503.

Diagourtas D., Makropoulos, K., Tzanis A., (2001), Comparative study of microtremor analysis methods. Pure
and Applied Geophysics 158, 2463-2479.

Funicello, R., Lombardi, L., Marra, F., Paratto, M., (1995). Seismic damage and geological heterogeneity in
Rome’s colloseum area: are they related?, Annali di Geofisica, 38 (5-6), 927-937.

Jeffrey.M.Rahl., Fassoulas. Charalampos., Brandon.T. Mark., Exhumation of high-pressure metamorphic rocks
within an active convergent margin, Crete, Greece: A field Guide.

Gallipoli,M.R.,Mucciarelli,M., Castro,R.R., Monachesi,G., Contri,P., (2004) Structure , soil-structure response
and effects of damage based on observations of horizontal to vertical spectral ratios of microtremor, Soil
dynamics and Earthquake Engineering 24, 487-495 .

Giampiccolo, E., Gresta, S., Mucciarelli, M., De Guidi, G., Gallipoli, M.R., (2001), Information on subsoil geo-
logical structure in the city of Catania (Eastern Sicily) from microtremor measurements, Annali di Geofisica,
Vol.44, No.1.

Mucciarelli M., (1998). Reliability and applicability of Nakamura's technique using microtremors: an experimental
approach. J Earthquake Engng 2 (4), 625-638.

Mucciarelli M., Contri P., Monachesi G., Calvano G., Gallipoli M., (2001). An empirical method to assess the
seismic vulnerability of existing buildings using the HVSR technique, Pure and Applied Geophysics 158,
2635-2647.

Nakamura, Y., (1989). A Method for Dynamic Characteristics Estimation of Subsurface using Microtremor on
the Ground Surface. Quarterly Report of RTRI, Railway Technical Research Institute (RTRI), 30(1).

Nakamura, Y., Hidaka, K., Sato, S., Tachibana, M., (1995). Proposition of a Method for Pier Inspection Using
Microtremor,Quarterly Report of RTRI, 36(1), ISSN 0033-9008.

Nakamura, Y., (1996). Real Time Information Systems for Seismic Hazards Mitigation UrEDAS, HERAS, PIC.
Quarterly Report of RTRI, 37(3).

Nakamura, Y., (1997). Seismic Vulnerability Indices For Ground and Structures Using Microtremor, World Con-
gress on Railway Research in Florence, italy, November 1997.

Nakamura, Y., (2000). Clear identification of fundamental idea of Nakamura's technique and its applications,
Proceedings of 12WCEE 2000.

Nogoshi, I., Igarashi, T.,(1971). On the amplitude characteristics of microtremor (Part 2), Jour. Seism. Soc. Ja-
pan, 24, 24-60 (in Japanese with English abstract).

Ojeda.A., Escallon. J., (2000) Comparison between different techniques for evaluation of predominant periods
using strong motion records in Pereira Colombia, Soil Dynamics and Earthquake engineering, 20,137-143.

1450



Achrio tng EMnvikri MewAoyiki¢ Eraipiag Top. XXXVI, 2004 Bulletin of the Geological Society of Greece vol. XXXVI, 2004
MNpaxrika 10* AigBvoug Zuvebpiou, Ocalvikn Amrpikiog 2004 Proceedings of the 10" International Congress, Thessaloniki, April 2004

SEISMICITY CRITERIA FOR THE REAL-TIME IDENTIFICATION OF
FORESHOCKS IN THE CORINTH GULF

Orfanogiannaki K. and Papadopoulos G.A.
Institute  of Geodynamics, National Observatory of Athens, 118 10 Athens,
kOrfanogiannaki@freemail.gr, g.papad@gein.noa.gr

ABSTRACT

In the Corinth Gulf foreshock sequences occur as a rule within a time interval no longer than
four months before the mainshock. If these precursory phenomena could be detected, then it would
be utilized for the prediction of the mainshock. However, frequent swarms also characterize the
Gulf of Corinth. Therefore, in a real time evaluation, the discrimination between swarms and fore-
shock sequences is of crucial importance. In this study we focus on establishing seismicity criteria
to achieve such discrimination.

| INTRODUCTION

Foreshocks have long been studied as one of the most promising earthquake precursors since
they possess some distinct properties. In fact, they occur a few hours, days or weeks before the
mainshock, while their number increases with time following the power-law distribution:

n=n,-t" (1)

where n is the number of foreshocks at time t and no, p are parameters. In addition, the value of the
parameter b of the magnitude-frequency relationship is smaller in foreshocks than in background
seismic activity (Agnew & Jones 1991, Chen et al. 1999, Jones 1984, 1985, Jones & Molnar 1979,
Ishida & Kanamori 1978, Kagan & Knopoff 1978, Michael & Jones 1998, Molchan & Dmitrieva
1990, Ogata et al. 1996, Papazachos 1973, 1975, Reasenberg 1999, Suyehiro & Sekiya 1972).
Foreshocks have been particularly studied in Greece in about the last thirty years or so (Pa-
pazachos 1973, 1975, Wong & Wyss 1985, Papadopoulos et al. 1991, 2000). Foreshock activity
occurs frequently in the Corinth Gulf in a time interval of no longer than about four months before
strong mainshocks, while, the probability of occurrence of the largest foreshock within the last ten
days before the mainshock is greater than 83% (Papadopoulos et al. 2000). For these reasons the
Corinth Gulf (Fig.1) has been selected as a seismotectonic unit suitable for the foreshock detection
before mainshocks.
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Figure 1. The area of Corinth Gulf. The star shows the epicenter of
the example event of Fig. 2 .
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Moreover, it is a segment of seismotectonic homogeneity, with a N-S tensional stress field and ma-
jor normal faults striking nearly E-W, as well as of high seismicity providing a large amount of ob-
servational material. Figure 2 shows an example of a foreshock sequence appearing about three
months before the mainshock.

2 THE PROBLEM

A major problem involved in the procedure of identifying the onset of a particular foreshock se-
quence in real-time, is that one should exclude, with high degree of confidence, the possibility that
the earthquake sequence does not constitute a swarm-type activity that does not lead to the gen-
eration of a mainshock. Therefore, there is need to define the properties of swarm activities in the
Corinth Gulf, to compare them with the properties of the foreshock sequences and then to establish
a procedure for the discrimination between swarms and foreshock sequences.

11 Feb 1984 15 Jun 1995
Ms=5.6 Ms=6.2

00 N 40 N
80 | l j ‘.“.‘."‘-.‘l"‘“

| / !
60 | f

| 200 |
40 | o® s

20; """' t ;: t
) [®
0 o ; - , 0 S —

Feb-83 Jun-83 Oct-83 Feb-84 louv-95 Zemw-95 Azk-95 Map-96 IlouA-96

Figure 2. Example foreshock activity preceding the Figure 3. Example aftershock activity following the
mainshock (black arrow) of 11 February 1984 in  mainshock of 15 June 1995 in west Corinth Gulf. The af-
west Corinth Gulf. The foreshock sequence starts by  tershock sequence terminates by the end of September
the beginning of January 1984. N = cumulative 1995. N = cumulative number of earthquakes, t = time.
number of earthquakes, t = time.

3 THE DATA

Seismicity data contained in the earthquake catalogue of the Institute of Geodynamics, National
Observatory of Athens (http://www.gein.noa.gr) were examined for the time interval from 1980 to
2002 inclusive. The area under study was defined by the rectangle with coordinates 37.9°N-38.5°N
and 21.7°E -23.3°E (Fig. 1). Completeness analysis based on the magnitude-frequency relationship
showed that the seismicity data are complete for local magnitude, M, , equal to or larger than 2.8, or
for surface wave magnitude Ms = 3.3. From this catalogue we removed aftershock and foreshock
sequences of ten strong (M. 2 4.5) mainshocks. Aftershock and foreshock sequences were deter-
mined as sets of earthquakes, occurring within a distance of 1/3° from the mainshock epicenter,
and gradually decreases or increases in number following the Omori-law or the Mogi-law, respec-
tively, both of them being expressed by equation 1. The termination of an aftershock sequence or
the onset of a foreshock sequence is identified at the point of time where the seismicity rate be-
comes about equal to, or starts to deviate from, the mean rate of background seismicity, respec-
tively. Examples are illustrated in Figures 2 and 3. This procedure generated a new declustered
catalogue which describes the background seismic activity. For reasons explained below we also
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calculated for the declustered catalogue the b-value of the magnitude-frequency relationship (Fig.
4), which was found equal to 0.92.

1980-2003

3.00 e log N = -0.92 Ms + 6.15
R? =0.989

2.00

11.00
T Ms |
0.00 T
3.00 4.00 5.00 6.00 7.00

Figure 4. Magnitude-frequency relation for background seismicity of the
Corinth Gulf.

4 CRITERIA FOR THE IDENTIFICATION OF SWARMS

An earthquake sequence could be defined as of swarm-type when its mean rate of activity ex-
ceeds significantly the mean rate of background activity and, at the same time, it does not contain a
mainshock, that is an event significantly exceeding in magnitude all the rest events of the se-
quence. Because of the second criterion the b-value of swarms as a rule exceeds significantly that
of the background seismicity.

| 1980- 2003
1800 N
N =0.18¢ - 5091.6
| 1350 R?=0.978 i
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Figure 5. Background seismicity rate (=0.18 events/day) of the
Corinth Gulf. N = cumulative number of earthquakes, t=time.
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However, this criterion is frequently impossible to apply because of the relatively low number of
earthquakes involved in each independent swarm. As an alternative we defined a swarm as a set of
timely sequential earthquakes containing at least ten events and making a seismicity rate larger
than the background rate so that the probability of its occurrence by chance within the particular
time interval is less than 1 x 10, which meets common standards used in statistical analysis. The
calculation of the probability was based on the Poisson model (eq. 2), where P(x) is the probability
for the occurrence by chance of a number of x events in a time interval of t days, where A=0.18
events/day is the background seismicity rate (Fig. 5).

_1.[/1. X
P(x)=® x(' t)

2)

After the selection  of a number of swarms on the basis of this definition we checked whether or
not they satisfy the criterion of high b-value. By applying the above definition in the declustered
catalogue, we were able to identify seventeen swarms (Table 1), nine of them including more than
40 earthquake events. The swarms with code numbers 2 and 3 as well as those with code num-
bers 14, 15 and 16 are partly overlapping in time.

Table 1.Start and end dates of the swarms identified in the declustered catalogue. Key: d= duration, n=number
of events, Msmin = minimum magnitude involved, Msmax = maximum magnitude involved, P(x) = probability for
the number of events n to appear by chance within time interval of d days.

d n Rate

No Start End (days) (events) (events/day) b-value Ms min  MS max P(x)

1 29/02/80 31/03/80 30 27 0.90 33 43 159710
2 02/07/81 10/09/82 435 167 0.38 1.22 33 48 -0

3 27/09/81 10/09/82 343 127 0.37 1.27 33 48  3.4070™
4 27/09/81 26/12/82 455 156 0.34 1.32 33 48 -0

5 23/03/82 11/04/82 19 27 1.42 33 45 489*107°
6 05/08/84 19/08/84 14 21 1.50 33 47 2910"
7 09/11/84 29/11/84 20 22 1.10 33 39 29070
8 07/05/89 15/05/89 8 14 1.75 33 48  3.48*107°
9 15/07/90 11/08/90 27 23 0.85 33 37 1.29*10°
10 13/09/98 26/09/98 13 28 1.69 33 44  7.64*107°
11 13/09/98 14/11/98 62 42 0.68 1.54 33 44  544*10"
12 18/07/99 31/07/99 13 13 1.00 33 41 7.86*107
13 18/03/01 12/06/01 86 64 0.74 1.53 33 46  7.80*107
14 16/09/02 01/01/03 107 71 0.66 1.81 33 45 289*10%
15 13/10/02 01/01/03 80 57 0.71 1.70 33 45  617*107®
16 19/11/02 01/01/03 43 43 1.00 1.60 33 45 580*107°
17 19/11/02 05/02/03 78 54 0.69 1.65 33 45  1.40%07°

5 CRITERIA FOR THE DISCRIMINATION BETWEEN FORESHOCKS AND SWARMS

5.1 The b-value

The difference in the b-value is one of the criteria that can be used to discriminate between
foreshock sequences and swarms. The reliability of the b-value estimation depends on several fac-
tors like the fumber and the magnitude range of events in the data set. As for the number of events
the larger this number the better the result. As for the magnitude range, it has been shown (e.g.
Papazachos, 1974) that it should exceed 1.5. We calculated the b-value for only the nine clusters
that contain more than forty earthquake events each, because for the others the low number of
events involved does not allow for a reliable estimation. The magnitude range in the nine data sets
examined is between 1.1 to 1.5 which may signifies some unreliability of the results. However, the
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systematic increased value of the parameter b found for all the data sets is an indication the result
is in general correct. Qbviously, in case of an actually evolving earthquake sequence the estima-
tion of the b-value can be done only if a sufficient number of events has been recorded. This means
that this discrimination criterion is not possible to apply from the very beginning of the activity. The
b-values of the nine swarms were found to be systematically high with respect to the background b-
value of 0.92. The differences between the b-value of each one swarm and the background b-value
are significant at the 99% level.

5.2 Time distribution and numbers of events

An additional criterion for discrimination could be based on the number of events and the dura-
tion of the activity (Figs. 6, 7).. By the beginning of the activity the number of events is only sharply
higher in swarms than in foreshock sequences. However, for time periods longer than twenty days
the number of events becomes systematically higher for the same time after the beginning of the
activity. In fact, twenty days and sixty days after the beginning the number of events is nearly 1.5
and 2 times higher in swarms than in foreshocks, respectively. The total duration of foreshock se-
quences do not exceed four months. However, the total duration of a swarm may reach up to fifteen
months.

5.3 Space distribution of events

From the study of Corinth Guif foreshock sequences it resulted that the epicenters of the events
of a particular sequence are concentrated in regions of radius of no more than about 30km or 1/3°
around the mainshock’ s epicenter (Papadopoulos et al., 2000). However, the epicentral distribution
of the swarms studied here shows that as a rule the events contained in a particular swarm are ex-
tended over the entire Corinth Gulf. This property makes an additional discrimination criterion.
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Figure 6. Number, n, of events contained in Corinth Gulf  Figure 7. Number, n, of events contained in Corinth
swarms against the swarm total duration, t (in days). Gulf foreshock sequences against the sequence to-

tal duration, t (in days) (data from Papadopoulos et
al. 2000.)

6 CONCLUSIONS

The different space-time-size distributions of swarms and foreshock sequences in the Corinth
Gulf make a good basis for the development of an algorithm towards the real-time discrimination
between the two types of seismic activity. In particular, the b-value of the magnitude-frequency rela-
tion is significantly high in swarms (b » 1.2) with respect to that in background seismicity (b ~1)
which is higher than the b-value ( < 1) in foreshocks. In addition, the duration of the swarms usually
exceeds that of the foreshocks while the number of events contained in a swarm, as a rule is larger
than that of foreshocks for the same point of time from the beginning of the activity. In addition, the
epicenters of the events contained in a particular swarm as a rule are extended over the entire Cor-
inth Gulf, while the foreshock epicenters are concentrated at a distance of no more than about
30km around the mainshock’s epicenter. These criteria of discrimination provide possibilities for a
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probabilistic decision making as regards the real-time identification of the onset of foreshock se-
quences in the Corinth Gulf.
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ABSTRACT

Strong motion recordings of the May 13, 1995 Mw=6.6, earthquake sequence that occurred in
the Kozani-Grevena region (Western Macedonia, Greece) have been analyzed for the determina-
tion of their source parameters. The data set for this study comes from a temporarily deployed ac-
celerograph network and the source parameters using the shear-wave displacement spectra have
been estimated. For this estimation the spectral records have been corrected for the site effects
and for the propagation path (geometrical spreading and anelastic attenuation). The magnitude of
each event was also re-calculated by estimating appropriate station corrections. The derived rela-
tionships are

logM_ =(1.43£0.09) M, +(16.92029), 2.0<M<5.0 (1)
logf, = (-0.56+0.08)-M, +(2.52+0.29), 2.0<M<50 (2)
logM, = (-2.20+0.08)-logf, +(23.16+0.84) , 0.6 <f;<10.0 (3)

The near-surface attenuation parameter K, has also been determined for the strong motion stations
sites. These values of Kk, are in good agreement with those of Margaris and Boore (1998) for the
geological formation on which each station was positioned. The obtained source parameters are in
good agreement with those from previous studies for the Aegean region.

| INTRODUCTION

A damaging earthquake (Mw =6.6) occurred on May 13, 1995 in the Kozani — Grevena region.
This area has not shown a high level of seismic activity in historical times since only one strong
earthquake (896 A.D.), was reported in the historical catalogues (Papazachos and Papazachou,
1997, 2002; Ambraseys, 1999). The earthquake sequence has been extensively studied at every
scientific field (Hatzfeld et al., 1995, 1997; Papazachos B. C. et al., 1998; Theodulidis et al., 1998;
Papanastasiou et al., 1998; Kiratzi, 1999; Roumelioti et al., 2000, 2002).

In this paper we analyze the complete data set available for the Kozani - Grevena aftershock
sequence. A procedure has been applied for the accurate determination of the local magnitude, M,
from regional records. The source parameters are obtained by fitting standard spectral shapes to
the S-wave spectra and a least-squares’ procedure is developed to account for differences between
recording stations in order to accurately determine the final source parameters for each event.

1457


mailto:apanou@lemnos.geo.auth.gr
mailto:costas@lemnos.geo.auth.gr
mailto:chpapai@itsak.gr

2 DATA ACQUISITION — EARTHQUAKE LOCATIONS

One day after the earthquake occurrence, a temporary 3-component digital strong motion array
was installed by the Geophysical Laboratory of the Aristotle University of Thessaloniki (GL-AUTh)
and the Institute of Engineering Seismology and Earthquake Engineering (ITSAK), to monitor the
ground acceleration due to the aftershocks. Accelerographs were also installed by the Seismologi-
cal Laboratory of Athens University (SL-AU), the Applied Statics Laboratory of the Aristotle Univer-
sity of Thessaloniki (ASL-AUTh) and the LGIT of the Grenoble J. Fourier University (LGIT), (shown
in the right part of Figure 1).

For several earthquakes, which triggered at least one accelerograph, the epicenters were not
estimated from routine analysis. The location of these events was accomplished using the P and
the S-wave arrivals from the temporary seismological network that was installed in the area and
from the permanent seismological network of GL-AUTh. Figure 1 (left part) shows a map with the
seismological stations of the permanent and temporary network. In the location procedure the ap-
propriate station correction terms were used. These terms represent the contribution of the average
crustal and upper mantle structure beneath the receiver and a local layered velocity model, which
was estimated for the Kozani-Grevena area (Hatzfeld et al., 1995; Papazachos et al., 1998; Draka-
tos et al., 1998 ). The S-P times of the temporary accelographs network were also included in the
phase list. For the location procedure the HYPO'71 program (Lee and Lahr, 1975) was used. Figure
1 (right part) shows the geographical distribution of the epicenters, determined in the present study
(gray circles). The triangles stand for the location of the station.

42"

40

thuﬂ‘ (1995)
Determined -
Earthquake Epicenters 40
@ Earth Eplcenters
rml
in this study

A SM sites |
= 39.8°

22" 225

Figure 1. Left part: Map view of the location of the seismological stations. Gray triangles represent the tempo-
rary seismological network, while solid squares represent stations of the permanent seismological network.
Right part: Locations of the epicenters of the earthquakes that were determined in the present study (solid gray
circles), locations of earthquake epicenters determined in previous studies (open circles) and strong motion sta-
tions (solid triangles) used in the present study.
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3 MAGNITUDE ESTIMATION

An important parameter used for the evaluation of source ‘size’ is the magnitude of the earth-
quakes, which is a standard measure of the amount of energy released. Richter (1958) proposed a
magnitude scale based on the amplitude traces recorded on the seismograms. For this purpose the
analog records of the permanent seismological network of GL-AUTh (LIT, KNT, SRS, THE, THElIg,
AGG, IGT, FNA and PAIG) were used. We picked the maximum zero-to-peak amplitude, A, from S-
waves and the duration of the signal of the earthquakes. The relations that were used to determine
local magnitude from ground amplitudes, Ma, are the following

M 4 =loga+1199-logd+1268+c, A<100km (1)
M 4 =loga+232-logd-107+c, A>100km (2)

where a (in um) is the ground amplitude as inferred from the maximum recorded amplitude A, A is
the epicentral distance in km and c is the station correction factor. The signal duration, D, (in sec-
onds), which was measured from the P-onset up to 2mm peak-to-peak amplitude level (analogue
recording by the permanent network) is also used to calculate local magnitude, Mp,

Mp =214-log D+00038 - 4+c, A<100km (3)

Mp =197 -log D +0.0012-4+c, A>100km (4)

where A is the epicentral distance in km and c is the station correction. The values of the station
correction factors and the coefficients in relations (1) - (4) have been estimated by Kiratzi (1984)
and Scordilis (1985) for stations LIT, KNT, SRS, THE, THEIg.

Variation in magnitudes of an earthquake reported by different stations are expected to be found
due to the radiation pattern, geometrical spreading and anelastic attenuation. However, each earth-
quake can be considered to have a unique magnitude, M;, assigned to it. Thus, the magnitude M;’
of the ith earthquake recorded at station j can be given by ,

) Mi! =M +d’ _ 5)
where d is the station magnitude correction of the j station. Constant d’ incorporates all the factors
that affect the recordings of an earthquake at different stations. If an earthquake, i, has been re-
corded at k stations and the magnitude, M;’, in j stations is known, then from equation (5) we obtain
a linear system, which includes equations for all earthquakes, which can be written in matrix form
as

Ax=b (6)
where b is the data vector which contains the magnitudes at every station, x is the vector which
contains the unknowns, that is the station corrections d' and the “true” magnitude M; for every
earthquake and the matrix A contains the weight factors, w, of the data depending on their relative
quality. The system was solved in the least squares’ sense where the solution has the form

xsq = (A A AT @)

In order to obtain a unique solution of equations (5), the sum of all stations corrections, d', was
assumed to be equal to zero .
Tl =0 (8)

This additional linear constrain practically means that the average magnitude estimated from all
stations (if all were available for each event) has zero bias with respect to the “true” earthquake
magnitude.

Following the previous procedure the system was solved for three different data sets. In the first
one, the local magnitudes M4, estimated from equations (1), (2), were used for the estimation of the
local magnitude Mags). In the second data set the local magnitudes Mp, estimated using equations
(3), (4), were used and the local magnitude Mpgs) was calculated. The trace amplitudes and the sig-
nal durations from the analog records of the AGG, IGT, FNA and PAIG were also used to estimate
the corresponding local magnitudes (Ma and Mp), after the determination of the values of the pa-
rameter c. The magnitudes from the records of these four stations were merged with the previous
two data sets in order to improve the estimation of the local magnitude of the events and a unique
local magnitude, M., was obtained with each earthquake. Figure 2 shows a graph that compares
this local magnitude M, with local magnitudes estimated with the least-square’s process from ampli-
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tudes, Mags) (left part) and signal duration Mpgs (right part), showing that there is a good agreement
between local magnitude M. and magnitudes Mags), Mpys).
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Figure 2. Plot of the local magnitude M, variation versus My (left part) and versus Mpys) (right part).

From Figure 2, it is also clear that the dispersion in M. =f (Mpys)) is less than in M. =f (Mags)). This is
partly due to the fact that the data from the signal duration were more abundant than the data from
maximum zero-to-peak amplitudes but also reflects the greater variability of maximum amplitude
compared to the signal duration for the same magnitude and recording distance.

4 DATA ANALYSIS

During the operation of the strong motion array more than 600 aftershocks were recorded. A
preliminary data selection was preformed mainly involving visual inspection of waveform data. After
the baseline correction three time windows have been visually selected containing the noise re-
corded before the P-wave onset, the P-waves and the S-waves. The S-wave time window was cho-
sen to start immediately before shear waves and end before the coda waves (Archuleta et al.,
1982). The Fourier amplitude spectra of the S-waves were computed using the SAC software
(Tampley and Tull, 2000) for the three components. The sampling interval for all waveforms was At
= 0.005sec, and the obtained spectra were smoothed using a moving average window of 0.5Hz
with 50% overlap. An example illustrating the procedure is shown in Figure 3 (the recording of one
horizontal component of the ground acceleration in station K2_KIRA of the earthquake 950517).

5 MODELING OF SOURCE SPECTRUM

The estimation of seismic moment, M,, and corner frequency, f;, through the spectra of ground
motion involves the definition of a theoretical model for the source spectrum. A commonly used
source displacement spectral model is that of Brune (1970, 1971) which has the form

9)

The parameters of this model are the low-frequency spectral level, Qp, and the corner frequency,
fc. The low-frequency spectral level, Qo, is proportional to seismic moment, Mo, (Keilis-Borok, 1959)
- 4Tr,o-vs39O (10)
0 kRy,

where p (=2.7gr/cm®) is the density, vs is the S-wave velocity with a value equal to 3.4km/sec (Pa-
pazachos C. B. et al., 1998) for the Kozani area, k is a correction factor for free surface reflection
and Ry is the S-wave radiation pattern coefficient. Usually, the product kRg, is assumed to have a

mean value of 0.85 (Boore and Boatwright, 1984), which was also adopted here.

The ground motion spectrum D(f, R) at a distance, R, from the source can be modeled to incor-
porate the separable effects of source S(f), propagation A(f, R), site Z(f) and instrument response

I
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D(t.R)=S(f)- A(f,R)- Z(f)- I{f) (11)
From equation (11) it is clear that the observed source spectra can be computed by

s(f)-——DER)__ (12)
A(f.R)-Z(f)- 1)

Both the theoretical, S’(f), and the observed, S(f), source spectra are dependent on two pa-
rameters, namely the seismic moment, M,, and the corner frequency, fc. In the present work the de-
termination of seismic moment, M,, and corner frequency, f;, were made by the non-linear minimi-
zation of the difference between the theoretical and observed spectra (after the correction for site
effects and attenuation), S(f) — S'(f), in the least-squares’' sense using the Levenberg-Marquardt
method. Since there is a nonlinear dependence between the model and the unknown parameters
the minimization is performed iteratively, using an initial solution.

smpiuce lem /sec mec]

trequency LHz]

Figure 3. An example of the processing of accelerograms. Upper left: Original acceleration seismogram of one
horizontal (longitudinal) component of the earthquake 950517 at station K2_KIRA. The vertical lines indicate
time window of: noise (T3-T4), P-wave (T3-T4) and S-wave (ISUO-F). Upper right: The S-wave time window
adopted. Lower left: The S-wave acceleration spectrum. Lower right: The smoothed S-wave acceleration spec-
trum.

6 SITE EFFECT CORRECTION

For every station the horizontal-to-vertical spectral ratio technique was applied in order to evalu-
ate the local site effects. This technique was introduced by Nakamura (1989), who applied it to
noise recordings and showed that the ratio of the Fourier spectra of the horizontal components to
the spectrum of the vertical component (transfer function) reveals the soil's principal resonance fre-
quencies. Encouraging results were later obtained from strong-motion recordings (Lermo and
Chavez-Garcia, 1993; Theodulidis and Bard, 1995). The result of site effect to seismic motion is

approximated by the following equation
U AT (13)
V2v

z-35-%
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where H is the horizontal component, consisting of the two transverse components L and T, and V
is the vertical component. Based on equation (13) we calculated the mean transfer function for
each of the nine stations.

Figure 4 shows the frequency variation of the mean transfer function for each site (black solid
line), while the dashed lines represent the 1-o standard deviation above and below the mean trans-
fer function. Apparently, the site effects in terms of mean spectral ratio vary with location. More
specifically, high values of amplification are observed in the range 3-4Hz at RYMN, in the range 1-2
Hz at KENTR, in the range 0.8-1 Hz at KAR95. Moreover there are prominent peaks of amplifica-
tion at 5 Hz at CHROM, at 6 Hz at K2_KIRA, and at 4 Hz at K2_DNH. This observational result il-
lustrated the fact that the geological units under the stations are not the same. In Figure 4 the com-
parison for two stations (CHROM and KNIDI) of the empirical with the corresponding theoretical
mean transfer functions is also shown, as these were estimated by Raptakis et al. (1997) (gray
solid line) using the available geophysical-geotechnical information for these sites. The transfer
functions given by both different methods are in good agreement hence the H/V ratios can be used
to approximately correct the strong-motion recordings for site effects, for our study area.
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Figure 4. Plot of mean spectral ratio, H/V, at each station site (solid line). Standard deviation, dashed lines of +
1 8D is also plotted. For the strong motion stations (CHROM and KNIDI) the comparison with the theoretical
(Raptakis et al., 1997; grey lines) mean transfer functions is plotted.

7 ATTENUATION

An important factor in studying the ground shaking phenomena is the attenuation of seismic
waves along their path between the source and the receiver. The parameterisation of propagation
is usually represented by the equation
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A(R,f) = G(R) - exp(—n«f ) (14)
where
G(R)=R" (15)
is the geometrical spreading and R is the hypocentral distance. The body-wave amplitude decay
due to geometrical spreading is usually assumed to be proportional to R™". The quantity
exp(—mn«f ) (16)
is the frequency dependent attenuation function. Anderson and Hough (1984) proposed that the
spectral decay parameter, k, for a homogenous half-space, is separated into two components
R (17
Q(f)- ¥
where K, is the near-surface attenuation parameter specific to each site (it controls the shape of
spectra at high frequencies), R is the distance between the source and the receiver, Q(f) is the
quality factor and vs is the S wave velocity. In general Q(f) is observed to be frequency dependent.
In the present study we adopted the values of Q(f) reported by Baskoutas et al. (1997), who have
found

K=Kg+

2
Qe =472 (18)
for the area of Kozani- Grevena using data from coda waves.

From refations (14), (15), (17) and (18) we can derive the final equation that describes the spec-
tral function of the propagation path of S-waves for the study area

—nRf,
-mof AW' 02,0 (19)

1
A(Rf)=—-c
R

8 ESTIMATION OF SOURCE PARAMETERS

Combination of the theoretical spectral model given by equation (9) and (10), with the observed
spectra, results in the following equation

nRf,
D(ER) ﬁ7 £1.02y . kRgy Mo (52 Tof (20)
Z(f)- (D 4,rp‘v33 1+()2
fC

Following the method, described previously, we can simultaneously estimate the seismic mo-
ment, M, the corner frequency, f;, and the near-surface attenuation parameter k., using the two
horizontal components of each S-wave recording at every station.

Parameter k, usually accounts for the attenuation due to local site geology and is smaller for
strong motion stations located on rock outcrops compared to stations located on either shallow or
deep sediment deposits station. Hence it is usually assumed to be specific at every station. More-
over, it is independent of the source - receiver distance (Archuleta et al., 1992; Margaris and Hat-
zidimitriou, 1997). For this reason, we have estimated the mean value of k, for all recordings at
every station. These values of K, are in good agreement with those of Margaris and Boore (1998),
for the geological formation on which each station was positioned (Christaras et al., 1998; Moun-
trakis et al., 1998; Pavlides 1998, among others).

The obtained values of kK, were used for the data process. Hence, the seismic moment, Mo,
and the corner frequency, f;, were recalculated for the S-part of the recordings of the two horizontal
components at every station.

9 RESULTS AND DISCUSSION: COMPARISON WITH OTHER STUDIES

Figure 5 (left part) shows the estimated JogM,, values versus local magnitude, M. In this figure
the results of Chouliaras and Stavrakakis (1997), Margaris and Papazachos (1999), Panagiotou
(2001), Polatidis (2001) and Roumelioti et al. (2002), are also presented. Straight lines represent
the relation of Margaris and Papazachos (1999), Roumelioti et al. (2002) and the relation defined in
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this study. Wherever the original results were referring to moment magnitude, M,,, we used the fol-
lowing relation to estimate local magnitude, M,

My = M. +0.5 (23)
which is valid for the records of the Greek seismological networks (Papazachos et al., 1997b).
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Figure 5. Left Part: Seismic moment, M,, versus M.: Comparison between the results derived in the present
study and those from Chouliaras and Stavrakakis (1997), (solid circles), Margaris and Papazachos (1999),
(open square), Panagiotou (2001), (solid triangle), Polatidis (2001), (open triangles) and Roumelioti et al.
(2002), (solid diamond). Black and gray thin lines are equations proposed by Margaris and Papazachos (1999)
and Roumelioti et al. (2002), respectively. The black thick line corresponds to equation (1) proposed in this
study. Right Part: Seismic moment, M,, variation versus corner frequency, f.. The symbols have the same
meaning as in the left part of the figure 1. Black and gray thin lines are relations proposed by Aki (1988) and
Chouliaras and Stavrakakis (1997) respectively, while the gray thick line is proposed in the present study (equa-
tion 3).

It is worth noting that despite the differences in the methodology used, the equation derived in
the present study is in good agreement with the equations that were proposed by previous re-
searchers. Figure 5 (right part) shows the log-log plot of seismic moment, M,, versus corner fre-
quency, f.. The results of Chouliaras and Stavrakakis (1997), Panagiotou (2001), Polatidis (2001),
Roumelioti et al. (2002), and Margaris and Hatzidimitriou (2002) are also shown in these figures.
The solid line in Figure 6 corresponds to equation defined in the present study. The lines in Figure
10 correspond to the relation between seismic moment, Mo, and corner frequency, fc, as proposed
by Aki (1988), by Chouliaras and Stavrakakis (1997) and in this study. It appears also from the
same figure that the values of the corner frequency obtained in the present study are relatively
higher compared to those reported in previous studies for the Aegean area. This difference may be
attributed to the different methods that were used to calculate corner frequency in these studies.
However, the corner frequencies determined independently by Margaris and Hatzidimitriou (2002)
(applying Andrews (1986) method) are in very good agreement with our results.
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ABSTRACT

250 ambient noise measurements were performed in a dense grid (about 150mX150m) cover-
ing the historical center of the city of Thessaloniki (Northern Greece), that was strongly affected by
the 20/6/1978 (M=6.5) damaging earthquake. The data were processed using the method of hori-
zontal-to-vertical (H/V) spectral ratio (Nogoshi and Igarashi, 1971; Nakamura, 1989). In order to
evaluate diurnal and seasonal variation (summer — winter) of the ambient noise H/V spectral ratio,
systematic measurements were performed in eight sites. The fundamental frequency (fo) and the
corresponding H/V amplitude level (Ao) from the ambient noise H/V spectral ratio for each site were
calculated. Spatial interpolation of the fundamental frequency (fo) and the corresponding H/\V ampli-
tude level (Ao) was attempted between all points and respective contour maps were produced.

Diurnal variation of the ambient noise H/V spectral ratio showed that it is preferable to perform
measurements during the calm hours of a day, when manmade noise is relatively low. However, no
systematic seasonal fluctuation effect on the ambient noise H/V spectral ratio was identified for the
city of Thessaloniki. Contour maps of both fundamental frequency (fo) and corresponding H/V am-
plitude level (Ao) were compared versus the macroseismic data of the 1978 earthquake (Leven-
takis, 2003), as well as with related geological (IGME, 1978) and geotechnical (Anastasiadis et al.,
2001) studies for the same area. Damage distribution due to 20/6/1978 earthquake (Penelis et al.,
1985) was also converted to EMS_98 (European Macroseismic Scale, 1998). For seventy build-
ings, made of reinforced concrete, we have also compared the obtained results with the dynamic
amplification of the buildings (Ubuilding) at the fundamental soil frequency (fo). The results encour-
age the use of ambient noise measurements along with the (H/V) spectral ratio technique as a non-
expensive and fast tool in microzonation studies to be carried out in urban environments.

| INTRODUCTION

A more and more common approach for the characterization of site response in urban environ-
ments involves the use of the H/V spectral ratio of ambient noise recordings. Ambient noise is low
amplitude vibrations of soil generated by natural disturbances such as wind, sea tides or of man-
made origin such as traffic, industrial machinery, household appliances etc. The spectral ratio of
horizontal to vertical component of ambient noise [hereafter HVSR_AM] usually shows a peak,
which indicates the fundamental frequency of the investigated site (Nogoshi and lgarashi, 1971,
Nakamura, 1989). The reliability of this method has been studied both numerically and experimen-
tally. Several researchers (among which Field and Jacob, 1993; Lachet and Bard, 1994, Lermo and
Chavez-Garcia, 1994a) have theoretically supported the H/V spectral ratio technique through nu-
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merical simulations showing that synthetics obtained by randomly distributed near surface sources
lead to H/V spectral ratios sharply peaked around the fundamental S-wave frequency, whenever
the surface layers exhibit a sharp impedance contrast with the underlying stiffer formations. A large
number of observational studies have been performed to experimentally establish the credibility of
the method (Ohta et al., 1978; Mucciarelli, 1998; Rodriguez and Midorikawa, 2002 among others).
A complete review of modern applications of ambient noise measurements for site effect estimation
can be found in Bard (1999).

The ambient noise H/V spectral ratio technique is less time consuming and much cheaper than
other classical geophysical site investigations. Although the seismological community generally
agrees that the H/V spectral ratio of ambient noise gives reliable results in terms of fundamental
frequency, the method has been developed mainly empirically. The aim of this paper is to examine
the reliability and the validity of the ambient noise technique in the downtown district of the city of
Thessaloniki (Northern Greece) (left part of Figure1).

2 COMPARISON OF HVSR_AM WITH RECEIVER FUNCTIONS

In order to compare H/V spectral ratios of ambient noise recordings with results from other
techniques traditionally used for site effect studies, ambient noise measurements were carried out
at ten sites within the city of Thessaloniki (right part of Figure 1). The equipment used comprises
the Cityshark 24-bits recorder (Chatelain et al., 2000) coupled with a Lennartz 3D/5s velocimeter
sensor. At each site ambient noise data were continuously recorded for at least 10 min and as long
as 40 min. The data were sampled at 100Hz and the average noise H/V spectral ratios of each re-
cording were calculated with the SEISAN_7.2 (Havskov and Otteméller, 2000) separately for each
horizontal component.

21°30' 22 00 22° 30 23 00 23 30 247 00
41" 30 1 T T s . © < g

 GREEC

Figure 1. Left part: Location of the city of Thessaloniki, Northern Greece. Right part: Map of the region of Thes-
saloniki with the main geological units (Rf: Debris; Rd: River-torrential deposits with thickness up to 10m; si-I:
Quaternary silty layers; f,c-cm: Pleistocene undivided layers with thickness up to 40m; pl,f-c: Neogene deposits;
Gn: Gneiss) and the location of the sites for which weak and strong motion earthquake data were available
(IGME, 1978)

At the same ten sites, Reftek stations had been installed between 25 November 1993 and 19
February 1994 (Lachet et al., 1996 [La]; Triantafyllidis et al., 1999 [Tr]) and recorded several local
and regional events. Two types of sensors were used in each site: an accelerometer Guralp CMG5
[Tr] and a broadband velocimeter Guralp CMG40 (T = 20 sec) [La] in eight sites (rectangulars in
Fig. 1) or alternatively a short-period Mark Product L22 (T = 0.5 sec) in other two sites (triangles in
Fig. 1).

In Figure 2 the variation with frequency of the average noise H/V spectral ratio for the EW com-
ponent in comparison with the corresponding mean value from [La] and [Tr] receiver functions us-
ing earthquake recordings, is shown. In general, the results show that there is a similarity in funda-
mental frequency and overall shape of the H/V spectral ratios in all examined sites between noise
H/V spectral ratio and earthquake receiver functions.
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Figure 2. Comparison of the HVYSR_AM obtained in the present study (EW component: black solid line) with
earthquake receiver functions at the same sites.

A systematic difference between the HYSR_AM and the corresponding receiver functions of [Tr]
in the low frequency band (f <1Hz) was observed, while a good agreement is found in higher fre-
quencies. However, at site LAB a significant difference between the HVSR_AM and accelerometer
data, is observed. At the site LEP, [Tr] receiver function was not estimated, because noise level at
this site was very high, producing a poor signal to noise ratio. On the other hand, the very good
agreement of HYSR_AM with [La] receiver functions, based on velocimeter data, is evident for al-
most all sites for the entire frequency range. Such an agreement has been also noted by Chavez-
Garcia and Cuenca (1996), Toshinawa et al. (1997) and Ojeda and Escallon (2000), among others.
However, at the site POL differences in low frequencies are most probably due to the L22 sensor
(To =0.5sec), used in [La]. Their results are less reliable for frequencies below 2 Hz, due to rela-
tively poor response of L22 sensor in this frequency range. At the ROT site ambient noise meas-
urements were performed about 30m to the east far from those of [La] and [Tr], probably explaining
the observed difference in a narrow frequency band between 5Hz to 8Hz. At the site OTE although
the agreement between the three methods are satisfactory, the second harmonic that clearly could
be seen in the H/V receiver functions does not appear in the HYSR_AM. Nevertheless, the agree-
ment between the three independent estimations may be considered as satisfactory, supporting the
idea that ambient noise measurements can be used as a reliable measure of site effects in the city
of Thessaloniki.

3 DIURNAL AND SEASONAL EVALUATION OF HVSR_AM

In order to study the diurnal and seasonal variation of HVYSR_AM in the city of Thessaloniki, we
recorded five minutes of ambient noise data every one-hour for two consecutive days at eight sites
(Figure 3) in the historical center of the city of Thessaloniki. These sites are spread in the historical
center of the city where dense ambient noise measurements were made and display a variety of
geological conditions (Anastasiadis et al., 2001). The ambient noise recordings are classified into
five time-categories: morning (05:00am-9:00am GMT), midday (10:00am-13:00pm GMT), afternoon
(14:00pm-16:00pm GMT) (with market closed), evening (17:00pm-21:00pm GMT) (with market
closed) and night (22:00pm-04:00am GMT). The average noise H/V spectral ratios of each cate-
gory were calculated separately for each horizontal component.
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CITY OF THESSALONIKI
(DOWNTOWN AREA)

Figure 3. Location of the eight sites of the Thessaloniki downtown area, where diurnal and seasonal ambient
noise measurements were performed.

Figure 4 illustrates the diurnal variation of the average H/VSR_AM obtained for all time catego-
ries for each site. As it is observed in Fig. 4, at every site diurnal variations of the H/VSR_AM in
terms of shape are similar in both horizontal components, except for site JWB where a sharp peak
appears in NS direction around 3Hz. In all sites, variations in amplitude level of the H/VSR_AM are
present. Such a variation has been also observed by other researchers (e.g. Teves-Costa et al.,
1996; Navarro et al., 2001; Alfaro et al., 2001). Furthermore, for the majority of the sites the ampli-
tude level of the fundamental frequency during the morning time period is smaller than for the night-
time period. This is particularly apparent at sites PLD, FOK, ELF and PHA. These sites are located
in buildings close to main streets of the center of Thessaloniki, where traffic peak occurs between
06:00am-14:00am GMT (Tsilingiridis et al., 2002). This is a strong indication that H/VSR_AM is in-
fluenced by manmade activities during working hours, as has been noted in a number of relevant
studies (e.g, Fyen, 1990; Gitterman et al., 1996; Milana et al., 1996). In addition, Bahavar and
North, (2002) also observed that high-frequency levels are higher during local daytime than at
night-time.
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Figure 4. Comparison of the HVSR_AM between summer (Hew/V: black line; Hns/V: black dashed line) and
winter period (Hew/V: grey dark line; Hns/V: grey light line).

The seasonal variation of the average H/VSR_AM is also illustrated in Figure 4. As can been
seen, the shape of the HYSR_AM, at all sites shows a noticeable stability both in fundamental fre-
quency and amplitude level, especially during the evening and night measurements. In site IAS a
sharp peak at approximately 3Hz appears in the summer time measurements but is not apparent in
the winter. This may be due to an unknown manmade noise, present only during summer time
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measurements. Furthermore, the fundamental frequency in all sites is practically constant, regard-
less of the season that the measurements were performed, as has also been observed by other re-
searchers (Duval et al. 1995, Suzuki et al. 1995, Bour et al. 1998, Delgado et al. 2000a, LeBrun et
al. 2001).

4 DATA ACQUISITION/PROCESSING AND RESULTS

Ambient noise measurements took place in the downtown district of the city of Thessaloniki
(Northern Greece) with a measurement grid (about 150mX150m) and 250 measurements were car-
ried out (Figure 5). The records were preformed from Monday to Friday either during evening period
(18:00pm-22:00pm GMT with closed market) or during night period (23:00pm-05:00am GMT). A
GPS system provided the geographic position of each measurement point. Ohta et al., (1978) have
suggested at least a 10-to-20-min observation at a point in order to get a record good enough for
analysis. In the experiment, the recording system operated continuously for 20 min with sample rate
of 100 Hz.
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Figure 5. Location of ambient noise measurements Figure 6. Plot of the average HVSR versus frequency.

in the downtown district of the city of Thessaloniki.

Ambient noise data were processed in two stages. First, for each ambient noise recording, a
number of windows, having a duration of 20 sec each, were selected using the ‘window selection’
module of the JSESAME software (SESAME project, 2003), in order to exclude portions with for-
biddingly large amplitudes or spikes, as has been suggested by Duval et al., (2003). Using the ‘H/V
processing’ module of the JSESAME software, the following steps were applied: (a) computation of
Fourier spectra in all three components (E-W, N-S, Vertical), (b) offset correction, (c) application of
a cosine taper, (d) smoothing of the Fourier amplitude spectra by a Konno-Ohmachi algorithm
(Konno and Ohmachi, 1998). For each point the horizontal record spectrum was divided by the ver-
tical one separately for the two horizontal components, in order to detect any significant difference
between them, and the EW/V and NS/V spectral ratio was obtained. The second step consists of
plotting EW/V and NS/V spectral ratio versus frequency.

Each measurement point provides a spectral ratio and enables an estimation of the fundamen-
tal frequency (foew and fons) and the corresponding H/V amplitude level (Aoew and Aons) at the
site studied. A characteristic example is shown in Figure 6, where the HVSR_AM of EW (continu-
ous line) and NS (dashed line) versus frequency are plotted. Although the foew has practically the
same value with the fons, the Aoew and Aons are not the same for all our points, as it were In diur-
nal measurements. Thus, the average value of the fundamental frequency (fo) is used hereafter in
the present study but for the amplitude level we used both Aoew and Aons.

The spatial interpolation of the fundamental frequencies and of the corresponding H/V ampli-
tude level of the spectral resulted in the maps presented in figures (7) and (8).

As it is illustrated in Figure 7 (left part), the low values of the fundamental frequency appear
near the coastline while generally the fundamental frequencies decrease from north-east to south-
west. This is consistent with the thickening of the alluvial deposits in this direction (Anastasiadis et
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al., 2001), as it is shown in right part of the same Figure. Such an observation has been also ob-
served by other researchers (e.g. Delgado et al., 2000b; Parolai et al., 2002).
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Figure 7. Left part: Contour map of the fundamental frequencies (fo). The categories are shown with different
color symbols. Right part: Contour map of the fundamental frequencies (fo). The categories are shown with dif-

ferent color symbols. The lines represent the depth of the bedrock in meters (Anastasiadis et al., 2001).
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Figure 8. Contour map of the H/V amplification level (Ao) at fundamental frequencies (Left part: north-south
component, Right part. east-west component). The categories are shown with different color symbols.

Figure 8 shows the contour maps that were calculated from Aoew (left part ) and Aons (right
part) H/V amplitude level. Although there are discrepancies between those maps, the zone in the
north-east amplifies the ground motion less than that in the south-west in both of them. This results
are consistent with the transition of the fundamental frequencies and the thickening of the alluvial
deposits in this direction as well.

5 COMPARISON WITH OBSERVED INTENSITIES

To check the ability of the applied method to correlate a preliminary amplification zonation in the
city of Thessaloniki, we compared our results with macroseismic data of the 1978 earthquake se-
quence in terms of MSK intensity data. Irregular damage distribution has been ascribed to local ge-
ology conditions as the city’s subsoil varies significantly.

Figure 9 shows the contour maps of the fundamental frequency (fo) and of the maximum amplifi-
cation (Aoew) of the H/V spectral ratio observed at each site, on which are superposed the iso-
seismal curves for four intensity levels defined by Leventakis (2003). We observe a clear overall
correlation between them.

The quantification of the previous maps is shown in Figure 10. The higher levels of intensity
were observed at sites with low fundamental frequency and correspondingly high H/V amplitude
level, while low levels of intensity were observed at sites with high fundamental frequency and cor-
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respondingly low H/V amplitude level. Despite the observed scatter, the comparison between the
observed Intensity of the 1978 earthquake, with the fundamental frequency (fo) and the corre-
sponding H/V amplitude level (Aoew and Aons), reveals a satisfactory correlation.
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Figure 9. Comparison of the fundamental frequencies (fo) (left part) and the H/V amplitude level (Aoew) (right
part) at fundamental frequencies, with the Isoseismal intensity curves (Leventakis, 2003) from the 1978 Thessa-
loniki Earthquake. The categories are shown with different color symbols.
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Figure 10. Correlation between the fundamental frequency (left part) and the corresponding H/V amplitude level
(Ao ew:balck dots; Aons: grey dots) (right part), with Isoseismal Intensities (1: 6.0<1<6.4, 2: 6.5<I<6.9, 3:
7.0<1<7.4, 4: 7.5<[; Leventakis, 2003) from the 1978 Thessaloniki Earthquake.

The damage distribution of the 1978 earthquake observed by Penelis et al. (1985) was con-
verted to EMS_98 (European Macroseismic Scale, 1998). The historical center of Thessaloniki at
the time of the earthquake consisted mainly of reinforced concrete buildings of six to nine stories
height. A quantitative comparison between the fundamental frequency (fo) and the corresponding
H/V amplitude level (Ao) versus the EMS_98 damage level is presented in Figure 11.

The higher levels of damage were observed at sites with low fundamental frequency and corre-
spondingly intermediate H/V amplitude level, while low levels of damage were observed at sites
with high fundamental frequency and correspondingly low H/V amplitude level.
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(right part) with 4 damage grades of EMS-98 scale for the 1978 Thessaloniki earthquake.

in order to improve the correlation between the EMS_98 damage grades and the H/V amplitude
level, we have also calculated the dynamic amplification of the buildings (Ubuilding) at the funda-
mental soil frequency (fo):

U(fo)=

where T is the fundamental period of vibration and can be expressed as T = number of storeys/10.
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Figure 12. Correlation the EMS_98 damage grades from the 1978 Thessaloniki earthquake and the H/V ampli-
tude level (Ao) (Left part) with the Ubuilding(fo) (Center part) and versus Ubuilding(fo)*Ao (Right part).

In Figure 12 the comparison of the EMS_98 values versus H/V amplitude level (left), versus Ubuild-
ing(fo) (center) and versus Ubuilding(fo)*Ao (right), is shown. It can be observed that the best corre-
lation is found between EMS_98 and Ubuilding(fo)*Ao.

6 CONCLUSIONS

The objective of this study was to examine the reliability and validity of the HVSR_AM technique
in site characterization in urban environment, taking as a test area the city of Thessaloniki (Northern
Greece). For this purpose we performed reliability tests and also we examined any probable corre-
lation of the H/V SR_AM with observed intensities from the 1978 earthquake. The following results
were obtained:
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1. The HVSR_AM recordings at selected sites within the city of Thessaloniki were found to be in
good agreement with respective results from previous studies using the H/V receiver function
technique.

2. The HVSR_AM in both horizontal components were found to be similar in terms of shape, the
corresponding fundamental frequency but not in the amplitude level.

3. The study of diurnal variation of HYSR_AM suggested that it is preferable to perform ambient
noise measurements during the calm hours of a day, when man made noise within urban envi-
ronment does not exceed a desirable level.

4. It was observed that for the city of Thessaloniki there is no systematic seasonal effect on
HVSR_AM.

5. There is a clear systematic change both in the fundamental frequency (fo) and the correspond-
ing amplitude level (Aoew and Aons) obtained from the HVSR_AM, which is in relation with the
thickness of the soil deposits.

6. Both the fundamental frequency (fo) and the H/V amplitude level (Aoew and Aons) obtained
from the HVSR_AM correlated with the macroseismic intensity data and EMS.98 damage
grades of the 1978 earthquake.

These results demonstrate the reliability and also the utility of the HVSR technique based on the
recording of ambient noise, in order to provide important data on the seismic behavior of surficial
layers. Based on them, HVSR_AM can be used as an inexpensive and fast tool in microzonation
studies in urban environments.
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ABSTRACT

An examination of historiographic and seismaological studies of the lasttwo centuries showed
that probably some of them amalgamated the 426BC earthquake event of Maliakos Gulf with a
second earthquake occurring later in the same area. Reexamination of the classical documentary
sources regarding the earthquake of 426BC and its associated tsunami revealed the different de-
scriptions of Thucydides and Strabo as well as several inconsistencies that characterize their texts.
These imply that possibly two different earthquakes occurred in the area of Maliakos Gulf during the
5™ and 3" centuries BC. This hypothesis is further supported by archaeological evidence which in-
dicates that the destruction horizons found in excavations in Lamia and Oreos were caused by
strong earthquake activity. The first is dated around middle 3™ century BC, while the second is
dated from 225 to 215BC. Regarding the first of the suggested earthquakes, the information that
only Peparethus (Skopelos) was damaged indicates that possibly it wasn't so strong. Chronologi-
cally this event should be placed on the summer of 426B.C. On the contrary, it seems that the sec-
ond event was very strong, given that it affected many places in a large area of destruction. This
earthquake probably occurred after 426B.C. and its terminus post quem is around 200B.C. The ar-
chaeological destruction may represent the earthquake described by Strabo that is the second
event.

| INTRODUCTION

The earthquake and its associated tsunami that reportedly occurred in Maliakos Gulf, Central
Greece, on 426B.C. is one of the most frequently seismic events considered to have taken place
in antiquity (see reviews in Antonopoulos, 1992 and Guidoboni et.,1994). The classical documen-
tary sources are those of Thucydides, Strabo and Diodoros. Strabo was based on the lost cata-
logue of ancient earthquakes compiled by Demetrius of Callatis (~200B.C.), while it seems that Di-
odoros just merged information taken from both Thucydides and Demetrius. The text of Thucydides
clearly implies that the earthquake occurred on the summer of 426B.C. However, in his text Strabo
does not indicate that he refers to the particular earthquake reported by Thucydides. In addition, in
some historiographic studies it has been suggested that Strabo possibly reported on an earthquake
event that occurred during the gH century BC.

In this paper we reevaluate both the classical documentary sources and modern historiographic,
seismological and archaeological studies and conclude that possibly two different earthquake
events were amalgamated to one.
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2 PREVIOUS STUDIES

In modern times, the studies that examined the particular earthquake event(s) can be grouped
in four groups. The first includes 19th century earthquake catalogues that ignored Strabo, were
based only on Thucydides and Diodoros and referred to the summer 426BC shock. Historiographic
studies of the second group, like those of Neumann and Partsch (1885) and Capelle (1908), made
an undiscriminate use of the information given by some previous authors, who copied Thucydides
and Strabo, and supported that a single earthquake took place around the Maliakos Gulf during the
summer of 426B.C. In the third group, that is in 20th century seismological studies, this idea was
uncritically reproduced in historical catalogues compiled by Sieberg (1932) and others. Moreover, in
some of them, like Sieberg (1932),- Bousquet et Pechaux (1978) and Papazachos et al. (1997),
isoseismal maps of that “single” earthquake event were constructed. However, some early 20th
century historiographic studies, that is the fourth group of studies, reported on Strabo and described
a different earthquake occurring on the 3rd century BC (Vortselas,1907, Beloch 1911, 1924,
Schaber, 1924, Bequignon,1937). It is apparent that the 20th century seismological studies ignored
the fourth group of studies and amalgamating Thucydides, Strabo and Diodoros referred to only the
summer 426BC earthquake.

Because of the confusion prevailing in modern literature we proceded to a reexamination of the
documentary sources of Thucydides, Strabo and Diodoros in an effort to clarify what they have in
common and what are the points of deviation.

3 DOCUMENTARY SOURCES

3.1 Thucydides

The text of Thucydides reports about a strong sea -wave that attacked Orovies in NW Evia, Ata-
lante in Lokris and Peparethus (Skopelos Isl.) in the west part of the north Aegean Sea (Figure 1).
The only mention about earthquakes is that Peparethus suffered some damage.

) Damage

M= S o a Wave

Figure 1. The macroseismic field according to Thucydides.
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3.2 Strabo

On the contrary, the text of Strabo is much more detailed and presents a different macroseismic
field (Figure 2). In particular, extensive destruction with building collapses is reported in both sides
of the Maliakos Gulf and in Lokris, ground failures are described in Maliakos Gulf and north Evia, a
sea — wave (or tsunami) attack is described in Skarfia, Thronio, Thermopyles and Dafnous, while it
is also reported that a fault was generated in Atalante. The earthquake effects described by
Strabo are analyzed below. Locations can be found in Figure 2.

3.2.1 Effects on buildings

Heavy damage was observed in Echinos, Falara, Heraclea, Thronio, Skarfia, Lamia and
Larissa. A lot of damage is reported from Alopi, Cynos, Opus and Oion, while it seems that Elatia
was less damaged. In Alponon a tower close to the harbour collapsed.

3.2.2 Ground failures

It is reported that Lichades and Cynaeum submerged. The rivers Sperchios and Voagrios
changed their courses, while in Aedipsos and Thermopylae changes were observed in thermal
springs. In Atalante, a ground fissure was observed, while at the same time a land strip that used to
form a peninsula off the Greek mainland was torn through to form an islet.

3.2.3 Tsunami
A strong tsunami was observed in Skarfia, Thronio, Thermopyles and Dafnous. Sea-wave was
also reported from Atalante.

@ licovy Damage
< Damage
o Spring

Grround Fatlure

Figure 2. The macroseismic field according to Strabo.

3.3 Diodoros

The text of Diodoros practically does not yield additional information, some importance being re-
lated only with the description that the isthmus of a peninsula in Locris was fractured and the island
called Atalante was generated, which seems to fit Strabo’s description.

A comparison of the texts of Thucydides and Strabo indicate that no common localities of earth-
quake and tsunami effects can be found. The only exception is Atalante. In addition, the De-
metrius of Callatis’ expression “..it is said...” (Aéyouor d¢...), reproduced by Strabo, is probably not
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referred to the event described in the rest part of the text. Only little doubt remains that if the
earthquake effects described by Strabo had occurred on the summer of 426B.C. they would not es-
cape the attention of a careful and reliable historian like Thucydides.

4 A HYPOTHESIS FOR TWO DIFFERENT EARTHQUAKE EVENTS

Because of the different descriptions made by Thucydides and Strabo we have made the hy-
pothesis that these two writers possibly described two different earthquake events. This hypothesis
is reinforced by some obvious inconsistencies noticed by comparing the two texts. In fact, Strabo
reported that the town of Heraclea was destructed by the shock, whereas according to Thucydides
this town was built after the occurrence of the 426BC earthquake. Therefore, the destruction of
Heraclea should be attributed to a latter earthquake. Moreover, according to Thucydides the sea-
son of summer was ranging from March to October, which deviates from Strabo’s description that
because of the earthquake one of the harbour towers collapsed killing twenty-five girls who were
gathered to attend the Thesmophoria celebration. The inconsistency concerns that the Thesmopho-
ria celebration was taking place by the end of October to the beginning of November, which means
that only marginally fits the summer season reported by Thucydides for the 426BC earthquake. As
a consequence, we favour the explanation that the Thucydides’ event, that of summer 426BC, is
different from that of Demetrius Callatis and Strabo which should have taken place after 426BC.
Demetrius of Callatis lived around 200BC and, therefore, this is roughly a terminus post quem of
the earthquake. This implies that the suggested second event took place possibly during the 3rd
century BC.

5 ARCHAEOLOGICAL EVIDENCE

Archaeological evidence about an earthquake destruction in the area of Maliakos Gulf around
the 3rd century BC supports further our hypothesis. According to Dakoronia (2000, also personal
communication) an archaeological excavation in the city of Lamia revealed the collapse of the ex-
ternal part of the ancient city wall, which the archaeologists attributed to a strong earthquake dated
between the end of 4" century and the beginning of 2nd century BC. An independent, second ar-
chaeological evidence comes from the excavation in Oreos where the destruction of the roof of a
house was observed and attributed by the archaeologists to a strong earthquake (Ritsonis, 2004,
personal communication). The event seems that have taken place by the end of 3rd century BC,
possibly between 225 and 215 B.C. This date range has been indicated from coins, gutter of roof
and potsherds found in the house with the collapsed roof (Ritsonis, 2004, personal communication).

6 CONCLUSIONS

On the basis of the different descriptions of Thucydides and Strabo and several inconsistencies
that characterize the two texts, we suggested that possibly two different tsunamigenic earthquakes
occurred in the area of Maliakos Gulf during the 5" and 3™ centuries BC. This hypothesis is further
supported by archaeological evidence which indicates that the destruction horizon found in excava-
tions in Lamia and Oreos was caused by strong earthquake activity during the 3™ century BC.
Should this interpretation is correct, then one may also revise the tsunami information contained in
tsunami catalogues. In the most recent one, Papadopoulos (2001) lists the 426BC event assigning
to intensity 4. The new interpretation shifts this estimation to the suggested event of 3" century
BC, while the 426BC wave may assigned a smaller intensity.

Regarding the first of the suggested earthquakes, the information that only Peparethus (Skope-
los) was damaged indicates that possibly it wasn't so strong. Chronologically this event should be
placed on the summer of 426BC. On the contrary, it seems that the second event was very strong,
given that it affected many places in a large area of destruction. This earthquake probably occurred
after 426B.C. and its terminus post quem is around 200BC. Archaeological excavations revealed
seismic destruction horizons in Lamia and Oreos. The first is dated around the middle of the 3™
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century BC while the second is dated from 225 to 215BC. These destruction horizons may repre-
sent the earthquake event described by Strabo.

It would be of interest to determine the epicenters and magnitudes of these earthquakes. How-
ever, the available data are not adequate enough to make an effort towards this purpose.
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ABSTRACT

The most reliable of the globally available relative data have been used to derive empirical for-
mulas which relate the subsurface fault length, L, the fault area, S, and fault width, w, with the mo-
ment magnitude, M. Separate such formulas have been derived for earthquakes generated by
strike-slip faulting, by dip-slip faulting in continental regions and by dip-slip faulting in lithospheric
subduction regions. The formula which relates the fault area with the magnitude is combined with
the definition formulas of seismic moment and moment magnitude to derive also relations between
the fault slip, u, and the moment magnitude for each of the three seismotectonic regimes. For a cer-
tain magnitude, the fault length is larger for strike-slip faults than for dip-slip faults, while the fault
width is small for strike-slip faults, larger for dip-slip faults in continental regions and much larger for
dip-slip faults in regions of lithospheric subduction. For a certain magnitude, fault slip is about the
same for strike-slip faults and dip-slip faults in continental regions and smaller for dip-slip faults in
regions of lithospheric subduction.

1 INTRODUCTION

Relation between fault parameters (fault length, fault area, fault slip) and the magnitude of the
corresponding earthquake are of importance for practical purposes, because these relations can be
used to estimate the magnitude of an earthquake when such parameters are known (from geologi-
cal observations, space distribution of aftershocks, etc.). Such empirical relations are also of impor-
tance for theoretical reasons because they can be used to test the validity of models on the me-
chanics of seismic rupture. For this reason several such relations have been already proposed
(Utsu & Seki 1954, Tocher 1958, Kanamori & Anderson 1975, Bonilla et al. 1984, Wesnousky 1986,
Ambraseys 1988, Wells & Coppersmith 1994, Wang & Ou 1998, Smith & Stock 2000, Papazachos
& Papazachou 2003). There are, however, important differences between such published relations,
due mainly to uncertainties of the data used. A result of such uncertainties is the proposal of two
different models for scaling of fault slip in large earthquakes (Romanowicz 1994, Scholz 1994a,b).

One of the most important results of the up to now relative work is the publication of observa-
tions which concern the fault length, L, the fault area, S, (or the fault width, w), of a very large num-
ber of earthquakes (for about 500 earthquakes with moment magnitudes between 5.0 and 9.6).
This large set of available observations gives now the possibility to apply strict enough and consis-
tent criteria in order to obtain a sample of data which is of a satisfactory size (satisfactory number of
fault cases), homogeneous (fault parameters estimated by the same method, earthquake magni-
tudes in the same scale), accurate enough (accurate fault parameters, magnitudes) and, therefore,
proper for deriving reliable scaling relations. Thus, the goal of the present paper is to apply such cri-
teria, which are described in the next section, in order to derive relations between, L and M, S and
M, w and M for strike-slip faults, for dip-slip faults in continental regions and for dip-slip faults in re-
gions of lithospheric subduction. Relations between fault slip, u, and M are also derived for these
three categories of seismotectonic regimes but these relations are partly based on observations
and partly on the relations by which the seismic moment and moment magnitude are derived.
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2 DATA AND PROCEDURE FOLLOWED

Available information on fault parameters is mainly coming from field observations, from space
distribution of aftershocks and from modeling of faults by using seismic, geodetic and tsunami data.
Field observations, however, do not concern the parameters of the real (subsurface) fault but pa-
rameters of the surface expression of the fault (length and slip of the surface trace of the fault). Fur-
thermore, such field observations do not give much information on the width (or area) of the real
fault. Since we are interesting in relations between the parameters of the real (subsurface) fauits
and the moment magnitude of the corresponding earthquake, data mainly coming from space dis-
tribution of aftershocks and some data coming from fault modeling are used in the present study.

Such data have been produced by many researchers all over the world and have been summa-
rized and published recently in certain scientific papers (Wells & Coppersmith 1994, Pegler & Das
1995, Stock & Smith 2000, Fujii & Matsu’ura 2000, Henry & Das 2001, Kagan 2002, Papazachos &
Papazachou 2003). The values of the fault length, L, and of the fault areas, S, which are sited in
these papers and for which reliable moment magnitudes, M, are available, are used in the present
work. Since there are no direct observations on the mean displacement, u, of the real fault, the rela-

tion between, u and M, has been derived by combining the derived relation between S and M, the
definition relation of the seismic moment,

Mo = pSu (1
(Aki 1966) and the definition relation of the moment magnitude
logMg=15M + 16.1 (2)

where My is in dyn.cm (Hanks & Kanamori 1979).
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Figure 1. Index map of the epicenters of earthquakes for which data are used in the present study. Rectangles,

circles and triangles show earthquakes with strike-slip faulting, dip-slip faulting in continental regions and dip-
slip faulting in regions of lithospheric subduction, respectively.

1483



Faults corresponding to strong earthquakes (M>5.8) are considered in the present paper be-
cause for such faults the observations (M, L, S) are more accurate and these faults are of more in-
terest from practical point of view. Such relative large faults can be considered as orthogonal and
the fault area, S, is the product of the fault length, L, which can take relatively large values, and the
width, w, which cannot take large values due to the relatively small thickness of the seismogenic
layer. The saturation value of w depends on the seismotectonic regime. This is expected to be:
small for strike-slip faults which break almost vertically the relatively thin horizontal seismogenic
crustal layer, large for dip-slip (normal or thrust) faults, which break obliquely this layer, and largest
for dip-slip faults in lithospheric subduction areas. For this reason we investigated separately each
one of these three categories of faults.

Based on the above mentioned criteria, we made a catalogue which gives information for 116
strike-slip faults, for 77 dip-slip faults in continental regions and for 72 dip-slip faults in subduction
regions. Figure 1 shows the epicenters of these 265 earthquakes, where three symbols are used
for the corresponding three categories of seismotectonic regimes.

All earthquake magnitudes used in this paper are reliably determined moment magnitudes, M,
based on instrumental data and their errors are within a rather narrow window (~+0.2). For this rea-
son the logarithms of the fault length, logL, and of the fault areas, logS, have been plotted against
the magnitudes and the least squares’ method has been applied on the five points’ moving average
to calculate the parameters of the relations.

3 RESULTS

Relations between the fault parameters (L, S, w, u) and the moment magnitude of the corre-
sponding magnitude have been derived by the procedure already described, separately for each of
the three kinds of seismotectonic regimes.

3.1 Strike-slip faults

For 100 of 116 strike-slip faults considered, the fault lengths L (in km), are known. The data are
fitted (Fig. 2a) by the relation:

LogL = 0.59M - 2.30, 0=0.14, 6.0<M<8.0 3)

where 0 is the standard deviation for the original data. For 54 of 72 strike-slip faults considered the
values of the fault areas, S (in km?), are available and are fitted (Fig. 3a) by the relation:

LogS = 0.82M - 2.79, 0=0.19, 6.0<sM<8.0 (4)

If we assume that faults are orthogonal, from relations (3,4) we receive the following relation be-
tween the fault width, w (in km), and the moment magnitude:

Logw = 0.23M - 0.49 6.0<M<8.0 (5)

From relations (1,2,4) we receive the following formula for the mean displacement, u (in cm), at the
fault:
Logu = 0.68M - 2.59 6.0<M<8.0 (6)

3.2 Dip-slip continental faults

There are available fault length values for 69 dip-slip (thrust or normal) faults in continental ar-
eas. The lengths, L (in km), of these faults and the corresponding magnitudes are fitted (Fig. 2b) by
the relation:

LoglL = 0.50M - 1.86, 0=0.13, 6.0sM<7.5 (7)
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Figure 2. Variation of the logarithm of the observed fault length, L (in km), as a function of the moment magni-
tude, M, for: a) strike-slip faults, b) dip-slip faults in continental regions, c) dip-slip faults in regions of lithospheric
subduction. Straight lines are least squares’ fit to the data.

which is almost identical to a relation derived for the Aegean area (ZPapazachos & Papazachou
2003). Figure 3b shows a plot of the logarithm of the area, S (in km®), versus the corresponding
magnitude for 63 cases of dip-slip faults for which such reliable data are available. These data are
fitted by the relation:

LogS=0.78M-2.56, o©=0.21, 6.0<M<7.5 (8)
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duction. Straight lines are least squares’ fits to the data.

Assuming that these dip-slip continental faults, are rectangular, we receive the following formula
for the fault width, w (in km), from relations (7,8):
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The relations (1,2,8) give the formula :
Logu =0.72M - 2.82, 6.0<M<7.5 (10)

where, u (in cm), is the mean displacement at a dip-slip continental fault.
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Figure 4. Variation of the logarithm of the fault length, L, of the fault width, w, and of the fault slip, u, as a func-
tion of the moment magnitude, M, for strike-slip, dip-slip continental and dip-slip subduction earthquakes.

3.3 Dip-slip faults in subduction regions

Figure 2c shows the logarithm of the fault length, L (in km), for 72 faults in lithospheric subduc-
tion areas for which such reliable data are available. The following relation fits the data:

Logl =0.55M —2.19, ©0=0.18,  6.7<M<9.3 (11)
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The plot of the logarithm of the area, S (in km?), of 61 dip-slip faults in subduction zones for which
the values of such areas are available, as a function of the magnitude, is given in figure 3c. These
data are fitted by the relation:

LogS = 0.86M - 2.82, 0 =0.25, 6.7<M<9.2 (12)

From relations (11,12) we find that the fault width, w (in cm), of dip-slip faults in lithospheric sub-
duction areas is given by the relation:

Logw = 0.31M - 0.63, 6.7<M<9.2 (13)

Relations (1,2,12) give the following relation between the mean displacement, u (in cm), at the dip-
slip faults in subduction areas and the magnitude of the corresponding earthquake:

Logu = 0.64M - 2.78, 6.7<M<9.2 (14)

4 CONCLUSIONS

In order to identify differences between the fault parameters (L, w, u) in the three different seis-
motectonic regimes, each of these parameters has been plotted in the same figure 4. Figure 4a
shows the plot of the subsurface fault length, L (in km), against the moment magnitude, M, for the
three seismotectonic regimes. It is observed that the length of the strike-slip faults is larger than the
fault length of the dip-slip faults for given magnitude. Thus, for M = 7.0, the fault length is 68 km for
a strike-slip fault, 44 km for a dip-slip fault in a continental region and 46 km for a dip-slip fault in a
region of lithospheric subduction.

Figure 4b shows the plot of the fault width, w(in km), versus the moment magnitude. The widths
of the strike-slip faults are relatively small, the widths of the dip-slip faults in continental regions are
larger and the widths of the dip-slip faults in regions of lithospheric subduction are much larger.
Thus, for M=7.0, the fault width is 13 km for a strike-slip fault, 18 km for a dip-slip fault in a conti-
nental region and 35 km for a dip-slip fault in a region of lithospheric subduction.

Figure 4c shows a plot of the mean fault displacement. The fault displacement is about the
same for strike-slip faults and for dip-slip faults in continental regions and much smaller for dip-slip
faults in regions of lithospheric subduction, for a given magnitude. Thus, for M=7.0, the fault dis-
placement is 148 cm for strike-slip faults, 166 cm for dip-slip faults in continental regions and 50 cm
for dip-slip faults in regions of lithospheric subduction.

It must be pointed out that the results of the present work concern properties of real (subsur-
face) seismic faults. It will be of interest to examine properties of the surface expressions of faults
(length of surface faults trace, surface fault displacement), but this is our next relative goal.
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ABSTRACT

We examine the behavior of the intermediate magnitude preshock activity in the fault region of a
mainshock during the critical period, that is, in the period when accelerating seismic activity is ob-
served in a broader region (critical region). For this purpose, data concerning 10 recent strong
mainshocks (M=6.6-8.3) occurred since 1981 in Greece, Anatolia, Japan and California are used. It
is observed that during the critical preshock period, decelerating seismic crustal deformation (Ben-
ioff strain) is observed in the fault region (within the fault zone and its close vicinity), whereas ac-
celerating deformation is observed in the broader (critical) region. The dimension of the fault region
where decelerating deformation is observed scales positively with the mainshock magnitude and
negatively with the mean seismicity rate of this region. The duration of this decelerating deformation
scales also negatively with the mean seismicity rate. The physical explanation and importance of
these results for earthquake prediction are discussed.

1 INTRODUCTION

Several seismicity patterns have been proposed as precursors of strong earthquakes, but two of
them have been much discussed and considered as promising for earthquake prediction. The first
of these concerns a premonitory seismic excitation observed in a very broad region around the epi-
center of an oncoming mainshock and the second the seismicity quiescence in the epicentral zone.
The two patterns together form what has been called by Mogi (1979) as “doughnut pattern”. Other
patterns of relative locations of zones of excitation and zones of quiescence have been also pro-
posed (e.g. Tzanis and Vallianatos, 2003).

The critical earthquake model has been proposed (Sornette and Sornette, 1990; Sornette and
Sammis, 1995) to explain accelerating generation of intermediate magnitude shocks observed be-
fore strong mainshocks. According to this model, the physical process of generation of these mod-
erate magnitude preshocks is considered as a critical phenomenon, culminating in a large event
(mainshock), which is considered as a critical point. This phenomenon is expressed by the follow-
ing power-law relation:

S=A+B(t-t)" Q)
where S is the cumulative Benioff strain (square root of seismic energy) released in the preshock
(critical) region during the preshock period, t is the time to the mainshock, t. is the origin time of the
mainshock and A, B, m are parameters which are determined by the available data for preshocks
(Bufe and Varnes, 1993).

In the present work we examine the time variation of the seismic deformation in the fault (rup-
ture) zone and its close vicinity (fault region) during the critical (preshock) period when accelerating
seismic deformation occurs in the broader (critical) region.

2 BACKGROUND

Bowman et al. (1998) quantified the degree of deviation from linearity and of the accelerating
with the time to the mainshock Benioff strain by defining a curvature parameter, C, as the ratio of
the root mean square error of the power-low fit (relation 1) to the corresponding linear fit error. Pa-
pazachos and Papazachos (2000, 2001) suggested the use of elliptical critical regions and several
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constraints to the critical earthquake model expressed by four empirical relations. Recently, Pa-
pazachos et al. (2004a) extended this work by using data from areas of a variety of seismotectonic
regions (Aegean, Anatolia, Himalayas, Japan, California) and proposed the following four empirical
relations:

log R =0.42M - 0.30logs, +1.28, o =0.11 2)
log?, =3.87-0.45logs,, c=0.10 3)
A

log = 1.0llogSs,, o =0.04 (4)
V4
M =M, +0.6, c=0.15 (5)

where M is the magnitude of the mainshock, R (in km) is the radius of the circle with area equal to
the area of the elliptical critical region, t, (in years) is the duration of the preshock sequence, S; (in
Joule?/yr) is the long term rate of Benioff strain in the critical region, s; is the same rate per 10* km?
(seismicity rate), A is the parameter of relation (1), M43 is the average magnitude of the three largest
preshocks and O is the corresponding standard deviation. Relations (2), (3), (4) and (5) can be
used to predict the magnitude of an ensuing mainshock because R, logs; and M3 are known before
its generation. The minimum magnitude, Mmin, for which the best solution is obtained, is given by
the relation:

M-M,, =054M-191, o =0.08 (6)

The degree of agreement of the calculated parameters R, t,, M, A for an elliptical (or circular)
region under examination, with the corresponding values of these parameters given by relations (2,
3, 4, 5), which hold for known preshock regions, is quantified by a probability P. This parameter has
been defined as the mean value of the probabilities that each of these four parameters attains a
value close to its expected one by these relations, assuming that the deviation of each parameter
follows a Gaussian distribution (Papazachos and Papazachos, 2001). In order to quantify the de-
gree of agreement of the calculated four parameters of an examined region with all previously men-
tioned characteristics of the critical earthquake model, a quality index, g, has been proposed (Pa-
pazachos et al., 2002) which is given by the relation:

e (7
e mC

This parameter is of importance for defining the center, Q, of the critical region. Thus, by calcu-
lating the q value in a grid of geographic points with the desired density (e.g. 0.2°Ns, 0.2° EW), we
define as center of the critical region the point for which q takes its maximum value, since this value
simultaneously evaluates: a) the compatibility of the examined time variation of Benioff strain with
the behavior of such variations observed before past mainshocks (large P), b) the degree of accel-
eration of this strain (small C and small m). A representative observed value of m is 0.30, in agree-
ment with theoretical results, while valid solutions are considered those for which C<0.60 and
g=3.0.

Valid accelerating seismic deformation (C<0.60, m=0.30) cannot be identified until a certain
time, t;, which is called “identification time” and represents the earliest time up to when the available
data for a preshock sequence give a valid solution (Papazachos et al., 2004a). This time, t, which
is known before the generation of the mainshock, is given by the relation:

t, =t +exp(7.09-1.04logs,), o=1.7yrs (8)
This formula can be used for estimating the origin time, t, of an ensuing mainshock. It is possible to
obtain better results using a different constant for equation (8) calculated for each area, since the
reported value (=7.09) is a globally representative average.

The geographic distribution of the q values can give important information on the location of the
epicenter, E, of the oncoming mainshock (Papazachos et al., 2004b). Thus, the distance, x (in km),
between the epicenter of the ensuing mainshock and of the geographical point, Q, for which the
quality parameter, q, has its largest value and which is considered as the center of the critical re-
gion is given by the relation:
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x=1150-160logs,,

o = 60km (9)

It has been further observed that during the preshock period Q changes positions but relation (9) is
still applicable. This is due to the fact that seismic quiescence in the fault region forces the center,
Q, of the seismic excitation to move away from the real epicenter at a distance which remains al-
most constant during the whole critical period and is given by this relation. Preliminary application of
this technique to already occurred mainshocks in Aegean, Anatolia, Japan and California indicates
an uncertainty of 150km with high (~95%) typical confidence.
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Figure 1.- Elliptical fault regions for five mainshocks in Greece (1, 2, 3, 4, 5) and one mainshock in Anatolia (6).
The epicenters of the mainshock are denoted by large circles, while the smaller circles show the epicenters of
preshocks (upper part). Decelerating time variation of the cumulative Benioff strain, S (in Joule'?), for each area

released by preshocks (lower part).
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3 DATA AND PROCEDURE

To test the behavior of the seismic crustal deformation (Benioff strain) in the fault region during
the preshock (critical) period proper reliable data must be used. These data must be global, com-
plete, homogeneous and accurate as possible. These properties concern the mainshocks as well
as preshocks and are better satisfied if data of recent earthquakes are used. Thus, the sample of
mainshocks is formed of strong earthquakes (M>6.5), which occurred during the last fifteen years.

Table 1. Information on the area, date, epicenter coordinates, magnitude of the 10 mainshocks and on the pa-
rameters of the preshock decelerating seismic deformation in the fault region of these mainshocks. sr (in
Joule1/2/yr.104km2) is the long term deformation rate, a (in km) is the length of the large axis of the elliptical
fault region and z is the azimuth of this axis. C is the curvature of the time variation of the Benioff strain, m is the
parameter of relation (1) and gd is the quality index defined by relation (13). Mmin is the minimum preshock
magnitude, n is the number of preshocks and ts is the start year of the preshock sequence.

Area Date Q. A M Logs, a z C m Qs Mmin N ts
Greece
1 198102,24 382, 228 6.7 6.00 47 90 045 27 33 43 33 1965

2 1981 12,19 389, 262 7.2 6.00 94 70 0.57 32 38 45 58 1966
3 1983 01,17 382, 203 7.0 6.20 38 50 042 28 1.7 45 54 1971
4 1995 05,13 402, 21.7 6.6 6.10 59 30 0.54 32 27 42 21 1981
5 1997 11,18 37.7, 207 6.6 6.30 40 50 0.50 30 30 42 98 1988

Anatolia

6 1999 08,17 407, 299 7.4 570 146 80 0.42 32 53 46 21 1979
Japan

7 1994 10,04 43.8, 1476 8.3 6.40 162 50 0.44 33 73 62 51 1984
California

8 1989 10,18 36.9,-122.0 7.0 5.50 58 170 0.34 34 43 42 27 1964
9 1992 04,25 40.2,-1241 7.2 550 96 170 0.57 25 25 45 67 1967
10 1992 06,28 34.2, -116.5 7.3 5.50 148 140 0.59 33 35 46 24 1957

This data set includes the five largest mainshocks (M>6.5) in Greece since 1981, the three larg-
est earthquakes (M>7.0) in California since 1989, the largest earthquake (M=8.3) in Japan since
1990 and the largest earthquake (M=7.4) in Anatolia since 1990. The date, geographic coordinates
of epicenter and moment magnitude for these ten shallow mainshocks are listed in table (1).

Since in all these areas, durations of preshock (critical) periods are less than three decades
(11yrs for Japan, 13yrs for Greece, 17yrs for Anatolia and 27yrs for California, Papazachos et al.,
2004a), all preshocks for which data are used in the present paper occurred after the installation
(1965) of reliable international networks. Therefore, epicenter coordinates and magnitudes for these
preshocks are accurate in a satisfactory degree for the purpose of the present work. The magni-
tudes are given in several scales (M., my, Ms, Mw). Proper formulae have been used (Papazachos
et al., 1997, Scordilis, 2004) to transform all available values of magnitudes to moment magnitude,
Mw, so that the data used are homogeneous in respect to magnitude. Completeness of the data
has been tested through frequency-magnitude plots and plots of time variation of frequency of
shocks for several magnitude levels. In this way it has been shown that the data for all four areas
are complete for M>4.0 since 1970.

An algorithm has been developed to test by these data the validity of the power-law relation (1)
and estimate its parameters (A, B, m). The region for which this test has been made in each case
has an elliptical shape centered at the epicenter (or very close to the epicenter) of the mainshock.
The ellipticity has been kept constant (e=0.7) because several tests have shown that such a shape
is the most proper one for identification of seismicity quiescence (Papazachos et al., 2004b), while
the azimuth, z, and the length, a (in km), of the large axis of the ellipse, as well as the duration, t4
(in years), of the preshock sequence have been free to be estimated by a minimization procedure.
The curvature parameter, C, is calculated for several values of the relative parameters (A, B, a, tq,
etc.) and the group of values of these parameters which corresponds to the smallest C value is
considered as best solution.
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4 RESULTS

Table (1) gives information on the best solution (smallest C value) for each one of the ten pre-
shock sequences. These C values and the corresponding m values estimated by the mentioned
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above procedure are listed in this table. It is seen that all C values are smaller than unit (C<0.59,
C =0.48%0.08) and all m values are larger than unit (m>2.5, m = 3.1+ 0.3), which show a
clear deceleration of the preshock seismic crustal deformation (Benioff strain) and a good fit of the
time variation of this deformation to the power-law expressed by relation (1).

The minimum preshock magnitude, Mmin, for which a best solution is obtained for each case, is
also given on table (1). From these values and from the corresponding values of the mainshock
magnitude, M, it comes out that:

M-M,, =041M-022, 6.5<M <83 (10)

in the least squares’ sense. This relation shows that decelerating preshock Benioff strain in the fault
region with time of the mainshock is due to the decelerating generation of intermediate magnitude
preshocks. Comparison of this relation with the relation (6) shows that the cut-off minimum magni-
tude is clearly larger for the accelerating seismic deformation in the broad critical region than for the
decelerating seismic deformation in the narrow fault region. Thus, for mainshocks with magnitudes
7.0 and 8.0 the minimum preshock magnitudes are 5.1 and 5.6 for accelerating deformation and 4.4
and 5.0 for decelerating deformation, respectively. Although this is so, decelerating seismic defor-
mation in the epicentral zone also holds for intermediate magnitude preshocks.

The length of the large axis, a (in km), of the elliptical regions for which parameters are listed in
table (1) increases with increasing M and decreasing s, similar to the radius, R, of the broader (criti-
cal) region (relation 2). For this reason and because the available data in the present work (10 val-
ues of a) are not enough for an independent reliable estimation of the two scaling coefficients, we
adopted the values for these scaling coefficients which hold for the broader critical region and have
been also derived theoretically. Thus, by considering these coefficients (0.42 for M and -0.30 for
logsr) and taking into consideration the values of a (in km), M and s; listed on table (1) we obtain
the relation:

loga=0.42M -0.30logs, + 0.65, =013 (11)

From this and relation (2) we find that the linear dimension of the broader (critical) region, where
accelerating deformation occurs, is about five times larger than the narrow fault region where de-
celerating seismic deformation occurs. On the other hand, the length of fault region where deceler-
ating deformation occurs (the double of the elliptical axis a) is on the average two times larger than
the length, L, of the fault of the mainshock.

From the values of the duration, ty, of the decelerating seismic deformation in the fault region
and s, listed in table (1) we get:

logt, =3.90-0.45logs,, o =0.05 (12)

in the least squares’ sense. It shows that decelerating deformation in the fault zone decreases with
increasing seismicity. This relation is almost identical with relation (3), which indicates that deceler-
ating deformation in the fault region occurs in the same period when accelerating deformation oc-
curs in the broader (critical) region.
A quality factor, qq, can be also defined for the fault region by the relation:
Pm (13)
qd C

where P is the probability that observations are compatible with relations (11,12). The calculated
values of C, m and qq for these ten cases investigated in the present paper are listed in table (1).
From these values it comes out that:

C<0.60, 25<m<3.5, q, 217 (14)

These inequalities can be used as constraints for considering an investigated fault as potentially
candidate for generating a future strong shock.
An identification time, 1, can be also defined for the decelerating deformation period. The data
presented in this work suggest a relation of the form:
logt, =7, + exp(a, —1.04logs, ), o=1.6yrs (15)
which can be also used to estimate the origin time, t;, of the mainshock. A representative value of
aq is 8.18 but it varies between different areas.
The upper part of figure (1) shows the five elliptical regions in Greece (code numbers 1, 2, 3, 4,
5 in table 1) and of the one in western Anatolia (code number 6) where decelerating seismic defor-
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mation occurred before the generation of the corresponding mainshocks. The large circle in each
zone is the epicenter of the mainshock and smaller circles are the epicenters of the intermediate
magnitude preshocks, which occurred in a decelerating mode up to the generation of the corre-
sponding mainshock. In the lower part of this figure, the time variation of the cumulative Benioff
strain released by these preshocks is shown. Figure (2) shows such results for preshocks of the
mainshock that occurred in Japan (code number 7 in table 1) and figure (3) for the three main-
shocks in California (code numbers 8, 9, 10 in table 1). Decelerating strain with the time to the
mainshock is obvious in all ten cases. Also, fitting of the power-law relation (1) to the data (continu-
ous curve in lower parts of figures 1, 2, 3) is satisfactory. However, it should be noted that in almost
all ten studied cases the decelerated seismicity pattern is followed by an increase of seismicity near
the end of the deceleration period (see fig 1, 2, 3). This increase is probably due to the “classical’
foreshocks, which precede each mainshock.

The time variation of the seismic deformation (Benioff strain) is due to the time variation of the
frequency of intermediate magnitude preshocks or to the variation of the magnitude of these shocks
or to both. To examine this problem we separated each of the critical periods of the ten seismic se-
quences into ten equal intervals and for each interval we calculated the mean frequency, 7, of
preshocks and the mean maximum magnitude, A , of all preshock sequences which occurred in
the corresponding broader (critical) region. We repeated the calculations for preshocks that oc-
curred in the narrow fault region. These observations show that the time variation of the frequency
of preshocks occurs with a positive rate (=0.76) in the critical region and with a negative rate (=-
0.75) in the fault region and that the time variation of the maximum preshock magnitude also occurs
with a positive rate (=0.07) in the critical region and with a negative rate (=-0.06) in the fault region.
These results lead to the important conclusion that preshock accelerating deformation is due to the
increase of both the frequency, as well as the magnitude of preshocks in the critical region and that
preshock decelerating deformation is due to the decrease of both the frequency and magnitude of
preshocks in the epicentral zone.

5 CONCLUSIONS AND DISCUSSION

During the critical (preshock) period, tp,, when accelerating seismic deformation (Benioff strain)
occurs in a broad region (critical region), decelerating seismic deformation occurs in a fault region
which includes the fault (rupture) zone of the mainshock and its close vicinity. The critical period
decreases with increasing long-term deformation, s: (see relations 3, 12). This critical period is of
the order of one up to a few decades. The dimension of the fault region, where preshock decelerat-
ing deformation occurs is about two times larger than the length that the fault zone of the oncoming
mainshock and about five times smaller than the critical region (see relations 2, 11).

Time variations of seismic deformation in the critical region and in the fault region deviate
strongly from linearity (C<0.60). Preshock seismic deformation is intensely decelerating in the fault
region (m>2.5) and is intensely accelerating in the critical region (m<0.35). Preshock accelerating
seismic deformation is due to the increase of the frequency of generation and of magnitude of the
preshocks in the critical region, while preshock decelerating deformation is due to decrease of the
frequency of generation and of magnitude of preshocks in the fault region.

Attempts for physical interpretation of both patterns of seismic deformation have been pro-
posed. The model of critical earthquake is widely now adopted for rationalizing accelerating pre-
shock deformation in the broad (critical) region (Vanneste and Sornette, 1992; Jaume and Sykes,
1999; Rundle et al., 2000). Seismicity quiescence in the fault zone has been attributed to stress re-
laxation due to preseismic sliding (Wyss at al., 1981; Dmowska et al., 1988). Such relaxation ex-
tends in an area larger than the rupture zone of the oncoming mainshock (Kato et al., 1997), which
explains the observational result of the present paper that decelerating seismic deformation occurs
in a region with length about two times larger than the fault length. Present work indicates that the
two physical processes, whatever they are, take place almost simultaneously in two spatially sepa-
rated regions and create in both regions observable precursory phenomena.

It is, therefore, evident that a combined use of such observations can improve the relative
methods for intermediate term earthquake prediction. Thus, estimations of the magnitude of an on-
coming mainshock by relations (2-5) and of its origin time by the relation (8), which result from ac-
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celerating deformation pattern, can be tested by relations (11) and (12), respectively, which result
from the deceleration deformation pattern. Also, estimation of the location of a mainshock epicenter
on the basis of relation (9) can be improved by using the constraint that fault region has to be in a
decelerating deformation state during the critical period. An attempt for a retrospective prediction of
the ten mainshocks listed on table (1) by this combined procedure indicates that uncertainties are:
+0.4 for the magnitude, +3.5 years for the origin time and less than 150km for the epicenter. How-
ever, application of this method for predicting future mainshocks, currently under way, is a more ob-
jective way of testing the method and estimating its uncertainties.

Figure 3.-
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ABSTRACT

A small aperture seismic array was installed by the University of Athens, in the area of Tripoli,
Greece, on July 16" 2003, in order to test the performance of seismic array processing in the area
of Greece and assess its contribution to earthquake location, especially in offshore areas not azi-
muthally covered by the existing, conventional seismological networks.

The array consists of four three-component seismological stations, one of them in the middle of
a small, almost equilateral triangle, formed by the deployment of the other three stations. Despite
the fact that array siting is a compromise of array installation criteria, equipment safety and logis-
tics, the test character of the experiment can be served successfully. The array transfer function
depicts good azimuthal coverage nonetheless the existence of side-lobes and a rather wide main
lobe is characteristic of spatial aliasing and low resolution in the two-dimensional wavenumber do-
main. The resolvable wavenumber passband of the array permits the determination of most of the
common seismic body wave phases (Pn, Pg, Sn, Sg, etc.) for local and regional events in the area of
Greece.

Location of recorded events was performed using slowness and backazimuth data, calculated
by f-k analysis of the seismic waveforms. Preliminary results have been compared to epicentres
calculated by the Geodynamic Institute of the National Observatory of Athens. Although some dif-
ferences are observed, these are not significant and location results as well as overall array
performance can be improved by array calibration and travel-time, azimuth and slowness correction
calculations.

| INTRODUCTION

Seismic arrays have been developed mainly after the late 1950s as a means for monitoring
compliance to a future treaty for the suspension of nuclear tests. During the 1960s many large ap-
erture seismic arrays were installed worldwide, such as LASA and NORSAR, aiming to monitor
teleseismic events (Douglas 1981). Later on, interest was transferred to small aperture arrays, such
as NORESS and GERESS that could monitor events in the local, regional and near-teleseismic
field (Harjes 1990, Mykkeltveit et al. 1990). Arrays were preferred to single three-component sta-
tions owing to their ability to enhance the signal to noise ratio due to a signal delay-and-sum proce-
dure called “beamforming”. Advances in informatics and signal processing provided new, more so-
phisticated algorithms, ability to store and handle large volumes of array data and contributed in the
development of automatic procedures for on-line data processing and event location. Nowadays,
seismic arrays are widely used on a global scale and hold an important role in the seismic verifica-
tion and monitoring of the Comprehensive Test Ban Treaty (CTBT).

A seismic array is defined as a group of closely spaced seismological stations with one of the
sensors being assigned the role of a reference site, operating as a common time base. Data proc-
essing techniques and restrictions in geometry, spatial extent and data quality, applied by a re-
quired high coherency level across its aperture, discriminate an array from a conventional seismol-
ogical network (Schweitzer et al. 2002). The most important criteria for the founding of a seismic
array are common geological setting for all array sites, taking advantage of outcropping bedrock

1499


mailto:pirli@geol.uoa.gr
mailto:voulgaris@geol.uoa.gr
http://uoa.gr

when possible, lack of elevation differences between array elements, inter-element spacing satisfy-
ing destructive noise interference and aperture small enough when compared to epicentral distance
to support a plane wavefront assumption for the arriving signal. As far as data processing is con-
cerned, slowness and azimuth values of the arriving plane wave phases are calculated applying
beamforming either in the time or frequency-wavenumber domain.

Mostly due to their ability in enhancing signal to noise ratio, seismic arrays are used widely in
global monitoring and discrimination of earthquakes and explosions. Other applications include
seismic wave propagation research focused on tomography, earth structure, propagation of re-
gional phases, scattering of seismic waves, coda analysis and surface waves, regional seismicity
and seismotectonics as well as volcanic activity monitoring.

The Seismological Laboratory of the University of Athens installed a small aperture seismic ar-
ray, consisting of four stations, at a military Air-force Training Unit near Tripoli, Greece, on July 16™,
2003. The objective is to assess the performance of array signal processing for local and regional
earthquakes in the geologically complex and seismotectonically active area of Greece. Seismic ar-
rays could be considered as an alternative and supplementary solution to the exclusive use of con-
ventional seismological station networks, in terms of monitoring and locating seismic events, espe-
cially in offshore areas of high seismicity rates, not azimuthally covered by the existing networks,
such as the external part of the Hellenic Arc. Enhanced event location in border regions results in
improved seismic hazard estimation and advanced precision in seismic source zone determination.
Furthermore, satisfactory array performance at regional distances would create possibilities for
seismicity monitoring in the broader Aegean Sea and Balkan region and 3-D structural investigation
of the broader area.

Complex geology and morphology of the area of Tripoli as well as practicality issues such as
equipment safety and logistics applied constraints to array design. However, the test character of
the array experiment could be successfully served despite the fact that array design criteria could
not be satisfied entirely.

Array response assessment and first, preliminary results indicated a satisfactory performance in
detecting and locating local and regional events. The existing array geometry responded well re-
garding signal coherency and noise correlation, permitting the use of broadband f-k analysis algo-
rithms (Kvaerna & Ringdal 1986) for the estimation of slowness and backazimuth of the seismic
phases determined. Resulting values along with associated phase onsets were used to locate
events, comparing locations derived from the application of different velocity models, both regional
and local. Overall array performance in terms of detection and preliminary location was compared
to that of the National Seismic Network operated by the Geodynamic Institute of the National Ob-
servatory of Athens (Papanastassiou 1989), results being quite encouraging in respect to seismic
array contribution in seismicity monitoring in Greece.

2 ARRAY SITING

2.1 Array location

The Tripoli Seismic Array (TRISAR) is located at 22.40892°E longitude and 37.53963°N lati-
tude, at the 124 Military Air-force Basic Training Unit outside Tripoli, Greece. The broader area of
Tripoli consists of a plateau surrounded by Mainalon Mt., Lyrkion Mt., Artemission Mt. and Par-
nonas Mt. The plateau includes several sedimentary basins. The array site is located in the Tripoli
basin whose natural boundaries are Karakovouni Mt., Karakovrahos Mt., Koutroufi Mt. and Agio-
vouni Mt. to the east, the straight formed by Karakovouni Mt. and Prof. llias rise to the north,
Mainalon Mt. to the west and the old Athens-Tripoli national road to the south. The basin extends
over 30 km? and has a mean elevation of 645 m. Elevation differences across the deployment are
less than 2 m, therefore no corrections for station elevation need to be introduced for the array ele-
ments. The main reason advocating for the installation of the seismic array at the particular site was
the fact that extended geophysical research had been conducted in the area previously by
Alexopoulos (1998), providing a detailed knowledge of the local geological setting.

The broader area of Tripoli is characterized by the existence of geological formations belonging
to the geotectonic units of Tripoli and Pindos as well as post-alpine formations.
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The array site is located on quaternary deposits. Vertical electrical soundings performed in the
region (Alexopoulos 1998) revealed a thickness of approximately 95 m. Quaternary sediments
overlay flysch deposits of the geotectonic unit of Pindos that form the alpine basement of the area.
At the depth of approximately 250 m, transient layers between flysch formations and limestones
were found, consisting of marly limestones.

Installing the array at the extension of the air-stripe of the 124 Military Air-force Basic Training
Unit, close to the town of Tripoli, served practicality reasons such as ease of access and equipment
safety. It is therefore expected that some noise due to human activities will be present in the seis-
mic records. Except for any activity at the Training Unit, which however is limited as the airport is
not used, sources of noise in the broader seismic array area consist of traffic, both in the populated
areas and the highway, and agricultural activities. Nonetheless, these sources are located at a dis-
tance greater than 1 km far from the array site. In particular, Tripoli, the largest populated area in
the district, is 3 km away, the shortest distance to the highway is 1 km and areas of organized agri-
cultural and industrial activity are further than 3 km away. The immediate surroundings of the airport
of the Training Unit are arid land containing neither populated areas nor areas of any kind of human
activity.

2.2 Array design

When designing a seismic array, several parameters need to be taken into consideration, in or-
der to achieve a satisfactory performance. Array location, geometry, number of elements and aper-
ture determine accuracy in slowness estimation, whereas inter-element spacing and maximum re-
cordable frequency control the minimum wavelength that can be resolved by the array. Number of
elements is also important in relation to signal to noise ratio enhancement, defining the overall theo-
retical gain that can be accomplished.
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Figure 1. Tripoli Seismic Array (TRISAR) location and geometry.

The Tripoli Seismic Array consists of four seismological stations, the three of them forming an
almost equilateral triangle with a side of approximately 240 m and the fourth element sited in the
middle of the deployment (Fig. 1). Inter-element spacing is approximately 140 m. Information con-
cerning each array site is provided in table 1.

Table 1. Tripoli Seismic Array site information.

Site Latitude (°) Longitude (°) Elevation (m) Geological formation Sensor
TRO 37.5396 22.4089 676 Quaternary deposits CMG-40T
TR1 37.5385 22.4091 677 Quaternary deposits CMG-1Hz
TR2 37.5405 22.4102 678 Quaternary deposits CMG-1Hz
TR3 37.5400 22.4075 676 Quaternary deposits CMG-1Hz

1501



Each array site consists of a three-component, digital, portable seismograph equipped with a
RefTek 72A-07/G/ND DAS unit, a Giralp seismometer and an external 4GB hard disk for data stor-
age. Timing is controlled by a GPS unit and power supply is provided by solar panels and batteries.
The element in the middle of the deployment is assigned the role of the reference station (TR0) and
is equipped with a broadband CMG-40T seismometer, of a 60 seconds period, while all other sites
(TR1, TR2, TR3) are short-period stations with seismometers of 1 Hz natural frequency. Continu-
ous trigger mode and a sampling rate of 125 samples per second are applied to the data. The latter
are organized into data-streams, each of them containing three channels with the same gain, corre-
sponding to the vertical and horizontal components. Figure 2 depicts instrumentation configuration
for one of the array elements.

Figure 2. TRISAR element configuration.

Equipment safety and logistics applied significant constraints to array design, both in relation to
resolution and precision in azimuth and slowness estimation.

A larger aperture would increase the overall array ability to resolve small wavenumber values
however this was not possible as it would compromise safety, equipment being exposed to theft
and damage outside the Training Unit's guarded area. Moreover, a larger aperture retaining the
same number of array elements would increase inter-element distance. This might result in loss of
signal coherency and constructive noise interference. Adding elements would compromise our eco-
nomical planning for maintenance.

Another important point is the lack of a common time base due to logistics. However, this is not
regarded as a serious drawback in terms of accuracy as timing precision provided by the GPS unit,
synchronizing every half hour, at each element is satisfactory taking into consideration the sampling
interval of the data.

3 ARRAY TRANSFER FUNCTION

Array response was evaluated by calculating its transfer function for several frequencies in the
range of interest. The array pattern for frequencies of 1 Hz and 20 Hz is depicted here (Fig. 3). Ar-
ray pattern is equivalent to the array's wavenumber response as a spatiotemporal filter to a mono-
chromatic, plane wave of frequency equal to 1 Hz. Actual seismic signals are formed by wavelets
characterized by different frequency ranges therefore the array transfer function should be calcu-
lated for the frequencies of interest. The transfer function determines array performance in terms of
resolution and aliasing in the two-dimensional wavenumber domain. Resolution is reciprocal to the
main lobe's width, which depends on array aperture. Existence of side-lobes, repetitions of the main
lobe, characterized by amplitude close or equal to that of the main lobe but for higher wavenumber
values, indicates spatial aliasing in the wavenumber domain. The chromatic scale corresponds to
power density function decrease in dB and is a measure of signal coherency loss in the referred fre-
quency band (Rost 2000, Schweitzer et al. 2002, Wang 2002).

The circular shape of the main lobe and the symmetrical repetition of the whole pattern reveal
perfect azimuthal coverage, which was however expected due to the triangular layout of the array.
The main lobe is rather wide, an effect of small aperture. This fact denotes a relative lack of accu-
racy in slowness and azimuth estimation. Another important feature is the appearance of side-
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lobes, representing spatial aliasing effects. This observation applies for frequencies greater than 10
Hz, implying that no spatial aliasing exists for lower frequencies in the slowness range of interest.
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Figure 3. Tripoli Seismic Array transfer function. Response for 1 Hz (left) and response for 20 Hz (right). Scale
indB.

The ability of the array to distinguish between various seismic phases with different wavenum-
ber values can be measured using the 3dB-drop criterion (Johnson & Dudgeon 1993, Wang 2002).
The radius of the contour line of the 3dB-drop from the maximum value is equal to the minimum
wavenumber that can be resolved by the array, whereas the half distance between the centre of the
main lobe and the centre of the closest side-lobe defines the maximum resolvable wavenumber. In
the present case the minimum wavenumber value is equal to 9.05 rad/km and the maximum to
28.277 rad/km. These values correspond to slowness values of 0.072 sec/km and 0.225 sec/km re-
spectively. It is therefore obvious that the Tripoli Seismic Array cannot distinguish surface wave
phases that are characterized by slowness values larger that 0.225 sec/km however is capable of
determining the most common body wave phases for local and regional distances (e.g. Pn, Pg, Sn,
Sg etc.).

4 PRELIMINARY RESULTS

4.1 Data set description

During its first four months of operation Tripoli Seismic Array has recorded more than 4000
seismic events from the broader area of Greece, 1059 of which had their focal parameters calcu-
lated by the Geodynamic Institute of the National Observatory of Athens (NOA). Frequency-
wavenumber analysis results, epicentres and statistics presented in this paper include the first ten
days of array operation (108 events) and 63 selected events from the remaining time interval. The
selection criteria satisfied practicality matters, such as a large epicentral distance range and good
azimuthal coverage. 100 of these events were also located by the National Observatory of Athens.

4.2 Processing

Processing of the seismic data recorded by TRISAR consists of two parts. The first part deals
with data preparation procedures and the second with actual array data processing.

4.2.1 Preprocessing

Seismic records were downloaded from the RefTek hard disks in SEGY format and were con-
verted to SAC-files in order to introduce array parameters (station coordinates, elevation and off-
sets) into the file headers and remove the instrument response (Goldstein, 1998). For events with
focal parameters calculated by NOA (www.gein.noa.gr), event coordinates were also introduced
into the headers and horizontal component rotation was performed. For events of unknown origin,
no rotation was performed during the preliminary processing, nevertheless comparison of solutions
with and without component rotation showed no significant differences in azimuth and slowness es-
timation.
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Owing to the fact that array signal processing was to be conducted with MATSEIS (Hart 2003),
SAC-files were converted to CSS3.0 Flatfiles, a database being formed for each seismic event.
Each database includes waveforms for each component, information for each waveform, site infor-
mation and origin information for the specific event when available.

4.2.2 Array signal processing

Before applying array signal processing techniques, the spatial coherence level of the used
waveforms needs to be known, as coherence levels determine the processing technique to be used
for slowness and azimuth calculation. So, spatial coherence is calculated both for P- and S- waves
for the frequency range that is to be used for f-k analysis (Capon 1969, Capon 1970).

Standard array data processing includes application of broadband f-k analysis techniques
(Kveerna & Ringdal 1986) on narrow time windows, corresponding to seismic phases of interest.
Appropriate bandpass filters were applied to the waveforms prior to the f-k filter, in order to achieve
more stable solutions. Selected time windows were very narrow, approximately 2 seconds, not in-
cluding any noise in order to avoid noise correlation effects. The filters applied were only slightly
broader in range compared to the f-k filter, as this technique provides more stable results in
backazimuth estimation. In particular, for P-wave phases a 3"order Butterworth filter with cutoff
frequencies at 2 and 10 Hz was applied to the vertical component and a similar filter with frequen-
cies of 0.5 and 7 Hz for S-wave phases, to the horizontal components.

e

Figure 4. Frequency-wavenumber analysis examples. a) Pg phase from Attiki, b) Pn phase from Lefkada island,
c) Pn phase from western Turkey, d) Lg phase from Korinthia, €) Sn phase from Karpathos island and f) Sg
phase from Kyparissiakos gulf.

The f-k filter was thus applied to the selected time windows for the frequency range of 3 to 8 Hz
for P-waves and 1.5 to 5 Hz for S-waves. Figure 4 displays f-k plots for several seismic events, both
for P- and S-wave phases. Pattern similarity to that of the array transfer function for 1 Hz denotes
high coherence level of the used waveforms.

In cases where there is a very low signal to noise ratio, beamforming is applied to the wave-
forms. Gain by beamforming equals the square root of array number of elements, so in the case of
TRISAR gain is merely equal to 2, nevertheless some enhancement is observed that allows more
precise arrival times determination. Furthermore, the inclusion of the beam in f-k analysis applica-
tion provides more stable solutions.

Whenever waveform coherence level is insufficient for broadband f-k analysis and beamforming
application, incoherent beamforming is applied (Schweitzer et al. 2002). Incoherent beams are
formed by the summation of the STA time series of each array element filtered trace.
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4.3 Location of seismic events

Calculated slowness and azimuth results for each phase, along with the corresponding arrival
time, are the data needed to locate seismic events. Used phases are identified with the assistance
of appropriate travel-time tables. The velocity model used is a regional model for the broader area
of Greece and western Asia Minor, depicted in table 2 (Sweeney & Walter 1998). Thus, identified
phases and associated information are introduced into HYPOSAT algorithm (Schweitzer 2001a,
Schweitzer 2003), to simultaneously invert travel times, azimuth and slowness values to calculate
hypocentre coordinates and the associated errors. Location accuracy is expressed by error ellipses,
calculated for either 95% or 68% confidence level and actual horizontal errors in degrees. These
values are dependent on uncertainties in azimuth and used onset times. Uncertainty in onset times
is a function of onset reading errors and travel-time errors, while azimuth resolution is dependent on
slowness resolution, which is determined by the array transfer function.

Except for the regional model, several velocity models (Drakatos et al. 1998, Haslinger et al.
1999, Drakatos et al. 2003) of a more local character were tested for locations at the corresponding
areas, however results with the regional model were found to be more stable.

Table 2. Velocity model used in event location (Sweeney & Walter 1998).

Layer Depth (km) P-velocity (km/s) S-velocity (km/s)
1 0.000 2.500 1.100
2 1.000 4.000 2.100
3 3.500 6.000 3.400
4 13.500 6.600 3.700
5 24.500 7.200 4.000
6 34.000 7.900 4.460

Focal depth cannot be determined by the use of single array data, except for circumstances
when phases characteristic of depth are available. Moreover, information concerning focal depth
may be provided by performing joint locations, both with array and single station data.

Figure 5 depicts horizontal errors in seismic event location for the first ten days of array opera-
tion, calculated by the HYPOSAT algorithm. For the largest number of events, horizontal error is
less than 0.05°, revealing satisfactory accuracy in terms of location for such a small array aperture.
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Figure 5. Horizontal error in event location calculated by the HYPOSAT algorithm.

Event locations are displayed on the topographic map of figure 6. Located events cover a wide
range of azimuth values and epicentral distances. The large number of events that is located at the
Peloponnese and the Gulf of Corinth was predictable, owing to the fact that this specific distance
range corresponds to the optimum performance distance range for TRISAR, both in terms of de-
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tectability and data coherence. Spatial coherence highest levels are observed in the distance range
between 60 and 180 km from the array, while small array aperture introduces large uncertainty lev-
els in azimuth determination beyond 200 km from the array.

200 21° 22° 23° 24° 25° 26° 27° 28°

41° 41°

40° 40°
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38° M 38°
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Figure 6. Epicentres of seismic events. Circles depict events for the time period 16/07/03-26/07/03 and triangles
for 27/07/03-02/02/04. Light colour describes events located only by TRISAR, while dark colour depicts events
located both by TRISAR and NOA.

5 DISCUSSION

Overall array performance concerns its ability to record, identify and accurately locate earth-
quakes. Array performance regarding location accuracy as a function of epicentral distance de-
pends mainly on array aperture, so the very small dimensions of TRISAR restrict severely its ability
to accurately locate events from large epicentral distances. Locations can be accomplished (Fig. 6)
but there is a quite large bias in azimuth value estimation.

Accuracy in slowness estimation is controlled by the number of array elements that determine
array resolution as a wavenumber filter. Small number of elements restricts array ability to distin-
guish between seismic phases of close wavenumber values, which reflects on identification of used
phases and finally on event location accuracy. The use of very narrow time windows and the exclu-
sion of noise can improve f-k analysis results nevertheless it is advisable to use the most prominent
seismic phases in the records.

Array location results are compared, when possible, to those of NOA in order to evaluate loca-
tion accuracy. A comparison between latitude and longitude estimated by TRISAR and NOA is dis-
played by the x-y scatter diagrams of figure 7. Both diagrams depict a good linear relationship be-
tween the two solutions, independent variable coefficient being approximately unity, with scattering
being slightly higher for latitude. For small epicentral distance ranges, the relationship is character-
ized by good linearity, while any large misfit values are observed for larger epicentral distances,
mainly beyond 250 km. This fact verifies the range of optimum distance in terms of array perform-
ance, determined also by high waveform coherence levels.

1506



TRISAR and NOA longitude

FAY

TRISAR

TRISAR and NOA latitude

¥ = 0.0083x + 23917
R =081 {

0
&
b

%0

50

HY
30 %9 k] 370 EY 100 420 10 a0
TRISAR

Figure 7. Scatter-diagrams for longitude (above) and latitude (below) calculated by TRISAR and NOA.

The larger number of seismic events detected and located by TRISAR, compared to the number
of earthquakes located by NOA, attests the advantage of array operation supplementary to conven-
tional seismological network performance, regarding seismic activity monitoring. This is very impor-
tant especially for areas of poor azimuthal coverage by the conventional networks and in particular
in the optimum array performance distance range. The case of the Lefkada Island aftershock se-
quence is a characteristic example, as TRISAR has recorded more than 250 events during the first
36 hours of the aftershock sequence.

6 CONCLUSIONS

Processing and results of the first data from Tripoli Seismic Array depict satisfactory overall ar-
ray performance both in terms of event detection and location. Data cover a very wide range of
azimuth values and epicentral distances, with no obvious dependence of waveform coherence on
azimuth distribution. The array has the ability to locate earthquakes in the epicentral distance range
between 40 and 600 km, the optimum performance distance range being between 60 and 180 km.

Location results are characterized by sufficient accuracy, especially at distances less than 250
km, as shown by calculated errors in event location and error ellipses dimensions. Comparison of
TRISAR location results to those of the National Observatory of Athens presents some differences
that can be decreased by calibrating the array (Myers et al. 2002, Tibuleac & Herrin 1997) as well
as calculating travel-time, azimuth and slowness corrections for areas where abundant data are
available (Ram & Yadav 1984, Schweitzer 2001b).

Array advantage over conventional networks for offshore areas of poor azimuthal coverage is
quite clear, despite any restrictions imposed on array design and the test character of the project.
This fact denotes that a seismic array with increased abilities compared to the existing TRISAR
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configuration can make an important contribution in event location supplementary to that of existing
seismological networks.

Reconfiguration of the existing array, by increasing the number of elements and investigating
the possibility of aperture increase will enhance array performance in greater epicentral distances,
in order to provide better coverage for the western and southwestern Hellenic Arc.
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ABSTRACT

One of the scopes of the SEISIMPACT-THES project is to organize into digital form and evalu-
ate the records of reported damage, related to the occurrence of the 1978 Thessaloniki earthquake
(Mw=6.5). For the exploitation of these data, an advanced Information System is under develop-
ment that will include:

* A properly designed database

¢ A Geographic Information System containing all the necessary data (after digitization and
corrections) enriched with more recent data, as well as topographic, geological and geo-
physical data of the region (metropolitan area of Thessaloniki)

e A model system of accessing the above via the web and mobile devices

The basic data for the implementation of the project are derived from the archives of the Agency
for the Relief of Seismic Catastrophes in Northern Greece (YASBE). The data are included in the
forms of inspection of buildings carried out in Thessaloniki shortly afterwards the 1978 earthquake.
It is estimated that there are roughly 63,000 building inspection forms in the region of Thessaloniki.

The exploitation of this rich database with the description on the damage that the buildings suf-
fered will result in a complete electronic database properly standardized so that it can be linked to
the geographic data of a Geographic Information System. The database structure will allow multiple
queries and processes to study in depth the behavior of buildings in Thessaloniki, and its correla-
tion with other geological, geophysical, geotechnical factors.
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1 INTRODUCTION

The development of databases containing information of the buildings that suffered damage due
to earthquakes constitutes a methodology that is used with increasing frequency during the last few
years. The information included in these databases basically concerns the type of damage re-
corded for each building and is connected to their structural characteristics. At the same time, a
large quantity of related information (e.g. spatial, geographical, economical, demographical etc.) is
recorded. All these data can be utilized by many categories of potential users, such as scientists,
engineers, professionals, public employees, but also institutions of the private as well as the public
sector.

Geographical Information Systems (GIS) are the main tool to manage data stored in the above
mentioned databases. In some cases, new software packages based on the Expert Systems tech-
nology have been developed for the management, modification or extension of these data. All ef-
forts contribute to the creation of a framework of procedures aiming to solve problems created after
serious seismic incidents to the population, as well as in studies and the development of action
plans and strategies for the relief of population and the effective confrontation of similar natural
phenomena in the future. Usually, on the basis of seismic data analysis and the type of buildings,
several scenarios are being studied about the ways earthquakes affect the urban environment. The
development of such simulation models - but also forecast models for the estimation of emergency
situations and their satisfactory confrontation - is associated with the type of structures and their
quality in the particular geographical area under investigation. Therefore, it is obvious that the mod-
els developed with the help of GIS spatial analysis tools may assist the authorities in decision-
making for emergency management, a task with direct social and economic impact.

Different techniques and systems have been used to record and manage damage information
about buildings. Among them:

e The Federal Emergency Management Agency (FEMA) and the Defense Threat Reduction
Agency (DTRA) in U.S.A. have developed the "Consequences Assessment Tool Set"
(CATS), a software tool aiming at an improved planning of measures of confrontation of
natural or anthropogenic emergencies of various forms, among which of course are the
earthquakes (Swiatek & Kaul 1998). With respect to earthquakes, CATS deals with the
damage in buildings, infrastructure and the probability of existence of victims.

¢ The Federal Emergency Management Agency (FEMA) and the National Earthquake Haz-
ards Reduction Program (NEHRP) in U.S.A. have developed the HAZUS (HAZards United
States) system for the reduction of seismic danger in the country. This particular system
has been developed so that it can be used by state institutions, at local and national level,
to estimate seismic risk, more effective seismic-resistant planning and the organization of
practical measures of confrontation of seismic destructions (Bouhafs et al., 1998). It also
uses mathematic relations and information with regard to the epicenter and the size of
likely future earthquakes, the vulnerability of existing building infrastructure, the local geol-
ogy, as well as demographic elements, aiming to the calculation of the impact of future
earthquakes (Bausch et al., 1999).

e A system based on the technology of GIS and ArcView software contains a database of
expected ground movements during various scenarios of earthquakes in correlation to al-
ready observed damage data from more than 62,000 buildings in the region of Los Ange-
les (O' Rourke et al., 2000).

¢ The Extremum system has been developed by the Russian State Federal System of
Seismological Observations and Earthquake Prediction (FSSN) and EMERCOM. It can
manage and analyze spatial and descriptive data that include seismic risk and the esti-
mate of the vulnerability of structures (Milutinovic 2000).

e Another system based on the technology of GIS has been developed by the Institute of
Architecture and City Planning in Japan. The system contains a digital map of the city of
Nishinomiya showing the location of buildings and a database with damage data after an
earthquake that occurred in 1995 (Murao and Yamazaki 1999, Umemura et al., 2002).
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Greece has suffered many times from strong earthquakes that caused human casualties as well
as considerable damage to public and private infrastructure. The 1978 earthquake in Thessaloniki
(Mw= 6.5) enhanced the beginning of a more systematic confrontation of the impact of such phe-
nomena. This happened because it was the first time that a powerful earthquake affected a big
modern city of roughly one million of residents. Thessaloniki presented the formal characteristics of
Greek urban built environment: buildings with 4 to 8 storey, large population in nhumbers and den-
sity, mixed land use, traffic problems and lack of effective planning to manage natural catastrophes.

The SEISIMPACT-THES System organizes into digital form and evaluates the records of re-
ported damage in buildings connected to the occurrence of the 1978 Thessaloniki earthquake. An
an advanced Information System has been developed that includes a properly designed database,
a Geographic Information System containing the necessary data (after digitization and corrections)
enriched with more recent data, as well as topographic, geological and geophysical data of the re-
gion (metropolitan area of Thessaloniki). It includes also a model system of accessing the above via
the web and mobile devices (for details see Koutoupes et al. 2004).

The participants collaborating in the completion of the project are:

=  The Laboratory of Geodesy, Division of Geotechnical Engineering of the Department of
Civil Engineering, Aristotle University of Thessaloniki.

The Department of Geodesy and Surveying, Aristotle University of Thessaloniki.

The Department of Geophysics, Aristotle University of Thessaloniki.

The Institute of Engineering Seismology & Earthquake Engineering (ITSAK).

Hellas On Line (HOL) S.A., a private company working with Internet Information Ser-
vices.

= AgilTech S.A. (subcontractor of HOL S.A.) for software systems design and development.

The above participants have also valued from the cooperation with engineers employed by The
Agency for the Relief of Seismic Catastrophes in Northern Greece (YASBE), which provided the
core data, as the basic data for the project implementation. As already mentioned, the data are in-
cluded in the forms of inspection of buildings carried out in Thessaloniki shortly after the 1978
earthquake. It is estimated that there are roughly 63,000 building inspection forms in the region of
Thessaloniki.

2 INSPECTION FORMS FOR EARTHQUAKE DAMAGED BUILDINGS AND THE
SEISIMPACT-THES DATABASE

One of the fundamental duties of emergency management agencies is the inspection of public
and private structures and buildings after a strong earthquake. In this way, safe use of buildings can
be ensured and damage can be recorded for scientific and statistical evaluation. This procedure
has been followed in all major earthquakes in Greece, starting from Thessaloniki in 1978 up to the
most recent strong earthquake of Athens in 1999, but also in moderate earthquakes (Dandoulaki et
al. 1998).

This subject is of high impartance since, inspection after the earthquake helps in reducing the
probability of casualties from aftershocks, a fact that gives the character of urgent and imposes the
need for quick actions. The evaluation of the condition of buildings will then give the likely number
of citizens that should be accommodated in settlements and will appease the other citizens as far
as their residences. On the other hand, the inspections must record in an equitable way the ob-
served damage so that they can be used for statistical and mainly for scientific reasons.

After the Thessaloniki earthquake, a situation of chaos was created due to the panic, the de-
structions, the lack of information and the innumerable calls on help, but also on control of static
condition and damage of buildings (fig.1). By that time, there was no specific procedure for the in-
spection of buildings and infrastructure. However, after this first period the state agencies reacted.
Forms were drafted, printed and distributed during the first days after the earthquake. The buildings
were inspected by two member teams of engineers to be classified in three categories with respect
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to their damage and usability (Green: Usable — no serious damage, Yellow: Temporarily unusable
- with damage, usable after the repairs, Red: Unusable, dangerous) (fig.2).

The result of this procedure was the creation of an enormous database from the inspection
forms that contained classification of buildings, but also certain additional information on types of
damage, structure and size of building, etc. After the completion of the inspections (approximately
two months for the first and second degree inspection), roughly 63000 buildings in the region of
Thessaloniki were inspected (corresponding to roughly 250000 apartments, offices and shops). All
data were kept in the archives of the newly established Agency for the Relief of Seismic Catastro-
phes in Northern Greece. Table 1 shows an overview of the number of inspections and the results
(Doukas 2003).

Figure 2. Post-earthquake building safety classification (Green: Usable - Yellow: Temporarily unusable - Red:
Unusable, dangerous)

The data of the inspection forms of the Thessaloniki 1978 earthquake have been used to some
extent for scientific research in the past (Papacharisis 1980, Penelis et al., 1988).

In 1984, one year after the establishment of the Earthquake Planning and Protection Organiza-
tion of Greece, the inspection form was re-designed to assist the standardized import of informa-
tion, prevent errors and shorten the time needed to fill it in. These inspection forms were used after
a number of devastating earthquakes in Greece undergoing revisions, improvements and additions.
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Table 1. Overview of the number of inspections and the results (Doukas 2003).
Post-earthquake building safety clas-

Number of apartments,

sification in the area of Number of buildings
- shops, offices
Thessaloniki
GREEN 46441 184082
(Usable — no serious damage)
YELLOW 12823 61270

(Temporarily unusable - with
damage, usable after the repairs)

RED 3648 4648
(Unusable, dangerous)
TOTAL 62912 250000

The structure of the main database of the SEISIMPACT-THES project was based on the design
of three paper inspection forms used for post- or pre-seismic control of buildings:

e Inspection forms used after the Thessaloniki 1978 earthquake, being the main source of
information.

e Inspection forms used after the Athens 1999 earthquake.

e Forms for pre-seismic control of buildings according to a proposal by the Earthquake
Planning and Protection Organization of Greece (Karabinis et al., 2002).

The design of the SEISIMPACT-THES database was flexible enough to allow the input of in-
spection data from existing files related to a past earthquake incident in Greece along with the
Thessaloniki data. It can also be used and store data from pre-seismic inspections of buildings.
User-friendly entry tools in Microsoft Excel and Microsoft Access have been developed for the quick
and reliable input of inspection details in the database (fig. 3).
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Figure 3. An example of a page of the Microsoft Access entry tool (in Greek)

The fields of the SEISIMPACT-THES database concerning the observed damage of a particular
building, are organized in the following groups, as presented in Table 2:
e Location (address: street name and number) of building and relevant information
e Geometric characteristics of the building
* Main use of building
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Structural type

Inspection results - damage
Estimation of Structural Capacity
Capacity Curve - Vulnerability Curve
Cost of repair

Characterization of soil properties

Table 2. Structure of the SEISIMPACT-THES main database

Field code Description Input
K1=Green
_— _— K2=Yellow
A5.1 Safety classification of building K3=Red
K4=Collapsed
Ab5.1a Valid only for part of building K1=Yes, K2=No
Ab5.2a Damage to plaster K1=Yes, K2=No
A5.2b Damage to brickwork K1=Yes, K2=No
A5.2¢ Damage to slates K1=Yes, K2=No
A5.2d Damage to beams K1=Yes, K2=No
A5.2e Damage to pillars K1=Yes, K2=No
A5.2f Damage to concrete walls K1=Yes, K2=No
A5.2h Damage to roof K1=Yes, K2=No
A5.3 Number of unusable households
A5.4 Access to certain parts of building de- K1=Yes, K2=No
nied
A5.5. Disconnection of facility networks Sl Jcieimer,
K3=Gas
A5.6 Is propping necessary? K1=Yes, K2=No
AB.7 (I?:NT‘ems that must be urgently pulled Short description

3 THE SEISIMPACT-THES GEOGRAPHIC INFORMATION SYSTEM

On the basis of the above-mentioned information, a Geographic Information System is being
developed using ESRI's ArcGIS and ArcIMS software. The ultimate purpose is to provide support
for making decisions based on spatial and descriptive data. GIS will be also invaluable for collect-
ing, maintaining and using geographic information, as well as for producing both standardized and
customized cartographic products (Savvaidis and Ifadis 2000).

The SEISIMPACT-THES GIS system is based on a detailed digital map of the greater Thessa-
loniki area. The map displays city blocks and roads as well as different municipality boundaries.
Addresses of buildings whose damage has been stored in the database described in the previous
paragraph are being linked to their geographical location on the map through an address-matching
procedure (fig. 4). Additional layers of information include seismological and geotechnical data,
such as historical and instrumental seismicity, maximum values of peak ground acceleration (PGA
map) using empirical relations, values of maximum spectral acceleration in discrete periods (PSA
map) depending on the target scenario earthquakes considered, tectonic lines, site effects — ex-
pressed as mean values of shear — wave velocity if available.

Spatial analysis based on the combined use of geographic and descriptive data may result in_an
evaluation of the reliability of the buildings. Spatial queries will involve several types of questions:

e Safety classification (red — yellow — green) of a specific building (or buildings in a re-
gion)

* Damage a specific building had suffered (or buildings in a region)

e Locations (buildings) at which a specific type of damage had occurred.
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The application is intended to be accessible by authorized users over the Internet, instantly pro-
viding information about recorded damage as well as related geographical information. The GIS
user would point with the cursor to a location on the map displayed or type-in the address of a
building, and retrieve information about the damage or other characteristics of the selected data
layers related to that location. Furthermore the user will have the ability to find locations that meet
certain criteria, such as “close to a road”, “on a specified geologic formation or soil type”, “more
than one type of damage”, among others. The selected locations can either be highlighted on
screen, or shown on a new view. On both cases, interactive visualization will play an important role.
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Figure 3. An example of the address-matching procedure using ArcGIS tools

Additionally, the stored data and the spatial analysis results will be employed for a better under-
standing of the role of site effects in the amplification of the ground motion and studying of non-
linear phenomena. A microtremors study in the city of Thessaloniki has been already conducted as
well as geophysical measurements in specific sites for which geotechnical data were not available.
A rich databank of waveforms from the weak and strong motion from earthquakes that occurred in
the broader area has already been available to the SEISIMPACT-THES research group. These
data come from the accelerograph network and the telemetry seismological network operated by
two of the participants. All these data will be put together to give the opportunity to do a detailed
study of site effects, to test synthetic models against the original observations, and refine their pa-
rameters. Thus, amplification — reduction curves can be estimated for practical engineering analy-
sis.

A major benefit of the system is related to the simulation of strong ground motion from postu-
lated events. In this approach we see what the past can teach us about the future by simulating the
expected ground motions from a number of possible scenarios of earthquake occurrence from the
rupture of nearby faults. The urban area of Thessaloniki is affected by a number of seismic sources
that fall into three categories in terms of their distance from the city. The first category of earthqyake
sources is very close to the city, the second category of sources is in intermediate distances and
the third category of seismic sources are far away from the city. It is evident that the seismic waves
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produced by these sources will have spectra at different frequencies. Low frequencies are expected
from the more distant sources for instance. The built environment of the city will not respond in the
same manner to the postulated ruptures from these sources. It is one of our main tasks to predict
the distribution of strong ground motions from these postulated events and hence evaluate the dis-
tribution of damage (intensities) within the city.

Thessaloniki is not vulnerable to an earthquake which will have the same focus as the 1978 one
in the sense that the return period of the rupture from the same fault is large. But the city is vulner-
able from the rupture of other faults that are clearly observed on the geological maps, seen in the
topography, in satellite photographs, and detected from offshore geophysical prospecting. To esti-
mate the parameters of the expected ground motion in terms of acceleration, velocity and dis-
placement, the good knowledge of the focal mechanism of the expected events, their parameters,
and the previous experience collected over the years will be utilized (Benetatos and Kiratzi, 2004;
Roumelioti et al., 2003a, b; 2004a, b). As a result of this approach, a clear view of the Fourier spec-
tra of key parameters of strong ground motion from future modeled events near the metropolitan
city of Thessaloniki will be identified. Therefore, when the epicenter of the earthquake is in the
broader area of Thessaloniki there will be an immediate presentation of the predicted damage. Fi-
nally, a number of scenarios regarding earthquakes affecting the built environment of the Prefecture
of Thessaloniki will be produced and tested on the basis of the information stored in the SEISIM-
PACT-THES database and GIS concerning the real damage the buildings had suffered in Thessa-
loniki (Kiratzi et al., 2004).

4 CONCLUSIONS

The project implementation is expected to result in benefits for the state, the scientific institu-
tions and the companies participating in the project as well as for citizens. The exploitation of the
rich database with the description of damage of the 1978 earthquake will result to a complete elec-
tronic file of inspections properly standardized so that it can be linked to the geographic data of the
Geographic Information System. The database structure will allow multiple queries and processes,
to study in depth the behavior of buildings in Thessaloniki, and its correlation with other geological,
geophysical, geotechnical factors.

The public organizations concerned with the relief of earthquake impact will have the possibility
to retrieve important information regarding the static behavior of buildings as well as the expected
damage according to several scenario earthquakes. A new market of services will be created with
benefits for the while range of involved parties (Public Services, engineers, notaries, lawyers, seis-
mologists, individuals).

The participating institutions can use the above-mentioned data for further research and con-
tribute to knowledge regarding consequences of seismic phenomena to various sectors of the so-
cial, economical and technical activity.

Therefore, the benefits for the scientific community can be summarized to the following:

e A detailed evaluation of the observed damage in the buildings of Thessaloniki taking
into account the spatial distribution of different types of damage with the help of the
GIS system.

« Improvement — Development of methodology for the effects of local conditions using
microtremors.

¢ Improvement — Development of methodology for determination of geophysical ground
properties by deployment of special networks

e Comprehension of the consequences of various seismic scenarios to the built envi-
ronment of Thessaloniki.

e Strong motion simulation in various locations of Thessaloniki from a future strong
earthquake.

¢ Evaluation of the reliability of methodologies based on the earthquake of 1978.

Benefits for companies are summarized as follows:

e Know-how increase through their collaboration with scientific institutions of the project
on post-seismic inspection data management and generally issues of managing and
processing geographically distributed information.
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e Gain important experience through the implementation of a complex information sys-
tem that interconnects a specialized database, a GIS and a Web application.

e Ability of know-how development in mobile applications for mobile computers (PDAs)
and in location-based applications.

e  Opportunity for commercial exploitation of an innovative system, both by providing a
service over Internet, and reselling a stand-alone application software package.

Finally, even individual citizens will be able to make very quick retrievals of specified information
in many combinations and with different criteria, e.g. to easily locate areas with specific characteris-
tics such as distribution / concentration of buildings characterized as green, yellow or red, buildings
with particular damage (in relation to their spatial distribution, year built, number of floors) etc.
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ABSTRACT

The aim of this paper, which is part of the M.Sc Thesis of the first author, is an initial attempt for
the assessment of the emergency response through the road network of the Urban Area of
Thessaloniki (UAT) after a strong earthquake. The areas of the road network that are to become
inaccessible either due to partial collapse of buildings or due to destruction of the road axes by
rupture zones, are detected. The inaccessible parts are determined for the cases of three
earthquake scenarios using the values of the Peak Ground Acceleration (PGA), which were
calculated for about 6000 points over the UAT, as well as spatial overlay tools of a GIS. In the end,
by applying network analysis and according to the situation of the network after the earthquake, the
possibility of movement of the fire engines and ambulances was studied and least cost routes from
ambulance stations to UAT hospitals were tracked.

| INTRODUCTION

Nowadays, the use of GIS, mainly by state agencies, has a worldwide application, in order hy-
pothetical natural disasters (fires, floods, earthquakes etc.) scenarios to be materialized and the
corresponding emergency response to be programmed (Coppock 1995, Johnson & Nelson 2000).

; y In case of earthquakes, the development of
strategies for the reduction of the earthquake
consequences is extremely interesting, especially
for states that belong to areas of intense seismic-
ity. For this reason, various significant studies ba-
sed on earthquake scenarios and GIS utilities ha-
ve taken place internationally (Gittings &Towers
1995, Birkin et al. 1996, de Polo et al. 1997, ESRI
2000, Johnson 2001, Ozge 2002, Basoz et al.
2003, USGS 2003).

It is particularly significant, a city to be ready
in advance for the encounter of difficult conditions
that will probably occur in case of a strong earth-
quake. Being prepared, the city authorities will be
able to reduce cost in human lives and damages.

In this paper, an attempt was made in order
the accessibility of the road network of the UAT

Figure1. The site of the study area (Fig.1) after a strong earthquake to be approxi-
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mately given and the possibility of movement of the fire engines and ambulances to be studied.

Three possible earthquake scenarios that can very seriously affect the UAT were chosen. The
geotechnical and seismological characteristics of the study area were taken under consideration
and the Peak Ground Acceleration (PGA) for about 6000 points over the UAT was calculated. It
was assumed that in a certain area the buildings might partially collapse (masonry, balconies etc.) if
PGA exceeds a particular value. Using the spatial overlay tools of a GIS for each scenario, the
parts of the road network that become inaccessible, either due to partial collapse or due to destruc-
tion of the road axes by rupture zones, were detected. After that, using network analysis, the fire
stations’ allocation as well as least cost routes from ambulance stations to UAT hospitals were
tracked. Geometry and accessibility were used as descriptive characteristics of the road network,
while no traffic or construction information was used.

For the accomplishment of this paper the following software packages were used:

=*AutoCAD2000 by Autodesk for the creation of digital spatial layers of the GIS.

«[stos 2000 for AutoCAD by Polyhedron Inc. for coordinate transformations

*ArcGIS 8.1 by ESRI for spatial overlay procedures, the creation of derivative digital layers and
the drawing of final maps.

*ArcINFO 7.2 by ESRI, for network analysis procedures.

2 SPATIAL OVERLAY AND NETWORK ANALYSIS

Spatial analysis is applied on the digital layers of the spatial database of a GIS. It is the proce-
dure that is used for the comparison of the positions of spatial cartographic objects that belong to
the same layer or to different layers and the determination of the spatial and/or statistical relation
between them. This comparison in accordance to the descriptive properties of the objects gives an-
swers to various queries that are put to the GIS (ESRI 1994a, Laurini & Thomson 1994).

In this paper two significant groups of spatial analysis tools were used: spatial overlay and net-
work analysis.

The spatial overlay procedures use the rules of Boolean algebra for the combination of objects
that belong to different layers and gives answers to queries that have to do with points (point in
polygon queries), lines (line in polygon, line on line queries) or areas (polygon on polygon or region
queries) (ESRI 1994a). A common cartographic coordinate system for all layers of the spatial data-
base is required as well as the determination of topology between the objects on each layer (point,
line or polygon topology) (Laurini & Thompson 1994).

Network analysis uses the descriptive information and the geometry of a network for the study of
alternative paths, tours, allocation, tracing, location-allocation of activities etc. (ESRI 1994b).

A network is a system of line elements connected in junctions. These junctions are called nodes
and the line element that connects two nodes is called a link. Each link is represented by a pair of
nodes. The first node (from-node) is the beginning of the link and the second node (to-node) is the
end of it.

The descriptive characteristic of a link is the cost that is required for travelling along it. On the
other hand, nodes can have various properties according to the kind of analysis taking place on the
network (they can be allocation centres, stops in a tour, position with specific traffic characteristics
etc.).

Finding a shortest or least cost path between two nodes is one of the most popular procedures of
network analysis. A GIS can answer the question:” which is the shortest or less expensive or less
time consuming path between position A and position B on the network?” The problem can become
more complicated by adding factors like traffic control, inaccessibility of certain network areas due
to damages etc.

Allocation is the modeling of supply and demand in a network. Supply refers to the quantity of re-
sources a centre (node) has available for utilization through the network. Demand quantifies the re-
quirement for resources from other points on the network. A significant descriptive characteristic of
the center is the maximum impedance that is a limit to the allocation of the existing supply without
regard to the demand. During the allocation process the supply, demand and maximum impedance
are combined and the catchment area of each centre is determined.
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3 CREATION OF DIGITAL INFORMATION LAYERS

The function of the GIS in use depended on original as well as derivative information layers.
The original layers were created by digitization of existing analogical maps while the derivative lay-
ers were formed by the GIS software. The derivative layers were used in the calculation of the PGA
values as well as in the effectuation of the earthquake scenarios.

The six original layers that came from cartographic, seismological and geotechnical data are:

The road network over the UAT (lines) (Fig.2)

Positions of UAT fire stations (points) (Fig.2)

Positions of UAT ambulance stations (points) (Fig.2)

Positions of UAT hospitals (points) (Fig.2)

Ground formations over the UAT (polygons) (Fig.3)

. Faults that neighbour on the UAT (lines) (Fig.4)

The three derivative layers are:

G. A grid of a 100 m step (Stratou 2003) that covers all the UAT area with about 6000 nodes.
For the entire grid nodes the PGA values were calculated (points).

H. Areas of a certain value of PGA that were compiled through the grid mentioned above
(polygons) (Fig. 5)

I.  Buffer zones around certain faults (polygons)

moow >

n

The common cartographic coordinate system used for all layers was UTM (Hayford ellipsoid, zone
34, ED50) (Fotiou & Livieratos 2000). In this system the simultaneous cartographic depiction and
elaboration of data over the UAT (layers A-E, G-l) and of data of a much greater geographic area
(layer F) was served (Stratou 2003).

3.1 Original digital layers

3.1.1 The road network layer

The creation of the road network layer is an important part of data elaboration as far as the car-
tographic database is concerned, because it comprises data of various sources, scales, carto-
graphic systems etc.

The final layer came from the cartographic combination of the following:

1. Digitized road axes that came from the digital map of building blocks (Koupadi & Papadopoulos
1996) (1:5000, Hatt projection) for ten municipalities of the UAT (Municipality of Agios Pavlos,
Efkarpia, Evosmos, Kalamaria, Kordelio, Menemeni, Sikies, Triandria and a part of the Munici-
pality of Thessaloniki)

2. Digitized road axes of the extension of the municipality of Evosmos, the Kifisia extension of the
municipality of Thessaloniki, the axes of the municipality of Pilea, the ring road of the UAT and
part of the national road to Athens that connects the UAT with the area of Sindos (Fig.2). The
initial cartographic material (Denco et al. 2000) for all the above road parts comprised analogi-
cal maps at 1:5000 and of unknown cartographic projection. The digitized data were trans-
formed into the Hatt projection through the classic procedure of recognition of control points on
other existing maps of the area in known projection (Arvanitis et al. 1990).

3. Digital maps of road axes for the municipalities of Stavroupolis, Neapolis and Polichni at 1:5000
and in Hatt projection (Kanelleas et al. 1996, Gioldelis and Spyrou 1997, Kaldoglou and Ka-
logeropoulos 1997).

The total road network layer was accomplished through the union of the above three categories
of data. The transformation of all the Hatt coordinates into UTM coordinates followed. The length of
each link as well as its impedance that is its accessibility in every scenario comprised their descrip-
tive information.

3.1.2 The layers of the emergency response stations and hospitals

In the network analysis performed in this paper the positions of the hospitals as well as the fire
and ambulance stations were identified with network nodes. Three different point levels (each for
every kind of service) were created (Fig.2).
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N According to Anastasiadis et al. (2001), the
UAT belongs to the geotechnical Zone of Ax-
ios River. This zone is tangential to the Ser-
& . ) bomacedonia Zone that is one of the most ac-
N i . tive seismotectonic areas in Europe. The digi-
tal layer of the ground formations was created
by digitization of the analog geotechnical map
of Anastasiadis et al. (2001), given at a scale
of 1:100,000 and in Hatt projection. The Hatt
coordinates were transformed into UTM coor-
dinates. In figure 3 the geotechnical map that

(\\ rsioom 3.1.3 The layer of the ground formations
Sindos

m nospital
t fire station

- ambulance station AV, \ divides the study area into formation zones is
N \ depicted. In each zone the corresponding for-
coastline }‘;\ 4.5 Km mation, thickness and their volumetric distribu-

tion from the lower to the higher level on the
surface is known. This layer has a polygon to-
pology. The descriptive characteristics for
Figure 2. High roads, the limits of the road network each polygon are the category of the ground

and the positions of hospitals, fire and ambulance sta-  formation and the thickness of the higher layer.
tions on the UAT are depicted.
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Figure 3. The ground formations under the UAT. The high roads and the limits of the road network are depicted.
For each ground formation its category as well as the thickness (in meters) of its higher layer is given in paren-
thesis inside the corresponding polygon on the map (Anastasiadis et al. 2001).

3.1.4 The layer of the faults
The three faults used in this paper were chosen from a wider group of twelve faults (Fig. 4) that
are situated in Macedonia, Greece and in Bulgaria. This wider group was used because it
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comprises faults that caused
strong earthquakes in the past.
According to historical evi-
dence, all those earthquakes
had significant consequences
on the UAT (Papazachos et al.
2001). The Asvestochori fault is
divided into two parts: Asvesto-
chori1 and Asvestochori2 (Fig.
4). The two parts of the As-
vestochori fault have not cau-
sed any disastrous earthguake
yet, but they are considered ve-
ry important on a serious con-
sequence point of view (Moun-
trakis et al. 1997). Accordingly
to that, the Asvestochori faults
become particularly interesting
for the creation of an earthqua-
ke scenario.

For each one fault the geo-
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Figure 4. The twelve faults are depicted in relevance to UAT. Asvesto-

33.2 Km

chori1 is the dotted line while the Asvestochori2 is the remaining black
continuous line of the Asvestochori fault. Two of the faults (Kresna and
Fillipoupoli) belong to Boulgaria while the others belong to Macedonia,
Greece.

detic coordinates ¢ and A (Hay-
ford ellipsoid, ED50) of their be-
ginning, end and middle point

were known. The geodetic coor-
dinates were transformed into
UTM coordinates and through the GIS software in use, a layer of line topology was created.
The UTM system was selected as the uniform system of all the cartographic layers in order the
two Bulgarian faults to be included in the data elaboration.

4 ELABORATION OF GEOLOGICAL DATA AND COMPILATION OF EARTHQUAKE
SCENARIOS

The Peak Ground Acceleration (PGA) is a parameter of a strong ground motion. It is essential
for the determination of the inaccessible parts of the UAT road network due to possible partial col-
lapse of buildings’ masonry, balconies etc. in areas where the PGA value exceeds a certain limit.
The PGA at a given ground point is a function of the magnitude of the earthquake, the distance of
the point from the fault that caused the earthquake and the type of ground formation where the
point lies. The PGA value in this paper was calculated according to the following formula (1) (Mar-
garis et al. 2001):

INPGA=3.52+0.70*"M,,-1.14*In(R*+7%)"?+0.12*S+0.70 (1)

where M,, is the moment magnitude, R is the epicentral distance, and S is the type of the corre-
sponding ground formation according to NEHRP (Margaris et al. 2001)

In this paper, for the exploitation of the PGA, a grid of about 6000 points with known ground for-
mations was created over the area the UAT. The grid step was 100 m, so that all the ground forma-
tions even those that cover small areas to correspond with grid points.

Using spatial overlay (point-in-polygon) between the layer of the grid points and the layer of the
ground polygons, the corresponding formation for each point was determined. The results of this
point-in-polygon procedure were saved as descriptive information for all the grid points.

Next, the distance between each fault under study and each grid point was calculated. The
earthquake is likely to come from any point of a fault. For this reason, the distance between a grid
point and the middle point of the fault as well as the distance between a grid point and the nearest
to the UAT point of the fault were calculated. For the faults of Asvestochori1, Asvestochori2, An-
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themountas, Drama, Fillippoupoli, lerissos, Kresna, Sohos, Stivos and Volvi, the central point and
the west end were used while for the faults of Edessa and Veria the central point and the east end
were used.

According to past earthquakes from the twelve faults, the My that will be probably caused by
each fault was determined (Papazachos and Papazachou 2003).

For the chosen points of all the faults in concern, the maximum, the minimum and the mean
value of PGA were calculated as well as the difference between the maximum and the minimum
value. According to the values above the epicentres that were chosen to be further studied were:

1. The west end of the Stivos fault
2. The west end of the Sohos fault
3. The central point of the Asvestochori2 fault

The collapse of masonry, balconies etc. depends on the maximum value of PGA. For the earth-
quake from the Sohos fault it is assumed that there will be damages in UAT areas where PGA>110
cm/sec’. The above PGA value corresponds with a macroseismic intensity of VI at the Modified
Mercalli (MM) scale. For the earthquakes from
the Asvestochori2 and Stivos faults it was as-
sumed that there will be damages in UAT areas
where PGA>240 cm/sec’ a value that corre-
sponds to intensity VII at the MM scale (Kolio-
poulos et al. 1998). In figure 5 the limit values of
PGA for the Asvestochori2 fault are indicatively
depicted. It is pinpointed that despite the fact
that the intensity at MM does not correspond
with partial damages of buildings, the chosen
PGA limit values can cause collapse of masonry,
balconies etc. since the UAT buildings are old
and no information about their vulnerability is
known. Data about the buildings’ vulnerability
would be extremely useful for the determination
of the damages and the calculation of the corre-
sponding PGA values, but the whole procedure
is beyond the scope of this study.

The three earthquake scenarios formatted for
the chosen faults, epicentres and PGA values
are:

. PGA>240cm/sec’

g% PGA<240cmisec?

Figure 5. Limit values of PGA over the UAT, defined
for scenario 3 of the Asvestochori2 fault.

Scenario 1: The earthquake comes from the
west end of the Stivos fault and has a macrosei-
H smic intensity of VIl at the MM scale. It is assu-
N g . B N med that there will be partial collapse in the UAT
\ areas where PGA>240cm/sec’.

\\:S The accessible by rescue vehicles links of the

/| road network were located through the following
- J procedure: the grid points with known PGA val-
ues were divided into two groups, one that com-
prised the points with PGA>240 cm/sec’ and a
second that comprised the points with PGA<240
N cm/sec? (similar to Fig. 5). Through these two ca-
tegories, a polygon layer came from the classifi-
ed grid points. The descriptive information of the-
se new polygons was a code indicating PGA o-
Figure 6. The inaccessible road links for case 1 of  ver or under the limit of 240cm/sec’. With a spa-
scenario 3, are depicted in gray colour. tial overlay between the layer of the road network
and the layer of the PGA polygons (line-in-poly-

accessible road links

—we inaccessible road links

N
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gon) the links that correspond to polygons of PGA=240cm/sec? (the inaccessible links) were local-
ized.

Scenario 2: The earthquake comes from the west end of the Sohos fault and has a macroseismic
intensity of VI at the MM scale. It is assumed that there will be partial collapse in the UAT areas
where PGA>110 cm/sec”. The accessibility of the road links was determined through the GIS pro-
cedure described above.

Scenario 3: The earthquake comes from the central point of the Asvestochori2 fault and has a ma-
croseismic intensity of VIl at the MM sca-
le. It is assumed that there will be collapse
of masonry and balconies in the UAT ar-
eas where PGA>240cm/sec’. This scena-
rio comprised three different cases.

Case 1: Partial collapse for the UAT ar-
eas with PGA>240cm/sec’. The inaccessi-
ble links were localized through the GIS
procedure described in scenario 1 (Fig. 6).

Case 2: Partial collapse for the UAT ar-
eas with PGA>240cm/sec’® and destruc-
tion of the road axes that are either inter-
sected by the fault or belong to a rupture
.| zone of 300 m around it. The inaccessible
7| parts of the road network were determined
through the PGA polygons as already de-
scribed. In this case some extra inacces-
sible parts are localized. Firstly, with a [i-
ne-on-line procedure between the layers
of the faults and the road network, the ro-
ad links intersected by the Asvestochori2 fault were located. Secondly, a derivative layer of a 300m
buffer zone around the fault was created. The road parts that belong to this zone were determined
through a line-in-polygon overlay between the layer of the road network and the layer of the buffer
polygon.

Case 3: This case is the same with case 2. The only difference is that all the road links that be-
long to the ring road, due to their special construction standards, are considered intact, despite the
fact that they are intersected by the Asvestochori2 fault and belong to the 300m rupture zone (Fig.
7). The procedures for the determination of the inaccessible parts are the ones described for case
2. Additively, the ring road links are excluded from the set of inaccessible parts.

Case 4. This case is also like case 2. The difference is that all the road links that are intersected
by the fault or belong to the part of the 300m buffer zone that lies to the south of the fault (footwall
block) are considered inaccessible, while the parts that belong to the rest of the zone are accessi-
ble. The procedures for the determination of the inaccessible parts are the ones described for case
2. In this case the rupture zone and the corresponding derivative polygon layer is smaller in area.

Figure 7. The extra (to those depicted in Fig. 5) inaccessi-
ble road links due to destruction of the road axes by rup-
ture zone of Asvestochori2 (thick black line) are depicted in
black colour (scenario 3, case 3).

5 NETWORK ANALYSIS ACCORDING TO SCENARIO 3 (CASE 4)

There were a considerable number of results after the application of network analysis on the
conditions configured by each of the scenarios. In this paper, some results of the network analysis
performed under the conditions of scenario 3, case 4, are indicatively presented, since the certain
scenario and case make a particularly interesting combination for the study area.

The speed of all rescue vehicles was assumed to be 70 km/h for all the faces of analysis.

Using the network tools, the allocation of each fire and each ambulance station for a maximum
impedance of 15 min was located and the parts of the UAT served by each station within this time
were determined. The allocation procedure was performed for the road network under normal con-
ditions (Fig.8a) as well as under the conditions of the selected scenario and case (Fig.8b). Accord-
ing to this analysis three of the six fire stations, two of the ten ambulance stations and six of the
eleven hospitals cannot serve the UAT after the earthquake because they are situated in the central
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part of the study area where the most inaccessible road links lie (Stratou 2003), (Fig. 2, Fig. 6,
Fig.7).

(b)
-
ii F, i
4
'Y
N
\\
| o
. h
o fire station @ fire station
Asvestochori2 fault
i 2% allocation area 1 ; ;
Wi \ accessible road links
L j accessible road links inaccessible road links
. allocation area

Figure 8: (a) Allocation of the 3 fire station under normal conditions. (b) Allocation of the 3" fire station after
the strong earthquake from the Asvestochori2 fault (scenario 3, case 4).

A great number of routes between an ambulance station and a hospital through a randomly se-
lected node, which was assumed as the position of an incident, were analyzed and shortest paths
were tracked (Stratou 2003), (Fig 9a, Fig. 9b). Due to the fact that most of the hospitals are gath-
ered in the inaccessible area of the UAT, the GIS software was unable to track a path for several of
the station-hospital combinations.

Papanikoloau Hospital
Papanikoloau Hospital Panikeloay Hospha

Asvestochori2

Asvestochori2

Figure 9. (a) A least cost path (in thick black line) tracked between an ambulance station in the centre of the
UAT and Papanikolaou hospital, under normal conditions. The tracked shortest path is 11 km and the travel time
is 9 min. (b) A least cost path (in thick black line) tracked between the same ambulance and Papanikolaou hos-
pital after the strong earthquake of scenario 3, case 4. The gray area of the UAT comprises the inaccessible
parts of the road network. The tracked shortest path is 24 km and the travel time is 21 min.

1526



6 CONCLUSIONS

The consequences of strong earthquakes on the urban areas of organized societies are severe.
Their intensity through time and space depends on many factors that are directly connected with
the appearance of this phenomenon (the distance of the epicentre, the magnitude of the earth-
quake, parameters of propagation of the released energy, raypaths of the propagation, geological
infrastructure and soil foundation etc.) as well as the degree of the organization of the societies, the
level of crisis management, the level of technology and its development rate in the recent past. Ac-
cording to the above, the timely and proper encounter of these consequences is a branchful sub-
ject. The knowing of geosciences and especially of Seismology consists a significant infrastructure
for the development of other response technologies also, as far as the prevention and the man-
agement of the critical situation are concerned.

The use of the GIS tool by state agencies for all natural disasters and earthquakes in particular,
has been proved to be necessary worldwide (Coppock 1995, Gittings &Towers 1995, Birkin et al.
1996, de Polo et al. 1997, ESRI 2000, Johnson & Nelson 2000, Johnson 2001, Ozge 2002, Basoz
et al. 2003, USGS 2003). Nevertheless, the success of any enterprise depends on the data flow in
real time for most of the problem’s parameters that are connected with the evolution of the pheno-
menon as well as with the condition of the urban area under consideration.

In this paper, which is an initial attempt towards the assessment of the emergency response af-
ter a strong earthquake, three scenarios of earthquakes from three active seismic faults near the
UAT (faults of Stivos, Sohos and Asvestochori) were implemented. For all the scenarios, the PGA
that is an important parameter of a strong earthquake motion was exploited for the detection of the
UAT areas that will probably face serious problems due to partial collapse. In addition to this, by
applying spatial overlay of the digital layers of cartographic information the destructed by the faults
or the rupture zone road links are localized. Thereafter, using the network analysis tools, the emer-
gency response in the various sectors of the UAT was assessed in an approximative point of view.

During this study the necessity for seismological, geotechnical and chartographical data of less
uncertainty was proved to be very important as well as the existence of traffic data or data concern-
ing the buildings’ vulnerability, the availability of using rescue units during the crisis etc. It was also
pinpointed the usefulness of a GIS as a tool of crisis management (when Xenokratis plan is acti-
vated) and as a tool for decision making in cases like finding proper locations for rescue stations or
rearranging the sites of them.
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DETERMINATION OF FAULT PLANE SOLUTIONS USING WAVEFORM
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Vamvakaris, D.A., Papazachos, C.B., Karagianni, E.E., Scordilis, E.M. and
Chatzidimitriou P.M.
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ABSTRACT

In the present work a modified version of the program FPFIT (Reasenberg and Oppenheimer,
1985) is developed, in order to improve the calculation of the fault plane solutions. The method is
applied on selected earthquakes from short period waveform data in the Mygdonia basin (N.
Greece) as recorded by the permanent network of the Seismological Station of Aristotle University
of Thessaloniki during the period 1989-1999.

The proposed modification of the FPFIT program was developed in order to minimize the deri-
vation of multiple solutions, as well as the uncertainties in the location of P and T axis of the deter-
mined fault plane solutions. Compared to the original version of FPFIT the modified approach takes
also into account the radiation pattern of SV and SH waves. For each earthquake horizontal and
vertical components of each station were used and the first arrivals of P and S waves were picked.
Using the maximum peak-to-peak amplitude of P and S waves the ratio Pmax/(SN°max+SE’max) '
was estimated, where SNmax and SEmax are the maximum amplitudes of the two horizontal com-
ponents (N-S, E-W) for the S waves and Pmax is the maximum amplitude of the vertical one for the
P- waves. This ratio for the observed data, as well as the corresponding ratio
Prad/(SH’rad+SVrad)"? of the synthetic data was used as a weight for the determination of the
observed and theoretical P-wave polarities, respectively.

The method was tested using synthetic data. A significant improvement of the results was
found, compared to the original version of FPFIT. In particular, an improved approximation of the
input focal mechanism is found, without multiple solutions and the best-estimated P and T axes ex-
hibit much smaller uncertainties. The addition of noise in the synthetic data didn't significantly
change the results concerning the fault plane solutions. Finally, we have applied the modified pro-
gram on a real data set of earthquakes that occurred in the Mygdonia basin.

1 INTRODUCTION

Focal mechanisms can provide useful information about structure and kinematics of faults and
can else constrain the crustal stress field in which the earthquakes occur. The use of P-wave first-
motion polarities is the most common method for the calculation of the fault plane solutions from
short-period data. The spatial distribution of P-wave first-arrivals and their polarities (compression
or dilatation) are used to determine the two nodal planes. Given an excellent station coverage for
an earthquake in a region for which the earth structure is well determined and with well recorded
impulsive P-wave first arrivals, a reliable estimate for the fault-plane solution can be obtained,
However, the station density is often poor, the velocity structure is known only approximately and
the polarities of the first arrivals are often ambiguous. Generally, the poorer the data, the larger the
number of possible solutions.

S/P amplitude ratios have been also used (e.g. Kisslinger, 1980; Hardebeck and Shearer, 2003)
to determine focal mechanisms. P-wave amplitudes are large near the maximum stress axes (P
and T) of the focal mechanism and smaller near the nodal planes, so a systematic variation of P/S
amplitude ratios is expected. The use of P-wave amplitudes at a station should be performed with
corrections for several factors like geometrical spreading, attenuation, station site effects and event
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magnitude. These factors are essentially cancelled and their influence is minimized by the use of
the P/S amplitude ratios.

In order to test the efficiency of the use of amplitude ratios for the evaluation of fault plane solu-
tions, we have investigated earthquakes that occurred in the Mygdonia basin. These events are re-
corded with relatively good station coverage, without noise and clipped amplitudes in the wave-
forms.

2 METHOD

In order to improve the results, the FPFIT program was used as a reference basis and modified
in several critical points. Thus, the radiation pattern of both transverse SV and SH waves were also
incorporated in the process of determination against the original version that takes into considera-
tion only the radiation pattern of P-waves.

The radiation pattern for P-waves can be described as a product of six suitable factors Pc;
(i=1,2,...,6) with the moment tensor components:

My My My
M - My My My (1)
My My, My

This tensor is described by nine components in space, which correspond to six independent
components, because of symmetry (Ms2=Mzs, My3=M3; and Mz3=M3;). Thus, the radiation on the
seismic focus is calculated for P-waves from the sum

6
Prad =Y (M, *Pc,) @)

i=1
where:
M=M, M=M;;,  M;=M;3, M4=My,, Ms=My;, M=M3;

The Pc; values are a function of the take-off angle, / and its azimuth, ¢. Using the expressions of
Aki and Richards (1980) that describes the moment tensor components as a function of fault strike,
dip and rake, equation (2) becomes:

Prad = cosA-sind -sin’i-sin2(p — &) —cos A - cosd -sin2i - cos(p — &) +
+sinA-sin24d - (cos2 i—sin’i-sin’(p - 5))4— sin A-cos28 -sin 2i -sin(p — &)

where: &= strike
0= dip
A= rake
i= take-off angle
o= take-off azimuth
Using a similar approach, the corresponding factors can be obtained for SV and SH waves, that
can be multiplied by the moment tensor, M, elements using the well-known relations (Aki and Rich-
ards, 1980).
The radiation of seismic energy for SV waves is given by the equation:

SVrad =sin A -c0s20 - cosi-sin(p —&)—cosA-cosd - cos2i-cos(p—&) +
4
+—é—cos/1-sin§~sin 2i-sin2((o—§)—%sinl-cosZé-sin 2i-sin(g — &) "=

and respectively for the SH waves:
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SHrad = cos A -cosd -cosi-sin(¢p —&)+cosd-sind -sini-cos2(g— &) +
5
+sinA-cos24-cosi-cos(p — &) —%sinﬂ-sin 29 -sini-sin2(p - &) ©)

In order to calculate the factors SVci and SHc; that should satisfy the relations for SV and SH
waves, similar to the factors Pc;, equations (4) and (5) are written as:

6
SVrad =Y (M, *SVc:) (6)

i=l

9
SHrad = (M, * SHe.) )

=1

Here, the six values that form the variables P¢, SVc and SHc are trigonometrical factors of the
take-off angle, /, or even the azimuth, ¢ and respectively are:

Pc, =cos’ i SVe, =0 SHe, = —%sin 2i

Pc, =sin2i-cosg SVe, =—sing-cosi SHec, =cos@-cos2i

Pc, =sin’i-cos’ ¢ SVe, = ——;—sin 2¢-sini SHe, = %sin 2i-cos’p (8
Pc, =—sin2i-sing SVe, =—cos@p-cosi SHc, =—cos2i-sing

Pc, =—sin’i-sin2¢ SVe, = —sini-cos2g SHc, =—%sin2i-sin2(p
Pc, =sin’i-sin’ ¢ SVe, =%sin 2¢-sini SHc, =%sin 2i-sin’ @

Equations (8) were verified using synthetic examples for test fault planes, shown in Table (1)
below.

Table 1: Parameters for several synthetic fault planes used for method testing

No | Strike (£°) Dip (5°) Rake (A°) Rupture type
1 90 45 90 Thrust
2 90 45 -45 Oblique-Normal

The azimuthal distributions of the radiation for both P and SV waves for two cases, a thrust fault
(No.1) and an oblique fault (No.2) are shown in figures (1) and (2). In both figures, the radiation pat-
tern using the P-waves illustrates the location of the two planes where the value of the seismic ra-
diation is close to zero (white color). High values of radiation describe the location of the maximum
dilatation T-axis, while low values the location of the maximum compression P-axis. Both high and
low values (maximum absolute values) are illustrated with black color.

In figure 1 we can see that the maximum-minimum P-radiation areas around the P and T axes
show a rather large spread. For this reason, the ratios Prad/SVrad and Prad/(SH*rad+SV?rad)'?
were used using the equations described before. The second ratio was examined because through
its use we can avoid the rotation of the 3D axis-system in the radial-transverse horizontal axis sys-
tem, witch is necessary for the first ratio (P/SV) traditionally used (e.g. Kisslinger et al., 1981).

In order to compare the results for the two cases, the results produced by the use of Prad and
the ratios Prad/SVrad and Prad/(SHrad+SV?rad)'" are plotted in figure (2). In the top part of this
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figure (fig.2, a1 and a2) the radiation of P-waves is plotted. The ratio of radiation of P-waves, to that
of SV-waves (Prad/SVrad) is presented in the central part of figure 2 (b1 and b2), while the ratio
Prad/(SH*rad+SV?rad)"? in the bottom (c1 and c2). Comparing these three plots for the same fault
plane we observe that the location of the P and T axes is much better constrained by the use of the
ratio Prad/(SH*rad+SV?rad)"?, against the exclusive use of radiation of P-waves, where the disper-
sion of the possible stress axes location is relatively large. On the other hand, the ratio Prad/SVrad
does not appear to provide more useful information about the location of the axes, in these cases.

P-waves 00/45/90 P-waves 90/45/-45

SV-waves 90/45/90 SV-waves 90/45/-45
Figure 1: Distribution of the seismic radiation for the planes with parameters a) strike=90°, dip=45° and
rake=90°, and b) strike=90°, dip=45° and rake=-45° by the use of 1) P-waves and 2) SV-waves.

The most common codes for the calculation of focal mechanisms, such as FPFIT (Reasenberg
and Oppenheimer, 1985), find the source model that best fits a given set of observed first motion
polarities. FPFIT uses all the information from waveforms of each station and presents graphically
the distribution of first arrivals of P-waves for each earthquake. Taking into consideration this distri-
bution of the first motions of P-waves, the program adopts suitably the two fault planes. The deter-
mination of the location of these two planes is realized by the separation of the compressional first
motions from the dilatations. For this determination a multiple grid-search is used to find the double
couple fault-plane solution minimizing a sum of first-motion polarity discrepancies:

r-Slr-r

In the minimization two weighted factors are incorporated in the weight factor, wr. One of them
reflects the estimated data variance (e.g. quality of the first-motion estimation) and the other is
based on the theoretical radiation amplitude of P-waves (Aki and Richards, 1980), in order to reflect

w | ©
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the lower quality of first motions near the nodal planes. Values for the observed P-radiation ampli-
tudes, P°, depend just on the first-motion polarities and are 0.5 for compression and -0.5 for dilata-
tion. A similar approach is also used for the theoretical radiation amplitude of P-waves, p™.
90/45/90 90/45/-45

0

7 TR TR M S’ B T NN A B E e . N
Figure 2: Azimuthal distribution of the seismic radiation for the ruptures 1 (left) and 2 (right) of Table (1). The re-
sults shown are produced by the use of a) the radiation pattern of P-waves (Prad), b) the ratio Prad/SVrad and,
¢) the ratio Prad/(SHrad+SV’rad)'” .

For the evaluation of the fault plane solution we have modified FPFIT in order to use ratios of
P/S waves. The ratio Pmax/(SN’max+SE?max)"? of the maximum amplitudes from the recorded
waveforms was incorporated in the calculation of the modified misfit:

ot _ Z ) Pmax* B Prad* Iwk (10)

k '\/SN max + SE max; \/SHradf +SVrad} ‘
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In the proposed approach, the theoretical part is described by the ratio Prad/(SH’rad+SV?rad)"?

of the radiation pattern for P, SH and SV waves. Waveform amplitudes are used in order to calcu-
late the ratio Pmax/(SN*max+SE’max)"? which describes the observed part of equation (10). The
sum of the differences between these values for observed and theoretical values gives the misfit,
F™4 which is used in the modified program. An advantage of the use of the modified misfit, Fmod is
that amplitudes have a wide range of values, not the simple binary up or down (+ or -) value of the
P-wave first motions (used in equation 9) and therefore the location of a given observation on the
focal sphere can be constrained with a better precision. Furthermore, the contribution of P and S
amplitudes permits also to include in the calculation of the focal mechanism the “nodal” or “zero-
amplitude” arrivals.

3 APPLICATION WITH REAL DATA

Data for two earthquakes which occurred in the Mygdonia basin were selected (see Table 2) in
order to evaluate the proposed method.

Table 2: Parameters for the two earthquakes used to test the proposed method.

No | Date Time Lat Lon Dep Mag Strike dip Rake
1 19920409  054247.07 40.660 23.120 1.2 35 225 57 -57
2 19920502 094104.99 40.660 23520 25 4.1 241 52 -101

The original FPFIT program was applied for these earthquakes and the determined fault planes
(Table 2) were considered as real. In the next step, the focal mechanism were recalculated using
the proposed modified version of FPFIT program, in order to test whether the modified approach is
able to give the correct fault plane solution (which is a priori considered as correct). The results are
shown in Figure 3 for the two earthquakes, where the fault planes as well as the position of the P
and T axis are shown.

Comparison of the results for each earthquake using both versions of the program verifies that
the proposed method revision provides the correct fault plane solution, as that was considered a
priori. Moreover, significant decrease in the dispersion of the main stress axis (P and T) is also ob-
served for the modified approach FPFIT. However, for further testing of the proposed approach, we
have chosen to remove a number of stations from the data set (one to four stations) selected either
randomly or systematically (near or far from the nodal planes), as well as to insert an arbitrary noise
level in the observed P/S amplitude ratios, in order to compare the stability of the obtained results
with that of the complete and noiseless data. Several data removal tests were performed, namely:

|. Removal of one station “near” the plane for each earthquake
Il. Removal of one station “far” from the plane for each earthquake

I1l. Removal of two stations “near” the plane for each earthquake

IV. Removal of two stations “far” from the plane for each earthquake

V. Removal of three random stations for each earthquake

VI. Removal of four random stations for each earthquake

Fault plane solutions were calculated for all these cases. Moreover, a pre-selected noise level,
a, was inserted in the data. Noise level of 10% and 50% was tested for the examined six cases, by
introducing randomly distributed errors in the observed P/S ratios.

Figures 4 and 5 present some of the obtained results from all the cases that have been tested.
In the first case (Fig. 4) earthquake No.2 of Table 2 was used, after removing data for the stations
FNA and THE. These stations were selected to be removed because they were located “near” the
fault planes. The original version (Fig. 4a) provides a different solution from the one considered as
real (Fig. 3c), contrary to the modified version (Fig. 4b), where almost no change is observed. The
distribution of the P and T axis is also very well constrained by the proposed method. In the same
figure the solutions of the proposed modified method with 10% (Fig. 4c) and 50% (Fig. 4d) noise
are presented. It's clear that noise does not affect the results significantly, even if the case of 50%
noise level of the P/S ratios.
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In figure 5, data for three stations (FNA, GRG and SOH) were removed for earthquake No.1 of
Table 2. In Figure 5a, we can observe a very different solution from the one considered (Fig. 3a),
using the original FPFIT version. On the other hand, the proposed modified version provides a re-
sult that seems not to be affected by the lack of data but also by the noise (Fig. 5¢c and 5d).

4 CONCLUSIONS

We have confirmed that the use of waveform amplitudes and radiation pattern for both P and S
waves gives P/S amplitude ratios that are generally consistent with the amplitude ratios expected
from mechanisms based on P-wave polarity data. A modified version of FPFIT was developed in
order to incorporate these P/S amplitude ratios. The improved focal mechanisms for events that oc-
curred in the Mygdonia basin demonstrate the advantage of using amplitude and radiation ratios in
focal mechanism inversion. The proposed approach does not require the rotation of the waveforms
in the radial-transverse system, as the peak S-wave amplitude is used in the process.

For the distribution of the main stress axes (P and T), a large dispersion of their possible posi-
tion is presented in the original first-motion version, contrary to the proposed modified one where
the estimated location of the stress axis is typically confined in a limited area. It is clear that the use
of the original FPFIT version when a limited number of observations are available would result in a
very ambiguous assessment of the principal stress axes orientation for Mygdonia (see fig. 4a) and
the corresponding type of faulting (fig. 5a). Moreover, the addition of random noise in the P/S ampli-
tude ratio data has no significant effect when the modified version of the FPFIT program is used.

Finally, removal of available data for 1 to 4 stations from the complete data set for the original
first-motion approach gives significantly different results, compared to those corresponding to the
complete data set. On the other hand, the use of the proposed method always gives a solution
without significant changes, compared to the solution provided for the complete data-set, which
demonstrates the robustness of the modified approach.

It should be noted that the finally determined fault plane solutions (Table 2) are in excellent
agreement with the stress field and the fault planes observed in the Mygdonia basin. Event 1 corre-
sponds to NE-SW trending normal faults in the western Mygdonia —northern Anthemountas basin
area, which are observed in this region in addition to the more typical E-W trending normal faults
(e.g. Tranos et al., 2004). Event 2 corresponds to the typical E-W trending normal faults found
mainly in central Mygdonia, in agreement with previous studies concerning fault plane solutions
from both large (e.g. 1978 M=6.5 mainshock) and small earthquakes (e.g. Papazachos et al., 1979;
Vamvakaris et al., 2003).
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