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1) Zvyxowwviaxd ‘Egya Kaxids Exdias ITAGE xar EPTOZE. EEdotnon ydoaéns and v onbiyevij textovixj.

2) ‘Epevva xat exuerdidevon yewbBeouias. ZvuPolr e yewloyias otov eviomoud xai épevva yewbBeouixdv mediov (pwtoyoagia ITME).

3) Tokwrd podyua IMaotipa (Tavowmov). H Oéon exeléyn vorepa and oworyj extiunomn tns nepatdtyras twv adfeororibwy s Mivéov.
4) Muydvnua ohouérwnns xomis (TBM) yia tyv xataoxevj e orjeayyas Evijvov- Mopvov. H yvdon twv yewoyidv ovvlnxdv enétoeye tnv
owonij iAoy} Twv unyavpudrov didronone xa Ty acpall xar yxaigny oloxijpwon tov égyov (pwroypapia YITEXQAE)

5) Karoliobnon Maiaxdoag. Zvuporij tns I'ewloyias oty xatavonon tov unyaviouoy oAloOnons xar otny ueAéTy xai xaraoxevij twv uérowv
AVTIUETDITLONG.

6) Avyvirwouvyeia ITrodepaidag. Zvupoldsj tne yewdoyias oty foevva xar exuerdiievon (Pwtoyoapio ITME).

7) Ydpoyedtonon. Zvuporij tns yewAoyiag atov eviomioud, peAéry, exuetdrdevon xat dayeipion vroyelwy vepdv (Pwroyoapio ITME)

8) YymAij xalwdiwrij Fépuoa Xaixidag. ZvuBolrj tne yewloyias arny emdoyn xar diaoraocioddynon s OeueAiwong: mdooalot Toifijc orovs
xalvupévovg ogioAifovs tne Bowtixic axtijs.
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H Ogyavwtny Envtpomi exgodlel Oeoués euyaoLoties yia tn mohvtiun ouvdpowi twv xottdv oto dioroho
€070 ™G xlong TV £gyactdv ko ™) ovpfolij tovg oty amdxtnon Mpaxtrdv vYmhot emoTpovivoy emédov.

Kabe epyaoia npibnre and dVo xoutés. Ze eAdyLOTES POVO EQYQOLES OOV OL ATOYELS TV VO XQLTAY
Siépepay ollwmd, Tnminxe n droyn xou teitov xEwn dote N Opyovotxy Emxvtpony, oty ouvvéyewa pe gvbivy
™G, VO ALapoE@@OoEL TNV TEMXRY artdpaon ™ms. Qg £x g daduraciog g ®EloEWS, 0 XOUTAAOYOS TOV XOITHY dEV
dmuoaieveTal.

H Ogpyoavotxi Emitgony 8e @éper evbivn wg mpog To TEQLEYOUEVO KO TS OTTAPELS TTOV EXPEATOVTOL 0TI
EQYOOTES MO OL OTTOLES E(VOL TROCWIKES TV OUYYQUPEWV.

The Organizing Committee expresses special thanks for the valuable contribution of the reviewers for their
assistance in producing high quality scientific proceedings.

Every paper was subjected to the scrutiny of two reviewers. Only in few papers for which the opinions of the
reviewers were radically different, the opinion of a third reviewer was asked so that the Organizing Committee
could take its final decision.

The Organizing Committee is not responsible for the content of the papers, the statements made or for the
opinions expressed in these volumes.
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ITPOAOTOX

To Agktio XXXIV mg EAnviniig Tewhoywiis Etouplag mepihapfdver to TTpaxtnd tov 9™ AeBvotg Zuve-
dplov g Eraupiag, Tng 26™ éwg 28™ Zenmteppoiov 2001. H Ogyavwtixy Emttpomnr tov Zuvedpiov pe diaitepn
wavomoinon tapadidet Tous S tépovg Twv Ipaxtndy pue v €vapsn Tov Zuvedpiov, Yeyovag mov Ba emToEYeL
OTOUG ZUVEDQOUG PLCL TUO CTOTEAE CUATIXT] TTOQAROAOTONON TWV EQYAOLHY TOV.

OL 5 tépot xahimTouv A0 T pdopo Twv T'ewemomuay mepiiapfdvovias vées TANQOQOQILeS ®aL EVEuaTaL
og Bépata Paoirng €pevvag ald roL EQUEUOYHOV, TEoPfdihoviag T6oo TV avdyxn g Bepehmddous yvaong
600 now My aElomoinon g YYoong avnic oty opBohoywrntj avdmtuEn noar oty Rektimon g mordTag g
Conig Tov avBpwmov. H aviandrpion twv yemmomudvev and ty EAdda xaw 1o eEmtepird vipke evivnnoia-
1} no Toug gvyoQuotovpe. Zto Ipaxtind mepuhapfdvovral 248 epyaoies, ex tov omolwv €vag Wiaitepa peyd-
hog aLBuss, oxeddv oL puogg, dnuootevovion omy ayylxt YAwooo divoviag v gvraipia g evouteEng, Ote-
Bvadg, xoriong tov Emotnpovixot Aektiov tg Etawplog pog. ITepiuévovpe 6t GAot oL ouyypogels 8o xouv ot
TOOOWILKTY] CUPUETOYN 0TO ZUVEDQLO ®aw Ghot pag Ba €xovpe v evranpio Cwvtavic apolfaiog emxovoviag,
€MTOLROOOUNTHAV CUINTHOEWV %ot GUOPLENS TV ETOTNUOVIRDV OYECEWV.

Kau oto Zuvédpro autd rtagovotdietar €vag aELGAoYos aotBpuos EQYQTLOV 0T6 TOV EVQUTEQO PGS YEMYQU-
QU6 TEPLBAAAOV OV TEOWOOUV TNV €QEVVA ROL OTLS YELTOVIRES XWEES. TIp0opEpeTaL ouveERWS €vag YOVYog
XWE0g otov ontoto Bo popet va dwoer Eugpaon n EMnvinn) Tewroywi] Etawpila oto exdpevo Zvvédplo tg:
Epgaon omyv l'ewhoyia twv Baknoviov.

Oleg oL £QYaO(eS TTOU dNUOCLEVOVTAL TEQUOY TNV, EXWPEM] Yot GAOVE, BACAVO TNG ETOTHUOVIXNG ®Q{0E-
ws. H duadunooia mov arohovdiBnxe ritav 1 dteBvig ®ablepouévn ot emotuoving neQlodind, pe eEnteQt-
20UG ®OUTEGS, dradixaoia mou €xel xabiepwel pe emrvyia ota Zuvédpia g EAAnvinnc Tewhoywmiic Etawplog,
0Q" OAES TLS OTOLES AVOTTOPEVRTES OOUVOUIES ROL YLOL TOV TTEQLOQLOUG TWV OTOIMV EYLVAY EPETOS OQLOUEVES
WrEES oarhayés droduaotxot yapaxrtoa. ITAN00g avayvwolouévay ETOTUOVOY GAY TV ELOKOTIHTOV GUN-
uetelyav ot dadiracio xpiong twv egyaotdv. Ex péoovg e Opyavmtnic Exitpomic tovg euxaolotd yia to
00B0QG £€0Y0 OV TQOTEPEQY %O Yiat TNV CUUPOM]| Tovg otV Roomdbeo andxrtnong IMooxtirdy vymiov
emédov.

210 9° owtd ZuvEdpro g EMvuniic Tewhoyunric Etanplog, n Opyavonxy Emtpony éxpwve 6 Ba frav
wWialrepa 301 oo yia Shovug pag, aAhd Wiaitepa yia 1oug vEous ouvadélpovs, n mpdtaky ong cuvedples, mpo-
OREXMUEVOV oAV TTov var ayradlouy evputepa to B€pa g ouvedpiog, va magovardlovy wa wpnioy
EMUEDOV EMLOUSTNON, ULCL HQLTLXY TTAQOVOLOON TNG VPLOTAUEVNS YVAONG, TIS VEES ATOWPELS ROl TLG ONUEQLVES
1doeis €pevvag. Euyaptotoipe Beoumg Toug OWANTES Yo TOV XGVo %ot Tov ®6mo ov diéBecav yua Ty vhomoi-
NoM ™S TEOOPOEAS avtic. Evag eldindg T6pog, o €x1og, Oa meQAauPAVEL TIG EQYAOIES TWV TQOOKREXANUEVOV
autdv odntadv. H €éxdoon tov Ba eivan motetovpe dueon agoi 1én n Opyavotnwi Emtpom €xel ota xéowa
TG TOL TEQLOOGTEQM KEIUEVOL.

Onwg €xel vabiepmBel, ot dudpxrera ®aBe Zvvedpiov g EAAnvinrg T'ewhoyinris Etaipiog diveton éugpaon
og B€pa emnodTNTOg 1j LOLATEQOV EVILAREQOVTOG. 210 9° autd ZuvédpLo M épgaon didetar oty cupfoir Twv
Tewemomuadv omv Avartgn. H épgaon avni vhomoleitan pe e1d1nég mopovoldoers, oe avorrtés ouvedoud-
oeig, annd Yrovpyeia, Epgvvnund Ivottovta, Opyaviopoig raw Etaupeleg, dmov Ba mapovoracOel xow Ba vmo-
yoauuaOetl 1 oupBodr g Fewroyiag oy avalimon xar XUETAAEVOT 0QUXTAV TGQWYV, TNV TEOCTATI
EVOAVTL QUOLRWY KOTAOTQOPWY ROL OTNV UEAETY, KOTAOREVY] KL AELTOVQYIL TV EQYWV VITOSOUNS. ZYETIHWS UE
T TEAEVTOLQ, OTN (WO (OGS TOQATNEETAL QUTH TNV TTEQ0O0 EVag 0QYAOUOS, RVOIMS OTNV RATAOREVY] UEYAAWV
ovyrowoviaramv £pywv. H 0won] xatavonon tov YEWAOYIR®Y cuvEnx®v Tov TEQLOXMY Tov dlatpéyovtal ond
T QYA AUTA, TS TOOEAEVOE WS, OVOTAOEWMS XA YEWAOYIRNG LOTORIOGS KGOE OXNUATIONOU, ATOTEAOUV OEpEA®-
oM TEOUTGHEON YLOL TNV OVTLHETATTLON TWV TEXVIRGY OepdTmv oxediaopol rouw xataorevng tovs. Elpaote dioi-
TEQQ EVYVOUOVES TEOS T0 Yrovpyeio Iepipdrirovrog, Xwpota&iog xow Anpooinv Egywnv, mov avayvopiCovrog
™ ovuPohj mg Tewroyiog €0eoe To Zuvédplo vird mv awyida tov. H Opyavotixy Emrpom eAniler dn ba
UTOREDEL VO, dNUOOIEVOEL TO TEQLEYGUEVO TV ELORDV CUTHY TUPOVCLAOEWY O Pt PETOOVVEDQLOMY] E1dni
€xdoom.

Av ot Baawrol tépot Tov Zuvedpiov Taadidovrol eyralpug 0Toug GUVESQOUS %Ol TV ETUTTHIOVLXY ROLVG-
™I, QUTO YIVETOL YAQLS OTNY OLXOVOWLXY] OUUTAQAOTAO0N TOAGY. Otmeovpe Aowdv Pabid vrroypéwon pog va
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guyapLotioovpe Bepud extos oo to Yrovpyeio Iepidihovrog XweotaEiog »ow Anudormwv Egymv, 1o Yrouvp-
yeio IToAtiopov, to. Egevvnuxd Ivoutotrta, A.E.IL xow tovg dhhovug xonyovs, etaupies touv Anpoaiov kot Wduw-
THES ETOUQIES TTOV pe TEOM TEoBNpelo avtomoniBnray oty TEGoKRANON pog.

Ag pov emTQOTEL TELOG VO EXPEAOM TS TQOCWITIRES OV EVYOQLOTIES OGS GAOUS TOUS CUVAOEAPOUS TNG
Ogpyavotxis Emtpomis yio v ouhhoywr mpoondBera tov xarafhibnxre xow v €Eoxn ovvepyaoia, xabug
vo euxaQuotiiom xa tov EmpeAnmi g extinwong x. HMavio IMoavAidn xaw tv gornijtoua tov T'ewAoyixov Tur-
patog Tov Mavemomuiov ABnvdv EModfetr Xottnyooohdpumovg yo v meéfuun xow vetbuvn egyacio mov
TEOCEPEQAY 0TIV TOOETOLUOLOIO TV TOUWYV.

Mavhog I'. Magivog
Modedpog
s Opyavwtixnijs Emitoomis

Abijva, 3 Zemreppoiov 2001

PROLOGUE

The Bulletin XXIV of the Geological Society of Greece contains the papers of the 9" International Con-
gress of the Society. The five volumes of the bulletin cover the whole spectrum of Earth Sciences with new
information and findings from basic research as well as applied issues. The response of geoscientists from Greece
and many other countries has been impressive. A total of 248 papers are included in the Proceedings, half of
which are in English, giving, thus, the possibility for a wider use of the Bulletin worldwide. All papers were
subjected to the scrutiny of reviewers following the international standards, applied by all reputed journals. The
Organizing Committee expresses special thanks for the valuable contribution of the reviewers for their assist-
ance in producing high quality proceedings.

A considerable number of papers deals with the geology of other countries in the Balkans and our next
congress could considerably contribute on this issue by putting its emphasis on this region of Europe.

In the 9 International Congress, key note lectures preceed the thematic sessions with the goal to present a
critical review on a main topic or to present findings of particular interest. A sixth volume will include the papers
from these keynote lectures and will be published soon after the Congress takes place. We are deeply thankful
for the contribution of the key lecturers.

In this Congress, special emphasis is given to the contribution of Geosciences to a nation’s Development.
Special presentations are scheduled on this contribution focusing on the investigation and exploitation of natu-
ral resources, on the protection from natural hazards and on the design and construction of infrastructure works
in Greece.

Warm thanks are finally addressed to all my colleagues of the Organizing Committee for our excellent and
efficient collaboration. To all supporters and sponsors we are truly grateful.

Paul G. Marinos
President
of the Organizing Committee

Athens, 3 September 2001
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IMPOZAIOPIZEMOX TAXYTHTQN AIATMHTIKQN KYMATQN ME TH ME®OAO
TOY MIKPO®OPYBOY XTO EUROSEISTEST"

IL. AIIOETOAIAHE', Z. POYMEAIQTH', A. PAITAKHE', K. IIITIAAKHE'

NEPIAHWH

H anpifiig yvodon Tov Toutitov Tmv SLatpunTingy XURETmY amoTtelel ONUOVILG TOQAYOVTIO YLdl TV EXTIHN-
oM ™G EMLEEONG TOV TOTLRMV ESAPLRWV OUVONHADY. ZTNV TOROUoN EQYATia avaliovtal PeTEOEL; HxpoBopU-
Bov og dudrakn raw Siepevvdron N duvatdTnTo Xenooroinong g ueBGdov tou Xmeurot Zuvreheot Avtoov-
oyérong (XEA)(Aki 1957, 1959, 1965). H uébodog epapusteton mpwtn popd otov EMnvine yweo. H 8€om mov
emAEYBN®E Yoo TNV EQoQUOYT ®ow aELoAGYNom g neBddov eivon o EuroseisTest Grov €xeL yivel EXTETAUEVO
TEAYQOUUA YEOPUOLRKDV daoromioewy. Ot ouyxpIOELS TV ATOTELECUATOV EIVOL LKAVOTTOITLRES oL delyvouy
énm xo1ion Tov wrpoBopvfov pe ) péBodo tov XEA pmopel va amoteréoer pia evehhoxtiny pédodo mpoodio-
QLOHOU TMV TAXVTNTOV TV SLATUNTLRGDV RUUATOV.

ZEIZ KAEIAIA: otafepd Tuy0ieg OUVHQTHOELS, CUVIEAEOTIG CUTOCVOYETIONG, OVUVOQTHOELS bessel, avtiotpop
ETUPAVELARDV KUUATOV.

EIZATQI'H

H tayimra tov dotpuntxdv xupdtwv (Vs) eivor pia xoooxtmototxr idtnta Ty edapindy oxnuationoy
7ov ®0B0QICEL T OELOULRY] TOUG omtGrELoN. Ot ovpfotirég péBodot SLaonomnoNg TOV ONOLUOTOLOYVTAL YL TOV
TEOOLOQLOUS TG TAXUTNTOS TV dLoTunTirdv ®updtmv eivar 1 SutdBhaon, n avdxiaon, or dSooromioELS EVIOG
yewtproewv (C-H, D-H) xow 1 aviiotpogr| entpaveiorav xvpdtov (SWI). H dutdbhaon, n avdxiaon xou 1
AVTLOTEOYY ETLPAVELARMDV HUUATOV dEV Elvan EVRONO VO EPUQUOCTOUV OE TUXVOdOUNUEVO TEQLBAAOV Yo TN
draonomnon oe peydha fadn Adyw g ueyding arorrovpevng didtaEng AMyng twv dedopévav, evad otig nebas-
doug evidg yewte1ioewv 1 dlaoxdmnon o peydha fddn elvan aovpgpoen Adym xéotovg. Mia evollantixi péBo-
d0¢ YL TOV VTOAOYLOUO TNG TAXUTNTOS TV JATUNTLREY RUPGTWYV, KOL XATA ETEXTAON TNV EXTIUNOY TS dopng
Tov Veddgoug, oe peydha adn, xweis va amartovvion Wiaitega peydies diatdEels xan woAvddmaveg Qyaoi-
¢ elvaw  avdivon Tov puxrpoBopifov mov xatayedgetar oe xurhxij dudtokn.

O péBodor ov yenowomotovvror dieBvag yia TV avdlvom xatoyea@wy tou edagirol Bogifou eivar
uéBodos Xwewrot Zuvteheot Avtoovoxétions (XZA, S.P.A.C.) (Aki, 1957, 1959, 1965) xaw n péBodog g
Zuyvomrag-KvpordpBuov (F-K). O dvo avtés peBodoroyies €xovv evpeia xorjon omv Ianwvia (Kanno et al.
2000) zow otov Evpwmaixd xweo v terevtaio dexaetio (Hough et al. 1992, Malagnini et al. 1993, Chouet et al.
1998). Ztov EMANvirG o dev umdyouv oxeTirég dNUoCLEVOELS ®aw 1) TOQOVO0, EQYOOI. ATOTEAEL TV TTEAYTY,
1600 Yo ™V Toovoiaon g pedddov 6oo xat yia o dedopgva Tng avdiuong, To omoin TEOEPYoVTAL atd T
Muydovia Aexdvn.

H péBodog avaivong mov xonopwomotidnxe otig ®otoypages rpodopifouv amy nagovoa egyaoia eival
tov XZA. To #vpidtepo mheovéxmua évavit g pebsédov F-K elvar 6t astarteltar meQuoptopévog aptbpds
otafuav xaroyoaris (Okada et al. 1987). H 8€om mov emhéxOnxe yio v xataypa@r tov puxpobopufov eivon
10 EuroseisTest to omoio amotelel and 1o 1994 dieBveg mohudivopo medio Soxriu@dv roL Tov 0ROV 1) VTOETILPA-
vewa doprj mEoodiopioBnxe xar avaBewEndnxe pe TAMB0S YEWQPUOKDV NEBGOWV ROl YEMTEXVIRGV SORIUDY
(Jongmans et al. 1998, Pitilakis et al. 1999, Raptakis et al. 2000).

Z16)0¢ ™G Tagovoag eQyaciag elivar 1 xE1oN xataypopdv utxgofogipov ot wuxhirt didtaEn yua Tov
00dL0ELoUS TG edapLung doprs € To Boaydes VTEPRaBO, HECK TNE ROTARGQUPNGS XATAVOUTS TG ToUTY-
TOG TOV SLATUNTLROV KUPATWV.

* DETERMINATION OF THE SHEAR WAVE VELOCITIES BY THE METHOD OF MICROTREMOR ON EUROSEISTEST
1. Agwototérero Tavemotiuo Oeaoarovinng, 54 006 Osooahoviny.
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ABSTRACT

The knowledge of the underground structure is a very important parameter for site effects and the estima-
tion of spatial variation of ground motion. In the present study the S-wave model is determined by recordings of
ambient noise at a circular array. The method that is used is Spatial Autocorrelation Coefficient (S.P.A.C.)(Aki,
1957, 1965). Since it is the first time that the specific method is being applied in Greece is provided a detailed
and critical description of the method. The S.P.A.C. method is based on the assumption that microtremor is a
stationary random function. In case microtremor is stationary in time and space, then the spatial autocorrelation
coefficient is calculated, from which phase velocities of surface waves are estimated and S-wave velocities are
inverted. The S.P.A.C. method is applied to S5 position of EuroseisTest where the underground structure is well
determined from other geophysical methods while it is considered as a suitable place for the validation of the
method. The validation indicates that the S-wave velocity structure determined by recordings of ambient noise
at circular arrays is a useful tool for site characterization.

1. GEQPHTIKEXL ENNOIEX THE MEGOAOY

H avdlvon pxpoBopifou oe xuxhix didtakn pe tn néBodo tov XTA. GuvioTaTon OTLS HETOTOELS TOU PLXQO-
Bopufov ato medio Twv ouxvonitov xow oty eneEepyacio twv dedopévav. O petproels oto medio yivovron pe
Sdpyava vymhiig Texvohoylag pe peydio eH00g CUXVOTHTWY TV OTOIWY 0 0ELOPGS deV POQEL va eivon puxpdte-
00g TV 1oLV (3). Ta dpyava Babuovopouiviar xow ToToBeTOvVTONL OF RUXAXRY SLdToEN.

H péBodog tov XZA BooiCetor otn Bepeiddn mapadoyn 6t o mxpobipupog amoteleitan ®vQiwg amd -
PaveLaxrd ®UpPaTo To 0TTola TUEOVOLALovv otafepd pio Tuyoio petofolr oto YWEOo %ol 0To XEGVo. AUTS onuai-
VEL 0TL TO pdopa Loyxvog Tov Ba meémer va elvan aveEGQTNTO TOV XEOVOU ®ow Tov XhEov. Me fdon avtiv v
e0doxN 0 urEoBGEVPOS PTOEEL Vo, TEQLYQOQET s TS EELOWOELS 0taBeQd TUYaimy ouvaptioewv (Yaglom,
1962).

To mAdtog Tov wreoBopifov dev proel va vtoroylotel pe pabnuatirés eEL0DOELS Yo pio dedopévn xo-
vt oTry} xow og pio ovyxrexuuévn B€om, pe amotéheopa va omotelel pia tuyaio ovvdpmon. “Exet mapotn-
onBel 61 yia €va yoovird didomua 45 Aemrv xaw pia amdotaon 1-2 km 1 ovvdmon g TuxvdtTag, 1 To
@aopa LoYU0g, TAQOVOLALEL TaGPOLO HOEET Yot GAY Ty dudoxrera tng ravayeagrs (Okada, 1997). To yeyovdg.
auté onpaiver 6t 1 Ty Tov TAATOUS Tov pxEoBoupou eivar Tuxaio aAld M petaforr] tov eival otabeEn] pe
OUVETELD. VO Elval aveEGQTNTN TS TINYNS XKoL YLoL VTGV TO AGYO 0 xoBG6pvpog uropel va BewoenBel wg pio
otafepd tuyxaio ouvdmon. H pébodog tov XEA. Baociletar o ovniv axolpas Ty didtra xat aElomotel )
XwEW1] pETafoli] TV TEQLGdWV TOV PACKATOS LOYU0G OTOVS OTABUOUS RaToyQUpTiS O ®urhiry] dudtakn.

Zmv avdlvon tov puxpoBopifov axohovBoivral diadoyrd otddia mov amotehotvral ol Tovg £E1g vmo-
Aoyiopovg: a) Tov @Aopatog Loxtog Yo kdBe otabud B) g ouvdeTnong avtoouupetafintétras Yo ®dfe
Cevyog otadpdv xon T péon avtiotoryn ouvaEmon Yo xdbe axtiva g dudtotng v) Tov XZA. »GBe ovyxvomtag
yo #d0e axtiva mg dtdtagng 8) g xapmidng oxédaong g ToiTog pdong twv Rayleigh xvudtwv xou €) g
dopris Tov veddgoug pe ™ dradirnacio TS aVILOTEOPHG.

Mo avolutird, 1 ouvaEmon XwEwiis ovpuetapintomrags (ueTafolij te ouxvomrag o yio xvpordolipo k
netaEU oToBpol RaTOYQAPHS OTO REVIQO TOU ®UXAOV %ow onuelov pe ouvietaypéves 1 xou 6), diveton oms
oxéomn (Henstridge, 1979):

2n
8(0.r0) = [explirkcos(6-¢) | h(w.q)dg )
0

6mov h(w,p) eivon 10 pdopa woyvog otn B€om (r,0). H oxéon 1 yia to #évtgo mg dudtagng érov (r,0) = (0,0)

UETATQETETOL OTN):

2n
8@0.0)= [h(o,9)de = hy(@)do @
0
6mov h (w) 10 Qdopa LoxUog 0To %EVIQO %L VITOAOYILETOU 06 TO AOEOLOKE TWV PAOUGETWY LOXVOS TWV

otobpdv oty TeQUpERELa s didtang o ouvdpton pe to alipovdid tovs. H ouvdpon péong ovtoouppeta-
BANTSTTOS 0TO REVTEO TS ddTaEng €xer T poorj (Aki 1957, Okada 1997):
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2n

= fromaan [ hwgag 3

—es 0

6mov J, eivau 1 ovvdptnon Bessel mpwtov eidoug undevinris tdEng (first kind of zero order) »oi Adyw mg
ox€ong 2 TEOXVITTEL GTL 1) CUVAQTNON UEONS ouppetafAntdTtas oto onueio 1,0 diveran and ™ oxéon:

g(w,r) = hy(w) do J (rk) 4

O XZA mpoxtmrel amd tn pEom ouvaemon ouppetafintémras, g(w,r ), XUVOVIXOTOWIEVNS 0C TTOOS TO

@dopa woyvog, h(w), oo ®EviEo g didTagng.

o(w,r) = g(w,r) /h(w) =J (rk) )
Adym g oxéong k=w/c(w), o XZA progei va expoaotel:

o(o,r) = Jo(cr(‘("o)) (6)

6mov c(w) etva M TaXITNTC PAONS TV OREDATOUEVOV ETUPAVELARDV RUPATWV OTY CUXVETNTO 0.

Ané ™ Bempntiny ovdhvon ovvertdyetar 6t 0 XEA propel vo. tpoodlogrotel omtd pia dudtakn oty omoio
T CELOPOpETEO Eival alipovBiord rotaveunuéva ol Mote xdbe Cevyog otabudv pe omGoTooN I VO TOQEXEL
mv araaitty alipovBiony Thnpopopic. Avtdg eivar 0 AGYog yia Tov omoiov 1 didtakn mov XENowpomoLeiTa
oy xatayoapr pxpobopifov eivan xurhixng xow ou otaBpol xataypagig TOTOBETOUVIOL OTNY TEQLPEQELL TOV
RURAOU RO OTLG XOQUPES EVAGS LOGTAEVQOU TOLYWVOU. Me T x01jom Twv ouvaptioewv Bessel vrohoyiCeton yia
%xd0e ovyvotnra pia taxdmta @dong, pe omotéheoua va Tpoodiopitetar i xapumiin oxrédaong e TodtTag
paoNg TV EMPOVELNXR®OV ®updtwv Rayleigh tov Bepehddn tpdmov mov epmepiéxoviar 0to B6pUo xat xoEo-
wtnolCeL T dowrj Tov veddPoVg 0TO REVTEO TG ®UXAXYS didTaEne.

2. ENAEIKTIKO ITAPAAEII'MA XPHXHX METPHXEQN MIKPO®OPYBOY LE KYKAIKH AIATAEH

H yoron tov prpoBopifov yia tov mpoodioplopd g doprig tov vreddpoug pe ™ néBodo avdivong tov
X3 A npoyporomomBnxre ot B€on S5 mg yvwonig edagpuniis toprig Tov Euroseistest (Raptakis et al, 2000), émov
meoodLopiobnre To £dagund mpocopoimpa pe ™ pEBodo ™ms SWI (oy. 1).

Xonowomomnxrav wévte (5) natayoaguwd opyava Reftek pe oewopdpetpo towdv ovviotwody CMG-40T
oe xuxhr] dudtay. Ou otaBpol xataypagric ouyyeoviomxray ue G.P.S.

To em@ovelord ®ipaTa, TV oToiwY TEOodLoPIoONKE M roumihn oxédaong g Taxitnrag edong, Nrov
»Uporo Rayleigh wov avadiBnxayv xdvovrag xorjon uxpofopufov g ®atoxdeueng ouviotdoog. Ta Levyn tov
otafpdv o yonowpomonjdnxay atv avdivon eivo ta axdhovba: 1-3, 1-2, 2-3, 2-5 zouw 1o 1-4 mov anelyov 26
m petay Tovg, xaw 3-4, 4-5 nou 3-5 pe andotaon 52 m peta&y tovg (0. 1). H xatoypoag eiye didoxeia 30 min,
eV 1 avdhvom Tou uxpoBopifou €ywve oe tapdBupa xodvou didoxrerag 30 sec mepimov.

300 -‘ 3

DIETFIGIG]

A
Vp (mis) 330

[’ NNW
L

r=30m
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150 |- Y ¥, BELOW WATER TABLE - |
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AT It S ¢ R & s 27 I[;;;TAN?;%(K;; B LT & S T I %
Zyxrina 1. Edaqpuxif tourj Euroseistest xat dwdtaln xaraypagris Tov uixpobogvfov
Figure 1. Soil profile of Euroseistest and array of the tremor recordings
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Zynua 2. Zrabegornra Gogufov aro yedvo (dekid) xar aro ywgo (agiorepd)
Figure 2. Stationary of microtremor in time (right) and in space (left)

T v aEomotia g avdivong Tov puxoBoeufou arartovvral ouveyels ELeyyoL TG 0TafeQdTTAS TOV.

O npditog Baowrdg EAeYXOG eivan 1 OTABEQGTNTA TOV PACKOTOS LOYXVOS OTO XWQEO *aw 0TO XEAVo. I'ia tov €heyyo
™G otaBepd-TTag TOU PxEOB0EUROV OTO KEGVO, UTOAOYIOTNXRAV ol OV-YRQIBN®OV Ta PAopoTa LoYXVYOS avd 2.5
min og ®A0e oTtabus YWELOTA ®oL Yiot GAN T didoreLa xatayeamiis, VA yuo T otabepdtna Tov Bogufov oto
X0, eEETGoTHAY RO OV-YREIBNKRAY NETOET TOUS Ta AVTIOTOLO PAOPATO LOYTVOS Yot ®d0e otadpd g dudta-
Eng. Evdewund ovo oxfjua 4 anewxoviCovial to @dopate woxvog tov otafpot 1 avd 2.5 min (oy. 2) ot to
pdopora yio Toug 5 otafpots xou yuo dvo aviiotowya yoovird dwaotipata. Iapameeiton 6t Ta paopata
LoYV0g elval TaQSpOLS ROREYIS Yo GAN T xeovixy dudoxrela Tov uxroBoufov o GAovg Toug OTaBRovSs Yo
peydho evpog auyvotitov. I'a Tov axpL-fE0TEQO TEOOIOQLONS TOV EVEOVS TV CUXVOTHTWY 6T0V 1) oTafBEQSTN-
T Tov BoEUBoV eivan avortomTLH] o UTOQEEL vo. odNY1oEL oe axEPr) amoteléopara, vrroloyiletan 1 ov-
vageLa peTakl Tov otabpudy xotayeagng tov woaméxowy  (ox. 3). Evdewtind oto oyrjua 3 amewxoviCetan 1
OUVAQELD TWV CUXYOTHTOV Yo TOUS 0TaBpovs mov anéyovv petaly toug 26m. To 600G TV CUYVOTHTWY OOV 1)
otofepdtnTa Tov prgobogufou eival tavomomting ®ow ot dvo duatdEelg xupaiveron and 1.5 éwg 4.3 Hz
(0.23-0.6sec).

Cohrence

Frequency

Zxriua 3. H duaxvpavon twv ovyvotijtov yia ta Gevyn twv orabuwv 1-3, 1-2, 2-3, 2-5 ue awooraon 26 m
Figure 3. Coherence of frequency between the stations 1-3, 1-2, 2-3, 2-5 with distance 26 m
Zxrua 4. Zvvdernon avroovoyETions yia xdle Gevyos orabuav (ovvexels yoauuss) xar uéon ovvdernon
avToovoxETions yia xdle axriva (otixtyf yoauur)

Aot mpoodlogLototv oL ouxvettes 6rov o B6pupos puetafdireTon otabepd xar yio Tig dvo diatdEers,
ax0LOVOEL 0 VTTOAOYLOUGS TV TTOQOUETQMYV TTOV TEQLYQAPN KAV OTNV EVOTNTA 2 KOl ATTOTEAOUV TO RURIWG OTAdL0
™G avdlvong Tou uxoBoUfov. AQyixd VITOAOYIOTNXAV OL CUVOQTHOELS QUTOCUOYETLONG YLot ®ABe oxtiva g
dudtagng, xow yio #dbe Levyog otabudv (0. 4). Elvaw pavepd Gu 1 p€om ouvapton autoouoXETLoNG yio. XG0
axtiva g xurhxiic dudtakng amodider ixavomomTxd T PECT KQUTUAN TV CUVEQTHOEWY QUTOCUOYETLONG
%0t Levyoug otabudv yia ovyvémreg 1.5 - 4.3 Hz.

To teMx6 01dd10 g peBGdov eivan 0 vrohoylopds Tov XZA. oe xdBe ovyvaTnTa xow Yo ®aBe axtiva xon o
EOGALOPLONGS TG ®apmiANg oxédaonc. H aomotio g xoptidng oxédaong eEaptdtal amd To ®atd T600 oL
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5.P.A.C.

3 4
Frequency (Hz)

Figure 4. Autocorrelation function for every couple of station (solid line) and mean autocorrelation function for
every radius (dotted line)

OUVTELEOTES TTOV VoAoY oty petafdhhovial wavoromtind ot oxéon pe g ovvoptioels Bessel (first kind
of zero order) (oy. 5). ‘Onwg rEorvwreL oG 1o oxfipa 5, yio teLédoug and 0.24 €wg 0.45 sec xow oL 6o duatd-
Eewg €xovv ammodextd amoteréopota, evd yo tg ovxvimntes ond 0.21 émg 0.24 sec MjgBnxe vadyn uévo n
SLatoEn pe axtiva 15 m. H telxr] xapmikn oxédaong anewmoviCeton oto oxjua 6 xat omotehel 10 TEMRS anoté-
AEONO TOV TTOXVITTEL OUTG TNV X 110N TOU UikeoBoUfov pe T uéBodo tov XZA.

0.21 0.9 0.24 0.8 —
Q 09 0.8 08 025 o, | 0.26
& 08 0.7 06— o
’ 0.6 0.4 0 —
0.7 0.5 0.2 \ ( ‘ l ‘ i ‘ 0.4 l | [ | ( ]
0 0.020.04 0.06 0 0.02 0.04 0.06 0 0.020.04 0.06 0 0.020.04 0.06
1.2 1.2 —
o 08 — 029 0.8 08 0.8 —]
£ 04 0.4 0.38 0.4 0.40 o.g — 0.45
0 S—
% _
e 0 04 04 —
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| ' RN RERRE
0 0.020.04006 0 0.020.04 0.06 0 0.020.040.06 0 0.020.040.06
distance (km) distance (km) distance (km) distance (km)

Zyjna 5. Hagatingovuevor ovvTEAETTES AvTOOVOXETIONS %At 1] ueTafolrf Tovg Tdve oTis ovvagTijoets Bessel
Figure 5. Observed SPAC coefficients and the Besel functions fitted to them

3. AIAAIKAXIJA THEZ ANTIETPO®HE

H diadiraoio g aviiotpogiis faociCetol 0T X0QanTELoTLXT] LOLGTNTO TWV ETLPAVELOHDY KUPATMV VO ORE-
ddatovtat. To mESyQaupUa TOU XENoLtpomofnxe yio Ty aviloteoyr otneitetat ot uéBodo g péow emavain-
monrs Sradwwaociog aviiotpogris (Herrmann, 1985). H puéBodog mpoimoBéter vy ewoaywyr] £vog texvntol o-
poLdpatog X xow pacitetar otn Aon tov mivaxo A Tov OUVOEETAL UE TO OUOIMUN X X0 TNV TOQUTNQOVUEVY
ROpPTTOAT orEdAONG pe T OYEon

b = A(n,m)x (8)

6mou b givar 1 Suapoed HetaEy Twv TAQATNEOUUEVOV RaL TOV BEMENTIRG VITOLOYLOUEVMY TAXVTHTOV QAONS.
H aEromiotio g enihuons emPefaldveron oo Ty ToiTion petagl e BemenTixnig kol TELQARATIRNG ROUTOANG
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RAOOS ROl ATG TNV ROTOVOWT] TWV ETUAVGUEVOYV TTUENVMV TTOV AVTLOTOLXOUV 0t ®dBe otpdan (resolving Kernels)
xaw £xouvv T poe@t} ouvaptnong Aéhta (8) pe ouxwi oto daBog to omoio meoodiopitetar. O mpoodiogrouds ™g
Vs yuo #a0e otpdon eivon BéATLoT, Gtav 1 axwi g & Tov BdBoug avtoy (opttévriog dEovag) aviiotou el oTo
BaBog (ratardQUEog) ato omoio vrrohoyiteton N Taxvmra. H exihvon tg aviiotpogrig Yo tyy B€on S5 diveton
ota oyrjpata 6 xo 7.
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Zyrina 6. Tavrion mewgauatiajs xar Ocwonrixns xaumviins oxédaons
Figure 6. Fitting of theoretical and observed dispersive curve.

figure 1
SHEAR VELOCITY MODDEL AND RESOLUTIDON KERNELS
SHEAR YELOCITY ( M/SEC) RESOLYING KERMELS
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Zxtina 7. Ouoivua tayvtitov Vs xow emAvouevor mogrjves
Figure 7. Shear wave velocities model and resolving kernels

Az6 ) draduxaoto g aviotpo@ic TeorinTel Gt ) avdivon eivan wavomomtiky uéxol 150 m fdabovg,
QTOTELECHO. TTOV XQIVETOL LOLOUTEQD HAVOTTOMTING CUYRQLVOPEVO pe To BAON diondémmong mov grdvouy ot
oupuBotirés yewpuowkés pédodou.

4. LYZHTHXIH - LYMIIEPAZMATA

To amotéheopo g TAEOVOAS £QYQOINS OUYXQIBNKE PE TA OTOTEAEOUATO TQONYOUREVOV PENETDV OO
mRoéxvPay s T peBGdovg Yempuorrts diaoxdmmong (SWI, Down-Hole) ov €ywvav ot 0€om s5 (Pitilakis et
al. 1995, Raptakis et al. 2000) (oy. 8). H ovyxpion twv aroteleopdtwv g pe86dov SWI xou tov prpobopipov
glvar avomouTky Yo GAovg Tovg edagrovs 0pitovreg, amd v eAevbepn empdvela éwg 0 Poaywdeg
Vt6Pafoo xow N anéxriion Twv Taxvnitov Vs dev vepfoiver to 15% pe eEaipeon to Bdbog 50-60 m. Ze G
aoQd T ovyxowomn ue T uéBodo D-H, mporvmrer dtu n amdxhon eivon amd 10 €wg waw 25% xau xpiveton
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Zyriua 8: Zvyxgion Twv axoteAsoudrov ¢ uedidov Tov uixgoboevfov (wayid yoauurj) ue tn udodo SWI
(amArj yoapuurj) xat D-H (otwerij yoaupsry)
Figure 8: Comparison of the results of microtremor method (thick line) with the SWI method (simple line) and
D-H method (dotted line)

LROVOTTONTLXNY] XOBADS M HEOM TLUY TV TOXVTHTWYV Ota TedTa 45 m elvar g iduag TaEng. To yevird ovumépaoua
A T OUYXOLOY TV ONOTEAEOUATOV eivan 6TL M avdivon uxeoBouifov xataypapdv o xuxhxi dudtakn
TOQEYEL LROVOTONTLRA ATTOTEAEOUATA OF Peydha BAOn ko uopel va amoteléoet o evahhontivy néBodo yio
TOV TROOALOPLOUS TOU ESAPIROT TEOCOUOLBUATOG.

Tevixd m néBodog mapovotdlel oplopéva mheovertiuata xol petovextijpota. Toa mheovextiparo g pedo-
dov eivan ot o) Emitrpéner v aEidmiom dwaordmmon oe peydha adn, B) n Ajyn tov dedopévmv dev amontel
Wiaitepa emimoveg vow xpovoPopeg dadiraoiec oto medio xou Y) M duvaTdTTa EQUOPOYNS TNG OF TEQLOQLONE-
voug xweovg (ITurvodounuéva Moreodourd Zvyrpomuata). Ta pelovertipota e neBédov tov wrpoBopi-
Bov eivan o) n dradiracia g aviotEogrs Yo v eEaywyn Tov TeAroy amoteléopatog Tov eival Wiaitepa
xoovoBspa xat B) n aduvapio epappoyris s uebGdov ot TeQLOXES ue EVIoveg TAEVOIRES peTaforEs.

‘Onog elvan puowrd, 1 pEBodog et Wiaitepa neydin onpooia edv urnogel vo epaouootel o toleodopund
ouyxotiuata, 6rov 0 B6QUPOS €xEL DLAPORETIRG TUYVOTIXG TTEQLEXCUEVO %aL 1] 0TaBeQdT T TOV Elval duoro-
AGtepo va datnenBel yio #ATOL0 ETAEKRES YEOVIXG dLAOTNUA %o Pl Lavi] OTGOoTaoN YIo TNV dLooRGTTNON OF
emBupnta Padn.

EYXAPIZTIEZ: Exgodatovion Oeppés evyapiotieg otov Kaf. Kudo K. (Univ.of Tokyo), tov Ka6. Okada
H. (Univ of Hokkaido), »at toug vrt. Adaxtopeg Kanno T. xat Maxgrj ©. (Univ.of Tokyo) yio mv mpdoxinon
O ROTOTY ETUUCOPOOT) TOV TRWTOV CUYYQOPED Yio. OACTHO 2 unvadv 010 TavemoTipo tov Téxrvo. Eniong
exgoedlovran Wiaitepeg gvyaprotieg oto Egyaotioo Teoguowriis tov AJL.O. yua ) X00qynon twv ameooitn-
TOV 0QYAVV.
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I'EQ®YXIKH EPEYNA ENTOIIIZEMOY GAMMENQN AIIOAIOQMENQN KOPMQN
XTO AIIOAIOQMENO AAXOX ZIT'PIOY THE NHXOY AEXBOY’

I. BAPFEMEZHE’, H. (DIKOEI,ZI. MEPTZANIZAH):.I, E. ZANANIPI:, Z. POYMEAIQTH‘,
N. ZOYPOX , E. KONTHX KAI H. BAAIAKOX

ZYNOWH

TV oQoUon EQYNTIa TAQOVOLATOVTAL Tt TEGOQOUN ATTOTEAECUATA TNG YEWPUOLKT|S EQEVVOS TTOV TTQOLY-
parorowiBnxe oto AnoMBwpévo ddoog oto Ziypr g Aéopov pe atéyo Tov eviomops Bappévav aroMBwug-
vov xoppdv. Epagpsomray uéfodor nhextornic (topoyoapia), payvntiris (0oulldviia xaoroyedenon oAxol
payvntinoy mediov) xau nhextoopayvntirvtis duaoxndmnong (veddguo pavrde). H amotreleopomndmra tov pe-
068wV OV EPAPUSOTNXRAY OE OXEON UE TO CUYRERQLUEVO TEOPANNa dartiotdOnxe 0 YvwoTolg otéyovg Grov
€ywe xon 1) Pabpovéunon Tmv peTErioemv. ZUVEXEL ATOMBWUEVOY ROPUMY damiotdOnxre Téo0 pe v pébodo
™C NAEXTOLXYG TOpOYQOQiag 600 ko pe T poryvitxt] péBodo. “Epevva moaypatomonjlnxe xan ge TeQLoyEs pe
un 0paTovs oTéXoVS ®a mEotddnrav mbavég BEoelg yio peAhoviinr] avaoxroag, €10l dote vo fertiwbotv Ta
ROLUTIHOLOL OLAXQLONG TV OVOUOALDY TTOU TEOXAAOTVY OL ATTOMBWUEVOL ROQUOL OTIG YEMPUOLKES PETONOELG.

ABSTRACT

Remains of fossil plants, which form the famous «Petrified forest of Lesvos», have been found in many
localities on the western part of Lesvos Island. The fossilized forest of Lesvos was developed during Late Oligocene
to Lower - Middle Miocene, due to the intense volcanic activity in the area (Velitzelos and Zouros, 1997). The
products of the volcanic activity had covered the vegetation of the area and the fossilization process took place
due to favorable conditions. The fossilized plants in Lesvos are silicified remnants of a sub-tropical forest that
existed on the northwest part of the island 20-15 million years ago.

In the present study the results of the geophysical survey that has been applied to several locations of the
petrified forest are presented. Electrical tomography, magnetic mapping and Ground Penetrating Radar meth-
ods of geophysical prospecting have been applied.

The surrounding material, which is formed mainly by volcanic ash, contains also volcanic rocks in that size
that it could be detected as petrified trunk. So, the effectiveness of the geophysical methods in such an environ-
ment has been tested in selected areas where petrified trunks were semi-uncovered.

Lied trunks have been successfully detected by the electric tomography in several cases, since the resistivity
of the fossilized material is much higher that the resistivity of the volcanic ash. The horizontal mapping of the
total magnetic field in the same cases of lied trunks has been also successful since it was combined with the
electric tomography and the anomaly were located in the same place and shape.

Detection of petrified trunks looks to be uncertain in cases of standing trunks. That, because anomaly of the
same pattern could be produced by an intrusion of a rock which the magnetic susceptibility is lower than this of
the fossilized material. The same problem has been noticed also to the GPR (Ground Penetrating Radar) data.

Several positions to be excavated have been proposed.

AEEEIZ KAEIAIA: anoMBwpévo ddoog, nhextoirés péBodot, payvnuxés uébodol, pavtdo
KEY WORDS: petrified forest, geoelectrical survey, magnetic survey, radar.

1. EIZATQI'H

Zt0 duvtd dxo tng vijoov A€opov, oto Ziypl, €xel amonalvgBel £va tuipa Tov arolBwugévou ddcoug
nAuiag 20.000.000 etdv (BeMttérog »ow ovvepydteg, 1999). To 1994 18pubnxe to Movoeio Puowig Iotoplog
AmoMBopévou Adoovg AEoBov pe oxomd v HeELET, Epevva, avddelEn, ovvrronon xow gpulatn tov AtolBw-

* GEOPHYSICAL SURVEY TO THE PETRIFIED FOREST OF SIGRI IN LESVOS ISLAND (NORTH AEGEAN)
1. Geophysical Laboratory, 540 06 AUTH, Thessaloniki, GREECE.
2. Natural History Museum of Lesvos’ Petrified Forest, Sigri, Lesvos Island, GR- 811 12, Greece. Email: lesvospf@otenet.gr
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uévov Adoovg tg Aéofov mov el xapaxmoelodel diatnentéo uvnueio g ®vong. Ou xioL avaorapdv foi-
oxovral oty mepLoyy Tov ITdoxov tov AnolBwpuévov ddoovg ot O€on «Mmoakri AAdvio», Gov maQaTnEEiTaL
N peyahvteen ovyrévipwon amolMBwuévaov dévpwv, oto ITdoro AmohBwuévov Adooug Ziypiov rabdg xou
oy mepLoy] Aviiooag. Ol avaorapes Tov €Xouv yivel oy meQLoyt] £XoVV amoxalipel onuaviixd thjbog
amoMBWPEVWV XOQUWDV TTOV TORIAAOVY TG00 Ot OYEON UE To PéyeBog 600 non ot OxEom pe v B€om oty omoia
Botorovron (BeMtléhog nat ouvepydrteg, 1999).

OL HEYOL TMEA AVOOROPES YIVOVTOL UE BAOT TLG ETLPAVELOKRES EUPAVITELS TUNHOTOS TWV ROQUAV 1] ue Bdom
TOL OTOLXELDL TNG XAOTOYQAPNONG OV TEOYUOTOTOLE(TAL 0TS TOVG YEWAGYOUs Tov Movoeiov Puowiig Iotopiag.
TFewguowég néBodor evromopol Bapuévav agyaronijtmy epaguétoviar oty EAMGda ta tehevtaia 20 xodvia.
Me onpavuxd Badps emruyiog epaopdtoviar 0e oNuavTivoys ayatohoyLxous Xweovg 6mwg To Alov,  Bepyi-
va, o Kepapewnds, n Mavuveio xaw mohhot dihor agyarohoywrol xadpou (Tsokas et al, 1994; Tsokas et al, 1995;
Savvaidis et al, 1999). H epoopoyn yewgpuowov peBGdmv eTTOEREL TNV U1 XATACTEOPLXTY] EQEVVOL OE U0l TEQLO-
M, He Miym HETONOEWV OIS TV ETLPAVELD, 1) OTTOLQ. XUTAAYEL OTOV EVIOTLONG TS axEuous BEang Bopupévav
dopdv agyaloroyikot evOla@EQovtog kot xaBodnyel To TEAYRAUUX TwV avaoxagwv. Ty duvardora avti Ty
Oivouv oL JLPORETIRES PUOLKES LOLGTNTES TWV CRYOLOAOYLXWDYV OTOYWV O OXE0M pE Tov eQLRAMoVTA XHQO.
Agdopévou Gt ot aroMBmUEVOL X0QUOT 0TO ZiyQL OVOUEVETOL VOL EPPAVITOVY HATOLES PUOLXES LOLGTNTES dLopoE-
Txég and to VxS meQLBGAAov mov Tous @uhoEevel, n epevvin} opdda tov Epyaomeiov Tewguotkiic tou
Agtototeheiov Mavemompiov @ecoalovirng QYGOTNXE 0TV TEQLOXY EQEVVOG UE OXOTG O) TN MEAETN TwV
YEQPUOLKAY LOLOTIHTOV TWV HOQUAOV %o TOV TEQLBAAOVTOS VMKOU %an B) v mhoTxi| EQaQuoY dtopsomv
yewpuowdv ne@édwv oe emheypévoug otéyovs. O eEomhMopds mov xonoywomonjfnxe enETOeYPe TV EQOQUOYY
NAEXTOURAV, HOYVITLRAOV KO NAEXTQOUOYVITIRADV PEOGOWV.

2. MA'NHTIKH MEGOAOXL

Katd mv epapuoyn mg poyvntinis dLaorsmnong meaypatoronitnray HeETENOELS TOU OAXOU poryvnTirov
nediov oe ®0QUEPES ravvdfov xal yapToyea@tnxay o xapmiAeg (Owv Tpdv tov mediov. Aedopévov 6t 10
OMXO poyvnTird medio vdxerton 08 kOVOVIRES NUERTOLES METABOAEGS OL TLEG SLopBdvovta £€ToL hote omoladii-
7OTE PETAPOM] TTOV TTORATNOEITOL OTOV XGQTY TWV LOOXAUTUAMY VO OPEIAETOL HOVO OE XWELKES HETABOAES TOV
nediov xau G o€ xeovixég. O xoppoi amotelovvian o€ T0000TS 95% 06 TUELTLRA 0QUXTA £V TTEQLBAANOVTOL
a6 EMHAACTLROUG OXNUATLONOUS oV 1ot Bdomn asmoteovvial amd aQythirs VMG evdd TeQLéyovTal xon oudn-
opayvnotovya opuxtd (Brotitn, nepootiABn). Me fdon ta otov eio ovtd avapévetal agvntixn aviifeon poyvii-
TLoNG TWV ROPRWYV. To YEYOVES 0UTO ATOTEAECE KO TOV 0OYIXG TQOPANUATIORGS YLCL TNV ATOTEAECPROTLRGTNTA TNG
uebédov oto ouyrexpLuévo mESPANua, dedouévov Gt ota oTEdpaTe TOV XoAUITTOUVY Ta BEVTPOL TTEQLEYOVTOL
tepdym Aapog oe dudgopa peyédn xow oxfjpare. H Adfa AMéym tg ovotaons ™s avapéveTal vo maQovoldtet
woyvey avopoiio n omoio Ba ex@Edletal wg poyvnurs Simoro. AUCKROMES AVOUEVETAL VO OVTLLETOILOTOVY
oV SLaxQLON PETOED TWV QRVNTIXGY OVOROMMDY TOV ROQUBY KOl TV OVOUOMAOV TV 0YRGMBwV s AdBag.
Twa ™) eounveio TV payvnTixdv SeSOpEVOV %o TNV KOTAOXEVT 0Tt EVOEl0G HOVTEAWY HOYVIITLROY OVOUOALDY
moaypoTomoniBnxay in situ PETONOELS TNG PHOYVNTLRIS ETOERTIRGTNTOS TV AROMOBWOPEVWV KOQUMY HOL TWV
neporAéviwv eTpwudrav. [ooéxuypoy oL ToROXAT® TIES:

IMp@rog 0pILoVTog EMHAATTIRDY VALKDY K = 1100x10° SI
Agiteog 0Qilovtog EmrAaoTROV VMARGYV K = 50x10° SI
BoAideg péoa atov devitepo opitovia K = 1500-6000x10" SI
Bodyog péoa otov mewto ogitovia K = 1000x10° SI
Hoowotewoxi dieioduom K = 1000x10”° SI

Pito asroMBwuévoy #opuot K = 5-35x10° SI
MepBdAmv Bodyog (ot eita) K = 100-300x10° SI

H Suoxormx ieavémro tov 0gydvou mov xonowomoninxe eivar tg taEng v 5710° SI.

HMapddevypa 1.
210 mapddeLypa. EQappoys TS pEBGdoU mov magovordleton mapaxdtem TEoypaTomonifnre deryporompi-

o oe xdvvapo 20720 pe fripa Im. Metd and v eneEepyacia twv petgrioewv (npepriota StépBwom xan agaige-
on TS PEoNS TS ats ®AOE PETENOM) TEOEXVYE O “paryvnuixdg xdems” tov mapaxdtm oyrjuoros. Katd v
dudprela TV PETENOEWV RaTOYRdgNXE PETOROAY TS OAXIlG Eviaomg Tov payvnmroy mediov xatd 14nT.
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Zx. 1 Mayvyrixds ydotns xavvdpov oro wdpxo Movoeiov. Ot EAAENPELS UE TIS YOGUUES aVTIOTOLYOUY OF 00aTOUS
#0QuoUg xas o1 EAAERPEIS pe TETodY@Wva deixvovy mbavés Oéoers amd Bapusvovs amoribwuévovs xopuovs.
Fig. 1. Magnetic mapping of the total magnetic field in the park of the Museum of Sigri. Rounds with lines

correspond to visible trunks and rounds with squares show probable existence of buried fossilized trunks.

TToatENON*av CEXETES TNYES AQVNTIXWY UOYVITLRGY VROV ™ TdENG Twv 100-450nT. H poopn twv
poyVNTLRGV ovopaadv dev eivar duwohxy. Ip€nel va AMgbovv vtéyn Jt (o) 0To GUVOAO TOUG OL XOPROL QTTo-
MOwuévav dévipmv mov epgavitovrar oty ouyrexpupuévn B€on eivar xataxdougotr, xan (B) ot xoppol foioro-
viaw og oxrdppata BdBoug mepimov 50 exatootwv, ondte oL xoppot mepupdilovtan o aépa (M TAvw EmPaveLa
TV x0QuUWV ov Poioxovral o oxdupata eE€xel 30-100 cm and to £€dagog). Amé to oxrfjua 1 mpoxvmtouvy oL
TOQAKAT® TOQATNENOELS:

O poyvnurég avwpohies otV TEQITTWON TWV 0QUTHV EMUPAVELORWY OTOXWY, ERPAVILOVITL 0OV ApVNTIRES
no TEQLRAMOUVY Hurhxd TOV HOPUGS.

Tautéyeova, aQVITRES PoyvITRES avapalies TaQaToolvial kat ot BEaels GTov dev UTTAQXEL ETPAVELD-
%1} EPPAvIoN ®opuoU. OL TORATNENUEVES PAYVNTLRES OVOROAIES Elval OYEDOV HURMHES, YEYOVOS TTOV PIOQE( Vau
OQEILETAL OF HATARGQUPO EMIUNKES CWUN TTOU CUUPOVEL UE TNV TEQITTWON TWV RUTORGOUPWY KROQUWV.

H opoldmra e Hoe@tis ToV HoyvNTxdv avouaidy mov xagateidnxoy oe B€0els (wEls empavelant]
EUQAVLON ®OQUOU, e Tig artodederypéves avopahries mov opeilovrar o aTtoMBwUEVOUS ®OQUOUS, CUVNYOQEL
V€ TG dmoyng 6t mbavag xot ong BEoELs autég vIdo ouV BapupEvol RaTtardQUE LOTAREVOL HOQUOL, KoL
WToEOUV va atoteAécouv TBavES pelhovunég BEoeis exonagns.

Napdderypa 2.
210 TAEXO TOU OMOMBOPEVOU SACOUS CUVAVTATOL ETLPAVELORT] EUPAVLOT) RATOKEUEVOU HOPUOYT, TTOV QUTO-

xoMigOnre Aoym g dudBewang tou eddpoug. O nopuds epgpavitel dudpetoo meginov 1 pétpov eva 1 modAiy-
An pe Tov GEova Tov epgdvion eivar tepinov 1,2 pérga. X 0éon avti mpayporomouiBnxay poyvnuxés ueTo-
OELS %O OTN CUVEYELD TTOAYUOTOTOLONXAVY Kol NAEXTOLAES TOROYQOPIES.
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2.2 Mayvyrixdg ydorng xavvdfov megioxtic mdgxov amoliBwusvov ddoovs. Zro agiotepd ugpos magovoidGerar
T0 OVVOETIXG HOVTEAO IOV XATAOKEVATTNHE UE OTOYXO TN OCVOXETION UE TIG TQAYUATIXES PAYVITIXEG HETOHOELS XAl
T4 AMOTEAETUATA TS NAEXTOLXI]G TopuOYEaAPias mov Tagovoidiovrar oo 0e&i uégog.

Fig. 2. Magnetic mapping in the park of the Petrified Forest. On the left the forward modeling of the anomaly
produced by a buried trunk is presented and on the right the magnetic data and the results of the electrical
tomography.

O peteiioelg Tov oOMxoU payvnuxov nediov €ywvav oe xdvvapo draotdoewv 10x10 pétoa pe fripo devypa-
tohmpiag 1 pérpo. To amotéheopa gaivetar oto Zyijpc 2 6mov xaeToyQa@iitnxay ol dagoeés Tov doebwué-
vou olAxoU mtediov amd ) péom otdbun tov ravvdfov. ZTo (o oxfue. QOIVETOL 1) ETLPAVELORY EUPAVLOT TOV
HOEUOU #on oL BE0ELS TV TopoyRopu@v odevoewv Park02 xau Park03 pati ue tig Béoeig tov avopaidy toug
Smwg meQLYQdgM ROy Tapandve. T v RoAGTeEY EQUNVELR TOV payVNTIXGOV PETOTOE®MV TQOYpaToTton Bnxe
poviehomoinom tov mpofhijpnoros. O ®OQUOS TEOCOUOLAOTNRE PE OPAdQ TOLORATWV %O OL TLUES POYVITLRYG
emdertndmrag mov yonoporoninxav foaciomuav ong in situ petgijoeis. To amotéreopo paiveton oto Zyn-
po 2 6mov gaiveton xow n B€om Tov mEiopaTog. ZuyrQIivovTog T RO} TS avopaliog mov pag divel To mpiopo
UE TOL pOyVITXA ATTOTELEOUOTO, TQOXUITTEL TO CUUTEQOONA GTL 1 VT avewpoAict 0To REVTQO TG ELXGVAS
opeihetan oto Boppévo xopud. H avopevouevn Aowmov ouvEXELD TOU XOQUOU OIS TQOXVTTEL atd TO CUVUO-
OUG TOV NAEHTOLXMV KOL TWV UOYVITIXGDY QVOUOMOV £{vol ouTt Tov Qoivetol Tdvew oto Zynpa 2.

3. HAEKTPIKH TOMOTI'PA®IA

O 6p0g nhextow Topoypagic (HT) meprypdpet Yevird €vav TOTO PETEOEWY TG QALVOREVNS NAEXTOLXRYG
avtiotaong tov vreddpovs. Mropeil va Bemendei wg ouvduaopds do ovpfotikdy Texvikav pétonong: g 6-
devong naw g fubooxdmmong. Ewdidtea, 1 nAextouxt| topoypapio prtopel va epryaget oav pio oglpd ad
OUVEYXOUEVES NAEXTOLRES BUOOOKOTNOELG ROTA PITROG TNG Yoapuis €0euvag 1j oav pia oelpd and 0devoels Tavw
ot v dia wepLoyti pe dradoywd awEavopeves amootdoels nhextpodimyv. Me autdy tov 1p6mo emttuyydveTol
N Mym TAneopoiag TG00 YLt TNV ROTARGEUEPY GO0 %Ot Yo TNV 0QLEOVTIOL HETOPOMY TG WIS MAEXTOLRYG
avrioraong omv meeloyn] peAémg rou €tol happdveton pic mAnegoten “errdva” Tov umeddpoue.

T mv gpunveia Twv petprioemv €xovv mpotabei véeg texvinés epunveiag xou eneEepyaociog. Ou texvinég
ovtég emdudrovy TV eniAuon Tov avtioTEoPoy YEWNAEXTOLXOU TEOPMIpATOS £(TE PE XO1OM TEOOEYYLOTLRHY
uebsdwv, m.y. pébodog Zhody-Barker, (Barker 1992), ué8odog omiobompoporiic (Tsourlos et al. 1993), eite pe
™ XOMON VIAQYGVTIOVY 1) YOOUUIKGY TEXVIRGY ovtiotoo@rs (wt.y. Tripp et al. 1992) mov mpocapuotovial oto
medBinpa g HT (Shima 1990, Tsourlos et al. 1995).
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H péBodog g nhentounis topoypapiog epapudotxe oe BE0ELS OOV VITHEYAY ROTAXEIREVOL KOQUOL OL
OO0l iTay PEQLHMG OTTOXOAVIIEVOL HaLL TO EVOL GHQO TOUS TORENEVE PHECT OTO £DAPOS OF TOAYROTIRESG CLUVOY-
UES TAPNG. ZTIC TEQLMTWOELS QUTES 1) TOPOYQUPIC VAOTTOU BNn%E OTNV VONTY TTROEXTOON TOU ®OQEUOY £TOL DOTE Va.
damiotwOel N mBavy oVVEXELA TOU RO VO HEAETNOOTV TOL XOQAXTNOLOTIRG TS OVOUOMAC.

H topoypapia mov magovotdletal oto oyijpa mov axolovBei tpaypatorouijdnxe oty meoroyy «[Ihdna»
0T YONTY] CUVEYELDL RATUXEIPEVOU 0QUTOU XOEUOU TTov PBoioxretal oyedov omy emgpdvewa. H topoypagio tomo-
BeTiBnxe €10l oTe 0 ROPUSE Vo BloxrETOL OTO REVTRO TS TOpOYRAing. YAomowOnxe n didraln nhextpodiny
Suwhov-dimShou xat 1 améotaom netaEl Twv nAexteodiny pevparog vl Suvauxol rav 0.5 uéreo.

ooy} ou
ouvdEEL 0pATO pE
A1) 0QATO XOQUO

Toapun wov ovvdger
mBavovg pun opaTovg
*0QHOE

T T T = T T T T T T
1 1.5 2 25 3 35 4 45 5 55 6

Ohm-m
0 5 1015 20 25 30 35 40 45 50 75
2x.3 Ewoves avriotgo@ijs Twv Touoyoaqixdy odevocwy plaka0l xar plaka02. Me ovveyij yoauurj ovvdera
0gatdg xoguos (topoygapia plakall) ue mbavyj ovvéyeia Tov xar ue draxexopusvy yoauuf ovvosovrar mibavoi
U1 0garoi oToY0L IOV dtaxgivovral oTis OV0 TaAQAIANAES TOUOYQAPIES.
Fig 3. Geoelectrical models of plaka01 and plaka02 traverses. Continuous line connects visible trunk (at
plaka01) with its probable non-visible continuation. Discontinuous line connects probable non-visible targets.

Zmv ovyxexQuuEvn meplox)] oL amoBEoelg xapantEilovial and oNuavTLY] TEQLEXTRGTNTA O 0QYLMXS
VMG (. 3) YeEYOVOG TOU Strcohoyel Tig XOUNAES OVTLOTAOELS TOU ERQAVICEL, EVE) TO TUEITIOUEVO VAMKUS TOV
amoMBwpévov xopuov eppaviter aviiotdoelg peyahitepes. Ta omoTeEMEOUATA TOV TOUOYQAPLDY ROIVOVTQL L-
daitepa BeTind agov oto oMpelo oV TEOPAETGTAY 1) GUVEXELL TOV ROQUOU EIVOL EPQAVHS 1 TEQLOXY CVTLOTA-
eV peyoritepwv Twv 60Qm. Xty mpoPrenduevn BEom eppaviCeton 1 o avopaiio xar oy tour plaka02
o€ oA rEd Pdboc.

w
‘A
4 3 3 R

Ohm-m [ EEH

0 40 60 a4 200 2% 6 N W S0 @ ™ &

41— p ™ T
7 -10 -9 -8 -7 -6 -5

Zy. 4. I'eonAextoind povréla U0 01aoTdocwy 0OV QAivOVTAL TEQLOYES OV AVTLOTOLYOUY OE AVOUEVOUEVES 1]
mBavés epgavioels amorOOUEvOv xoguGy.
Fig. 4. 2D geoelectrical models where dark anomalies show probable fossilized trunks.
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IMapdAinha, Tagateovvral 060 axdpo avriotolyes avmpahries oe Alyo peyolitepo Bdbog exatépmBbey g
avoporiog ovtic. Ov avopahies avtég eivar ToAd mBavs va aviiotorovv og o dhhovg xoppovs mou dev
£YOVV ETPAVELOKRY EUPAVLOT.

Zto ToondTm oxuaTe. Tapovotdtovial §9o axdpo tapadeiypora drov gaivovial mbavol amolBwugvol
XOQUOI OF YEWNAEXTOLXG HOVIEA TTOV TTROEXMPaY oS avTLoTEOPT] dedopévarv NhexTLxilg TOPOYQUPIOGC.

O topoypagies A xau B aviiotoyotv otig Park02 (B) xaw Park03 (A) (Zxnua 2). Ztnv TOROYQOQLXY] OTTEL-
%x6vion B o notoneipevog ®noppds eivon 0patds 08 amdoToon AymV EXATOOTWY G0 THY CVIIOTOLYY TOUOYQOPLAY
6devom (oyfua 2) zow avTLoTOLYEl OtV podipn TEQLOXY] TTOV QPAIVETOL ETLQPAVELARE KOL OTO PECO TEQLTOV TNG
OTELROVIONG. AVTIOTOLYOL, 0TV TOPOYQAPIXY] TTELXGVLON A N OUVEXELL AVUPEVETOL ETTEONGS OTNY PaiEY) TEQLOXT.
Znpaviro €dd elvan To otoyelo GTL oMY TEQLOYY OUTY] 1) AVWUOALCL TTOU OPEIAETOL OTOV OUYREXQLUEVO ROQUS
eivon apvnuxtj. To yeyovds autd mbavoloyeiton Gt ogethetan 0TV 0UOTOON TOU TEQLBAMLOVTOS OYNUATLOUOY
Og OUVOUAOUG PE TNV OUVOYTH TOU ROQUOU TTOU TBAVEV EIVOL ROTOHEQUOTLOUEVOGS, YEYOVOS OV TOV TROTdIdEL
XOUNASTEON NAEXRTOKT avTioTtaon ad Tov TePLRdALovTa oxnuatiopd. Zto Adyo autd mbavév opeileTon xat To
YEYOVOG TS PEYOMITEONS avArTVENS TS avewpodiag oty topoypagio B (Park02).

AvtiBeta, oTIC TOUOYQAPIKES OmELlROVIOELS ov Botoxovior deEd oto oyrjua 4 xau Eywvav Héoa 0To aroht-
Bwuévo ddoog (amewmdvion I, mavm deEud) nouw o wald hotopeio g evputeENs TEQLOYNS (amelrdvion A, xdtw
d¢eELd) oL avopevopevol xoppoi epgaviCovv aviotdoels katd mohl peyaiitepes and autég Tov TeQLBAAAOVTOg
OYMUATLOROY.

4. YIIEAA®IO PANTAP (GROUND PENETRATING RADAR - G.P.R.)

H pé6odog tov yempavtdp otiteton oty exmopmi padtonvupdroy, pe ovxvétra ouviibwg 1 wg 1000 MHz,
TOOARELUEVO VL YAOTOYQOPNBOTVY SOUES 1O XOQAXRTNOLOTLXE TOV VESGPOVS TOV TTQOEQYOVTAL 0TS ETULPAVELOL-
€S YEWAOYIRES avoraToTdEels 1 now avBpwdmives enepfAoeLs.

Zmv neQImTWON ToV atoMBOWPEVOU dEOOUS AVOUEVOVTOL OVORAATELS TWV NAEXTQORCYVNTIXWV TOANWY OTLG
EMAV0) ETUPAVELES TOV ROQUWY O omotodnote BEom xau va Beiorovion cwtol. Zta oyjpata wov axolovbotv
TAQOVOLATOVTOL OQOXTNQLOTIXES EXOVES OTtG To. dedopéva mov CUAAEXBN®AY TNV TEQLOXY TOV TTEQEXROV TOV
Movoeiov oto ZiypL xow omv megroxy 1ITAdxal.

1. 8. 1z. 16. 2e. 2%.

0.9

-.f-q-ugq ( a2

I qq.mx.@r ?}g.m..

MXmm FECDI-4 <DPESE-

60 +

Z mXmm CMCDTM <DESEA

«
w3

4.8

2x.5. Toués yewgavrdg oro mdgro Movagiov (agioregd) xar ITAdxag (0ekid)
Fig. 5. GPR measurements at the park of Sigri Museum.

210 oYpaTo autd ToaTnEoUvTon VePPOAES OV OXNUATICOVTOL OtG EMPAVELES AVAXAOONG TTOU CUOYETI-
Covtou pe UmoEn xopuav. Xapoaxntneilovial and ®abod tomxég epgpavioels ot pio 1) dvo ouveyoueveg mo-
dAnec 0devoELS RO OE TOMS HLrEG BABOC YEYOVAGS oL eival eVOETIXG GTL TBAVE TTEGAELTAL VL0 ROTAROQV-
@O ROPWUS OV GIWG EIVAL AVAREVOREVO, N ®UQLOL EMPAVELD avdrhaong eivar 1 Tave dratoput] Tou ®OQpov.
Katoxeipevol xoppol dlamotdvovron amd v YOoUpK] CUVEXELD TTOV EPpOVItouvy oL vteQPorés ot ouveyels
TOQAAMNAES 0OEVOELS.

5. ZYMIIEPALMATA

ARG v eneEepyaoio twv deSONEVOV OUVAYOVTaL TO TAQAXATW:
1.Hiextouerf Touoygagia. Aertovigynoe pe wol) travomottind amoteAEopato ool ae Gha Ta onpeio ov
HTOV OVOUEVOUEVT T} TOQOVO(0. KOQUOU TOV OVEDELEE Ko HE KON TTQOTEYYLOT OTLS QALY LOTLXES TOU JLOOTATELS.

- 1290 -



TTpoteivetor 08 GhES TIG TEQUTTMIOELS TTOV OL XOQUOL VOUEVETOL VO E{VOLL XOTOUELPEVOL. Z€ TEQ{TTOON LOTAE-
vou »oppov Ba meénel va el onpavtiry dudpetpo €tat wate va lgavell xabood oty topoygogia.

2. Mayvnrixés perorjoeis. Téoo pe fdon ta OemonTuxnd LOVIELX TOU RATACKEVAOTNHAV GO0 LE TLS TQAYUOTL- -
®€g peTENoeLs damotddnxe GtL oL aroMBwuEvol ®0ERoi TEOXRAAOTY avOpaAlES 0TO PoyvNTLRG TTEdio TTov Toug
®dver aviyveiouovg amé mv uéBodo. Ta amoteAEonoTa TV EQYMV EXORUPNG OF TUAOTIXG TQOTELVOPEVOL OY)-
peion VOUEVETOL VoL BDCOUV TANQOPOQIES OYETIHES PE TNV AVTLOTOLY(0L PETAED TOQOTNONUEVAY AVIDUOADY KoLl
uey€0ovg-0€ams Tov xopuot. "Eva dAho avapevouevo and Tig mAOTIRES EXORaES Ba elvan emiong xat n omd-
%OLON TWV OYr®V AMAPag TTov meELEyovan ota emrhaoting Winata.

3.MéB0d0g veddprov gavrdg. Te OVAREVOUEVOUS OTGYOUS OV dorudoTyre 1 HEB0JOS povtde drommot®in-
%E OTL Ol EMUPAVELES TOV ROQUWV ATTOTEAOUV EVSLAXQLTES ETUPAVELES AVARAAONG, (e amOTELEOUA 1| EBOdOG VoL
OIVETOU ROV OTOV EVTOTLOUS Bopupévwy amtoMBwUEVWY XOQUMOV. ATIG TNV REAETN TOU CUVOAOU TWYV LETONOEWV
OV EYLVOY OTNV TEQLOYT] ETTIONG, %O TTOV Yo AGyovg owovopiag xweov dev mapovaidlovion oy gpyaoia,
dLamoTwbn®e OTL OE OQLOUEVES TEQLTTWOELS OVWUAALES OTLS ELXOVES QAVTAQ TOUTIOTNXAY E(TE UE UAYVNTIRES
AVOUAATES £(TE PE TEQLOYES VYNADV OVTLOTAOEWV OTLG NAEXTOLRES TOROYQAPLES.

EYXAPIETIEEZ

Evyapiotoipe toug xoutég TaEudoyn Iamaddmovio xaw Iodvvy Aovn yuo v TQOoERTIXT avEyV!OT ROL TS
OUCLOOTIXES TTOQUTNOYOELS TTOU EXAVALY OTO QYIS HEIPEVO.

H epyaoia avni amotelel dnuoaievon tou Egyaomeiov Teoguowts touv Aglototeieiov Tavemaomuiov
Oeooahovixng ue abud 549/2001.
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ANAAYTIKH EIIIAYXH TOY IPOBAHMATOX TOY ITPOXAIOPIZMOY TQN
HAEKTPOMAI'NHTIKQN ITAPAMETPQN I'TA AOMH AYO ETPQMATON -
E®PAPMOTI'EX XTH IIEPIBAAAONTIKH I'EQAOTITIA"

L. K. MEPTZANIAHE', . N. TEOKAZL', L. N. TAXAAOL'

ZYNOWH

Mia véa texviry mapovotdLeTan yio Tov ooadLoQLops TOV TAXOUS XL TWV NAEXTQOUAYVITIXMY TAQAUETQWY
doudv dvo opllévriwv orpwpdrov. H nébodog omoeitetar otn peAETn g ouyvoTirYg améxLong tng dowic,
Stav aQuUOVIRG, ETITESO MAEXTQOUAYVNTIRG KUPO TEOOTITTTEL RABETO OTN ALOYWELOTLXY ETLPAVELD TOV TTAVM
OTQMUATOS KO TOV A€QA. ATIG TH RETENON TGS AVTIOTAONG ELTGO0V OE S0 CUYVETNTES OTLS OTTOLES TOOTHEOTVTAL
800 duadoyrd oreGTaTa TS TWS TOU TTRAYMATIXOU TNg HEQOVS, MooV va TRoadtogLatoty arevBeiag Gheg
Ol TORAPETEOL ®aL Va YiVEL TAENG TawTomoinom Twv otpwudtmv. EEetdleton n axpifeia g nedddov »at ot
duvordnreg epaoproyis me.

ABSTRACT

It is well known that reflectometry offers a simple tool for determining dielectric properties of materials. For
homogeneous materials the procedure is simple and only a single measurement of the reflection coefficient is
enough. If the material is inhomogeneous or stratified, indirect procedures for calculating the dielectric proper-
ties are required. A direct method for determining the characteristics of a lossy two-layered medium is pre-
sented. The technique is based on the study of the frequency response of the complex reflection coefficient of a
plane wave incident at the interface between the stratified media and the air (Mertzanides et al., 2000, Mertzanides
et al.,, 2001). The input impedance Zin, at the interface between air and the dielectric surface, can be found from
R by (Wait, 1985):

1+ R
Z =
v =Moo (1)
By making use of appropriate algebra manipulation we are led to the following expressions:
5, B, _
tan b= - i=1,2 @
2
slz(ny") cos 6,cos2§2' 3)
1o Tc JJeos &,
b2, - @) o S0 “)
2
(828, )_4A
an 5 =r ®)
e = & cos 0,
P r?+A* cosé, (6)

where € and tand, are the dielectric constant and tangential losses of i layer, 1, is the depth of the upper

* A DIRECT SOLUTION FOR DIELECTRIC AND GEOMETRIC PARAMETERS OF LOSSY TWO-LAYERED MEDIA - APPLICA-
TIONS IN ENVIRONMENTAL GEOLOGY
1. EPT. TEQ®YZIKHZ AIL.G., 540 06 GEZZAAONIKH
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layer, w, is the angular frequency and c, is the speed of light in vacuum.

Our method offers the possibility of direct calculation of the two layer parameters from two single measure-
ments of the reflection coefficient, avoiding the use of any iterative procedure.
In summary, the inversion procedure will make the following steps:
Measurements of the reflection coefficient R versus frequency.
Calculation of the Zin=A+jB from Eq. (1).
Derivation of two extreme values of Real(Zin) in two sequential angular frequencies w1 and w2.
Calculation of tand, from Eq. (2).
Calculation of &, from Eq. (3) and | from Eq. (4).
Calculation of ¢, and tand, from Eqgs. (5) and (6).
The range of applications includes problems in engineering and environmental geology. More specific, the
method offers a useful analytical tool for interpreting remote sensing data, concerning identification of pollu-
tion in oceans caused by plankton or petroleum, inspection the use of fertilizers in cultivation areas, determina-
tion of soil moisture etc. Furthermore, it can be applied in cases like shallow stratigraphy and water table map-
ping, detection of organic and inorganic contaminants in underground water, checking the distortion of walls,
the asphalt of roads and in archaeological prospection.

AEEEIZ KAEIAIA: Eninedo HM xipa, pryadixds ovvieheotic avdxhaons, aviiotoon eio6dov, avalvuxi
u€Bodog, Tnhemoxdmnon, megBarloviikt} yewloyio
KEY WORDS: Reflectometry, complex reflection coefficient, input impedance, remote sensing, environmental
geology

1. EIZAI'QIr'H

H péronon tov ouvierheoti| avaxriaong, wg péBodog yio Tov TEOOIOQLOPS TOV NAERTQORAYVITLRMV
TOQOUETOWY VARGV 1] YEOAOYIXWDY OYNUATIOUWDY, €XEL XoNOoLpuomomBel 0To ToeABSY amd apreTOUS EQEVVNTES.
2 TEQITTWON TTOV TO PECO TAQOVOLATEL AVOPOLOYEVELD 1] EIVOLL TTRMUATWUEVO, OTTOLTELTOL 1) X01OM 0LOPNTLRAY
neBSdMV avTLoTEOPYiS Yo TOV VITOAOYLONG TV dinhextoixdv mapapétowv (Risha and Vidberg, 1983, Habashy
et al, 1986, Habahy and Mittra, 1987). AvaAivtixij enihvon 1ov TEoPMHOTOg VIAQYEL HOVO 0TV TEQLTTMON
Smov ta otpdpato eivon télero dihextowrd (Linlor and Jiracek, 1975) 1j 6rav mapovotdCovy nhexTorES ATMAELES,
oA 1 Tt Toug B dragépel 0To TAvVM xow xdTw otpwpo (Parchomchuk et al., 1989). Me ™ peBodoroyia mov
Ba mapovalaotel, xabiotatar duvards o amevBeing TEOTILOPLOUGS TOU TAYOUS KOL TWV NAEXTOOROYVITLRMDV
TaQOUETOWY piog dourg o oTEmpdT®Y, GtV OL EQATTOUEVIXES OdAELES elvar drogpopetirés (Mertzanides et
al., 2000, Mertzanides et al., 2001).

TNty enthvon tov mpofhjnatog, xeerdleton va uetondei n avriotaon e.o6dov, otn duomELoTLky EXLpAvELD
TOU TAVK CTEAUATOS RO TOV AEQQ, OE €Vl EVROS CUYVOTHTWY, 61tov Toovotdtovian dvo dadoyind axpdrota
Tov mEaypatxol g péeovg. H.avdivon mov 8o axolovbrioel otnpitetar oty avaroyio tg diddoong eninedwv
NAEXTEOROYVNTIXAV XUpdT®V OTo X0, ue T dddoon TEM (eyrdpoiwv) RURATmV O YOOMUES UETAPOQAS
(Chipman, 1968). Me 1t x01on Tov 100dUVapoV RUXADUATOS VTOAOYILETOL O CUVTEAEOTHS OvaxAaONG.
IMpoimG0e0m amoTeLEr 1) OUOLOYEVELD TWV EMUEQOVS OTOWUATWV KO 1) SLOTHENON TWV NAEXTQOUCYVNTLRWDV
wWonjtwv otofepav 0To PETQOUUEVO EVOOS CUXVOTHTMV.

2. TYIIOIIOIHEZH TOY TIPOBAHMATOX

Zvo oyripa (1) patveran m yewpetpio Tou meofMhijnarog. Zroodpa Smhextoumrs oTabeQds €, EQURTOREVIRGY
amwAeldv tand, xow mayovg 1, véprertar oTpwpaTog dinhextours otabeQds €, EQOITTOUEVIXDY OTWAELDV tand,
#auw omeigov mdovs. T6oo 1o Tavew 600 1o TO #ATw oTEMUA eivar un poyvnuxd (p=p ). H mepioxr mdve ard
oL 300 OTEMUATO. EivoL 0 NUIXHREOS oL amoTele ital omd aga (g,=1, tand =0, p=p ). Ztn doxwerominr empaveLa.
eddgovg - aépa, Bewpovue 6Tl mEooTinTeL RAOETA, AOUOVIKO, ETTESO NAEXTQOPAYVNTIHG HUPQ, KUHMKIG
ouyvoTNTaS .
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(g0=1, tand,=0, Ho) Eninedo HM kUpa

Ziphpo 1
(g1, tandi, Mo)

Tipdpa 2
(g2, tandz, Wo)

Zynjua 1. Kdfern mooonrwon eximedov HM xvuatog ewdve og dourj 6U0 0giiovriav otooudrov.
Fig. 1. Two - layered medium, normally irradiated by a time - harmonic plane wave.

O ovvreleonig avdaxhaong opileton wg eErjc (Wait, 1985):
Z, —n,

— in

Z,, *ng

(1)
H avtiotaon e106dov oty ®0puE1j TOU AV OTEWRATOS, divetar omd ) oxéon (Wait, 1985):
Z, + Z, tanh (y,1)
Zm = ZI (2)
Z, + Z,tanh (y,0)

omou:

. W :
Y= c VE /1 — jtan 8, : Zrabepd duadoong oto mave CTodpa

I: TIgyog Tov TGV OTEWUATOS O m
: Kuzhixn ovyvomra

fy
LES € ‘. Xopaxrtnoiotxn aviiotaon Tov xevou
0
1
¢ = \/;L—E : Tayvmrta duddoons twv HM xupdtwv oto vevo
0 0

O xapaxmootnég aviotdoels Z, (i=1,2) tov 6o orgmudtov ko otaded diddoong oo mewto oredua
v1, umopovv va ypapotv 1ot wg:

5 5
cos §, i ;
Z.:n e

. ! ©

Tq = (g . . e—j%‘
5= cos 0, “)

Me ) yorion twv oxéoewv (3) ko (4), TEORVRTEL GTL 1 AVIIOTAON ELOGAOV OTNY EMLPAEVELQ TOV TAVM
OTOWPOTOS UOQEL VOL YQAPEL RO WC:

5
Z, =27 wanh (y,1+ B,,)

dmov o mapdyoviag B, divetan and  oxgon:

®)

ZO j 51‘51
tanh B,, = —3-e [%5*) (6)
1
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H peBododroyia faoiCetar otig oxéoeis (4) - (6).
Ioyvel 6t (Abramowitz and Stegun, 1970):

Im [tanh (y,0 + B,,)]=0

dtav giva,

M

Im(y,l+ﬂ2_l)=%[—ﬁlm (711): K;z —Im(ﬂZ.l) )

‘Onmg omodewrvietan, 1 (7) emainBevetol GTaw TO TEOYRATIKG HEQOS TG avTioTAoNS EL0000U Z.

o TTOLQOVCLALEL
d
AXQOTOTES TWES ( P [Re z,)]=0 ]
Av ggappdoovue v (8) oe o dradoyirég ovyvimes wl xow w2, xatohryovpe OTL:
1\/?=2( c )\/COS;,
@, - 0O, cos —L (9)
2
Ze autég ug ouxvotnteg (w1, 02), petrpdpue ™y avriotoon ewwédov Z,
L
Z, (m|)= A+ jB, = Zloe ? tanh [ﬁZ,l +7 ((91)] (100)
%
Zm(w2)= A2+jBZZZ|0€ 2 tanh [ﬂ2.1+},1(w2)], (10B)
®rou eneWdn 0 apdyovtag tanh 18 i+ 7, (@, Y1 €)EL LOVO TEAYRUTIXO UEQOS, TQORVITTEL OTL:
tan oL = B .
Aan 5 A, i=1,2 (11)

Emmhéov, ong ouyvomreg avtég o mapdyoviag tanh (,B g F Pyk ), diveron:

tanh (ﬁ2,| + 71(601')): L’ i=1,2 . (12)

Zcos L
2

Me mv epaguoy ™mg (12) yia Tig ouxvemTes w, o w,, 0dnyovpoote ot pio devtepopdbuia eElowom and

é

™V omoio vtohoyitetaw n woodmta ¥ = Z D cos 2' , Vv omoia av avioatootioovpe oty (3), Polorovpe ™
dmhentouni otabeQd € ;

2
€ = Mo 1 cos 8, cos’ %,
Y 2"

(13)

eved antd TG (9) xaw (13) vworoyiteton o mdyog 1 Tov TAVW CTEWUATOG.
An6 mv exthvon me (10a), wg mpog tanh (ﬁ2_1 ), €XOUpE OTL:

tanh (B,,)=T + jA (14)
Ot NAEXTQOROLYVITIXES TTOQGUETQOL TOU SEVTEQOU KO KATWTEQOV OTRWROTOS TTEORVITTOUV ol Ty eElcman

v oxfoewv (6) nan (14):
6,-06,)_A
tan | — > ITT (15)
e - &1 cos §,
T2+ A% cosé, (16}
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3. APIOMHTIKA AIIOTEAEEMATA - ZPAAMATA

Tia T donwpn Tne axpiPerag e nedddou, mpooopoudOnre 1 aviiotaoy eloédov piog dourg dvo orpmpdronv
pe 1=0.5m, g, =4, £,=8, tand,=0.02 »xau tand,=0.08 xar emxe1ONKE O TEOTILOQLOUSS TWV TAQAUETOWY UE TN
peBodoroyia wov mpoavagépnxre. Zro oxnua (2), gaivetar 1 petafol TOU TEAYRATIXOU ROl QAVIOOTIXOU
pépovg g avtiotaong eoodov (input impedance) yia ouyxvomntes ond 200 - 350 MHz. Ze auté 1o evpog,
magaTnEovvIal o duadoyd axdTaTo. TG TG TOU TQOYRATIROU EQOVS TS avtioTaong EL06dov Z, .

1 SR e B

| - - -Im(Z) |

S
(=}

o
Input impedance - Im(Z,) ()

Tnput impedance - Re(Z, ) ()

Frequency (MHz)
Zytiua 2. Metafolrf Tov meayuatixov xat @avraoTixov uEQOVS TS AvTiOTAONS ELGGO0V OF QUVAQTHON HE TN
ovyvonTa yia dourf dvo orguudrwy ue 1=0.5m, £, =4, &,=8, tand,=0.02 xa: tand,=0.08.
Fig. 2. Simulated frequency response of the input impedance (real and imaginary part) for a two-layered half-
space (1=0.5m, £l=4, £2=8, tanél=0.02 ®at tan62=0.08).

2o oxfna (3), gaivetan 1 petafolr] Tou Qavtaotroy HEQOUS Tou Tapdyovta tanh (yll +B,, ) ‘Onwng
TEOXUTTTEL, AXQOTATES TWES TOU TRAYHATIXOY pEQOVS T Z, ,
pépog g tanh (y,l + B, ) yiveTan (0o pue pndév.

050 —M8M —————

aupfaivouy oTg CUXVETHTES GOV TO PAVIAOTLKG

| T ]
[ Tmttanh, 1) |

1
|
250 300 350
Frequency (MHz)
Zyrua 3. Merafolrf Tov pavraoTixoy uggovs Tov TAQAyovTa. 0f GUVAEQTION HE TN oVXVOTNTA Yia douif dvo
orgoudtoy pe 1=0.5m, ¢, =4, £,=8, tand,=0.02 xa: tand,=0.08.
Fig. 3. Simulated frequency response of the factor Im[tanh (B,,+v D], for the two-layered half-space given in Fig. 2.
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Anpotares TES g Re(Z, ) vrdgyovv otg ovyvémreg f=222.83 MHz o f,=297.77 MHz. Zmyv f,, 1
avtiotaon ewddov eivan Z, =258.95+j2.59 eved omy £, eivou Re(Z, )=138.55 Q. And v (11) mooxintet S1un
EQATTOUEVN OTOAELDY TOV TAVD 0TRMNATOG elvan tand, = 0.02025 xow omd v (9) 61l 10 nhextond Tov mdyog
eivan | \/: = 0.9999 m. H dimlextouni otafed tov mdve otedpatog vroloyiletar amd my (13) €, = 4.0005,
xnow pe ) PoriBera mg (9) 1o mayxog Tov AV oTEWRTOE, 1= 0.4999 m. ‘000 agoEd T0 ®ATW OTEMNC, 0TS TIG
oxgoeis (15) non (16), n eamropévn ammrewdv xar 1 dinhextouni otabeed vroroyiCovro, tand,=0.08110 xou
€,=8.0903 avtiotoya.

ASyw TOV 6TL PE TNV TOQATAV™ TEXVIXY, Ol TAQAUETEOL VITOAOYILOVTaL amevBeiog xaw de yiveton yo1ion
apBuNTRAV emavolnmurdy peBGdwv avuoTeogric, Ta TtpoxvTTovio opdipata eivar wxed. H axpifeia g
neBGdov eEoprdtar amoxrhelotrd and v axQifeia oty uETENom TG avtioTtoong £106d0v, Wiaitepa de Tou
pavraonroy pgeovs avmic Im(Z, ) xaw amd my oxpifeic 1poodioopot mg ovyvémrag oy omoio ToQovotatel
argdrom T nmwoodmra Re(Z, ). Mepioodtepo evaiotnm om uéronom tov Im(Z, ), eivaw n epamropévn ammieidv
TOU TWAVW OTEWHOTOS tand ,  omoio. vtohoyileton pe opdipa mg idlag TaEng peyéboug pe owtd tov Im(Z, ).

Tl to mponyovpevo mopdderype, 1o opdlpa vroroyiopot rav meimov 1.26% yio 1o tand,, 0.01% yio o

1 ,/el » 0.01% ywr 7o €1, 0.01% yuo. 10 1, 1.38% Y To tand, xow 0.10% yuo 7o &,

Aorpdotmray ToMES meEQUITHOELS dopdv pe dagpopetinés HM magapérpovs. Ovtpés tov A (Re(Z, ), B
(Im(Z,)) »ar Twv ovxvoTitwy cuvtoviopol petofhidnxay, éol dote va eheyyBei n axpiBeia o 1 alomotio
™G ueBGdov. And ta amoteAEopaTaL TOV TEOERMPaLY, pAavIre OTL piat petafolr] L% ota A xou B, mpoxahel uéxol
naw £% ogdipo oto tand,. H axpifela otov mpoodiooloud tov € 1, eEagrdrar o mmy oxpifeio tov A, B xau

TV ouxvoTHiTwV ouvtoviopol. To opdiua twv € 1 eival oe #6Oe mepimtwon predteQo ond ( :. C+u)%, émov
5

u% eival 10 €Nl TOLG EXATE OPAAUO OTOV TEOOALOQLOUG TNG CUYXVOTNTAS CUVTOVIOMOU. AGYm Tou 0Tl OTa
TEQLOTBTEQQ BQYAVAL HETENOTG, TO U eival TOAY pikQd, meortmtel TeMxd 6T 1o opdiuo ota € 1, dev Eemepvd 10

: £%. H axgiBeia orov moodloQoud tav €, tand,, enneedleran and tig duapopés (8,-9,), (g,-¢,) ®abdg xat

omtd v Tt} Tov 1. Aev mapomenfnxe yoapurxdmra petoEl Twv opoAGTOY ROl TOV TOQATAVD peyeddv. T
TIES TWV €, tand, wou ¢ diépepav wave and pic TAEN pueyéBoug pe autég Twv el, tandl, to opdiparo yio to
AT OTEWHO Egrovay uéyot xal 3t%. ‘Oco n duagopd ong HM mopapétoovg ueta&yd tmv 8o otpopdtwv
ovEdvel, T600 peyoldvouv xo Ta opdipata.

Adyw g eEdpmons twv HM mapap€towv and ) ouyvetnto, OQdApate pnopel vo tpoxthpouy dtav o
£000g TWV OUXVOTIHTWV 0TO 0mo{0 Yivovtow oL peTenoels eivon mohd peydro (vonHippel, 1954).

4. EPAPMOI'EX

To eUpog epapuoydv g peBodov eivar eEapetind mhaty xor wepuhapfdver ToAhd mpofijuata
wreavoypapiag, vdpohoylag, Texviris xar mepiparloviiniis yewhoyiag. ITo ovyxrexoluéva, mpoopépetL Eva.
xonowpo epyoheio yio tnv anevBeiog eopnveia dedouévmv TEAETORGTNONG, TOV APOQOVV TEQLRTDOELS
EVIOMOPOU KA XOQTOYQAPNONG TNG QUTAVOTG TWV WXECVHV OGS OUYREVTIQWOT TACYXTOU Ko TETREAUOXNAIO WY,
TaEoxoAovONON ™S Xoons Mraopdtwv ot xaAMEQYELes, ®aBopLopd TS vypaoiog Twv edagdv ®.Ar. Mrogei
va. xonowponowmBel o mpoPfAjpata Srmwg elval 0 EVIOTLOUSS EMLPAVELOXRDY AOVVEXELDV, 1) OUYXEVIQWON
0QYOVIRGV %O OVOQYOVWY QUIMV OTOVS VORO0PAEoUs 0pitovies, 0 xaBoQLopds Tov mdyovs arhoiwong twv
TOLWPUATWY KO YEVIXGTEQX TOU EAEYXOV TWV RUATOOKEVWYV, O EAEYXOG TNG TOLGTNTAS TNG AOPAEATOU TV SEOU®Y,
OTNV 0OYOLORETOLRY EQEVVA, RABWIS RaL L0 OTEATLWTIXOUG Ox0TOUS. Eniong, eivan yvwoto 6t urdoyovy Eonurég
EXTAOCELS OTNV VITOTEOMLKT| LuvY), OTTOV RATW QT TO EMLPAVELAKG ENES OTOMNUA TNG GUPOU %o O ux6 BAdog,
CUYXEVIQMOVOVTAL TOOA VYQAOI0G OTOVUS TOQOVS TNG GUUOV, LROVAE VA HETATEEYOVV TO dyovo €dagog Ot
HAAMEQYNOLHO.

Iduaitepa de, 600 0poEd ™Y vypaoia Twv edagav, Exel pehemBel n enidpaon Tov TocOOTOU VYRAOTOS OTLS TUUES
TWV NAEXTEOPYVITTIRGYY TTapapétpmy Twv edagpuwyv (Hoekstra and Delaney, 1974, Topp et al., 1980, Halikainen et al.,
1985, Dobson and Ulaby, 1986). @ewpwvtog 10 poviéAo Twv dio otpmpdtov yio doyiho 6mov 1 vypaoia foloxetal
010 ®dTw oTEWpe. (€,=44, tand,=0.66), ev) To mAvw oTEWpe. dev TEQLEXEL ®aBGAoU veQEdS (e1=3, tand =0.12 nal
1=0.2 m) »aw axohovBaivrag ™ duaduacio mov meprypdpmue, vroroyiomxe: tand, =0.119932, g =2.999922,
1= 0.200003m, &, = 43.958 nou tand, = 0.659347. A6 T CUOYETION TOV TYRGV TV €, tand, ILE T TOCOOTH TOV VEQOU
OTOVG TOQOVG TG 0RYIAOU, WTopEl VoL LITOAOYLOTEL 1) vYaoia Twv o otpwpdrwy (Wensink, 1993).
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Mia evdiapépovoa mepimtmon Tov cuvavtdral ouyva oto fOela Yewypa@rd Thd, eivow koL auty 6o
OTQOU PEECROV YLOVIOU VITEQRAAVITTEL TAANLOTEQO TaYWUEVO XLGVL. H dLagpopd oty murvotto xon Ty ven
TOU YLoVIOU SLaQOQETIXMV ETTELT0dIWV, aviavaxridtol otig diagpooeTinés TpEg TV € ot tand. “Etou,
TOCOUOUDVOVTAGS TO PEECRO YLOVL PE 0TEDUO. Tthyovs 1=1.5m xor HM napopétpwv e1=1.2, tand1=0.00029
HOL TO TTOYWUEVO XIGVL e OTEANO aelQov myous xau Tapapeétowy €,=1.5, tand,=0.0009, progel evrola va
yiveL 0 duoyweLondg xai 1 oxeLprig Towtomoimon twv otpmudtmv: 1= 1.5000m xow HM magapétowy &, = 1.2000,
tand, = 0.000290 =ou €, = 1.5000, tand, = 0.000899.

Téhog, avagpépetal ) mepimtmon puinavong mg Bdlacoag (e,=69.0, tand,=4.0) and agyd nerpéhato (g,=2.19,
tand, =0.0055, 1=0.2m). Me epappoyq g pebodoroylag yia avtég T Tpesg, €xovpe: g, = 2.19001,
tand = 0.005501, 1=0.19999m xau &, = 68.9936, tand, = 4.00057.

S. ZYMIIEPAZMATA

Mia véo avahutirn TEXVIXY YL TOV TEOOOLOQLOUS TWV XUQOXTNOLOTAV piag dowrig 8o dinhextoundv
arpopdrov, tagovoidomue. H néBodog otnpiletar ot pétonom tg aviiotaons eloddou oty emgpdveia eddgpovg
- a€Qa, 0g QU0 OUYVOTNTES OTLC OTTOLES TOQATEOUVVTOL dVO SLOdOYIRES ARQGTATES TUES TOV TTQOYUOTLROU HEQOUGS
™g Zin. Me tov 106710 0uTd, mitogotv va tpoodloQLototv arteveias oL NAEXTQOUAYVINTIXES TOQAUETQOL KOL TO
néxog Twy orpwpdtomv. H axpifeia tov amoteheopdrov eEaprdron xvpime and v axpiPeia om pétonon tov
PAVTOOTHOU HEQOVS TN AVTIOTAONS EL0GAOV %O QUOLKE aTtd TO TG00 ®OAd TO BewENTLRS poviélo tpooeyyitel
™V mpaypatint) dopri ot gpuon.

Egappoyn tg pebddov pmoet vo fondrioer oty egunveic dedopuévmv Telemondmnong xar O€ TOAAG
soofMijnaro wreavoypapiag, edogohoyiag, Texvinic xat TeQLBorroviLriig yewAloyiag.
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MIA XYI'KPITIKH MEAETH AIEPEYNHEXHYX THE AOMHX TOY YIIOBAGPOY ME
THN EPAPMOI'H ZYMBATIKOQN I'EQOPYXLIKON MEOGOAQN ANAAYZHY'
T.A. IATIAAOTIOYAOE , LA, AAEEOIIOYAOL' , ILL KAMIIOYPHE'

LYNOWH

H pébodog g oewopnric dudbraong, n omoia xat’ eEoxnv €xeL xonoluomonBel yio TV amoTinmaon Tou
Boay@doug vropdboov o €pya Bepelinwong, aotdynoe vo deiel To oo droywELoud Peta&l Tov QAVaYLKOT
%o aoPeotoBinot viropdBoov g mEQLOXTiS ov epguviiinxe. H aotoyion vt opeihetol OTN HOXQO-0VIOO-
teomia Tov aofeatolBirol oynuatiopol. H uéBodog mg yewmhextowric faboardmmang, anevaviiog, £€dwoe
nev m duvardmra drowELopuoy ™ @Uong Tov vrtofdBov, aotéynoe Ot vo dLaxiveL To UTEQXREINEVO RA VLU
onté to grvoym. Télog, oty epyacio avti delyveTon 6L yio TNV emTuyl| ExPoon wag YEMQUOLRTG EQEVVaS
amoUTE(TaL OWOTOS OYEDLOOUGE, XOHON HOVIEQVIV RO ATTOTELECUATIRGV HEBOSOLOYLHV avaAlVONG ®aw 1) EQaQ-
poyn MAEOV TG oS YEMQPUOLRMDY ueBddmv, avaloya ue ™ @ion tov TeofAjpatos.

ABSTRACT

In this paper is examined the potential and effectiveness of two conventional geophysical methods in
geotechnical research. The seismic refraction method that has been successfully used in the past for subsurface
bedrock delineation in foundation projects, failed to indicate clear distinction between flysch and limestone
bedrock material in the area under investigation. This failure is due to the macro-anisotropy structure of the
limestone that resulted from joints, tectonic processes or/and karstic phenomena and later fillings of the voids
with argillaceous material. The geoelectrical method of vertical sounding, on the other hand, although provided
a clear distinction for the bedrock characterization, failed to distinguish the overburden cover from the under-
lain flysch formation. Finally, in this paper it is shown that for a successful application of geophysical work in
geotechnical research, it is required effective design, utilization of modern analysis methods and handling more
than geophysical methods.

AEEZEIX KAEIAIA: Tsoteyvini] €pgvva, MéBodog oewopnrig dudbiaong, MEBodog yewmhentoinig faboond-
mang, Yadfabeo, Avigotgonia, Kagotxkoroinan.
KEY WORDS: Geotechnical research, Seismic refraction method, Vertical electrical sounding, Bedrock,
Anisotropy, Karstification.

1. EIZATQTH

H yonowomoinon twv mAEov ®atdAANAmY YEOQUOLX®OV HEBGIWV Lot TNV ERIAVOT YEMTEYVLRWOVY KoL TEQLROA-
AovTLraV TEOPBANUAT®VY %ot O OYESLATUGS EQPAQUOYHS TOVS, TOOUTOOETEL TN YVAON TOU OTGYOU HaL TV LOLaiTE-
QWV aOUTiOEWV TwV TEAS enihvon meofinudtwyv. Eivor orjuepa xatavont xaw ovayxaio n dieEoywyr pog
EUTEQLOTATMREVNS YEWQPUOLRYG €QEVVAS, 0T TAA(OLL Puag EVQUTEQNS YEMEQEVVITIXYG EQYAT(Ng, TTOU ORONS
€xeL ™) drepevvnon g vredagirng doprig, GTav TEORELTOL VO EXTELEODET Evar peYdho TeXVIrG €0Y0. e TOM-
TAORES YEWTEXVIRG, TEQLTTWOELS, ONWG T.X. O TEQLOXES UE PALVOUEVO EQTUONOV 1) ®atoMaoBnTtmdv depyo-
o, 1 avalimon tov fabovg xaw g guongs Tov Peaywdovs vrofdadpov eivar Eva TESPAnUo Tov TEETEL vaL
ovTueTTOOel ue TEOOOYT. X TETOLES MEQUTTWOELS 1) GUVOYY] TWV UTTEQREUEVWV OYNUATIORMDV YEVETAL HOL OL
QUOKOYMUHES WG TES TOUS petafdhhoviat. Aedopévou 6Tt TO UTOREIREVO AdLATAQURTO OTRWUN IO KOTOAL-
oBnoNg uroel vo ToQovoLdleL aviagoTteomio | avopotoyevy dour, 1 extiAuon tov TEOPMIRATOS YIVETOL OXOPA
OuoroAdTEEN. ZTNV £QYaTio auty eEETAlETaL L TEQITTWOT dLePEVYNONG TV VAEdAPHOV TUVONRGV YLa TO
®#aBoELopG tov BdBovug xat g gUong Tov ovumtayots vtopdBoov. EmiéyxOnxe wa meproxn oto 100 xihduetoo
™ms véag eBviniic 000U Hyouvpevitoog-Imavvivwy, 6ov €xouv mapoamonbei em@avelond pouvopeva €Qmovoag

* A COMPARATIVE STUDY FOR STRUCTURAL BEDROCK DELINEATION BY USING CONVENTIONAL GEOPHYSICAL METHODS
1. Twijpa Tewhoyiag EBvixov & Kamodworpraxou Hav/wov ABnvav, Topéag Cewpuornic-Tewbeppiag, Tavemomuovmoly, Zoyodgov, 157 84.
2. E6vizo & Kamodiorprond Iav/uo Abnvav, Tujpa Fewhoyiag, Topéoag Mewgpuornng-Tembeppiag, Iavemomuoinohn, Zaypdgov, 157 84.
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fi/nou rorohoBaivovoag patac, 1 omoio VITEERELTON EVAS AVOUOLOYEVOUS VTTOBABQOV pAVOYLRIG Kot AOBECTOML-
Buris ovortaong (BA. Zyrua 1).

Ewdudrega, xonouyumomtnxray ov ovupativés péBodor tg oewopniic didBAaons xat T YEWNAERTOLXYS
BaBooxrdmnons. Katadewmvietor pe oopivela 1 ovayxy XoNOoLLOTOMonNGS TEQLOCOTEQMV TG ULOG YEWPUOLHOIY
neBGdmv nan 1 eLoarywyn vEmv Hoviévav pebGdwv avdiuong yio v eXiMoT TOAITAORWY YEWTEXVIRWY TO-
BANudTwy.

Zyrjua 1.Tomoygapixds xdotng Tns megioyrc £gevvag mov deiyvet Tis OE0ELS TOY OELOUIXRGY TOUGY, TOY YEWNAE-
10120y Pfabooxomijocwv (S-) xar Twv yewrojocwv (BH-).
Topographic map of the area under investigation, showing the location of seismic sections, geolectrical soundings
(S-) and boreholes (BH-).

2. O EXEAIAZIMOZ THE 'EQ®YLIKHE EPEYNAZ

Aev givon aotvnBeg 10 Povopevo vo. Tnteiton 1) eXTEAEON WS YEWQUOLKYG EQEVVAS YLoL TNV ETEAVON €VEG
yewtexvirov 1 mepuparloviirod meoPAjuatog, pévo Gtav ouvvavidvion duorolies oty extéheon xvping yew-
TONTUR@V €QYooLdV. Ta var avtamoxQBel e YE@uowt] €QEVVo. Pe EMLTUYI0 OTLS TTOUTIOELS EVOG TEXVIXOU
£0yov, megnel va €xovv xaBopLoBei 0 otdyog xon n ey Tov EoPAjuarog, N xatoAnidtnta s pebodoroyiag
7o Ba axohovBNOel, oL e TAEOV £QYOTES OV OTTOULTOVVTOL (TT.X. TOTOYQOPIKES EQYAOLES, O EAGXLOTOS QQLO-
UGS YEWTOHOEWY, .0 ), 1] X001 TOV XOTAAANAOU EEOTMOPOU %Ot TOV TOXETWV AoYLomxoy yio v eneEepyacio
%O EQUNVELD TV JESOPEVOV ROl TOV ATTOTELEOPATOV AVTIOTOLYQL, %K.l

O 71Ro0dL0ELONGS TT.). TOU Poaxddovg 1 pluoyixov/acBeotoMBuoy vrofdBoov amotelei éva oTdy0, O
omoiog Bewoentind urmopei va ubei evnola pe v egoopoyri tg uebBédov g oewourric dudbhaons. Edv dpwg
70 VTPado TOEOVOLELEL avicotpomia AGyw SLaBewong, anocdBwaongs, XEQUATLOUOY, XOLEOTLXOTOMONG N/XaL
TMEWONG HE aQYLMXG VMG, omouteital TeQpautéQm SLeQevvnom TG doprg Tov. € TETOLES EQLTTWOELS 1) YEW-
Quowtj épevva O divel povooruavteg AMIoELS pe TNV EQOQUOYY| LS PEVO YEwpuotrig peBddov, Adym twv
ovtioTolwv dLarupdvoEWY oV TAEOVOLGLovTOL 0TS QUOLKES WLGTNTES TOV VToPdBoov (T.X. TNG TuRVETTAC,
™G TOYUTNTOG SLEdOONS TWV CELOUAWDY KURGTWY, TG EBLRNS avtioToong, %.0.).

Zmyv gpyacio avt xonowomouifnxre agyixd 1 ovpufatxti uéBodog g oeopurtc drdbraong ws n TAEov
ROTAAANAY YO TN QTTELRGVLOT TOV avoryAMigov Ttov gAvayrol/ aopectoMBuirod vofdboov tng meproxs €pev-
vog. Metd mv avaAuon xou eQUNVELD TV YEOQUOKDY deSopuévav dLomatddnxe Gt dev fitav eQurtds o duoyw-
QLOpGG peToEl Tou PAVOYIHOU ot AoBECTOAMBLROU OYNUOTIONOU. ZTn ouvExeLlo SLeErOnxe xon YeomAerTOWTY
§ogvva yo to oot dromoLopd Tov vrofdBoov pe Betind amoteAéopata.

3. LEIZMIKH AIAZKOITHZH
H pébodog tng oeouniis udBhaons €xer xonowomomBel mohég popés oto mapeABGv ot yewTexviny €-
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Sxriua 2. Ameinovion Tov 00opuo-yeovixdv xauxviev (dve), Tng Yewoeiouwajs douris (uéoov) xar g xaravo-
HfS TV osouxdy TaxvTijtav (xdtw), mov mosxvyay ue i uéodo GRM xatd utixog tns tourjc SR/RES-1.
Diagrams showing travel time curves (top), subsurface structure (middle) and seismic velocity distribution
(below), resulted from GRM method along the section SR/RES-1.

pevva (TTamaddmoviog x.a., 1992, Louis et.al., 1995, Bruno and Godio, 1997, Olson et.al., 1997, Phillips et.al.,
1997, ».0..). Ou amoutioels evog yewTexvivoU popMinatog propel va eival xd0e pod. dLagopeTinés. Ze uxed
€oya Bepehimong evorapgper n empavelaxty dopr uéyor BABoug ohliymv HETEMY, EVE YLOL TNV KATAOREW VO
UEYAAOV TEYXVIXOU £QYOU eVOLOQEQEL 1) dopr] TOV VITESAPOVS OQLOUEVOV dEXAdWV UETEMV.

Ta tehevtaia xodvia €xeL xonowwomomBel pe emvyia om yewtexviny €pevva 1 uéBodog GRM (Palmer,
1981) »aBads xaw 1 mEddoopog ovtrig Plus-Minus (Hagedoorn, 1959). H GRM péBodog vt diver agiomiota
OTOTEAETUOTOL 0TIV OTTOTUTMO TOV VTtOREOQOU OF TEQUTTATELS £VTovns Stoxipavong tov avayhigou tov (Rogers
et.al., 1997). "Exe. eniong xonotpomomOel yio Tov 1eoadloptopd tov avayAigou xan tg TAEvELis petafolris
™ oEoWriis TaiTnTag Tov vrofdfgov, un Aaufdvoviag voym ™ dour Tou UTEQHEINEVOU ROAIUPATOS, TO
omoio yaporINEiteTon and ovveyeis evallayés oTQWUATWY AERTERRORNG ROl AdPONEQOVE 0VoTOONG
(Papadopoulos T.D. and Alexopoulos J., 1996, Papadopoulos et.al., 1997). Avtifeta, n péBodog GRM £xel
au@opnm el mpdopata (Sjogren, 2000), Gt dev elvan | TAEOV ROTAAANAN Yo TNV ERIAVON YEWTEXVIXWDV TTQO-
BAnudrwyv, drov dnhad) amarteltal Aertopeeng xoptoyedenon tov fdabovg xat ™mg doptig Tov vtopdboov xa-
BdG RO TWV VTEQHE(PEVOV CTQWOUATHV.

H avayxm e@aopoyric ™mc oewomuniic pedédov dudbhaons yua vy dueon eEaywyn xonrowmmy otoweiny, L-
duaitepa o€ TEOPMjpATA TTOV EUPAVITOVIOL ROTA TNV EXTEAEDT) RATAOKEVI|S EVOS €0YOV, TOAMES POEES 0dnyel
o€ nan6 OXEOLAONO TG YEWPUOLKIAG EQEVVOS, UE OUVETELD TO TTQOXUITTOVIO OTOLXEL VA €XOUV TEQLOQLOUEVN
oEila. Z'avtéc 10aiTteQa TG TEQUTTWOELS TRETEL 1) EQUNVEIN TOV YEWOELOWXMOV artoteleopdtov va Bonbeitar
%o o GAheg aveEAQTNTES MAQOTNEYOELS, OmWG TT.X. YEWTONTIHES EQEVVES, YEWQPUOLKES dLaypaplies péoa ot
YEWTONOELS, YEWAOYLRES XOQTOYQAPNOELS, OTOLXElRt AWV YEWPUOLKGHY PeBSOWV,%.0L.

Zmv gpyaoio avni eEetdleton po TepimTwon diepevivnong Tov avayhMigou rat TS PUong Tov vofdpou
ne Vv eoopoyr g uebdov GRM. Ovolaotird 0T6Y0g TG EQEVVAS EIVOL O EVIOMONOS TG ENAPHS HETAEY
TOU PAVOYLHOU %ot AoBeOTOAMBIHOU VKOV Tov aotelolv To vndfabpo g mepLoyns épguvac.
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H eneEepyaoio xon epunveio tov dedopévav omoeilyBnxre oto vroloyionxd mpdypappa Gremixs g Interpex.
TuvoMxd €yivoy TtEVTe EXQNEELS Yo ®GBE avATTUYRO YEOQOVWV (avd pio oTor dxoo TG TOUNG, P OTo PEcoV
%ot 800 0To TEWTO ®au TOiTo TETOQTO TNE TopNS), 1 atdotacn Twv omoiwv ftav 10 pétpa. Aev varpxe dvvatdn-
T0 EXTENEONS POQWVAY EXONEEWV (TEQOV 0TS Tar dxra TNG TOWHG), AdYw dacordivymg rou mapovoiog Eviovou
TOTOYQOPIXOU avaryhi(pov. 210 oYU 2 TOQOVOLATETOL 1) TUVOALKY ELXOVO TV OOTEAEOUATWY TWV dVO OELOpL-
nov avosrvypdtov mg topis SR/RES-1.

210 oyjpe. 3 mapovoldtovral TRels oeloprés Topés (3a,3f & 3y), ol dvo mpditeg eivar TEQIMOV TARAAMNAES
PeTAED Tovg ®au 1) Toit TEUVEL eyrdooia. Tig o dihes (BA. oxjua 1). H mpdtn mapomienon mov mooninteL
givon 6t ot do mapdAAnhes Top€g, To VOO0 TAEOVOLALETAL pE OPOLONOEPN oEwopmxt] Tayvtta 2200-
2300 m/s (2a.) »aw 2000-2100 m/s (2f), avriotorya. ZUppwva pe To YEWTENTLXA oTotyelo oL yewtprjoeis BH1 &
BH4 éyovv gvromioel ®eQuaTlopévo aofeotoMBind vMxd oe Badn 14 & 13 pérpa aviiotorya, EVA OL YEWTEN-
oelg BHS5 & BHG6 €yovv ovvavtiogt gluoyno vaxé oe Badn 9 & 8 pérpa aviiotoua. Ex twv avwtépm ouvdye-
Tou 6L dev elvon QLrTig 0 SLaWELOUGS TS PUOMS Tov Bpa@dovg VTofdBov OTNELEGREVOL OTIG TEOUVIITOVOES
TIHES TS oELopMng Tayurag. Aviibeta, To BdBog xan iaitepa T0 avdyivpo Tov vroPdBoov ameroviovial
ne oxeTrd xohj axpifeia. H eyxdooia towj mapovoldtel vymAdtepes Tuég oswopmiig toimrog (2620-2950
m/s), xou ®atd mepimtmon ol wxpdtepes (1800 m/s), o omoieg Spmes wroovv va amodoboiv eite oe Qawviope-
va. aviooteortiag tov vtofdfgov (AGym ragotiromoinomg 1o TAjowong pe apythixd vhxd) 1j oty dnuoveyio
PECWV (COUOVIXGY) TELOIXEY TOYUTHTOV AGYm TOToYQapLxoy xou viedagurot avoyAipov, ol omoles eivon
VIEQENTLUNUEVES GTov OL ®AOELS €xovv avtiBeta mpdonua (Sjogren, 1984).

4. TEQHAEKTPIKH AIAZKOIIHEH

O nhextourég L8LGTNTES TOV PAIOYN %o Tov aoPEOTOABOL TapovoLdtovy cagi petal Toug S wELOUS,
XWEIG SUwg ™V OVOoLOoTLXY] ETOEOON JEVTEQOYEVAV SLEQYUOLHV TTOU GAAOLIVOUY TN OUVOXY KL TN CUOTOON),
G600 %O TN OUVOMXY] CUUTTEQLPOQE TOUS OTLG NAEXTOIRES LOLGTNTES.

TOMH SR/RES-1
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Zynina 3. Toeis ociopixnss Touss (a, f, y) ue evoouarousva ta anoreéouara s yeoniextouxjs foevvas (S-) xai
Ta orouyeia Twv yewrgrjocwy (BH-).
Three seismic sections (a, p, v) with incorporated the results of electrical soundings (S-) and borehole data (BH-).
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Xopnowpwomounibnxe n péBodog g yeomiextorrnic BaBooxrSmnong yio to dlowELoud ®Veime ™S @Uong Tov
Boaywdovg vToRABEov, EAEYYOVTOS TOLOVTOTEOTMG TA OTOTEAECUATA TS TELOWKTIC EQEUVAC HE i GAAY ave-
Edptntn péBodo. IpayparomomOnroy aQyind YEWNAEXTOIXES UETONOELS TANCIOV BECEWV YEWTOHOEWV Yia TN
Babpovounon twv yeEmAEXTORMOY aOTEAETUATWY (.. TANCIOV Twv Yewtoroewv BH1 & BH4)xow ot ouvé-
XELQL ®OTA P0G TG EYRAQOLOG OELOULXIG TOWNS Tov oyjuatog 2y (Babooxromioelg S2,S3 & S4).

Zto oyfipa 4 delyvetan 1o amotéheopo g eneEepyooiag pe To VLOAOYLOTIXG TEGYooupa g Interpex
ResixPlus yia ™ Baboordnnon S9, 6mov cupmegrhapufdvoviar eXTos amd Tig apytés TLES TV dedopévmy, ot
VOAOYLOBEOES %ot TO POVTELD raTovouic TG e1dinnc avriotaong uetd tov fadovc. Zhpgpove pe ta
TpoxvinTovTo artoteAéopota o aofeotoMBixd vtdpabpo oagds rtapovotdiel vPnhiTtepes nEoEs TIHES xS
avtiotaong and to phuoynd oynpoatiopd (>100 Qu évavn 20 Qu, avriotorya). AviiBeta, ou TWES TG WG
avtiotoong Tov aoBeotorBinot vTofdBpov dev eival areTd VYNAES BOTE Vo xaparTELo0El T0 VITSPaBEO wg
ovpnay€s. “Etot, deiyveton 6t 10 aoBeotoMOind voPfadoo ToQOVOLETEL L OVLOOTQOTTICL, 1) OTtOlCt PITOQEL VO
OPEIAETOL EITE OF PUVOUEVO HEQUOTLOUOV 1i/HOL ROQOTIROTOMONG, TEGYIO TTOV EVIOYUETOL KO A6 TCt OTTO-
TEAEOPOTO TG OELOMKIIS EQEVVAG. BH4

b f VES S9

APPARENT RESISTIVITY (ohm-m)

T T T g T T T "3 -t T T T T S e )
1 10 100 10 100 1000
AB/2 (m) RESISTVITY (ohm-m)

Zyrua 4. Tvmerf magovoiaon Twv anotelsoudrov T yeoniextouxrs fabooxonnons S9. Ta dedouéva vraibgov
magovotdGovrar pe xUxAovs xai o1 vIOA0YEI00eioes TINES ue auvexeis yoauuss (agiotegd). Iagovordgerar
emions n xavavourj g e1duxric avrioraons ue o fdbos (ovvexris yoauuri), ue 1o £gog TV 1000Vvauwy Avocwv
(Oranenopupsves yoauuss), »abog xar ra dedouéva g yearonons BH4 mov Poioxcrar minaiov tns pabooxdm-
ons S9 (0ekid).

Typical presentation of the results of VES S9. Raw data (circles) and calculated values (continuous lines) are
shown (left) and model parameters with the range of equivalent solutions (dashed lines) as well as data of
borehole BH4 which lies near sounding S9 (right).

ZUUQOVO UE TO ATTOTELECUOTO TG YEWNAEXTOWYG £QEVVAS, O PAUOYNGS TOQOVOLATEL §va £¥QOC TLUWY £1L-
®1ig avtiotaong wov xupaiveton uetakl 5 & 15 Qu xow 0 aoPeotéhBog pe Tés mov ®upaivovran petagy 60 &
450 Qu. Katd B€oeig 10 vepreipevo ndhvppo mopovotdlet vYnhés oxetmd tpés ewdmnis aviiotaong (80-90
Qu), aAAd 0 draywELouSs PETOED TOV VTEQUEIUEVOU ROAMTUUATOS KoL TOV PAIOYN deV Elvol YEVIXG EQLRTOS, SIGTL
TAEOVOLALOVV TAQOPOLES XOPNAES eLOES avTLOTdoELS Waitepa ®ovrd otn enagr tovs. To mEdPAnua ovtd
AVTLUETORCETAL e BAON TO AMOTEAECUOTA TG CELOMWAYC EQEVVOG, OOV Capds drowEovial oL CELCIKES
TAXUTNTES TOV VITEQRE(PEVOU ROATUROTOS %ot Tov pAvoyn (650 & 2300 m/s, aviiotouya).

5. ZYT'KPITIKH ITAPOYXIAZH TQN AIIOTEAEEMATOQN

210 oo 3 €xel evoopatmdel 6An N VTAEYoVoa YEMTANQOQOQEIX TOU EXEL TQOXVYEL AITG TN YEWTONTLXY
xrow yewguowj £pgvva. Zto oyjua 3y delyveton n vrd #hion emagr uetakd tov Aoy ot tov acfeotoriBov
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(ndrw and o yewgpwvo G2-G6), 1) omoia €xeL mEori et oo ) yeomhextoury €pgvva. H mpog Bopodv #hion
™¢ emagis autig Pfoloxetal oe cuppwvio pe ™ yevirdtepn yewhoywy dowi g meploxrg. Zmv dia toury
delyveTon eniong N emogr] HETaED TOV VTEQHREINEVOU ROATUUOTOS RO TOV GAUOYN, 1 0ol EXEL TEOXTPEL QTS T
oelopwt] €gevva (vdTw omd ta yebgova G2-G4).

H axpipera 1poodLopiopot tov BABovs tov aoPfeaTtoliBov Tov eMTUYXAVETAL UE THV EQPOQUOYH TWV EV AGY®
YEOQUOWAOV pueBOdmV, uopet va extunBel and ™ BaBRovVOUNoN auTdV IE TOL OTOLYEI TV YEWTONTIXMOY EQEV-
vayv. Fevind, eEXTUATOL GTL VTTAQYEL PLAL LXALVOTTOLNTLXT] OUPPOVIO %o AELOTLOTIOL TV YEWPUOLRMDY ATOTELEOUC-
TV, oV Xou 1) ExTiunon ovtj eEaprdton oS TS oot oeLs Tov £Qyou ndfe popd.

TOMH SR-2

i L R
B 3 o 3

ZX. Y yoperpo (u)

<

220 200 180 160 140 120 100 80 60 40 20 0

Améoraon ()

TOMH SR-3

ZX. Yyopuetpo (p)

T T
0 20 40 60 80 100 120 140 160 180 200 220

Améoraon (M)
TAXYTHTA (m/s)

Zyrjua 5. Aweixeovion Ty ogiopxay Toudv SR-2 xar SR-3 uerd tny enebepyaoia twv dedousvor ue m uédodo
TG Touoygapias ostouixis didfraons.
Presentation of seismic lines SR-2 and SR-3 after data processing with the method of seismic refraction tomography.

6. BEATIZTOIIOIHEH THE I'EQ®YEIKHE EPEYNAX

"Evag ®aMitepog oxedaopds g Yewgpuowmis §pevvag Ba progovoe va fondroel ot diepgdvnon tng vie-
daguriic doprig pe mepLoodtepn Aemropépero xow aklomiotior.

ZUYHERQLUEV, 1) XONOLROTOMON UrQGTEQOY Wijroug avamtuypdtov (amd 230 p oe 115 p), ue Towtdyoovn
aENoN Tov 0ELOUOT TV CELOMXAY TINYAY (0md 5 08 7 TNYES 1] XOUTEQLOOGTEQES )KL PELWOT TG ATGOTOONG
HETAED TV YeW@dVwY (amd 10u oe 5p), Ba €duve ™ duvatdmra Tng AemTOpeQOVS omeLrdviong Tov voRdBpov
%O TNG EPOOUOYIIG TLO LOVIEQVMV %O AWTOTEAECUOTIRGY HEBGdWY avdlvong(6mmg ). TS TOUOYQOPiOg OEL-
ouxrng duabhaong, ®.a.). Me 1o 1jdn vrdeyovta dedopéva g oeoprric dudbhaong, €ywve mpoomdfera va xon-
owomon el 1 néBodog Topoypapiag oelouxtic ddbhaons pe v eV ov €xouv avamtigel ou Zhang ko
Toksoz (1998). Zto oxnua 5 magovordfovral Ta amoteAéopato xatd wirog Twv Tonwv SR-2 wow SR-3, o omoleg
tépvovron ota yedgwvo G19 (SR-2) raw G13 (SR-3). ITagameeitar ®ohi Totion g *aTavopuig g OELOWrIg
ToUTNTOg OTO ONUELD TopS TV U0 OELOIXMY YOOURMY. AVTiBETa, dEV VTAQYEL CUPPOVIL HETAEY TWV OIToTE-
Aeopdtav autdv ®ou exeivav Tov TEoxnpay ond TV nEBodo GRM xzoL Twv YEWTONTXMDV OTOLXEIWY. ZuyKe-
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UOWEVQ, TO aoPecToibind vadPaboo pe tayvtnteg >2500 m/s mapovordletan fabitepa, yeyovas mov amodi-
JETOL 0TV QO] TTVRVOTITA TV TELOUKAV XTIV, AGY® ®UQlng TG Wy *aTdAAnANG Ymowmis ®otavopis tmv
YEMPOVWV %Al TOU treov aptBpot tmv expnEewyv. H yonon emiong g yemmhextomiis Topoyooapiog Ba duve
™ duvatdnTa ™S AETTOUEQOUE XAUETOYQAPNONG THS EMA@NS UETAED TOV AVTYLKOU Row aoPfeotolBLrol vtofd-
Bpov.

7. LZYMIIEPAZIMATA

Ty ggyocio ovt pekenifyre po tepintwon teoodlopuopot Tov avayhigou Tou vrofddgou xat g @u-
ONG TOV, KE TNV EPAOUOYT TV CUPBATIRGY PeBGOmV TS OeLouLRNS SLdBAaoNS now TS YEwnhextowris fabooxrs-
INONG. AEIYVETOL PE COPNVELD 1| OVAYHALOTNTO. EQOQUOYNS, OF ELOLKES TEQUITTHIOELS, TAEOV TNG LS YEMQPUOL-
rv peB3dwv xaw 1 xorjon poviégvmy uebodoroyudv avdluong, eneEepyaoiog xot EQUNVELNS TMV YEWPUOLXDV
OedoUEVmV %ol ATOTEAEOUATMYV, YL T AETTTOUEQY] OTTELROVLOT TN VTtedapLx1ig Soung.
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AEIITOMEPHX AIEPEYNHXH THX PHXHX AOMHZX
ME TH ME®OAO THY EIXTMIKHX ATAGAAXHX
KAI TH XPHXH AIA®OPETIKQN TEXNIKQN ANAAYXHY"
T. IIAIIAAOIIOYAOL', II. KAMIIOYPHE', I. AAEEOIIOYAOX'

ZYNOWH

Zmv gpyaoio oty yivetal pa oUy%Lon HETAED OUUBOTIRMV ROL HOVIEQVYV TEXVIXGV AVAAUONG %O ETTE-
Eepyaoiag dedopévav oelopurns diddhaong, yia T diepevvnon g enyric dowig ota mhaiowa pag yewtexvirng
€oeuvag. Ou TeXVIRES TOV YENOLHOTOL BNxay TaEEl Ay CLYRQIOLHO ATTOTELECUOTO. UE ETTL HEQOUS dLaOQOTTOL-
NOELS 0TS AGAMVTES TWES TV PABWY ROU TWV CELOULRMV TOXVTHTWV, TOU OQEIAOVTOL ®VEIWS OTO dLapoQeETIRG
olyGouBpo eneEepyaoiog xow TV TOREXGUEVY EurpiveELo ®GOE TeXVIRNS. H texvixy g un yoauuwric topoypa-
log oeloprng dudBhaong theovextel Evavit twv ovpfatrdy, bt pe v avEnom tov aLBroT TV CELOULRGY
YDV row g Bedpnong s Padutaiog petaforng me taxitrog puetd tov faovg, emtuyydveton ®oAiTEQN
gUnEIVELD ROL OTTELRGVLON TG ONX1S doprig.

ABSTRACT

A comparative study of conventional and modern processing techniques of seismic refraction data is exam-
ined in this paper, for shallow structure investigation in the framework of a geotechnical research. The tech-
niques used here were applied for the detection of narrow and low seismic velocity zones along the bedrock in
the 10.5" Km of the new national road Igoumenitsa-lIoannina. The results were comparable and only slight
deviations were observed due mainly to different algorithm procedures applied on data and the resolution pro-
vided by each technique. It is pointed out that the non linear tomography seismic refraction technique, over-
comes the conventional ones since by increasing the number of seismic sources and considering the gradual
variation of seismic velocity with depth, a better resolution and image reconstruction for the subsurface struc-
ture is obtained.

AEEEIX KAEIAIA: topoypagia ogwopxriis dutdbhaong, néBodog oeropxnric duabhaong
KEY WORDS: Seismic tomography, seismic refraction, pé6odog ABEM, MMT, GRM

1. EIZAI'QTH

I drepetivon g vdyerag dowris €xovv xenowomotnbel pe emttvyio Yewgpuowrés néBodor xou draitepa
ot oewoxég. EE autav n uéBodog g oeopniic dudBhoong €xet xupimg xonowpomonBei ot yewteyvixn éQeuva,
16T maEEXEL OELOTLOTO ATOTENEOUOTA (G TEROG TIS TUES TWV TIQAYUATIXEWY OELOUXWY TAXVTHTWV, TNV QITOTUTWOoN
TOU avayMigou Tov feoydous vTofAOQov koL TV EXTIUNON TV SUvoXdY EAAOTIRMY OTAOEQWY TV OTEWUG-
TOV.

O 1p6mog avaivong rou eneEegyaciog Twv oelour®v dedopévawv eivar dtayovird SLapopeTrds. Apyind
xonowpomotionrayv o ypapinés texvireég Plus-Minus (Hagedoorn 1959), g aviiotpentdmrag (Hawkins 1961),
MMT & ABEM (Sjogren 1984, Parasnis 1997), %.., OL 0TTO{eg €{vaL EMIMOVES RO ATOLTOVV EUTELQO YEMPUOLXS
Yo TNV QvAAUom KoL EQUNVELD TV OELOWKKV OeOOUEVOV. 2T CUVEYELQ avOoITTUYONKE ROl EQUQUOOHNKE 1 TE-
yxvir) GRM (Palmer 1980), n omoia €ivan 1 YEVIXEVREVN HOEPT TNG TEXVIXIIS TNG avTLoTEETTOTNTOG. H TEXVIXT
U} TUEOVOLALEL TO TAEOVEXTNUA GTL TTOQEYEL TN dUVOTATNTA TTEOYQAUUATIOHOY XaL TS Xe1oNG ™S néow H/Y.
OL TeVIRES TOU VOPERBNRaY TaQUTAV® EXOUV VO KOLVO YVOQLONA, GTL TROUTOOETOUY TNV TAQOVOiC OHOYE-
VOV ROl LOGTROTMV PECWYV, GOV 0L OELOWHES TaUTnTES dLatneovvron otafep€g xaf’dAn ™ dradpourj Tovg ota

* DETAILED SHALLOW STRUCTURE SEISMIC REFRACTION INVESTIGATION, WITH THE APPLICATION OF DIFFERENT
PROCESSING TECHNIQUES
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uéoo avtd. Ev avtiBéoel pe g ovpPatinég texvineg, Exovy avamtuyOel mpdopata poviépves néBodou enekep-
yaotog OELopr@Y dedopévary, 6mmg I.x. 1 TEXVLRY TG W) Yool Tonoyoapiog oelopats Sudbraons (Zhang
1998). Ziugpwva pe ™ TEYVIXI aUT] O CUVOMKROS XEGVOS dLadpopung UG OELOWRNG aXTIVAG, TOV axrohovBED
TR0KLd elaryiotov Yodvou, mpoodiopileTar amd Tovg emi p€QOVE ¥XEOVOUs dadoopic o ol «xeAd» TTOU
0p{Covy 10 XWEO HETAED TwV eXEEMV XL TWV YEQPOVOV. O YOGVOS AUTOS OUYXQIVETOL UE TOV TQAYUATIXG
XQGVOo dradoopns yio ®ABe YEDPWVO ®aL OTN OUVEYELD 0XOAOVBED wow eavolnmront] dradwracia peimwong mg
duopopds ndtw and €vo amodextd GoLo.

2wy gpyaoia ovnj yiveton mooondfelo va cuoyeTioBoUvV oL CURPATIRES KOL PLOVTEQVES TEXVIKES, UE TNV
£QaEUOYY TOUg 08 HY0 TOQOUSETYHOTA CELTUXDY AVOTTTUYUATOY, oV eXTELEBN®ay wAnaiov Tov 10.50v yiho-
uétpov g véag eBvirnrc 0dou Hyovpevitoag — Imavvivov (BA. oxfua 1a).

2. AHWYH AEAOMENQN

H ogiopunry €épgvva mepthoppdver 8o oelopnég yoapuués ouvolrov puixovg 330 p. IpaypatomomOnxay
entd exiEels (shots), yio ®d0e avdmrvypa eixoottecodomy yengavmy twv 10 Hz. H osiopxr} nyr mov yon-
owmouiBnxe 1ty exonruxry UAN. H andotaon peta&l tov yempivov xabopiobnue ota Sp. H xataypagr tov
dedopévmv €ywve pe ™ xo1on touv 24-xdvaiov oeopoypdpov SMARTSEIS g Geometrics. Q¢ ouyvdmro
derypotodypiog Twv CELOMXAOV ROTAYQOPOV £XeL EmAeYEl aut Twv 250 ps.

3. ANAAYEH AEAOMENQN
H pebodoc MMT

Eivoauw pia yoriyoon uébodog yio Tov mpoadloglond g CELorNg ToxUTnTog ®ot TG OTUTWONG TV PETA-
BoAwV ™G RATA PNROG MLOg KVELAS OOVVEXELS (TT.). TOV LVItoPfdBoov) ue Aemropépeia (Parasnis 1997). H teyvi-
%1} TOV TEOGALOPLOUOU TN OELOLRNG TaXUTNTAS €XEL TEONYOUUEVIS TTEQLYQOYEL artd Tov Hagedoorn to 1959 (n
u€Bodog Plus-Minus) xow omté tov Hawkins to 1961 (n péBodog Aviiotpemtdmrag).

H xorooxev pag MMT xopmiing mpénel xavovird vo amoteAel TO TOMTO frina S YEMOELOUXIIC EQUY)-
vetog, #0600V TOQEYEL TLG OELOULLES TOYUTNTES RATA PIROG TNG KUOLOG OLOVVEYELOS, OL OTTO(ES ATTOLTOUVTOL YLoL
TOV VTTOAOYLOUG TV BaBiv TV AOUVEELDV.

O rapmileg CELOULANG TOXUTNTOS TEEMEL VO YUQAOCOVTOL Ot ONWUEID OE ONUEID Ko GYL UE TNV TEXVIXY TV
ehoyiotwv teTpoydvov, dudt propet va xobel (eEopaduvBel) yorjowun mingogopia. “Etot, ta xopoxbévra tui-
HOTOL TS ROUTTOANG PIT0QoUV vou deiEouv onpavinés petaforés g oetouniig tayvmroag. Ent mhéov, Ta onueio
TOUNG TWV TUNUATOV OUTAY TG ROUUTTUANG CELOULXIG ToUTNTOS, TEOOOL0EILoUV %ot To GoLoL PETOED TwV TUNud-
TOV JLAPOQEETIRIG TELOWKG TaXUTNTOG.

H avdlvon ouviifwg aeyiCer omd g dQOUO-YQOVIRES RAUTVAES TWV UAKQVAV CELOUXMDV TNYWDV, TTOU OVaL-
TOQLOTOVY Tig VYMAGTEQES OELomRES TayUTnTeS. Oty oL ®AMoeLg Twv ®*AAdwv avtav €xovy TpoodlopLodel, Téte
OTQEPOVUE TNV TEOOOYY] UAG OF TUNUATA JTOV OVILTQOOMITEVOUY IHQOTEQES OELOMKRES TaUtnTeg. Elvon Baownn
1EOUTTGHED TS TaQOTAV®W avdAvong, 6Tt oL peTENOeioeg TEWTES OPIEELS TOV TEQLAAUPAEVOVTAL OTOV TTROOBLO-
OLOUG TNG OELOUIRIG TOXUTTOG VO TQOEQYOVTOL OTTO TNV (0L LUVEYELAL.

H pebodog ABEM

H péBodog avni €xelL ewoayBet amd ) coundunr etapioc ABEM amé to 1940, yia v ogaipeon g enidoa-
oNG TG HETOROAG TNG OELOMXNG TAXUTNTOS ROTA PIFKOG TG Rl auTig TG aouvEyELas, ®aBag emiong ®o YL
TNV OVTLUETAMLON TV TEOPANUATWY EQUNVELOS TOU TEOXAAOTVVTOL 0TS TV VIOV TAQOUGQPWON TV dQopo-
XQOVIXMDV ROUTUAMV Rt OPEIAOVTOL OTNV PETAPOM] TOU TOTOYQAPLXOT avaryAipou *a TV Taovoia SLopoQe-
ROV OOV RO GELOPARGV TAXUTHTOV TOV TYNUATLOUDV.

Eilvow por oreTd ammoteAeOPOTIRY TEXVIXY] RO O OVTIXELUEVINOS OTOYOS EIVOL VO TEOOOLOELOBEL 0 dLoBw-
uévog xeovog ovvavimong, Ti, mov aviiotoyel o €va Tuijpo ®ouTUANG oelouris tayvmrag (Sjogren 1984,
Parasnis 1997). H texvuxij d16008wong mov e@aouoletol TaQEyEL TOUS TEAYRATLROUS XOOVOUS OUVAVTYONG.

[Tépa and to BeWENTLXG Ko TEXVIXG HEQOG TS NEOGDOV, auauTelTOn Lot EVEUTEQEN YVAOT TV CUVENXMV TG
meQLOYNS Epevvas (YEWAOYIHES HOL YEWTONTIXES EQYOOIES), N omoia cuviiBwg Adapfdveton cofapd vioyn xatd
TV EQUQUOYT] TG.

H pebodos GRM
Me ™) péBodo ot €xovpe T duvardTTo Vo TEOoOL0QICOVNE Pe anQIBELC OUOYEVY OTEMDUATO PE PETABON-
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Zynjua 1. Tomoyeagixds xdotis mov deiyver 115 Ocoets Tov octopndy Tousv 1 & 2 (1a). Ta anoreléouara mov
mooéxvyay and m puéhodo GRM magovardbovrar ota oxrjuara 1 & Iy.
Figure 1.Topographic map showing the location of seismic sections 1 & 2 (1a). The corresponding results of
GRM method are presented in figures 1§ & 1y.

ASpeva dym »abag xal o€ TAEVELRES HETOPONES, 0EKEL OL XMOELS TWV OTEWUATWY Vo unv vitepfaivouy tig 20°.
H pébodog yonopomotel mg faotxd otouyxeio v amdotaon petagl dvo yewgpovov (XY) yia Tov vmoloyopd
TWV OELOIHRAY TOXUTHTOV X0l TOV avilotolywv fabav. Zm félnot andotaon (XY) ol oslomxés “rovovirny”
now 1 “avtioTpogn” axrtives, avadiovial TtEpimov atd To tdlo onueio ™ empdvelog didbhaong. Avto onpaiver
Gt m Televtaio TEémeL va eivon emtimedn pOvo yuo preo oxETIRG didotnpa.

H axpifera pe mv onoio mpoadropiCovrar fabitepes oxetind empdveres dudBhaons, ovyvd eEaprdtal amd
™ duvordTnTo *oBoELOROU IKENS ¥AUOROS HETABOADY, TTOU TOQATNQOTVVTOL AGY® OVOUOLOYEVELLS TTOAD ROV
oy empdvela. Edv tétoteg punpric »hipoxag avopaiies amwodobotv Aavbaopuéva oe faditepa otpdpata, T0TE
1 RoEY} %o ToL VITOAOYLOBEVTa BABN ™S empdveias dudblaong eivar ecpaipuéva. ZTig TEQLOCOTEQES TEQLTTH-
OELS ETAVONG YEWTEXVIXOV TEOPANUGTOV TOL ETPAVELORAE OTOWUATO EVOL YOAAQA KO TOQOVOLATOUV peYAAN
Enpdtnra, pe amotéheopa n tautnTa Suddoons va unv vrepfaiver ta 300 m/s. Emopévag, elvar auxve 1o gauvs-
UEVO Ol OVWUAIES TTOV TAQATNOOVVTOL TTOVS XEGVOUS A@LENG VoL 0QElAOVTOL OE TETOLOV E(O0VG EMPAVELORES
HETAPBOAES naL OxL 0T poegn TV Pobitepmv empaveldy oewomxnig didbraons. Iapd to yeyovdeg Gl xenowuo-
mwoLotvran SLApOoQa XOUTHELOL AVOYVARLONG CUTHY TV OVOUUAGY 0 axLBrc TEoadLopLopnds Toug pue Ty GRM
eivan dvonohog nan oyetnd apépaiog (Palmer, 1980).

Emntiong, 0 mpoodioplopds mg “tugis Tovng” ®abog ®o Tou “rouepot oTodpuatos” ammotehel puo ev yéver aduva-
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s GAwv v pe@Gdwv ov omEitovran oy avaivom Twv TEATOVY apiEewy ®ou eTOUEVES v pépel xou s GRM.
2GS TEQUTTAMOELS OTLS OTOIES TTOQATNEETOL PLaL YOaUULKY] oUENOM ¢ TaUTTog pe to Pdbog, dnhadi v
ouvAETNON PETAPOANG TG TOXUTNTOS EVOL TG HORYPNS

V(z)= b + az(m/s)

‘Omov b 1 agyun tavTnTa
a 0 euBds perafohic Tg TaxvtTags pe to fabog
z BaBog o€ pérpa
tdte 1) arEIPELO TTQOTDLOELOUOU TWV TaXUTHTWY %o Tov BABoUE Twv empaveldv dudBraons eEagrdtol and
10 Yvopuevo aXz. ‘Otav 1o yivopevo aXz elvou pndotepo tov 5% g agyuxis taxvttag b, téte oL vtohoylobei-
oeg Tayvteg drapgpovy xatd 1% amd TG TEAYHOTHES TLUES. AvTioTota, To VToAoYLoB€vta BAaon eEaptdvion
amé o wdyn Twv orpwpdtov (Palmer, 1980). ‘Otav Suwg to ywvdpevo aXz vrepfel To mpoavagpeBEv T0000T0,
TOTE EVA) M HORYPY TV EMPAVELDV SLAOAOONG TORANEVEL G €XEL, Ta fdON Elvar ToL EAAYLOTO TOU UITOROVY VO
vrohoytotovv pe Bdon ta vrdeyovra dedopéva (Palmer, 1980).

Mn yoauuuxij Touoyoagia ociouixjs drdiblaons

Zoupwva pE T TEXVIX] TNG W) YOORWRNIS Topoypapios oetopuxrs dudBhaong eivar duvatds o mpoodiopt-
OpGS TNG RATAVOWIG TG CELOWXIS TaxUTTag pe to Bdbog, pe v ewooyoyrj evog apyxol poviéhov (Zhang,
1998). To aEywd povtéro pumoQei va elvat T600 ahG G600 %aL O OROYEVIGS NULXWEOS 1] €va aTAS poviéro dvo-
TOLHY opoYEVAV non opLiovtinv otpwpdtwy. H uéBodog dev amautei t (oMon moadoxdv o etind pe Ty xoto-
vousj Tng TouTnTag Y Tov euipoy petaforic avtic. AvtiBeta, faciletan ot xoron evig aryopiBuov oyxedia-
OpoY TG TEOYLAS TWV OELoMXGY axtivwv (shortest-path ray-tracing algorithm) xow 10o0dL0QLONOYT TWV YEEVWV
duadpopric ue T uéBodo g un yoauuriis avrotgogrc. H dutadwacia avti exavumoloyCet xot evypepadver to
HOVTELO TaUTHTWY %ot TN SLadQOUY] TWV CELOIKMDY OXTIVOV HETA at6 RAOE EmavaANyM.

Q¢ xOLTjELo avVTLOTEOPYiS OEV XONOLUOTOLEITAL UGVO N EAOXLOTOTOMON TG dLopoQds HETaED Twv BemEenund
VIOAOYLOBEVTWV RO TOV TOQATNENOEVTIOV YOOVOV GPIENG, GAAG o 1) EAOYLOTOROMNON TV SLOPOQWV O) TOV
péowv TdvY TG TaxvTnTas *at B) Twv euiudy petapolis g Tayvtnrac. Ewduxd, To devtego xotmijoto odnyel
OTNY AVTLOTEOPT| AUTAV %aB° CUTHV TV SQORO-YQOVIXWV RAUTTAMY Row GXL HGVO OTHV QVTLOTQOPY] TWV CTOAU-
TV TIHAY TV Xeévav dradgopric. O ouvduaouds Tmv do oty xptmpeinv odnyel otov axpipii TpocdiogLousd
TV CELOIXMY ToXUTHTWV TG00 08 oA oNyYd 600 *aL ot peyorvtega PAom.

H xo1jon ™ oelopuxiic Topoyeapiag mg TeXVIXIS Yiot TNV avdilvon Twv SeSOUEVWV, OTAULTEL YEVIROTEQX TNV
QUENOM TOU 0ELOOYT TWV OELoIARAY TTNYdDV, avd oelouxd avdrtuypa. H mpoindBeon avt xpiveton anapaitn-
T1) TTEOXELUEVOU TO TTRGPANIAL TOV TEOTOLOPLOPOY TG KATAVOUNGS TG OELOULRYS TopgUTnTag vo xabopLoBel pabn-
poTrd ETUQRMG. ZTNY TEQITTWON EVOS “Un EMAQRMS TEOOdLOQLONEVOL” mofMjuatog, n dadiwacio aviiotgo-
@ric odnyel uévo o éva Tomxd eAAYLOTO Haw YL OTO OMXG EAAYLOTO, TOV OmwOTELEL Haw TOV TEMKRG oTdyo. H
eURONITEQN o AydteQo evdederypévn Aion eivan avni g avENoNg TV dtaotdoemy Tov “reMOU” Tov ROVVA-
Bov. H epappoyr g “opaioroinons” ot €XeL oav OmOTEAECUA THY AUENON TV OPUAETHV TTOV VITOAOYL-
opd TV BemENTRGY XEGVeV dpENS. AviiBeta, n mapovoa péBodog xonotpomoLel T pabnpaTnn TEooEyyLon
tov Tikhonov (1977), odpupwva pe v onoia eEacpariCovrar eELOMOELS Yo dmelpo apBpd ayvaotwy. “Etot,
emirvyydvetaw Moon aveEqotn Tov peyEBoug Tou “xeMov” nat ETOPEVMS EVXEIVELD AVEEGQTNTN TG TUXVETN-
TOAG TWV CELOWRMV ARTVAV avd REML.

4. LYTKPITIKH IIAPOYZIAXH TQN AIIOTEAEEMATQN

Zro oyfjuato 20 XL 2y TOQOVoLAToVTaL TO ATOTEAEOUATO TG OELOURYG TOPOYQOPIOS OE OUVOVIONS UE
avtd g peBdov GRM. Mapd to yeyovdg GTL 1 TURVOTHTO TWV OELOIMKRAV axtivav avd xehl, 6mng gaivetol
ata oxfporo 26 xow 28, xupoivetor peta S xat 55 wvav, 0 *aBooLopds ™S HOEPIS TS ETLPAVELAS TOV VTTOPd-
Bo0ou %ot 1) XoTAVOUT] TWV CELOUREY TAXVTHTOVY E(VOL AOXETA COPNG, VA TO TEMKRG PECO TETOAYWVIRG OQAApua
givan mg 1aENG twv 0,58 ms. H adEnom g oewopnrig toxitnrog pe to adog n omota eivon epgpoviic zon otig dvo
Topgg, ouvodevetol and avEnom Tov TocooToy moldttag g fooxoudiag (RQD), drwg autd gaivetal omd Tig
vewtpriogg Bl waw B2. Zuyxrexopéva, dv vrtohoylodel o guBpudg avEnong me taxvmrag pe to fdog otig
B€oe1c TV 80 YEWTENOEWY %Al YLOL TO OTEWHUO TTOV VTOKELTOL TOV ETUPAVELOXROU XAAAQOU OYXNUATLONOU, TOTE
TOQOTNEETON pLoL aiENOM TS T UTTaS TS TaEems Twv 120 /s avd pétpo. H aviiotowyn aiEnon tov tooootol
oLdtTag ™G fooyopdiag, evidg Tov (dlov oxnuatiopot (evarhay€s Yopuputdy xow thuohiBwv), eivar 50% (oo
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48% oo 98%). g eAGyLotn L} OELoULS TaitnTag vtofdBoov Bempeital avti twv 2200 p/s xow wg aviiotor-
%0 woc00té RQD autd tov 95%. O duagpopés ota vroroytodévta Bddn tov virofdboov, yia Tig Yewteoels Bl
xaw B2, peta&v g osloixtic Topoyoapiog xot tov yewteioewy eivar 9% nat 6%, avriotoua. Ta ovyrexoue-
VO TOCOOTA ELVOaL XAVOTTOM TG ACPBaVOUEVOL VITGYN Tt TO PEYEBOG TOV X ONOLLOTOOEVTOG “reMOV” Elvan 2
1, EVD N aT60TO0Y HETOED TV YEOPOVWYV, OTTMS EXEL TEONYOUUEVWS avopeQBEel, elvat 5 .

Ta pey€0n twv Taunitmy Tov oeloxoy vofddoov, tov vrohoyiodnxay pe ™ péBodo GRM (BA. oxquato
1B & 1y), eppaviCoviar vepeXTUNUEV O OXE0N UE TIS AVTIOTOLYES NEYLOTES TWHES TOXUTNTAGS TNG OELOIHNIG
topoypagias. Emmhéov, evad n poperi tov avayhigov tov vtopdBoov, 6nmg aut tpoadiopiotnxre pe t pédo-
80 GRM, Boioxretal 0g 1XavomomTIxt CUCKETLON UE QUTH TS TOROYEAPiOg, To VToAoYLoDEvTa. Bddn €xouvv du-
oavahoya vroextunbel. To yeyovis autd umoel vo amodobel pegurd oty awdtoun avEnom g OEloAng
ToyuTnTog pe to Padog, petafory tnv omola dev umopet va duayetoloBei  péBodos GRM, ereldr| 6mms yvwoi-
Covpe n epaopoyn ™ms TEOUTOOETEL dLaArELTA %Al OUOYEVT OELOIUARG OTOWUATO 1) XY aENom (<tov 5%) g
TaxvTnTog ue to Pabog.

I'a Tov €Aeyxo xau TV eXTIUNON TG CELOUKIS TaxUTnTag xonowomouifnxe exiong n yoaguky uéfodog
MMT %o 1 ué6odog ABEM yia Tov mpoadLlogLops twv maxdv exel 6rtov fitav duvartd. H ropmihn 1 ota oxfjua-
Ta 3a nan 3P, €xeL mpontpeL and v epaguoyr s MMT peBidou oto Lelyos Twv HOXQLVAY GELOUXDY TINY DY,
YL0L TOV ZOBO0QLOPO TNG RATAVORG TS OELOULRNG Tox TN TaS TOV VToPABpov. O OELOILRES TaUTNTES TTOV TEORV-
TTOVV ATS TIG KAIOELS TV OVTIoTOLY WV *AAOWV ROTA P0G TS XApTUANG 1, delyvouv wa pxpn dtaxtpavon tmv
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Zxnjua 2. Aweixovion 1oy amoTeEAEOUdTOY Ue fdon TiS dLapOQETIXES TEXVIXES avdAvang mov yonowomonjtxay (a &
y). H yoouarixf xAijuaxa aveiorouyei oty oeiouaj Touoyeapia, ot diaxexouusves yoauuss oty GRM xai o aoregi-
oxog oty ABEM. Emiong Ociyverar 1 »atavourj Tng Tuxvomijrag Tov OElopIxGy aXTIVOY TS OELGMXIS TOuoygapias
(B &9).

Figure 2. Image presentation of the results based on different techniques of analysis that were used (a & y). The gray
scale picture corresponds to seismic tomography results, dashed lines on GRM and the asterisk on ABEM. It is also
shown the density distribution of ray paths of seismic tomography technique (f & 9).
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Zyrina 3. Agouo-y00vixes xaumvies Tov octouxnay Toudv 1(a) xar 2(B) xou o1 mpoxvmTOVOES xqum;lsg OELOUIXIS
rayvmrag (1, 2, 3, 4 & 5) pe pdon mm uébodo MMT.
Figure 3. Travel time curves of seismic sections 1(a) and 2(f) and the resulted velocity curves based on MMT method.

TAV %aB’6ho 1o wixog twv 8o avartuypdtwv (2500-2800 m/s), pe eEaipeon Ty weprox) netaEl Twv amooTd-
Oewv 65 wow 75 pétpav, 6ov TAEOVOLATETOL PLot OTTGTOUY EAGTTOON TG OELOWLKTYS ToUTnTOS Tov VItopdfoou
(1700 m/s xaw 1400 m/s, ota oyjpata 3o & 3B, aviiotorya). Ov OELOULRES ToXUTNTES E(VOL VTTEQERTIUNUEVES OV
MABeL novels VITGYN TO TOTOYEAPLXG avEYAVPO %Ko TO 0vaYAVPO TS mpdveLag Tov vtofdBpou (Sjogren 1984).
“Etot, Bewpdvtog pua mooypatiky] ogtopmxt} taxvmra tov vrofdfoov 2500m/s, proovv va meoodiogiofotv
%O EQOOUOOO0UV 0L XEOVIXES BLOEBMOELS 0TI OQOPO-YQOVIXES RAUTUAES KOL VO TEOXTPOUV OL AVTIOTOLXOL
dropBmpévor ypGvor ouvavinoms. I'ia 1oV TEoodLoQLops TS CELOMRTS ToUTNTOS TOU dEVTEQOV OTRDUATOS YN
owomouionxe N péBodog MMT yia novitvd Cevyn GELOMUAVY TTNYEV RO TEOEXRMPaLY OL XOUTTOAES 2, 3,4 & 5 Y
%d0e avdmruypa. O oelopureég ToitTes Tov devtepov otpdpatog magovotdtovy wo péon wur 1350 m/s oto
oxfua 3a xow 1250 m/s oto oxrjpa 3B, pe eEailpeon v meproxn petal twv omootdoewy 65 & 75 pétpwv, Grov
1 Taxvmra eivar tepimov 900 m/s. ZVpgpwva. pe Ta oroLyeio avtd frav duvatd vo vrohoyloBolv to wdyy Tov
TEWTOV xa deVTEQOV OTEMUATOS OF arrdotaon 57.5 pérpwv and v apx Tov xdbe avartiyporog. “Etol, ta
Badn Tov vrofdaboov vmoloyiobnrav oe 14.5 now 13.5 pétpa, aviiotoua (PA. aotepionovs ota oxjuata 2a &
2B). Yrdoyet »ohj ovoy£tion petaEl tmv fabdv mov mpoéxupay amnd T CELouRY Topoyapio kot Tig pefédoug
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GRM & ABEM, Aapfdvovtag vmdymn Tov TEQLOQLOUEVO AOLOS TWV TELOIRMY TINYADV, T OXETLRC UEYAAN ATTs-
otoon (5 pué€temv) petall TV YEOMQHVAV KoL TO WO TOV ovorruypdtonv. AECel va onpewwBel €ddd Gt v
sagovoio g otevig Livng (Thdtovg 5-6 nétpwv) xapuning oetopnis tovmras oto véfabo, oxiaypapeito
pe oagiivera pe ) péBodo MMT, eved avtiBeta n Todvy ovni omonohimteton amd ™ oyennd andtopn RBBion
tov vtoPdOpou pe Pdon mv eneEepyaoia pe tn oelouxy topoyoopio xot ™ uéBodo GRM.

5. EYMIIEPAEMATA

ZUpQmva. (e To TUQOTAV® TEOXVITEL GTL (e TN XO1ioN TV ueBGdwv GRM xar oelounns topoyoapiog, to
AmOTEAEOUOTOL ELVOL OUYHQLOLUAL TTORA TS ETTE LEQOUS SLAPOQOTONIOELS TOOO OTLS OELOUKES TOXUTNTES GO0 KO
ota vtohoylobévta fddn tov acuvveyewv. EEetdotnrav dvo mepumtdoels pe oxetnd peydho pixog avartiy-
WOTOG KO TEQLOQLAUEVO CRLBNG TELOUXAY TTYMV KOL 1) CUUPOVIC TOV ATOTEAEOUATMV UE TOL YEWTONTLKG OTOL-
xelo npiveTan emaQrnc.

H duvatdmra extéheong ixavomom oy aptBpol CELoHnGY mydy pe alEnom g TunveT|TaS TOV YEWPE-
VWV RO TNG XOUTEAANANG XO1{ONG OELOMRIG EVEQYELAG, RAUBLOTA TN TEYVLXY TNG CELOULXIG TOHOYQOPICS OELOULRYS
SduaBhaong ol xonown ot diepeuvnon g ey dourg ota mhaiow pog yeotexvirig épevvas. Enl mhéov,
pe ) dUo SLoTAOEWV RAMVYN TNG VTTOYELOG RATAVORNS TNG CELOMXTS TayUTag, divetal 1 duvordtnta rakite-
QNG OUOYETLONG UETOEY TV WTOTEAECUATWV TNG OELOUXTG TOPOYQOQPIOS HOL TV YEWTENTLXRMV OTOLYElWY, O
TEQUTTWOELS TTOU TO YEWAOYWHO vtoPabpo petafdiretan fabuiaia petd tov faBovg, Adyw ®VEING REQUATIONOU,
dudfowong, aroodBEmons, *aQOTIXOTOMONS, K.C.
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LYYMBOAH MONTEPNQN MEOGOAQN IN'EQLEIXMIKHXZ AIAZKOITHXHX
LTH AIEPEYNHXH THX YIIOT'EIAYX AOMHZEX.
MIA E®APMOTI'H XTHN IIEPIOXH THX KAAOI'PEZAX"
T.A. HAIIAAOIIOYAOE' , I. AAEEOIIOYAOX, II. KAMIIOYPHE', £. TOAHE' & X. KABOYNIAHL'

ZYNOWH

Zmnv €Qyaoio auti woovoldietan epaguoyn g uefSdov oeomxrig Topoypaiag yio T diepetvnon g
VrGyeLag dowc, pe Eppaon oty avixvevon vdyelwv otodv oe Padn petaEv 30 non 80 pérpwv. H xonowmomnoi-
NON WV TINYDV OELOPLRTG EVEQYELOG HOOMG KoL M O1ON CELOIKRDY ROPUAIWV, ETETOEWPAY TNV RATOYQOPY
CELOWXADY VATV pe deomblovoa ouyvotto ™ TdEns Twv 200°E250 Hz. Metd v eneEepyaoio twv oeout-
XDV ROTAYQAPWV KO TNV APAIQEDTT TOV OELOIKOU BoQUBOV pe ®oTtdAANAa @iktoa, EQaEuéabnxre N TeXVLXY TG
U1 YOOUILRNG OVTLOTQOQNGS UE TN XO10M TOU tponypévoy oryopibpov twv J. Zhang and N. Toksoz (1998). H
TeXVIRY auTi] e@aouéotnxe ot Toio Telyn yewtpioswv mov eixov avopuyBel omv mepioyr ™s Kaloyopg€tag.
Zopgova He To aroteAEonaTo TG Tapovong £QEuvag SEV avivelBnxay «imomtec» Ldveg 1j dondg mov va
vrrodnAdvouy v YoeEn peydiwv vdyetwv otodv. Mia uxer diagpogomoinon otn oewouxt] TaxitTo (Tng
tdEng twv 300 m/s) mhnoiov twv yewtenoemv Bl-1 (xvpiwg) xanw B1-3, ogeileton eite o paowkr alhayii Tov
VAXOU 1j 0T SLAORETIRY PUOLXY] ROTAOTAON QUTOV.

SUMMARY

In this paper the application of the seismic tomography method for subsurface investigation, especially in
the case of adit detection at depths between 30 and 80 meters is presented. The use of non destructive seismic
sources as the mechanical hammer as well as seismic detonators were allowed seismic waves of dominant fre-
quency between 200°E250 Hz to be recorded. After the processing of seismic records and the subtraction of
seismic noise by applying appropriate filters, the technique of non linear inversion was elaborated by using the
advanced algorithm of J. Zhang and N. Toksoz (1998). This technique was applied in three borehole pairs that
were drilled in the Kalogreza area. According to the obtained results there were no large subsurface adits de-
tected. A small differentiation in seismic velocity (of the order of 300 m/s) near boreholes B1-1 (mainly) and B1-
3, is due either to phasies change or to different physical condition of the material.

AEZEIZ KAEIAJA: Zewopunr] topoypagic, MéBodog un yoouuxiig aviotoogrc, Avixveuon udyeLmv OTody,
YewteVIRY €QEUVAL.
KEY WORDS: Seismic tomography method, Method of non linear inversion, Subsurface adit detection,
geotechnical investigation.

1. EIZATQI'H

H avdyxn xonowonoinong mo eEehypuévav xow mepLoadteo amoterlecponkdv pebBodwv diepetvons g
vredaguriis dowrig eivon 1dLaiTEQO EMTARTIRI OTIG TEQUTTWOELS XATOUOREVIIS HEYAAWY TEXVIXAV £QYwV. “Exouv
xonowpomomn0ei xatd 1o maeABSY pe emruyio Yewpuowés uébodol empaveiog, 6nwg 1 oelowxry péBodog
duaBhaang, n néBodog oeropriis avdxiaons xabwg xow 1 Yewnhextowri péBodog, yo ) diepevvnon mgs onxnis
dopris xou LOLaTEQX YLa YEWTEXVIXES EQAQUOYES. TO ®VOLO YAQAXTNOLOTIHG TWV TOQOTAVY peBodoNOYIAV Elvar
Gt oupuPAAhOVY XUEIME 0T OTEWUATOYQOPLXT] ROt TEXTOVLXT] dLeQevVNON g Vntd pevva TtepLoyris. H amotehe-
opoTrGTTa TV PeBSdwv avtav eEaprdran and ToAOUS TAQGEYOVIES, OTMGS T.X. TO (UOUKTNOLOTIRA TS TINYYiS

* CONTRIBUTION OF MODERN SEISMIC METHODS FOR SUBSURFACE INVESTIGATIONS. AN APPLICATION AT
KALOGREZA AREA (ATHENS)

1. Tunpo Tewhoyiag EBvixov & Kamodiorpranov Tav/wov Abnvayv, Topgag Ieaguowns-Tewbeppiag, Mavemomuovmohn, Zoypagov, 157 84.

2. EBvixé & Kamodiorpuoxd IMav/wo Abnvav, Tijpa F'ewhoyiog, Topgag Menguounis-T'ewBeopiog, Mavemomurovnoin, Zwypdgov, 157 84.
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(7. OVYVOTLRG TTEQLEXONEVO), T DLATAEN How TOV GBS TWV CELCIR@Y TINYDV, T1) XWELKT] RUTOVOUY TV Ot-
RTOV (YEWQHVWV), T didtaEn mg yemnhextoixris ueBddov, arrd xan 1o fabud dragpopomoinong amrd Yewgpuot-
NG OXOTUAS TWV VTG EAEYYO OTOWUATWV.

Zmyv evpitepn meprox1] ™s KahoypEfug moayuatomolovvtay eXPeTEAAEVON AYVITIXGY ROLTOOUATOY, 1) O-
noio emextdnue aveEéheyxta xotd 1o ToeB6v. Ta Ty amoguyr] mpofAnudtov xatd ™ Ospuehinon peydiov
TEXVIROU £0YOU OTNV TEQLOYT], EQAQRAOTNXAY OL TEXVIXES cross-hole xouw oelopLniig Topoyogiog yo T dteQev-
vnon mg vadyeas doung petal twv Babdv 30°E80 pétpwv xow Wiaitepa Yo MV avi)vevon xou eVIOTLONG
VTGYELWV OTOGYV OV eVAEXOPEVIS va dLépyovtan amd Vv mepLoxy Bepelimong.

2. ZEIEMIKH TOMOTI'PA®IA METAZEY AYO 'EQTPHZEQN

Qg oelowrt] Topoyopior 0RILETOL RABE TEXVINT HATAOKEVNS VTESQUPLRIG «ELKOVOG» OTO ECWTEQLRG EVOG
¥WEOV WOV 0QITETAL TS TN YEWPETEIO TWV CELOWHWDY TNYDV ®ow Tov dextdv (Yewpdvmv). H uébodog faoite-
TOL OTOV UTTOAOYLOUG YOOUULAGY OAORANQOUATWY TS OELOULRNS To(UTNTag, V, 1 TOU 0VTLOTEAMOU TS, P, KO TOU
TELOUHOU TAGTOUG.

H Poowri] TadueTog 1 omoio SLoxQiver xupiwg T ALAPOQES TOUOYQUMPLKES TEXVIRES QPOQE TOV TQOTO UE
TOV 0700 JLATACOOVTOL OL BECELS TV OELOIARMY TTNYHV RO dEXTAV TEOREWEVOU va dteEayBouv oL amapaitn-
TEG PETQNOELG. ZTNV TEQITWON TNG OELOWLKIIG TOUOYQOPLOG HETAEY YEWTQOEWY OL OCELOMIKES TNYES Ko oL OE-
®1eg TomoBeTOvVION 0 drapopeTinég yewtpnoels. To mheovErmpa g Texvirig avtig eivar 6t 1 oewomxry
evéQyeLa dev ALEQYETAL AVOyRAOTLXA QTG TOVG ETUPAVELAKOUS, WG €T TO TAEIOTOV «aAQOVC» OYNUOTIOROUGS,
UE OTOTEAEOUN VOL UMV TAQOTNQETOL OTMAELRL TWV VYPIOVYVOV KUUOTIXDY CUVIOTOODMY %Ol XOTE CUVETELR VOL
ETTUYXAVETOL QUENON TNG SLOXQLTIRIS LXAVETNTOG.

3. TO YIIEAA®OX THX IIEPIOXHZ

Zmv neplox eA€yxov extehéotnre yewteyvixi gevva pe 14 deryparolnmunés yewrofoews. Ewdindrepa
oMV Wo TAeVEd, exTés Twv dvo derypotodnmundy yewteroswv Bl-1 zow B1-3 mov avopiyxfnxav ota dxroa,
ovopUyOray emmhéov 4 un devypatolnmunés yewrpnoeis, ow B1-A xon B1-B yia v cewopny] Topoypogpio xow
ou B1-T" non B1-A ywa v doxupr cross-hole. Ou B€oeig v yewtpfoewv magovotdloviar oty Ewxdva 1, evd
omv Ewdva 2 divetow n edagurn touri Tov emmédov mwov opiletan and tig Bl-1 ko B1-3, 6mwg mpoéxvpe and
v oEoAdynon twv amoteleopdtmv g yewtexvixnig pevvag. To vrédagog g mepLoyrg amoteleitan amd
TEXVNTES EMLDOELS OTA TEWTA 6 ., TG OTLPEY] appdddn xotd TOmoug AEYLAO pe KD YEMUNYOVIXG XOQOXTNOL-
oA PEYOL TaL 46 . %o oS apYLAwdN appoxdhxa oe NuBeox®dn noperi (Yymedomayés) uéxot to padog mov
diepevviiOnxe (wepimov 70 p.). O vdyetog vdEOPSEOS opitovrag oty B€om ™ Toujs B1-1"EB1-3 npoodiopi-
OoTN®E Ot 6 Y. TEQITOV amS TV EMPAVELQL.

4. TEXNIKH AHWHZ TQN METPHZEQN

T TV wAjon xkdAvym g mepLoxns evalapEovtog PeTaEl Twv YewTerjoemv amantiinxe 1 toroBEmon g
SLaTaENG TV CELOWHMOV dEXTAV aEXrd ot AN amd 39'E80 w., oty medTn €% TOV YEWTOHOEWY TOV {evyoug
xow 1 dradoyrr] TomoBEmon g oeopurng mnyric amd 40°E80 ., ue Prina Miyme petprioemv 2 p., ot devrepn
yedtonon (BA. Ewxdveg 4.y,8). H yewuetoia Myme Tov HETOHOEWY (XAVOTOLEL TV avAyxn EVOS OUOYEVOUS TTAEY-
LATOG OELOWARAY OHTIVOV, 1) TUAVOTNTOL TV Omo{wY avd oelouxd xell, eEaopakilel mv avixvevon tov otdyov
g épevvag. Ze devtepo otddio xahigOnxe 1 repoyt] ot 30" E40 w. pe otéyo ™ diepetvnon g dourig netakl
30 xou 40 pétpmv. "Etor, ouvolnd diepeuviiBnxre o xHRog petakl twv mnydv xow dextdv amd Baon 30 €wg 80
uérpwv. Ou uetEnoeLs eEMjepBNoaY Pe T XOHON UNXOVIRIG CELOULXIG TTNYNG, AUTORaTNG, PE duvatdTnta EQoQo-
yig Mg uéoa oe yewronon. H pnyavixy cinyn mapdyer emunun, eyrdooia 1 Yevdo-Rayleigh xipata o omoio
dradidovron axtiverd. H mopayduevn evépyela »at’ outs tov tedmo eival mepimov 5'E8 J/xpoton xal ot #oov-
O£Lg Wroovv va. emavoingovv kdabe 2°E3 deuteplhenta, EMITUYXAVOVTOS VTEQBEON TWV CELOUREY KUUATWV
%OL XOTE OUVETELQL EVROLVELS a@iels Tov @doemv. To e¥Og TwV oUYVOTIHTMV IOV TadyovToL eivor PeTOED
200"E1500 Hz. Xonowomoujfnrav exiong xou oetomnd xonpilio He XoGvo mupoddtong uxedtepou tov 1 ms,
YL0L TOV ELEYXO RO TNV OTOQUYT TOAVEY OQUANGTWY TOV VTELCEQYOVTAL AGY® Rax0U TQOTALOQLOUOU TOU YQ0-
vou Und€V pe ™ X1oN ™S UINXOVIRNG OELOWXTS TNy1is. T T AMjym xow Ty €V ouveyeia xataypagy Twv ogL-
OUXY ®UUETWV YonowpomorBnre alvoida yewpovmy amoteAoUpevn omtd 8 ToLaEovird Yedpwva, pe ouyvoT-
T ROTOYOYS wov rupaivetar petoEl 60"’ E6000 Hz.

-1318 -



10m

HAOV ADdAUZ 2040003V

Soi0idlry 0dp6m3y S0dL)

T —

Ewova 1. Tomoygapixd dtdygapuua megtoxs €0evvag.
Figure 1. Survey area.
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Ewxova 2. Edaquxij tourf BI-1’EB1-3.
Figure 2. Section B1-1'EBI-3.

5. MEOOAOX ANAAYIHE KAI EIIEEEPTAZIAYL TQN METPHZEQN

210 medTo otddio ¢ eneEepyaaiag peterdnxrav oL xedvol dpEng Tov ar’ evbeiog dtopuirwv xupdtwy (P-
waves), ue axpifelo peyariteen Tov 1 ms, yio ®dBe celopxd fxvogs, agol eVioXIONHAY ToL CELOULKA TAGTY e
teyvinéc AGC (Automatic Gain Control) xow apa@€nxay, ue ™ X01on Yneraxdv QIATEmv, oL CUVIOTWOES TOU
tuyaiov Bogufov (Random Noise) ov vrreloiABav Adyw Tov mapaxeipevov owtontvnrododuov. Zmv Ewdvo 3
QaiveTal 1 QOOPATIRY AVAAVOT PLOS TUTILXTG OELOULXIG XATAYQUMIS RAL 1) TTOQOVOTOL XOUNASTUYVOV HUPATWOV
7oL opeihovion otov TuYaio B6pVPO raw TEOROAETOL ®VEIWS QTG TNV %iVNON TWV OYNUATWY.

=iz B =13 x|
P 001 s, Tosew 21532 T 7102 fsa] Fla 001 o Tuow 4. Tone 700 801t

Ty
B
omomOOmROm
3 4 8 ¢ 7 8 & B U N Al Traces 13
) R por | oow |

Ewova 3. Paouarixrj avdlvon pas xaraygagrjs 24 xavadiwy (agiotegd)xal evos yagaxtneiotixov pdouatos (dekid).
Figure 3. Spectrum analysis of one record of 24 channels (left) and a typical spectrum (right).
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T Tov TEOGALOQLOUG TG RATAVOWT|S TG CELOULXIG TayUTNTOS e To BAB0C, 0TO XHEO METAED TWV YEWTEN-
OEWV, XONOLUOTTOLONKE M TEXVIRT] TNG Y1) YOOUULRIS QVTLOTQOMI|S UE TN XQ1j01 TOV TRONYREVOL aAyoiBpov Twv
J. Zhang and N. Toksoz (1998). H Aertovgyia tov akyopiBpov xweiteton oe §o otddua:

1. Ztov 1eocdLoQLous Tov XEEVOU SLadQOopTS TV CELOIXMDY AXTIVOV aItd T1) OELOWLXT] TTNYY HEXOL TO OELOWXS
déutn (ray-tracing). it 70 ox0T6 avtd xenotpomoteiton Evag ohydoiBpog g owroyéverog twv SPR (Short-
est Path Ray-tracing), o omolog vwohoyiCet TNV TOOXLE TWV CELOPHRDV OXTIVOV PETAED SLadoyirdy ®Oupwv
(nodes). Baoitetow oto vépo tov Snell xau Bewpeiton and Tovg axQUBETTEQOUS KoL TAVTEYQEOVA TOYUTEQOUS
alyoQiBpovc.

2. Z1 ovyrpLon TV VTOAOYLO0EVTOVY OIS TO TEWTO OTASLO XEOVWY dLadQOUNS HE TOUGS TEAYUOTLROUS KoL TNV
eharoromoinom twv puetakl Toug dagopdv. H ehayiotomoinom tmv ev Adyw dtogpoodv moayuatomoLeitol
ue m xerjon g axdrovbng avalvuxrc oxéong:

F (m) = (1-w) |C, (d- G(m))|? + wxD,_(d - G(m))»*+ t xR mx’

dmou:

d ou mparypoamxol xodvol dglEng

G(m) ot vrohoYLO0€vTES XOOVOL GPLENG

m  TO HOVIELO

C,  ouvteheomig TOU YENOWOTOLE(TAL YLOL TOV VITOAOYLOMS TG HEONS CELOMAIG TabTTag
1 1 aTGoTaoT HETAED INYIG ®ou déxty

D duwpoounds teheomig

R ouvvreheonic xavovixomoinong

T TOQAYOVTOS OUOAOTOMOMG

®  ouvreheoTiig HETaEY PEOoNG RaL POLVOREVNG TOXUTITOG

To Baowrd TAEoVEXTNUO TOU AVOTEQW ahYoRIBROV Eival 3Tt 1 AVTLOTEOY] ETLTUYXAVETAL )L UOVO PETH TNG
€AO(LOTOTOIMONGS TWV SLopoRWV RETAED TWV TEAYRATIXRGV K VTOAOYIOBEVTOV XOGVmV AgLEng, aAld xon péow
™G TOUTEYEOVNG EAAXLOTOTOIMONS TV LapoQwv HETOEY:

0. TWV «PECWV TOV OVTLOTEOPY TV ToVTTWV» (average slowness) xot,
B. TV «POVOREVOIV TOV OVTLOTOOPV TWV TAXVTHTWV» (apparent slowness).

Tavrdypova pe ™ xejon Tov akyopiBuov «xavoviromoinone» (regularization) twv Tikhonov and Arsenin
(1977) moarypotoTOLEfTon 1) HETOTOOMY] EVOG P1) «ETOQXMS TROOAOQLONEVOU» TTRoPMjpatos, 6wg ouvibog &i-
VOLL TO TEGBAN AL TNG AVTLOTEOPI|G OTY) GELORLKT] TOROYQAPIQ, OF «ETAQUMG TOOOILOQLOUEVO», UE ATOTELETHAL TN
duvardmnra peinong Tav SLeoTdoemvy Tov REMOU TOU ®0vvABov BDOTE Vo ERTUYXAVETAL VYNAGTEQY EVXQIVELQ.

H anoteheoponxii epoaouoyr e Topoyoopirrg £0gvvag eEaQTdToL EmiONG QNS T1) OXETIXY YEMUETOLXY
B€on Tav Iydv xaw derTdv, Tov ennEedlovy xat Tov TEMKS BaBus evrpiverag mov emruyydveton. H gurgivela
™ms ue@dov avEdveton pe ™V aENON TOU «OVOIYROTOS» TNG YWVIOG TWV CELCIAKDY axtivav (aperture) petakd
TOV TNYDV KoL TWV SEXTAV.

Zmv nogovoa epyacio epagudodnxe dvorypa yoviog 180°. H xwowxt] evxpivela mov emirevyBnxre eivon
YEVIXE LXOVOTTOLNTLXY] KOL 1) LXAVOTNTO QTGKOLONG KLAS LOGYQOVNG ROUTUANG OF pio cAhayr] TG TaumTog me-
propiteton oe o oteVY) EELOYY] 0T RateBUVOT RABETA TEOG TO PETMTIRS wipa. AviiBeta, ) nepLoy] dievgy-
VETOL O€ ROTEVOUVON TORdAANAa TEOG TO peTwmird xvpo (Oristaglio et.al., 1987). O McMechan (1983) deixvel
enioNg TG ATOXAOELS TOV TAQATNEOVVTOL OF TOPOYQGUUATO TEQLOQITOVTOL OF MxQEGTEQN TTEQLOYY, KBS TO
GVOLYpO. TNG YOVIOG TV CELOUIRGV RURATOV OVEAVEL.

6. ENA ITAPAAEITMA E®PAPMOI'HE LEIZMIKHE TOMOI'PA®IAZ ETHN IIEPIOXH THEX KAAOI'PEZAXZ

Zug Ewdveg 4.0,8,Y,0 1aQouoLGLovIon oL XATOVORES TWV CELOWA@Y XURATWY V,, 6710 TEOExVay amé T
oetopxry topoypapia (Ewmdveg 4.0,8) xaw 1 murvoTnTo Tov OELomrdy axtivav yio x60e Levyos (Ewdves 4.v,0).
H muxvémro. twv oeloprdv oxtivav €xel vmohoyloBel yia xeh Swaotdoswy 11 p. H muxvémrae yevird eivon
LXOVOTTONTLRY KOl POVO OF OXQOUES TEQLOYES MELWVETOL UE TUVETELX TO OTOTEAEOpaTA EXET VO Elvan apgLofn-
tiowa. H aréxhon mov mapatmeeiton and 1o anoteléopata 1ov cross-hole petprioewv peta&l twv paddv
48°ES52 »ay 72'E74 pétpwv, 6mov evromiobnxov vymhéc oxetnd tpég (nepimov 3000 m/s), ev avudéoer pe tig
XOUNAGTEQES TWES OELOPLXIG TaXUTNTOS OV TEOTdLoiotn1av Yo Tig (dieg Cdves pe ) péBodo g oerourric
Topoypapiag, TOAVEV Vo OPEIAETOL OTNY UIKEY] TURVETNTO TWV OELOIARGV oXTIVOY OTIg Tdveg avtés (<10 axti-
vav/xell). H pnpr] murvomnta Tov CELOxdy oxTiviov 08 ouvOUaops pe to mxo dvorypa mg ywviag (aper-
ture) PETAED TV CELOIKRDY TNYDV ROL TOV JEXTAV, EXEL WG CUVETELD TN PEIWON TS EVROIVELOS RO SLOKQUTLRYC
wavemras g ueBddov. Aapufdvoviag Tovg TaEATEVe TaRAYOVIES VTGN xar dedopsvng g deondtovoog
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ovyvotnrag ®orayeapris oty mepuoxy 200'E250 Hz, extipdton po xwoury gvrpivela g TdEng twv 2°'E4 pé-
TEOV. ZVPPWVOL PE TO YOQAXRTNOLOTRA auTd dev eviomiobnxay Toveg 1 dopég mov va amodidovial oty mopov-

oo vTéyELwY OTOMV.

1= =101 xi
£ co

D & wagnifier ¢ Cell veioem G - z -

Fosition (23 775596 72 50805

O =gl

st

Hanzortal Distarca (m)
4 {2
Postlion (28 739687, 86 006584)

Ewxova 4.a Karavourj osiouixijs tayvryrag yia to
Gevyos yewtorjocwv Bl-1/BI-A.
Figure 4.a Tomogram between B1-1/B1-A boreholes.

T e Cems

Fesioan (96 79008, T84T

Ewxova 4.f Karavourj osiguixrjs tayvrnyrag yio 1o
Gevyos yeorgrjoewv B1-T'/B1-3.
Figure 4.b Tomogram between B1-I'/B1-3 boreholes.

Ewxova 4.y Katavourj octopindv axtivov yia to
Cevyos yeororjocwv BI-1/BI-A.
Figure 4.c Seismic rays between B1-1/BI-A boreholes.

Al
Posiice 428214 30 108478)

Ewdva 4.0 Katavourj aetounav axtivov yia 1o
Gevyos yeororjocwv B1-T'/BI-3.
Figure 4.d Seismic rays between B1-I'/B1-3 boreholes.

6.1 APIOMHTIKH ITPOZOMOIQXZH YIIOTEIAY 3TOAZ

Kord m dwadieacio ™mg eneEepyaociag xow epunveias Oewennxe aragaitnto vo detybei, pe ™ nébodo g
agLBunTuxs mpooopoiwong (numeric modelling), n endoxela g xwEWwrg derypatonpiog (ddotua petakd
TWV CELOUHDV TNYDV Xow Sidomua PeTaEl TV OELOMR@Y EXTAV) ®at »ot” enéxtaom 1 duvatdmro e pebs-
dov ov eoEPETOnx®E, Vo avixveUoeL xan va evTomioeL ubaveég vdyeleg otoée. "Etol, petd Tov vohoyiopns mg
HATAVOW(S TG OELOpLKYS TaxUtTags pe o PAaBog, pe ™ uéBodo g OELOURIS TOROYQOPINS, KUTAOKEVATTRE
VEO HOVTELO TOXUTHTWV Pe TNV TRO0O Y odpatog xurhirng dwatours ue dudpetoo 3 m oe fdbog 65 E70 m. To
adpa avtd BewEBnre avVILIIQOOMTEVTIXG THE TAQOVTTOG OTOGS te dreviBuvon avamtuEng ®dbetn oto eminedo
€ogvvag. IoaypotomomBnray emAlioes yuo toxiTnto Sddoons OeEloREY ®UPGTOV evidg Tou odpatog 340
»on 1000 m/s yia v wepimtmon Tov xevoy xal Tov un xkevoy, aviiotovya. v Ewdva 5 magovoidlovran To.
QTOTELECHOTAL YLOL TIV TTEQITTTION TOU PY) REVOU.

Kotdémv, mpoodlopiotnxe ex VEOU 1) ROTAVOW] TWV CELOIKDY OXTIVOV XONOLUOTOLHVIOS TO VEO HOVIEAO
TOXUTHTWY, Y0 OAES TIG UIAQYOVOES BETELS OELOMXMY TNYDV Xow dexTav. Ataxpiveton nou oto 300 drarypdupa-
T ROTOVOUNIG TOV CELOULXWY OXTIVAWV 1) iBavi] B€om mapovoiog g «otods», wg 1 TEQLOYY amtd Ty omoio dev
dLépyovtar oelomrés axtiveg. Metpdviog TLg dlaotdoels Tov Bementixd vtoloyloBéviog «xevol xmeouv» (BA.
Ewdva 5.8), mopatmerfnxe ot
1. Oudiaotdoelg mopéuevay o idLeg peta€l Toug mapd Ta SLapPOQETIXG HOVIEAN TaUTHTWY TOU XONOYOTOW]-

Onxav
2. H opuévtio dLdataom tov odpatog autol €xel avEnbei xotd 6 m og ox£on pe auti ToU aEYI*OU OMUATOS
3. H xataxdouen didotaon aviibeta givol 1 idia pe ot Tov 0xwol OOROTOS

H anérion avni urwopei va amodoBel oty xdivyn zatd 180° tov yweou petaky twv yewtpfioewy uévo. H
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Ewova 5.a AgiBunruiaj mpooouoiwon yia tov meoodo-
QLoud oduaTos xuxduajs dratourjs xat Tayvryras 1000
m/s, yia to Gevyog yewrorjocwv BI-C/BI-3.
Figure 5.a Numerical experiment for resolving a
circular body with velocity 1000 m/s, between BI-I'/
B1-3 boreholes.

Exova 6.0 Karavouj tng ociopixijs rayvrmrag tov
eMyix@Y xvudTov ue 1o fdbog.
Figure 6.a P-wave velocity versus depth.

Euwova 5.8 Katavouij octopinav axtivov uerd tny
maQeuPoirj oduarog xvxdixis dratours xar TayvTy-
rag 1000 m/s, yra 1o Levyos yewrojocwv BI-C/B1-3.
Figure 5.b Seismic rays for resolving a circular body
with velocity 1000 m/s, between B1-I'/B1-3 boreholes.

Ewova 6. Karavouij tng oetopixijs rayvmrag rov
gyxagoivy xvudrov ue 1o fdlog.
Figure 6.b S-wave velocity versus depth.

VraEn oElour@Y TINydv xow dEXTAV oV empdvela tov eddpous Bo Beltimve T draxorixy tdvotnto Tng
ueBodohroyiog mov xonowpomorOnxe.

6.2 METPHXEIZX CROSS-HOLE

Zta mha{oLe Tov TEOCOLOPLOUOY TWV EAOTLAEY TOQAUETQMV KAL TOU XOQAXTYOLOROU TV CXNUOTIORWDY 0o
yewtexviriig TAeVEds, deErvjxOnrav cross-hole petproels o€ TEELS OUVEVOELORES YEWTONOELS OF QNOOTOOELS
nepimov 4 xou 8 pérpwv avtiotoxa. Ou peTENoelg TpaypotononiBnxay avd dvo pétpa, agyitovias and v
emupdveLa Tov £ddgoug €mg Tov TuBpéva e yedtonons (80 uétpa). H emavalnpiudmra twv ®*QoUcEwy Tov
TOQEXETOL QTG TNV UNYOVLXY OELOMXY] Ty, OAAG xaw oL pEYdAeg duvatdTnTeg EVIoUONG TOV OYUOTOG ME TN
Sduaduwacia g vTEPBeoNS TV CELOWKRGY onudtwy, xaBLlototv ) diadiwaoio Mjpews Twv petprioswv vraibpov
eEaupeTind ovvroun xaw aEémotn. Zuvolxrd Migbnxrav 40 oelomnés kataypa@ss yua xdbe Cevyog yewtpiioe-
wv (B1-I'/B1-A xow B1-I'/B1-A). Ou petpnjoeis autég aEtoAoyidnxay xoL TEOEXVYE 1 RATAVOWY] TNG OELOULXYG
ToxvtTag V, xou V; mov magovotdfovran onig Ewdveg 6.a,p.

SUPPOVOL PE TO ATTOTELEOUATOL 0T, TOQOTNOELTOLL LG YOOUUIXY] QIENON TOV CELOIAWDY ToXUTHTOV V, %o
V, uéyor fdboug 46 pérpwv pe péyiotes tayvmreg egimov 2500 m/s xou 1200 m/s, avtiotorya. Zmm ouveéxewa
TOQOTNEETON Lol AVEONEIDON 0TS TELOMXES TayUTNTES, OAG TToRapévouy oxetird vymAgg 2000"E3000 m/s. Ou
VYNAES TIPES TV CELOWRAY TorguTtitov (egimov 3000 m/s), mov mogotmeovvron uetaEd tov Babdv 48'ES2
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uétpwv naw 74°'E76 p€tpmv dev evioniotnray [1e ThV EQAOUOYY TG OELOWKRNIS TOROYEOPIag 0To Cevyos YemTo-
oewv B1-1/B1-A. O un evtomopds tmv Lovay autdv OQelheTal 0TV (xEY] TURVOTNT TWV OELOUKRMY OXTIVOV
TANOIOV TV YEOTOHOEMV, TNV XY EXTAON TV Covdv vpmig TayitTog ®ol Ty aiENon Tov pirovg ®ipatog
AOYW aopEOENONG TOV VPLOUYVOV KUUATOV.

7. LYMIIEPAXMATA

H BepeMwon pueydhov texviradv €pymv amatte! ) dteetvion g vdyelas doung ue ) peyahitepn duvaty
axpiPera, daitepa o€ TEQLOYXES ATl GOV TLOAVGY Vo SLEQYOVTAL VITGYELES OTOEC. ZTNV £Q0YQOT0 QUTH EQAQUG-
ofnxre n p€Bodog g oeLourng Topoyeapias ot Cevyn yewtonoemy Tov avopUydnxay oty reptoxr] g Kaho-
vyo£Lag, 6mov Do rataorevaodel €va, and ta £pya yia tovg Ohvpmanrots aywves tov 2004.

ZUUQWVO LE TO ATOTELEOUOTO TS OELOUANG TOHOYQpiag OeV avixvelOnxrav «Umomtes» Loveg 1 dopég mov
va amodidoviol 0Ty TeEovaie. VTTGYELWY 0TOWY. ATO TV aplBuNTLRY] TEOGOUOIWO TOV ¥ENOLUOTOL|ONXE, TN
OXETIRY YEWUETOIOL TWV TNYHV ROt dEXTAV, TN de0TGLoVoU GUVATNTA RATAYQAPNS ®ow T PaBuovounon pe ta
orovyeia Tov perproemy cross-hole, extudton Gtu €xet emTevyBel Staxeurvry] RavSTHTO TS VIGYELAS OTOGS TS
T4ENS Twv 2'E4 pétpwv, avdroya pe ™ BEom g 0to D0 HeTaEU Twv Cevydy Twv YewTONoEMV.
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ANAZHTHXH ENAAIQN KINHTQN KAI AKINHTQN MAPTYPIQN ANOPQITIINHE
APALXTHPIOTHTAX XTHN AAEZANAPEIA (AII'YIITOX), ME ZYT'XPONEX I'EQ-
PYXIKEX MEGOAOYZ-ITIPOKATAPKTIKA AITIOTEAEXMATA"
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ZYNOWH

To Epyaomjoto @aidooiag I'emhoyiog nar Puowrig Queavoypagiog (E.OA.TE.P.Q.) o cuvepyaoia pe
10 EAAnvir6 Ivourotto Agyaiag xow Meoowwvirng AAeEdvdpeiag extelel BaAdooLes YEWPUOILRES EQEVVES OTNV
nadxrtio Lovn g AheEqvdpeiag (Aiyvmtog) peta&d Arpa Aoyradog xor Movidtog, pe 0%omd vy avamhoon
™G TORAXTLOG TaAaLOopoE@oroYiag Ta teleutaia 2300 xoGVL ROL TOV EVIOTLOUS RVNTMV (VOUAYLL) ROL OXivn-
TV (EYROTOOTAOELS) papTUOLY avBowmvng dpaotnoidmrag otov muBuéva. O mubuévag tng epevvndeioas
eQLOXNG elval Poo®ddovg oVoTaoNg 08 TOC0OTO 65%, OTOLXEID TOU BUOKEQAIVEL TOV EVIOMIOUS KOt TV OVOL-
YVHELON OToYWV apyatoroywis aklag. Ze mepLoxes Tov mubuéva oL onoieg rahurtovral and xahapd Whinota,
EVIOTIOTNHE ONUOVTIXOG QOLBUGS OTOY WV IOV TOAVKS OYeTICovTaL pe ®vnNTég PapTuEieg avBpmivng dpaot-
otomras. H mogovoio emgavelonol otodpatog ogyavixtic LMog, Teoidy tg §xxuons avemeEEQyYaoTmy ooTL-
®AV Aupdtav, duoyeQaivel aXGUT TEQLOOGTEQO TOV EVIOMLOUG XOL TV avayvadQLo Tav atdywv. Téhog, av xau
diepevviOnxre €va MOAU urEo Tuipa Tov mubuéva pe PAadn wxpdtepa twv 8.0 m, mpoéxvpav evBoEUVILKG
otouyeia yio UapEn ®otafuBLopuévay TuNpATOV XEQOOU /ROl EYRATACTACEWY.

ABSTRACT

A detailed marine geophysical survey was planned and carried out in the coastal zone of Alexandria (Egypt),
by the Laboratory of Marine Geology and Physical Oceanography of the University of Patras in co-operation
with the Hellenic Institute of Ancient and Medieval Alexandrian Studies. The survey aimed to the detailed
mapping of the geomorphological and textural features of the seafloor and the detection and recognition of
targets, which may to represent wrecks or man-made structures. The following equipment were used: (i) an
EG&G260 corrected image side scan sonar, (ii) a Remote Operated Vehicle (R.0.V) Benthos MKII and (iii) a
Trimble 4000 Differential Global Positioning System (DGPS).

The study of the sonar data has shown that the seafloor is covered by rocky outcrops and loose sediments.
The rocky outcrops are layered and cover about 75% of the surveyed zone. The rest of the seafloor is covered by
sandy sediments. The sonar survey identified a large number of potentially interesting targets (e.g. shipwrecks)
on the sandy seafloor. These targets are located in four isolated areas. The detection and the recognition of the
targets is complicated by the presence of cohesionless organic mud of anthropogenic origin

The sonar survey has shown the presence of elongated features, which are perpendicular to the Alexandria’s
shoreline and parallel to the Cape Lochias. These elongated features are detected on sandy seafloor in water
depth of about 5 to 8 m, have a maximum depth of about 135 m and a width ranging from 5 to 20 m. At least at
one site, two of these features cross each other at a water depth of about 6 m. The visual inspection of the
elongated features reveals that consist of well-shaped limestone blocks. The areal extension, the size and the
geometrical shape of the elongated features, support the suggestion that some of them may be related to man-
made structures.

* A RECONNAISSANCE MARINE GEOPHYSICAL SURVEY IN ALEXANDRIA, EGYPT, FOR THE DETECTION OF ANCIENT
SHIPWRECKS AND OTHER TRACES OF HUMAN ACTIVITY
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1. EIZAT'QI'H
(i) loroguxd oroyeia

H AleEdavdpera 1dpubnxre omnd to Méya AMEEavdo o 332-331m.X. ndvw ot o otevy Aweida yng ueta&yv
™ Meooyeiov xou ™g Aipvng Magidtdog (Mariut), otn B€on mov vimjpye 110N exel Eva pured Papddixo ywerd
10 RB-kedet 1j Paydmig (Rakotis)dmwg ouvijbwg amoxaeitar amd tovg "EAMnves. H Paydnig frav yvwotd Apdvt,
NdN and 1o OpnEwrd xedvia, o eixe voavowmhoixt emowvovia pe tovg Poivireg xow tovg Konreg (Tzalas
2000). O Méyag AAEEavdpog eméheEe TV ovyxexrQuEVN B€om yia va LOEUOEL TNV TEWTEVOVOE TOV, YLt AITOTE-
Aovoe «ouvdEopm Tvi g AN YNe», ®on tedypott 1 O€om e AleEdvdperag otov apyaio ®Gouo Hrov povadt-
»1. H B€om g Poloxeton oe €va nopuPund anpeio mov ouvd€el Tig toeLg neipoug otg omoieg 0 Méyag AMEEav-
dpog eixe eEamhioel v Avtoxpatopia tov (Tzalas 2000). O Agwoxrpdg, vevBuvog yia Ty oyedioon xrat
avdanTuEn g ToAng, ouvédeoe v mOAN pe T ynoido Pdpog mov PELOUGTOV PTEOOTE A6 auTY, pe uo 086
uixovg emrtd otadiov (1 otddo=187 m)(Zy.1). To Extaotddio diapdpemoe do empépovg MpEveg oty mad-
®ua {ivn ms AleEdvdpetag. Tov avotohxd mov rahelton Méyag Awévag xar o dutxd huéva, tov Evvoato
(Zx.1).

. /MEMZI 2
AIMHN

Zx.1: Xdorng s AAeEdvigeras (Carte de UAntique Alexandrie et de ses Faubourges) oyediaouévos and tov
Mahmoud Bey el Falaki to 1865-66. [(1):ITegioyij eoevvav yalAuwerjs amoorodijs J.Y.Empereur, (2)Ieotoxif
£0evvaY yalunjs amoorodijs F.Goddio, (3):Iegroxif spevviv EAAnvinijs amoaroiijs Ivatitovrov Meletavy
Agyaiag »’ Meoawovinijc AdeEdvdgerag] (TédAag 2000).
Fig.1: Map of Alexandria (Carte de I’Antique Alexandrie et de ses Faubourges) designed by Mahmoud Bey el
Falaki in 1865-66. [(1):Survey area of French mission J.Y.Empereur, (2):Survey area of French mission
F.Goddio, (3): Survey area of Greek mission Institute of Ancient and Medieval Alexandria] (Tzalas 2000).

O meignuog Pdpog g AreEdvdpetag (vYoug mepimov 100m) owxodowibnre 0to AvaTOM®SG GXREO TG
vnaidag Tov ®dov. “Ewg tov 14° auddva, omdte notéQQevoe and éva peyGho oeioud, amotelotvioe onpeio ava-
@opdg tg AMeEGVIELaG ®on SLEVRGAUVE TNV TROOEYYLON Ota Mpdvia Thg. Me ta gpeimia tov Pdpov owrodo-
wiibnxe oy dra B€om to povpro Tov Quait Bay, to onoio ouveyilel va naheitor PAog ondun xoL PeTd Toug
Meoawwviroig xodvous. H avdmtuEn g néing xow twv Mpévav mg AleEdvdpetag ovveyiotnue xord toug
EMnviotrots xou Popaizotg xoévoug néxot tov 4° awdva p.X. H otaduoxy magoaxpri g ToAng doxLoe pe m
ovyxovan ¢ ToANg pe Tovg Popaiovg Avtoxpdrtopes (Kapoxdilag 215u.X-Aoxhtiaveg 296p.X). IMapd
™v minBuopoxy] ovppixvwon g AleEdvdpetag, Ta Mpudvia g dtadoapduoay £vo onpoviiié pAo ratd
Toug Yotepopmpaixots, Xototiovixots xaw Bulavivoug xodvous (TCalag 2000). Ztovg o adveg twv Ztow-
0oLV, To. Mpdvia g AreEdvdpetag déxtnray ToMES popés Ty emiBeon Xolotavingy otéhwy. Tov 13°
xon 14° ouddvor Ta Mpdvio g aroteAoty onpaviky fdon tou Agafinot atélov, evd | AheEAvdpeia mpénet va
TEQLUEVEL PEYOL TS 0XES TOU 19 cuddvar Yo var §€L Ta AMPAvLOL TG VL VoY EVVOUVTOL KO TTOAAG UETOPOQLRG.
mhoia vo d€vouv o€ owTd.
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(ii) "Evag audvag vofovyiov agyaioloyixdv egevvav oty magdxtia vy s AreEdviogeias.

H avdmtvEn téowv moltiopdv oty AleEdvdpeia €xel agnfoet o aveEitnha ixvn g omv tapdxtia Thvn
G, TO00 OTNV ETMPAVELDR TG XEQOOV, 600 BOppE Ve RATH oS TOUg £5UPIROVE OYNUATIOROVS, ahhd na natafu-
Buwopéva ot Bdhacoa. Ta teievtaia elval WOLaiteEng aEyaohoyg aklog ®or onuovied otov aLius rabwg
dumotmvetar £vag otobedos QuBpSe raTafiBong ™me mapdxrtiag Thvne e AleEGvdpeiag Ta TehsvTaia dvo
YMAdES xodvia. O vmofeuyteg apxardmtes TS ALeEAVIQELOS AV ROL TTRORAAECOV TO EVOLAPEQOY TV EQEVVT-
TOV 0T6 TLS APYES TOU TEONYOUUEVOL CLedver, OALS T1 TeEAeVTae OEXAETIC EYLVOV OVILXEINEVO CUOTUATLADV
EQEVVMV.

O Agywnyoaviedg tov Tujparog Awpévav ratr Pdpwv g Avytmtov, o Gaston Jondet evidmioe oL xaQTo-
YOAgNoe RaTaPUOBLOREVES MPEVIKES EYRATAOTACELS 0TO AvTind Awpéva g AheEdvdpetag oe fdBog vepov (6.5-
8.5m). O Jondet yonowpomnoinoe aEudmiotes pedGdovg eviomonot row amotinwong (tayiuetpo, lunette of eau,
dvteg pe ondpavdoa) twv ratafubiopévwv eyrataotdoenv rat dedopévng g xoovirng neptédov (1911-1913)
TOV EQEVVAV TOV, TO OTOTEAEONATA TOV ®EivovTan wg eEatpetind admorta wow axpPri (Jondet 1916, Morcos
2000).

Zyx.2: Xdgrng Tov Avarodinov Awuéva s Alebdvopeias, oyediaousvos and tov Kemal Abul-Saadat, arov omoio
magovoidGovrar Ta gvorjuard tov (7/11/1961). (1):1éooegers oagropdyor, (2):000 aagropdyot, (3):axépalo
dyaipa, oxdia pe 3 oxalomwdTia, X0AWVES QO YQAVITY, OMACUEVOL 0AQXOPAYOL A0 faodAt, (4):xoAdves xai
(5):aydiuata, opiyyes, oagropdyor xat xoAoves (Morcos,2000).

Fig.2: Map of the Eastern Harbour of Alexandria, designed by Kemal Abul-Saadat, which shows his findings (7/
11/1961). (1): four sarcophagus, (2):two sarcophagus, (3):statue without head, stairs with 3 steps, columns in
granite, broken sarcophagus made of basalt, (4):columns and (5):statues, sphinx, sarcophagus and columns
(Morcos, 2000).

Mio pop@ni wov cuvédeoe To Gvoud TG e TLS ONUAVTLXGTEQES AVOXAAIYELS VITOFEUXIWY CQXALOTITOV O
LOTOQWXMV UaETUOLAV TS AheEdvdpeLag, fitav avapgifoia o Avyvmtiog dvtng Kamel Abul-Saadat (1933-1984)
(Morcos 2000, Halim 2000). H cvpfol tou, otov eviomopd vovayiov tou otéhou tov Noamoiéovio o omolog
razavavpoynxe and to Bpetavird otélo tov Néhoova, to 1798 oto Abu Qir, fitav mold onpavuxy. "Hdn,
ad to 1965 eixe evromioel ) B€om Tov vavayiov Le Guerrier, eva mepipeve €mg Tig agy£g e dexaetiag tov "80
Yo va aQ)ioouV oL CUOTNUOTLRES EQEVVES EVIOTLOUOU TV vavayiwv. H peydhin oupupoi tov Abul-Saadat otv
vroPouyta apxatohoyio Tg AreEAvdpeLlag emxevTpdveTan otov Avatohxd Alpéva g, Avtés o orolpaoTtog
oxanavéag g vrofevyias apyaoroyiag vrédeiEe, 10N and 1o 1961, BEoels opyaLoroyxoU evALagpEovTog
otV TeELoy1] Tov geovpiov Qait Bey xan yipw amd 1o AxpwtoLo g Aoyuddog (Zx.2).

To Ivourtotto “Europien d” Archiologie Sous-Marine” (IEASM) und ) dievi6uvan tov F.Goddio xau ae
ouvvepyaoia pue to Agyaroroynd Zvufovito g Avyvmrov (Tufua Ymopeuyiog Agyatoroyiag Tov Avadtatou
ZupBoviiov Agyxanotitwy), extéreoe To 1992 Bahdooieg YEwPUOLREG EDEVVES OTO UVATOMXRS TUIOL TOV AvaTo-
MnoU Apéva g AleEdvdpelag. Me BAom Ta omoTELEOUATA TV YEWPUOLXDV EQEVVEIV, OYESLAOTNXAY KL E-
xntehéotnray mepimov 2500 ratadvoelg, ™ xeoviry epiodo 6-10/1996, mov wg AmOTEAECUA EIXOLV TOV EVTOMLOUG
ROL TNV WTOTURMOT RATOLUOLOUEVOY MPEVIRWY EYRATAOTACEWY (¥upatoBpatotng, udior)(Goddio 1998).

O J.Y.Empereur (Centre d’Etudes Alexandrines) oe ouvepyaoia pe to Agxawohoyns Zuppovio g Avyv-
TTov EXTEAEOE VTOPOUYLES Oy OAOYIRES E0euveg ot B€om Pdov xat oty TtEQLoYT| Gmov elye 11dn evromicel
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apyoudtteg o Avyumtiog Ovtg K.A. Saadat. Aotéleopo quT@V Twv EQEVVAV TV 0 EVIOTLOUGS TTepimov 2500
avirepévay agyooroymiis akiag (rohdves duapdpmy peyeddyv, opilyyes, aydipara, Tepdym Tov nepignuov
Pdpov) ot o Extaon péhg 2.5 extapiov. Emuthéov, eviomiomuay nepimov 40 vovdyio ExAnvird ko Popci-
®d, nhxiog and tov 4° n.X éwg 7° p.X awdva oe BaBog vepol 12m xow og andotaon nepimov 350m amd v
e{oodo tov Avatohxov Awéva mg AheEdvdpeias (Empereur J.Y. 1998, 2000).

(iii) EAAqvixerj amoorodyj ota veod tng AAeEdvipeiag

Ta Ivoutovta Mehetdv Agyoaiog xaw Meoawwvirrc AheEdvdpeiac xaw Ipootaoiog g Novtxrg Iapddo-
ong, vrd T drevBuvon tov X. TCaAa, Erafoav To 1997 v ddewa amd 10 Ayaohoyrd Zupfovilo Tg AvyvnTtov,
v extéleon vtoBahdooIwY aEYOLOAOYIRGY EQEVVEY 0TV TapdxTe. Tdvn g AleEdvdperag, dutixd ™mg A-
npag Aoxuddog €wg v Muntaza, cuvolurs éxtaong 40km?,

To E.OA.TE.®.Q tov tpjpatog F'ewroyiog tov IMav/piov Ioatpwv emrovgei to €pyo twv dto Ivontovtwy,
atd 1o 1999 (3" awootohy), epevvavtag T emupdvela Tou Tubuéva pe pnebBodovg Bordooiag yewpuowrig dua-
ox6INONG. ZHOTGS TWV BOLAOOIWY YEWPUOIRDY EQEVVHIV TLS TOELS TEAEVTAIES EQEVVNTIXES mEELGd0oVG (10/1999,
4/2000 xow 11/2000) eivouw:

1) H amotinwon tg popgohoyiog tov mubuéva pe Eugaon Tov eviomops xorafubiopévov unudtov Enodg to
tehevtaia 2300 yodvia.
2) O evtomopds xvnTwv (voudyor) ®ow axivntov (AMUEVIKES EYRATAOTAOELS, POAOL, ®UpaToBaioTES, ®Tiopa-

T0L) poQTUELAV TG avBpdmvng dpaomoidtrag oty mapdxtio Tavn e AheEdvdpeiag.

2. TEQAOI'IA THX IIEPIOXHZ

H napdxnia Todvn g Avyvntov om Meodyeio @dhaooa, mov exteiveton amd to Borg El Arab wg to Abu
Qir, amoteleitar and 8 pdyeg aofeottivic ovotaong mapdAnies mEog ™V axtj, oL omoieg dayweitovron
petall tovg pe rowhdporae. H nhxio tov pdyewv »upaivetor ond Oloxouviny wg Ave IThewotoxowvinii xou
avEdveton Toodevtnd mpog ™ xEpoo. H téhn g AleEdvdoeiag exteivetan amd to El Agami avatolxd wg to
Abu Qir, dutrd now givor ®¥OPEVN TAVW Ot pa RAYM «Ave Movaotnouamiic» NAxiag yvwotis og odyn Abu
Sir. H nogotoo oxtoypauuy amotereton amd fmovg xeonuvots, tuijporae g edyns Abu Sir, n ooia €8pace
oav éva uotd Bahdooto Tolyog Tov TEooToTevEL TNV oA T AheEdvdpeLag amd ™y ®upatint dudfowon to
tehevtato 200 xoovia.

Topotneioets, pacitopeves oe agyorohoyrd dedopéva €delEav 6L  mapdxtia Lavn and v AleEdv-
dpewa wg to Abu Qir, xorafuditeton ta tedevtaia 2300 xodvia, xabdg EAAvixéS vaw Poudixés eyrotaotdosts
ROTl PWHOG TNG OHTOYQOUUTNS Eppavitovron 5-8 m xdtw ot ) otddun g Bdhacooag, vrodmhdvovrag péco
ouBus xotapviong 2.6 mm/year (Frihy 1992). Iagopoing, dedopéva malpootoyodewy, vrodnidvouy du 1
AheEdvdpela notapubiteton to televtaia 60 xodvio pe UG 2 mm/year (Frihy 1992).

H AAeEdvdpeia elvar xopévn o o vepyr| textovind meQLoxy, ®abwg apretol peydlol ogwopol €xovy
AGfeL xwea roTd TOUg 10TOELHOTS Kedvoug. Ou onpavurdtegol avtwv Bempovvronl avtol tov 320uX, 796uX
émov o Pdpog ratéppevoe xat to 1303uX 6mov xataotpdgnxe 6t elxe amopeivel and 1o Pdo.

3. OPTANA-ME®OAOAOI'TA
(i) Ogyava

T ™y enitevEn twv otéxwv xenowomoudnxe to oxdgpog URANIA, vnohroyiov AleEdvdpetag to omoio
teomomouONxe xardAMnAa €Tot dote va dextel TOV EMOTNUOVIXG EEOTMOUG. Alagpooind Aogupopnd ZVoTnuo
(DGPS) timwov Trimble 4000 xonowomoriBnxe yia tov woodoplopd g B€ong tov oxdgovg. To clompo
Trimble 4000 ovviotaton omd 1) éva nvntd d€xntn (differential locator Trimble 4000 IT), 2)éva otabpd avago-
pdg (Reference Locator Trimble 4000II) o omoiog tomoBeteitan oto ®tiplo Tov EAAnvizot Navuxotv Optlov
AleEdvdpetag xaw 3) évo mound (UHF 458MHz). H axpifeia oto 1poodoguond g BEong ity predteen tov
2 m. “Evag nyopolotrig mhevouiic odomaong (side scan sonar) timov EG&G 260 yonowpomoujfnxe Yo ™ noo-
pohoyury amotinwon Tov Tubuéva. O Nxopfolotis ouviotarar omd 1) pa ratoypagunr povada EG&G260 pe
duvordTnTo. OTOLELOOETNONG LOOUETOLRIS NYXOYROQIaS, 2) wa nxofolotixt] Topmily 272TD pe duvardmrto ex-
sopmis NYNTUHRAV xvpdrav dvo ovyvoritwy (100 xow 500 Hz) xou 3) ddo nodddia timov Kevlar prixovg 50 m xow
150 m. T'wa tv ot} TAQOTIEYOM TWV OTEX WV XENOLUOTOL|ONxe TAeRaTEVOVVSpPEVO VTTOPEUXL0 GYnua R.O.V
Benthos MKII »ou dvtng eEomhopévog pe v/p video-camera. O empixng dEovag tov ®G8e otdyov vhomouiBnxre
pe BoBpovopnuévo PuBtéuevo oxowi ota dxo Tou omofov eiyov Toviiotel do onpuadovpeg, Twv omoinv 1
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0€om eiye mpoodiopiotel pe DGPS. H ontint] mapationon tov otéxmv €Ywve ®atd Hijxog Tov VAOTTOMUEVOUY
emuirovg dEovd tovg.

(ii) Evromiouds xar avayvwoiomuotnta otoxwv agyatodoyixis akias

O nyopoiotng mhevoLxic 0apmons oodideL LOdLAOTATES AITELROVIOELS TOV TTVOUEVE OL OTTOlES ROAOUVTOL
NYXOYRaplES non otoryELofeTOvVTONL pE Pdon v avorhaotndtto (back scattering) Tov mubpéva. H avarhaot-
®roTa Tov TUBuéva eEaptdran amtd 1) v yovia meSorTwoNS TV NYNTIKOY XUUGTOV 1) OTTolo UE T OELRA TNG
ehéyyetan anmd ™ poggoroyict Tov mubuéva rar 2) ™ MBoloyixy ovotaon twv nudtwv Tov ROAMITTOVY TOV
mBpgva.

H avaliton otéyov agyxowohoyirig atiag ue xoion nxopohoti mhevoiric odomwong amoutet Wiaitepn
%0101 TOU CUOTHRATOS, RABMS 0L vBRMITOYEVELS OTGYOL TOUEOVOLALOUV GUVITOMS CAPES YEWUETOLRG OO ROl
OYETA PrEO neyebog.

H péBodog pe v omoia xonowpomoteitar o NXopolotis, 08 oUVOLOOUS HE T OLOXQLTLRY LXOVGTHTO TOV,
amoTEAOVY TaL %QloL OTOLKE( Yo T MYn aELOTOTWY OTOTEALECUATOV GO0V APORA OTOV EVIOTLOUG KoL 0TV
avayvooLon otéxwv agyooroyiric agiac.H peBodoroyia mov axolovdiinre avoamtiyxOnxe oe dvo Paoixd
otddio: 1)Ztddo evromopov (detection-insonicification) xou 2)Ztddio avayvoglong (recognition).

1) Zto otddio evromopov mo€mel v avalnmBei 1o xatdhinho evpog Ldvng odowong xau 1 xatdAnkn toyiTy-
T OHAPOUS IOTE 0 OTOYOG Vo OeTE Eva TOVAAXLOTOV NXOPOMOUS (ping) Ko CUVETMGS VOL XATOYQUPEL EVaL
{xvog Tov oV nyoyoopia. o mapdderypa av emheyel éva evpog odpwong 750 m avd Thevod exmoumis,
avtd onpaivel 6t 0 nxofohotric exnépmer €va nxofolopd avd 1 sec (1 ping/sec)(U,, ., =1500 m/sec). Av
TO OxAgog €xeL TovtTa 2 m/sec (nepimov 4.0 knots), avtd onpaivel 6t ®otd ) didoxera 1 sec duaviel
oéoTaoT 2m ®o CUVETHS 0 NXOPBOAMOTHS EXTEWTEL OE TS TO SLdotpa €va PoAg nyopolopd (1 ping/2m).
H exmoum} evég pévo nyoporopov (1 ping) avd 2 m peETATSRLONG TOU ORAPOVS 0dNYEL O OTWAELD EVTOTIL-
ooy OTOX0V HEYEOBOUS IUHQGTEQOV TV 2 M. ZUVETMS O EVIOTLOUOS OTOYWV OUYREXQUUEVOL ueyEBovg amal-
tel xaBoQLOUS OVYREXQLUEVOL EVQOUS LWVNG 0AQWONG %ot TaxTTNTAS TOU OXAPOUG.

2) O evIOmOPGE KO LEVO TOU OTOYOV OEV ATOXOAUTITEL UE CUPIIVELQ TO YEWUETOLKO TOU OYNIUQ, UE ATOTEAEOUQ
vo SUoYEQEVETAL 1) AVOYVHQLOT TOU ROl GUVETIAS 1) TEOEAEVOT] Tov. T'ia T Bertimon g avoyvomeLousTnTog
(recognitibility) Tov otéyov mpEneL autds va dextel onuovtins aplBpud NYoPoMoN®GV ET0L HOTE VO ATOTUITM-
Oel Aemropepwic To orjuc Tov.

Av nou dev VITAQYEL AOPOLES XOLTIOLO, 1) EXTAMiQWOM TOoV omtolov 0dnyel oty BEATIOTH avaryvoLosTTa
Tov 0TdY0oV, £xEL mpotabel o aBuds Twv 12 nyopforoudv (ping) ratd unrog mopeiog (ong ue v eldylom
dudotaon Tov otdyov. Autd onpaiver Gt o otdyog peyEBoug S m amartel >2.4 nofoMopols avd HETEO PETOXI-
vnong tov oxdgovs (12/5 ping/m), étol dote va amodwbel aEémoro o oxrjua tov. Emloyr Ldvne odowong
100 m »ow tayUTnTog ondgovg S knots odnyei oe exmops] 2.95 ping/m, ) omoia eivan opraxd amodextr emhoyr
YLt avoryveLom otéywv pey€éBoue S m. Aappdavovrog vedyn Ot Ta o Tdve oxvouy Yo BEATIOTES oUVOTiRES
¥01ons tov nxopohoty (1ieepn xatdotaon BAAacoas-dlatiionon g ToEElns TS TOEIIANG XWEIE TOEEXAIOELS),
yivetaw poved 6Tt oL ouvOrixes 100 m-5 knots aduvatolv vo avayvmicouy 0Téxous 5 m xow aronteiton uxed-
TeQO e¥p0g 0dpwong (50 m-5 knots). T otéy0US peyEBovug 2 m, asautovvran >6 ping/m, pa ouvijun mou dev
wovomoLeital amd Ty emhoyn 50 m-5 knots (5.9 ping/m) aild wavomoielton TAQmg and Y emhoyr] 25 m-5
knots (11.8 ping/m).

H avayvooiowpdmra twv otdxwv eEaptdral, xtds and g dedouéves duvatdtnres tov nyopolotinot ov-
onjuorog, and meptBarrovanés ouvOrires aveEdomnteg Tov opydvou. H mo xaBogiotixn segifoarioviixr mo-
QAUETEOG TTOV ETLOQA OTNV AVOLYVIQLOLUOTNTO TV OTGY WYV, EIVOL 1] LOQPOAOYI TOV TUBUEVD OTNY TTEQLOYT| TTOV
Boioxnetal 0 0tdy0g. O auuddng Tubuévag amotelel WOaVIXG TeQLBEAAOY YIoL avayvdoLon OToXwV O¢ aviiBeon
pe tov avaporo Poayddn mubuéva o omoiog duoyepaivet TOAU TV avoyvdELOY TOUE, 1] AXGUN %O TOV EVIOTL-
OUG TOUG.

ZHUpmva Pe To Lo TAve PeBOSOAOYIRG TYTIa 0QYUVAENKAY KoL EXTEAECTHXOY TOELS EQEVVITLXES QITOGTO-
Aéc vy v amotimwon tov mubuéva oy mapdxtio Tovn e AeEdvipelag xat Tov mBavs evIomops o
aVaYvVHELOY OTOXWV oE¥atoroywiig a&lag. Tnv meaty amoatodi (10/1999) duaoxominre megimov 1o 1/4 g
vd §pevva TEQLOYNS ExTaOMS mEEmov 14 km?, ue €upoon otV amoTtinmoT T HORMOAOYIOS TOV TUBNEVA Ko
OTOV EVTOTLOUS OToxwv ueyéfoug >5 m (Zy.3). Nia 1o Adyo autd yonowomouniBnxe etgog Ldvng odowang 100
m xau tayxvmro oxdgovg S knots. Ou mopeieg mov extehéomray frav napdhnheg xaw og andotaon 150 m
peTaEy Toug, ddoTe VoL TRORUITTEL TEQIOV 30% emrGAUYN Yo EAX(LOTOTOMON TWV ETUTTHOEMY ANS T OPAMOL-
Ta TAONYNONG *oL PEATINON TNG AVAYVOPRLOLUGTNTOS TWV OTOXWYV. Z€ dU0 HGVO OTOYO0US ETLYELQT ONXE AVaYVHL-
on, pe xovion ®Aipoxag SO0 m o toggdeyra 5 knots. Ztn devteen amootolri diepevviiOnxe weguoyti €xtaong 2.7
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Zy3: MopgoAoyixds ydotns Tov mvbusva, otov omoio wagovordlovrar Téoocoels meioyés (A,B,I xai A) ue
HEYAAN TURVOTNTA OTOYWY.
Fig.3: Seafloor map showing four areas (A,B,C and D) with targets of high interest.
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Zx.4: Moggoloyixds xdotns Tov mvbuéva atnv megioxr s Axpag Aoyrddos.
Fig.4: Seafloor map at the vicinity of Cape Lochias.

km? dutind nou BSpera g Angag AoyLddog pe evpog Lhvng odomang 50 m xou TattnTa oxdgous 5 knots yia
TV QIOTUTMOT TG HOQEPOLOYIOG KO TOV EVIOTLOUO OGSV peyéBous 2-3 m (Zy.4). Aev emyelpnOnxe n ava-
yvadpLon eviomoBévimv otéywv. Ou mopeieg elyav amdotaon 75 m petagl Toug, Kote va emtevyBel emxdiuym
neQimov 30%. Ztnv Toltn aTooTOM] €YLVE EMAVAEVIOTLONOS EVOG UrQOU 0pLBuol OToYmY, avaryvioLom Kot
OTTTLXY] TTAEOTHENOT| TOVG.
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4. TAPOYZIAZH AIIOTEAEZMATQN
(i) Moogoloyia mvbuéva

H poggolroywnn amotizmwon tov Tubpévo oty vité €pevva mepLoyn, £0€1Ee GtL o mubugvag eivan Boaymdoug
0oU0TOONG TTEQITOV 0T0 65% NG £XTOONG TTOV EQEVVIBNXE, EVA) 0TO VRGAowmo 35% o mubugvag rohimteTon ot
yahapd Wipato ®uping aupddovg alotaayg 6mmg dnhdveton and Ty tagovaia gutddosmv (ripples)(Zy.3,4).
O epLoy€g pe Pooynddn mubuéva draxpivovrar pe BAon 1o avdylugps TOUg OF TEQLOXES UE OVADUAAO KoL OUONS
avaylvgo (2y.3,4). Audomaptes Pooyddel; €EGQOELS SLATIOTHVOVTOL OF TEQLOXES TEQLOQLOEVNS EXTAANG, OL
omoleg ouviototv cuviBug Lidves petdfoons and Boayddn ot apuddn mubusva (2yx.3,4). 1o votioavatohnd
dxpo g epevvnOeloag TEQLOKNS, EVIOMIOTHXE WO OELQA EMUROV QAXEMY TUQAMNAWDY HE TV ARTOYQAUUY
(2x.3). O payeg evromiCovrat og O vepot and 10 €wg 12 m xow and 15 €wg 18 m, evdd mapovotdfovv evpog
mov ®upaiveton and 50 €wg 300 m. To tpog Tmv gdyemy ot OYEoN e ToV YELTOVIXG TuBuéva dev vepPaivel Ta
1 éwg 2 m. Avapgifoha, amartoiviol TEQLOCGTEQES EQEVVES Y va dromotmBel av ta eviomoBévra Turjpuato
QAYEWY EVTAOOOVTAL 0T} GELRA TV 8 aoBeotitinddy pdyewy ov £xovy eviomoBel om y€poo (Stanley & Hamza
1992). Avtd to tepdyn edyewv eivon TBavéy va gvtdaoovror ot Payn I (Ridge I) 1) omoia givar 1) fopertdtepn
pdyn ®rou s omoiag N epoaia Expeaon daxdmreton oty meproyy El Agami, dutind tov Mpévov tng AheEdy-
dpelag (Stanley & Hamza 1992).

O epLoy€g Tov muBpéva mov nahimrovion and xohaed Wipota tagovordlovy otig Nxoyeopiss dvo do-
POQRETIROUS arOVOTIXOUG XapoxrTiEES: (1) Toopunés evaAAOyES aVOLXTOYOWUOV/GHOVEGYQWUOV TGVOU RATO-
yoapig, ToV SNADGVOUY TNV TIEQOVCIN AUPOTY WY QUTLIWOEWY TNV ETPAVELX TOV TUBUEVA, R (2) OUOLSPOQPIL
OVOLYTOYQWHO TOVO ROTOYQOPYS TOV dnhavel Aemtdroxra Wijpota, mbavig thuwddovs ovotaong (Zx.3,4).

(ii) Ztoyor mwov oxetiCovrar pe xivnrés uaprvpics avBpdmvns dpaotyoidtyrag

“Evag onpavurds aptfpds otéywv eVionioTnxray oTig TEQLOXES TOV TUBuéva mov xahimrovton and xalaod
iuato. H opolj popgodroyio xar 1 xounhy avoxhaotixdtnto (AvoLxtéempuos Tévog) Tou XoQaxtnitovy
QAUTES TS TEQLOYES, AmOTELECOY VRS TTEQUBAAOV Yot VTOTIOUS OToYmwv. OL EVIOmIODEVTES OTGYOL CUYHE-
VIQWVOVTOL OF TEOOEQELS VITOTEQLOXES (A,B,I" now A), amtd Tig omoies avti pe ) peyahiteen TurvoTta oTéwv
(meproyi A) eivon m peyordtepn oe €xtaon (2x2 km) xau Poioretar B/BA twv e106dmwv tov Méya Awpéva g
AheEdvdperag, o Pdabog vepou 20-25 m. H B€om g mepLoxric A eivar iduaitepa onpovuxn xabdg Poloxetan
oV TOEELN («QOTO» ) TV ROQAPLIV TTOV TEOTEYYLLay Tov Méya Awéva g ALeEGVOQELaS 0mts T, AVOTOMXAL.
H mibavémra xdmotol amé tovg avixvevBévieg otdyoug g meQLoxns A vo ouvdéovtal pe agyaio 1 totogund
VOUAYLQ, EVIOYXUETOL OTTO TO YEYOVOGS GTL 1) EQEVVNTLXT
oudda tov J.Y.Empereur evidnioe peydho aolopd
vavayiov og ardotaon 350 m and v dvtry eicodo
tov Méya Awéva (J.Y.Empereur 2000).

TN a6 10 AGyo emAéyBnxre €vag evdlagéov oto-
XOG YO VO EQPAOUOOTEL TO OTADLO TS AvayVHELONS
(recognition). O otdy0g S1 evromioTxe o€ apuddn Eu-
wdwpévo muBuévo, eved votodutnd autoy xau ot o-
TTGOTOOT HEQLRWV ERAOWY HETEWV O TVOPEVaS ROAU-
nreton ond hvovya Wijpata (avourtdyomun me-
owxM)(Zx.5). H emloyn tov evpoug twv 50 m yia ™
Codvn odpwong pe TaxvmTa Tov ordgovg 5 knots, o-
d1ynoe o Aemropen amotinwon Tov oTéyov (Xx.6).
O o16y0g mapovoLdtel vymiy avarhaourdmra éva-

2%.5:(a) Hyoyoagia ornv omoia €xet evromorei o oroyos S1(onusidverar pe
PEélog). Hyoyoapics and Ty idta wegioyrj Tov mvbuéva uerd ano (b)€&t
mjves xau (c)éva yodvo, oris omoies o oroxog €xer xalvgbhei ano |
HETOAQPEQOUEVA AeTToXOX®A 1EuUaATa.

Fig.5:(a)Sonar image showing the target S1 (vector indicates the target) on a
sandy seafloor. Sonar images from the same area recorded after (b)six
months (c)one year. The non-appearance of the target at the latest images is
probably due to moving fine-grained sediments, which cover the target.
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VIL TOV YU aupddovg outidwusvou mubugva, eppaviCel capés yempetowmo oxijua, daotdoeis 10 m x 40 m,
EVE TO VPO Tov Evavtl Tov Yipm mubpéva eival uxed (<0.5 m)(Zy.6). To oxijpa xow 1 ovarAGCTHRGTNTO TOV
OTGYOU OUVYOQOUY OTNV Qe GTL TOOXELTAL Yudt £Va OTOYO TEOIGV avBpdmivng dpaotoLdTnTog.

To 01ddLo TG avayvdELoNG EQUENEOTNKE OF Vo TOAMATAGS 0TYX0 (S2) 0TO avaToMxrs 61O TG TEELOYYiS A
(Zyx.3). H emhoyn Tidvng odpwong xhipaxag S0 m xou tayemtag “S knots 0d1jynoe otnv Aerropep€otepn amoti-
Twon TV otéxwv (Zx.7). O moAhamhds otdyos dramotabnxe 6Tl cuyxpoteital omd: (i)dLdomaQTovg HrEOVS
eMPEQOVS OTAYOVS VYMATig avarhootrdmrag (Zy.7a) now (il)€va empuixn oTox0 XWEIS APES YEWMUETORO OXIf-
po ko pe vymhij avoxhaotxdmra (Zy.7a). O molharwhds otéxos Poloxetar oe puo «vnoida» mubpévo 1 omoio
nohvmreTon and eEapeTind Aemtdronna Wijpote Gmg MMADVEL O OVOLRTOXQMUOS OXOVOTLRGS XOQAKTIQOGC.

To otddLo TG avayvaeLong Twv mEoavopeféviav otdyxwy (S1 xaw S2) emavahijgdnxre tig dvo emdpeveg
£QeVVNTIXES Tt0aTOAES (4/00 %o 11/00). O otdyog S1 tng mepLoyiic A, foétnxe xahuupévos omd thuovya ttjua-
T 1600 ®ord TV mepiodo 4/00 (Zx.5b) 600 now natd v mepiodo 11/00 (Zy.5¢). H meproxy twv thvotywv
nudtov (avortéxemun megLoyii) n omoia eixe evromotei votodutind tov otéyov xatd v mepiodo (10/99)
(Zy.52), enentdOnre mEOG TO. avatoMxd TG do endpeves meELOdovs pe omoTédeopa TV TAEN xAAVYn TOV
atoyov (Zx.5b,c).

Ml s 00l

Zx.6:Hyoyoapia otny omoia éxet amorvawbei o otdyos S1, o omoios magovordGet urjxos 40m xar evpos 10m.
Fig.6:Sonar image showing the S1 target on the seafloor. The target is about 40m long and 10m wide.

H ovyxrornxn peré mg meQLoyns Tov ToAahot
otéyou S2 ot TEELS EQEVVNTIXES TeQLGdoUG €0e1EE 6-
T2 (i)o 0TdY0g elvon oYedSY un avayvmeioos ratd
™V mepiodo 4/00 xabdg €xeL pelmbel n avorhaotuxd-
™TA TOV, 1 OToia (Vo TAEOV OUYRQIOLUY HE OUTY TOV
meQBdrhovta muBuéva (Zy.7b) »ou (ii) mopovordlet
pio SLoLpoQETLRY] EPPAVLOT OTNV 11(0YQOPICt TG TTEQLS-
dov 11/00, 67tov T0 RUELO OQPOLOYLRG XOLQAKTYOLOTL-
%4 elvan 1 TAEOVOTO LHEEY ROLAMUATWY OTOV TUONE-
va (Zx.7c).

Ty nepoynj Tov morharhov otdyov S2 eEautiog
™G HETABAASUEVNS EPRPAVLONG TOU OTLS NYOYQAPIES
TOV IOV TEQLGdWY, EMLXELONONXE OTTTLXRY] OvaryVAQL-
on twv otéxwv pe xoron R.0.V ko vt eEonhopévo
ue v/p video-camera. H omtixij mopatjonon €0eiEe 6-
: (i) o muBpuévog kolvmretan and €vo oy oTEWMNO.
paveng oQyovixig LMI0G, TO OTOI0 EXEL OXNUATLOTEL
Tt TN OUVEYH EXYVON TOV OXATEQYOOTMV OLOTLXRMV Av-
udrov g ALeEGVOQELNS DLOUECOV OTTOYETEVTIRWDV O

Eux.7: (a) Hyoyoagia otnv omoia €t evromorel o moAdamdog otoyos S2.
Hyoyoagics and v idra megroxij Tov mvbusva puerd and (b) €& mjves xau
(c) éva yodvo, oTIS OTOIES 0 OTOY0S MAPOVOLALEL EVTEAWS d1apoQETIxY]
eu@dvion.

Fig.7: (a) Sonar image showing targets S2. Sonar images from the same
area recorded after (b) six months and (c) one year.
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ywyov, xou (i) To xothwdpata Tov mubuéva eivor afadeis xpoTEg, oL omolol oxetiCovial pue T daguyrj Proye-
vV agpimv mov dnpovpyouvvral ard Ty avaedfia Paxtnowaxy (archaeobacteria) amotrodGunom ™G oQyavL-
#1g UAng.

Ta mopamdve ovademviouy TV TaEovaia wag VEoS TaQAUETQOY, auTis T opyavixis tAvog, 1 omoia
duOYEQALVEL TOV EVIOTLOUS KOL TNV AVOLYVHOLOY TWV XWHTAV paoTuoudy e avBpdmvng dpaomoidtrag omy
mapdntia Libvn g AheEdvdpelas. H mapovoio tng ogyavirtg thiog SuoyeQaivel Tov EVIOmIONS oTxwv yio d6o
®nuplwg AGyovg: (i) ®ahimTEL RO ATORANITTEL OTGYOUG, XAONDS TO OTEDUA TNG 0QYAVIXTS MIOG PETUVAOTEVEL
OTG SLOTMLOTWVETOL OTLS CUYXQLTLXES NXOYQAPIES, RATW 0TS TV EN(OQAON TWY VOQOSUVOULREY ouvON®@V (%U-
HoTa, QEVUOTO), TNG HORPOAOYIOS TOU TUBUEVA ROl TG TOEOXNS TV aywydv, xau (ii) n magovoia Broyevdv
agplwv otV ogyavixt LAU %o 1 SLagpuyr] Toug mEog VY vdATLVN OTIHAN TEOXAAOUV YEWUOQPES IOV OTOTUTHDVO-
VTOL WG OTEXOL VYNNG avaxAaoTirdTnTog, TOAMATAAoLELovIag £T0L TOV aQLBUs TwV OTOXWYV TEOS OVayvVAELOT
XOL OTTTLKY] TTAQATI|ONOM.

(iii) Z1dy01 ov o)eTiGovTaL pe axivijres pagTupics avlpdmvyg dpaoTnoidTyTas

H avolimon otdywv, mov oxetiCovion pe orivinteg paptupies avBowmvng dpaotnoudtnrog, TepLopitetal
uéxot €éva fabog vepov mepintov 8 m. I€pav tov fdBovg autol dev avapévoviar rotafuOlopEves eYRaTOOTA-
oelg/vtiopato 6rwg rporUmntel and (i) To péoo pund ratafuBiong (2.6 mm/year)tng mapdxrtiag TLavng, vow (ii)
T0 YEYOVOG 6L, oL Babitepa notafuBiopéves Muevinég eyrataotdoets tov Avtxov Awpévog (Evvoorog), evro-
niomzav oné to Jondet(1916) oe pabog 8.5 m.

2x.8: Hyoyoagia oty onoia Eovv amotvawlei yoauuixoi oroyot, ot omoiot TEuvovrair xdfeta ueralv Tovg xau
mbavag oxeTiCovrar ue axivyres pagrueics avlodmvyg dpaornotoTyTag.
Fig.8: Sonar image showing elongated features which may represent man-made structures.

Av %o 1 omoTiTmon g TaEdrTag Livng, ota thaiowa g epeuvNBeioag TEQLOXNS, TEQLOQIOTNXE ATtG TIg
wooPabeis twv 5-6 m (Zy.3,4), €dwoe evOapEUVTIRA oToLK el Yiar TNV TOOVT| TOQOVOIN RATABUBLOUEVWY TUN UG-
TV X£Q00V 1j/HOL EYROTATTAOEWYV.

e BdOn 5 €wg 8 m SLamoTwON1E 1) TOQOVOTO YOARULRDY OTOX WYV, OL 0mtoiot dievBeTovvTOoL RAOETA TTEOS TNV
yeviry oxtoypopun thg AheEdvdpetog o mopdhinha €wg vromodiinha mpog ™Y Axpa Aoyuddog (Zy.4).
Avtol oL yoappurol oTéyoL TaEovoLdtovy £¥og mov xupaivetar artd S €wg 20 m, eve To UEYLOTO WIjXOS TOUS
avépyetal og 135 m TouhdxLoTov yio Ty €xtaom rov £xovy arotunwbel. Te pia teQimTmon oL yeauuxol atéyol
dramiotdvetar ot Tépvovion ox€dov xdbeta uetoku toug (2x.8). O OLaitEQOE ROVOTIXGS XAUQUXTHOAS TOU
TAEOVOLALOUY OL Yoouuxoi otéxoL ots nxoyoopies (x.8), dMiwver 6t amotehovvar and evpeyEn Tepdyn
(blocks) aofeoTohBiriic ovoTaong, 6rwg £€delEe M orTLry TAEOTI|EY 0T TOUS.

H poogoroynij aotimmwon £vog moly pxrot TUiRatos Tov Tubuéva avatoMxrd g anoinEng g AxQag
Aoyr6dog (Zy.4), €deiEe du o muBuévag elvar mBavéy va armotehel tuipa xotafuBiopgvns xéeoou rabws ma-
QOVOLALEL LOLAITEQO AKOVOTIRG XUQAKTHOM EVAVTL TOV YELTOVIXOY Boay®ddous muBuéva. H dmoyn avni evioys-
et omd o gvpfpoata tov Goddio(1998), xabdg ov xotafubionéves MUEVIRES EYRATAOTACELS OV EVIOMLOE
dutind ™mg Axnpag Aoxtddog TapovoLELovy TUEGHOLO OKOVOTIXG XOQaXTEO oTus NxoYeapies (Goddio 1998).

Avapgipola, n Bardooia teguoy avatolxd Tg Axpog AoYLadog OmOTEAET TEQLOYY UE ONUAVTIXG CQYOULO-
Aoy evdlagépoy, 6mmg to €xel empPePardoer o Kamel Abul-Saadat 1dn and m dexaetio tov 1960 (Zy.2).
Alwate, oL 0YaLoAdYoL-0uteg Tov Ivotitottov Mehetddv Apyaiog ko Meoawmvirrc ALeEGvIpELOg EVIGTIOOY
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0QYLTEXTOVIRG UENN dlaiteENS alog O auTy TNV TEQLOXN %aL OF amdoTaon TeQimov 30 m amd oTdy o EVTOmL-
oBévta amd tov nyopohioni mhevoirric odpwong.

5. LYMIIEPAZMATA

H egappoyij ovyyoovwv pedddwv Bahdooiog yemguotrric diaoxdmmong, oty tadxtio Ldvn tng AAeEdv-

OQELOC, YLOL TOV EVIOTIOUG XIVITAY RO OXIVITWV LaQTUOLHY avBpdmivng dpaotnoidttag, EdeiEe:

(i) O muBpévag g epevvnBeioag, meproyic (16.7 km?) eivan Booyddovg olotaong o mOo0oT6 65% ®ow
rohvmTeTon ol yahopd appddn wWinata o tooootod 35%.

(ii) Enuavixéc aBuds otéxwv Tov mMBaVHS OXETICOVIOL PE XVNTES HOQTURLES avBpdmvng dpaomoldt-
TOG, EVIOMIOTNUE OE TECOEQELS TTEQLOXES AUPMOOVS TUOUEVQ.

(iii) H ovompatixn epagpoyr Tov otadiov g avayvdlong oe do emAeYUEVOUS OTGYOVG KL YLOL TLS TOELS
EQEVVNTLRES TTEQLGdOVG, £8€LEE GTL M TaEOoVOToL 0QYAVIXYG LAMIOG TG TOUS CUTOYETEVTLXOUG QymYOUs TG
AleEdvdpeLog duoyeQaivel ETUTAEOV TOV EVIOMLOUG KOl TNV AVAYVHDQLOY] TWV OTOYXWV.

(iv)  Av xou diegeuviinxe €va ol wrEd pépog Tov Tubpéva pe BAON wredtepa twv 8m, TEOERVYOV TTOAY
evBapouvTLIRA oToLKE(D Yo, TV UOoEN RaTafuBLOUEVOY TUNPATOY XEQOOU 1j/%0L EYRATOOTATEMY.

6. EYXAPILTIEZ

Oepués evxapLoties expedovrar mpog v Emtpomi Epevvdv (vAnpoddtua Kapabeodwori) tov Iav/
ptov Moty mov vrooTnEitel avt v mpoonddeia. Ov Bahdooies yemapyaohoyirés £pgvves otnv AheEdv-
dpela agprepdvovran ot pvijun tov Kabnynt xow Axadnuaizod ABavdoiov Iavayov.
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LYNAYAZMOZ TQN MEOOAQN @®YXIKOY AYNAMIKOY
KAI TEQHAEKTPIKQN BYOOXKOITHXEQN I'TA THN AIEPEYNHXH THX
YIIEAA®PIKHE ETPQMATOI'PA®IKHE AOMHX*

I. HAIIAGEO®ANOYE', I'. ZKIANHE', T. ITAIIAAOIIOYAOX , £. NIKOAAOY'

ZYNOWH

2y ggyooia avty yivetar pia mpoondfeia ouoyeTopol Twv neBGdmv Tov Quooy duvapurold xat g
yewnhextownis fuBooxrdmnong mpoxeluévor va dewyBel n yonowdmtd Tovg oty diepetivnon g vedapirrg
dowic. Ewdwdtepa, eEetdletan plo megimtmon epappoyns tav o autdv uedddwv omv megroxn Inyrg Pev-
uvng pe vdgoyewhoyrd atdyo. Ta dedopéva Quoroy duvouxol eguyveldnray pe v Yoy Benonuxdy
HOVTEAL®V, HETA a6 avarywyy TOUS O OpoYeVES vtédagog. Evtomiobnnay 8o Ldveg pe oxetind vymhés Tipég
Suvoproy. O avopohies puooy Suvoutroy Tov TUEAYOVTUL PE TOV BEQUONAERTOHO 1] NAEXTQOXVITLRG (-
Xoviops, ouvdEovrar ue Ty LteYeLta dopri ou Tig dnpoveyel (OYypa, xaeot %.a.). Ipoodiopiodnrav ta BAE6Y
TV INY0V duvapkot xo 1 v YEVEL dopun, AapBdvoviag v’ Gy ®oL To ATOTEAECUOTA TG YEWNAEXTOLHIIG EQEV-
VOG.

ABSTRACT

Self-potential (SP) anomalies can be useful in locating discontinuities in underground structure where wa-
ter-flow occurs, but their interpretation is sometimes ambiguous. This paper was initiated by an effort to form a
relatively accurate picture of the subsurface structure by combining SP measurements with Schlumberger sound-
ings. The data employed come from a 1996 series of measurements carried out for a hydrogeological study near
the village of Pigi of Rethimnon province in Crete Island.

Data from 8 vertical electrical soundings (VES) were first used to determine the structure and possible
lateral variations in the subsurface. For this, two parallel geoelectrical cross-sections were drawn, by considering
simplified models. One of these cross-sections was employed in reducing the smoothed SP data to a homogene-
ous medium. This was necessary in order to make use of an interpretation algorithm (SPIN). The program is
based on Fitterman’s model of a dipping polarized plane for calculating SP anomalies, when the anomalies are
generated by water flow along a boundary between rocks with different cross-coupling properties, that is through
thermoelectrical or electrokinetical mechanism.

Two major SP anomalies were observed, which suggest water presence. The interpretation algorithm led to
the model parameters of the two sources, that reproduced accurately the anomalies. Their positions are in good
agreement with those of the lateral discontinuities revealed by VES results. On examining the geological map of
the area, we concluded that one of the sources might well be the prolongation of a fault disappearing about 2km
from the SP line, while a second fault could explain slight lateral differences between the two geoelectrical cross-
sections.

AEZEEIZ KAEIAIA: @uowd duvoprd, Beouonhextound duvaprd, nAertoorivurd duvaurd, YEmmAeXTourEg
BuBooromioeig, avaymyr O OPOYEVES HECo
KEY WORDS: self/spontaneous-potential, thermoelectrical potential, streaming potential, Schlumberger VES,
reduction to a homogeneous medium

1. EIZAI'QI'H

H xonowdmra tg nedédov guotrot duvapxoi (SP) oty aviyvevon vrdyelag 0ong vepot €xel SLamotw-
0el oo xauQd. Boloxet eqagpoyr, téoo o pehéteg Qotig voyeimv vddtwv (Schiavone & Quarto 1984), 6oo ®a

* A COMBINATION OF SELF-POTENTIAL AND SCHLUMBERGER VES MEASUREMENTS FOR SUBSURFACE LAYERING
INVESTIGATIONS

1. Twijpa Fewhoyiag Mav/piov ABnpvav, Mavemomuovmois Zoyedgov, 15784

2. I'ME, Meooyeiwv 70, 11527 ABiva
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oe mpofhjuaro voyewag duapporic (Ogilvy et al. 1969), axdun xow oty TaQoxoAovONOY PEEdTWV AvIAnong
(Jansen & Zorich 1995). ITagatanta, 1) TOCOTLRY EQUNVELD TWV UETENOEWVY TOQAUEVEL BUOYEQENS, a8’ GTL TEETEL
%40 Popd va meoodiopLobei n pion g anyng mov dnuoveyel ™My avopodio. Katd ovvéreiay eivon avayxaio
VL VTAQYOUV YEWAOYHA OToLYElD YLt TV TEEQLOYT], T omolo var drapatiCouvy To Tijtnua. O xdplor pnyaviopol
TAEOYWYNGS QUOLROU duvauxoy Tov va GuvAEovTon Pe VITdYELo. PO VEQOU Elvan S0, Tov BepponAextoinol rou
TOU NAEXTEOXVNTLXOU TUTOV. Tl TNV RAAUTEQEN ROTAVENON TOV UNYXOVIOPY auTdv €Xouy Yivel Bemontirég
avaiioews (Fitterman 1979) xau €xovv dieEayBel uerproeis egyaompiov (Ishido & Mizutani 1981).

H nopovoa epyaoio amotehel pio mpoomddeia eEoymwyng aELOmIOTWY OCUUTEQAOUGTOV QTG TETOLES PETON-
oELg, pe Vv PorBeta yeomiextoudv fubooromicewv otov (o xweo xabdg 1oL YEWAOYLRWY OTOLEIWY, HEoa
Ot IAALOL OUYREXQLUEVOL TeaxTroVy mpoPMjpatog. Ta dedopéva mov aEtomoriBnray mpogpyoviaL ard ue-
ToNoeLg oL omoieg deEfyxBnoav oty megroxn Inyrc PeBipuvng xatd tov defpovdoro tov 1996, wg tpuiua vdo-
yewhoywiig €pgvvag (Nwwohdov & Nixohdov 1996).

Agyud gounvevovron to. dedopéva Twv pubooromioewv dote va xaBopLobel éva poviého vredaguxiig do-
wiis. Zmv ovvéxewa yivetan n eneEegyaoio twv dedopévav SP non 1 avaywyrj toug o opoyeveg vtEdagog (ue
Bdon 1o mpoavagepBév noviého). Kotdmy yivetow  egunveio avtdv, €xoviag modta ®oTaliEeEL OTOV unyovt-
opd mopaywyng duvopuxol ko oty avtiotoryn poviehomoinom. AxorovBei TEAOS 0 CUOYETIOUGS TV OTOTEAE-
opdTov TV Yeamhextowdy fuBooromioewy xan Twv yewhoywrdv ototyeinv (VAo ITépapa ITME), moo-
REWEVOL VO EXTUN B0V oL TAEVELXRES HETAPBOAES raw M YeVirGTEEN dopn Tov VrTeddpoug, MOTE VO TEOTOLOQL-
oBovv ov mBaveg Tarveg pong Twv QEVOTAV.

2. TEQAOI'TKH OEQPHIH

Tty YewAoyrn avaryvadeLom g dourig g mepLoxns €ytve avagoed oto Purio ITépapa tov 'ewhoyirot
Xdagm EMddog tov ITME (MvAwvdaxng, 1991). Kovtd oty mepuoyn £0euvog ouvavidviol TRElg ®UpLoL oynua-
topol (oy. 1). O xdpog dieEaymyrg uetprioewv xohvmretar omtd Ihero-IIewotorawvirés Barkdooieg amobEoeg
(P1-Pt) amotehovpeveS amd pdpyeg, aQyiAoug xouw aoyAORaQYAind VARG, AUTES einevTon aoUpupove. Twv Meto-
rovindv amoféoewv (M.K) mov mepLéyovv Proyeveis aofeotoriBoug, pdoyes, agyilovs o kgoxahomayn. O
TO{TOg OYNUOTIONOS Eivan Ta TaEa- ko 0gBo-eTpdpata Tov M.ABavBparopspov-Av.Toradwmov (Cm-Ts.ph),
ta omoio. avijrovy oty Guihtixi-XaAalimxy Zewpd. Ipdxertar yia ox1otohifovg, QuAAites xow xohalites ue
EVOTEWOELS AOPECTOMOMV, TEUGYT HETATNALTAV KO PLETAPORITEV, ROOMS RO PAEPES ®ow rolTeS petafacah-
V.

3. HTEQHAEKTPIKH AIAZKOITHZH

v nepLoyy| exteAéoBnrav ovvolxd 8 fuBooromioeis pe v dudrokn Schlumberger. Ztov xdom (oy. 1)
onueldvovion o OEoeLS Twv *kEVTpmV didTogng, mov oxnuatiCovv dvo mapdiinies Topés (P1-P8 nau P3-P6) ue
deviBuvom B20A. To péyoto dvorypo AB/2 twv nhextoodinv pevpatog kuponvdtay petagl 320 xow 1000m. Ou
BuBooxomioeis P1 xow P2 dievepyiinoay pe xowvd xévrgo dudtakng alhd pe xdBeteg dievbivoelg avamtiypo-
TOG, HOTE VO WIOEEL var EXTUNOEl 0 OUVTEAEOTNG AVLOOTQOTIOG.

H eppnveia twv petprioewv €ywve péow tov mpoypdupatog RESIX mg etaipiog Interpex, pe tyv ovviiom
napadoy g opLdvILag oTEWPdTwoNg Tov Vteddgoug, xau 0dfynoe oto povodidotata poviéha padovg —
eldurig avtiotaong xdtw and xdbe puBoordmnon. Ta ororyeio avtd €xovy nataywendel otov IMivaxa 1. T va
amhomomBovv ta poviéha vroloyioOnxe M péon 181k aAVIIOTOON TOV EMLPAVELAKGY OTOWUATOV yLo. ®dOe
BuBooxdmnon xow n Ty avt eMjebn wg ewdur avitiotaom £vog Wwodivapov empovelaxoy otpwpotos. H péon
e avtiotaon Sideton amd v oxon P, =+/P, - P, 670V 0, Kou @, EIVOL AVTIOTOLXCL 1) HEOT ETUMTANG Ko 1)
uéon eyrdoowa Wdrn ovtiotaon. O ovtioTtoryes Yewnhextorég - yemhoywés topés (P1-P8 xouw P3-P6) mov
EoxUITTOUY didoVTOoL 0TO OYUA 2 RO ONUELDVOVTOL O0TO Oxjpa 1. Enpewwtéov Gt mpéretTan yio Yevdo-Topés,

600V agoed ot 8o daotdoels, dedouévov Gt and v epunveia xabepiog fuboordmnong Aoppdveron po-
vodLdoTaTo POVTEAO.
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KAIMAKA 1:50000

YIIOMNHMA

PL-Pt: Oaldooies anoboeis ITAeioxaivov-TIAetotoraivov (averegos 0gitwy amd AevxoTe@oes pudoyes, evoidus-
005 Q0 PAQYES XVQIWG %A AQYIAONAQYAIXO VAIXRO £V UEQEL XAl XATHTEQOS AT AQYIAOVS XAl HAQYES).

M.k: Inuaroyevij neroaisuara Metoxaivov (Broyeveic aofeorolifor, udoyes, doyiiot, xgoxalonayiy).
Cm-Ts.ph: ITaga-netpduata xar opbo-nerpiuara M.AibBavpaxopogov-Av.Toradixov (oytotoribor, puildites
xar yadalires pe EvoTRUoELs A0PEOTOABWY XAl TEUGYT HETAYAUUITGY XAl HETOANATOY, HETOPAOAATES OF
QAEPES xau xoiTES).

Zyrina 1: T'ewldoyuxos ydorns 1ng megroxs uerprjoswv (Mviwvdxng, 1991). Mt évroves yoauuss paivovrai ta.
orjypara (F1), pe daxexouuéves ra mbavd (F2). "Exovv onueiwbei ta xévroa didraéng twv fvBooxomijocwv
(P1 éwg P8) xar  Tourj SP, xafug xar or dvo mbaves mpoextdoss pnyudrwy (F1° xar F17).
Figure 1:  Geological map of the survey area. Bold lines denote faults (F1), broken lines the probable ones (F2). The
VES centres (P1 to P8) and the SP line are shown, as well as the fault extensions probably present (F1’ and F1”).
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P1l-2 P3 P4
h (m) o (Qm) h (m) p (Qm) H (m) p (Qm)
1 11 L 19 4 14
3 65 5 9 35 18
8 9 23 14 36
53 20 55 13
251 63 43
25
P5 P6 P7 P8
h (m) p (Qm) H{(m) P (Qm) h (m) P (Qm) h (m) P (Qm)
1 6 1 29 2 21 1.8 32
3 45 4.5 18 7 5 4 42
1.1 11 33.5 29 46 12 iy 31
50 26 91.5 110 221 30 47 24
56 40 86 65

Hivaxag 1: Teondextoixti 0To0uaTOYQaPIa OTWS TQOXVATEL XATW a6 TiS fvBooxomijoeis. Aivovrar To fdfog h
10V damédov xar n etdixif avrioraon @ »xabevds oTeduarog.
Table 1: Geoelectrical layering as deduced from the VES data. The floor depth h and resistivity g of each layer
are given.

Andéotaon o€ m
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100730 Pl P3-2
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=100+ 2
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Pé6 o5 Andéotoon og m
| | | | | | |
25— ] P4 Jq
mﬂ_ m—\: Yyéuetpo
B 40 60 40 i5 15F oe m
T [ [ I [ |
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(b)

Zxnua 2: l'eonrextounés Touss P8-P1(a) xar P6-P3(b), mov mooxvarovy and ta amionwomuséva povréia
veddpovs (Tyuss etdixav avriordoswy oe 2m). "Exovv onuetwbei xar o1 TAevgixés aovveyeies.
Figure 2: Geoelectrical cross-sections P8-P1(a) and P6-P3(b), based on the simplified subsurface models
(resistivities in 2m). The lateral discontinuities are also shown.

4. H MEGOAOZ TOY ®YZIKOY AYNAMIKOY (SP)

O petprioeis SP éhafav xweo ratd wixog piog tomig dievBuvong B-N xou prixovs 1km nepimov (89 O€oerg
Mjpews ouvohnd), pe nhexteddio fdomng (B) ot noved oto xévroo dudratng me fubooxdmmong II8 (BA. xdot
oy. 1). H yoagurn mapdotaon tov dedopévav vraiBoou divel v magaxdtw ewmdva (ox. 3):
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Zytina 3: Noaguxrf magdoraon Tov Tiudy vraieov g rourjs SP.
Figure 3: Graph of SP field data.

Apyrd €ywe eEopaivvon ™G RAPTUANG Twv dedopévay vraiBoov, Aappavoviag Tov «tpéxovia» néoo 6po
5 onpelwv. Exione agpoawénxre 1 yoauuxy tdon twv dedopévamy, 1 omolo exgpodleton amd v evBeio ehayi-
otwv teTpaydvav y = -0,0036x + 6,628. Znuoavuxo fripa g eneEeoyaoias, dedopgvou tov oagois dlaywot-
ooy OTEWUATWV TTOV TOREAV Ol BUBOOXROTOELS, ATOTEAEL 1) VoYY TG ROUTUANGS O avtiiv wov Ba Aappa-
vétav atd opoyeveg vtEdagoc. H revipunr] Bemontint déa ato B€pa owtd, elvar 6t 1 ®apmiln guolkoy duva-
wxoU O€ pun OpOYEVES PECo wooltal pe TV ouvEMEN g ouvdpmong duvaurol oe opoyeveg uéoo emi pio
XOQURTNOLOTLRY] CUVAQTHON IOV EXPALEL THY CUVELCPOQRU. TOU ERLPAVELOKOU oTRWdpaTog (Zxidvng & Baidmov-
Aog 1998, Skianis et. al. 1998).

To tov o%omS autd €ywve xoMNoM £vOg mEoyeduuatog ot YAwooa Fortran, to omolo dovletvel gTov X0 Twv
OUYVOTHTV UE APeTNEL0 Vo amhoTomuévo Roviéro Vo opLlovtinv oTpwudtmy xaL apapel v exidpaon Tov
ETLPAVELOKOV OTEOPATOS (Bewpwvtag ot n TNy g avopadiog SP evtoniCetar oto vnéfabpo). Edm viobeti-
Onxay ot prég SO0 m xow 20 Qm yuot 10 TAYOG ®ow TV ELSLKY] AVTIOTAOT TOV TEHTOV CTRWNATOS avTioToL a ®ow 70
Qm yio mv eWdxt] aviiotaon tov devtépov. H xaumiln diapooeddnre telrd 6nwg gaivetar oto oxfiua 4,
Gmov draxpivovtar do xipLes avopahies, pe péyiota ota 400 xow 800 m wepimov and v fdon avagopds Twv
UETONOEWY.

H »opmiln eounvetBnxe pe amwodoyri BeouonrextoiroU/MAEXTQORVITLROT UNYOVIOUOU TOQOYWwYNS duvauL-
%#oU, Mhadr} arté xivnon vepoy oty duomortotint] emLpEvELe PETOEY OYNUATIONGY HE dLOPOQETINOTE CUVTENE-
otég Bepuonhextourtic 1 nAexntEoRVTLKTS OUCEVENC. T Pdon TG TOCOTLRYG EQUNVEINS ATTOTELEDE TO HOVTEAD
tov Fitterman (1984), to omoio diver Tv avopoiic Suvopuxoy mov TEOoraAEl Evo REXAUEVO QUMD YVWOTOU
Babovug %ot xoEARTNELOTLRWY, TOAWUEVO ®ABeTA 0TV *A(ON TOV, VITOAOYICOVTAS TO NAEXTOG duvars OTNY
ETUQPAVELD, OUVOQTIOEL TNG OTEQEAS YWVINS TTOU EXTEIVETAUL QT TNV TINYT.

H povtehomoinon row ou vrohoywopot €ywvav pe to mpdypappae. SPIN (Novtong & Zwmdvng 1987), 6mov
axohovBeiton 1 padnuotivy dwdwmacia tov akyoeiBpuov Marquardt. Elodyovtoag Tg Tég wou avtiator oty
OTO T TNG HAPUTTUANG TO 07rot0 B eQuNVeVOEe(, ROBWS KoL POV 0EYLXY EXTIUNOT TOV TAQOUETOWY TOU THOUCL-
T0G, TO TEGYQEAUUO VITOLOYITEL TIG TUQAUETQOUS TOU HOVIEAOU EXEIVOU IE TO OTO(0 TEOOEYYICETOL ROAUTEQM 1)
TOQOTNQOUUEVY AVOUAAIC. AUTS ETTUYXAVETOL UE ETAVOANTUHES SOKLUES, PETARGAOVTOS TIG TLUES TWV TOQO-
p€tpwv péoa oe ddompa Tov £yl TEoraboELoBEl yia TV naBepio.
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Zxriua 4: Kauwvdn emelepyaousvav tiudv SP (uerd ano eEoudivvon, apaigeon yoauuxijs Taons xar avayoyr
OE OUOYVEVES UTEDAPOS).
Figure 4: Treated SP data (after smoothing, removal of linear effect and reduction to a homogeneous subsur-

Sace).

ZTNV OUYRERQUUEVT) TTEQIITTION, YLOL LAY QOYLXT] EXTIUNOM TOV BABOUGS TOU OWRTOS, £YLVE 1) Tapadoyn 6T To
UEYLOTO *ow TO EAAYLOTO TNG avwpahias Boloxoviar oe ouppeTourt BE0M MG TEOS TO ONUEID TOWTS TNS RAUTUANG
pue Tov oputévrio GEova. Emiong, 6t ) mnyn g avouahiog ivor xaroxdéougo @uilo, dietbuvong xdbeme oty
SevBuvon g Torig petprioswy, pue BABog vatm axpwic H ico pue 1o dimhdoto tov fabovg g dve oxurg h.
Eexwvavrog o mv eEiowon mov diver v Ty Tov duvaurot oty empdvel ivar

V(x)= m[arctan H

h
p —arctan X:I, (Skianis et. al. 1998)

6oV m 1) TEAWON TOV CAPOTOS, RO TQORVITTEL 1) ATTAY OXEON

d
h=—f1,
22

6mov d 1 andotoon petakd peyiotov xou ehayiotov. Bpgbnxe €10l éva fdBog 60m mepimov, Goov agoed T
®wvpia avopodio (ovoe 400m and ™mv fdon).

To npdypappo SPIN diver v duvatdmra yia Toutdypovn epunveia 850 avopoMdy guorol duvouxod
(ue povrehomoinom dvo cwpdtwyv). Zvyxgivovrag v merpapatiky (dedousvav) pe v Bemenuxr (Loviéhov)
ROUTTOAN petd and 10 emavakijpers, yia tg 0€oeis 13-86 (peta&y 132 xou 935m), meoninrouy Ta aoteAEouaTO,
oV @aivovrol 0To oxyua S.

H tavtion eivou twavomomtixi, ondte to avtiotoryo diodudotato poviého (oy. 6) prtoei va yiver amodextd.
ZOppwva PHe To PoVIEAO auTd, oL TINYES TV avopoldy SP tpoodiopitovrol ota 439 xaw 826m amd Ty ooy ™S
Touris (Baon), dnhadn peta&d P8-P7 xou P7-P1, modypa wov touudter pe tg OE0eLs Tov mAEVOIXGY SLogpoQoTtoL-
NOEWV, OL OTOIES TOEATNQOVVTOL TTOL OTTOTEAECUATO. TWV YEWNAEXTOUXMY BuBOOKOTIOEWY. ATTOUEVEL VO CUOYE-
©oBovv ta povréha pe mBaveg Liveg porig vddtwv oto vTédagog g TEQLOXYS, Tov va cupfaditouv pe Tov
UNXAVIOUS YEVEONS TOU UOLXOU SUVOULKOT Ko PE TNV YEWAOYLXY) dop).
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Zina 5: Zvyxpion g Ocwontixis xaumvAng pue Thy xoumxvdn dcdousvav SP (uerabv 132 xai 935m anxo v
Bdon uerorjocwv). Aidovrar Ta yagaxtneiotixd Twv V0 uovrélwv anywv, omov FO n wolwon tov gvliov (o€
mV), X0, YO, Z0 ot O¢oeis Tov ucoov tng dve axurjs avrov wg meog tov déova tng Tourjs SP, évav dova xdfero
0¢ auToV xat Tov xataxdeupo (Bdbog) avriorowya, T n andoraon dve xat xdrw axuis, L To utjxos axurjs, D n
yovia xAions, A n yovia dievvvans (wg moos Tov dEova x) xar RMS 1o usoo rerpaywvixnd opdiua. O draord-
0€L5 OivovTar o m xat oL ywvies 0 poipes ( povdda arov ogtiovrio déova sivar Ta 86m, eva oTov xaraxdQupo
1a 3mV). I'ia xaAvtepn xaravonon s yewuerpias pA. ox. 6.

Figure 5: Comparison of theoretical and observed SP curves (between 132 and 935m from base station). Each
sheet is defined by the following parameters: polarization F0 (in mV), location (X0,Y0,Z0) of the middle of the
upper acme, dimensions (T,L), strike A and dip D (dimensions in m, angles in °). For a better understanding of
the geometry see fig. 6.

S. LYMIIEPAXMATA

H egounveio £€deiEe €va povrého 8o mnydv duvauxot, ol ortoieg Bempovvtal Gt TROEP OVTaL atd PaLVG-
pevo BeUONAEXTOLROU 1/%0L NAEXTQORLVITLXOU PNYOVIOUOU TOQAYWYNS ROl GOX WTOQOUV VO GUOXETLIOO0UV pe
™V GUVEXELD QNYRdTwV OtV TTEQLOYT], INAadr] pe Ty mapovaia avoduxiis Y xaBodixrs oris veQoy.

Zmv npdytn yewnhextown towj (P1-P8) mapateeiton pio petatdnion meog to ®dtm tov vrofdBoov (85
©m) omv B€on g PvBooxrdnnong P7. Autd oupguve pe v devtepn topsi (P6-P3) émov napatnoeiton petatd-
mon omv P6 wg mpog tv PS5 now oty P4 w¢g wpog ty P3. ZuvdvdLovrag ta otouxeia avtd odnyoiuaate o do
mbava ixvn onypudtov dievbuvong A-A (onuetwpéva otov xdem tou ox. 1 wg F17 xau F17).

To voudtepo and avtd (F1°) evdéxetor va amotelel mpogxtaom tov pfiynatog F1 mov duaxpivetar oto dutt-
%6 axpo Tov Yde, eva to F1” givan iowg xdmowa A mpog Bopedy mapdhinin dideentn. EmutAéov, ouyxroi-
vovtag TG 800 Topgg peTaly Toug, TUEATNEOUUE Pict SLpoRomoinoT WS TEOS TV avtiotaorn Tov Paditegov
otEdpoTog (N orola paiveton rohitepa ot eyndooteg Topés). Mia eErjynom yv avtiv mv Suagpogomoinon piwo-
pel va eivon 1 Bawvij mpogxtoon tou pryuatog F2 mov epgpavileton oto voTa, netad tov 800 Topudy not
magdMnia eog avtéc. Oa émpemne Spmwg va dieEoyBel ma topr} SP pe diedBuvon A-A (xdBeta oto Oypa ®ow
v dieEayBeloa Towr), dote vo evioyxvOel 1 pn auti 1 droym xkou va eviomoBel v mlavii Qorj vepou dwa péaou
™g dudEEnEng avtig.

Tehewivovrag, aEiCet va onpelmBel GTL T YEOQUOLKA KoL YEOAOYLXA DEDOUEVOL TOV 0QKETA TTEQLOQLOUEVAL.
IMogatatta, ta awoteAéopotd delyvouy Ot pe xotdAnkn eneEepyaoio ®oL ouvdvaouo Twv otolelmv dvo M
TEQLOCOTEQWYV YEMPUOLKWY uebddwv eivar duvatdv va eEayxBovv aEiémota ovpmepdopota, Goov agoed ™
dopr| g mepLoyc xan TNV vdQoyewAoyLr1] cuumepLpod . Kat’ autdv tov teémo umopel vo. vmodeyBel 1
0€om waw to PdBog pag vdgoInTTLIiS YedTENONS UE nueyaivteen aglomotia.
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Zxriua 6: Totodrdorarny avamagdoraon Twv Ocwontixgy povréAwy Twv 6vo moAwuévay QUiiwy - Tyov
(uovdda akovav: 64 m).
Figure 6: 3D-Representation of the two polarized sheet models (axes unit: 64 m).
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MEAETH TOY IIEAIOY ®YXIKOY AYNAMIKOY, IIOY ITAPAI'ETAI AIIO AEIITH
METAAAO®OPO ®AEBA, E HAEKTPIKA OMOI'ENEX KAI EI'KAPXIA
ANIZOTPOIIO YIIEAA®OX®

I.A. ZKIANHE', T.A. [IATIAAOIIOYAOX', A.A. BAIOIIOYAOL'

ZYNOWH

Zv ToQoloa £QYaOin, CUVAYETOL 1) RoBnpoTivg EXpEaon Yo TV avmpaiio puotkod duvapuirol, mov
mopdyetar and Tohwpévo girho (Aemti pAEPa), péoa oe MAEXTOLRG OPOYEVES RAL EYRAQOLO OVLOGTQOTO VTTE-
dapog. T ouvéxeLa, ue BAon autéy to pabnuatikd Timo, eEETATOVION Ol TOQUUOQPADTELS TNG HAUTVANG QUOL-
%10V duvapuxot AGYm TS AVICOTQOTIOG KOl TO CPAAUATO TTOU UITOQOVV VaL YIVOUV ROTA TNV TTOCOTLXY] £QUNVEi
™G AVOROALS uowol duvapuxoy, av de AngBel vedyn N avicotomia tov veddgovs. T€log, mpotelveTon a
n€Bodog vrrohoylopot twv ToapiTomy TS QAEPas, €XoVTag TANQOPORIES YL TV AVICOTRORI Tov VIEdd-
@ovg. Ta mopiopora avtis g epyaoiag, uwrogoly va afiomomBolv oty €pevva yio eviomond Belotymv pe-
TAAMEVUATOV ROL YOOQITY.

ABSTRACT

In the present paper, the self-potential (sp) field is studied, which is produced by an inclined sheet (thin
dyke) in an electrically homogeneous and transversely anisotropic ground.

At first, the mathematical expression for the sp anomaly is deduced, by integration of the formula for the
self-potential field produced by a point pole in a transversely anisotropic medium (Skianis & Hernindez 1999).

Then, the behavior of the sp curve is studied, for various angles of schistosity. The whole anomaly may be
displaced along the horizontal axis and deformed in terms of amplitude and shape. Particular emphasis is given
on the enhancement and suppression of the positive center of the self-potential, which depends on the values and
orientations of the schistosity angle of the ground and the dip angle of the inclined sheet.

These deformations of the sp anomaly, may introduce significant errors in the calculation of the parameters
of the polarized body, if ground anisotropy is not taken into account. Therefore, new methodologies have to be
developed, for a reliable quantitative interpretation of self-potential field data. In this paper, a direct interpreta-
tion method is proposed, which consists of two steps:

In step one, the parameters of the inclined sheet are determined, assuming a homogeneous and isotropic
ground. In this stage, any quantitative interpretation method, referred in the international bibliography, may be
used.

Secondly, the true parameters of the dyke are estimated, by a set of transformations in which the anisotropy
coefficient and the schistosity angle are introduced.

In order to apply this method, a priori information about ground anisotropy should be available, by dc
geoelectrical and geological investigations.

The efficiency of the method was tested on a synthetic model. In the first stage, the quantitative interpreta-
tion method of Murty & Haricharan 1985 was employed. In the second stage, the calculated parameters of the
first step, served as input values of the transformations, and the real parameters of the inclined sheet were
estimated. There was a good agreement between the parameter values of the synthetic model and the ones found
by the proposed method.

The results and conclusions of this paper, may be useful in detecting sulfide mineralization deposits or graphite.

AEZEIZ KAEIAIA: ®uotkd Avvopurd, avopohio Quotrot duvapuxol, kexMpévo gulio, téAwon, ywmvia xAiong,
YOViot OYLOTETNTAGS), OUVTEAEOTIS AVLOOTQOT{CG.

* A STUDY OF THE SELF-POTENTIAL FIELD PRODUCED BY A POLARISED INCLINED SHEET IN AN ELECTRICALLY HO-
MOGENEOUS AND TRANSVERSELY ANISOTROPIC GROUND

1. Egyaompwo Tnieaviyvevong, Tuwijpa TCemhoyiag, Mavemomuo Anvav. IMavemomudnohn, Atjva 157 84.

2. Topgog T'ewguoiic-Tewdeouiog, Tunpa F'ewhoyiag, Mavemonjuo Abnvav. Mavemomudmoin, Abjva 157 84.
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KEY WORDS: self-potential, sp, self-potential anomaly, inclined sheet, polarization, dip angle, schistosity an-
gle, anisotropy coefficient.

1. EIZAI'QTH

e évo nhextourd ovio6TEomo VIEdAQOG, 1 ewWdwxy avtiotaon dev eivan (dua oe Gheg Tig devBivoels. Me
Bdom tig ouvOTrES RATW OIS TIG OTOLES EXINADVETOUL TO PALVOUEVO TNG AVIOOTROTTOGS, Prwoel cvt va TaEtvounBel
oe duo €(dN: POXEOVIOOTEOTIOL KOl PUHQEOAVLGOTQOTTLC.

H paxpooviootorio. avamtiooeTon o8 IENUOTOYEVT] TETQMUOTA, GIT0V AETTA OTOMUATO SLOPOQETLANG ELOLXYG
avriotaons evaAhdooovton cuotnuatird. To oTedporto UToel va eival LoGToma, Spmg 1 néom elduxr} avtiotaom
droggpet Yo 0ot pEVROTOS TARAAANAN Row YLt Q0N QEVRATOS ABET TROG TN OTEMpdTwon. H wxpoovicotpomia,
EXONAMDVETOL O TETQWUALTOL TTOV TTEQLEYOUV RORKOVS OQUXTAYV, dLatetarypévoug oe dievbuvom ovppmvn pe v
ECWTEQLXT] TOVG ®EUOTOAXY dopr]. Poynég e ouyrerQuévo mpooavatoMops, Wtogovv ERIONG Vo Tapoydyouv
avicotponio. (Parkhomenko 1967). Aev eivar duvorti wo cogrg dudxoLon petaEld pirQo- %ot PaxQo-
oVIo0TEOmIS, ®ABWS ket Ot VO XUTAOTACELS UTOQOUV V& CUVUTTAQXOUV O TETQWUA UE AETTH] OTQWUATWON.
Twoct0 AGY0 autd, otig nhextoirés ®ow nhextoopayvtirés pefGdous Yewpuotrig duaoxdmnaong, Xonouomoteitat,
YEVIRA, O GQOG «AVLOOTQOTIO, TTOV CUMTEQLAQUPBAVEL RO TIG VO HOTACTAOELS.

To €dapog xapaxtmeiletol mg £yrAQOLO AVIGGTEOTO, GTOV 1) ELOLXY AVTIOTAON OTO EMITESO TG OYLOTOTNTAS,
M ™S OTEWUATOONG, £ivol diapogetiry ard Ty eWdwrr] aviictaon oty xdbet dievBuvon. H eyrdooia
QVL00TQOTTI0. ElVaL 0 CUYNOECTEQOS TUTOG CVIOOTQOTIS Ko EXANAWVETAL OUYXVA OF OYXLOTOMBLRE TETRWNATAL.

Z1c dtaoromioels QuOLKOU duvapuLxol, N TOCOTLRY] EQUNVEIR TOV UETQOVUEVIV AVORAALGY
TOAYUOTOTOLE(TAL, OUVIBWG, 1e TV TaEadoxY TOV OpoyEVoUg ko Lodtpomov vreddgous (Rao & Babu 1983,
Murti & Haricharan 1985, Skianis et. al.1995, Sundararajan et. al. 1998). ‘Opwg, 6riwg €xovpe deiEelL o€ mpdopates
epyooiec pog (Skianis & Herntindez 1999, Skianis et. al. 2000), o dtagpo€g omy aywypdmta wg TEog ™
duevBuvom, otePrdvouy T Eorj Tov NAexTELROU PEVRATOS Kot EMNEEGLOUY TV avwuaiic puotkot duvopurod
oV moEdyetan ot To ToAwpévo owpa. Ia 1o Adyo awtd, motevovpe wog Oa mpénel va avamtuyBoly vEeg
u€BodoL ToooTrig EQUNVEIS OVOUOAGY QUOLROU duvaputrol, 6ov va Aapavetor vEéyn 1 aviooTEOmia TOU
vreddgoug.

Zmv magovoa eQyooio, HEAETATOL TO TEOPANUA Tov ReXApEVOL QUANOU (PAEPOG) OF NAERTOLRG OUOYEVES
%O EYREQOLOL AVIOGTEOTO VESAPOS. ZTHV XY, CUVAYETOL 1] HatBMpatint] €XQOaom YuoL TV ROUTTAN QuOLROT
duvopuroy (self-potential, sp), mov mopdyeton and T petoAlopdpo AP xaL ot ouvéxelo oxoMdteTon 1
OUUTEQLPOQA TG HOUTTUANG PUOLKOT dUVaULROU OE GXEOT ILE TO GUVTEAECTY] AVLOOTQOTIOG, T YWVIX OXLOTATNTOS
%o Vv ®Aiom g pAéBac. Téhog, mpoteiveTon pa véo péBodog TocoToT TEOGILOQLONOT TWV TORAPETOWY TOV
TOMOUEVOY ODPATOS, AapfdvovTas VYN T0 CUVIEAEOTY] QVIOOTQOTIOG %Ol TN YWVIie OYLOTOTNTOG.

2. TO MONTEAO TOY KEKAIMENOY ®YAAOY XE HAEKTPIKA OMOI'ENEX KAI EI'KAPIIA
ANIZOTPOIIO YIIEAA®OZX

To povtého Tov TOAWUEVOU %o xeEXAMPEVOLU pUALOV, Tagovoudietar oto (o). 1). To molwpévo omdpa €xet
a6hwon M, BGEOn dve xaw xdtm axpwric h xow H avtiotoua, yovio xhiong @ (Betunr] pe ™ @opd v deixtdv Tov
oloytot) xat mEofoMj a otov opudviio dEova. To vrédagog €xel ouvteheoni aviootpomias A xan yovia
oywotétrog 0 (Betxn pe poed aviiBeT) autrig Twv dewrTdv Tov EOAOYLoT). “Eva tétoo poviéro, umogsei va
oElomonBel oty avorTdoTaoN TOU CUOTHUOTOS Mog RETOAAopSEov PAERaS (Beovywv opurtdy 1j yoapity),
0€ OYLOTOMOXG TETQMNAL.

e 106100m0 VTESUPOG, N EXPEAOT YL TO puod duvauxd V(x) oty enmpdvea, eivor (Rao & Ram Babu
1983):
2,12
+h
.In ~x_2___2 %))
(x-a)"+H
M eivol i t6Anon og 106TEomo VIEdagog, Wi avtioTaons .

hom
To M, , expedetal wg

Vx)=M

hom

hom?
M, . = lo/(2m) 2)
I elvaw 1 TurvoTTO QEVHOTOS avE POVADO PITROUS GVK 1) RATW OXpPNG.
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2. 1. To uovrédo Tov xeXAMUEVOV QUALOV OF OUOYEVES XaL EYXAQTIA AVIOOTQOTO VIENAPOS.
Fig. 1. The model of the inclined sheet in a homogeneous and transversely anisotropic ground.

210 £YXAQOLOL OVLOGTEOTO VTLESOPOG, 1) EXPEAOT YLl TO PUOLKG duvayuxrd arodexvietan (BA. TapdoTue)
o eivan

(x-xolup)2 +h"?

V(x)=M-1 3

& n(x-xo_d-a)2+H'2 &

M= P )
2mycos?0+A’sin*0

0, = V(g 0) (5)

0, xou @ elvon 1 ewdun Nhextoui avriotaom magdiinia xar xdbeta mEOg T OXLOTGTNTE, AVTIOTOLYE.

_ (A% =1)sinB cosd '

0% 7 0520 +A2sin 20 )
T
h'=c0529+lkzsin29 h ®
= cos’0 +)Lkzsin26 H ®

Ou moodtreg X, | %ou X, ;, VTOIMADVOLV 611 1) avwpahic, OTo avioGTEONO £50QOS, EIVAL HETATOTOUEVN OE
ox€on e owtriv Tov tdLov owpatog oe Lodteomo puEéco. H guowrti onuacio avtdv twv mocgotijtmv, oxohdleton
exteveotepa and tovg Skianis & Hernandez (1999). H magovoio twv mocottwy autdy otn ox£on yio 1o duva-
uxd V(x), oe ouvdvooud pe ta ouwvopeva padn h’ xow H’, mov yevird diagépouvv and ta h o H avtioroya,
£XEL G WTOTEAECUO. VO ATTOXTIHOEL 1] XOUTTUAY SP OLAPOQETIRA XAEAXTNELOTLXRG a6 awtd TTov Ba €ixe av TO
£€dagog eivar 1o6tpomo. Eival Aowtdv evdiagépov va pehetnOei  oupmeoLpoed e xauiing V(x), ue pdon

aygon (3).
3. MEAETH THE LYMIIEPI®OPAEX THE KAMIIYAHE ®YEIKOY AYNAMIKOY E ET'KAPEIA ANIZO-
TPOIIO EAA®OL

Zmv meQImTwon g avI0TQOTOG HE *oTardQUPo dEova (Oy. 2), Ta X, ®ow X, | elvor undevird, ondte de
ONUELWOVETOL CUVOMXKY] HETATOTLON TNG RAUTUANG V(X) ®oTd TOV 0pLLGVTLO &éova. "Opwc, 1o b’ xoaw H’ ennoed-
Couv o AGTOG #OL TN HOEYY] TNG OVOUOALOS Sp, He amotéleopa 1 xourtidn V(x) va Siapéper onuaviind ond
QUTIV IOV AVTLOTOLYE( O€ LOGTQOTO VESAPOG, GTTWG PAIVETAL OTLS YOAPIRES TTOQUOTAOELS TOV (0Y. 3). AuTd mov
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nuplwg eivar dEL0 mapaTiEnoms, eival 6TL VA 0TO 10GTEOTO €8aQOg Elval EVXROVES TO BETHG ®EVTQO TG
avopaiiog sp, wov Tapdyetal and EAERo ®Aiong 45°, 0To aviodtEomo £€dapog TO BETIRG REVTQO dev expEale-
Tau xoBapd. Auté ogeiletoan 0to 6n 0 Adyog H'/h' eivaw peyohitepog amé 1o Adyo H/h, pe amotéheopo o
hoydpBpog ot oxéon (3) vo hopPdvel, rvpiwg, oovntixés Tipés. Av emyeienBel mooonx spunveia ™mg xa-
WITUANG WOV VTLOTOLYEL OTO OVIOGTEOTO VRESAPOG, e TV Toadoy1] ™S LooTRomiag koL pe Bdomn ™ oxgon (1),
Ba wooxtper pa ywvia ®hiong ¢ peyoriteen tov 45°, mov Ba aviiotouxel o€ éva oxedGV RATAXGQUPO TOp.
Zpdipata, exions, Bo TEORTYPOUV Ran OTOV VTOAOYLOUS TV Babwv TG dvm 1o kETw oxpng, yiati autd mov Oa
vrohoyrotel de Ba elvar to fadn h xow H, adrd ov moodtnres h” xow H'.

Zy. 2. Aewrrif @pAEPa oe vEdapos ue xaraxdgupo dEova avioorgomiag.
Fig. 2. A thin dyke seated in a ground with a vertical axis of anisotropy.

M dhAn epimTwon pe yewAoywd evilagpégov, eivar vo avartiooetal 1 petahhogpopio oto eminedo g
oyLotéTnrog, 6mws gaivetal oto (oy. 4). Ko omy nepintwon avn, To Oetind x€vipo s avopoliog Sev expod-
Ceton evrEVAG, axdpa ®ow av 1 ®Aion @ ™ PAEPas elval uixpn wg TEOG Tov 0pilovia, 6mws Qaivetal 0to (o).
5). Amevavtiog, T0 Bend xEévrgo vregroviteton (oy. 5), Stav n ywvia xAiong @ €xel v dua T pe ™ yovio
oylototnrag 0, pe fdon Tovg mpooavatoMopovg wov opitoviar ato (oy. 1).

TToamnEdVTog TS YOUPIXES TAQAOTAOELS TOU (OX. 6), UTOQEEL ®aVElS Vo OXNUOTIOEL PLat TLo OMOXANQWUEVY
£GVOL YL0L TO G ENNEEGTETOL 1) AvOROALD PUOLXOY duvaproy amd ™) Ywvio oLoTtéTTag Tov (avioéTEomov)
vreddgoug. Eival pavepod oti, otav o dEovag aviootpomiag eivan xataxdpugpog (8=0° 1 6=180°), n diogpopd
Ah petaEv vrohoytéuevou padovs h’ (ywois va hapfdvetar vadyn n avicotpomia) xoL TEaypotxoy fabovg
h, elvan Wdwaitepa peydhn zon 1o oxeTiré opdhna eivan 100%, Gtav A=2. To oxeTré opdipa avgEavetal, oto
Bobué mov avEdvetar o ovvieheonis avicotpomntiog A. ‘Otay 1 yovia oyiotdmrag 0 sivaw el tig 60° 1 tg 120°,
10 oAU OTOV TEOGLOPLONGS TOV BABOUG eivan wxEd. O (dieg TagatErjoels Wxvouv xou yua 1o fdBog H g
AT OxpPig TV xEXMpEVOU PUAhov. Ta opdipato oTov TR0odLoELopS Tov PABoug, ennEedlovy 1o ToV VIToAo-
YouS g ywviog ®Aiong .

Ovmoodmreg x| p HOLX eivan Waitepa peyareg Grav 1 ywvia oyrotémrag eivou el tig 20° wg 60° (M and
120° wg 160°). }Imv nsgmmm} o, EXINABVETOL PETOTSTLON TG avmpohiog xord Tov 0ptldvTio dEova, ®afdg
O TOQOUPOQPWTELS OTNV AVOUAALL QUOLROU SUVOULKOY, TTOU UTOQOTV VO OdNYIOOVY OF OXETIRG rQd OQAA-
HOTO OTOV VTOAOYLOUGS Twv Babdv, oAAG 0 onpoavind opaipota oTov VToAoYLONS g ¥Aiong ™g pAERag, av
ayvonBei v avigotpomia Tov Vteddpous. Ot TOQAPOQPHTELS THG KOUTUAYG SP, GUVICTAVTOL OE VTEQTOVIONG TOU
BeTnov xévrov, Gtav 1 yavia xhiong g PAERac eivar (om pe ™) yovia oxLotémTog, *oU 08 ATOSUVAU®OOY] TOV
BeTxoU n€vroov, 6tav N PAESa avanTiooETOL TUQAAANAQ TTQOG TN OXLOTATNTO.

ARS T pelETn TG CUUTEQLPOQAS TG OVRAALOGS SP OF £YXAQOLA OVLOGTQOTO £00(OG, TTEOKRVTTEL TOPWS GTL
1 aviootgomic B mEEmeL Vo AapfAveTon VITGYY), TEOXELUEVOU VAL YIVEL piat aELOTLOTY TOCOTIKY EQUNVELD TV
dedopévav puowot duvopxov. Katd ovvéneia, Bo mpémel va avartuyBel wa véa peBodohoyion moocomxti
gounveiag, 6mov Ba Aapfdvetal voyn n aviootpomia Tov vreddpous.
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—HB—Viso
Van (6=0)

et

2y. 3. Avopaiia @uotxov dvvauixov yia 106tgomo vadagos (V, ) xai yia vasdagos ue xaraxogugo dsova
avioorgomias (V, ). O magduergor Tov xexdpevov @vddov eivar M=100mv, h=10m, H=20m, p=45".
Fig. 3. Self-potential anomaly at an isotropic (V, ) and at an anisotropic ground with a vertical anisotropy axis
(V. ). M=100mV, h=10m, H=20m, ¢=45°.

N

2. 4. Meraldogogos @léfa ue xAion mapdiindn oty oxoTéTnTA TOV VAEIdPOVS.
Fig. 4. A mineral dyke parallel to ground schistocity.

—8—Viso

X Van (p=45deq)

Van (¢=135deq)

2. 5. Avoualics @uotxot dvvauxov yia 106T0omo xai avigoTeomo vrédapos. H xaunvin V, , aviiorouye oe
pALBa xAions =45, ot 100Tgomo uoo. HV, (p=45deg), avrioroiyei oty idia yovia xAiong xat oe
avioorgomia ue oyiorotnre 0=135°. HV (@p=135deg), avrioroyei o yovia xAions 135° xar o€ ywvia
oxorornrag 135°. Ot vwodowres magdueroot Tov ovonijuarog eivat M=100mv, h=10m, H=20m, A=2.
Fig.5. Sp anomalies for an isotropic and an anisotropic ground. Curve V,_, is produced by a dyke with dip angle
@=45" in an isotropic medium. Curve V, (p=45deg), corresponds to the same dip angle, for an anisotropic
ground with 0=135°. Curve V_(@=135deg), corresponds to 135° dip angle and to the same 0. The system has
constant parameters M= 1 %%v, h=10m, H=20m, A=2.
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2. 6. Merafolrj Twv moootijrwv x, w o Adh=h’-h, AH=H’-H, wg mgos tn yovia oxiorornras, ue A=2. I'ia tov
voAoyLoud ToVv amexoviGouevay ueyedav, Oeweribnxe ott h=1 xar H=1.
Fig.6.x, ,x, , Ah=h"h, AH=H’-H variations, against angle of schistocity, when A=2. The quantities repre-
sented on the graph were calculated assuming h=1 and H=1.

4. IOZOTIKH EPMHNEIA

Katd mv mocomxr epunveio g avopahiog puotrot duvapmuxol o oviodtoomo £dagog, 1o tntovuevo,
®ratd fdom, eivor o mpoodogronds twv mogapétewy h, H o a (n xhion @ pmopel va vroloyiotel and 1o
mopomdve eyEdn). Mo d€a yia 1o g Ba pumopovoe va yiver n moootiry epunveia, yvweitovrag ta A xou 6
a6 YEWMAEXTOLRES OLOOROTOELG RO YEWAOYIHES TOQATNONOELS, WTOQEL ROVE(S VO dlopoQdaoeL ue fdomn v
eElowon (3), omv mopaxndto Togolhaypeévn e exdoxn:

2 12
ve=Mm ¥ (10)
(Y-c)? +H
dmov
Y=x-x,, an
c= Xﬂ,d + a—xo‘up (12)

H guowi onpaocia mg oxéong (10), eivar 6t to mtedio uowroy duvouroy Tov TaQdyetol omd TOAWUEVY
pAERa pe ovvietaypéveg avo axpig (0, h) xow xdtw axprg (a, H), og avioérporo vrédagog, eivar idlo pe to
nedio mov moodyetan and rexMpévn QAEPa e OUVTETOYUEVES Gve axpric (%), 1) A0 2T anpic (x,, + a,
H’), oe wo6tpomo vrédagos. Me Bdon cvniv TV TQOTHENON, 1] TOCOTLRY| EQUNVEIR TN avmpalios QUooy
duvopnot 0e OPOYEVES Ko EYRAQOLO AVIOGTEOTO £daQOg, WToEEL va YivelL pe v mapaxdtmn diadiraoio:

1) Ymoloywouds v h’, H’ #ou ¢, pe Ty mopadoyy Tov opoyevous xou Lootedmov eddgpovg, ue Bdon oroladiimote
uéBodo amd ™ Pfloypapic.
2) Ymoloyiopds tav aknBuv magapuétomy h, H zou a, and ng oxéoeig:

h = h’(cos’® + Asin’0)/A 13)
H = H’(cos™® + A’sin’0)/A (14)
a=c+x,,~X, (15)

Amn6 tah, H #ou a, poel va mpoodloguatel xauw ) B€om x| g meoPoMig mg v axpnic oty enpaveia tov
£ddovs, wg TEOG T BE0N TOV AEVNTLROU REVTEOU TS avwpaliog sp, av avtd eivar emBuuntd. H oxéon pe v
omoia uwoel va VTOAOYLOTEL TO X, elvou m:

x, =Y + X up (16)
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‘Onov 1o Y, mpoodiopiteton amd ™ oxéon (Skianis et. al. 1995):

a’+H>—h>—J(a’ +H> —h?)> +4a’h’
" 2a

To a givan Oetxd, av foioxetar oto Betnd NuGEOVO nan aEvNTrs, av foioxreTal OToV aQVNTXG NdEova.

Eival mpogavég 6t yia va AettoveyioeL 1 tapardve dtadiraoia, YOELGTETON 1 €% TV TEOTEQMY YVMOY TOV
OUVTEAEDTH AVLOOTEOTIOG A o TS Ywviag oxtototrog 0. Ta peyédn avtd, propovv vo mpoodioptotolv and
YEONAERTOKES OLOOROTHOELS OUVEXOUC QEVUATOS AL YEMAOYIXES TTOQOTNOT OELS.

H péBodog avty, doxipdotnre oe ouvvBetnd poveého pe h=10m, H=20m, a=10m, A=2, 0=135°. H moootux1
EOUNVELDL TG AVROAAG SP, HE TNV TaEadoXY TOV LoGTEOTTOV PéCOV, §YLve pe t) péBodo Ttwv Murty & Haricharan
1985 xou, pe Bdon ng oxéoels (13), (14) xau (15), foéBnxray ot tuég h=9.96m, H=18.21m, a=10.35m. Paiveton
oGy Gt n uéBodog pmopel va ddoet aEldmota amoteAéopata, pe ™V Teoindbeon 6t to BeTnd nEVTOO TG
aVOUOALOG PUOLKOT duvouros exdnldvetal EvrELVAG.

a7)

5. ZYMIIEPALMATA

An6 ) perén tov mediov puotroy duvouLxroy, eival PaveQs GTL 1) EYRAQOLO NAEXTOLXY] AVIOOTQOTI TOV
VITEDEQPOUC TOORAAEL TAQAROQPDOELS OTNV ROUUTUAT PUOLLOT duVaroT, TOU TapdyeToL omtd TOAOPEVN PAERa.
Av avti ayvonOei, pwoovv va vreloéA0oUV oNuavTIXG OQAALOTO OTOV VTOAOYLOUS TOV TOQOUATOWY TG
Tohwpévng prEPas.

Eivar duvatd va yiver pa a&émiotn moootnt] epunveio, Aapfavovrog véyn tmv avicoTpomio Tov
VIESAPOUC, OV TTEOOOLOQLOTOUV EX TWV TROTEQWV O GUVTEAEOTNS OVIOOTQOTIOS KO 1) YWVIO OXLOTGTNTOG, NE T
BonBeia yewnhextoundv neBGdwv ouveyovs QEVUATOS KO YEMAOYIRGMV TAQATNOOEWV.

To aoteAéopata g TaQOVOaS £QYOOIOS, UToQovY vo aElomowmBoliv oty €QEuva YLt TOV EVIOTLOUG
Berotywv petolhevpdtwy 1 yoapit.
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ITAPAPTHMA. ATIOAEIZEH THX EXEXHX (3).

“Eotm oroygtdddeg uirog dy, mg Gvm ®on g AATm oxpnis Tov mohmpuévov puihov. TTponimter €vo, oo eundeg
dimoho, To omoio, pe Bdon wa oxéon twv Skianis & Herntindez 1999, mopdyel duvopuxd dV, mov eivon

dv = 1o, dy
2nycos?0 +Xzsin29,\/(x ~Xou)' +h? 4y’
1 dy (IL1)
2m/cos?0 + kzsinze.‘/(x -a-xo4)  +H? +y?
Mze ohoxhjpwon wg meog dy, ard 0 wg p, mpoxvTeL Gt
Vx)= “Ipn o YT+ xy)” B I (IL2)

n
nVcos?8+A%sin0  y+,[y’ +(x-a-x,,)’ +H’

O mpdtog 6p0g Tov YLvopEvou oto deELd péhog g oxéong (I1. 20), eivow n wéAwon -M, dnhadif
| Ip,,
nvcos 0 +A%sin 20
Boionovtag to dota g AoyapiBpnig ovvapmong oto deEld péhog tng oxéong (IL. 2), ouvdyetau, pe fdon
g oxéoeig (I1. 2) xau (I1. 3), 61

=M (IL3)

(x-Xg,,)" +h"

V(x)=M-In (IL.4)

(x-Xoq-a)" +H"

H oygon owtij, meprypdpeL to duvopnd mov maQdyeton od REXMPUEVO PUALO OF OPOYEVES Ko EYRAQOLL
OVLOGTEOTO VIEDAPOC.
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ATAYKOIIHXH ME TH MEGOAO TOY I'EQPANTAP
I'TA ENTOIIIZMO GAMMENQN APXAIOTHTQON XE HHEPIOXH ANETEPXHX
XQPOY YrTAGMEYXHX AYTOKINHTQN XTH AAMIA®
I'.N. TEOKAL', . BAPTEMEZHL, I.EOYAIOL’ , LMEPTZANIAHL' KAI ILTEOYPAOL'.

IYNOWH

TpaypatomouiOnxe yewguatk] duaoxrdnmon pe ™ péBodo Tov vreddgiov pavedp (G.P.R.) oe meguoxy o-
VEYEQONG YWEOV OTABUEVONG CUTOXLVITTWV OTO REVTQO TOV TOAE0dOULROU OUYyRQOTHUATOS Ot Aapio. ZTé)0g
™G €0EVVAS 1{TOV O EVIONLOUGS HOL 1) XOQTOYQAPNON Oappévmy aQyXooTHTMV TEOTOY 0Q)IooUV OL EQYAOIES
avoLrodsunong.

Ta amotehéopata delyvouv Ty €viovn nagovoia TeQLBLdcEVY oL 0oieg dNovEYNBnxay arrd ™y UmoeEn
OVOULOLOYEVELW)V  OTO VTESOQPOG OF oAU xS BdBog. OL BECELS TV OVOUOLOYEVELWV OUTWV CUCKETIOTNXAY UE
opatd agyLtextovird Aeipava oto mapaxneipeva odneda. “Etol, €yive duvani n xoptoypdenon twv Bappévov
Aewpavav oty mepLoy €oevvag. H avaorag mov emaxoloidnoe emPepainwoe ta gvprjuata g YEWPUOKRIG
uebddov.

ABSTRACT

Geophysical exploration by means of the Ground probing Radar (G.P.R.) method was carried out in an area
where a parking will be erected in the center of the city of Lamia. The exploration aimed to detect and map
concealed ancient foundation remains and thus aid the following excavation. The presence of ancient remains
was indicated by the revealed ones in the neighboring grounds and there obvious continuation towards the
target area.

Prospecting was conducted along profiles spaced normally at 1 m separation from the other. Traces were
taken stepwise at 0.1 or 0.2 m intervals using antennae of 225 MHz central frequency. Nine profiles of about 40
m long were measured in this fashion.

All traces were subjected to dewow filtering, i.e. removal of the slow changing near field inductive compo-
nent. Also, they were subjected to low pass filtering with the cut off threshold set at 600 Mhz. The particular
processing sequence was fixed after several tests run on the traces using various filtering processes.

The resulting sections show intense diffraction hyperbolas indicative of the presence of near surface
heterogeneities. The so detected subsurface structures were correlated with the visible ruins in the near by
grounds. It seems that they have the same direction and thus they all belong to the same urban complex.

The positions along the profiles where the hyperbolae occur were marked on a sketch of the area. Thus, the
exact map of the concealed foundations was obtained. Slicing, was also attempted, by integrating the amplitudes
for several time intervals along the profiles. The obtained pictures confirmed the initial result of the sketch.

This case study shows the potential and the benefits of the whole operation. The concealed antiquities were
mapped with a non destructive, inexpensive, swift and safe manner. The excavations which followed the geo-
physical search, confirm the findings. For the shake of interest, the investment proceeded by modifying the
initial plans such that big pillars were planted and the antiquities remain intact below a multistore building.

AEZEIZL KAEIAIA: Yreddgio povtdp, Aapio, 0Qxotoloyixt dlaoxomnom.
KEY WORDS: Ground Penetrating Radar, Lamia, archaeological Prospection.

* GEOPHYSICAL PROSPECTING FOR BURIED ANTIQUITIES BY MEANS OF THE G.P.R. METHOD IN A PARKING CON-
STRUCTION AREA IN LAMIA.

1. Egyaompio Fenguowrng, Tpijpa Cewhoyias, Apiototérelo Mavemonjuo @ecoakovinng, 54006 Beooahovin.

2. Egyaonjowo Ydpoyewhoyiag xaw Texvurrg Temhoyiog, Tujpa Fewioyiag, Apiototéreio Mavemonjuo Beooarovixng, 54006 Oeoaahovinn.
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1. EIZAI'QI'H

210 *€VTEO TOU TOAEOJOWHOT OUYRQOTHUOTOS TS ACULOS, OF ARGAVTTO COPAUATOOTQMUEVO KWEO, TEO-
AELTOL VO OVEYEQDEL ®OTAOREVT| 1) OTol0L B AetToveY1ioEL G Xhpog otdBuevong avtoxwnitwy. Kotd ug epyaoi-
£¢ RAAYNG TOV TAQOREIPEVIV OLROTEDWYV, amorahipOnxay apyaic owodomnd Aelpava pe mEopovy cuve-
XELX TOOG TOV €V AGY® axdAvmto xweo. Kotd ovvéneila, o xbpog avtdg €ngene va eQevvnBel mpLv ad omolo-
dMmote emépfaon pe oxomd vo avixvevBovv Bapuéva Aeipava. Emméov, ta Aeipava avtd Ba propovoay vo.
yootoypagnovv xat €tol va doBel xdmwoia foriBeia otovg avoorapels.

AGym Tov oy BABOVS TaPG TWV AQXOLOTHTWY, GG O TOV YEYOVETOG GTL 0 XWEOG TAY AOPAATOCTOM-
uévog, emA€xOnre wg néBodog draordmnong avni tov vreddgrov pavrdp (Ground Probing Radar, G.P.R.).

To Egyaotioto T'ewquowniic tov AILO. €xel dieEdyel mOMES TAQOUOLES SLOOROTNTELS OTO TAQOLO OVOTY-
HOTXAV 1] CwoTV avaoropdv (m.y. Giannopoulos et al.1994, Tsokas et al. 1994, Savvaidis et al. 1999,
Mertzanides et al. 1999). Katd ovvéneio d1ab€tel 1600 tv teyvoyvooia dieEaywyris Staonomioewv pue m pé-
6000 ToV YEWEOVTAQ GO0 RO TNV TEIQQ OTNV EQUNVEID TV ATOTEAEOPATWV TNG SLORGTINONG.

2. TA AEAOMENA KAI H EIIEEEPTAZIA TOYZ

Ztov xwEo £pevvog mpayporomominray evvéa mapdAnies odevoeis pe ™ uéBodo Tov yewpavtdp. To
ufxog xd0e 6devong €pbave ta 40 m %o 1 TOTOHETOT TOUS OTO XWEO Paivetaw oto oxfua (1). Kdbe 6dsvon
anelye and ) durhovii g xatd 1 m. Katd pirog twv odevoswy, Modnxe éva padidypaupa avd 0.1 m 1 0.2 m
yonotuomoldvrag xepaies 225 MHz 1600 Yo v exmopsty] 600 xow Yo ™) AMyn Tov MAEXTEOPaYVITLROU ONpa-

rﬁ T"W“W 1 L

44,70 m 3

L, 3 =

19 1

’ m

" N oL 7' u [l u [ u R

3y.1. Audra&n Tov odevocwy psronons aro ydeo foevvas. Ot odevoeis 12 éwg 14 eivar o€ oeipd ueTalv Tov
odevoewv 11 xar 15. To dvoud Tovs dev onueidverar oto oxijua yia Adyovs evxgivelas.
Fig.1. Lay out of the profiles measured in the investigated area. The profile numbering is succesive from
right to left so that profiles 12 to I4 are not annotated in the figure to avoid confusion.

2o oyjua (2) gaiveton 1 tops] ®otd wixog g 6devong 13. 2y Toun awti| TagaTnEovvron EVIoveg ueQfo-
Méc mepBMdoewv oE amootdoelg 5, 11, 21, 28.5, 33 now 37 m azd v ayr s 6dgvomg.

‘Oleg oL Topég véomoay eneEepyaoio pe eQaQUOY QIATEOU OTORAXQUVONG TG EMOYWYLXG CUVIOTMONG
raw piktpov diéhevong yopnhdv ouyvotjtwy pe xatdph aroxromis ota 600 MHz. Egapudomuxe eniong @ik-
TQO AWVOUUEVOV PECOV GROV TéVTe ONueiwv ®atd wixog xdbe padioypdupatos xworotd. To amotéheoua ™mg
TOQOTAVW dLodraoiog ftay amd T uo peELd, 1 amopdxrouvon Tov vypiouyvou Bogipov, o omoiog opelldtay
oe nhentEovird xvping aina. Exiong aropaxgivinray or eE0QETRE XAPNAGOUYVES CUVIOTHOES OV ENAYO-
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Vit PETAED TV REQUUWV EXTTOUTTHS Row AMYNS.

Zto oyjpa (3) diveton v topr 13 petd mv emeEepyaoio ™. Evxola guumegaivetar 6t 1 modtta Tmv
dedopévamy g Towris avnis €xel Peltiwbel ae axéon pe v eréva OV TaovoLdletat oto oyrua (2).

e GLEC TIC TOUES TOEOVOLALOVTaL EVTOVO QauvOueva TeQiBAaong pe mepLopuouévn Tomu éxtaon. To gat-
vOpEVa aUTd VAL YOQOXTNOLOTXG TV POQQPWY OV OVOUEVOVTOL VO SIVOUV OL TOTHES CVOUOLOYEVELES OTO
VrEdagos. Anhadij, N magovaic dopdv pe duapoeTirés NhextErés Widtteg o’ Gt To TEQUBAAOV oV TIg
puhoEevel. Eival, Aoutdy, evhoyo va votebel 6t ov dopés avtég eivan oxodownd Aeipava tov maperdivrog
pe dedougvo 6t autés eivar epgpavels ota yertovind owmdneda o pavepd ovveyiCovion xdtm and 10 (0o
€ogvvag.

h

o - A i antere

Gma%wm.:lg meam w:,‘?mgmﬁfmimww

2x.2. Touf xavd wijrog g docvangs 13. Ta évrova pavoueva aegiblaons mov gaivovrar oe didpoga Tuljuata
THG TOuIG Am0didoVTaL OTNY TAYOVGIA AVOUOLOYEVELGY OTO VTTEOAPOS OTIS OVYXEXQLUEVES OF0ELS.
Fig.2 The resulted section along profile 13. Intense diffraction phaenomena are present, which are indicative of
subsurface lateral inhomogeneities.

13p
09_“_L w— ‘1Qg} . 20{ — 30_n_| ‘ 40m
-

WEF" .w‘%\";{‘é& 1“
£ oo, u et
40_“ mwﬁ%;ﬂ@
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60.\'"“(’ j:{h

Xx.3. EncEepyaousvny rourj xatd uijxog tng odsvongs 13.
Fig.3. Processed section along the profile 13.

WW‘Q “V

mu.mmwm ,.mm

To otpdpua TG A0PAIATOV dEV ATOTUWVETAL OE Xopio Tour mEdypa 1o omoio avapevotav. Eg’ doov n
AEVIQLXY] CUXVOTNTA TV REQULWDV TOV Xonotpomouibnxayv eivor 225 MHz, to xoovind €Upog Tov maApol wov
exmépmeTon oto €dagog eivar g TdEng Twv 6 ns (Annan and Cosway 1992). Ztvo ypovixd auté didomua, o
ToAUOS €xeL ToEEYeL TeQLoodTeEo antd 30 cm oto €dagog av vmoBéogovue 6t ®iveitan pe Togutnta 0.1 m/ns.
Enopévag €xeL duomepdoel 10 0Tpdpa ™G ao@AATov To omoio uwopel va £xeL mayos 0.15 m 1o mepLoodteo.
Anhadi), To amotéheopa ™g Tapovoiag ™g acpditov eupaviCetor o ovpfolr pe ™V avixhaon ond ™My Em-
@dvela Tov eddgpoug xan de pmoel va duarglel and avt.

Aviyvevovtog tig meQLOMdoeLs 08 ®A0E uia Topn XWwELoTd, TIS oNueLdoaue oty B€om mov magatendnray o
€va o edidyoappa g TEQLOXNS €QeVvas. Me TOV TEOTO QUTG TROEXVYE U0 RATOYN TWV CEYOLOTI{TWY 1) OO0
agovotdtetal ato oxfua (4).

Zm ovvéyeln emyelBnxe 1 ohoxMipman Twv TAATHY TV AVOXAAOEWV OE OUYREXQLUEVA XQOVIXG TTOQA-
Bupa. Zto oxua (5) paivetor 1 0QIGVTLEL TOW] OV TEOEXVPE Yia TO YEOVIXG TopdBupo amtd 10 éwg 15 ns.
Eivan poveo 6t 1 topn) aut) cup@mvel pe 10 amotéheopa Tov oxyuatos (S) xau emmhéov divel minpogopieg
NOL YO LOYVEES 0vOrAAOELS TROEQYOUEVES 0Ttd SORES ToEAMNAES pe v drevBuvon Towv odevoemy.

Xonoworounifnxe 1 turj 0.1 m/ns yua Ty TaxiTyta ®iviong Twv NAEXTQORAYVITIRGY KURATOV GTO OTRMUC.
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T7,107m
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Zyx.4. Avdrakn Tov 0devocwy usTonons aro ydeo £pevvas oto omoio Exovy anusiwlei ue gouPovs ot Ocoerg otig
omoies maparnorbnxav mepiOidocis. Ta magaiinidyoauua pe Tis aovveyeis TAEVQES onuewsvovy Ty Oon dmov
magarnejdnxav megtOldoeig ato idto axoifas anucio o xdle Tourj. Ta paviueva avtd awodobnxrav oe
Yoauuxés douss oto vaEdapog ot omoics sQuipveUTRAY WS Beuedidoels agyaivy xTioudroy.

Fig.4. The diamonds show the positions where diffraction hyperbolae occurred. The parallelograms shown by
dashed sides have been drawn to denote that diffractions occurred at exactly the same position along each profile.

10-15 ns

17,10 m
‘ v ¢ "yooo o

Zx.5. Ogibovria Tour] mov mPoExVYE ue 0A0XAIQWON TOV TAATGY TOV NAEXTQOUAYVITIXGY AVAXAAOEWY OTO
owdornua 10-15 ns
Fig.5. Time slice for the interval 10-15 ns.
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™™g aopditov o 1 T 0.08 yio v taiTto. otov voreipevo edagird ogitovra. Emouévog, Gheg oL meQlBid-
OELS TEOEPYOVTOL ATT6 SOUES TV OTTOiwY OL Gve emLpdveLes evpioxovtal petafy 0.4 xow 1 m.

3. LYMIIEPALMATA

H ovyxexouévn duaoxdmmon diekijxOn oe tord oiviopo xoovird didotnuo. ZuyrexQuuéva, amartifnray 4
neplmov dEeg Yo TS gpyaoieg mediov vaw megimov dvo nuépeg Yo v exeEepyacio row TV eQUNVEld TwY
anoteheopdrov. Etopévng, o mohi oUviopo x0ovirs dtdotnpuo amoxtifnxe 1 oxetnt] yvaion mov agopoioe
TOV EVTOTLOUG %O TN XOETOYQAPNON TV BOUUEVDV QQYLTEXTOVIROV Aenpavmv. Ag onuelwBel 6TL 0 Yweog ftay
ATPAATOOTQWUEVOS, TRAYUO TTOV XABLOTOVOE TTOAD SUOROAN TNV EQAOUOYY] YEWNAERTOLXWOV HEBGdWV draoxrdmn-
one. Emiong, o xdoog gupionetar oto x€vrpo g Aaplog, Tedypo mov and v dAAn pepld onpaiver ét dev
UITOQOVONV VO, YONOLUOTTON 00UV 1 poryvnTixt] »ow 1 nhextoopayvnaxn péBodog droondmmong.

H pé0odog tou yempavtdp €0eiEe Gt umopel va xonowortomBei pe aopdrewa péoa oe torels. Eniong ot
givan o v SOoEL ONUOVTLXG ATOTEAEOUOTO O OYETIRG TTOMD GUVIOUO XOGVO, OTOTEAEOUATIRG ROl PE TTOMY
WAEO ROOTOS OE OXEON UE TS AVOLORAPES RO TIS ROBVOTEQHOELS TTOV QUTEG CUVETAYOVTOL.

EYXAPIEZTIEXZ

O ovyypageis evxaplototy tov %. ITétpo Kdoun %ot tov dyveooto xoini Tov oroinv to. oxdhMa foridnoay
ot BeAtimon g epyaoiag.
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DOWNHOLE SEISMIC LOGGING FOR DETAILED
P-S WAVES VELOCITY DETERMINATION
P.J. KAMBOURIS', J.D. ALEXOPOULOS’, T.D. PAPADOPOULOS’

ABSTRACT

Downhole seismic velocity logging has been used in detailed geotechnical surveys for engineering applica-
tions. Determination of dynamic elastic constants from acoustic velocity measurements is often a challenging
procedure in case of highly variable unconsolidated overburden. Accuracy of P —§ cross-hole velocity measure-
ments is greatly enhanced with the methodologies described. Severe ambiguities, primarily in direct shear wave
arrivals picking are diminished, as a result of obtaining redundant data sets.

Errors in the determination of zero time inherent to the electronic circuitry or following the use of drill bit or
the SPT cone as seismic sources have been decreased by using the standard steel plate and the loaded shear
wave plank as alternatives.

Extensive AGC and frequency filtering is applied in order to increase the accuracy of the later arrivals. The
picked times, corresponding to the overlapping data sets, are processed according to a method, which finally
assigns a velocity value to each depth point.

KEY WORDS: downhole, seismic logging.

1. INTRODUCTION

Although both compressional and shear waves downhole surveys for the determination of unconsolidated
overburden dynamic elastic constants are viable geophysical tools, the accuracy in the seismic velocity values
calculation seems to be relatively low. Under this restriction the geological structure resolved appears to be
crude. This is mainly the result of,

e Single data sets analysis for each depth point

Use of single borehole geophones

Unavoidable zero time errors due to electronic circuitry

High amplitude and frequency noise in places with poor casing bond.

Tube waves affecting seriously shear waves first break picking

In this paper we will present a method for handling downhole seismic logging, incorporating data acquisition
procedures and statistical analysis techniques met in extensive and costly VSP surveys. The examples are drawn
from an earthquake hazard assessment project conducted at Olympic 2004 Village area, in a highly variable
unconsolidated overburden, without the presence of any distinct geological boundary and we were able to obtain
useful velocity—vs—depth results, up to a depth of 50 m.

2. DATA ACQUISITION
Equipment

Data have been recorded using a 24-channel digital IFP engineering seismograph Geometrics STRATAVIEW.
The geophone array consisted of eight (8) three-component sensors Sm apart, clamped to the borehole casing,
with frequency band between 6-6000 Hz.

Borehole suitability

Special care has been taken in order to achieve the best allowable borehole conditions. The surveyed boreholes
have been drilled to the depth of 50 m. They were cased with good quality thin-walled PVC casing and they were
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properly grouted with cement, for uniform contact with the surrounding formations. However, perfect grouting
seems to be unrealistic and the accuracy in first arrival picking is affected.

Data acquisition techniques

The steel plate and the loaded shear wave plank have been used as the suitable seismic sources. The source
offset from the borehole lies typically between 3 and 5 m. This is generally sufficient to minimize interference
from the casing wave (traveling along the casing with apparent velocity of approximately 1600-1700 m/s in PVC),
yet close enough to avoid coherent noise from refracted waves in near surface layering.

High digital sampling rates (typically 64 ps) are maintained for best resolution in first-break picking.

The geophone array is lowered downhole at an increment of 2.5 m. In every position both steel plate and
shear wave plank were used and three successive records (one for P and two for opposite polarity S-waves)
acquired. Consequently, overlapping geophone positions result to records with three as the maximum fold of
cover (Pullan and MacAulay, 1987). Particularly for S-waves, the fold of cover could be increased to five due to
both sides plank strikes. In this way it is possible to obtain a redundancy of data, which may be used to reduce the
significance of picking errors. From experience we have found that for boreholes of 50 m or less, sufficient high
frequency energy is transmitted from surface to the maximum depth, so the determination of first arrival times
may be achieved to an accuracy of less than 1 ms.

Data analysis

The data analysis procedure is based on a modified version of Hunter and Burns “independent” method
(Hunter and Burns, 1991). According to that method, each of the 8-channel travel time data set is separately
analyzed. After the first arrival picking, the interval velocities are computed across three data point and assigned
to the depth location corresponding to the mid-point of the geophone positions being used. Due to the relatively
coarse data acquisition interval, we combined two successive data sets for best resolution. With overlapping
arrays, more than three independent velocity values could be computed for each depth point (Allison and Shieck,
1996). An exception is inevitable for deeper and shallower depth locations. The redundant velocities are plotted
with depth for detecting any abnormal value. The final interval velocity is calculated by computing the weighted
average of the independent measurements. The corresponding weights are the inverse least-squares error of the
three-point velocity fit (Hunter et al., 1998).

S-waves picking

Shear wave velocity measurements in a borehole require firm coupling of the casing to the formation. Equally
important is the ground coupling of the source at the surface, where horizontally energy is produced. Further-
more, picking the onset of shear-wave motion in the presence of source-generated noise (later cycles of P-
motion or tube waves) could sometimes be challenging (Figure 1a). The aforementioned drawbacks can be
partially overcome using advanced filtering techniques.
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Figure 1: Raw and filtered downhole records.
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Figure 2: First downhole example processing scheme.

- 1359 -



P-waves S-waves
P-wave Apparent Velocities (m/s} S-wave Apparent Velocities (m/s)
Velocity (nvs) Velocities (m/'s)
400 500 830 700 830 800 oo 1100 1200 1300 1400 0 100 200 309 400 500 600 700
0 g
" 5 i
0 10
1% 15
=2 =20
E E
§ % § 5
M €N
£ 3
an 40
48 %
50 - - L)
[t 412 64 | A G313 5o 2 i 303 S 3 smwwwm I3 $ET4 [-—-axaun il ot st 2 data 56t 3 e data gt 4~ data 59t 5 |
Figure 2a Figure 2d
P-wave averlapping Velocities (m/s) S-wave overlapping Velocities (m/s)
Velacities imis) Velacity (m/s)
500 1000 100 2000 2600 3000 3500 L) 200 an) L] 800 1000 1200 1400 1500 1800 2000
== data sat | <M data set 2 == dota set 1 =M= data set 4 % "‘—dmseﬂ—I—-'oatasetz—ﬁ—mselﬂ—ﬂ—mawu—**d-m:et&]
Figure 2b Figure 2e
P-wave Velocities (m/s) S-waves Velocities (m/s)
Velocity (mis) Velocity (mis)
500 700 300 1100 1300 1600 1700 1900 2100 2309 2500 200 300 400 €00 800 700 800 800 1000 190 1200 |
o 0
& \ : ) ‘\\
10 10
20 20

Figure 2c

- Clayey sand with gravels

Figure 2f

- Clay with gravels

Figure 3: Second downhole example processing scheme.
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The filtered record suite (Figure 1b) was created by using a long automatic gain control (AGC) window,
which somewhat suppresses the first arrival, hence the P-wave energy, but also increases the relative amplitude
of ambient noise. Successive frequency filtering application, after an extensive Fourier analysis, could suppress
adequately the unwanted noise, without modification of the source wavelet. The red arrow (Figure 1b) displays
the picked S-wave first break.

3. EXAMPLES

Both examples are drawn from an earthquake hazard assessment project in the same geological environ-
ment.

First downhole logging example

According to borehole drilling data, the general geology of the surveyed area consists of alternations of
unconsolidated silts, clays and sands mainly with gravels. The only well cemented formation appears to be the
breccia.

The first major velocity discontinuity is located better at S-waves than P-waves apparent velocities graphs
(Figures 2a, 2d). This kind of diagrams intent to reveal any abrupt changes in velocity values and are very useful
in this example. The small differences on the apparent velocity distributions show only minor disagreements in
picked times for various data sets. The same result comes up from the overlapping velocities graphs shown in
(Figures 2b, 2¢), which are the products of the three-point least squares fit, for each couple of the data sets. The
minor velocity values deviation shown at “data set 1” (Figure 2¢) is effectively adjusted through the statistical
procedure. The final velocity distribution is in good correlation with the geological data (Figures 2c, 2f). The
major velocity peaks at about 25 and 40m respectively, could be associated with the presence of the
overconsolidated breccia. The intermediate significant velocity reduction may also be attributed to the thick
clayey sand formation.

Second Downhole example

In this example the P-wave Apparent velocities graph (Figure 3a), contrary to S-wave one (Figure 3d),
provides no evidence of velocity changes with depth. A continue P-wave velocity increase is displayed up to the
depth of 27.5 m (Figure 3b).

The alternations of sands and clays are noticeable at P and S overlapping velocities graphs (Figures 3b, 3e),
as well as at the final velocity plots (Figures 3c, 3f). In relation with laboratory lithological analysis, the velocity
maxima are obvious at portions of the borehole, where the main formation substance is sand with gravels (more
than 65%). The lower velocity values could be associated with clays and silts (more than 65 %). Moreover, the
velocity variation is far more distinctive for S-waves rather than for P-waves (Figures 3c, 3f). The results may be
enhanced if we take into account the Nspt measurements (Figure 4). The above comparison becomes very
important in cases of earthquake applications from engineering point of view.

S-waves Velocities (m/s)

Velocity {mis)
200 300 400 500 600 700 800 200 1000 100 1200

* Nspt value 100 is representative of refusal
Figure 4: Nspt and S-wave velocity comparison

- 1361 -



4. CONCLUSION

Experience acquired with the eight, three-component geophone chain has shown, that it can yield accurate
P and S-wave interval velocities in unconsolidated overburden. The multichannel capacity is required to com-
pensate for uncertainties in time zero between successive shots. The ability to obtain accurate velocities is also
developed by statistically analyzing redundancy of downhole data. The modified “independent” technique pro-
vides with a better velocity control even for unlithified materials. Meticulous frequency analysis could improve
the accuracy in S-waves first-break picking, without any loss of information.

The implementation of cross-hole technique has become a standard in engineering problems. However,
many questions can only be answered definitely with results from a downhole seismic logging survey. The cost
effectiveness of such kind of study cannot be denied particularly in “demanding” geological environment. The
analysis procedure is relatively simple and may be accomplished easily using straightforward calculations.

It is hoped that the techniques and examples given here have shown that downhole seismic logging should be
a substantial part of any geotechnical investigation whenever possible.
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PROSPECTING FOR VOIDS WITH VERTICAL RADAR PROFILING
L.F. IOANNIS'

ABSTRACT

Vertical Radar Profiling measurements were conducted to image subsurface cavities encountered in Akrotiri
Archaeological Excavations area on Thera Island. The vertical radar profiling technique is able to explore much
deeper than conventional surface GPR because it uses wells. The transmitting-receiving antenna unit was moved
within the excavated well along six vertical profile lines in equally divided positions. A local electrical resistivity
survey preceded the GPR profiles to investigate if the conductivity of the pyroclastic formation satisfies the
presuppositions to conduct GPR measurements. The vertical GPR profiles revealed locations where cavities
exist but they were unable to show their shape and extent. Cross-well seismic tomography images supported the
vertical radar profiling results.

KEY WORDS: Vertical GPR measurements, voids detection.

NEPIAHWH

Edud merpdporo yewpavtdag, GPR, dieErxOnoav oto xieo tav AQyaohoyirav AVoorapov 0To AXQWTIOL
™mg viioov O1pag pe oXOmS TNV dUVOTATNTO EVIOTLOPOU UTESQPRAOV EYROIAMV OV ouvavTOnxav oty Pdon
TOV YEWEQELVNTLHAV EQYOOLDV TTOU dieEdyovrar ot mepLoyy] ota mhaiow Tng avadelEng, diopndopmaong xow
OVTIXATACTAONG TOV OTEYGOTEOU TOU 0XoLoA0oywoy xdeov. Ou uetoriosis meguéhafav eldirés ratanduyeg
TOUES YeEwEavtde mtov diekrjxnoay péoa ota peéata Beperinoms Twv ToodAmY VIOOTHELENS TOV OTEYAOTEOV.
H xepaia exmopmic-Miyng tov HM xiparog kuviinre »otd uixog €En ®otandQupwv TORGV KATAVEUNUEVOY
avd 60° TeQupepeloxd o ®GOE Eva atd to. &0 @eéata. Tov SiepeuviiBnxay. Mia avtiotory Tomxy YewnAexToury
éogvva ot €vo antd to drepevvduevo pegata mponyiBnxe ™mg €pevvog GPR pe oxond vo SiamiotwBet xatd
600 0L CUVONRES QYWYLUGTNTOS TOU TUQOXAQOTIXOU OXNUATIOROU LXOVOTOLOUV TLS TEOVTOOETELS Yo TV
dieEawyn mg épevvag GPR. Ta arnoteléopara g elduis avnic €pevvas GPR exétuyav tov oxomo Toug pe
mv anoxdivyn Béoewv magovoiog eyxoihwv Gmov dev xratéotel Spwg duvatdy va deiEouv To oyrpa xon TV
éxtaom avtdv. Tovto ftav dAhwote avapevépevov dedopévou 6ty GPR €pevva dieErjxBer avtévopa o xa0e
PoEaQ xou Gyt peToEV PEEATWY OV ATOUTEITOL YLOL TNV OTTELXGVLION TwV eYroihwv. Ta aotehéopata e £pgvvag
GPR emfefarddOnrav xroL ond OELOPIRES TOUOYQAPLRES ATELLOVIOELS OTIS AVTIOTOLXES OEOELS.

INTRODUCTION

Ground Penetrating Radar (GPR) has traditionally been successful at locating cavities, although most com-
monly at a large scale. In recent years it has been applied extensively to civil and environmental engineering,
archaeological surveys, and many other applications.

Generally, both the transmitting and receiving antennas are located on the ground surface, so the detectable
range of surface GPR is shallow because of strong wave absorption in the near-surface wet soil. Even when the
soil is dry, a strong reflection interface in the shallow part returns most of the energy and only very week energy
penetrates into deep region, severely limiting the detection depth. The vertical radar profiling technique is a
new method that is able to explore much deeper than surface GPR by using wells (Sato, 1997; Sato et al., 1997a).

The basic idea and its advantages are in principle the same as vertical seismic profiling (VSP) for seismic
measurements. When the transmitter and receiver in a well is beneath the near-surface the energy reflected by
the objects back to the receiver is comparatively stronger than that of reflected waves passing through the near-
surface layer twice. In addition, the influence of noise is weaker because the transmitter and receiver in the well
are free from outside noise giving thus the ability to detect much deeper features than surface GPR.

1. Geophysics & Geothermics Dpt., University of Athens, Panepistimiopolis Ilisia 15784, Greece. E-mail: jlouis@geol.uoa.gr
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In this paper, we show an example (Louis, 2001) of vertical radar profiling applied to Akrotiri archaeological
excavation area on Thera island aiming to detect underground cavities and to provide some information in the
framework for replacing the existing old roof of the archaeological excavation area.

THE HISTORY

Akrotiri archaeological site is one of the most important prehistoric settlements of the Aegean. The first
habitation at the site dates from the Late Neolithic times (at least the 4th millennium B.C.). During the Early
Bronze Age (3rd millennium B.C.), a sizeable settlement was founded and in the Middle and early Late Bronze
Age (ca. 20th-17th centuries B.C.) it was extended and gradually developed into one of the main urban centres
and ports of the Aegean. The large extent of the settlement (ca. 20 hectares), the elaborate drainage system, the
sophisticated multi-storeyed buildings with the magnificent wall paintings, furniture and vessels, show its great
development and prosperity. (“Akrotiri of Thera”, Hellenic Ministry of Culture http://www.culture.gr/2/21/211/
21121a/e211ua08.html)

The town’s life came to an abrupt end in the last quarter of the 17th century B.C. when the inhabitants were
obliged to abandon it as a result of severe earthquakes. The eruption followed. The volcanic materials covered
the entire island and the town itself. These materials, however, have protected up to date the buildings and their
contents, just like in Pompeii.

Systematic excavations were begun in 1967 by Professor Sp. Marinatos under the auspices of the Archaeo-
logical Society at Athens. He decided to excavate at Akrotiri in the hope of verifying an old theory of his, that the
eruption of the Thera volcano was responsible for the collapse of the Minoan civilization. Since his death in
1974, the excavations have been continued under the direction of Professor Ch. Doumas.

THE EXPERIMENT

In Akrotiri archaeological excavation area the Archaeological Society at Athens operates a project where
the existing old roof in the Prehistoric Minoan settlement (figures 1 and 2) is going to be replaced with a new
modern one. The roof under construction (100X159 sq. meters area) will be supported by pillars embedded in
an equal number of wells filled with concrete.
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Figure 1. Sketch diagram of the Prehistoric Minoan settlement ruins as they appear today after the archaeologi-
cal excavations.

The foundation wells (1.2 meters in diameter and 8 meters depth) are open up in the pyroclastic volcanic
formation basement rock. The ceiling of the pyroclastic formation is met at depths varying between 2 and 15
meters below the ground surface where the Prehistoric Minoan settlement is situated (figure 2). The layer be-
tween ground surface and pyroclastic formation consists of ruins of an older town destroyed completely by a
large earthquake.

Excavated wells

a*2
¥

it
s

Cavities

Figure 2. Sketch diagram of the excavated wells with cavities in their walls.

Man-made cavities appeared in the walls of some foundation wells (figure 2) during the excavations. Some
of them were void while others were filled with stones, ceramics etc. According to the new findings from the
excavations they probably concern prehistoric tombs.

Since the target of prospect is buried under a thick layer of ruins it was evident that surface GPR surveys
would be incapable of detecting voids superimposed by such complex structures. This is due to the limitations,
inherent in the physics of the method, where the receiver picks up all the returns such as large reflections from
the ground surface and from many objects in different positions. Consequently any, later in time, received signal
may be composed of the sum of returns from many objects in different positions attenuating thus the signal from
the target.

The existence of the excavated wells was an excellent opportunity for us to apply the vertical profiling tech-
nique inside the well.

- 1365 -



Six GPR traverses (profiles) L1 to L6 were conducted in each well along the vertical axis one every 60°
(figures 3 and 4). Each GPR profile run in two directions: from top to bottom and bottom to top. The first 1m
length of the well was not investigated due to the presence of a metal ring situated at the top of the pyroclastic
formation to support the excavated loose material. A wooden plank 7m long was inserted between the antenna
and the borehole wall to achieve thus a smooth motion of the antenna unit. Seven markers, 1m apart, marked on
the wooden plank served to register a respective marker on the GPR records when the moving antenna was
crossing them.

D61 - GPR recording unit
Borchole of transmitting p

and receiving GPR signal

Transmitting and receiving E )
GPR antenna X

L1 ANTE NNA
) Im metal ring

pyec | | &

B

Vertical GPR profile

i L3
L4

Figure 3. Field layout with the vertical GPR profiles Figure 4. Horizontal cross section of the borehole with
on the walls of the borehole. the positions of the 6 vertical GPR profiles.

The GPR unit used is a SIR SYSTEM 2000 of GSSI (Geophysical Survey Systems Inc.) It contains the
system generating EM impulse, an array processor for simple data processing and an A/D acquisition board for
real time digital recording in the internal hard disk. A 400 MHz antenna was used for transmitting the electro-
magnetic energy and receiving back the echoes.

An electric winch was used to drive the operator of the antenna unit down to the wall (figures 5 and 6). Since
the top of the pyroclastic material is met 10 to 15 meters below the ground surface, he had to cross these depths

in order to arrive at the beginning of the GPR profile. Then he had to move another 8m downwards along the
vertical profile line.

Figure 5. The operator, attached with the antenna

unit, at the beginning of his journey. material ready to start GPR measurements another
8m downwards.

Figure 6. The operator at the top of the pyroclastic
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The control unit generates a trigger pulse signal to the transducers transmitting section. A short burst of
electromagnetic energy is then radiated to the underground where it travels at a velocity that depends on the
dielectric constant of the medium. The energy reflected back by the interfaces between media with different
dielectric constants is received by the receiving section of the transducer and sends it to the control unit. An
improvement of the signal/noise ratio was obtained by the application of specific digital horizontal and vertical
filters.

A local electrical resistivity survey preceded the GPR profiles. The resistivity measurements were conducted
on the vertical walls of ®61 well aiming to investigate the conductivity of the pyroclastic formation. This was
considered as absolutely necessary since it is well known that the moisture content of different regions is the
dominant factor in influencing both the conductivity and dielectric constant and hence the attenuation and
velocity of the transmitted EM wave.

Borehole ®61

307 Ohmm

Figure 7. Horizontal resistivity variation in well ®61 attributed to the different moisture content in the
pyroclastic formation.

Figure 7 shows the results of the resistivity experiment. We can see that the electrical resistivity of the
pyroclastic formation is laterally decreasing. The outer thin layer of the formation exhibits almost high resistivity
(307 Ohmm) due to its dry condition. Moving deeper, in the horizontal direction, the resistivity is gradually
decreasing due to the higher moisture content of the formation. Summarizing we can say, in general, that the
condition of the formation from the conductivity distribution point of view rather satisfies the presuppositions
to conduct a GPR survey.

DATA PROCESSING AND RESULTS

The GPR records obtained in the field were of good quality. The digitally recorded data were processed
using RADAN III software.

The interpretation was focused to recognize the different electromagnetic anomalies and their geometrical
relationships and shapes.

The difficulty in this case is that we are searching for voids filled with a material having the same electromag-
netic properties with the main rock. In that case the discrimination is difficult since GPR receives reflections
from the interface of two bodies having different electromagnetic properties. The electromagnetic transmission
depends on the dielectric constant of the media and the most important factor affecting it is the moisture con-
tent.

- 1367 -



Cavity position

Depth in meters from the top of the pyroclastic formation
7 6 5 4 3 2 1

L 1 1 1 S S

00 ns

% 40 ns

Time Scale

L 80ns

Figure 8. GPR profile line L3 within the well ®39.

A major limitation of the method remains the lack of precision concerning the determination of the wave
propagation velocity in relation to the depth. Correlation between GPR data and a known target enables time-
depth calibration. Figure 8 shows the record of the GPR line L3 obtained within the well ®39. An anomaly is
visible between depths 2.8 and 3.2 meters, which corresponds to a cavity revealed during the excavation. The
dark area from 3 to S m probably depends on the low resistivity of the ground caused from the different moisture
content in it.

Figure 9 shows the record of GPR line L6 obtained within the well ®61. The hyperbola pattern visible at the
depth of 6 meters was attributed to a void. This profile was processed in order to obtain a better resolution.
Figure 10 shows the same record after the application of a horizontal and vertical filter and Hilbert transform.
The hyperbola pattern visible at the depth of 6 meters is now clear. In the same figure a new hyperbola pattern
is now visible at the depth of the 3 meters.
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Figure 9. GPR profile line L6 within the well ®61 Figure 10. GPR profile line L6 within the well ®61
(Deconvolution). (Horizontal filter and Hilbert transform).

Figure 11 shows a cross-well seismic tomography image of the area adjacent to the same well ®61. It is very
clear that two low seismic velocity anomalies occur at the same depths. This seismic image supports our GPR
results concerning the investigated well.
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Figure 11. Seismic velocity image obtained from cross-well seismic tomography experiment carried out in the
same well.
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CONCLUSIONS

The vertical radar profiling method enables to explore much deeper than surface GPR by using wells. This is
caused since the transmitting and receiving antennas are located within the well so the strong wave absorption
observed in the near-surface GPR surveys is almost removed.

The vertical GPR profiles revealed locations where cavities exist but they were unable to show their shape
and extent. Cross-well seismic tomography images supported the vertical radar profiling results.
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SUBSURFACE FAULT IMAGING USING CROSSHOLE
TOMOGRAPHIC METHODS
L.F. IOANNIS'

ABSTRACT

Crosshole seismic tomography experiments were performed to image the subsurface structure between pairs
of wells in three locations at Ano Liosia Municipality. Seismic caps were used as downhole sources and a 24-
channel geophone cable provided the downhole receivers. The crosshole data were processed with a SIRT
traveltime transmission tomography package to produce a velocity model. The crosshole velocity section exhib-
its rapid lateral and vertical velocity changes that are not resolved by surface methods. The results indicate that
crosshole tomography can potentially be used to image steeply dipping beds or complex structures, such as small
faults or cavities.

KEY WORDS: cross-borehole tomography, traveltime inversion, high resolution imaging

NEPIAHWH

IMewpdpato oewourtic topoypapiog ueta&l yewtoioewv diekrixBnoay oty evpuitepn aotxt TeEQLOXY Tov
Anfjpov Ave ALocimv pe OxOTG TNV AETTOUERT) QUTELROVLON TNG VTESAPIRNG YEWAOYLRO-TEXTOVLXIG dopng OoTLg
Béoeic épevvac. Ta oewound dedopéva Etvyav Yymerorng eneEepyaoiog pe oUyXEovo AOYLOMXS TOXETO GOV
XONOWOTOLON®e M TEXVIXY TG TAVTEYE0VNS Emavolnmuriig avoxroataoxevis (SIRT) yia v aviiotpogr| twv
¥e6vav dradowis Twv Tedtwv oeloprdv apiEewy. Ta anotehéopata g €pevvag eivar vymirg avdivong
QTELXOVIOELS TOV eSOV CELOWRGY TAXVTHTWY OTOV PETAEY TV YEWTENOEMV X)00. O OTELROVIOELS TAQEYOVY
vynMic euxpivelag Tayeies mhevoxéc ra o€ BABog petaforéc g oelourtig TaxvTas un duvdueves va
aEoTnENBoUY pe Ts oupPaTIRES YEWPUORES peBSdovs empaveios. Ta arote éoparta emPePoLdvouY T0 YeEYOVAS
M oewoxy Topoypapia HeTaEl YewTONOEMVY eival uio eUXENOTN Kot SUVOULKI] TEXVLXY YIOL TNV QITEGVLON
olvOeTWY VITEdAPLRMDY dOPWV KOO OTNV TEXVIRY YEWAOY IO ®aL OTa QY0 ToMTLXOU pnyavinov. H duvopundmmroa
™G ueBGdov ogeihetan xatd ®UELo AGyo oTo YEYOVSS 6T 1) VYMAI] draxprtri] ™G wavdTnTa diotneeital 1 dia
xaBdc 1o pABog €pguvag avEdvel AGym g StaTrienomg Tov VPMAOT ouxvoTiroy TEQLEXSUEVOU THS dLodLdSpHEVNS
evépyelag og aviiBeon pe ug ovpfatixés pedédovg empaveiog Grov 1 aTdAELX TWV VYNAGY ouxvoTHTWYV Elvor
Tayeio AGym g awopeopnong.

INTRODUCTION

In crosshole seismic tomography, seismic sources located in a well are shot into receivers located in a nearby
well. The travel times of the first arrivals are used to produce a tomographic velocity cross-section of the subsur-
face between the two wells (Bregman et al., 1989; Calnan and Schuster, 1989; Lines and LaFehr, 1989; McMechan
et al., 1987). Crosshole tomography is expected to provide better resolution than VSP or RVSP since most of the
energy does not travel through the earth’s highly attenuating near surface and the travel distances are shorter. In
addition, the resolution of crosshole tomography is not depth limited since most of the energy travels between
the wells.

THE EXPERIMENTS

The crosshole tomographic experiments were performed in three locations ot Ano Liosia Municipality (Fig-
ure 1) between pairs of properly cased wells 70 meters depth. In each location a 2D resistivity tomography
section is running across the wells, imaging the subsurface structure of the greater lateral and in depth area.

The crosshole traveltime tomography experiment (Figure 2) comprises sources located in one well shot into
receivers located in the other well (hole to hole).

1. Geophysics & Geothermics Dpt., University of Athens, Panepistimiopolis Ilisia 15784, Greece.
E-mail: jlouis@geol.uoa.gr
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Figure 1. Location map with the sites of crosshole seismic tomography experiments.

+—— S0m

Figure 2. Schematic diagram of the crosshole tomography experiment.

A 24-channel geophone cable coupled with 14 Hz vertical component geophones served as the receiver. The
space between receiver stations was 2.5 meters. The sources used in this experiment were seismic cap charges
fired at 2.5 meters intervals from a depth of 70 meters to 5 meters. The seismic cap charge provided high quality
data and did not damage the well. The seismic signals from all the stations were transmitted uphole simultane-
ously through tow leaders and recorded with a surface EG&G 24 channel recording system. Only two geophone
cable positions were required to cover the receiver well from depths 70 meters to 5 meters.

DATA ANALYSIS AND PROCESSING

Examples of crosshole seismic data collected at selected shot locations are displayed in Figures 3 and 4.
Twenty-eight shots ranging from depths 70 meters to 5 meters in the source well at 2.5 meters intervals were
recorded for each receiver station.
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Figure 4. Seismic record from crosshole experiment in pair W6-W7.

Data in figures 3 and 4 were recorded by downhole geophones in wells W1 and W6 from the respective
transmitting wells W2 and W7.

In crosshole transmission tomography, the first-arrival P waves are used to produce a velocity cross-section.
Therefore, the precision of the travel time measurement is vital to the resolution of the final velocity cross-
section. Since the S/N ratio of the data is good an automatic picking program based in threshold technique was
used to pick the first-arrival times. We were able to pick the first-arrival times precisely on at least 85 percent of
the 1950 (2 X 750 + 450) total traces of the three-crosshole experiments. The precision of the picks is approxi-
mately 0.125 ms.

Tomographic imaging is based on ray theory. The region bordered by the two boreholes is divided into
rectangular cells or pixels, a contraction of “picture elements”. The velocity of each cell is assumed to be con-
stant and unknown.
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Figure 5. Schematic illustration of ray paths through a cell slowness model
(After J. Berryman, 1991).
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Referring to Figure 5, let £, be the first-arrival travel time for the ith ray, l‘i be the distance traveled across the

Jjth cell by the ith ray, and s, be the slowness of the jth cell (slowness is the inverse of velocity). It is easy to see that

N
t, = z{lijsj )
i

Where N is the total number of pixels. Note that for any given i, the ray path lengths l‘.j are zero for most cells
J, as a given ray path will in general intersect only a few of the cells in the model. We can rewrite equation (1) in
matrix notation by defining the column vectors s and ¢ and the matrix M as follows:

S L h by L,

s t L, -l e
=] e M|

sn tn lml lmZ e lmn

Equation (1) then becomes the basic equation of forward modeling for ray equation analysis:
Ms=t

Given the travel times vector t and the raypaths matrix M, we need to solve for the slowness vector s. The
number of rows of M equals the number of rays (first-arrival time picks). The number of columns of M equals
the number of pixels (cells) in the image. For example, for the experiment between wells W1 and W2, we had

Number of pixels = 12 X 25 = 300
Number of rays = 750

To invert the seismic data we used the CAT3D package developed by OGS within the frameworks of the
European Union Project 3D Asymptotic Seismic Imaging. CAT3D is composed with programs for ray tracing,
tomographic inversion, grid manipulation and display. The inversion algorithm is robust with respect to noise
contaminating the data, and does not depend strongly on the a priori information as most conventional algo-
rithms. It does not require particular data (as VSP’s or cross-well geometries): good results are obtained gener-
ally also by conventional surface data alone. The Input/Output formats available allow the exchange of data and
models with all de facto standards currently adopted (SEG-Y, Landmark, Geoquest, ASCII, etc.). The various
parts exchange various information, as the model interfaces, pixel geometry, 2D or 3D velocity field, sources and
receivers locations, ray paths, travel times and, also, set of parameters to guide the forward and inverse modeling.

The iterative method SIRT (Simultaneous Iterative Reconstruction Technique) was used for the inversion.
The algorithm has two main components: Tracing the rays to obtain M (raypaths) and solving for the s (SIRT).
All this is done in a SUN spark workstation. A “check board” test was performed leading to a pixel size 3 meters
vertically and 4.16 meters horizontally maximizing in that way the recovery efficiency of the model. The first
iteration was done with an initial guess of constant velocity of 3000 m/s. The regularized SIRT was run through
5 iterations and the obtained velocity field was used again as an initial velocity model to obtain the final velocity
field after 10 more iterations.

Figure 6 shows the ray coverage for the investigated area between wells W1 and W2. The measure of ray
coverage or ray density is a popular indicator to estimate the inversion reliability. This indicator is measured
here as the number of rays crossing each pixel. Although it can be computed very easily, it is considered rather
a poor indicator of the local reliability, because it does not distinguish linearly dependant from independent
rays. Singular value analysis and null space energy indicators are used today alongside with ray density to esti-
mate the reliability of the solution.

Figure 7 shows the final velocity field (model) obtained from the inversion of first-arrival times. The major
events in the velocity-depth section are identified as follows:

1. The surface layer with a dipping interface and lateral velocity variations (1300 — 2300 m/s), which is attrib-
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uted to the conglomerates formation.

2. The high velocity (4000 m/s) deeper layer attributed to the limestone bedrock.
3. An intermediate velocity zone (2400 m/s) intersecting the high velocity (4000 m/s) rock mass in NE-SW
direction, which is attributed to a main fault F.
4. Two intermediate velocity zones crossing the main fault F attributed to respective minor faults.
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Figure 6. Ray coverage of the area between wells W1 and W2.
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Figure 7. P-wave velocity image of the area between wells W1 and W2.

The upper part of Figure 8 shows a 2D resistivity tomography section running in the area of the first experi-
ment. It images the lateral and vertical variations of the subsurface structure in the greater area. The lower part
of the same figure demonstrates and compares resistivity and tomographic seismic images of the same portion
of the subsurface between the wells. The main fault F, running in NE-SW direction, delineated from seismic
tomography image is also well outlined in the 2D resistivity model.

The resistivity-depth image does not show any other indication such as the bottom interface of the surface
layer or the minor fault zone near the surface. On the contrary crosshole seismic tomography it appears to be
capable of distinguishing lateral velocity changes than the 2D resistivity method. This can provide high-resolu-
tion subsurface images that are of valuable information for engineering geologists and civil engineers.

Unfortunately, coverage near the top and bottom of the wells is poor (Figure 6). In order to effectively
delineate the investigated area combined seismic techniques should be employed. The lack of ray coverage in
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the upper part area between the wells (Figure 6) can be overcome by combining crosshole seismic with Vertical
Seismic Profiling (VSP) and/or Reverse Vertical Seismic Profiling (RVSP) techniques. Concerning the lack of
information for the lower part area between the wells (Figure 6), the wells need to be drilled considerably
deeper than the zone of interest.
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Figure 8. The upper part shows a 2D resistivity section running in the area of the first experiment. It images the
lateral and vertical variations of the subsurface structure in the greater area. The lower part compares resistivity
and seismic images of the same portion of the subsurface.

The upper part of figure 9 shows a 2D resistivity section in the area of the second experiment. It images the
lateral and vertical variations of the subsurface structure in the greater area. The final velocity field (model)
obtained from the inversion of first-arrival times, recorded in the experiment between pair W3-W4, is shown in
the lower part (b) of the same figure. The major events identified in the velocity-depth section are as follows:

1. The surface layer of variable depth and lateral variations of seismic velocity (1300 — 3000 m/s), which is
attributed to the conglomerates formation.

2. The intermediate layer with low to intermediate velocities (1400 — 2500 m/s).

3. The high velocity (3500 m/s) basement layer. The major lateral velocity variation (2500 to 3500 m/s) ob-
served in the middle of the velocity model is attributed to a main fault zone F striking NE-SW.

4. The intermediate velocity zone (2400 m/s) observed in the lower right part of the figure, intersecting the high
velocity basement rock, is attributed to a minor fault zone.
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Figure 9. A 2D resistivity tomography section, running in the area of the second experiment, is shown in the
upper part. It images the lateral and vertical variations of the subsurface structure in the greater area. The lower
part compares resistivity (a) and seismic (b) images of the same portion of the subsurface.

Another 2D resistivity section, running in the area of the third experiment, is shown in the upper part of
figure 10. It images the lateral and vertical variations of the subsurface structure in the greater area. The final
velocity field (model) obtained from the inversion of first-arrival times recorded in the experiment between pair
W5-W6 is shown in the lower part (b) of the same figure.
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Figure 10. 2D resistivity tomogram from the area of the third experiment (upper part). The lower part compares
resistivity (a) and seismic (b) images of the same portion of the subsurface.
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CONCLUSIONS

Crosshole seismic tomography experiments can produce higher resolution subsurface images than surface
seismic or resisitivity data. Crosshole tomography provides even higher resolution cross-sections than surface
methods and potentially can resolve smaller structures. Cavities, faults with throws too small to be resolved with
surface seismic data are examples of exploration targets that crosshole seismic tomography may adequately
resolve. This, in large part, is due to less attenuation of high frequencies in the crosshole data.

Unlike RVSP and surface seismic where all the waves need to travel to the surface, most of the crosshole
energy travels only between the wells. Therefore, the subsurface images produced by crosshole tomography will
maintain the same high resolution as the depth increases, while the images produced by RSVP or surface seis-
mic will lose their resolution. In addition, crosshole tomography can distinguish both lateral and vertical velocity
changes, which can provide valuable information about rock properties.
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A GEOPHYSICAL SURVEY
IN THE ARCHAEOLOGICAL SITE OF ARCHONTIKO, YANNITSA.

A. SAVVAIDIS', G. TSOKAS', F TSOURLOS, G. VARGEZMEZISI,
A. CHRYSOSTOMOU® AND P.CRYSOSTOMOU

ABSTRACT

The present case history comprises the investigation of the archaeological site in the area of Archontiko
employing measurements of the total magnetic field variations. Two data sets were collected in 1992 and 1993 in
order to map the area of interest.

The field data were corrected for diurnal variations. Processing of the data involved estimating statistical
parameters, which allowed the unification of the single data blocks of 20 m x 20 m into two main blocks contain-
ing the data surveyed in 1992 and 1993. Inverse filtering was next applied to parts of the processed data set,
which involved geophysical anomalies of particular interest. The followed excavations confirmed the results of
the geophysical survey, validating that the magnetic method is reasonably one of the most popular in prospect-
ing archaeological sites.

KEY WORDS: Archaeological Prospecting, Magnetic, Inverse Filtering, Archontiko.

1. INTRODUCTION

The ancient settlement of Archontiko is 4.5 km NW of ancient Pella in North Greece (Figure 1). The find-
ings showed that the area was first occupied by the end of the Iron Age, i.e. 650-550 B.C. Also, showed that the
topographic table of Archontiko was a major settlement of the Yannitsa province due to its concessive position
by the main roads of Macedonia (Chrysostomou A. and Chrysostomou P., 1993). At the upper layers of the
ruins, findings of the Roman and Byzantine times were also unearthed.

The geophysical methods have been used in order to detect and map antiquities in various sites in Greece
(e.g., Tsokas et al., 1994; 1995; Savvaidis et al., 1999). The resistivity mapping employing the twin probe array,
the total magnetic field variations, the airborne photos and the Ground Probing Radar are the most popular
methods in this respect. However, almost all geophysical methods can be used to tackle specific problems.

From 1992 till 1994, many geophysical surveys were carried out in the area of Archontiko to collect mainly
magnetic data. Resistivity measurements were also conducted in a small part of the area. The data presented in
this study cover the northern side of the topographic table of Archontiko and they were collected during two
campaigns during the summer of the years 1992 and 1993 (Figure 2).

2. PROCESSING

The data were collected using the SCINTREX proton precession magnetometers. They were reduced for
the diurnal variation of the magnetic field using the records of a base station operating simultaneously in the
area. The area was subdivided into grids of 10x10m* and 20x20m* and measurement were taken along profiles
spaced 1 m apart stepwise in 1 m intervals. At first, two grids were established, one for each period (1992 and
1993). In Figure 3, the data of 1992 (NW) and 1993 (NE) are presented into two unified grids with different gray
scales for the values of the total magnetic field.

In order to enhance the view of the magnetic anomalies, the data were further processed using the software
library of Philips (1997). A median filter of 3x3 points was applied to each original sub-grid, in order to eliminate
the erratic spikes.

Next, statistical values were calculated for each grid that include, the mean value of the total magnetic field,
the RMS and the standard deviation. For each data set (1992 and 1993), one grid was selected which served as
the base for the integration of each set. The criteria for the selection of the base grid were its mean value to be

1. Geophysical Laboratory, Dept. of Geology, Aristotele University of Thessaloniki, GR 54006, Thessaloniki, Greece.
2. 12’ Ephoria of Prehistoric and Classic Antiquities, Pella,Greece.
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Figure 1. The position of Archontiko and Yannitsa. They are located between the rivers Axios and Aliakmonas.

close to the mean value of all the data in the set and also to have the smallest RMS and standard deviation. For
the data set of 1992 the mean value of all data is —20.729. The grid selected as the base grid has a mean value of
-20.61, RMS equal to 22.80, which is one of the lowest and a standard deviation of 9.77, that is the second lowest.
For the data set of 1993 the mean value of all data is 259.72. The grid selected as base has a mean value of 259.4,
RMS equal of 259.51, and a standard deviation of 7.77, that is the lowest.

After the selection of the base grids, the difference of the mean value of each grid from the base one was
calculated. Subsequently, these values were added to each sub-grid and an integrated grid was formed for each
data set. In Figure 4 the data after the median filter and mean value corrections applied are presented. The most
clearly shown features correspond to, an elongated anomaly on the west side (a), a parallelogram like anomaly
(b) in the 1992 data set, and two anomalies one of high (c¢) and one of low (d) magnitude of the magnetic field in
the data set of 1993.

3. INVERSE FILTERING

Two-dimensional inversion filtering (Tsokas and Papazachos, 1992) was applied to blocks A and B of the
data. The process is based on the construction of the least-squares filter created by a rectangular model. The
idea is to filter the magnetic response of the body in order to delineate its extend and shape.

A 7-point inverse filter was computed by inverting the effect produced by a vertical sided 0.5x0.5x0.5 m
prism buried at a depth of 0.5m assuming only the existence of induced magnetization.

The produced filter was convolved with parts of the smoothed magnetic data for two areas designated as blocks A
and B (Figure 2). The original data and filtered results for blocks A and B are depicted in figures 5, and 7 respectively.

As it is evident on Figure 5, the filtering operation sharpened the lateral extent of the anomaly caused by the
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Figure 2. The blocks that constitute the surveyed area. Data sets of 1992 and 1993 are marked separately.
Smaller blocks A and B denote the area where the inverse filtering technique was applied.

-0
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Figure 3. The distribution of the total magnetic field for the datasets of 1992 (NW) and 1993 (NE).

elongated feature. In fact, the new signature gives an estimate of the real width of the buried body. It can be now
inferred by simple inspection of Figure 5 that the body must be about 1 m wide. After the excavations took place
in block A the inner-wall was revealed as shown in Figure 6. The elongated feature mapped by the magnetic data
corresponds to the inner wall.

In Figure 7 the positive magnetic anomaly has been replaced and reduced to its real location.

Using the inversion filtering to selected anomalies proves particular useful to obtain further information
about the prospected features.
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Figure 4. Data after the median filter and the mean value corrections.

4. CONCLUSIONS

The use of the magnetic method is a valuable tool for prospecting archaeological sites, since delineates
successfully a wide range of buried features commonly encountered there.
The structures are well defined by mapping the total magnetic field. However, further processing of the raw

FILTERED

Block A of data set of 199.“)«/\/
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Figure 6. Excavation that show the unearthed

foundations of an inner wall. This structure, along

-50 825 45 % 20 - 20  30nTesla with its fallen towards north upper structure produced
the linear anomaly observed in the Southwest of the
Figure 5. Raw and filtered data of block A. surveyed area.
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Block B of data set of 1992
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Figure 7. Raw and filtered data of block B.

data, using the inverse filtering technique, resulted into the delineation of the distribution of the subsurface
magnetization, giving a better image of the lay out and the lateral dimensions of the concealed ruins. By defini-
tion the inverse filter outcome (Tsokas and Papazachos, 1992) is the distribution of the magnetization provided
that only induced type of magnetization is present. Consequently, if the values are divided by the normal field
strength they yield the susceptibility mapping of the area. The inverse filtering method revealed properties of
the buried targets (lateral extent and magnetization) and produced a picture of their plane view. It has to be
stressed that the geophysical interpretation results fit remarkably well with the findings of the archaeological
excavation.

The modern processing techniques enhance the effectiveness of the magnetic prospecting in areas of com-
plex structure.
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GEOPHYSICAL PROSPECTION FOR MAPPING OF THE QANAT SYSTEMS:
APLLICATION TO THE QANAT SYSTEM OF AGIA PARASKEYH-CHORTIATI OF
THESSALONIKI (N. GREECE)

TSOURLOS P'., VARGEMEZIS G' ., TSOKAS G.', ALEXANDROU K.' AND TZELI P.'

ABSTRACT

In this paper the application of the 2-D electrical and ground penetrating radar (GPR) geophysical tech-
niques for locating subsurface water collective systems (ganats) is demonstrated.

Qanats can be found in many Greek regions and despite the fact that most of them are inactive, in some
areas ganats are still being used as water providing systems. For both environmental and historical reasons there
is a need that existing qanats are protected, fully mapped and studied in view of their geological and
hydrogeological environment.

Geophysics can play a significant role in this procedure. Synthetic modeling and inversion examples pre-
sented in this work support the above claim.

Further, in this paper the electrical and GPR techniques are used to map a well-known and already studied
Qanat system at the area of Agia Paraskevi at the outskirts of the Chortiatis village 20 kilometers away from the
city of Thessaloniki. The interpreted features delineated by the geophysical techniques are in very good agree-
ment with the known qanat structure.

Overall, it is shown that geophysical techniques can be used to aid qanat mapping as well as to provide useful
information about their general setting.

KEY WORDS: ganat, GPR, 2-D resistivity, inversion

1. INTRODUCTION

The technique of building subsurface tunnels for collecting and transporting water (qanats) has its roots
probably in the pre-historic era and has been used widely all over the world for many centuries.

Qanat systems are abandoned in Greece. Most of them are inactive either due to the change of water de-
mands or due to natural disasters (earthquakes, floods). Yet, there is a significant number of active systems
which are still being used for providing water for agriculture and domestic use. Vavliakis (1989) and Vavliakis
and Sotiriadis (1993) have presented thorough studies of Qanat systems in Greece.

Due to the vicinity of qanat systems to the ground surface, their waters are susceptible to pollution. Thus, it
is important that active qanats are fully charted and explored in view of their geological and hydrogeological
condition.

Further, a study of inactive qanats will either help to explore the possibility of reusing these systems or will
provide significant historical information.

In this framework, geophysical techniques can be used to chart qanats and to provide information regarding
their geological environment. In particular, since ganats are effectively shallow buried voids (either air or clay
filled), they are an ideal geophysical target. 2-D electrical and GPR techniques are widely used for void detec-
tion and many successful applications of the techniques can be found in literature (Tsourlos, 1995; Tsokas et al.,
1997). These techniques were tested to the known ganat system and proved particularly successful.

2. AGIA PARASKEVI QANAT

The explored qanat system is situated at the area of Agia Paraskevi at the outskirts of the Chortiatis village
(prefecture of Thessaloniki) (Figure 1).

The qanat of Agia Paraskevi was fully studied by Vavliakis et al. (1995). The qanat system was build during
the Othoman period to supply water to the city of Thessaloniki and currently is still being used to provide water
to several facilities (hospital, army camp etc.) nearby.

1. Geophysical Laboratory, Department of Geology, Aristotle University of Thessaloniki, 54006 Thessaloniki, Greece
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The ganat is constructed at the tectonic contact between Triassic limestone and the Triassic-Jurassic phyllitic
basement. The qanat was bored into quaternary sediments and uses the impermeable phyllites as its floor.
Water comes from an aquifer related to the fractured Triassic limestone and is driven into the ganat tunnels. A
sketch map of the water collection system is shown in Figure 2.

20 2 24 26 ' ; 230 232

Figure 1: Location map of the Agia Paraskevi qanat

The qanat has two tunnels A, B (Figure 3) with a total length of 74m. The average tunnel width is 0.6cm and
its maximum height is 1.6m. There are several observation wells and at places tunnels are quite wide. The
maximum burial depth is 7.9m and tunnel A is situated approximately 1.5m higher than tunnel B.
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Figure 2: A sketch showing the Agia Paraskevi qanat and the geological setting
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. 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 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 matrix when necessary.

The inversion aims to calculate a subsurface resistivity estimate x for which the difference dy between the
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Figure 3: A plan view of the Agia Paraskevi qanat (after Vavliakis et al., 1995) with the measured geophysical
sections.

observed data d ,_and the modeled data d_,_(calculated using the forward modeling technique) is minimized.
The smoothness inversion scheme, tries to minimize the data difference vector dy, under the condition that the
roughness of the produced model is minimized. The resistivity correction at the k+1 iteration is given by:

dx,,, =[0I +uCCHCIC) I T, dy, )

where C, C, are matrices which describe the smoothness pattern of the model in the x,z, directions, J, is the
Jacobian matrix estimate and p is the lagrangian multiplier.

To illustrate the effectiveness of the above procedure the model of Figure 4a, which simulates two qanats
(filled with air and clay respectively) was used, to produce a 2-D data set using the 2.5 FEM forward modeling
scheme. The obtained apparent resistivity data, depicted in a pseudosection form in Figure 4b, were subse-
quently inverted and the results are shown in Figure 4c. 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 4b,
illustrating that qanats are a particularly good target for the resistivity method. Note that a similar processing
procedure was followed for all the real data collected from the studied area.
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GPR is another geophysical technique that is particularly suited for shallow void detection. To illustrate its
effectiveness we used a 2-D Finite Difference Time Domain GPR forward modeling technique (Giannopoulos,
1997) to simulate the 2-D response of an air filled qanat (Figure 5a). FDTD is a marching-on in time procedure.
It propagates the EM waves in the mesh originated by imposing the initial conditions at the source node. For the
model presented here, we used a mesh of 300x300 nodes with the elementary spatial step being set to 0.02m
resulting in a simulated space of 6x6m. Scan line is centered above the air-earth interface and have a length of
4m (200 nodes). The transmitter and receiver separation was 0.08m and one trace was obtained every 0.08m as
well. The time step was 4.7E-11 seconds and 1000 time iterations were calculated for each trace, resulting in a 47
nanoseconds time window. The produced model is shown in Figure 5b and the pronounced hyperbola-like
anomaly indicates the pattern of the anomalies, which we would anticipate in the field data.

GPR data processing is a very delicate procedure and should me made cautiously. The processing for the
GPR data collected in this work involved simple procedures. The data was subjected to temporal low pass
filtering in order to cut the instrument induced high frequency noise. Further, dewow was performed to remove
the inductive component from the received signal. Finally a 7 point window was employed for temporal stacking
which enhanced the signal strength.

4. MEASUREMENTS AND INTERPRETATION

All resistivity 2-D data sets were collected using the dipole-dipole array with a maximum N separation
maxN=11. Data were obtained with a SAS 4000 Terrameter using a multicore cable with a hand driven switch
box. Survey lines positioning was arranged so that physical obstacles existing in the site (buildings, fences) were
avoided.

Two initial reconnaissance 2-D resistivity sections Rta, Rtb were measured at the area as shown in Figure 3.
Twenty-four (24) electrodes were used and the inter-electrode spacing for Rta was 0.5m and for Rtb was 1m.
The pseudosections of the data sets Rta, Rtb are depicted in Figures 6a, 6b respectively.

The inversion results of section Rta (6 iterations, RMS error 2.5%)are shown in Figure 6¢. Tunnel A is
clearly depicted as the central high resistivity anomaly. Further, part of Tunnel B is depicted on the right hand
side of the section. A similarly good inversion picture (Figure 6d) was produced for section Rtb (6 iterations,
RMS error 4.2%): Tunnel B is depicted clearly. Note that for both cases the tunnel dimensions and burial depth
produced by the geophysical interpretation are in a very good agreement (within 10%) with the existing struc-
tures.

Further, a grid of 18 GPR sections was measured at a selected region shown in Figure 3. The PULSE EKKO
1000 bistatic system was used with an antenna separation of 0.5m. The nominal frequency of the antennas was
225MHz and the spatial sampling was set to 10cm. Data processing was carried with the procedure explained in
the previous section.

Two of the measured transects are presented here. The first one (Qan01) coincides with the resistivity sec-
tion Rta and is shown in Figure 6e. At 6 meters from the start of the section, a diffraction hyperbola can be seen.
This is the pronounced response of the Tunnel A and is in very good agreement with the modeled response
shown in Figure 4e. At the end of the section, part of the anomaly produced by Tunnel B can be seen. Both
features appear to be at a depth of approximately 0.5 meters. A similar image is presented in Figure 6f for
section Qan02 (see Figure 3).

A full grid of 6 2-D resistivity sections (Rt1-6) were measured in the area (Figure 3) in order to decide the
effectiveness of the technique in locating both tunnels when at different depth. An array of 21 electrodes was
used and the inter-electrode spacing was 1m. The inverted results for all sections are depicted in Figure 7.

Both tunnels are successfully reconstructed and their location is marked into the Figure. At this area Tunnel
B is situated 1.5m deeper than Tunnel A and this is clearly seen in the inverted images. The anomaly corre-
sponding to Tunnel A is not always very pronounced. This is due to the fact that the tunnel width is approxi-
mately 0.6m which is smaller than the 1m inter-electrode spacing used in the measured array. However, Tunnel
A is still easily detectable due to its huge resistivity contrast with the surrounding material. Further, it is worth-
while noticing that the anomaly corresponding to Tunnel B is becoming much bigger in dimensions in sections
Rt5 and Rt6. This is due to the to the observation well (denoted in Figure 3) at this point.
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Figure 4: (a) Resistivity model simulating two qanats. (b) Synthetic data in a pseudosection form obtained for the
model (a). (c) Inverted image of the synthetic resistivity data. (d) GPR model simulating a void. (e) Synthetic
radagram of model (d).
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Figure 5: (a) GPR model simulating a qanat. (b) Synthetic radagram of model (b).
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5.CONCLUSIONS

Overall it was shown with both modeled and real data that the 2-D electrical and GPR geophysical tech-
niques are particularly suited to qanat exploration. This is due to the fact that the qanat systems are very close to
a 2-D structure (large extend at the y-strike axis). Further it is shown that air filled qanats are easily detectable
even if their size is smaller than the sampling interval due to their huge resistivity contrast to the surrounding
material. The processed geophysical data can delineate with a remarkable accuracy the dimensions and burial
depths of qanat systems. Using both electrical and GPR techniques has the advantage that results comparison
can further improve the quality of the interpretation and aid the interpreter to draw more safe qualitative and
quantitative conclusions.
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THE METHOD OF ANISOTROPY OF MAGNETIC SUSCEPTIBILITY:
THEORY AND APPLICATIONS.
A CASE STUDY FROM THE RHODOPE MASSIF*

L. ZANANIRI'

ABSTRACT

The anisotropy of magnetic susceptibility is a physical property of the rocks widely used in petrofabric stud-
ies and other applications. It is based on the measurement of low-field magnetic susceptibility in different direc-
tions along the sample. From this process several scalar properties arise, defining the magnitude and symmetry
of the AMS ellipsoid, along with the magnetic foliation and lineation, namely the magnetic fabric. A case study
is presented, dealing with the deformation of the Mont-Louis-Andorra pluton. Finally, the method was applied
in Tertiary magmatic rocks from the Rhodope Massif, revealing their magnetic character and internal struc-
tures.

KEY WORDS: Anisotropy of magnetic susceptibility (AMS), magnetic fabric, petrofabric, Rhodope Massif.
1. INTRODUCTION

The anisotropy of magnetic susceptibility (AMS) technique was early recognized as a powerful tool for
structural studies in rocks (Graham, 1954). The AMS efficiency in determining the internal structures of plu-
tonic rocks, especially the lineations that are difficult to determine in the field, has been demonstrated in plutons
throughout the world (e.g. Balsley & Buddington, 1960; Bouchez et al., 1990; Archanjo et al., 1994; Cruden &
Launeau, 1994; Saint-Blanquat & Tikoff, 1997). Moreover, AMS has proved to be useful for the recognition of
multiple deformation episodes in granitoids (Bouchez & Gleizes, 1995; Borradaile & Henry, 1997). Finally, it
can be used in order to approach some environmental problems.

However, this technique is quite new in Greece. A first attempt to apply the AMS in order to approach some
tectonic problems was performed on Tertiary granitoids of the Rhodope massif.

2. THE THEORY OF AMS
2.1 Basic principles.

The magnetic susceptibility, k, which represents the response of a body when it is inserted in a magnetic
field, and which is an intrinsic physical property of the minerals, is defined by the equation:M = k H,

where M is the induced magnetization and H is the force of the applied field. If the material is isotropic, then
M and H are parallel and the susceptibility, k, is a scalar property. On the contrary, in the case of anisotropic
materials, M and H are not parallel and the magnetic susceptibility can be regarded in a first approximation, in
low-field and low temperature, as a symmetrical second rank tensor. Thus, it can be geometrically represented
by a triaxial ellipsoid, of K =K, =K, major axis, whose mean value K = (K, +K,+K,)/3 represents the mean
susceptibility.

The anisotropy of magnetic susceptibility (AMS) is a physical property of the rocks, widely used in petrofabric
and tectonic studies (e.g. Rochette et al., 1994; Bouchez, 1997, 2000). The AMS technique favors great accept-
ance in various fields because: it is applicable to nearly all rock types, exhibits high sensitivity, is not time-
consuming, allows quantitative-semi quantitative applications in the field of deformation, based on the strength
and symmetry of fabric.

2.2 Magnetic behavior of minerals.

Minerals are classified in various categories according to their magnetic properties. A first division has been

* H MEGOAOZ THX ANIZOTPOIIIAS THE MATNHTIKHE EITIAEKTIKOTHTAZ: ©EQPIA KAI EPAPMOTIES. EGAPMOTH TI'TA
THN IEPIIITQEH THE MAZAX THZ POAOITHE.
1. Aristotle University of Thessaloniki, P.O.Box 352-1, 54006 THESSALONIKI, e-mail: izanan@]lemnos.geo.auth.gr
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established between ferromagnetic minerals, which exhibit saturation of magnetization in high field, and the
non-ferromagnetic ones, that do not show the above property, and are characterized as “the matrix”, because
they represent the bulk volume of the rock (Rochette, 1987).

The magnetic susceptibility of the matrix can be attributed to various sources. Therefore, we distinguish
between diamagnetic and paramagnetic or antiferromagnetic behavior.

The ferromagnetic minerals, although they usually represent accessory minerals (less than 1% of the total
volume of the rock), are mostly important for the rocks magnetic properties. In low-field and ambient tempera-
ture the ferromagnetic susceptibility is quite high, in the order of 10° to 1 SI. In granitic rocks magnetite (Fe,O,)
is the most important ferromagnetic mineral. It is the only common mineral, where AMS is mainly controlled by
the grain shape, rather than the crystallographic structure (Grigoire et al., 1995, 1998; Uyeda, 1963).

2.3 Magnetic susceptibility of granitic rocks.

In low field the bulk magnetic susceptibility of a granitic rock is equal to the sum of all magnetic contribu-
tions: K=K +K_ +K_ .. +KgbutsinceK . —andK, are generally negligible, the previous equation
is finally transformed to K » K+ K, . Granitic rocks can be classified in three categories:

(1) Paramagnetic: a granitic rock is characterised as paramagnetic when the ferrous silicate minerals are almost
the only carriers of magnetic susceptibility. In practice, that implies a rock without magnetite. Based on the
Curie-Weiss law, Rochette et al. (1992) worked out the following equation, which is a very good approxima-
tion of the paramagnetic susceptibility: K = -14.6 + d(25.2t + 33.4t" + 33.8t”) 1081

where the diamagnetic susceptibility of quartz is used as a representative of all minerals, d is the rock density and
t, t’, t” are the concisions in g g'* for Fe?*, Fe’* and Mn** respectively. Thus, it is obvious that the suscepti-
bility in paramagnetic rocks depends on the iron content. As a result, it is possible to map the main phases in
a paramagnetic granitic pluton based on the content of ferrous, silicate minerals, as in the case of the Mont-
Louis-Andorre (Bouchez & Gleizes, 1995). Generally K_<500uSI.

(2) Ferromagnetic: a granitic rock is considered to be ferromagnetic when it has on average =1% (per weight)
magnetite. Its ferromagnetic susceptibility is usually several orders of magnitude greater than that of the
matrix. Therefore, only a small number of ferromagnetic grains are adequate for the ferromagnetic fraction
to dominate the total susceptibility of the rock. Generally K_>1000uSL

(3) Mixed: the term mixed magnetic mineralogy is used when no family of magnetic minerals clearly prevails
over the rest. There are two cases of mixed granitic rocks:

(a) The paramagnetic granites with various magnetocrystalline anisotropies. A very common case is the

coexistence of biotite and amphibole. (b) The intermediate granitic rocks between the paramagnetic and

ferromagnetic spectrum, that correspond to the presence of magnetite in small amounts. It has been ob-
served in several cases that para- and ferro- subfabrics are coaxial (Archanjo et al., 1994), but it cannot be
considered as a rule. Generally 500<K_<1000uSI.

2.4 Sources of the AMS in magmatic rocks.

The magnetic anisotropy of certain minerals, which are arranged or distributed not in a random way, is the
basis of the magnetic fabric in a rock. In the grain scale it is essential to distinguish between the magnetocrystalline
anisotropy, which is defined by the crystalline structure of the mineral, and the shape anisotropy of ferromagnetic
minerals.

(1) Magnetocrystalline anisotropy: it has been experimentally shown that for certain crystals there are favorable
directions of “easy” magnetization, relatively to the geometry of their crystallographic structure. The
magnetocrystalline anisotropy is negligible for the minerals of the cubic system, but is quite important for the
lower symmetry systems, like in the cases of hematite, pyrrhotite and ilmenite.

(2) Shape anisotropy: this kind of anisotropy is present only in minerals of high susceptibility. It arises in an
uneven grain, as a result of the inequality of the intensity of the demagnetization field measured in different
directions.

(3) Distribution anisotropy: it demands high concentration of ferromagnetic particles that exhibit interactions
and can be considered as a special case of grain arrangement (Bhatal, 1971). Magnetic interactions between
adjacent grains are supported by testing the alignments between grains whose center-to-center distance is
less than a critical value (Grigoire et al., 1995; Cagon-Tapia, 1996). The resulting magnetic fabric may be
modified in orientation and intensity (fig.1) when the intergrain distance is generally less than one grain size.

- 1394 -



Kmax of a single grain /\

lineation

kmax of a composite grain

Figure 1: Typical configurations of interacting magnetite grains showing the (a) aligned; and (b) side-by-side
configurations of Grigoire et al. (1995). k__is the maximum magnetic susceptibi-lity. (After Grigoire et al.,
1998)

2.5 Measurement schemes.

The low-field anisotropy of magnetic susceptibility can be represented by a second rank symmetric tensor:

kir Byy ki3
kzn Yoz FEgz
K31 B3y Eap
Thus, at least six equations are necessary in order to calculate the six independent components of this tensor.
Each equation corresponds to the magnitude, M, of the magnetic susceptibility in a different direction along the
sample. Performing measurements in more than six directions can ameliorate the solution only if chosen care-
fully. Hext (1963) suggested various measurement schemes, which involve 12 and 24 positions. Jelinek (1977)
introduced a procedure with 15 positions. This is the process usually applied nowadays and is the one used in the
current study. By solving and diagonalizing the magnetic susceptibility tensor, the following values are obtained:
the magnitude of susceptibility along the major axis, expressed in 10°SI, and the orientation, according to the
sample reference frame, of the three mutually orthogonal, major axis of the AMS ellipsoid. Each axis is defined
by its declination (0°-360°) and inclination (0°-90°). After tectonic correction is performed, the above results
are obtained in relation to the geographic coordinate system.
By treating the above properties it is possible to result in several parameters, scalar and directional. The
most important ones, also used in the present study, are:
Scalar:
K = (k,+k,+k,)/3, the mean susceptibility (Nagata, 1961)
P = k /k, , the AMS degree (Nagata, 1961)
LS = k/k,, the linear anisotropy - magnetic lineation (Balsley and Buddington, 1960)
FS = k /k, , the planar anisotropy - magnetic foliation (Stacey et al., 1960)
T = LS/FS = kk/(k,)*, the parameter of the shape of the AMS ellipsoid (Stacey et al., 1960). T ranges
between -1 and +1 :
T = +1 : oblate ellipsoid (k, =k, > k,)
T = -1: prolate ellipsoid (k, > k, = k,)
T 0 : triaxial ellipsoid (k,>k,>k,)
Directional:
K, is the magnetic lineation, defined by its azimuth (in relation to the magnetic north) and its dip.
The vertical to K, plane, containing K, and K, axis, is characterized as magnetic foliation.

- 1395 -



3. AN APPLICATION OF THE AMS THEORY: THE CASE OF THE MONT-LOUIS-ANDORRA PLUTON
(VARISCAN PYRENEES)

The Mont-Louis-Andorra pluton (Eastern Pyrenees) was the subject of a thorough study, by J.L. Bouchez
and G. Gleizes (1995), where a two stage deformation was inferred from AMS measurements. With the mag-
netic susceptibility magnitudes ranging from 14 to 410 uSI, the susceptibility is of paramagnetic origin, i.e. due
only to the contribution of the iron-bearing silicates (biotite and hornblende) and consequently proportional to
the iron content. It was used, to a first approximation, as a petrographic index and the results were verified using
conventional modal analysis. Thus, it was shown that the zoning in the susceptibility of the pluton corresponds to
the surface distribution of rock types and a petrographic zoning.

The magnetic structures fell into two distinct families, which are observed in separate parts of the pluton and
are accompanied by different microstructures. Fabrics of the first family are present throughout the pluton
exhibiting NE-SW lineations and accompanied by magmatic to submagmatic microstructures. On the contrary
the magnetic structures of the second type form NW-SE corridors, where solid-state and mylonitic microstruc-
tures are present. It was concluded that the two families of magmatic fabric correspond to two separate
deformational events: the first one — associated with family I structures — being the main kinematic event, an
early Variscan thrust (e.g. Bodin & Ledru, 1986) more precisely, during which the Mont-Louis-Andorra pluton
was emplaced, and the second one (family IT), a post-emplacement dextral shearing event, that was equated with
the major phase of the Variscan Pyrenees.

4. RESULTS FROM THE RHODOPE MASSIF

Plutonic bodies emplaced in the Cenozoic are abundant in N.Greece. The emplacement mechanism of the
Tertiary granitoids is very controversial and mechanisms ranging from diapirism, lateral extrusion of crustal
blocks, gravitation spreading and transtension within a strike-slip regime have been proposed.

The Rhodope massif is an area that soon attracted the interest of various researchers. Consequently, there
are plenty of petrological, geochemical, geochronological and tectonic data, as well as many models considering
the emplacement of the Tertiary plutonic formations of the area.

The presence of these magmatic intrusions and many volcanic rocks of similar age in the Rhodope massif,
allows us to examine if the method of AMS is applicable in this case and to what extent. Thus, the tectonic
problems of the area are approached using a methodology completely different from the usual petrotectonic
ones. The main aim was to check whether the results of AMS agree with the existing tectonic, mainly, data and
if it is possible to verify or modify one of the preexistent tectonic models. Of course, solely the appliance of the
AMS technique is not sufficient in order to solve the geotectonic problems. However, it can prove to be a
powerful tool if combined with the classical methods of tectonic analysis.

Moreover, from the homogeneity of the AMS data it is possible to reach conclusions regarding the intensity
and homogeneity of deformation in various plutonic bodies from the area, as well as in different sites in each one
of the plutons.

Table 1: Mean magnetic properties for the various magmatic bodies of the Rhodope Massif inferred using the

AMS technique.

Area Age (Ma)| Rock Type| K, (uSI) P Ellipsoid Ky Ko K;
Paranesti 39-47 Param. 38.50, 1.072| Oblate 178/6 | 295/78| 89/14
Elatia(pl.) 39-47 Ferrom. 4742.89 1.276| Oblate | 251/12| 344/15| 126/71
Elatia(v.)| Oligocensg - 29270.59[ 1.027| Oblate 84/73 | 15/8 179/3
Xanthi 28 Ferrom 41920.85| 1.103 Oblate 254/26| 100/64| 348/11
Kavala 13.9-19.5| Ferrom.- 8795.14| 1.330| Triaxial| 49/14 | 143/24| 299/65

mixed
Filippoi 26 Ferrom |166471.00| 1.077| Varied | 156/18| 254/10| 10/77
N. Vrondou 22 Ferrom. 14323.98| 1.284| Varied 52/53 | 152/4 | 246/35
S. Vrondou 22 Ferrom. | 13395.56| 1.146| Triaxial| 121/16| 218/27| 356/60
Gavra 22.7-24.7 - 244.,16| 1.045 Cblate 109/51| 269/47| 9/19
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4.1 AMS sampling and measurement procedures.

Rock samples were gathered from various sites of the Elatia-Paranesti, Xanthi, Filippoi, Kavala and Vrondou
granitic plutons. The AMS stations were sampled with a portable drilling machine or, in some cases, by collect-
ing oriented samples that were re-oriented and core-drilled in the laboratory. The AMS measurements were
performed on cylindrical samples (22X25mm), using the KLY-2 Kappabridge (Geofysica, Brno) equipment at
the University Paul-Sabatier, of Toulouse (France). Moreover microscopic examination of thin sections and
thermomagnetic analysis were carried out in order to investigate the magnetic mineralogy of the Rhodope
granitoids.

4.2 Scalar properties.

The mean AMS data for each plutonic body are presented in table 1, along with the plutons ages. The
magnetic susceptibility is generally high, with a mean value of 34869.8 uSI. Moreover the anisotropy degree,
varying from 1.027 to 1.330, suggests moderate to high anisotropic formations. According to the limits set by
Rochette (1987) these suggest ferromagnetic plutonic bodies, that is granites with magnetite.

1
Elatia

0 T T T
0 200 400 600 800
(]

Figure 2: Representative thermomagnetic curves for samples of the Elatia and Kavala plutons, showing the
magnetic susceptibility, K, changes with temperature.

This has been verified by examination of thin sections and determination of Curie temperatures. As shown
in fig.2 the magnetic susceptibility decreases near zero at 580°C, which is the Curie point of magnetite. Before
reaching 580°C, the magnetic susceptibility shows a slight increase related to the Hopkinson effect. The only
exception is the Paranesti pluton (fig.3b) exhibiting paramagnetic behavior, K = 38.50 uSI and P = 1.072.

The Xanthi pluton is a typical ferromagnetic body (fig.3a), moderately anisotropic. However, the anisotropy
degree remains constant, irrespective of the change in the magnetic susceptibility, contradictory to what has
been stated for the cases of magnetite plutons (Bouchez, 1997). The increase of K can be attributed to the high
variation in mineralogy throughout the pluton.

The Vrondou ferromagnetic pluton (fig.3f) appears to be very anisotropic. However, the magnetic suscepti-
bility does not exhibit a high variation. Thus, the rise in P cannot be attributed solely to the magnetic mineralogy,
but its sources lie mainly in the deformation of the pluton.

The Kavala plutonic complex (fig.3c) is an extremely interesting case of a ferromagnetic, highly anisotropic
pluton. The anisotropy degree increases almost linearly with the total susceptibility, as expected for the case of
magnetite-bearing plutons. However, two distinct behaviors can be observed: firstly, a slight rise and afterwards
a steep increase in P. This can be attributed to possible magnetic interactions of the adjacent magnetite grains,
but more data are necessary to establish such a case. Moreover, the increase of K_ by two orders of magnitude
results from the variation in the magnetite content throughout the pluton.

The plutonic formation of Elatia (fig.3e) is clearly ferromagnetic and quite anisotropic, with the anisotropy
degree increasing linearly and rather rapidly with the total susceptibility. On the contrary, the volcanic forma-
tions of the area exhibit constant and very low P, but a great variance in K .

The Filippoi pluton (fig.3d) shows extremely high magnetic susceptibility, but rather constant and low
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Figure 3:Anisotropy degree (P) versus magnetic susceptibility (K) plot. Roughly, according to Rochette (1987) the
upper limits of the paramagnetic contribution are K >300-500 10°SI and P >1.2.

anisotropy degree. The correlation of P and K _ is different from that usually observed in ferromagnetic plutons,
implying a possible case of grain interactions, but the limited data do not allow any final deductions.
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4.3 Directional data.

As previously mentioned by implementing the AMS technique some directional data also arise: the mag-
netic foliation and lineation. The magnetic fabric was well defined throughout the plutons, with a very small
scatter. The K axes, usually defining the magnetic lineation, varied from gently to medium plunging. The
directional data obtained were compared to the macroscopic structural data from the Rhodope massif.

b)Kavala
N

Figure 4: Representative lower-hemisphere stereoplots of AMS fabrics with well clustered principle axes for sites
of the Xanthi and Kavala granites, and samples of North and South Vrondou. (squares = K axes, triangles = K,
axes, circles = K3 axes, filled symbols correspond to the mean values, ? = structural lineation, A= structural
Joliation).

The usual relationship between AMS and petrofabrics, namely the “normal magnetic fabric”, corresponds to the
situation where K is parallel to the structural lineation and K, is perpendicular to the structural foliation. Conversely,
the symmetry of the AMS ellipsoid mimics the petrofabric symmetry. This is the case of the Xanthi and Kavala
plutons (fig.4a-b). In the Xanthi pluton K| (254/26) is very close to the structural lineation (220/35 S). Similarly, the
macroscopic lineation of Kavala (18N 58 E, Dinter, 1995) nearly coincides to the magnetic one (49/14).

However, AMS studies sometimes reveal “inverse fabrics” where K and K, axes and symmetry are inverted
(Rochette, 1988). In other cases, labeled “intermediate fabrics”, K, and K, or K, and K, are exchanged. Such a
complex behavior was observed in the case of the Vrondou plutonic complex, where intermediate magnetic
fabric in the southern part and inverse magnetic fabric in the northern part was observed (fig.4c-d). Since the
magnetic susceptibility of the pluton is generally high, the inverse fabric could be attributed to single domain
(SD) magnetite grains (Rochette et al., 1999). Concerning the intermediate fabric pattern a possible cause is the
distribution anisotropy (Hargraves et al., 1991) due to dipolar interactions between adjacent magnetite grains.
Moreover, interactions between AMS and remanent magnetization can also lead to abnormal magnetic fabrics
(Rochette et al., 1992). Such a correlation can be checked by measurements of the remanence anisotropy.
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O XEIEMOX XTO GUJARAT, AYTIKH INAIA (26 IAN. 2001).
ENA I'EQAYNAMIKO EIIEIXOAIO
YE ENAOHIIEIPQTIKO ITEPIBAAAON LYMIIIEXHEL;"
I. A. AANAMOZ, E. A. AEKKAT' & E. T. AOZIOX'

NEPIAHWH

O wyvedtatog oelopds g 26™ Iav. 2001 omyv emapyio Gujarat mg A. Ivdiag (Ms=7.7), exdnhdbnxe era-
TOVTAdES YIAMOUETOO PaxELd amtd To PETMIO ™S oUyrEovong ot Cuivn Twv Inohaimy, O€ o TeEQLOKN OV Aol
010 TOREMDGY €yeL dWOEL OVTLOTOKOU PEYEBOUS ®aTaoTROPLROUE oelopovs. Edaquuéc duoporiEels, ou omoleg
OUVOEOVTaL [UE TIG ONELYEVES ETLPAVELES TOU dQAOTNOLOTOWBN®AY UE TO CELOUG, evtomiofnray oe molhég OE-
OELS %O OAES TTOQOVOLALOVY EvVaV 0apY] aVAOTEOQO YOQUXTHOC Ue ouupeToy deEldoTtpogns opldviiag ouvt-
OTWOOG, YEYOVOS TTOU £QYETOL O QUTOAUTY CUUPMVIO TOOO UE TO UNYOVIOUO YEVEONS TOU OELOUOU G600 ROL TN
OELOUO-TEXTOVLXY] “LOTOQLL” TNG TTEQLOYNS. ZNUAVTIHG TOCOOTO TNG TUQAUOQPWONS POIVETAL OTL EXTOVOONLE
uéoa amd mhaotrt] Toeapuspemon pe t nooey flexural-slip wriymons, evd eyrdooteg eperrvonnés duopon-
Eelg dmuovoyitnxray 1600 amd T dELOOTEOPN TUVIOTWON OLATUNONS OO0 XOL GG TNV TOTLXKY] EXTAOT OTA
ropvgaia tov flexural Timov wrvxdoewv. Aoxetés emions SLEENEELS OXETICOVIAY AUETH PE POULVOUEVA EV-
OTOTOoEWY, RoBioEWV ®ow RoTOMOOoEWY.

ABSTRACT

The Jan. 26, 2001, Ms=7.7 earthquake occurred in Gujarat region of W. India, which lies 200-400 Km away
from the active plate boundary zone, between the Indian subcontinent and the Asian plate, along the India-
Pakistan border and the Himalayan belt. An Ms=7.7+0.2 earthquake also occurred in the same region in 1819.
A zone of co-seismic E-W surface ruptures, 30-40 Km long and 15-20 Km wide, observed near the epicentral
area and seems to be associated with pre-existing reverse faults and thrust folds, which were partially reactivated
during the recent earthquake. Except the reverse vertical displacement a significant right lateral displacement
was also observed along these E-W surface ruptures. This Ms=7.7 seismic event has been also accompanied by
a large scale flexural-slip folding, as the absence of significant co-seismic fault displacement and fault scarp
shows. This type of compressional tectonic deformation is also confirmed by the focal mechanism of the earth-
quake and the seismo-tectonic “history” of the area. The NW-SE open cracks, also observed along the same
zone, are associated with the right lateral horizontal displacement of the reactivated fault (or branch faults) and
the development of local extensional stress field in the huge anticlinic hinges of the co-seismic flexural-slip folds.
A large number of ground ruptures, failures and open cracks are also associated with extensive sand boils,
liquefaction phenomena and lateral spreading.

AEEZEIZL KAEIAIA: Avtixn Ivdia, Zewopos Gujarat, Avdotpoga Piypata, AoEotwvirég Iruyés, Empaveta-
®nEg AlaponEels, Epelnvotinég Alonhdoeis, Pevotomorioelg

KEY WORDS: West India, Gujarat Earthquake, Reverse Faulting, Flexural Folding, Surface Ruptures,
Extensional Cracks, Lateral Spreading, Liquefaction.

1. EIZATQI'H

Tnv 26" Iavovapiov 2001 (08:46 Tomtunr] ko) LoXVEITOTOS OELopds €TANEe Ty eapyio Gujarat thg Avtixrig
Ivdiog. To purpooeiound enivevipo evronionre mhnoiov g méhng Bhachau (23.40N, 70.32E, Gujarat, Avrt.
Ivdia). To péyebog tov oewopot mpocdiopiomxe (oo pe Ms=7.7 mg xAhiporag Richter, eved To eotioxd fddog
tov ota 23.6 Km (otougeia and U.S.G.S.). O oelopds autdg eivar o peyoriteQog mov €y el ®ataypopel oty

* THE GUJARAT, WEST INDIA, EARTHQUAKE (JAN. 26TH 2001). A GEODYNAMIC EVENT IN AN INTRAPLATE COMPRES-
SIONAL REGIME?
1. University of Athens, Dept. of Geology, Panepistimioupoli Zografou, GR 157 84, Athens, Greece.
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H 6hn duadinaocio Ehafe xdoa ot TELG PACELS, OL OTTOlES AVTLOTOLXOUY O TEIO UEYLOTA YEDMIUVIHG ETTEL-
06810 TOV PIOEOVY var draxElBouv péoa otny Textovixt wotopio g meployiic (Ewx. 1):

RAUT HINALATE 20ME NNE

Bas
M HIMALAYA DOMAINE TBETAIN L INDUS THAKS-H MALAYA
dis

Eix. 1. H yewtexiovi-
Kf doun] TNG OPOOTE LPAC
TV IpoAaiev.

Fig. 1. Geotectonic =
structure of Himala- |,

yan Belt Bassoullet et al. 1977

e H modm @don megihaufdver v eEagpdvion Tov wxedviov protoy mov vioye petagl mg Ivdirrg pxoon-
7e{POU Rat TOU HIELRWTLROU TEQLBwEIOL TOU OBET Raw 10 TynuoTopd g oprolbiriig ouirig Ivdot — Todv-
vr-16 (Boayuamovtpa) (Le Fort 1973, Bassoullet et al. 1977, Fuchs 1996-97). ®a npémel va onuetmdel 6t o
£V MOY® @xeGVIOC QAOLGE deV avTioToel 0Tov ¥UELo wxeavd tng Tnbiog, o omoiog foloxetar fopeLdTeQa
omv mepuoxrj tov Tien Shan (Bépeta tov ogomediov tov Tarim xaw Vot Twv AATduwy 0p€wv), adAd oto
votioteE6 g ¥hado (Crawford 1974, Boulin & Bouyx 1977, Fuchs 1996-97). H diadwraoio g eEagpdviong
TOU WXEAVIOU PAOLOT ) (TEL 1E TN 0VY®EOUON TOV fOELOV pdAoy TG IvdLxng puneonTelpou e To VNoLwTL-
%6 16E0 g Aoiog 0to Avw Kontidixd (80 MLA.) nau TeEAeLdVEL ue TNV TAON T0QEOPNON THG WREAVELLS
renrdvng xow Ty TEMRY 0UyrEoVoT TNG BoeLoavatolntis TAevpds s Ivduxng purpomhdaxrag pe v Evpaoio
oto Ynpg€owo — Aovtijoto (45-50 M.A.) (Le Fort 1973, Bossart & Ottiger 1989, Fuchs 1996-97). To xAeiowo
%o 1) Eapdvion Tov mXeavoy CUVOIEVETOL OIS TA YEMIUVOURA QAIVOUEVO TS TOTOBETNONG TWV OPLOAL-
Bwv Tavew oto YAioYN TWV ETNTERMTLREY ENudTwY Tov TepBnpiov g Ivdurig pupomidrag (obduction)
%o TV T oOvOMYT| Toug HETOEY Twv 30 NTELQWTIRWY PAOLEV, TOU pAolol tov OB€T (Transhimalaya)
TEOS TAL LAV ®OL TOV YO0y AotoU og Ta vdtw. To cuvolxd mdyog Twv ogLodiBuwv ou ouveBAifnoay
elvou g 1dEng twv 2.000 m (Bassoullet et al., 1977).

e H devtepn @don mepthapupdver ™ petamidnon mg COvNg ™S ®UELag TEXTOVIXNG xivnong xon oAioBnong
voTdteQa, 010 e0WTEQIXG TG Ivauxng wrponmeipov, »abwg 1 Cavn textovirig ohioBNoNg ratd uirog g
ogproMBxiic Théov ouMig (tov wxeavoy Ivdov — Todvyxr-ntd) maver v AeLTovEyel nat T0 6ho ovoTnua €XEL
oaxwnrortomBei. H owtépat uetdbsom mpog véto g Livng textovintic ohioBnons, Adyw adoavomoimong
™G EONYoVpEVNS 0dnyel oY VItoETWOMOoN Twv Xapunhwv Ipokainv (Bas Himalaya) #dtw ané ta Yynhd
InoAdia (Haute Himalaya). ITooxerton yia 0o mapdiinheg Lidveg xvplng Bakaooiny emmmeipwnrdy 1ln-
pdrv ex Tov omoinv 1 medty (Xaunhd luakdia) feloreton thnotéotega mQog T X£Q00 (TQOg ™V TALVQd:
™me Ivduric purpomhdnag) amé ot n devtepn. H textovinn xivnon xotd prirog g Lavng nipag ohicBnong
(Main Central Thrust, M.C.T.) ouvodetUeton amd TTUY®OELS TS LENUOTOYEVOUS EMNTELPMTIRIG OELRAS TTOV
duovpyotv peyadoues xhiparag moAhodv xihopgtpowv. To ®vpLdtepo otowyelo g dpaoTneldtnTog g
M.C.T. glvan TeadTaL 1 YVEVOLOTOM O, ETELTA 1) ULYHOTLITOTTOMOT %o TEM®A 1) avdEn, Aoyw duvapopeta-
HOEPWOEWS Ot pueydro Padog pruoymdv WCnudtwy mov oxnuatiCovy ewdnn xotnyopio yoavitwy, Toug Aev-
®noypaviteg Tov Manaslu. H nhrio g avdmEng xau dielodvong tov Aevroyoavitizol pdypatog £xXeL TQoo-
droprotei padiopeTowrd ota 28 M.A. (Olydxraivo) xou oto 14-17 MLA. (Méoo Metérauvo). O dto gpdoeig
yoavitonoimaong ouvvdgovtar dueoa. pe t Asttovpyio g M.C.T. xow mv TexTOVLN] TWV ROAURGTOV TV
Yymioiv xow Xoapunhav Ipchatoy, my oroia xa xoovoroyoiv. O mapoEvopds g gdong tonofeteital oto
Méoo Mewdrawvo (Le Fort 1973, 1989, Bassoullet et al 1977, Fuchs 1996-97).

e H toitn @don megthappdver v petamidnom axopo voTldTeQO. TOS TO ETWTEQLXS TG Ivotrrg pnponmeipov
mg Lidvng xpLag Textovirng oAloBnong. H xivnon avni exdnhwvetar €mg ®oL OMPEQT UE TNV EVEQYO VITOE-
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TodOnon g Ivdug prpomhdxag xdtw amd ™ Lovn Tov Toapop@muEvey Wwnudrwv twv Xapnkov [poio-
TV ®otd wjrog g riplag mepBmeroxig empdvelag oAlobnong (Main Boundary Thrust, M.B.T.) Zto pué-
twmo mg M.B.T. nat xatd. mijxog mg Lavng avmig, ta avtdyfova éwgs mapautdyfove. nrewpwxd (rtotapo-
yeooaiag pdosme) Wijpata, mov oxnuatiCovy wa moxeld oelpd poraooixot Timou, mdyxove 5.000 m o
nhziog Méoov-Avatepov Mewoxraivov — Katdrepov IThetotoxaivov (13-1 exatoppioa €tn), €xouvy mrvyw-
Oel opvdd now epuImevOel and ta Tapavtdybova Wijpata Ty eVoTiToV Twv Yapnidv Inolaioy. Zynpati-
Couvv g evémreg tov Ymo-Ipohaiov (Sub-Himalaya) (Le Fort 1973, 1989, Herail et al. 1986). H xtpia
neobmoiaxti Tdvn endOnong (M.B.T.) dpaotnoromoieitar ané 1o Méoo Meldrawo xot Aettovpyel §wg
ONUEQQ, OIS POIVETOL AT TNV TOQOUOQPWOY TTOV VPIOTAVTAL TO. GANOUPLAKRA ICHHOTO TV TEAGdWY TV
rapamotdpmy Tov I'dyyn otoug mpdmodeg twv Adgwv twv Yro-Ipohainv. H MLB.T. eivaw evepyn amd 1o Av.
Zgpapdiho €wg ofjpepa (Fuchs 1996-97).

Emonpaiveton 6tu n yeopetpia tov t6Eou twv Ipakainy dev mtapapével otabepn o GAo to ufjrog Tov, oAAd
petafdrrietar omé BA-NA og B-N mepimov 1600 ota dutind, 1pog 1o [Taxtotdy 600 xow ato ovoroMud. Te0s TV
pepd g Mmovopa. H arllayi avt mpoimoBéter wow Ty aAhoyr] 0To RVNPOTRG XOQAXRTNOLOTLRA ®ot €T0L
mpog ta BA 1 #ivnon exdnhdveton xupimg pe mhdyia vropibion xau tovmra 52 mm/étog (té6Eo Burma-
Andaman), eve mpog ta BA pe gyrdoowo oriypata opuidvriag ohiobnong (ww.y. Chaman Fault) xow puOud »ivn-
ong 40 mm/€tog (Bhatia et al. 2001). Néto o6 to pétwmo g ovyrQovong, N onueown xivnon mg v
HHQONTEPOV dEV TOORUAEL TTOQAUOQPHDTELS OTO PETWTO UGV T M.B.T. 0AAd o 0T0 £0wTeQIXS TS TAMAXRAGS
™ Ivdiag, dmwg delyver dAmaote o 0 oewopds oto Gujarat. AviiBeta, fooeldtepa and ta Iuahdia, o eEaipe-
TG TayUg PAOLES TOU VPLTEdOU ToU OLBET, Yapaxtileton and ®aBe0Tds EPEARVOUOU Pe ROVOVIRA 1] TAGYLOG

oMoBnong erjypora.
3. TO ZEIEMOTEKTONIKO ITAAIZIO THX EYPYTEPHX (IIAHI'EIZAY) ITEPIOXHX

O ogwopdg Touv Gujarat oviloTtouyel, g TEoavapEQdnKe, 08 Eva YeWOUVOMXRS Qawvepuevo tov Ehafe yo-
00 08 eVOONTELPWTIHG TEQLRAAAOV Ko OUYREXQUEVO, OTO E0WTEQG TG Ivduriic mhdxag mov yapoxmoileTal
omé €vor TEORAUPELO YVEVOLOTTOMUEVO KOl YQOUVITOTOUEVO RQUOTAAMKS VIGPaBO TAvw 0To 0moio EMRAOE-
TOW PLoL TTOXELE O€ELRA emmTeLRTRAY Enpdrov, nhxriag Poavegotwxoy (Kaupoiov — IMiewotoxaivov). To -
UOTOYEVES OWTO EmMXAAVIUPOL ooTeEAE(TaL OTG EVOAAAYES NTELRMTXAVY Hoi BaAdooLwY arOAOVBLHY TOU dLoyw-
o(Covron PeTagl Tovg 06 EMPAVELES AOUUPOVLEY TTOU EXOUV TROEADEL QTTG NITELQOYEVETIREC RIVIOELC.

To pouvépevo owtd dev eivar To povadixs oty oelopr Lotopio Tng TeQLoxrg dedougvou 6t oty gvgute-
on mepwoyy tov Kachchh (g emapyiag Gujarat) 1o 1819 exdnhwbOnxe avriotolov ueyéBoug xaTootoPLris
oewopds (7.7£0.2) evdd omé t6te péyoL ofpepa cuvERNOoaY TEQLOOGTEQOL 0TG5 WxEGTEQOY peyéBoug alhd
LoYvEO{ ogLopol oV OVVOIEVONRAY QTS ONUAVTIXES ROTOOTEOPES. ‘OXoL OL unxoviopol yéveong delyvouy avd-
OTQOPO ONYUOTO [LE X QT] CUMPETOYXY 0QLEOVTIOS RivNONG, e YeEVIrY] SLevBuvom mepimov A-A, TOV avVTLOTOLKOUY
og ®aBeoTs oLPTiEONS ATd TV TEOS BoEEd auyxrovom g Ivirric wxponmeipov. "Etol Aoty 1 evpltepn
vrd oewont} diéyepon meployii Tov Kachchh yapaxmoeiteton amd v mapovoio axtiywtwyv opuiovtiny £ng
Vo0QLOVTiWY pecolmirdy ot rouvolmrdv npdtwy, Tov xovtd oug Ldves mov exdnldveton n oelouxy
SLEyeQom ®ow 1 €VIOVN TAQAUGQPMOY), TTVXWVOVTOL dNULOVQYDVTOS PeydAng xhipanas avolrtd ovyrhva xo
avtixhva, pue duo A-A dievBuvon (Malik et al. 2000).

AT6 OgLopoTERTOVLXY] drtoyn 1 evpUTEEN TEELOY ogLoBeTeitan Tpog Boppd kot mpog Noto and dto »ipieg
onEuyeveig Taveg, deviBuvong A-A mepimov, yvwotég pe ta ovéparo Nagar Parkar Fault (mpog Boppd) na
Kachchh Mainland Fault (mpog Néto).

Muxpdtepng rhipanas onEryeveic Laveg pe dra dreviBuvom duaoyiCovy 10 eowteprd ™ meguoyric. H doa-
omELEMTA TV dLapdpmv ENELYEVEY Loviv PHEca 0To YEGVO EXEL SIOUOQPIDOEL EVOL XOQARTNOLOTIXRG avay o
VIEQUPMPEVWY AGQPOV, TOV EQYETAL OE AVTIBEDN PE TNV EGVA TG TTOVETLITEDWONG OV ETURQUTE] 0TV EVQUTE-
on mepipdrhovoa mepoxn. Ta otoyeia oV dMULOVEYOUV TOV OYXETIXG CVOTTTUYREVO RATARGQUPO drapelopd
ToU hogpwdoug avayhigov elval N TaEOVOLo dLaPOEWV YEVEDY TAEVOLRDY XOONUATOV %Ol ROVOV ROQNUATMV
(aAhovBLoxdv EUTLIWYV) KoL HOQPOLOYIRMV ACUVEXELDV, X0RAdOWV TTOU EXOUV TROEAOEL ATts TV §viovn ®aTd
Babog duappwon. Xapaxtnolotxég eivon ov avafaduides tov Tetaproyevols, ol omoieg €xovv dropeMobel and
Bobud pépora, ®aBws 1o oL ATOROPUEVOL ®AAdOL TOv VdPOYEaPLROT dtrTiov, Tov dnulovEyolty ot onpeio
OTOXOTG TOTLRES MHQES AeERAVES OUYREVTOWONG veQOU. Ta otouyeiat Tov avaryAMigpou xan 1 poe@ Toug eAEYY0-
VIO TAMOMG QIO TNV EVEQYS TEXTOVLXY TNG TEQLOXNG. ZUYKEXQLUEVQ, OL OELRES TV AOQwY, oL avaPaduides xot
OL HORQPOAOYLRES AOUVEYELES avarrTiooovTaL xatd pioe dieiBuvon A-A, elvar dnrady mpooavotohMopéves ma-
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Ivdio to tehevtaio 150 xodvia, dedopévou Gt 0 TEONYOUUEVOS LOXVEGTOTOG OELONGS ixe onuembel ong 16
Touviov 1819, exdnAibnxe de otV (Lol TEQITOV EMAEVTOLRY] TTEQLOX].

O ogopds tov Gujarat 1jrav 1600 LoYVEAGS oTe £Yive aloBNTAS 08 TEQLOYES TTOV ATTEXOUV ATtG TO ETIKEVTQO
eELoo6teEo and 1.500 km xow petokl avtdv ot Bopfdn, oto Aekyi, oto Kapdto xau g néherg tov Nemd.
Ba mpémeL va onpelwbel 6T N wepLoyr mov emhiyn (emagyic Gujarat) eivon 1 xadid g Ivourrs Brounyaviog
(uovadeg mapaywyng nhextoLroy pevpaTog, dtidotiola tetelaiov, xalvuBovpyieg, ®.4.), oL EMITTDOELS e TOU
OELOpOU eivan TEQAOTLES, av MOl VITEYn ST To KTl ReQOA] ELGGdNUA 0TV EVEUTEEN TEQLOYT] Elvan TTdQa
7oA XounAS. O oelg mov Bplorovtar otnv emreviounrj eployrj (Bhachau, Bhuj, Anjar, Kandla) éyouvv vio-
otel ohooyen] 1 oxeddv ohooyeot| rataoto@r|. H téAn Tov Bhachau, oA\ xow TOMES YEITOVIXES RWUOTOAELS
%o 0ELA €xouv LoomedwOEL, v Exouv onpelwBel RaTUQOEEVOELS TOMWEGPWY KTLOIWY OE TTGAELS TOV ATEXOUV
neELoooTeEO omd 350 Km amd v meploxn tov emxévrpov, émwg oty mpwtevovoa tov Gujarat, Ahmedabad.
H egnpepida Times of India g 1™ Pefoovapiov avépepe Tovhdyiotov 35.000 verpoig, evd oL TEEOQATES
exTuioels toug avepatovv otg 100.000.

‘Onwg eivar YvooTo, 1 TAELOVOTNTO TOV OELOUGY, Tov exdnAdvovtal o€ TepLdihovia ovyriong mhaxdv,
ROTOVEPETOL ROTE PIROG TOU 0QOYEVETLROU TOEOU, dNhadn eite OTLS TEQLOXES TNG TAPEOL oL TOV EEWTEQLROT
VNOLOTLXOY TEEOV, EITE OTLS TEPLOYES TNG OTLOBOTAPEOV ROl TOV NPOLOTELOXOU TEEOU, GOV TOQOTNEEITOL TO
OUVOLO TV YE@UVOUXGV dadnaoidv mov ouvodeiovv Ty ogoyEveon. Fevixd, ou oelopoi xatd pijxog ov-
YHAVOUOWV ARV EXONAWVOVTOL ®aTd ®UEL0 AGYo Ot meQLOXES eveQYaV T6Emv (EAAGda, Tanwvia, Toifdv).
H duagpopd and ta véhowto. eveQyd oQoyeveTind TOEa elvar 6Tt oy mepLoyti Twv Ipodaiwy xaw g Ivéurrg
ULXQOTTAGROG TO YEWTEXTOVING ROOETTWIC OVTLOTOLYEL O€ VIteoUyrEovom (supercollision) nrelpTRdY Phouv,
draduwaaio wov oxeTiCeTor AUECH Ue TNV VYNAY CELCIASTNTO TTOV TOQOTNQEITOL O GAN T Tddvn g ovyxov-
ong. O oewopds Tov Gujarat (Avt. Ivdia), Spws, eixe enixevroo (23.40N, 70.32E),to onolo tomobeteitan oto
eomteEd ™mg Ivimric prgomhdnag, oe andotaon 400-800 Km oxé tov dEova g opooeipds Tov Ipohatwy,
Smov floxovial Ta TAQAROQPWUEVH NTELRWTIRA. TEQLOWELA TV Thaxdv Ivdiag — Aoiag zow 1) awu Twv 0go-
YEVETRWY dLeQyaoidv. Ze pua teproyr] dnhadn mov avauévetar va eivar otabepn. Ia’ Sha avtd, amnd to xabe-
otdg TG 0VYRQEOVONS dNpLovEYoUvTan oL kaTdAANAES duvaurég ouVOxES 0TO E0WTEQLXG TNG TAGROS hoTE O
ovyxexQuuéveg Laveg va exdnidvovion giiypato (ouviiwg avdotpoga 1 oplidviiag ohiotnong nat ormavidtega
ROVOVIRA) TV elval vrevBuva Yo ™) oglopuxt dpaotoidtta, Grwg oty oty emoyia Tov Gujarat. Enueud-
vetaw 6t Yo oguopévoug epevvntés (Lettis & Hengesh 2001) ) textovint tomoB€mon g evpuitepns mepLtoxnis
™ enayiag Tov Gujarat eivon axdpa tpofAnpatin. Kaw ovtd yort oty mepioyr tagovotdfoviol 1600 (ao-
©TNELOTLXA TEQLOWEIMY GO0 %Ol XOQOXTNOLOTING. ECWTEQIXOT TAAXAGS Ko PAAOTO 1) TAQOVOT pag CAvNg pe
UEYAANG AMiporog eVEQYA avaotpoga ofynata xou wrvyés (dnwg empefordvouy ta peydha peyédn xou ot
UNYOVIOUOT YEVEONG T CELOUMV), ATOOELXVUEL OTL AVTLTTROTMIEVEL TOVAGLOTOV pa petafonny Lavn avdpeoo
oto otafed Tufipa g prpomhdrag g Ivdiag xat 1o meEBmELO Tov €xeL ouyrEovobE(.

Z16%06 ™G TOROUCHS EQYAOTOG EIVOL VOL TTEQLYQANPEL KO VOL EQUNVEVTEL, PE YEWAOYIXOUS GQOVG, TO PIXAVL-
opd yéveong Tov oelopot oto Gujarat, petd v emioxneym wov €yve oy TANYEo0 TEQLOYY] OUEOWS UETA TNV
exdAWON TOV RATAOTEOPLROY OELOOY.

2. TO TEQAYNAMIKO ITAAIZIO THX INAIAZ

H Ivdunn xepobévnoog ouviotd €va ueydio nrelpwmns Bpoavopa, wov aroondobnxe and mv M'rovifdvo xow
€xeL 110n ovyxpovoBel pe v Acio. H onpavtinyj, Gpog, oetopxrsTnTo, mov exNADVETOL ROTd Pijrog TOU PETH-
OV TG OUYRQEOVOYS, amodewnviet 6t 1) 1eog Boppd xivnom g Ivdumiis pixponmeipov dev €yl axdpo ohoxhn-
pwBei. Nedtepa yewmdawtnd dedopéva delyvouv 6t o pev pijrog e Ivdiniig todmelog ehartdvetan xord 3mm/
£10g ot a dievbuvon BBA-NNA, ta de Ipoddia xow to ogonédio tov Ofét (Transhimalaya) cvppuwvdvovron
AGym s ovpmieong ®ord 20+2 mm/€tog xaw 9 mm/étog aviiotouyo (Bilham et al. 1998, Bilham & Gaur 2000).

O ogwoudg oto Gujarat (Ms=7.7, 26/1/2001), 6mwg ®ow T GUVOAO TWV CELOUDV OV €xovv exdnhwOel To
televtaio xodvia omy Ivou] xepodvnoo, cuvdgetal ue Ty evegyo ouvpmieon wov veiotatal 1 Ivdio xatd tnv
mpowBnon g meog To. BBA. H onuegvii ovppixveon g empiinovs 0pooelpds tav Ipnahoinv xar tov Bogers-
TEQO EVQLOXGUEVOV NTELQWTLXOU TEpdyous Tov Oufét (Transhimalaya) avixer oto tehevtaio otddio pog po-
%00 dradinaoiog -axird vropiBLong wxedviov LoLoY, VOTEQM CUYRQOUONG NTELQWTIXMY PAOLEV Kot TEMKA.
vrepovyrpovang (supercollision)- n omoia €xeL apyioer ané To Avwy Konudiné (Gansser 1964, Le Fort 1973,
1975, 1989).

H oyrpovon twv S0 NTELQWTIXWGY (PAOWDIV ROW 1) TOROUGREWOT TV TEQLBWEImY Toug €xel dnuovgyioer v
opooepd v Ipchainv and Cipara mov cuvebAinoay xow tor omolon xviimuay pe gopd and Boppd mpog Néro,
dmhodri wpog v mhevpd g Ivdunis wxponmeipov (Le Fort 1989, Fuchs 1968, Fuchs 1996-97, Heim & Gansser 1939).
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edAAa oG Tig onEryevels Caveg (duag dievBuvong mov avagépdnray avmtépw. Ta textovind otoryeio oty
vrtanpo, ov empefardvoviar and ta yeodattind dedouéva (Bilham & Gaur, 2000), delyvouv 6t oL ev Adyw
onEuyeveic Coveg yopaxrmECoviar amd wo ThayloavaoTeo@n ouvioT®oa oiioBnong, pe arotéheoua vo om-
HLOUQYOUVTOL YOUQUKTNOIOTIKES HORYES TeEXTOVIXAY Bubiopdrmyv (graben), orwg elvor avtd tov Kachchh yevi-
%ijg drevBuvong A-A, ov ogroBeteitar atd do mepBwoiaxés onEuyeveig Lodveg, Tov Allah Bund Fault mpog
Bopod xat tov Kachchh Mainland Fault mpog N6to (Ewx. 2).

Emonpoivetor 6tL  onEuyeviis Cadvn tov Allah Bund Fault amoxaligdnze pe to oewopd tov 1819
(Ms=7.7£0.2). H dpaotnoromoinon mg Livneg avtic dMuotvpynoe éva evivrmotond pétwno (fault scarp) péoa
otg aAhovPLaxés amoBEoeLS TOV OVVOBEVSTAY QTG VPO TS TOToYQPlaS »aTd 6-9 m xou eiye CUVOMXS
uirog 80-90 Km. Eniong xatd to oeopd tov Anjar to 1956 (Ms=6.1), mov oyetiletan pe ) dpaotmoLlonoinon
avtiotowv onELyevady Cmvav voTLdtea, T0 PETWIo TS oviipmong frav g TdEng tov 1 m (Malik et al. 2000,
olppava pe yewdortixd dedopuéva amd Bitham & Gaur, 2000).

To duvouns ®aBeotws ®ATw oo To omolo felonetal 1 TEQLOYY ival, Emiong, YTelBUVO yia TG avodLrRES
RIVNOELS TV ueyding whipoxag onEutepaydv (horst), mov yivovial pe €va oUvOeTO %o TOMITAORO TEOTO, UE
QTTOTEAECUO VO TTORAAUTTTOVTOL OTOL OLVEQYOUEVQ TUIUATE. TOUS TOL LECOLMIXA TETOMUOTA, AGYW TNG ETURGAOU-
Ong ddPowong. AMG xa ta uxEoTeENS TAENS ENELTendyn TaEOVOLALOVY TOMITAOKES AVOOLRES HIVI{OELS UE
ONUAVTLLES HAPPELS TV 0RLLOVIMV TwV nudtwv ota meLBmELd Tovg, 1) MREOTEPES OTO ECMTEQIRS TOUG, HE
amotéheopa vo oynpotitovrar ehMeuttirol dGpoL, aotpupeToo aviirhiva, peyding xAipoxog AoEolwvirég mruyésg
(flexures) oAhd now dopég Timou questas 1 mesas, pe yevixr dievBuvon A-A. Mdhwota €yel mapatnonbel ot ota
TEQLOOGTEQN ONELTERGYN TO €V TEQLOWELE TOUS RaBOPICETOL QTS PR (AvAoTEOYO), ouVBwg To POEELD, EVH
TO GALO QIO RAYPN RO TOQOUOQPMON] TOV TETQWUATMV UE TNV UOQPT] CVOLXTMOV OLOUUUETOWYV TTTuyodv 1 kink
bands (flexural-slip folding).

Me Gha ta aveTtépw yivetar @avepd ot 1 gveutepn mepLoyy tov Kachchh mopovotdlet pua dropnij ogioprn
dpaomeLdmra, eivar evepyn tovkdylotov ta tehevtaia 200 xodvia, 6ws amoderVUEL 1] GUVEXTS CELOIUKRGTNTA
™G UE OELOPOUS, TV OTOLWV T ROTOYOOpOueva peyén rupoivovrar petaky 3.5 rou 8 g ®Aipaxog Richter.

4. 0 TEIZMOE THE 26" IAN. 2001
4.1. Textoviaj dourj emxevroixijs meLoxrs

H mepuoyn mou emhiyn mepuoodteo amd 1o oetopd g 26™ Iavovapiov eivar  gvpitepn emnevipury me-
oo, evtomiCetat oy hopaidn meQLoyt} Tov exteivetal BEgeta amd Tov ®6ATo tov Kachchh xow xalvmrer puo
Cvn pe deviBuvon mepimov A-A (tng 1dEng twv 100 km exatépmBev tov enrévrpov), and t Nakhatrana ko to
Bhuj ota dvtind péyot to Bhachau xal to Rapar ota avatohxd (Ewx. 2). H peyoiteon onEryeviis Cavn oty
meQLoyn avni eivan yvwot pe to ovopa Kachchh Mainland Fault, €xet dievBuvon ANA-ABA €mg A-A now
auvolxd uijrog mou vrepfaivel ta 200 Km. OguoBetel v medwrj meguoyy tov Great Rann of Kachchh ata
BooeLa amd Ty Aopadn NoEELVY TEQLOXN TNE EVOOYMEUS OTA VOTLL.

Noudtepa evroniCovron 850 andpun, xeteens, Spws, *Alpoxags, onEryevels Ldves pue aviiotouo xoaoant-
olotnd xau dievBuvon A-A. H mpoym extelvetol vétia amd v téAn tov Bhuj (Yvwoni wg Katrol Hill Fault) o
1 devtepn POpela amd TV TGAn Tov Anjar. Avdpeoa otg Loves avtég noL TEog to duTrd Tuijpa s Aogpwdovg,
NULOQELVIS TEQLOXNS, UTTAQYOUV XKoL 0QLOUEVa mxrpdteea priypato (tng tdEng tov 20-50 Km), ue dievbivoeig
»upiwg NA-BA »au omavidrepa A-A. TIgog ta BA, otny gvputen mepuoyrj touv Adhoi xai tov Rapar, evroniCo-
VIOL 0QLOUEVE, avTioToums ®hlnaxrag, prypare pe dieviBuvon A-A. Enpewdveton 6t 100-150 rwepimov Km Bo-
peLa ot TV TheldoeLoTn mepLoy, »ou to Kachchh Mainland Fault, mepvdel to {yvog tov Allah Bund Fault, tov
dpaomoomouinxe xan €dwoe tov, avriotoryou peyédous, oewoud tov 1819 (Ew. 2).

‘Oha to. avatéom pfiyparta xau onEvyeveis Ldveg eAéyyovy TAMjoms To avdylugo g mepLtoxris, Onpuoveyn-
VIOG YAQOXTNOLOTIXES YEWUOQPES, OIS EVIOVES HOQPOAOYIRES AOUVEYELES, EVIUTMOLOKG aAhoVPLaKd. QLTiduot
%O RHVOUG HOQNUAT®Y, £viovn ratd fdBog dudpowon xhw. (Ew. 3). O popgpohoywés eEdopoels oto oivold
TOUG AVTLOTOLYOUV Ot avepyoueva onErepdym, 6mov pditota 1 TTHXmoN TV CTOMUATOV UE T RopPY| peyding
HAUOROG AOUUUETOMY OVOLRTHYV CUYXAVDYV ot avILXAVeV A-A dLevBuvong, QoiveTol Vo OUPQOVEL ATCAUTA UE
1) YEWUETOLO ROLL TOV AVAOTQOPO YOQAKTHOM TV ONYUATOV, OTtws Ba pavel oty ouveEyeLa.

AT ye@pUETOLRY] GIOY, TO CUVOLO TWV ONYUATOV QUTHOV TNV EVQUTEQY) ETUKEVTOLXT| TEQLOY], TTOQROVOLALO-
vl oxedAV naTorduea, 1j ue peyaheg xhioeig (Yipw otig 60°-80%) mpog ta véTa 6o Bploretal ®oL To aveQ-
XOUEVO TEPAXOS, PAVEQWIVOVTAS EVOV 0aPt avdoTogo Yapaxtioa. Mixdteong ®*Mparag OyIaTa ToU EVI0-
aioOnrav péoa oto GoLo 0pLopEvmY pnEtyevav Lovay delyvouv wa EexdBaon avdotpoen xivnon, (Le wreote-
oN 1i ueyaAiten ouppeToy] 0QLEOVILS OUVLOTHO0G) ETLPBERALDVOVTOS ETOL XOL THV TAQATIONON YO TLG UEYE-
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g #hipomag onEryevels Loves. Ze auetég meQuTdoels mapoTnEnxe dn o Pypata avtd amote vy Ty
eEEMEN mTuy v Timov kink band (1] flexural-slip folds), ue avtiotoym yewpetoio xon xuvnpotivois delnteg. Ou
dopég autég dev TaATNEOTVTOL HOVO OTN QY] *A{pOKA, 0poy OE OQLONEVES TEEQUTTWOELS OL, PEYIANG ®Alpa-
%OG, HOEPOLOYLXRES avmpalies dev ouvdEovial dueoa pe oapeis onEryeveic empdveles (ordowo dmradn), ak-
G pE TAQOTLRY TOQAUGQPWOT TWV TETOWUATOV.

4.2. Zeiouneg dragontes xar ostouixo onyua

AmS TV AemTopeQT] HEAETN TNG EVQUTEQNGS ETUKEVTOIRIIG TTEQLOXIIG, EVIOTIOONXAY CORETES EdPIXES dLoT]-
Eetg, 0 SLAPOQES YAUAKES, TTOV PAIVETOL VO OYETICOVTOL, GUECQ 1| EUUEDE, UE TO ONYUC TTOV EdWOE TO OELOUS
g 26™ Iavovapiov. O duopoiiEeLs outég evroniCovron og wo. Ldvn pe dieiBuvon epimov A-A émg ANA-ANA,
1 omoio exteivetan og po adotaon S0 mepimov Km exatépwdev tov Bhachau, dniadij omyv (dua evpitepn
meLoyt] wov didetan xow to emixevipo (Eux. 2).

H peyaliteon dudoontn (Ew. 4a), evronioOnxe 20 nepimov Km BBA oné to Bhachau, wepimov omv avato-
hnn mpogxtaom tov Kachchh Mainland Fault xow tagovotdler §va ouvolxd mixog mov ®upaivetal yoow oto 1-
1,5 Km.

H yeviry SievBuvom eivon A-A §wg ABA-ANA (ybpo otig 80°) xou 1o {yvog dev eivar ouvexSpevo alhd
aiveral vo mopovoldtel pon xhponwty dudragn. H poogoloyn avoporio tov €xer dnpovyioel otoug
TEGOPATOUS XOAaEOUS oxnpaTopovs vrepPaiver xord B€oels ta 60-70 cm, xow YiveTor TOAM uxQdTeEEN OTOL
anpeia ov 1 dudeEnEn arhdlel B€om. Idwaitepo dvorypo dev mapatmeeiton votd pirog g didenEng xou 1 6An
yempetpio deiyvel évav avaoTRoQo YaQaxTHEO HE ™V em@dvela TS SudeenEng va ®Alvel yipw org 60°-80°
mpog N6to xaw To voTLo, aveQOPREVO, TEROOS VA VITEQXELTAL TOV BARELOV OV Elval TO RaTEQYOUEVO. EXTOC 0o
NV ROTAXOQUPY QUTH RivNON EVTOTioBn®Ee ®on 1) ouppetoxn optldvriag deElGoTpogns ouviotdoag (To aveQys-
UEVO TEPQXOS KUVI|ONKE TEOS TOL SUTLXA KO TO RATEQXOUEVO QOGS Ta avorroMxd), divovrag ot didponEn évav
TAOLYLO-AVAOTQOPO Y OLQAKT QO

AMn dudponEn ue t600 peydln petatdmion dev eviomiobnxe oty meproxy. Eviomiodnxav duwg mohlég
GMAeGS, purpdTeENs *Apoxrag, StapEnEeis Tov €tepvay arhovfroxés, ouviiBwg, amoBéoels 1 yahapd e8dgn, ®o-
Bug ®ow TOV aopoATOTEINTO TOV 0ROV drtiov oV 0dNyel and to Bhachau oto Bhuj »on ta moponeipeva
xwEtd. To prog Toug ®upavoToy od PeQLRA UETQO NEXOL OORETES OEXADES 1], OTAVLGTEQQ, KO EXATOVIADES
pétpa eva) oL dLevBivoers Tovg 1itay 1600 A-A 600 nor ABA-ANA 1 BA-NA xou og ehdyloteg mepuutdoels BA-
NA.

AEloonueinto givar 1o YeYovog 6t o dtopEnEeis pe yevirij dievBuvom mepimov A-A mapovoialov to ida
RWNUATIXA RO QUVAULRG, XOQAKXTNOLOTIXA PE TN UEYAAN OLdEENEN OV TEQLYQAPNKE TOONYOUREVMIS AL TTLO
CUYHEXQLUEVO POVEQWVOY EVOL CUNTTLEOTIXG XOQAXTIIOO KO [ia TAOYL0-avdoTeogn »ivnon. Zimv Ew. 4p dwo-
HQIVETOL PLOL TUTTLRT], TETOLOV TUTTOV SLAQENEN OV TEUVEL TOV AOQOATOTATITY, CANG RO TO TAQOKRE(UEVE XOhOOA
Wijnata, g 08010 mov 0dnyel and to Bachau oto Bhuj. H oo emgdveia e didoonEng #hivel yiom otig 70°—
75° mpog N6To pe aveQySpevo, rotd 3-4 cm, 10 vétio onETER0X0S, %ivon Tov ouvodeveTon %o s o TAGYL,
deErdotpogn, ouviotdoa g TdENg Tov 1 cm. Extdg amd v xiglo avtj SdeenEn, mod pérpo mo dimha, evro-
miTevon ko M ovluyiig e emupaveLa, N omoio Gpws dev expodletor pe oagr SidoenEn ®on petaxivnon aAhd pe
TAQOTLXT] TAQOUSEPWON TOV aopoltoTdmnTa kot TV Winpdtav (flexural folding). H xhion g eivou AMiyo uixed-
1eQN, YU otig 60°-65° mpog Bopod, ®aL pdAiota to BAELo, avepyOuevo, onETéuayoc €xel netaxvn0el ehdyi-
OT0. CUUTLECOVTOS KO TTOQUUOQPAVOVTAS TO XWEO avdpeoa ot do ovluyeis empdveles ue T por evog
oLYXAivov.

Sy gvputepn mepLoxy N ®Alon twv dapEriEemv autdv Tapovoldietar mote mEog NGTo ®au wéte TEOg
Bopod., pe avepyouevo, aviiotouya, Téte To vOTLo xon ote 10 Bopeto pnErtépayog. To dhua eivor ouviiBwg g
TAENG TV UEQXOIV EXOTOOTAV Ko OTOVIOTEQQ pueyatiteo. H avdamtuEn toug elvon ouotpatir xow axohov-
Oel, TG WEQLOTOTEQES POQRES, i Ao&rj xhpaEwti dudtan. Mdhota evromiotnxay 30 oUyREXQLUEVES XWOL-
otég Caveg, av xan 0To YO avapeon and autés eviomiloviar apxeTés axdpa doppniEews. H modm, xow peyo-
Aitepn, amd avtég anolovBel wepimov T ypauuy Bhachau-Lakadla avarriooetal, dniadi, oty mpoéxtaon
™g enEryevoug Lavng Tov Katrol Hill Fault, evd 1 devitepn Aiyo BogeidteQa, 0Tov EVEUTEQO YWHEO TWV AVATOM-
v amoAEewv Tov Kachchh Mainland Fault, otov (8o dnhadn ydeo mov eviomiobnxe xon 1 peyodvteen, oe
wiixog ®xow dipa, ddpenEn (Ewx. 2).

Ze aviiBeon pe 1g A-A avtég dapenEeig, doeg mapovordlovy dievBuvon BA-NA 1§ ABA-ANA, epgpavitouvy
po Terelmg SLapoQeTIrY ®ivnpuoTtry] xow duvapuxy ewmdva, Aol Tig TEQLOOGTEQES PORES oUVOdevovTal omd
Gvorypo. IOV QaveEQUWVEL Evay EpelrvoTne yopaxtipo. To néyedog Toug ®upaivetor amd 1-2 m péyoL xoL apxe-
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T€g Oenadec PETEa (OTaVIGTEQO RO PEYOAITEQO) EVA 1 RUTAVOUY TOUS OTO X0 Oev eivaw Tuyaia. Mdhota
evromioOnxray dY0 dLopopeTrés TEQUTTWOELS. ZTV TEATY Tepimtman ot BA-NA avtég duapiiels avartiooo-
VIOL OVOTNUATURG OF OUYRERQUUEVES Caveg pe yeviri] detBuvon A-A o 1 6hn SLdTaEn %o YEWUETQIO TOVG
diver MV edva TTeQOEdMV uEya-dloxhdoewy mov avarrioooviar oe deEidotpogn Tavn dudtunong pe diev-
Buvon A-A. O Civeg autég evroniCovrar xupimg Pépela omd to Bachau, otov evpiteQo Yo g avatolxnig
mpoéxtaong Tov Kachchh Mainland Fault zoaw tov dieppiEemv pe dievBuvon A-A xow omavidtepa voudtepa,
omv meoéxtaon g Livng tov Katrol Hill Fault, ot yoauwj Bhachau-Lakalda. 2t devteon mepimtmon ot
SL001EELS aTES dEV TOROVOLALOVY OUYXEXQLUEVY) XOTOVOUY] %Ol TLS TEQLOOGTEQES PORES OtV (dLor TEQLOXY
evTomiCovTon ®al avtioToov Timov dtaEETEeLs e diagopetirés dievBivoels (xvpimg BA-NA xau omavidtego
B-N).

O TeQLTTHOELS AUTES EVTOTILOVTOL ®VElms oty eveitepn mepLoyii tov Bhachau xou omavidtepa fooeidte-
00 XOLL POUVETOL VO OUVOEOVTOL GUECT PLE PALVOUEVOL QEVOTOTOMOEMV (0w omavidteQa xaBlioewy ron ®oToh-
othjoewv) agot evtomiCovral ouviBmg oToug (BLoVS YEMYQEAMLXOTS XWHEOUS.

5. LZYZHTHXH - YYMIIEPAZMATA

H evpitepn mepuoy g emayiag tov Gujarat, moQotL POIOKETOL EXOTOVIAOES YIMOUETQ VOTLOL OTtG TN
Cavn mg ovyxrpovong oy meplox)] Tov Inahainv, yopoxtmletor amé vymhi] CELOUXGTNTA UE PNYAVIOUOTS
YEVEONGS TTOV QPaVEQWVOLY €va teQLBAAOV ovumtieong, XAt TO 0700 EMPEPALDVETOL GUETT KOl OO TIC Q-
moNoeLs vaiBpov, dedopévou Gt 1 meptoyn draoyiletar amd peyding rAlpaxas avdoToma PIYHOTA oY, 08
OUVOVOOUGS UE TLG UEYAANG RAIUOROS AOVPUUETOES AVTLRALVIXES DOUEGS, EXOUV DLOAUOQYPWTEL, OXEIGV OTTOXAELOTI-
%A, T0 avayAugo ™ meptoxric. ITQoBANUATLONOL OXETHA LE TO OV 1) CUYRERQIUEVY TEQLOYT] OTTOTEAEL o “rot’
eEaipeon” evepyn Ldvn oto ecwteQnd wog otabepric mhdxag, 1 o petafanxr Lovn Tpog 1o PETwTo e
otyrgovang otnv mepoxy Twv Ipakainv (dvro Aappdvovrag voym Tig ®Apoxres ueyEBovs Twv yenduvopuxdmy
POLVOPEVWV OTNY TTEQLOYY o), elval vapxtol oty fiploypagpio adhd xau Tig cvinmioels oto Awadixtvo
(Lettis & Hengesh 2001, Ballantyne 2001), &v agpogotv Spws, 0 IO QA0 TOVALKLOTOV, T1) CUYXERQIUEVN
£0YO(0, TOV OOV OTOYO €)EL VO OUVOEDEL, VOL CUOYETIOEL RO VO EQUNVEVOEL TNV EVEQYS TEXTOVIXY] TOQUUCQPW-
o1 TG TEQLOYIG UE TO OELOULRG YEYOVOS TS 26™ Tav. 2001.

To mpwto gpuytnua wov TiBeTon elvor av EXINADON®E OTNV EVOUTEQEY ETLLEVTQLRY TTEQLOXT] TO OELOULKO O1]Y-
HoL TOV €dWOE TO CELOUS KO AV OWTO TAOVOLALEL TOL RIVIUOTLRA KO OUVOULRE XOQOXTNOLOTIXA TTOV divovton
omé TO PNXOVIOPS YEVEONS TOU OELOROU (avdoTEoo pe ouppetoyy optdviiag xivnong). To epwTnua awvtd
OTORTE OGP LEYOMITEQO EVOLAPEQOV, DESOPEVOL GTL O TEONYOUREVOS TOAD LOXVEGS ROTOOTQOPIRAS OELOUOS
mov €mhnEe v da eproxn (1819) magovoiale avtiotoly o YEWUETOIXA, XIVIUOTLRA HOL SUVaRA XOQOXRTNOL-
OTRA %O TO OELOWXG Ofypa ExOMADON®E pe €va uéTmmo g TdENS Twv 6-9 HETEWY %L GUVOMKG WHXOG oV
£€pBave Ta 90 Km (yvwotd pe 1o 6vopa Allah Bund Fault). To gg@tnua avtd pdhoto. €xet apet, 18y, diootd-
oelg “duapdyms” oto Awadintvo (Miranda 2001, Lettis 2001), péoa and ) yevixy diamiotmon 6tL oty egintw-
01 TOV TEGOPATOV OELOUOU OeV EVIOTIOONKE TOVOEVA TETOLOG EXTOONG Ha peTaxivnong dudeenEn, omdte Tibe-
TOL TO EQWTNUA OV OL XEATEENS RAlpaxag daprés dlopEnEels mov TapovoLdobnray oyeTiCovial AUECa Ue TO
oeouG erfypa 1j pe dgutepoyevii pavpeva tov ouviidws ouvodevovy Eva OeLoUd (QEVOTOTOU|OELS, KOTOM -
ofnoeig ®Am.).

To enixrevigo tov oewopoy feioxetar fépea and to Bhachau, dnhadij 50-70 Km votidtepo amd to emine-
VIO %O TO {YVOS TOU PYHOTOS TOU OELoUoU Tov 1819. Zupminrer 08 YEVIRES YOOUUUES LE TLS CVOTOMARES OTTOAN-
Eewg 60 dAMwv peydrov, A-A devBuvong, onEryevdv Covav, tov Kachchh Mainland Fault xou tov Katrol Hill
Fault, tov ovyxAivovv ev pépet oto onpeio awté (Ewx. 2).

H 0€0m tov emxEVIQOV, 08 TUVOVAOUS UE TNV RATOVOT] TOV KOTAOTOOPMV AALG ®aL TWV OUVOdEHY YEWdUVa-
WRAY QALVOUEVOV (QEVOTOTOLOELS, KOTOMODOELS, HeTaPOAES OTdOuNG VdPOPSPwWY 0PIEEVTWY *AT.) OV €-
vroniCovral avoted oe pa Cdvn A-A exatépwbev Tov Bhachau xat Tng EmMREVTQUANS TEQLOYIIS XOiL EXTEIVOVTOL
dvmnd péyor to Bhuj (ypw ova 100 Km) now avarohxd péyol 1o Ahmedaband (repuoodrepa and 300 Km),
®0B0QICOUV OF YEVIRES YOOUUES TNV AVOUEVOUEVY BE0M TOU ONYRATOS TTOU OYETICETOL PE TO OELOUG.

H peyakiteon A-A oewopxy dudeoenEn (uixog 1-1,5 Km %o ouvolxii xoraréouen petoxivnon me tdeng twv
60 cm) wov gvromionxe 15-20 Km Popero omé to Bhachau, oty avatohux] mpogéxtoom mg onEryevoig Lobvng tov
Kachchh Mainland Fault, oAAd xow oguopéves dhhes, uxpdteong xhipoxas, aviiotoryes SLopiEelg ov T ouvo-
devouv moovoLdLovy TETOL YEMPETOUX, RIVNUOTXRA Ko Suvoprd XoQOXTNELOTLXA (0o ®ow oTtaBeEn] ®Apo-
RO YEOUETOLXY OLATaEN, amovoio avolypatog, avaoTogn ®iviion pe Cuppetoxy mAdylas deElGoTRogNS CuvL-
otdoag) Tov dev pmopotv vo. epunvevBouv pe devtegoyevr parvoueva tomov liquefaction o lateral spreading
aMd umopovv vo. BemoenBotv oav exdiiwon Tou oewouxod Ejypotos (1 xow ¥Addwv owtot — branch faults) wov
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Etk. 3. H eviunwoiaxkny av&otpoen pnéiyevAg {avn tou Katrol Hill Fault movu opLoBe-
Tel T OTUXWPHEVR KL avo@oAeuévo HECO{WIKY METPOUATA TOU OPELVOU OVayAUQOU omd
T IPO0eUTA L{APXTA TN MedLVAC MEPLOXAC.

Fig. 3. Panoramic view of the Katrol Hill Fault and the uplifted asymmetric an-
ticline of the rocky mainland (thrust fold and fault and flexural- slip folding).

Eix. 4a. H peyoAUtepn oglout-
KN dié&ppnén ue dLedbuvon A-A
(uAxog 1,5 Km kalL péTeno yopw
ota 60 cm) oTnv oVOTOALKR mMpo-
€xtaon Ing pnéiyevoug {dvne
tou Kachchh Mainland Fault.

Fig. 4a. The main E-W surface
rapture (1,5 Km long with a
60 cm scarp), located at the
eastern prolongation of Kach-
chh Mainland Fault.

Eitx. 4B. Mikpdtepng kAlpokacg ge Lojlwég
dirappnéeig, diLevbuvong A-A, pe oapl ovd-
oTpoPn x{ivnon mou ouvodeUetol orrd HLKPG
ouppetoxn dgE1601p0PNG 0pL{OVI LG CUVL-
otwoag (&iadpoury Bhachau - Bhuj).

Fig. 4a. Small scale surface raptures

as the result of secondary minor thrust
faults, accompanied by right lateral mo-
vement (road from Bhachau to Bhuj).
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towtiCeton pe v avortohxr] tpoéxtaon tov Kachchh Mainland Fault (Ewx. 2). Avtiotouya otouyeia maovotdtovy
O QEXETES OeLoMRES OLOEMEELS VOTLGTEQO. OTNY EVEUTEEY TEQLOYY] Tov Bhachau, pévo mov edw paiveton avtég
VO TOUTICOVTOL PE TNV OVOTOMKY| TTROERTAON TG WLrQdTeQNS ®Alpomag onEryevots Civng tov Katrol Hill Fault, xou
mbavd amotehovv o devteEn empdvera tov dpaotmoromonitnxe (Ewx. 2).

b 2 IM To pérwiro ToU priyparog oTnv em@aveia
TToU exdnAwverar pe Trruxr 1) Sidppnén
E@eAkuorikés BA-NA Siay EIS
p e ) PPNg (Flexure or raptured fault scarp)

Kopra fiovn A-A
TEIopIKWV Brapphi§ewv
(Main E-W surface
rapture zone)

YmréBabpo (Bedrocks)

Eux. 5. Zynuatixd dudygauua omov ameixoviGovral ot EXIQavelaxes 00ues mov exdniobnxay xard mwijrog Tov
A-A ogiounoyv grfyuarog.
Fig. 5. Schematic diagream showing the surficial features associated with the E-W surface rapture zone.

O cogNg avaoTEOPOg XAEUXTIROS TwV dapeiEewy autdy, ot cuvdVaoud pe ™y TAdywo deEldotpogn pe-
TATOMLON, WOV TULOTOTOLE(TAL TG00 Ot TLG PETENHOELS 0TO UmtanBoo 600 xaw amd v ®Apoxoti dudtaEn twv
SLopEMEEV, CUNPWVOUV aTGAUTO TG00 PE TO PIXOVIORG YEVEONS TOV TRGOQaToV Oetopoy (ahdd o Twv mta-
MUGTEQWV TELOPAV), GO0 KOL UE T YEVIXGTEQY ELXGVA TTOU TEOXVITTEL QTG TNV PEAETY TNG TEXTOVIXNG TNG EVEU-
tepng mepoxnis. H amovoio peyoliteons ®A{Moxag HETarIvVIijOEmY RaTd WiROS TOV EPAVELDY IOV QaOTNELO-
momjOnxav (rdT wov avopevitay and 1o péyefog Tou oelopnoy OAAd ko GTtwg CUVERN IE TOV aVTLOTOXOU PeYE-
Boug oewopud tov 1819) pmopel va amwodobel ot flexural Timov moQANGEPWON (Row aViYmOn) RoTd PHROS TV
avuxhvixdv dopdyv tov Kachchh Mainland Fault, tpwtiotwg, zouw tov Katrol Hill Fault, devtepgvdvrwg, yeyo-
VGG OV AVOUEVETOUL VOL TTLOTOTTOW O L 0td TIG YEMOQUTIRES HETONOELS KO TCL LVTEQPEQOYQAUROTO. TWV HOQUPOQL-
1AV ELOVOV, TOV B dDOOVY Pt oagy LrEva Yo To OUVOMKO BaBIS TS TOQANGEEMONGS KoL HETATOMmLONG €5’
uT{og TOU OELOPOU. ENUELHVETAL GTL TETOLOU THTTOU TTOQOUSRPMOT, 08 pxedteen PBEfana xhipoxa, Tootne-
Onne ot apneTES edaPLrés SLaEENEELS OV EXINADONXAY e TOV TEGOPATO OELOUS, ahhd Elval xow oUVIONG Yo
70 “OTUL” TNG TEXTOVIXRIC TOQAUOQPWONS THG TEQLOYIG, OTWS AVOAUTIXG TTEQLYQAPNXE OTO TEONYOVUEVO KEPA-
Aato.

0L, oxed6v eyndpoteg BA-NA, avouxtéc edaquués SuoponEels mov drardocovion oe Liveg pe yevin diev-
Buvon A-A, pmoovv mohl vahd vo EQuUNVEVHOUV OV TO AOTEAECUO TOMXOU EQPEAXVOPOU TTOV avortTUyOnre
gite and ™ deELdotpogn opLLdviia dudTunom xatd wixog Twv EmQaveLdv Tov dpaotmolomonifnray, eite oto
®xogugaia Twinota Tmv ovirhvirdy dopdv g flexural Timov mapapdppwong mov exdNAdOnxke emiong xatd
wirog tav duwv empaveudy (Ew. 5). Puowrd dev mogayvapileton 1o yeyovdg dt vgiotavtan ko tdoa ToAES,
apLBuntnd xon oe péyebog, dropEiiEelg mov oxetiCovran dpeoa pe patvopevo timov liquefaction ko lateral
spreading (®vpimg oV VTG EXTAON EVOLOKOUEVT TEQLOYT| TWV KOQUPOIWYV TV OVTLKMVIXWDV dOUWV), YEYOVOS
OV EYEL VO RAVEL ROL PE TIG TOTUKES edapunég ovvBiixes. H epunveia avt, Spwg, dev pmopei va amotehel Tov
®avova yio to oUvoro twv dopdv. H duamiotwon pdhota 6t otov xdeo g epgpdvions Tav dtaeiEewy ovtdy
1 ®otaoteoPr] ival xaBohxy (vdti Tov dev moaTNE1BN®E Yot TO OUVOALO TG TANYEioOg TEQLOXNG), eV agrivel
ropud op@LBolrion GTL TEORELTAL YLOL TO. ETUPOVELOXA (YVT] TOV ETLPAVELEV TTOV QO.OTNOLOTOLONRAV UE TO OFL-
opé ®xow oL omoieg €lte amotelovv TwjpaTo g ®vpLag (1 devtepetovoag) pnEryevots Tivng mov €dwoe to
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oewopud (avoarohxt mpoéxtaom tov Kachchh Mainland Fault 1) tov Katrol Hill Fault), eite Quyatpuxotg xhddoug
avt@v (branch faults).

To aToTEAEGUOTO TTOU OVOPEQOVTOL OTI) CUYREXQLUEVY] EQYAOT0 AUTOTEAOUV JLaL TTOWTY TEOTEYYLOT TOU TTQO-
BAijpatog xon €xouv mpoxipel artd TV axxy eneEEQYROint TV OTOLYEIWY TTOU EYLve RATW OIS TNV T(EON TOV
eEqEETLRA TEQLOQLONEVOL YQOVIXOU AOTHRATOS PEXOL TNV VTOPOM] TWV EQYQOLDV, PE OROTG VO ETLONUAV-
Bovv o1 SLaopEs oty xrhipoxa now To eidog TV pauvousvmy avdueoa oe 8o aelopoyeveic tepuoxés (Ivdio —
EALGOQ), 08 dlopoeTind, Spws, yewduvaurrd megipdrrovra. Ta arotygia mov Ba TEoXTYouv ad TV avaiv-
T 1o Aesroper] eneEepyacio Tov TAMBous v otot eimv Tov oVALEXBNXaV ard v amootolj oty Ivdia,
B0 OTEAECOUV TO AVTIREIPEVO AAAOV ETULOTNUOVIXGV OLVOROLVIIOEMV.

AvagEpetal, TELOG, GTL 0 RATALYLOUOS TV TANQOPORLAOV 1oL OTOLXE(WV Yia To OeLopd g Ivding oto Aladi-
ATVO, HOG OVAYRAOE VO XONOLULOTOL OOV E, e T Roo@r] BLiAloyoa@uray avapopav, Tig SitevBivoels ov ava-
@E€Qavtan T aToyela autd.
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O XEIZMOZX TOY 365 M.X. ATIO TO ®PYAO XTHN ITPOXOMOIQXH"
Al. APAKOX', LK. ETEIPOL'

ZYNOWH

O oewouds g 21™ Iovhiov tov 365 p.X. ritav éva Yeyovag Tov Ouvenype ToAAOUS Y aiovs OUYYQQELS Yot
1000 xou WAEOV YOGVLAL, AGY® TOU PEYEAOU PEYEDOUS TOV ROL TWV TEQACTLMV XATAOTQOPEY TOV TTQOXAAETE 0TV
gvEUTEEN TEQLOYN TS Avatohtriic Meooyeiovu, ahld xupiwg AGY®w VOGS YLyavTLOiOU TOOUVAUL TTOV TQORAAECDE.
Iopor autd, dev €xeL yiver uéxol orjueoa LeTTOPEQTS HEAETY KO VITOAOYLOROS TOV TRQUUETOWY TOU CGELOUHOUV
O1YROTOG TTOU TTPOKAAECE TO OELOUS owtd - aviifeta, amtotéhece €va Bpvho raw onpeio drapdyns avdpeco
OTOVG LOTOQLXROUGS. ZUOYETLON LOTOQIRMV KOL QQYALOMOYIXGV OTOLXEIWV ETETOEPAV VAL TEOOOLOQLOTEL 1| TTAELS-
OELOTI TTEQLOYY] TOU OELONOY, 1) oo, extelvotay and v dvtnr] Kumpo péxol tig axtés tng Aping, evd avii-
oteo@1} TwV uéxet 9Im avuypdoewy e Avuxiis Korjmg mov avapgifora ouvdgoviot pe 1o 0elopd auto pe Baon
™MV EAAOTLRY OvAAVOT RO AOYLOWHG TTOV XONOLUOTOLEITOL OE YEMDOLTLIXG OTOLYEIC EMETQEYE VAL VITOLOYLOTOUV
TOQAUETEOL TOV OELOWLOY Ejypatos. O oglopds tov 365 p.X. mbavétato mpoxhibnxe ard T dpdom evig
avdotpogov piyporog NA g Korjing, ue winog peyokitepo tov 100km, xow elye exupdpevo uéyeBog 8.5-8.7.

ABSTRACT

A major earthquake shook the entire East Mediterranean region on July 21* AD 365; numerous cities were
completely ruined or seriously damaged, while a tsunami that followed destroyed the Nile Delta. This disaster
impressed ancient writers for more than 1000 years and it turned to a legend.

Despite the fact that the AD 365 earthquake is probably the greatest one that took place in the East Medi-
terranean region in the historic period, it has not been studied in detail. The main reason is that the historical
data are poor, ambiguous and contradictory, and do not permit any secure seismological conclusions. Yet, many
workers have concluded that this earthquake was associated with a fault along the Hellenic Arc, SW of Crete, in
agreement with geomorphological, biological and radiometric data indicating that the western part of the island
was uplifted by up to 9m by an earthquake in the 4™ century AD. New archaeological data permit to shed more
light to this earthquake and to identify its meizoseismal area, extending from western Cyprus to the Libyan
coasts. Furthermore, an elastic dislocation analysis of the earthquake uplift, deduced from coastal data, permits
to conclude that the causative fault was an east-west striking inverse fault at least 100km long, southwest of
Crete, associated with an earthquake of magnitude of the order of M=8.5-8.7.

AEZEIY KAEIAIA: Avatolxy) Meodyeiog, avupwuéveg anteég, Gelopnds Tov 365 p.X., toouvdut, aviotgopt
ETLPOVELARWV TAQAUOQPWOEWV OF EANTTING NULXWOO, TTEOCOUOLWAT Q1YUATOGC.
KEY WORDS: Eastern Mediterranean, uplifted coasts, AD 365 earthquake, tsunami, elastic dislocation analy-
sis, fault modeling.

1. EIZATQI'H

Mrmnopei n Avatolxny Meadyelog va eivan pua TepLoyr] 6ov ouyvd exdnidvovion peydioL oelopotl, Gpmg oe
6hn v wotopry eeiodo pdvo €vag and avtols roTdepe va yivel BpUhog ot BoONS TETOLO TOV OREpN Row TOL
YEVEOLOL TOU OELOpOU autol yrogtdtoviav xdBe xodévo yia awwve (Guidoboni et al., 1994). IModxertar yuo T0
oewopud g 21™ Ioviiov Tov 365 w.X., €V OELOUG TOV CUVETHEE TOUG 0QYOLIOUS CUYYQOYELS YLt TOUAG(LOTOV
1000 xp0viaL, GxL TOOO YL TOL KAUTAOTOENTLAA TOV OOTEAEOUATOL OF TTOAELS KL KTIQLAL 08 OAn OXEDOV TV Avorto-
Mn1] Meadyero, ahhd ®ueimg Yot T0 TOOUVANL TOU TEORAAECE.

‘Opwg, 0 OELOUOS AUTOS CUVEPN OF Lol TEQLODO TOMTIXRIG KO TOALTLOWANS TTaorptic e Popairrc avto-
HOUTOPLAC RO BENOHEVTLRWIY AVAOTUTWOEWY, KAl YU’ QUTO TAPOVOLAOTNHRE G}L WIS LOTOPLRG YEYOVOGS, 6mwg Ba
OUVEPUUVE OF TEOUATEQES TEQLOd0UG, alAd wg emyelpnpa xord 1 vaép g véag Xootaviryg Bonoxreiog
AYVAVTOG 1) TOQATOLWVTAS TA LOTOEWXA Yeyovota. INa mapddetyua, o Aldviog rat 0 Zwlduevog, dvo faoumég

* THE AD 365 EARTHQUAKE. FROM LEGEND TO MODELING.
1. Epyaomjoto T'ewdaroiag, Tuijpa Moluxwv Mnyavixay, Mavemonjuo Matpwy, 26500 Idreo.
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NYES Lo T OELOMLRY LoToia TS AvotoMxric Mecoyeiov mepl 1o 360 p.X., epgpavitovy 1o oelopud tov 365 eite
g Expeaon AMinng eite mg 0QYN Tov Oe0U Yo o Youd Tov ovtoxrgdroga Iovhavo, Tov yvwotol wg [Tagafdm,
mov Eoowdonoe va avapudoel Ty apyolo Bonoxeio. Zvvemds, orolovBwvrag Tov pev Advio o oelopde
TEEmEL va. xpovohoynBel uetd 1o 8dvatd tov Iovhavot to 363 p.X., eite arorovB@vtas avtiototya 10 Znlopue-
vo mowv 1o 363 . X. Avtiotouya, wd tineopopia yio éva Bavpa tov Ayrov Thagimva mov gépetat vo o1rmoe o
¥EQL0. TOU MOl VO OTOUATNOE TO TOOUVAUL TTLY XTUmnoeL pud oA oty Adpromxy, Aappdvetor ouviimg wg
om6delEn ot to Toovvd eiye onuavtiry €viaon oty Adptomxy (Jacques and Bousquet, 1984). Opwg, n thn-
ogopia Yo to Boipa avtd dev ExEL TEOPAVAIS BETIXY CELOPOAOYLXT] ONUOOTC GTTMG EQV TUXOV OVOQEQSTAY OTL
N CUYREXQWEVT TTOAN €lYE ®OTAOTOOQEL s To ®Uparo (Stiros, 2001).

'V owtd, maedho ov 0 OELopPdS aUTds M ATOTEAEOUOTA TOV avapEQOVTaL Ot TTEQLOOGTEQM atd 40 apyaio
xefpeva (Guidoboni et.al., 1994; Jacques and Bousquet, 1984), oL S1aB€oupeg 1oTtoQInEg TANQEOYOQIES Elval aoa-
PElS RO AVTIQOTIRES KON 1) OELOROAOYLXY] TANEopopia af€Paun: To (dLo Yeyovig xpovohoyeitar amd didgpogoug
0EYLIOVG OVYYQOPE(S OF ALAPOQETIRES TEQLODOUS e aTOrMOoN Tl £va wijva §wg xan dexddeg yodvia divovrog
™V EVIUTWOT TOMOTADY OELOUGY oV RoTéoteeyay tokels amd to Ioartdo nuéxot o Iopanh (Zteipog et al.,
2001).

It 1o AGyo autd, o oeopds tou 365 amotéhece avureipevo diapdyns netall Twv VEDTEQWY ®oL OUYYQO0-
VWV LOTOQIXAV Yo TTdvew amd 200 xodvia, o dropdyn wov duotuyds dev naténEe o aopair xot aElémora
amoteAéopata, pe fdon puovo ta totoguxd otouxeio. I'o Tapdderypo oxdpn xow oV s AETTOUEQT] HEAETN
woropurng oewopndmrag (Guidoboni et al., 1994) to ®oTOOTEOPHG TOV OOTEAEOUATE TOU OELOUOU QUTOY
€xovy amodwbel ot wepimov 10 SuagpopeTinols oelopovc tov ouvépnoav petaEl 361 xouw 450 p.X (Stiros, 2001)!

Ta tehevtaio YEOVIO ORMG, VEO oToLXEl €XOUV YiveL SLuBEoLUO ®aL ETLTEETOUVY TV avooivOeon Tou Atk
Tov oelopov owtov. IMpwrov, yewhoyird ototyeia Tov TEQLYQAPOUY TV avipmon REYEL ®oL 9 . Tou dutxov
twjparog ™mg Korjng watd v xplown mepiodo (Pirazzoli et al.,1992). Agtitepov, apyouoroyird otouyeio mov
EMTOETOVV VO XOOVOLOYNBOUV OL HOTOOTOOPES TOAEMV HOL HTLOPATWYV OE €VaL OTEVS YE0oVIre mhaioLo €ToL dote
va YIVEL OVOYETLOY TOUG PE TO OELORS Tov 365u.X.

IMopSN autd, T YEWAOYIXG ®ol QY OUOAOYIXA OTOLYE(R A6 pdva Tovg dev pmoovv va dioouv TAnpogpopies
YLOLTO PNYOVLOUG TOU OELopoU Tov 365. T'ia 1o Adyo awtd yivetow pa mpoonddeio eneEegyaoiog Toug pe ™ uéBodo
%O TO AOYLOULXG TTOV OUVIOBWG EQPUOUGTETOL TNV OVTLOTOORY YEMOOLTLRWV OTOLYEIV OV TTEQLYQAPOUY ESPLRES
TOQAPOQPWOELS OTNV TAELGOELOT) TEQLOXT] enypdTmv (Stiros and Drakos, 2000). Me tov 16m0 ot ®on amd Tg
ogLoprn avipwon Tov axtdv g Kormg uropel va extiun 0oty magdueteot Tov oetopuxol eiynotog tov 365 p.X.

2. APXAIOAOI'TKA KAI IZXTOPIKA LTOIXEIA

IMpdopareg avaorageés ot Avtrr Ko (Kioopo, ELetiBepva, #Am) €xouvv Qe 0To gig ayaies Tohelg
OV LOOTEDDONKAY 0TS OELOUGS TO BEVTEQO LTG TOU 4 advar, GTIWS OTTOSELRVIOUY XOQOKTNQLOTIXES RATOQQEY-
OELS XTLRIMY TTOV EXOVV RUTATAAKMOEL TOVG ROTOIXOUG TOVG. Nopiopata mov foétnray xdtw amd g TeoUEVES
OTEYEG, axduN %o O TOENES Bupdtwy, TEO0dL0EILOVY GTL TO YEYOVAS OUVERN Alyo peTd TV ®omy TV VOULoud-
v, dMhady yiow oro 365 (Stiros and Papageorgiou, in press; Stiros, 2001; Zteipog et al., 2001). ITpépinua
XQOVOAGYNONG CELOULXIG ROTAOTOOPHS VITHEXE Yia xedvia ot ['éptuva, ) Pwpaint momtevovoa g Kovmeg,
oty omoia LotoErég mnyEs (Mahaldg) NBehav €vag oelopds ent avtoxpdropog @e0dooiov va €xeL RUTAOTEE-
Peu to Aoutpd wov eiyxe xtioet o Iovhog Kaioap. Evd dev dieuxguvileton mowdg eivar o @coddotog, o A’ (379-
395) 1j o B’ (408-450), n coycohoyixr] onastdvy £QEQE OTO PG EXTETOUEVES OELOPKRES ROTOOTQOPES TOV 40V
ouova, oL omoieg amd emLyo@Y] xeovoroyotvtal towy to 378. MdMota, Ta avagpeopeva Aoutpd amodeiytmre
oL elyav amd ToMGTEQO ROTAOTQOEL ®aL 0T BEON TOVG £lYE XTLOTEL TO ALONTHOLO TG TTOANG. ZVVETMGS, Ko
g I'éptuvog ) xataotpogr] meEmet vo evtayBel oty “rataoctoogr] Twv 100 téhewv g Kojtng” mov avoupé-
povv axpLB€oTeQEg TINYEC.

Avtiotoym pe g Kprjmmg emdva vrdpyer oty Kimpo, ®vping oto Kotplo, 6mov o cuvduaouds vopLopo-
TLXWV RO LOTOQIKAY OTOLYE IV TEOodLoEITEL OTL M oELopMLRY *HoTaoTEOEPN TS AuTtirrig Kimpov, mou odvjynoe ko
OtV PETOPOEA THG TEWTEVCOVOUS TG 0T0 Avatolxt tunpa tov Nnowov, oty Zalapiva €yive netoky tov té-
hovg tov 364 nan tov Zemrepfoiov Tov 365 p.X (6mwg vmodewwviovy ta vopliopato) kot tov 368 (drwg deiyxvouv
TOL LOTOQLRA OTOLYE(RL).

Ooov agopd ™ Afim, varexe yio xedvia dopdyn edv n Towtohitda xaw n Kvonvainyg eiyav Bvyel and
oelopd mei To 365, 6mmg vroonijoile o Di Vita (1995) 1 6y, 6rwg vrootjpile Bactopévog oe 6o xelpeva mtov
nepLrypdgpouy T Bonoxevtiry wrtopio s Bopewag Agpouriig o Leppeley (1984). Ta agyowohoywrd otouy el Tov
delyvouv wd ewdvo oelopniis xataotporis (dua pe avni tg Korfmg, ®aBdg now totopuxd %elpeva mov taQov-
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Zyjua 1: ZvoyErion otoudrov xatasteo@ijs o moAes s Avaroiixijc Meooyeiov xard tov 4° aidva p.X.
Hny1j: Stiros (2001), Zreigos et al. (2001).
Figure 1: Correlation of the destroyed layers of cities in the Eastern Mediterranean on the AD 4" century. Source:
Stiros (2001), Zreigog et al. (2001).

olacav ov Guidoboni et al. (1994) xow avagépovy oapas oelopd xatd Ty xpiown mepiodo, odnyolv oto ou-
WITEQOOPa GTL o ToL oA TS ALing doxpdomray oxAned mepl to 365 amd peydho oeloud.

O tAneoopies Yoo GAAES TEQLOXES, Y. netowtirt] EAAMASa, Ioganh, Zunelia eivor axdpun md acogels,
RO EVO QOIVETAL GTL OL TEQLOYES AVTEG, WLaitepa 1 [Tehondvvnoog emppedotnxay o xdmoto fabud and to
OeLoUd autd, T0 PEYEBOS TV RATAOTROPWY Ba oy meQLopLouévo. Ewdird yia to Avyaio, gaivetal 6t o O€t-
opdg parhov dev ametéheoe onpavino TEAPANU, evd ard Tov 1tourd Zaauo (5.6.2) mpoodlopiletol oapug
ot n Abva dev vtéom xopplo onuavuxy BAapn. Téhog, o pftopas Aidviog meguhapfdver xan ) Méon
AvatoMj OTLS TEQLOXES TOU JOXUAOTNRAY ATTO TO CELOUG TNG TEQLOOOU EXEIVNG, OALA TEOPAVHS ENTOQIXA
avopyviel 1o oetopd tov 365 pe 1o yvootd oewopd g 18-19 Maiov 363 g Iakatotivng (Guidoboni et al.,
1994).

H otvoym twv amoteheopdtov outwv oto Zyfipo 1 xabiotd cagés 6t oe €va xeovikd dtdomuo Alywv to
TTOAD ETWV ONUAVTLROL OELOROL TQORAAECOV RATACTQOPES XWELS TTEONyoUuevo oty Avatolxy Meadyelo.

To Baord epddmpa Tou TBETAL ETOUEVIDG EIVAL AV OL CELOMRES RATACTROPES auteg (vuping Korjmg, Ku-
meov xat Aung), xabug xan to Toouvvdu Tov Aéhta Tov Nethou (2y.2) urogovv va arodoBovv o €va koL 10
QUTG YEYOVAG, 1] OUVLOTOUY QITOTEAEOUATA OLAPOQETIXDV TELOUWY.

\ ;
Lo ]

KU#Tpog
AéAta ’
T K NeiAou ‘
N AIBON A

“
T

Zynpa 2: Zeiopunss xaraoreoges oe Korjty, Aifvn, Kvmgo, xat toovvdut Tov AéAta tov Neidov oto tédog Tov
4" audva u.X. (Stiros and Papageorgiou, in press).
Figure 2: Seismic catastrophe in Crete, Libya, Cyprus and the tsunami of Nile Delta in the end of the 4" AD
century (Stiros and Papageorgiou, in press ).
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Aopoalog 1 amdvinon oto gpdTuae avtd dev elval evroln. Opmg, motevovpe 6Tl TAQATL 1) TEQITTWOT
TOMOTADY CELOPARDY YEYOVOTOV OF TUVTOUO XEOoVird dtdotnua, €vOELEN Yo TV omolo TaEEYOVY YEWAOYLRA
%o LotoEwrd. otovyeia (Pirazzoli et al., 1996; Stiros, 2001) 1j yeyovétwy pog eviaiog oewomxrig axorovbiog dev
UTOQEL VO ATTOXAELOTEL, TOL VITAQYXOVTQ LOTOQLXG KO OQYALOACYIXA OTOLYEID ETUTOETOVV LA RATOPATIXY Q-
VN0, OIS AVOAIETOL KOL OF ETOPEVY TodYEapo. O Adyol eivan dvo:

[Ioditov, o ayaies mNyEe, mOQA To OPAARATA OTN XQOVOAGYNON TOU OELOHOU, KVQIWS OO PETAYEVEDTE-
QOVG LOTOELROUG, WAOUV OOpAS YL €VOL RO POVOILKO OELOUG IOV OUYXAGVLIOE GAo Tov néopo (“terraemotu per
totum orbem facto, Migne, PL 27, 694), nau tov ontoiov n nuegopnvia ivar yvwotr t1600 and oxeddv ovyyoova
HEIUEVA, OO0 ROl QTG TOV E0QTACUS TWV YEVESTMV TOV YEYOVOTOS ETE TOVAAXLOTOV OVO QWWDVES.

Agttepov, cogprg o0 oglouds s Konmng ouvvdgetar cagpas pe To TO0UVAuL, ®oL ®OoTd TAoa mOavotnTa pue
UOVIRES UETOPOAES OXTAY, GIws TV outdovEon s Odhaaoag mtov tapatneeiton oty Kot (Hist. Eccles. 4,3,
Migne PG 67, 468).

3. TEQAOTI'TIKA ETOIXEIA

AeTTOPEQELS HOQEPOLOYLREGS, Prodoyirég, Inuatoroyirég avarlioels xabag xon mhiBog padioypovoroynoe-
v, €XOUV 0dNY10EL OTO TUUTEQAOUA TTwG aTO TELOG ToU 4% awddva 1. X. (370£52) exdnAdOnxe pio aviypman twv
oxTaV TV dutiroy Tupatog tg Kormg mov grdver ta 9m oto votiodutxd turjpa tov vnowov (Zyx.3, Thommeret
et al.,, 1981; Pirazzoli et al., 1982; Kelletat, 1991; Stiros, 1996).

H aviywon avt avapgpifora ouvdéetar pe oeond peydrov peyéBovg, dedopévou ot
(1) H aviypwon ovpgova ue godLopeToLrd otouxeio ouveRn oe pxed oxetird xpovird didompua (100-200 to

TOM XOGVIQL), EXTEIVETAL OF CUYREXQUUEVO X0 (Avtinii Kojtn zow Aviixibnoa, oe wijrog epimov 100km)

naw €xer petofAnTé evpog, 0-9m (Thommeret et al., 1981; Pirazzoli et al., 1982, Zx.3). Av AMgBei vtoyn o

yeyovdg on 1 dutixii Korjtn dev emippedleton amd 100otatind QovVEHEVO TETOLOS RATUOKAS KAl NQOLOTELR-

%A pavoueva, 1 aviypwon outy TEENEL aopalds va atodobel o oELOMKS YEYOVOS.

(2) AroMbBdpato evaiotnTwy BOAGOoLIWY HREOOQYAVIOU®Y oV Lovoav ®ovid ot otdBun g dkacoag Aiyo
7oLy 1o 365 (Bovdtwa i), BREOM®aV AORETE HETOA TAVW 0TS TNV ETMPAVELD TOV VEQOU, XwPig {xvn Sud-
Bowong g mahgeotaxs Ldvng (Thommeret et al., 1981). To gawvéuevo autd propei vo epunvevdel pévo
pe v voOeom evOg OELOPOU TOV TEOXRAGAECE peydhov evgous amdtoun avinpmon tov oxtdv (Laborel and
Laborel, 1994; Pirazzoli, 1996).
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" /v i ——
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Zyrua 3: Avoypouéves axtés s dvruajs Korjrns xar Tov Avrixvbijpav xatd rovg Pirazzoli et al. (1982).
Figure 3: Uplifted coasts of the western Crete and of Antikythira (Pirazzoli et. al., 1982).

4. TIPOZOMOIQXH XEIZMIKOY PHI'MATOZ ME BAZH TH 'EQAAITIKH ME®OAOAOI'TA

H péBodog mov eqpapudotnxe yio v eneEepyaoio Twv atoryelwv eivaw 1 “Aviiotpogr F'endoutindv Ztouyei-
wv”. H pébodog Pacitetar om Bempio tov “Elactizol Huuydeov” xow vrohoyilet TG HETAXVIOELS Tov dnpovp-
YyoUvTow OtV ETLPAVELD TOV £OGPOVS 0TS TN HRAON EVOS OTYUATOS UE CUYXEXQUUEVES TOQOUETQOVS (KOG, TTAG-
10¢, ®Aiom, dteviBuvom, ohicBnon). Mmopovv va tpooopolnfoly GAa ta £(01) ENYRATWOY OV CUVOVTHVTOL 0T QUoT)
dmhadij xavovixd, avdotpoga rol ifypato didTunong e v xotdhnin ewooaywoyn tapapétpwy (Okada, 1985).
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T va BeeBolv oL TaRAUETEOL TOU P1YUOTOS TTOU EXEL TQORAUAETEL TIG YVWOTES HETARWVIOELS TNG EMLPAVELOG
Tov £ddgpoug, doxtpdlovrar dLdpooa POVIEAD ONYUATOV %O OL UETORVIOELS TTOU TTQOXUITTOUY CUYRQIVOVTOL UE
TS TMOAYHOTKESG UETORWVHOELS. ‘OTtay BeEnTird VTOMOYIOUEVES ROL TIQOYUOTIKEG UETOXLVIOELG CUUTITTTOUY,
TGTE TO TEOCOUOLWUEVO PN BEmPEiton Ot TavTCeTOL e auTd oV TEordhece Tov eSetaldpevo oswops. H
Mo ouviiBwg dev elvan povadiny, ald emAEyETAL QUTI] TTOV ECVOIL CURPBOLTY UE TN LOQPOAOYICL RO TV TEXTOVL-
%1} ®A0e TEQLOYTNS. ME TOV TROTO AUTE PTTOQEL VO VTOAOYLOTOUY O UNYOVIOUGS YEVEONS OELOUWY KO OL TUQGUE-
TOOL OELOUAWY ONYUGTWV OF TEQUITWOELS YLX. TLS OTOLES T GELOPOAOYIKG dedopéva elvon aoagr, averoxn 1
O OVOTTOLOUTOL.

H mpooopoimon tov priyparog tov 365 faciotxe ot £ENg vnobéoeig:

1. Ov avvypioelg axtddv Kormg xaw Aviirudrpmy mov extynidnxay and tovg Thommeret et al. (1981) o
Pirazzoli et al. (1982) Bewpotvtar 6tL expEAlouv 0 YEVIRES YOOUUES T OEwoxy avipmon tov 365. H
vréBeon auty duxaohoyeltol amd To Yeyovos Ot dev €xel avapepBel xapupion onuaviiky petafolt| oxtdv
ot Avtery] Korjm petd tov 4o awddva (Stiros, 1996). @ewonBnxre 6t n Fatdog dev vreéom aviywon 1i fBom
%atd 10 ogLopd tov 365. To onpeio autd eEetdletan now o€ ETGPUEV TAQGEYQOPO. AUTA TOL OTOLYELD QTTOTE-
AoV nat tor povadind dedopévo EmPAVELORS TUQOUGOPOONG TOU YOENOLUOTOLONRAY L0t TV TTEOCOUO(-
won.

2. H oceopnri avinpoon cuvdéeton pe peyding rhiparag avdotgogpo priypa NA g Kovng, xatd wpixog tou
EAMvizot t6Eov. Tétowa priypata dev epgpavitovrol pev oty eTQAveLn, GITov ErQOTOUY OL EQEAKVOTIRES
dopég, oL omoieg Spwe amotehovv emdepunés doués. H vméBeon avni eivor ag'evog ovpufani pe oelopote-
rtovuxd otowyeio (Taymaz et al., 1990), a@etépov ¢ pe eEXTUNOELS EYRUOWY EQEVVNTAV GTL O OELOUGS TOU
365 ritav mbavdtata €vag oelopndg pécov Pabovg, pe péyebog M>8.0 oty meproyr s Korvtng (Ambraseys
et al.,, 1994; Papazachos and Papazachou, 1997).

3. Téhog, dev emyelNONUE Ta TQOTOUOLOVUEVA QIYROTA VO OUTOTEAOUV UIUNOT TWV ENYRETWV TTOU TEORV-
TTOVY QTG PNYOVIOROUS YEVEONG CELOUNV YLOT{ AUTOL OL UNYOVIOROL €XOUV TTOLRIAOUE O EVOG Uy avViopoUs
(Taymaz et al., 1990), eved dev Bempeitor avayraio va poldlouvv oL unXaviouol UXQV ®al HEYAAmY OtL-
oudiv. Ewdwdtepa ot Avtiri Kontn, ou peréteg aviymong axtoiv €xovv odnynoet oto ao@arés ovumépa-
opo 6t tew to 365 n meproxn emi 2500 meEmOU XEOVI UTOXELTO OF TOKTIKESG OELOWKES PBuBioels pxpov
gvpovs (Thommeret et al., 1981; Pirazzoli et al., 1982) mov vrodnAkvouv dpdon dLagopetiriv onypdTwvy.
Sy meeintwaon tov oelopoy tov 365 p.X. doxripdomrav didgopa HOVTEAR avAoTROPMY ENYUATOV KAl OL

OeWENTHES PETARLVIOELS TTOU OWTA TTROXAAOUV CUYXQION®RAV pE TIG TEayRaTRES netaxriviioels. Epappdomue

hoytopund mou xonowpomotet v Bewpia “Elaotinot Huydpov”, to RNGCHN (Feigl and Dupre, 1999). Avo

oTt0 A POVTEA TTOU JORLUACTNROV TEOOEYYILOUV 1XavOTOTLRd TO YEWAOYIXA OtoLxeia. O TOQAUETQOL TWV

dvo avtav pnypdtov gaivoviar otov ITivaxa 1.

Hivaxag 1: Ilagduergot v V0 ONYUATOY Ta OTTOiA TQOOEYYIGOVY TIS TAYATHONUEVES AVUYBOIELS TWV AXTOY.
Table 1: Fault parameters of the two models found to match the observed data.

MovtéAo ALedBuvon KAion B&bBog MAkog MNA&tog OAicOnon ZelOpLkA IcodUvauog

(°) (°) (km) (km) (km) (m) pomfi M, ogLopbdc
(dyne-cm) (My)
#1 271 , 45 100 120 135 20 9,72-10%® 8,7
#2 292,5 40 70 105 100 16 5,04-10% 8,5

T Tov vwohoylopd g oewounrs eomis M xat tov pueyéBoug M, tov woodivapou oelopol xenotpomonon-
xav ot axérovBou tomou(TTamatdayog, 1997):

o Zewomn gomri M =p A-u 6mov u=3-10" dyne'cm (uérgo drdTunong meTEWUGTWY), A ETPAVELQ OELOULXOY

Q1fypoTog xat u gelopxy ohioOnom.

e Méyebog M, woodivapov oewopod M, =0,6666"(logM -16).

Zta oynuota 4a xou 4 @oivovion To ETLQAVELOKRA (VN TOV ENYUdT®VY Tov poviélwv #1 now #2, eav oL
BEWENTRES PETAXLVIOELS TTOV TEOXAAOUV aivoviow oto oxriuato 5a xow 5B. Téhog, ota oxrjuato 6a xou 63
QAIVETOL 1) TEOOOQUOYY TV HOVTEAwY otig daBEoueg mapameroels (avipwon Korng xow Avixvbiomy xo-
1@ Thommeret et al. (1981) xou Pirazzoli et al. (1982).

“Orng poiveton ato .4, T0 fxvog Tov priyporog Beioxreton vorwoduuxd mg Korfmg o Eexwvd Aiyo ythdpetoa dutnd
g Fanidou AMdym g d€oueuang mwou avagpEpBnre maomdve (UGOEam PNOEVIXGV GELOIKEV TORAUOQPHTEWY OTO VoL
oT6). v eQiTTTwoT Tov LOVIEAOU# 1 cuoyetiCetou pe v wofadn xoprtiin Twv 3000 m vonodutixd g Korfmg.
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Zyriua 4: Empaveiaxd ixvos tov gifyuaros tov uovrélov#1(a) xar #2(B) (corvyuévny yoauur) xar 1oofabeic
xaumvies avd 1000m.
Figure 4: Surface trace of the fault of model#1 and #2(b) (dotted line) and 1000m bathymetric contours.
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Zxtiua 5: Ocogntinés ueraxivijocts mov mopoxaiei n dgdon Tov grfyuaros tov uovréov# 1 (a) xar #2(B) (o

HETQQ).
Figure 5: Calculated displacements (m)due to the fault of model#1(a) and #2(b).
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Zpjua 6: Hoayuatixés (ovvexijs yoauury) xar Bewontixés (eotvyuévn yoauuj) peraxivijosts mov mpoxaiel 1o
otfyua tov puovrélov#l1(a) xar #2(p).
Figure 6: Observed (solid line) and calculated (dotted line) displacements due to the fault of model#1(a) and
#2(b).
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5. ANAAYZH TQN AIIOTEAEEMATQN THZ ITIPOZOMOIQEHE

Mévo ta povtéha #1 o #2 mov avoliBnxay oty TEONYOUUEVN EVATNTO SIVOUV LXUVOTTOUNTLXA OTOTEAE-
oAt ooy BEWONTIXES KoL TOUYUOTIRES TLUES TWV HETAXLVOEWMY CLOYETICOVTION O peydho fabud (Zx.6). Ei-
dOTEQX, TO ATOTEAECUATA QTG TNV TTEOOOUOIWON AVACTEOQMY ONYRATOV pe ouviotdoa didtunong (strike-
slip), dev €dwoay 1rovomoNTIRA ATOTEAECUATO APOU OL OTTOKAIOELS TOV TAQUTNEON%aY O€ onuelo Tov ovato-
Mxov axpov g avipwong frav peydieg.

Kot ta dvo poviéha #1 xot #2 ixavomolovy toug faotrois teplooLopols mov tihevrol and T poeey xat To
uéyeBog e avipmong xat oL SLevBTVOELS TWV TEOTOUOLWUEVOV ONYUATOV EQXOVICL OF CUUPOVIC UE TLS dLEV-
Bivoeig mov €xovv o ERyuata tov eEMnvirot t6Eou ot mepuoy] NA mg Korjmg (Taymaz et. al., 1990) o
unyoviopovs oewoudv (Papazachos and Papazachou, 1997) alld xat ) ot tov vrofahdooiov avayiigov,
7o POvo oyetnd k€ amoxhioets (0,75-1m) wapoTnEovvioL OTo avatoM®d axeo g avipwons (Zx.6).

O aoxhioels ouTég Ba pmogovoay evxola va eEaielpBovv pe pd xatdAnin emioyr ovoTiuatog onyud-
TV (Y. ovotpa 3o oNYRATwv pue SLapoeTireég ®AlOELS 1| dU0 RAPAXOTOV ONYRATOV), 1] ETAOYT OYHOTOS
mov Ba tpoxarovoe rAmwoLa onpovTint petafoln axtwy ot F'aido. Opms, Ta VIEQYOVTH TEXTOVIXA RO OELOUO-
hoyurd otovyeia dev EMTEETOVY VO TROXWOENOEL RAVELS O€ TG00 Aemttouepeis vroBgoeis (Yo mtapdderypa, dev
WITOQEL ArOUY] VO, ATTOXAELOTEL M) TEQITTWON UEQLRES QUTO TLS TIUES AVHPWONG TTOV EXTLUT ONRAY VA ErPOALOVY TO
OVOOWEETIRG OOTEAECUO. TOU OELOUOU TOU 365 X0 VEWMTEQWY YEYOVAT®V), OL 0TTOlEG GAAMOTE LY onuacio
0o eiyav. EE dhhov, €pevveg TOU exTEAOUVTOL AUTS TOV ROUWQG OTNV TEQLOYT] EQEVVOS AVOPEVETAL VA dWOOVV
OTTAVINOT OTO EQWTNUO OV OVTWS OL axTES TN Faridov €xouv 1 Gy vmootel avipwon AGyw Tov ogLopoy tov 365,
RO axOpN xow Vo BEATLOOVY TV axpifela Tmv OESOUEVOV OTO OVOTOMA®O GXREO TNG TTEQLOYXNG OVUiPmONS TG
Kormg.

Ze »d0e meplmtwon, to dVO EMAEYUEVAL QNYRATOL EQUNVEVOUV LXAVOTIOMTIXA T OELOWXT avipwon g
Avtnric Kot xoau to uéyebog 1ou 0e1opot mov TROXAAECE RoTAOTEOWES O ®Aipoma Avatolxric Mecoyeiov.
TIGvTwg, moEd To YEYOVOS OTL Tt V0 HOVTEAN eV SLaPEQOUV ONUAVTLXA, TO Q1] YIC TO OTTOT0 *EIVETOL G TLOUVE-
TEQO VO TEOXAAECE TO OELOUS TOV 365 eival TO Nypua Tou poviéhov #1 ool autd CuoyeTiCeTarL O HeYGAO
Badus pe ™ popporoyia tov muBuEva g BAhacoag oty meQuoyY] (EWdrd pe v 1woPabr] xaputiin twv 3000m
NA mg Korjmg, Zx.4).

6. ENAL EIZMOZ ALYNHOIZTA MEI'AAOY MET'EOQOYZ

ATS TV avaAuon TOV YEWAOYRGY KO 0QYALOAOYIRWV OTOLYEIMV Ko Lo TNV ENEEEQYAOLO TWV OTOLYE(V
OV TEQLYQAPOUY TNV avipaom Twv axtdv g Kofjmg pe m uébodo g ehaotixis avdivong mooxvmtel GtL o
oelopds e 21" Iovhiov tov 365 ouvdEnxe mbavitota pe éva avdotpogo priypa dieiBuvong A-A xou pixovg
120km, NA g Korjtns. H ogiopunr} ot tov giiypnatog, yia oglopxy] ohionon 20m eivar MQ=9.72'1028 dyne'cm
7oV LoodUVOEL ue oeLopd pey€Bovg M=8.7.

“Eva. tétolo péye0og, TohMi Heyahiteo amd autd Twv YVOOTHY OELOUWDY TOV EAANVIZOU T6EOU 1o TG Avato-
Mg Meooyeiov pmopel vo dwoeL cogn amdvinom oto epdmua yio Told AGYo o oelouds tov 365 éywve Bptilog
%o YOt oL Yol CUYYQOQELS aoxoMiBnxay 1600 oA pati Tou kot yio T6oo pueydro xpovird didomua. To
aovviBlota peydho puéyeBog Tov oewopov pmogel, €€ GAAOU, Vo EQUNVEVOEL HOL TNV EXTAOT TG TAELOOELTTNG
Ldvng Tov ogLopot owtol, Grwg ouvdyetow and To opyaia xkefueva. H mheidoeiot avri Ldvn eppovitétay and
TLG AOYOLES TINYES LOLOITEQX TETAATUOUEVY), PE TTQOTIUNOLARY] XATEVBUVOT TWV CELOUHREV HUPATWV RATA P0G
Tov GEova ¢ Avatolunric Meooyeiov-oetomxés xataotgogés e Kimpo naw Apum, xan aviiBeta andofeon
TV OELTWAHWDY XUUGTOV OTO E0WTEQLXS TOV Aryaiov. O timog (pattern) autdg SLddoomg Twv OELOIKEY HURATWV
PAIVETAL VOL EIVOL YOQOHTNOLOTLXES TWV UEYGAWV OELOUDY TOU EAANVLXOT TGEOV, STTwG TEORVTTEL OTG TIS LOGOEL-
OTEC OXETMA TEOOPaTWV PeYdAwv oewopwv (Ms 7.0-7.5) g meproxris. Xapaxtmoiotnd, Aot autol oL OELopHot
o010 EMNVIXG TGEO Beiyvouy pia ®aTevbBuvTIHGTNTA TWV CELOWKROV KUUATOV TEOG TS AXTES TG AVATOARIG
Meooyelov raur €vrovn améofeon mpog v xveing EAAGda war to Avyalo (Sieberg, 1932; Papazachos and
Papazachou, 1997). To ovprépaopo avtd emPePaLdVeEL TNV GIOYN TTOV EXPEACTNRE TEONYOUPEVWS UE PBdom
EYOLOAOYLHA OTOLYED VIOl EVOL PEYANO OELOUS IOV eVBUVETOL YLO TIG XaTaoTtpopEs ot Ko, Kdmpo o Afin,
na mpogavas row ot NA TTehonévynoo.

Oogov agopd de 10 TooLVAM, VTo paivetal 6Tl mEorkdnze elte and 1o vroBuldcow piyua, elte moé
mboavd and vroBahdooio ratohiobnon mov mpoxrdieae o peydhog oewopds. Edv to toovvam autd pdhiota
®ratevfivOnre now mEog T Zikehiat 1 TNV AdQLaTiry, OIWE AOOQELS LOTOPWHES TANEOPOQEIES VITOdNAWVOLY, TC.
anmoteAéopatd Tov Ho HTay TG ONROVTLRA OTLG TEPLOYES CUTES OO CTd TOL B0V TOV OELONOY.

[IoémeL MAVTMS VoL TOVIOTEL GTL OL SIAOTATELS TOV QIYUATOC RAOMS Rat 1) YEMUETOW] 00| ®a T0 uéyeBog
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TOV OELOUOY QTOTEAOUV EAAXLOTES EXTLUNOELS, SLGTL OL VTOAOYLOROL PacifovTal OTIS YVWOTES OVUPHDOELS UGVO
g Koijtng xow toov Avoxudiomv xow ayvorifnrav dileg mbavég tentovirég mapopopnoets (my. F'avdov )
now vroBaddooieg). L 1o Adyo awtd dihwote eppaviCeton To Qriypa var €xeL ufixrog ol wxedTtepo amd avtd
wov extipnooav dAhol epevvnteg pe Pdon otatiotivd otoyeio (my. 240km, Papazachos, 1996).
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O TEIZTMOX THX (28" AEKEMBPIOY 1891) 99 JANOYAPIOY 1892 X TH AAPIXZA®
B. KOYEKOYNA'

ZYNOWH

Katd v mepiodo 1941-1980 €ywvav ot Oeoookic peydhor oelonol, oL 0mOlOL TEORAAECHY ONUAVTIKES
HATAOTQOPES OTLG TTOAELS %Ol TO XWELE TNG TEELoXTs. EEautiag g yéveons twv OELOR®OY autav 1 TEQLOXT XOQ0-
nenelomxe PETouag €mg VMg oelopndmras. AvilBgtng, ehdxlotes mTnyE avagépouy oelopxt] dEaoTnoLs-
™mTo otV TEQLOYY ®Katd 1o 19° cudva, pe AmOTELEOUN VO ROTOTAOOETOL OE YOUNAGTEQY HOTNYOQI0 TELOULRATY-
Tog yro v mepiodo avni. Emv magovoa egyaoia eEetdleTon 0 oelopds Tov 1892 tng Adoioag xau avaivovion
oL SLEPOPES TNYES TTOV TOV OVAPEQOVY, E OHOTO TNV CUCTUOTLRY ROTATAEN ®ow PEAETN TV TNYDY ouTdY Yio
™ dnovyia picg TANEEoTEENS ELRGVOS TV ATOTEAEOUATMY TOU GELOUOU KOl TOV TEOOOLOQLOUS TWV ECTLOXWDY
TOV TOQAPETOWV PE OUYXEOVvES TEXVInES. O Oelouds mpordheoe aEloonpueiwteg PAAReS ot AdoLoo oL puxQS-
TEQEG OTLS YUPM TTOAELS, EVED EYive cuoBNTOS péxoL T Oeooahoviny. O pUrQOCEIOIHES EVIAOELS TOV GELOROV
entuiBnxay péow g Evpwraintg xhiparas evidoswv (EMS-98) xou o1 mopduetpor tng eotiag (néyedog,
ETIREVTOO RO ETUREVTOLXY] EvIaom) vrwohoyiomrav pe ™ péBodo twv Gasperini et al. (1997, 1999).

EXTENDED ABSTRACT

During the period 1941-1980 Thessalia (Eastern Central Greece) experienced a series of strong earthquakes,
which caused damage to a large number of localities and to all its major towns. It is therefore characterized an
area of moderate-to-high seismicity. In fact, low-to-moderate seismic activity was also observed in the 19" cen-
tury, and there are a few sources reporting earthquakes in the area even in the centuries before. In the
present study a damaging earthquake in the late 19™ century is analyzed, in an effort to build up a detailed
picture of the event and its supporting data set and to estimate its parameters with recent techniques. The 1892
shock damaged Larissa, situated in central Thessalia, caused minor damage to a few surrounding towns and was
felt up to Thessaloniki to the north. The supporting datasets quoting the earthquake are evaluated according to
their sources. Two sources reporting the earthquake, not quoted in the existing studies, were also located. In
general, the earthquake effects are described in detail in two studies: one contemporary seismological compila-
tion and one seismological compilation 60 years later, both based on contemporary press reports.

The analysis is based on the original sources, contemporary to the earthquake. The macroseismic intensities
were assessed using the EMS-98 scale and the focal parameters (magnitude, epicentral coordinates, epicentral
intensity) were calculated using the Gasperini et al (1997, 1999) method. This method allows for the calculation
of earthquake parameters even for a limited number of macroseismic intensities, as in this case. The equivalent
moment magnitude of the earthquake and the oriented “box”, representing the surface projection of the
seismogenic fault, were computed through empirical relations. The equivalent moment magnitude was
calculated M =5.0, using two different empirical relations and the “boxer” technique, which takes into account
all the available macroseismic data. The epicentral intensity of the earthquake was assessed to be I =6-7 at
Larisa and the epicentre was located at a close distance (8 km NE of the town). This location has also been
proposed by Galanopoulos (1946), based on the assumption that the 1892 event originated from the same source
as the 1941 Larisa earthquake. The calculated length of the associated fault was too small to be correlated with
existing main tectonic features.

AEEZEIZ KAEIAIA: Adgioa (Beooahia), totopuxoi ogwopol, ¥hipoxo evidoewv EMS-98, uébodog “boxer”,

TUTOG %O TTOLOTNTA TNYDV LOTOQLRMDV OELOUGYV, ECTLOUES TTOQAUETQOL LOTOQUAWV OELOUWDV

KEY WORDS: Larisa (Thessaly), historical earthquakes, EMS-98, “boxer” method, source type and source
quality of historical earthquakes, focal parameters of historical earthquakes

* THE (DECEMBER 28TH, 1891) JANUARY 9TH, 1892 LARISA (CENTRAL GREECE) EARTHQUAKE
1. Topéag emgpuownrig & TewBeppuiag, Tprpa Fewhoyiag, EBvixd & Kamodiorproxd Mavemonjuo ABnvav, Iavemorudnoi, Zoyedgpov
157 84, Abrjva
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1. EIZAI'QT'H

H ogiopxn wotoia £vog Témov divel Ty eirova TS CELOMXGTNTOS TS EVQUTEQNS TEQLOXNG, KOl EXOUEVIS O
EVIOTLOUOS TOV QTOTEAEOUATWVY TOV LOTOQIXWY TELOUMY Oté 600 TO dUVATGV TEQLOTGTEQES TTNYES KOl PAQTUQIES
£(vouL QITOQOHTTOS YLEt TOV XUATUTEQO TTROTOLOQLOUS TWV ECTLAXRMDY TAQAUETQMWV TOV KL TY) CUUTAOWON TWV KOTaL-
LAYV OELOPGY, PE ATTWTEQO OTGYO TNV RAAITEQY EXTIUNOT) TG CELOMKIG ETURLVOUVOTNTOS TG TTEQLOYIG.

EE dMhov, 0 mpoadloptopds Tmv E0TLORMY TOQARETOWY TV LOTOQLAWDY CELOUMY Elval pic epmeLourr dtodi-
raoia, Grov yonowpomoovvrar néBodot, oL omoieg oe TOMES meQuTTIoeLs Bempotvion viroxepevinés (Cecic et
al., 1996). Katd 11 tehevtaies dexnaeties §Xouv yiver mpoondBeies yia T ovomponky eQaopoyri pebodoho-
YUV IOV TEOGOLOQRITOVY TIG TAQOUETOOUS TG00 TMV LOTOQLRMY, GO0 %ML TWV GELOPMY TOV ELXO0TOU oUWVa QItd
HOKQOOELOULRA dedopéva. ZTg TEXVIRES AUTES 1 avdAvom PaoiCeton eite OTIG LWGOELOTES TV 0oV (Shebalin
1973), eire ong oelouxég EVIAOELS wg pepovopéva onpeia (Suhadole et al. 1988, Kovorovvd 1991, Kouskouna
et al. 1996, Gasperini et al. 1997, 1999). Me ) devtepn texvirn elvan duvor| 1 exXpeTdAAEVON TOU CUVGAOU TV
UOHQOOELOUHRGY TAQUTNENOEWY, AANG Rl O TROOILOQLOUGS TOV TOQAUETMY CELOUAMY OV SLOBETOVY TEQLOQL-
OpUEVO aQLBNG NaKQOTELOWHRAV dESOPEVOIV.

H nteproxn g Oeooahiog xouw etdndtepa 0 Bohog ral ) AdQLOo £X0UV XOQAXTOLOTEL 0G TEQLOYES HETOLOG
£mg VPNMIS CELOIAGTNTOG ®ATA TOV E1100TS auveL. Ot oNpavTivGTEQOL OELOWOL OV EmAnEaty TV TTEQLOYXY] EfvaiL
0 oeopds tg Adotoag (1 Magtiov 1941), to enixevipo tov omoiov 1jrav Alyo yudpetoo BA g Adouoog, o
oeLopds Twv Zopddwv (30 Ampihiov 1954), s Mayvnoiog (19 Amouhiov 1955), n oeopxii €Eapon tov 1957 (8
Mogtiov), n omoia €ixe WG CUVETELD ONUAVTLXES ROTAOTQOYES 0TV TGAN Tov BShou xau ou oewopol tov Béhov-
AMwpo (9 Iovhiov 1980). Anté to 19° andiva ov TAnEooieg yua T GELOWLXT] Lotoela T AGQLOOS HOL YEVIRG-
teQa ™S Ocooahiog eivanr Myootés. Ol meQuynTés mov TEQAOAV XaTd ROV amd TV TEAN AvagEQouv OTL
yivovtay awofnrol torhoi oelopoi, peurol amé tovg omoiovg mpoxrarovoay PAGSES.

Zmv magovoa epyacio eEetdletan €vag LOToQRGS OELOUGS Tov TRoxdAeoe PAABES oty meQLoxy g AdoL-
oag to 1892, yio Tov 0mwoio oL INYES TAEEYOUY ONUAVTLXA OTOLYED YLOL TNV EXTIUNON TNG HOHQOOELOULRYIS EVTa-
ong, aAhd o purEo aoLBud témmv. O OELOUSS QUTOG EIVOL YOQAKTNOLOTLXOS YLOL TNV ELXGVA TNG CELOPLKRNG LOTO-
olog ™mg Adouoag ratd to 190 auwva.

T'io ToV TEOOBLOQLOUG TMWV TAQAUETOWY TOV TELOUOY (CUVTETAYUEVES ETUREVTQOU R PEYEDOGS) EPaOUSOTY-
%€ 1 néBodog Twv Gasperini et al. (1997, 1999), pe T 10N EUTELQRGY OXETEWV TTOV OUVEEOVY TO pPéyeBog
omNg pe T PEYLoT) 1 EmXEVTOKY] €vtaon ko GAAWV ov divouv To uiirog %o To TAGTOS TG TEOPBOANS TOV
OELOUOYSGVOU QN YUATOS OTNV ETLPAVELQL.

2. AEAOMENA
2.1. Ou Tnyés Tov octouov

T v mhjon eneEepyaoio evag LOTOELXOU OELOPOU OL OUYXQOVES TAOELS divouy Wiaitepn Pagimta otig
UEAETES TTOV TOV AVAPEQOUY KO TTEQLYQAPOUV T AOTELEOPOTE TOV. Me Tnv aELohdynom %o rotdragn twv pele-
TGV QUTHY OE RATNYOQE(ES, OVANOYQ UE TO TEQLEYOUEVO KO THV TTOLGTNTA TWV YWDV, OTLS OTOLES KO OWTES OL (DLeg
omoiCovtat, ETLTUYYGVETOL 1) AVOXATOOKEVY TNG ELXOVAS TOU OELOROT OTt6 TLG TIQWTAQYIXES TINYES KO ATTOPEVYO-
VIO OL GTTOLEG TQOTOTOLOELS TTOV TOAVEV vaL €XOVV ETLPEQREL OL ®oTd ®ouQoUs pehettés (Albini et al. 1996).

O 0elopdg TEQLAAUPAVETOL O TUYYQOVOUS HOTOAGYOUS OELOUMY TTOU dIVOUV TQOAUETQOVS, MM ®xaL OF
UOVOYQAQIES GELTUOAOYLXOU 1] LOTOQLROU TTEQLEYOUEVOV, TOV OVAQEQOVTOL 0T TELOULXY LoToRia TG Otaoahiag
HOL TWV YOO TEQLOYMWY 1] OTN) CELOPLRY] LOTOQIO TNG CUYKERQLUEVNG ETTOYIG.

2.1.1 Zvyypovor magaucroixol xardloyot oelouav

O oewopdg Tou 1892 avagépetan oToug g TAUQAUETOIROUS RATAMSYOUG:

—_

Shebalin et al., 1974: 1892 Jan. 9 06 15 39** 22" I =8 r=130 km

2. Karnik, 1971: 1892 Jan 9, 06"15™, 39%*°N, 22'*°E, h=n, R.26a, I,=VIII, r=130 km (GG), I,=VII to VIII
(GGK), I,=VII (GGC), P=50,000km*, M=5.5 (GGE). At Larisa several houses collapsed and the others
were seriously injured (large fissures, walls or roofs thrown down), at Tyrnavos and Agya some walls were
fissured and some roofs damaged, felt at Kazaklar, Skiathos, Skopelos and Thessaloniki. An aftershock
on Jan. 11, 07", damaged houses at Larisa.

3. Galanopoulos, 1960: 1892 Jan. 9 6"* 39°%‘N 22°"’E n VIIL Larissa (Thessaly) r, =130 km. A strong after-

shock on January 11, 1892. C. Mitzopoulos (1892), A. Galanopoulos (1950, 1953).
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Ilivaxag 1: Ta amoreiéopatra g oetouixjs axolovbiag Ttov 1892 xai o1 TNyés amo omov aviAdybnxay ot TIANQoQogics
Table 1: The effects of the 1892 earthquake sequence and its supporting sources

Hp/via | Qpa Ténog Anoteléopata nnyég
1892 05 00 | Aé&pLoa Auvatdg oegLopda "EnLBedpnon"
Iav. 3 ap. 350
1892 10 40 | A&pLoa oAU duvatdg oelopdg mnou mnpokdisoe | "Aotu" ap. 385
Iov. 5 1pbdpo. AxoAlouBnos Pountd. Eviaon 5, | "Epnuepic" oap.
SL&preLa 5 sec 360
1892 04 00 | AyL& "TlaAtyyeveoia"
Iav. 9 TUpvapog | Auvatdg oelopdg ap. 8361
Nap Loa Mitzopoulos
1892 06 00 |[Ay.& "o Ltyyeveoia"
Iav. 9 TUpvapog | Auvatdg oeLopdg ap. 8361
Né&p Loa Mitzopoulos
1892 08 15 | A&apLoa Ta mneplLocdiepa onitia eixav pwypéc | "AkpdmoALg"
Iov. 9 KoL peEpLxd xotootipdenkov pepLxkdg. H | ap. 3572-3583
otéyn 1ou JdLdaockaAeiou émece xkal n | "Koaipol" ap.
voTLa mAeupd Tng napouvciococe pwypéc. | 1083-1098
Sto dnupopxeio oL &Uo toixolL mpog to | "Mpwia" ap.
véto KATXOT PAPNKAV EVIENDG. %to | 3924-3934
noAld  TOUPKLKO  TOAXTL ot toixot | "Epnueplic”™ op.
eixav poypég, O6An n vétia mAeupd Tou | 360-364
Kol ol ditmhavol Toixol kataotpdenkav [ "Néa EniOedpn-
EVTIEADNG. ZTO0 OTpATLWTLKO voookoueio | oitg" ap. 1-9
éneocav kepapidia oamd 1n otéyn, mnou | "MoAiyyeveoia"
katoax&Onoe. ‘Evraon: 7, dl&pkeia 5| ap. 8361-8372
sec, ddvnon BA-NA "En.6edpnoig"
TOpvaBoc | MoAAéc PBA&Beg. 'OAoL oL tolxoL otig | ap. 350-351
peydiec TOUPKLKEG QUAGKEC gixov | "Xpdvog" ap.
pwYHEG. Ga mpémel vo fneoov PeEPLKEC | 84
otéyec. Eviaon: 6.5 "Aotu" oap. 389
Ay L& Mepik& onitia eiyxav poypéc. Evioon: | Mitzopoulos
6 1892
Kalaxidp [ ALodntég and Shoug. IpoxdAece tpduo.
Evtaon: 5. Advnon A-A.
Ik 1&6o¢ AiLobntoég
ZxémeAoc | ALobntég
®ego/vixkn | ALoBntog
BoéAog Aev éyLve oLoBnidg
1892 09 30 | hNaplLoa Kot &AaAeg BA&Becg
Iav. 11 TUpvapBoc | Kot &AXeg BAGRecg
Ay L& KoL &ANec BA&Recg
Ixémelog | AitoBntoédc
Sk L1&Bo¢ ALoBnté¢c
1892 02 00 | AdpLoa AcBevAg. AlGprela 5 sec "MTaAtyyeveoia"
Iov. 20 Lx1&00¢ AcOevic. Advnon A-A ap. 8372
Lxéneloc | Acbevhgc. Advnon A-A "Néa Eenuepic"
ap. 9
"En.6edpnoig"
ap. 9
1892 04 00 | A&plLoa AL&volEn 1wV peypdv. H ddé6vnon auth | "Actu" ap. 389
Iav. 20 sxL1&bog Htav n oydon og ditdotnua 30 nuepdv.
Ixénelog | ALdpkeLa 8 sec
1892 08 00 | N&pLoa AcOevicg, Bpoaxeiog didpkerog
Iav. 20 Ik 1&6o¢ AcBevrhc
TxkoéneAog | AoBevhc
1892 16 00 | A&pLoa ApxeT& Loxupdg, KATaKOPUPOG,
dep. 17 SLépreLa 4 sec
1892 Nép Loa AcBevnc "Néx Eenuepicg"
Mop. ap. 60
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O mny€g twv Shebalin et al. (1974) eivon ov ratdhoyor Twv Karnik (1971) xau Drakopoulos & Delibasis
(1972). O Karnik (1971) pe ) ogpd tov Paociomre oe natardyovs (Galanopoulos 1960, 1965, 1966) nau o€
uehéteg oelopoloyiroy mepieyouévou (Galanopoulos 1953). Téhog, o Galanopoulos (1960) maaméumel mah
oe pehéteg oeloporoyxot mepLexouévov (Mitzopoulos 1892, Galanopoulos 1950, 1953).

2.1.2 MeA€reg 0e1010A0YI120U TEQLEYOUEVOV

OL peléteg OELOPOLOYIHOYU TEQLEXOUEVOU TTOV TROOVOPEQONXaY Sivouy pe AETTONEQELD TOL TOTEAECLOTOL
TOV OELOPOU xaw oteifovion oe abnvairés egnuepides:

1. Galanopoulos 1953: Zmotlopuevog oe abnvairés epnuepides, mepryodpel pe AETTOPEQELR OAN TN CELOULXY]
axohovBio xou to amoteléopata ovnis (nivaxog 1). Eniong vohoyiter g evidoels tov oelopol oe xdbe
t6mo otn dexafdbua xhipaxa Rossi-Forel. ITapatmoeel 6t ov BAaBeg dev opeilovian pGvo otov ®ULo OEL-
opd, MG %Ol OTOUG HETAOELOROUS TOV, ®VEiwg o’ owtov Tng 11" Iavovapiov. Ou BAdPes oty Ayid xow Tov
Togvafo firav yevird purdtepes o autég oty Adproa. I'ia to Adyo autd to entxevtoo g axolovBiog Bo
mEEmeL va elvan xovtd oty oAy ¢ Adouoag. Eniong €yl petatoéet Tig nHeQOpNVIES TOU avapEQOUV oL
egnueQides and 1o TovMavs NUeEQOAGYLO OV (OYVE TV ETOYY TOV OELOPUOY OTO oxvov ofjuepa FonyopLavd.

2. Mitzopoulos 1892: Q¢ ovyy00ovog, TaaOETEL dIKES TOU PAQTUQIES, HVQIMG YLOt TOVG TTQOOELOUOUS KO TOV
%xUQLO OELOPG %o TaQamépmeL oe egnuepida. Tig meprypapés Tov divel o Galanopoulos (1953), mapaheimo-
VTG OQLOPEVES TEQLYQAWES OV TBAVEV BedENoe viTeQBoMrES, OMS: “...0L YUVOIrES ETREXAY OOV TOEAES
ue tao moudd oty ayxohd toug, pwvdtovrag pondewa. Exelvol, mov feioxoviav otovg dodpovs, aroddven-
xav gt Lo, oav va rjitav péoa ot Bdhacoon 1 oav peBuopévol, xor téhog dev ritav Alyol owtoi tov €xecay
oto €80pog...”. AvagEpeL 6TL 0 OELOpOg dev elye Bvpara.

Eav 1 €pevva yia 1o oelopd tov 1892 otaparovos oto onueio autd, ta dedopéva urogotv va Bewenbouvv
IXQVOTIOLNTIXG. YLOL TOV TTQOOOLOQLOUS TWV TOQOUETEMV Tov. Emeldr], Spmg, ®otd v mapovoo £pguvo. eviomi-
oYV ®ot GAAES PEAETES TTOV AVAPEQOVTAL OTO OELOUS QUTO, XWEIS Vo EXEL WG TWEA YIVEL AVOPOQd TOVUS OF
RATAAGYOUG 1] HEAETES OELOPOAOYLROU TEQLEXOUEVOV, TA TROUVOYEQOEVTA oToLXeio emfefatdvovran xow ov-
UTANQWVOVTOL UE OUTES.

2.1.3 Néeg myyés

1. Galanopoulos 1946: ITopaBéteL oUyxQLoM Tov oeLopoy Tou 1892 pe avtév tov 1941 xow xaraljyel 1L oL o
oelopoi pdrhov Eogpyovtal and Tov idLo eaTaxd XwEo xon Ba TEETEL va el TV (dia emuxevTourr] €via-
on ot Adguoa, dedopévou 1 o Boufapdiopds Tav I'eppavdy, Tov elxe mponynOel, eiyxe RaTOTOVIOEL TO
ATHOLOL TNG TTOANG, TA OTO{0L EQEITWOE O OELOUGG.

2. THomaindvvov 1981: ITapaBétel ovtovoLeg TG TEQLYQOPES s TV Tomuxy) egnuepida “ZdAmyya” tg emo-
xic. H mimyd avni Bewpeltan wg 1 whéov aEiémotn, dedopévov 6t oL TeQLyQapés Tng TEOEQXovTaL amnd
oUTOTTES PAQTUEES. XaQOXUTNELOTIXRG Elvar GTL OAES OL TEQLYQAPES TS EPNUEQIdOS QTS neTopEtnray
otov afnvaixé Timo xow and exel otov Galanopoulos (1953). “Erol emBefanddvovian ta diabéopa yia to
oewopud orouxeia. Exiong avagpeépel 6t dévnon €ywve owoBnmi oe 6An ) Oeocahio.

2.1.4 A&oddynon Tov Tnydv

H perém Shwv tov nagomdve anydv €deiEe 6t o Galanopoulos (1953) weprypdget txavoromnxd To oUvo-
Ao Twv amoteleopdrav g oelouLrtis axohovBiog Tov 1892 (mivaxag 1), ondte 1 exTiPNON TG POKQOCELOWXIG
€vtaong 0o omeuBel ot perétn avmi.

Avogoourd pue ™v aElohdynar g, 1 teoavageeioa pehét ratatdooetal otig TnyEs Timov 1A (Albini
et al. 1996), dnhadn medrertal Yo ogloporoyxy] uehéty wov omeileton 08 peydho aLBUs TEWTOYEVAY TNYDV
(OUyyOovVWV TOU CELOUOV) KOl ETIONG TAQEXEL EXTIUNCT TNG ROXQOTELOMXAIS EVIOONG OF TEQLOOOTEQOVS TOV
€VOg TOmOUG.

3. ANAAYEZH TQN AEAOMENQN

3.1 Exviunon s uaxgoociouixijs Evraons

T my extipnom mg poxgooelourrg Eviaomg xonotpomounifnxe 1 Evpmmaini ®AUomo poxQOCEWOMAMV EVIG-
oewv EMS-98 (Grdnthal 1998), omv omoia yivetaw diaitepn pveia yo mv eneEepyaoion TV LOTOQXEY OELOUGDY.
Zmv xAipoxra ovni Wiaitego pdho maler N tewtdmta ™M *dOe rotaonevis. “Etot, yuo my extipnon mg éviaong
£vG¢ LOTOQIHOU OELOROY Ot £va TOTO, eivar Xotun 1 Voo twv ouvBnrdy ddunong xatd v eEetalépevn emoy.
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Two ToV TEOT0 OV €lval RTLOREVA TaL OTTiTLAL TNS AGQLOAS YIVETOL Avamoed oty epnuepido Twv ABnvav
“Audv”, ar’émov pobaivovpe 6t To 1881 “... Av owion Tng TGAems Aapiong ELOT HOVIQEOQPOL RO Ol TAELTTAL EX
Evhotoiyxou (ttand) nvég ex mAvBwv xaw ohyootal MBoxtotar...” (Manaiwdvvov 1980). H meprypapn avt
RATATAOOEL T ®TOLAL TNG AGQOLOCOS 0TV ®oTnyoRio towtdtntas A, dniadij oty xatmyopia pe ™ peyoritepn
TOWTSTNTA, CUMPOVA UE TV rAlpaxre EMS-98.

Skopelos

ST Ty

Zyriua 1: Karavourj Twv evrdoewy Tov ocouov tov 1892. To emixevrgo Tov oe10u0U ovufolileTat pue TeTodywvo.
Figure 1: Intensity distribution of the 1892 earthquake. The square represents the calculated epicentre.

An6 tov mivora 1 tpoxintel 61l 0 oelopds tpoxdieoe PAaBeg oty Adoioa, Tov Tipvafo, v Ayid xow To
Kalaxhdg, §yive awobntég ot Exudbo, ) Zxémeho xow 1 Beocarovinng xal dev €yiwve awontog oto Bho.

O\ Brapes otn Adoroa fitav aEoonpeintes, ahhd mbavitota cneevTirés, MMAad avILTQOCWTEU-0UV TO
OTOTELETUA TOV XVQIOU OELOUOU %Ol TWV HETAOELOUWDY TOV. Zopugmva pue Ty x®hipaxa EMS-98, n évraon om
Adpioa 1itav fabpoit 6-7, dMnhady pnétoies Emg aEloon-peiwteg PAdPes oto meQLOOGTEQO XTjOLL RO COPAQES
£wg mohv oofoés PAaPeg oe Alya. Ztov Tipgvafo molhd xujora Emabay ehagpeés PAaPeg xow AMya UETOLES Emg
aEroonueiwres, MMiadi n €viaon ritav 6. Zmv Ayud ov BAARES 1itav eAapeEg o8 pepLrd onitia, OGTE 1 £viaom
frav 5-6. To Kaloxhd eivor o onueptvog Apmehdv, 6rtov o oelopnds dev mpo-rdieoe BAaPeg, ahhd €yive arobn-
165 a6 Ghovg, dAadr| elxe €vraon 4-5. ) Zudbo o Zxomero o oelouds £yive auobn-1dg, ot Oeocarovinn
uéhg tov ouoBavinrayv, eved oto Bého o oewopdg dev €ywve awobntdg (oxnpa 1).

Agdopévouv 6t 0 Galanopoulos (1953) divel evrdoeig oty xhipoxa RF, €ywve petatpomi toug oty kAipaxo
EMS-98 »ou pe yoaguer né6odo. Ot eVIdoELS TTOU VTOAOYIOTNXAV e OUTO TOV TEOTO Eivan (OLEG PE QUTES OV
TEOOBLOELOTNRAY OIS TNV TEQLYQOPY] TV atoTeLeoudTOV. AUTO delyvel GTL VITAQYEL duVATATNTA HETATOOIG
TOV EVIAoE®V s ™) pia xAipaxa oty dAAY, We OXOTG TNV OUOYEVOTTOMNOY TWV HOXQOCELOULRWY dedopEvay.

3.2 IgoodiogLopuds TOV CELGUIXGY TAQAUETOWY

T'wo ToV TEOTBLOPLOUS TWV TOQAUETRWY TOV OELOUOY EYLVE EQOEUOYN TNg Tex Vg “boxer” (Gasperini et al.
1997, 1999), otv onoia yiveton X01i0N AV TV SLBECLUWV PORQOCELOUADY SEOOUEVOV YL TOV UTTOAOYLONUG
TWV OUVIETAYREVWV TOU ETUKREVIQOV, TOU PeYEOOUS QOTNGS o TG TEOPOMIS OTNV ETLPAVELL TOU OVTIOTOLYOU
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oewopoysdvou priypatos. H péBodog BaoiCetar oto yeyovig 6t m dieviBuvon tov Qffyrotog omelxoviCetor om
devBuvom g TAELOOELOTNG TEQLOYNG %O OTO GTL 1] GELOPLRY] TINYY UTOQEL Vo teQLyQapel omtd Eva 0pBoydvio,
TO WjX0g KL TO TAATOG TOU 0T0l0V VIToLoYLovTaL amd To Wwoduvauo uéyedog pomrc. Ta otouyeio £106d0v glval
Ol UOXQOCELOULIKES EVIAOELS 1O OL OUVIETAYUEVES TWV TOTWY, OTOVS 0Tt0lovs avagpeépovtat. I'ia vo XonoLpomot-
nBolv Sha ta paxgooelownd dedopéva amd vdbe oeloud, Aappdvovron vtdyn or oyfoels eEacBEvnong Twv
UOXQOCELOWIXMV EVIAOEWY pe TV amdotaon arnd v eotio. H uébodog “boxer” vmoloyiCel ot agynv to emi-
AEVTQO TOV OELOROY, WG TO REVTQO BAQOVE TS TEQLOYHS OTOU TOQATNENONKAY TC TTLO EVIOVOL ATTOTEAEUALTOL TOV
OELoNO.

Znv tapovon QYoo VITOAOY{OTRAY OL SLUOTACELS TOU PYYHOTOS OTtd TIS aVTIoTOLES OYEOELS Twv Wells
& Coppersmith (1993)

log, (L) = -2.44 + 0.59M 1)

log, (W) = -1.01 + 0.32M )
non oo avtég Twv Papazachos (1989)

log (L) = -1.85 + 0.51M 3)

log (W) = -0.13 + 0.19M 4)
To wodivvapo péyebog pomic vrohoyiomxe amé tn oxéon twv Hanks & Kanamori (1979),

M,, = 2.768 + 0.35841, 5)
twv Papazachos & Papaioannou (1997)

M,, = 0.7 + 0.65I, (6)
now oo ) oxéon twv Gasperini et al. (1997)

M,, = a + bl + clog’(A)) (7

6mov I elvar n péyrom q emxeviour €viaon xaw A, 1 empdaveln ¥xhov axtivag R, mov aviotouxel og
évraon 1. H axtiva R vrohoyiCeton wg 0 pé0og 600G TV 0mooTAoEmY TOU HOXQOOELOWHOU EMXEVTQOV aTtd
#G0e 16mo mov eiye €vraon I I »dOe Ty évraong vroroyiletou n péon axtiva R, xardmv 1 aviiotoyn
empdvela A xau té€hog o péyebog M. Tehud, 1o 1oodivapo péyebog gomig o oxgom (7) eivor o p€cog 6og
TV Tdv M. O ouvteheotés a, b, ¢ expodfouv to pargooeioxd medio. Tmv magovoa epyacia Eywve xriom
TOV CUVIEAEOTHV OV €x0VV VIohoyLotel and toug Gasperini et al. (1997) yia tyv xevrowny Itahic, dedousvou
OTL Ol HOXQOOELOPIKES EVIAOELS OTNV TEQLOXY CUTH| el OTOV EMANVIXG Yo eEaoBovv pe Tov idio todmo (Tuav-
vaxomoviog 2001).
Ta amoteAéopota. ™G EQPUQUOYNS TS TaQOTdvew peBGdov magovotdioviar otov mivaxa 2. Zto oxrfua 1
£xeL TomoBeBel TO ENiREVTOO TOV VTOAOYIOTNX®E, TO OMOLO €lvau TOAY ®OVTA otV TGAN T AdpLoag, xabwg
AOL 1) XOTAVOUY TWV EVIAOEWY TOU OELOPOV.

ITivaxag 2: Ilagducroot mov voAoyioryxay yia 1o ocoud s Adgioag tov 1892
Table 2: Calculated parameters of the 1892 Larisa earthquake

MéyeBoG ponng My 5.095 (Hanks & Kanamori 1979)
4,925 (Papazachos & Papaioannou 1997)
4,97+0.48 (Gasperini et al. 1997)
EmtkevipLlky éviaon I 6.5
Enixevipo 39.7125IN, 2Z.458B51E
MAKOG PHYHATOC 4.8 km (Papazachos 1989)
3.1 km (Wells & Coppersmith 1993)
[IA&TOG PHYHATOG 6.5 km (Papazachos 1989)
3.8 km (Wells & Coppersmith 1993)
AJipoUbLo phypatog 82 + 41.2 (Gasperini et al. 1997)

4. LYMIIEPAXMATA

O oewopdg mg 9™ Iavovapiov 1892 ot AdpLoa eival LXAVOTONTIXA TEXUNOLWUEVOS PE ONUOVTLXG aLBUS
TNYWOV TNG ETOYNG ROL OL PAKQOCELTULLES TOQATNONOELS TOOEQYOVTAL At o1t Tomovs. H péylom 1 emnevol-
%1} €vtaon Tov oewopov oy fabpov 6-7 om Adpioa, fdoet g xhipoxag EMS-98. To enixevtpo tov ogiopov
vrohoyiomxe 8 km BBA g Adpioag, eved ou Shebalin et al. (1974) now Karnik (1971) 1o tomoBetovv BA g
TOANG, neta&v Adproag zow TvpvdBov. Tn B€om, Suwg, TOV VTOAOYIOTNXE OTNV TAQOVON QYOO EUYE QOYLXRA
mpoteivel 0 Galanopoulos (1946), dexouevog 6t n eotia Tov oelopov Tov 1892 eivar idia pe avni Tov oeELoUOY
™ Adpioag Tov 1941 (xovtd oto xwewd Maxrguymot, tov €xel ouvietaypéveg 39.8°IN, 22.48°1E).
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IMapd tov TEELOQLOUEVO aELORG PAREOOELOUXRWY dedoUEVMDY, TO LO0dUVANO UEYEDOS QOTTNG TOV OELOUOT
OV VTTOAOYIOTXE OT0 TS ARTIVES TV JLAPOQETIRAV Pabuciv Evtaong elvar og oA ®oMj ouppwvic ue autd
7oV vmohoyiomxe amd T oxEon peYEBOVS - PEYLOTNS EVIaoNS TOV LoYUEL YLt TOV EAANVIXG xodpo (Papazachos &
Papaioannou 1997), oArd nou pe 1o pé€yebog mov mpoxrvmter amd t oxéon twv Hanks & Kanamori (1979). H un
apentéa Tumrn amoxion (0.48) ogelheton 0To PnEo aELBUS PORQOCELTURAY OESOUEVMV YLOL TOV VTTOAOYLOUS
TOV AXTIVOV SLopopeTindv Babudy éviaons. IlBavév to uéyebog ovtd va Bempeitar pdhhov puxpd oe axéon pe
™ UEYLOTN PLAKQOCELOWNY EVTAO, AAAG (OmS 0TS VO OQETAETOL OTO OTL O OELOUGS NTAV ETULPOVELORGS KO TTOAD
%OVTd OV oA TS AdQLOOG, 1) 0TO OTL oL TOTRES edapneég ouvBnreg érnauEav pdho omv €viaon 6-7 mov
oot ENONrE. Ol SLAOTACELS TOV GELOPOYGVOU Q1YRaTOg Eival TOAU wxQEg Yo va ouvdeBoiv pe ta xigLe
TEXTOVIXA {OLOOXTNOLOTLRA TG TTEQLOYNG.

ITpotelveron n eroorywyn:

a. Tou ®uplov oeLouoU OTOV XUTAAOYO LOTOQIMMY CELOHMY IE TIS EENS TOQAUETQOVC:

YEAR MO DA HR MI SITE LAT LON Io SC My

1892 01 09 08 15 (LT) Larisa 39.71 °N 22.46°E 6-7 EMS-98 5.0

B. ‘Olng g oelopriic axohovBias oty Bdon dedOUEVWV LARQOTELOIRWY EVIAOEWY pe To EENG oToLyEla:

1892 01 03 05 00 (LT) Larisa 39.633 22.417 F
1892 01 05 10 40 (LT) Larisa 39.633 22.417 5
1892 01 09 04 00 (LT) Aghia 39.717 22.767 F
1892 01 09 04 00 (LT) Tyrnavos 39.750 22.283 F
1892 01 09 04 00 (LT) Larisa 39.633 22.417 F
1892 01 09 06 00 (LT) Aghia 39 . 717 22.767 F
1892 01 09 06 00 (LT) Tyrnavos 39.750 22.283 F
1892 01 09 06 00 (LT) Larisa 39.633 22.417 F
1892 01 09 08 15 (LT) Larisa 39.633 22.417 &7
1892 01 09 08 15 (LT) Tyrnavos 39.750 22.283 6
1892 01 09 08 15 (LT) Aghia 39.717 22.767 56
1892 01 09 08 15 (LT) Kazaklar/Ambelon 39.417 22.167 45
1892 01 09 08 15 (LT) Thessaloniki 40.633 22.933 F
1892 01 09 08 15 (LT) Skopelos 39.117 23.733 F
1892 01 09 08 15 (LT) Skiathos 39.167 23.483 F
1892 01 09 08 15 (LT) Volos 39.367 22.950 1
1892 01 11 09 30 (LT) Larisa 39.633 22.417 Da
1892 01 11 09 30 (LT) Aghia 39.717 22.767 Da
1822 01 11 09 30 (LT) Tyrnavos 39.750 22.283 Da
1892 01 11 09 30 (LT) Skopelos 39.117 23.733 F
1892 01 11 09 30 (LT) Skiathos 39.167 23.483 F
1892 01 20 02 00 (LT) Larisa 39.633 2.417 F
1892 01 20 02 00 (LT) Skopelos 39.117 23.733 F
1892 01 20 02 00 (LT) Skiathos 39.167 23.483 F
1892 01 20 04 00 (LT) Larisa 39.633 22.417 Da
1892 01 20 04 00 (LT) Skopelos 39.117 23.73 F
1892 01 20 04 00 (LT) Skiathos 39.167 23.483 F
1892 01 20 08 00 (LT) Larisa 39.633 22.417 F
1892 01 20 08 00 (LT) Skopelos 39.117 23.733 F
1892 01 20 08 00 (LT) Skiathos 39.167 23.483 F
1892 02 17 16 00 (LT) Larisa 39.633 22.417 F
1892 03 Larisa 39.633 22.417 F
1892 06 Larisa 39.633 22.417 F

Evyagiotieg
Ty Tpaypatomoinon g mapovoag pehétng ouvéfake owovourd 1o EBvirs xaw Kamodiotproxd Mave-
motjuo Adnvaov, péom g Toappoareiog Entpomis Epgsuvav (Ewdinds Aoyapiapds Kovovhiov “"Egevvag).
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METABOAEL THX YTKENTPQXHX PAAONIOY XE YIIOT'EIA NEPA IIPIN AIIO
OAEX TIX TEIZMIKEYX AONHXEIX (M=2.5), AIIO TO TEIITEMBPIO 1998 EQX
TON IANOYAPIO 1999, XTHN ITEPIOXH TOY PHI'MATOX THX ATAAANTHX®
II. MHTPOIIOYAOZ', K. NOTSU’, G. IGARASHI, T. MORI’, N. AEAHMITIATZHE', N. KAKKABAL'

ZYNOWH

ZNUAVTLRES TQOOELOWHRES NETAPOAES TG OLYREVTQMONG Tov Padoviov ota vrdyeia vepd, magoatnononxay,
5-6 NuEpeg ELV amd GAeg TS OeLouLES dovioels (M=2.5) mtov Eywvay OTny TTEQLOXT TOV Q1jYMOTOS TS ATahd-
ving ané 22/9/1998-17/1/1999. H ovyxévtpwon tov Padoviov magovotdiet, mow and xdbe ogiouxri 06vnon, pa
onpovtr avEnom omv oy ®ow pia €’ ioov onpaviiry pelwon, om ouvéxela. O petaforés autég elval amo-
TENEOUQ TOV EAAOTLRAV TACEWV TTOU AvoTTiooovTaL TEW and Ty exdrilwan evog oelopol rat €0V oav amo-
TEALETUA TOV TROCMELVS EPTAOVTIOUGS TOV VOPOPAEov opitovta ae paddvio. Pailvetar Gt 1 néBodog propel va
oupfdiler oONuOVTLRG 0TV TEOOTAOELN TEGYVWONG CELOUWV OF TOTLKO Em{TTEdO.

ABSTRACT

Significant precursory changes in the radon concentration of groundwater were observed, 5-6 days prior all
the earthquakes (M=2.5) occurred in the area of the Atalanti fault during the period from 22/9/1998-17/1/1999.
The radon concentration measurements of ground water,were obtained at one hour intervals by the use of a
ZnS(Ag) scintillation chamber. When no earthquake occurs, the radon concentration of the groundwater shows
considerable stability. Prior of an earthquake radon concentration increases significantly at the beginning and
then dropped to an also significant lower value. These radon concentration changes can be attributed to the
temporary enrichment of the groundwater by radon from the surrounding rocks due to the action of stress
release or stress accumulation prior an earthquake. It seems likely that the method can be an important tool for
the earthquake prediction in local scale.

AEEEIL KAEIAIA: Paddvio, vtéyela vepd, meodpopno uivOpeva OELORMY, TOTLRY TROYVMOT) OELOUMDY, QYR
Ataldvng.
KEY WORDS: Radon, groundwater, precursory earthquake phenomena, local earthquake prediction, Atalanti
fault.

1. EIZATQI'H

O petaforés oty mepiextndtnro. tov Padoviov ota vdyeia veQd mowv omd Toug OELOROUS TaQaTyY-
BMxav yLo tod 9od xatd Tov peydho oetopd s Taoxéving 1o 1966 (ULOMOF & MAVASHEYV, 1971). Ou
petafolrés autég,0mwg nan oL ueTaforég Tov Aoyou Twv Taxumitav V /V , Beweotvial and téte oav Eva and To
ONUOVTIROTEQXA TTOODQOU PALVOUEVO TWV TELOU®V. XONOLHomomBnxrov yio v emTvyl] TEGYVWoN Twy Peyd-
v oeropy g Kivag 1o 1975 nan 1976 (Group of Hydrochemistry, Seismological Brigade of Hebei Province,
1976).

Inpovurés perétec me peta ol e mepexTivdmrag tov Padoviov ota vtéyelo vepd pue otéyo v md-
yvwon oewopwy yivoviar oty larnwvia and to 1973, #vplwg and to Laboratory of Earthquake Chemistry tov
Movemompiov tov Tokyo pe emnegpaliic toug Kabnyntéc H. Wakita xou K. Notsu. To 1977, avérmEav nédodo
QUTOUOTNG, CUVEXOUS LETEONONG TV UETAROADY TG TTepLexTixdTnTas Tov Padoviov oe vdyeia vepd (NOGUCHI
& WAKITA 1977) pe TautdyQovn autépatn LETENOT ®ot GAA®Y Tapouétowy (Beppoxgaoia, pog veQou ¥AT).

Ané 1o 1977 uéyor ofjuepa  pEBodog auti avarTioETaL CUVEXMS KOL EXOUV TQOXTVYPEL ONUOVTIRG ATTOTEAE-

* RADON CONCENTRATION CHANGES IN GROUND WATER PRIOR ALL THE EARTHQUAKES (M>2.5) OCCURRED FROM
SEPTEMBER 1998 TO JANUARY 1999, IN THE AREA OF ATALANTI FAULT (GREECE)

1. Tuipo Fewhoyiag Mavemompuiov AGnvav. Mavemomuiovmodn, Ave Ihiow, ABYva 15784.

2. University of Tekyo. Laboratory of Earthquake Chemistry, Tokyo 113, Japan.

3. I'ME. Meocoyeiwv 70, ABva 11527.
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opora Tov €xovv dnpootevtel oe dieBvij teprodivd (WAKITA et al., 1980, WAKITA et al., 1989, WAKITA et
al., 1991, IGARASHI & WAKITA, 1991, NOTSU et al., 1991). Hon pévo omyv gvpitepn wegroyy tov Tokyo
Aettovpyovv, vrtd v evBivn Ttov Laboratory of Earthquake Chemistry tov [Mavemomuiov tov Tokyo, 18 otaf-
pot maaxohotiBnong twv petafordv tov Padoviov oe vrdyeio vepd. H ovyxexoupévny pébodog Bempeital n
aréov xaTdAAAn Yo Tnv gvouteen mepoyri tov Tokyo emeldi] oe avriBeon pe dikes uebddovg (nhextouxés,
poyvnuréc whm) dev emmoedleton and Tg avBpwmives dpaotnoldTnTes.

Amo tov Zemtéppolo tov 1998, oto mhaiolo £QEVVNTIROY TROYQRANUUATOS oV KEnuatodoteitar omtd v Ta-
moviry Kupéovnon row agopd vy perétn tmv petafordv me mepiextivdmrag tov Padoviov (Rn) ota vrdyewo
VEQA TELV atd OELOpOUG, €L TomoBetnBel ouoxreun ovveyois pétenong Tov R, og pio omd Tg yewtooes and
g omoieg vdpeveTan N TEAN ™S AToAdvIng.

Zmv mapovoa. QYoia TOEOVOLALOVTOL T TOUWTOL ATOTELEOROTO TWV UETOYOEWV.

2. METPHZEIZ PAAONIOY ETHN IIEPIOXH TOY PHITMATOX THEX ATAAANTHZ

Onwg Mdn avagépbnue, and tov ZextéuPoro Tov 1998, €xel tomoBetnBel cuonevi cuveyoUg néTeNong Tov
Rn, o¢ plo and g yewtonoelg and Tig omoies vdevetan 1 wéAn g AToAdving.

H yedtonon AI'2 avatoMxd g Atardving €ywve and to ITME, tov Avyovoto tov 1991. Aétonoe lovpaot-
%01Ug 0oBeoToMBovE %o TEQpOTioMXE 0t BABoc 110 m. Anédwoe wavomommixn vdoogopia, 200 m*/h pe wrdon
otdbung 4,90 m xouw yoriyoon emavogoed. H vdgootatix otdBun eivar 38,20 m evdd n otdbun aviknong eivar
43,10 m.

And to vepd mov avtheiTor ané TN YEDTENOT, drayweiletar pe dind ovorTnpa 1 afgla @dom, 1) oroiw
dwafrpdteran oTnv ovoxevri pérenong tov Rn. O aviyvevtiic tov Padoviov ota vrdyeio vepd megihappdver
évav axagdunti) ZnS(Ag) »ar évav Bdlhapo dayxmeiopov atov omoio To Paddvio aroympitetar and to vepd
o¢ aggra @don. Me tnv X0N0LRO0TOL0UREVT) OVOXEVT] peTedTal 1) axTivoPoria a mov ogeileTon 0TV QUdLEVEQ-
Y6 ddomaon tov Padoviov. O vroloyiopds tng ovyxévipuons tov Padoviov ota Oegud vepd pe pdon tnyv
axtivoPoria a xau GAeg oL anagaitntes S10p0does Yivovrar pe tnv forifeio H/Y. H pérgnon Tov Rn yiveror
avd pia doa.

3. ATIOTEAEEMATA METPHXIEQN - ZYMIIEPAZMATA

H ovoxewni péronong tov Rn ota vdyera vepd tg Atohdving, Aettoipynoe ouveywg and tov Zentéupoto
Tov 1998 €wg tov Iavoudio tov 1999. Oleg o avd wea pneterioels petagpépdnxrav oe H/Y nou xataorevdot-
%nav 6ha ta dwoypdupata. Emleyuéva daypdppora divoviow ota Zy. la-1n.

Onwg gaivetar and to didypappa tov Zy. la, ot wepiodo oelouxrc NEENINS, TUPOVOLATETUL OTATLOTIRA
exmAnrTt} otoBepdra Tov peTeoliuevov R, mopd 1o wohd vymAS eninedo twv tpdy ("30.000 c/h). Avtibeta,
5-6 Nuépeg mEL amtd ®AOE GELOULKT] HGVNON TOUROVOLATETOL OTATLOTIRG ONPAVTLRY KO EVOLARQLTY PeTABOAY TOV
uetpovpevou Rn (Zyx. 1B-1n). H petofolj ouviotatar og avEnom, oty aexy, g Tywis tov Rn onpavend ndve
ard ™) PEON TLUT] RO OTY OUVEXELD PElwom ™G TLwis Tov Rn onuaviind ®dtw omd m uéomn mur.

Zrov ITivaxa 1, gaivovrol ov OELorES dOVIOELS TOU EYLVOV 0TV TEQLOYY TOU O1YROTOS TS ATOAGVTNG
(38°20-39° N 22°307-23° 30" E) amd 22/9/1998-17/1/1999 xon avagépovrar otov xatdroyo tov Iemduvopunov
Ivourtovtov tov EOvixot Adgtepooxromeiov (Www.noa.gr).

ITINAKAZY 1. Zeaiouxés dovijoeis orny meguoy tov gfyuatos tns Araldvrng (38°20°-39° N 22°30°-23° 30" E)
ano 22/9/1998-17/1/1999
TABLE 1.Earthquakes in the area of Atalanti fault (38°20°-39° N 22°30°-23° 30" E)from 22/9/1998-17/1/1999

Date Time North East Depth M No
1998 NOV 19 11 48 47.6 38.86 22.94 5 3.2 A
1998 DEC 16 19 44 53.3 38.54 22.80 10 2.8 B
1998 DEC 22 01 11 46.5 38.80 22.86 10 3.0 T
1998 DEC 26 15 49 44.1 38.96 22.87 5 3.4 A
1999 JAN 5 09 35 11.1 39.04 22.66 5 3.2 E
1999 JAN 8 08 10 12.7 38.73 23.38 5 3:5 Z
1999 JAN 8 20 02 56.2 38.80 23.47 5 3.2 H
1999 JAN 15 00 52 35.2 38.95 23.47 4 3.2 e
1999 JAN 17 23 35 25.4 38.99 23.27 41 3.0 I
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AzS Ty maanjonon Tov Siayeouudtov Tov peteoenv (Xx. 18-1T), elivar pavepd ot vrdpyovy ot yaea-
HTNELOTIKES PETafOMES oTig TUES Tou Rn oy amd Sheg tig oewopuxég dovijoeis tou Mivaxa 1 naw pévo mow and
avtés. Xapantnorotndteen etvar v mg 10/12/1998 (Ey. 1v). H osiowxn dévnon éywve otic 16/12/1998. Enet-
&1 pdMhota n oeowx] dGvnon €yive oe HE TOL dEV AELTOVQYOUOE 1 AVTALLL TG YEWMTENONG ROTAYQAPNKE KO 1)
id1a M oeopxn 36vNOM, AGY® TOV YVWOTOU PALVOUEVOU TG avEdOL TG 0TAOUNG TwV TNyadLdv Alyec dpeg mow
antd 10 OELOUO.

H mpooweuwvi aiEnon tg ovyrévipwons tov padoviov otov vdyeto vdopdpo 0pitovra, ogpeiletal oV
anehevBEQwan Tov and ta weQLBGALOVTO TETPDpOTA, OTOL 0OTTOl Elva EYRAWPBLOUEVO XWEIS Vo oynuatiCer evad-
OELG, AOYW TV EACOTLRGY TACEMY OV OVOTTTICTOVTOL TV atd TV EXSAWON eVEC OELOPOY.

Emerdn ta amotehéopata twv petorioemv xivovion 1dialteo onpaviikd, andé tov OxtdpoLo tov 1999, to-
noBeTinxe pLo axdun cvorevr omy devrepn yedwtenon tov Ajuou e Atordving (og ardotaon 7 Km and v
AT ) #aL s Tov Aexépforo tou 1999 tomoBetiByre now Tty cuokewy atov Arjpo twv Kapugévav Botdphwy.
Me v tonoBEmon twv ovoxevdy avtiy oe Tola onpeio, yivetal Tpoamdfela CLVOXETIONG ™S ueTaforic Tov
perpotpevou Rn pe 1o péyeBog tou oetopol xow T oxpifr O€om tou emnévipov.

Daiveron 6t n péBodog pogel va oupfdrier onpuavird oty TQOOTAOELD TEGYVMOONG OELOUMY OE TOMXGS
emimedo.

EYXAPIZTIEXZ

H gpevvnuin opudda evyoagrotel mv Iomwviny KuBéovnon yuo m xonuatodétmaon tov mooyeapuuarog, tov
OAZII mov yonuarodémoe v ayopd H/Y xat v TomoBémon tTAeqpmvindyv Yoappdv yio Ty TAeUeTow
Mym tav petgrioeav, tov %. E. Muixomhidn, nhextgoviks tov Topéa Owovopunrtg Memhoyiog xon Teaymueiag,
tov Arjuo Ataldving, 1o IFTME #ou tov OTE, yua v mapoyri onpavemiis texvixic porideiac.

28/11/1998-7/12/1998

4.12.1998
n

Counts

10000 +——— Y EEEEE— E—— =
H avTyia Tys yew,

1’"’1‘")5 Scv QEr-

TOU?KL: B

5000 {———— S ~—*-——~—1 r'd S —
0 /11 39/n 302 %'2 42 ) 5/12 6/12 L‘ |
«©

>
T2 28 55229 B8BcBRREBF5EECB2TRBIBILYLrEBB3REEE
223 e
Hours

- 1435 -



14/11/1998-22/11/1998

A Ea

o 1% 'y f’dr‘—

i

25000 [

c,g._

5000 ]
16/il #i 18/11 2110 20/11 Q:ﬁD

e 2R R8T 9 B5B IR BE8 8- eNBERFYE

Hours

9/12/1998-18/12/1998

45000

- I

Counts
|
|

15000

2

A = o o= S

T2 285598 8cbRR8558888b

Hours

- 1436 -

151
157
163
169

7%

181 §.

1
1
1




35000

25000

20000

Counts

15000

10000

25000

3 20000

15000

10000

15/12/1998-24/12/1998

n n Er
A e -
r JAN ‘1
_— &
I 4 [
132 18/12 12 2//2 22/12 23/2
e
TN 228559 285bRR85588258888c5b888558
Hours
19/12/1998-28/12/1998
£ €
n A ld
A B ¥ S
Y i O o _ o ]
f' 3
2112 22/12 23/12 2 25/12 2:/:2 23/r2
TN 2R 5522855285538 258888sb38Rs5888

- 1437 -



27/12/1998-4/1/1999

4{:/”99

- i

15000 H
10000
! f
] |

Hours
3/1/1999-12/1/1999
E E n
z #
4"/'91‘7 Ee - l 1
35000 f—————— S— S . S B — ]
25000 - ]
g
3 20000 S S
8
%0 4+— — —— — — S I X
10000 — - — 3
5000 —
B SA- \ 8/t 2] 0/l u/ E
TN Pe85LIIBoLRR85588 258880588558
i Hours

2ZXHMA 1. EmiAdeyuéva draypdupara (a-1) peTorocnv 0adoviov ota voyeia vegd T mEQLOYIS TOV Q1fyuaros
™ms Ataldvrig.
FIG. 1. Selecded diagrams (a-1)of radon measurements of ground water in the area of Atalanti fault.

- 1438 -



BIBAIOT'PA®IA

Group of Hydrochemistry, Seismological Brigade of Hebei Province (1976). Studies of forecasting earthquakes in
the light of the abnormal variations of Rn concentration in ground water. Acta Geophys. Sinica, 18, 279-283.

IGARASHI G. & WAKITA H. (1991). Tidal responses and earthquake-related changes in the water level of deep
wells. J. Geophys. Res.,96, 4269-4278.

NOGUCHI M. & WAKITA H. (1977). A method for continuous Measurement of Radon in groundwater for
earthquake prediction. J. Geophys. Res., 82, 1353-1357.

NOTSU K., WAKITA H., IGARASHI G. & SATO T. (1991). Hydrological and geochemical changes related to
the 1989 seismic and volcanic activities off the Izu peninsula. J. Phys. Earth, 39, 245-254.

ULOMOF V1. & MAVASHEV B.Z. (1971). The Tashkent earthquake of 26 April 1966. Akad. Nauk. Uzbek. SSR
FAN, 188.

WAKITA H., NAKAMURA Y., NOTSU K., NOGUCHI M. & ASADA T. (1980). Radon anomaly: A possible
precursor of the 1978 Izu-Oshima-kinkai Earthquake. Science, 207, 882-883.

WAKITA H., IGARASHI G., NAKAMURA Y., SANO Y. & NOTSU K., (1989). Coseismic Radon changes in
groundwater. Geophys. Res. Lett., 16, 417-420.

WAKITA H., IGARASHI G. & NOTSU K. (1991)An anomalous Radon decrease in groundwater prior to an
M6.0 earthquake: A possible precursor? Geophys. Res. Lett., 18, 629-632.

- 1439 -






Aehrtio Tng EAAvIKii FewAoyikiq Eraipiag, Top. XXXIV/4, 1441-1447, 2001 Bulletin of the Geological Society of Greece, Vol. XXXIV/4, 1441-1447, 2001
NpaxTika 9ov AigBvoig Zuvedpiou, ABrivo, ZenTépppiog 2001 Proceedings of the 9th International Congress, Athens, September 2001

LYZXETIXH METAZY YAPOOEPMIKQN AIAAYMATQN KAI MIKPOXEIXMIKHX
APAXTHPIOTHTAX XTH NA AKTH THE NHXOY MHAOY"*

E. MIIAATATZHE', N. AEAHMIIAZHE, E. VALSAMI-JONES', M. ITYPAH® KAI B. BAIER'

ZYNOWH

H Mijhog avixer oto EMAnvind ngonoteiand 1650 xow eivan péhog evés aoubuot Bepudy xnhidwv. Xagoa-
®nEiCeTan and ™V UmapEn yewBeppuxo nediov vymhiic evBahmiog xow amtd pio pun ovvexy wxgooeopxti dpa-
OTNELOTNTA, TTOV EXPEATETOL HECW TEXTOVIHWV OELOUMDV HOL OUNVOOELQMV. AvTH, ®atd TNV TeQiodo PeAEg,
frav oAU prEt xaL TeEELOQLOpEvn oto NA tuijpa g vijoov. ATtG Tig Ynurég avahioelg dev diamiotdbnrov
neToforég 0T OVOTAON TWV VOQOBEQUIXWV QEVOTAV, Tad HOvo wxeés avEoperdoelg oto K, to Ca xau to Li
RO AROPOL RQOTEQES Yo TO Mg ®at 1o Fe. Autd vodewwvier v mibovi] trapkn plag oxéong Leta&l nQooeL-
ournc dpaoTNELGTNTOS %ot PETAPOADY OTLS CUYREVIQWOELS RATOLWV OTOLXEIWYV, 1) OO0 UG OTTAULTEL TEQOLL-
TEQW dLEQEVYNON Lo EVaL PHEYAAUTEQO YOOVLXRG SLAOTHUA.

SUMMARY

Milos island belongs to the Greek volcanic arc and is part of a small number of hot spots in the South Aegean
Sea. It is an area that stands out for the diversity in volcanic formations and chemical composition of rocks. The
island is characterized by the presence of a high enthalpy geothermal field and a non continuous microseismic
activity, expressed both by tectonic earthquakes and swarm activity. During the period of our study (May-De-
cember 1999), this activity, which was recorded by a small, portable, seismological network has been very small
and limited in the SE part of the island. From the chemical analyses performed, no significant alterations in the
composition of the hydrothermal fluids was detected, except from slight changes in the content of K, Ca and Li
and even smaller changes in Mg and Fe. This fact certainly implies a possible relation between microseismic
activity and alterations in the content of various chemical elements, but it still needs further verification, which
means that our research should be prolonged for a time period of at least two years.

AEZEIZ KAEIAIA: Mijhog, pxgooeiopny] dpaotmotdmra, vdoobegund. pevotd, petaforés ovotaong, mba-
i} ouoxETion.
KEY WORDS: Milos island, microseismic activity, hydrothermal fluids, changes in composition, correlation.

1. EIZATQIr'H

H vijoog Mnjhog Boioxretar 0to ®evIQuro Tunfpa Tov votiov Aryaiov xan avixel oto evepyo EAMnviné Heoou-
otelaxG T6Eo, elvon de péhog eveg wrov apBpoy Bepuav xnhidwv. H meproxn avt) duwaxpiveton yia Ty mot-
RIAGTNTA TNG O€ NPOLOTELAKROUS OYTUOTLOUOUS RO XNULRES OUOTACELS TETRMUATNOV, OTOTEAOVUEVWV atd Paodh-
1eg, avdeoiteg nat QUOMBovs. Tevird, to VTEdagog tng MAov draBéter mowhia opuxrtdv, drwg eival To Beio,
o »aohivng, n xioonon, n doywhog, (Kelepertzis,1989) o tapagovyyitng (Baltatzis et al; in press) xav dAha. H
ahoud IThero-Tetaproyeviic payponxr] dpaatoLtdtnta evvenoe 10 YNUOTIONS evOg YewBepuxoy mediov v-
Ymjc evBalmiag, To omoio Bemeitar wg To onpavurdtego oty EMdda (Fytikas and Marinelli, 1976).

H ev AMdym meproyy xapaxmeiletar and pio oxeTird puxY] oelopuntj 8paotnoLdtnTa, 1) 0Toio. avEdveL ®oTd
RAEOUS, TG00 Ot aELBUGS YEYOVGTWY 600 ®aL  0To uéyeBog pe pio meproduotra pn duvapevn va xabopLotei.
Zvppwva pe TG Myeg egyaoies, mov aoyohovvral pe T oelopLry dpaotmoitdtnta ot vioo Mnho (Drakopoulos
and Delibasis 1973, Sachpazi and Hirn 1991, Sachpazi 1991, Delibasis and Drakopoulos 1993), n dpaotoidmra
oty ogeiheTan otn dpaomeLomoinoy pnELyevadv Cwvav xar o uxedteQo abud oe ouivn oeloudy, Wiaitepa
EUEIVWV TTOV TTOQATNEOUVTOL OE NPALOTELORES TTEQLOYEG.

* RELATIONSHIP BETWEEN HYDROTHERMAL FLUIDS AND MICROSEISMIC ACTIVITY ON THE SOUTH-EAST COAST OF
MILOS ISLAND.

1. Mov/wo Adnvav, Tuipa Tewhoyiag, Topéag Opuxtoroyiog xau Ietpohoyiag.

2. Hav/iwo Abnvay, Tuqpa Fewhoyiag, Topéag Mewpuowriic xauw FewBeppiag.

3. The Natural History Museum, Department of Mineralogy, London.
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Zuivn OELOPMV PE ONYE VITOGREVTQO ONUEUDVOVTOL OUYVE TV QTt0 NPOLOTELORES EXONEELS 1] KoL ROTA TN
dudprera avtdv. Mmopovv eniong va amodobovv ot paypatin dpaomodtra, mov dev @OGver uéyoL Ty em-
pavela. Zupgovo pue mv egevvntrt] mpoondfeia twv Dando et al. (1994), oxetind pe ) vijoo MijAo, petd m
oewopn dpaomprdtnta tg 20ng Magtiov 1992, dtomotddnxe pio 360% adEnon Tov Qoopoprot paryyaviov
oto BoAdooL0 VEQO.

21605 ™G TAEOVONG EQYAOTOg Eiva 1) dLEQEVVNON TS OXEONGS HETAED VOQOOEQUIRWV QEVOTMV KO OELOUL-
%1is dpaomotdtyrag. Mia mbavi oyéon Ba cupfdier oty mBovi| oELouKY TEGYVIOY Yo T vijoo Mijho.

2. TEQAOI'TKO KAI NEOTEKTONIKO KAGELTQX

To yewhoywé vréBaboo g vijoov Mijhov elvar natd Baon npowotetoxd. Zopgpwva pe épevveg (Fytikas
1977, 1989, Sachpazi 1991, Papanikolaou et al 1993), o maAawdteQOg YEWAOYLROS OYNUOTIONGS OTO VNOL Eiva
Evo HEUOTOAMXG, PETOPROQPOUEVO TETOWUO AMTLRIS NAxiag, oV epupavietar oy EMPAVELN XoTd ®UQLO
Aoyo ot NA axtj tov ynowt (Hoffman and Keller, 1979). Kahtinteton and 1WOijpata Oahdoowug entrhvong tov
Avotépov Meloxaivov — Katwtégov ITheloxaivov. Ou oglpég autég, ou omoleg dev elvor ouveyeic xoovixd,
OUVIOTOVTOL OO0 ROUKLVOL KQOXAAOTIALYY], YOAUUITES KOt OOBEOTEMOOVS KO VTTGHELVTOL TTQOIGVTIMY NQPULOTELORTG
dpdong.

H eEEMEN g vijoov Mijhou €xer emnpeaotel amd v Almxr 0goyEvean, oty omoia amodidovtal Gheg ot
TEXTOVIXES KIVI|OELS, OL TTUXWDOELS, OL ONYUATAOOELS %ot 0 petapoegropds (Fytikas, 1989).

Aenropepeis €pevveg (Fytikas 1977, Papanikolaou 1988, Papanikolaou et al. 1993, 1994) €deiEav Gt ot
MnjAo amovtd €vog apuBRGs VEOTEXTOVIXRGY EVOTIHTMV, TTOV 0profetotvion amd peydha pfynata. H mogovoio
TEXTOVIXWV HEQATWV %Ol TAPEWYV (VAL TO AMOTEAEOUN EVOS TURVOU OUOTHUATOS ONYUATWYV, TOU ROAVTTTEL TO
vnot.

H mio onpavixy ond 1 dexagbl veotextovinég evomreg, mov avagépovror (Papanikolaou et al., 1989),
givon 1 veotextoviny evémra tov Kéiov me Mijhov — Hpawoteiov Pupimhaxag, mov €xer avartuybel ndvw
o6 o Aaydo, TG ToAadTEQES AARES KO TO PETAROQRPMOUEVO VtdPabo. To dutnd Tufua TaQovotdleL uned-
TEQT VEOTEXTOVINY] dpOOTNELOTTO ATtd TO avatoMxd, dmou 1 dpaomoerdmta eivar €viovy. H Evémra Kéimou
™¢ Mijhov — Hypowoteiov ®upimharas, oprobeteiton and dbo peydhes onEryeveic Laveg, pe detBuvon BA —
NA, mov aviiotoryovv ota peyolitepa Textovind eneladdia. O Loves autés mpoexnteivovron tpog T NA axty
xat drandmrovron amd ™ enEryevn Cdvn g Ayias Kvowaxiig pe dievBuvon A-A. Avti n peydin textoviny
TAPEOGS, M OTOi0L EVBUVETAL VIt TO OYNUATIOUS ToV £0wTeEQWoV KShmov tg Mijhov, enavadpaotnplomodnre
%atd TOV TEGopaTo oelopd g 20ns Maptiov 1992.

3. ZYAAOT'H KAI EIIEEEPT'AXIA AEAOMENQN
3.1 YogoOeguixd Pevord

Zougpwva pe To tedyooupa, mov foioxetal ot eEEMEN, §yve deryporodmpic and tg mny£g mov foliorovion
otov KéAro tov Iahawoymeiov g vijoouv Mijhov. Ou avalioels twv pevotayv €ywav oto Movoeio Puowig
Iotopiag (N.H.M.) tov Aovdivov.

O avalioelg Tov derypdtov divoviow otov mivoxa I. And Tig avalioels autés gpaiveton 3Tl ®AmToLe OToLyE (o
delyvouv o avoduri tdom yia xdmoro meEiodo, Tov ouvodevetor amtd uo. pAANOV QTGTOpT TTAOoN KoL PETH

Hivaxag I: Avadvoeis vogoBeguixav dralvudrav Kodmov Ialaoywgiov Mijiov
(Analyses of hydrothermal fluids of Palaeochorion Bay, Milos Island)

Mijvag Li K Ca Al Fe Mg Sr
(ppm) | (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
5/99 2.63 406.6 405.7 29.2 45.12 30.06 3.490
7/99 2.46 367.8 383.2 28.4 44.00 29,086 3.700
9/99 2.74 443.6 424.6 32:5 45.62 29.66 3 »630
11/99 3..30 465.1 402.3 41.9 50.61 57.34 3.710
2/00 360 453.2 405.2 36.4 45.78 42.10 3.523
4/00 8.67 476.6 419.7 37.0 44.72 47.02 3.796
6/00 3.88 484.8 417.2 35.6 45.54 81.52 3.920
8/00 8.91 489.4 416.4 37:9 45.02 30.74 3.889
10/00 3.43 497.2 432.7 46.2 49.68 35..26 3.750
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Eavd wa avodo. Autd mapatneeiton xvping yio to atovyeio K, Li »ow Ca. Tovkdytotov 1o K »aw to Li givan
YVOOTA G OTOLYE(D «EXTAVONG», TOU ONpaiveL GTL elvol Ta TEWTA OToLKElD, Tov Ba «EemAvBovv» pe to mov Ha
avoi(Eouv xavovpyLes pWYRES xa ta VOPOOEPULA PEVaTA Ba EpBovV O EnagY HE TO «PEETHO» TETEWUA. ATS
T oyuota 3 row 4 galveton o xah ovoygnon yo ta otoryeio K non Li, ®vping peta&t tov unvadv Maiov-
Tovhiov-Zenteppolov(-Oxtmppiov), evidd VIdEyEL ®ATOW dLaPOEOTOMON WS TEOS To Wive OrTWHELO YL TO
Ca, TapGAO OV VYA ONUOVTLRE TROPAMIATO OTOUS CELOPOYQAPOUS %ot ETOL QEV PITOQECUUE VAL RAVOUNE
uia mo ovotnuatiny devypatolnpic.

T mpddtn opd mapoTnEelTor pia TETOLO CUOXETLON RO e VEL ONuavTLHG eQeVVTKG evdlagépoy. H
OULOYETLON CUTH PTTOQREL VO OEIAETAL OTO YEYOVAS OTL OL WXQOCELONOL avoiyouv vEeg duddoug dlaguyric Twv
vd0oBeQUKMV dralvpdTmV.

3.2 Zaopodoyixd dedouéva

“Exovtag g oté)0 TV ®aTayeagn g pireoostomnis dpaotetdmrag ot vijoo Mo xaou iaitepa otny
neptoyn tov IMarawoyweiov, eyraraotddnxe to Mdio tov 1999 éva wxpd oglouoroyrd divtvo, arotehoipnevo
ad TRELS oENTOVS OELopoYRdpovs Timov MLR-II, poyvnunic zataypagric. Ot B€oeis Twv OgloUoLOYLROY
arabudv gaivovror oto oxfipa 1.

< Station

2y.1: I'eopoopoloyixog ydoetns tng vijoov MijAov ue Ta eTiXEVTQA TV OELOUGY, OV XATAYQAPNXAY XATd TN
xoovixyj wegiodo Mdrog-Aexéuforos 1999.

(Geomorphological map of Milos island with the seismic epicenters of the time period May-December 1999.)

Kotd 1o mpdto otddio g eneEepyaoiag, 1o avaroyind oewowxd orjpota aviyvevovial BAoeL g Stodiro-
oiag triggering o Yn@romorovvran pe Quopd 128 derypdtwv ovd devtepdhento. ZTo eGpeVo otddLo, To YnpLo-
momuéva onpoto opadomotovvral. H emhoyr] tov xoévav dplEns tmv rupdtov P xo S yivetaw pe m xorjon tov
vroloyronnol mpoypdupatos SEIS89 xat 0 mpoodlopiopnds Twv VIToREVIQWY TOUYUATOTOLEITOL YOV OLULOTOLMD-
vtag to meoyoaupa HYPO71. TN tov #olitepo #000QLopS TV ECTLORWMY TUQOUETQMV KON OLUOTOONXAY KoL
oL Xe4évoL AgLEng TV CELOUWY, TOV ElXaV RoTAYQAQE! até TO oTaBus Tov OEYAVIoHOU AVILCELTUKOU Zyedia-
opot nou IMpooraociag (O.A.Z.I1.), o omoiog ftav eyrateotnuévog otov Ipogritn HAla thg Mrjhov.

O B€oeLs TV oTtaBudY roAvrovy pia gvpeio TEQLOXN OTO VOTLOAVATOMXA TUina Tov vnotot. H Aertovgyio
ToU dixtvov dujoreoe ugyot ta TEAN Aexrepfolov tov 1999.
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To povtého tayvmitwv (Ochmann et al., 1989), mov epoudodnxe Yo TOV TEOCALOQLOPG TWV ECTLOXMDV
TOQOUETOWY, TOEOVOLELeTOL oToV mivaxa 11, o de Adyog Tov Poisson, wov yonowpomoninxe, eiye v tuwj 0,28.

ITivaxag II: Movréio Tayvrijrov megroxrs Notiov Avyaiov
(Velocity model of the South Aegean Sea)

Taxvtnta P Kupdtev B&Oog
(~Vp/Vs=1.72)
(Km/sec) (Km)
4.9 0
5.6 3
6.2 8

Katd m dudorera g eEapnviaiag Aettougyiog Tov OELOUOAOYLROU SLrTiov, ROTaYQAPNKRE EVAS ONUOVTIRGS
aoBuds wrpooeopdv. Ta v wepiodo Maiov-Aexepfpiov 1999 xatayodenxay ovvolxd 76 WxQOOELOUOL.
T v wepiodo Iavovapiov-Oxtwpiov 2000 xeNoLHOTONBNXOY OL AVAYQUPES TOU HOVIHOU CELCHOMOYL-

an,”
35,
30,

25,
RpLOpdg

204
O LOPGY
15,

104
54
0

1.0 2.0 3.0 4.0 >4.0

Zx. 2: Karavowj Tov ostoudv Bdoer T diapopds yoovey deiEng S-P yia 1o 0Uvoio Tov uixQooeIousy wov
xarayodonxav xaloin mn Aeirovgyia Tov dixrvov Tng Mijiov.
(Distribution of earthquakes with S-P interval for the total amount for microearthquakes recorded by the Milos
island seismological network)

%0V otafpov tov O.A.Z.I1., ®0B8S600V 10 PrE6 dixTvo TV TOLHY oTaBUGY pog, Adyw BAANS, arneoipbet. Ko
0 uévIpog Spms avtds otabuds mogovoiale mdpa mord mpoPAjuata xoat Aettovpyotoe oM Alyeg mMuéeg.
Zuvohrd, xotd to dexdunvo tov 2000, xatoypdgnxav 26 ouvolMxd oewopoi o S-P prpdtego twv 2,5 sec. O
oraBuds om B€on Apvydahés (AMG), o oroiog Aettougyotoe cuvexmg, ratéypaye 37 yeyovdta (oxrua 2) e
dtagpod S-P urpdtepn twv 2 sec. H duapood avti aviioTtoLyel 08 VTOREVIQIXES AOOTATELS MXQOTEQES TWV 15
Km. “EEL a6 Toug 0eLopos, Tov katoyedenxay amd tov ev Adyw otabud, €xouv diagod S-P, mov viepfaiver
Ta 2,5 sec, BEwE@MVTOS TOUg OELOUOVE QUTOUS EXTOS THG TEQLOXNG EVOLOPEQOVTOG. ATd Toug 70 OELONOUS OTNY eV
AGyw meQLoxy, noMg ot 16 xoreygdgnooy ord TEELS TOUAAXLOTOV aTafpols. MGvo yua Toug OELOHOUS quTous
poodlopiotnxav oL eoTaxég apduetool (ivaxag IIT), xonowpomoudvrag To 2D povrého tayunitmy tov miva-
xo. IL

AT6 TG E0TLIORES TOQANETEOVG TwV 16 oelopwv Tov mivaxa III, n Suandpavon tov peyéBovg mpoérpe peta-
€V 0,8 nan 1,8 BoBuddv g vhiponag Richter. H tiur tov péoov tetporymvirot opdipatos (RMS) yia to yeyovo-
T autd eivon pxedteEn tov 0,2, pe 8o pdvo amd avtd va €xovv RMS ico pe 0,4. A6 toug 15 oglopots, €vag
udvo €xer opaipa ERZ {oo pe 1,1, evd yio Toug vréAowtovg ) Tiuti mg amdxriong eivar pirpdtepn tov 0,8. To
€0TLORG PAOOS TwV TEQLOOGTEQWYV OELOUEY eV puneotepo amd 10 Km.
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Hivaxag III: Eotiaxés magaueTot 0el0udy Tov xatayodenxav »atd v xegiodo Maiov-Adexcufoiov 1999 ornv

weguoxrf Tng Mijlov.

(Focal parameters of earthquakes recorded during the time period May-December 1999 in the area of Milos

island)

DATE ORIGIN LAT N LONG E DEPTH MAG NO GAP DMIN RMS ERH ERZ
990521 226 59.22 36-39.94 24-28.46 6.86 5231 2.2 0.00 0.3 0.1
990521 227 14.86 36-41.19 24-28.10 6.64 1.22 5 181 2.5 0.01 0.9 0.3
990522 1139 13.37 36-41.36 24-34.15 7.03 1.79 4 359 5.6 0.45
990522 1218 34.44 36-39.49 24-23.62 31.51 5287 2.7 0.02 6.1 0.7
990525 1349 24.11 36-37.80 24-29.73 9.20 1.82 4 349 5.2 0.10
990525 1357 54.68 36-38.34 24-22.94 8.69 1.46 4 357 10.8 0.07
990526 839 27.61 36-35.830 25-12.81 7.00 5 358 64.0 0.06 21.6 4.5
990526 1122 53.51 36-40.73 24-22.49 15.65 1.58 5 346 1.9 0.22 11.3 1.1
990604 1223 19.69 36-47.34 24-34.97 7.10 1.73 4 359 13.1 0.12
990609 10 9 31.32 36-45.40 24-25.87 13.88 1.68 5 298 8.8 0.41 0.8 0.6
990611 16 0 50.76 36-44.45 24-40.31 5.00 3 353 15.9 0.01
990612 425 2.06 36-38.87 24-29.73 6.97 1.30 4 345 3.3 0.06
990705 1923 41.13 37-16.92 24- 6.74 15.00 4 353 71.1 0.25
990905 2030 14.75 36-40.73 24-29.21 7..95 1.22 4 315 0.7 0.02
990914 7 7 33.23 36-39.22 24-32.93 1.35 0.85 5 328 5.3 0.02 0.3 0.8
991009 2353 47.73 36-38.18 24-28.97 10.83 1.31 4 352 4.6 0.01

H »aravop tTwv oelomndv emxévigmv oto oxipa 1, vrodewmviel oapig pio yeviry dievBuvon A — A. Ta
emievIpa eivon ®atd #UELO MGYO OVYREVIQWUEVO ®atd wixog plag Ldvng, N omolo extelveTon SLapéow Tov

XKEVTOULOYU TUIROTOS TOV YNOLoY, pue dievBuvon BA — NA.

H ypovixy rotavopr ™mg oeounis dpaotmoudmtoag, eneBordvel to yeyYovis 61t n guon twv enelcodiov
OV TEQLOYY OVTATORQIVETOL HGANOV OF OAOTNELETNTO OUNVOCELRWV, TARC OE UETACELOUIKES aXOAOVBIES.

ARG v A emeEeQyYoio TwV OELOROAOYLXEY OESOUEVOV, TTOV ROTAYQAPNKAY 0TS TO OELOHOAOYIKO dinTvo
™mg vijoou Mrjhou, xabiotaron oagés 6t oewouxt} dpaotnotdtra oto Yot fitav pwxen. Mia oxetnr avEnon
nmogatnEfnxe 10 Mdio xow tov Oxtddfolo pe 21 prxpooelopois xar Tov Ampido tov 2000 pe 13 ogopoig
(oyrjue 3). Anhadr Boloxdpacte oe pua Xeovixtj TeQlodo GITov €XOVPE TN WXQEGTEQY UXQOCELOULAT] dQATTNELO-

wra.

3.3 Zyéon YogoOsouinav dralvudrav xar puixQooeiouxs 60aortnoioTnTag

Ap18pdg oziopdw
Li (ppm)

@7 .88 ©3.8% 11 .88 01 @@ 8T. @8 O3.@0 07.B0

B oy

Zy.3: Zvoyérion uerakv tov agrbuov osousv avd
mjva xat Tov wegieyouevov o€ Li.
(Correlation of the number of earthquakes per month
with the Li content in hydrothermal fluids.)

Kiplog ot6y0g tg mopovong epyaoiag eivan va
eCetdoel v mBovy oxEomn petall uxQOOELoULRYG
0aoTNELETTOG Ot UETAFOADY OTNY TOOGTNTA TV YN-
WROV OTOLXEIDV TV BEQUAV PEVOTWV TOV YEWBEQUL-
70U mediov. O xaumvAies Twv oynudtwv 3 xou 4 dei-
YVOUV 11 OY€0M PETAED TOV aQLOROY TV OELOPWV ova
Wive 1oL TG CUYREVIQOONG TV XNIKWOV OTOLXElwV.
H devypatornyio twv ggvotdv €hafe xooa otny me-
ooy Tov Makowoyweiov om viico Mijho. Kotd toug
€EL wijveg Agrtovpylag tov OelopoloyLxod Suxtdov,
Tooyuaromoufnxay pdvo téooepets derypatohmpies,
Loyw mpoPAnudtomv Tov oelopohoywoy duxtiov. T
TO VRGAOLTO XEOVIXG drdotnpa uéyot Tov OrtmdpoLo
Tov 2000 ou derypatodnpieg €ywoav avd diunvo. Q-
01600, TOEA TO YEYOVGS GTL OL PeTEoeLs dev vipEav
O OVYVES, OIS QOIVETAL RO OTO OYXNHOTO 3 ®ow 4,
opoTnEElTan CVEOUEIMON TV TUDV TWV OTOLYEIWV
K, Li »ow Ca. Muxpdtepeg petaforés magammoovvron
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yio to Mg naw 1o Si (mivaxog I).

ZUpTEQAOUATIRG, TTAQOAO TTOU UTHOYQY OTUOVTL-
%A TOOPAYUATO OTOUS OELOROYQAPOUS %o ETOL dev
UTOQECOUE VOL RAVOUUE [LLOL TIO CUOTNUOTIXY] OVYRQL-
am, €% TEWTNG OYEWS POIVETOL VO UTTAQYEL Lot RO
ovoyénon Wing twv otoryeinv Ca rouw K, »vping pe-
ToEU TV pnvadv Maiov-Ioviiov-Zentepupoiov(-Oxtm-
Botov). ZvoyEton mov yia TR POEd TaQATNETOL
rou QelyVeEL ONUOVTLRG EQEVVNTIXG XOL ETLOTNUOVIXG
evilagpépov. H ovoyénon avtij pmopel va ogeileton
OTO YEYOVOG OTL OL PXQOCELOPOL avoiyouv vEES Hid-
T dovug Sraguyrc HETaED TV TETOWUATWY %Ol T V-

(ppm)

dp00eQUIRE QEVOTA KUXAOPOQOUY UE SLOOQETS TRG-
2x.4: Zvoy€rion uera&v Tov agibuov ocloudv xar Tov  TO.
mepueyouevov oe K xar Ca.
(Correlation of the number of earthquakes with the K 4. LYMIIEPAZMATA
and Ca content in hydrothermal fluids.) AapBdvovrag voyy Gheg Tic dradgoipec TAnoo-
(POQILES OYETIHA UE YEWAOYLRA, YEMQPUOLRA RO RVQIWG

OELOPOAOYLRA ®a YEOYNUXE dedopéva, poQovpe va SLomotdoovpe To axdlovba.

1. H osiopuni dpaomoidtra, mov anpewdBnxe xatd 1o napehddv ot vijoo Mijho, ogeiletar oty Textovivg
eEEMEN awmiig ®aw yopaxrmEICeETon 0mtd TV TOEOVOTH TGO TEXTOVIXMY OELORDV GO0 %Ol CUNVOTELQMY, OL
omoteg oyetiCovral pe to vynhis evBohmiog yewbepund nedio g megroyrs.

2. H uxpooeiopxy dpaommoldmra oto vnot, av koL To OeLoporoytxs dixtuo mov eyrataotddnxe mopovoiale
TOAAG. mooPArjuata, dev eivan ouvexrs, Wiaitepa 1 dpaoTnELdTNTE. CUNVOCEIOUMDY, 1| OTToia Eivon amoTéAE-
OO TNG AVOROLOYEVELOG HaL TNG TROOTABELOG avEdou xaw dtaguyrs Twv BeQUMdY QEVOTAV ®aL 0EQiwV otV
emgdveia. Kord my mogotoa nepiodo, n pxpooeiopixti doaometdtnra fitay moht uxerj xon wepropttdtov
%ot ®UEL0 AGYO OTO VOTLOQVATOMKGS TUIUC TOV VI|OLOU.

3. Ou ouyReVTRWOELS TOV YNURdV otot eliwv, mov foioxrovion ota vdEoBepxd PEVOTA dev epgavitovy, oe
vt ™ @dom, perafolés (avEnom, peiwon), extds and ta Ca, K xaw Li xon o8 prgdtepn ¥hipoxa 1o Mg #ay
tov Fe.

4. O ehagofs avTég HeTAPOAES OTHV TEQLEXTIRGTNTA TOV OTOLEIWY OTdV Vmodewviouy 6L eivon mBavi 1
rapgn ndmowag oxgong petaky wrooelomns dpaoELSTNTaS Rou HETARBOADY OTH CUYREVTOWON TV XN)-
px@v orolyeimv, Wiwg oto xpovird didomua Maiov-Tovviov-Zemrepfoiov(-OxtmBoiov) 1999. H ovoyén-
on o uwoet va ogeiketar oty €E080 Twv vOQOOEQUIKBY PEVOTHV PECW UREORWYUWDY TTOV SLavoilyovTa
and Tovg prooelopovs. T my emPefaiwon g tmapEng wag meaypatkiis oxéong, 1 xoTayeo@ g
JMHQOCELOULHIS QATTNOLETNTAG KAt OL YEWYNUIKESG HETENOELS TOEMEL VAL EivaL OUVEXE(S RO VO. ETEXTAOOTVY
yio pio xoovixtj mepiodo Gy puxpdteen Twv U0 TdV.

EYXAPIZTIEZ

O ovyypageig expEdlouvy Tig EVYaQLOTIES TOVG TEOG TOV TEGEdEO ®aw To A.E. tov O.A.Z.IT. now v Emtgo-
i Epevvnuxdv Ipoypapudrtwv tov Moavemompiov ABnvdv Yoty owovopxy evioxvon avmig mg épeuvvag.
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YEIEMOTEKTONIKA XAPAKTHPIXTIKA BOPEIOY AIT'AIOY"
©. MIIAPAKOY ', N. AEAHMITAZHE ', N. BOYATAPHE ', B. BAIER °

NMEPIAHWH

H avdivon xaw engEepyaoio twv 1135 prQooELoHMv Tov RatayQdenxay xotd Ty repiodo Maiov 1993 -
Agxeppoiov 1994 £€de1Ee 6L oL tdgpoL Tov Bopeiov Aryaiov zat g Zxigov 0globetouv avtiotoua ™y BA xou
NA mhevpd Vg TEXTOVIXOU TEUAYOVG, OXMUATOG TEATECIOU 1E T peydin pdom, ota BA. BA g vijoou Arjuvou,
N Tdgeog Tov Bopelov Avyaiov adhdCer dievBuvon xow ané ABA-ANA yivetaw BA-NA. To onueio autd Aet-
TovEYEl w5 AEBPWON eXaTEQWOEY TG OTOINS OL TEQLOXES SLAPOQOTOLOVVTOL.

10 NA 10V tdgeav tou Bopeiov Avyaiov zow g Zx0ov toatneijonzav do oelopxd xevd, Tov aive-
To vo ouvdgovtal pue Evay vio dnuioveyia dlavho BA-NA dietiBuvong. O dvo votior ®»AddoL Tov Qijypuatog g
Bopelog Avatohiog perhovurd Ba amotehéoovv 10 fOEeLo rar voTo meptfdpLo g Tdgpeov g Zxvgov. H
UETAVAOTEVOT TWV OELONWY 0T0 Bopelo Avyaio axolovBel pa deEléotpogn goed, eva avatolMxd g Xiov, 1
UETAVAOTELON VL CLOLOTEQOOTOORY).

SUMMARY

The analysis and processing of 1135 microearthquakes, recorded during the time period May 1993 — Decem-
ber 1994, indicated that the North Aegean Trough and the Trough of Skyros are the boundaries of, respectively,
the NW and SE side of a tectonic Block in the shape of a trapezium, whose large base is the NW one. NW of the
island of Lemnos, the North Aegean Trough changes direction from ENE-WSW to NE-SW. This point operates
as a joint, on either side of which a differentiation of the areas is visible. In the SW of the troughs, two seismic
gaps, which seem to be connected to a presently shaping channel of a NW-SE trend, were observed. The two
southern branches of the North Anatolia Fault will constitute, in future, the northern and southern boundary of
the Trough of Skyros. The migration of earthquakes in the North Aegean Sea follows a right lateral direction,
however this direction changes to left lateral east of Chios Island.

AEEEIX KAEIAIA: BGpeio Atyaio, ixrQooeiomxt] HQaotoLdtnta, TEXTOVIRG WThox, mlavy] ouoyETon, O€L-
OULRA REVA, UETAVAOTEVOY ECTLWV.
KEY WORDS: North Aegean, microseismic activity, tectonic blocks, possible relation, seismic gaps foci migra-
tion.

1. EIZATQI'H

To BSpero Avyaio elvar pic TEQLOYI] KE EVEQYS TEXTOVLXY RO EVIOVY OELOULKY] dQAOTNOLOTNTA 1) OTOiCtL ElvalL
YVOOTH At TOUG LOTOELXOUG XEOVOUS xal ouveyileTar péxor onpepa. Amd to 1900 mapatmpeiton pio guveys
amehevB€Qwom evépyelag o’ GAo To XWEO Tou Bopeiou Aryaiov. Ou 1d01dlovoes YEMUOQPOLOYIXES KOw OEL-
OUOAOYUHEG

AATAOTAOELS TTOV TAQATNQOUVTOL TNV EVOUTEQT TTEQLOYY, XAOLOTOUY dUGHOAO TO £0Y0 TOV XBOQLOUOV EVOS
YEMOUVAULXOU HOVIEAOV TTOU VO PTTOQEL VO EQUNVEUVCEL TV TEXTOVIXY CUUITEQLPOQRA TOV XWOOV.

O\ peydheg popgporoywés dopég, 6mmwg To Eryua ™mg Bdpeiag Avatohioag, n tdgeog tov Bopeiov Atyaiov
%Ol M TAPEOG TNG ZXUQOV OF GUVAQTNON UE TLS XIVIIOELS TV PeYAAmY ABoogparpirdv mhardv (Evpaotiog, Agot-
nijs, Apapiag), EAEyyouvv xnat xaBoILovv TV CELCUOTEXTOVIXY] OUNTEQLRPOQA TNS TEQLOXYS Tov Avyaiov. H pe-
LETN TOV EOTLORMV TOQOUETOWV TWV CELOUWY, OL UNYOVIOUOL YEVEGTC HOL 1] XWEOXQOVLXY dLOOToQA TV OFL-
OU@V PIoQOVV Vo o0V TANEOPOEIES Yo TNV ®eAUTEEN eQuUNVEi TG TEXTOVIXNS eEEMENC TG TEQLOYNC.

TV owt6 #ow 1o eVOLpEQoV TS nerétns avtrig Ba ouyxrevipwBel oto Bahdooio xweo Tov Bopeiov Aryaiov,
OV ePPaviCeL po Tohvmhoxdta, Tov 10 drogogomolel amd to Néto Avyaio.

* SEISMOTECTONIC FEATURES IN THE NORTHERN AEGEAN SEA.
1. Hov/wo Abnvav, Tuqua Tewhoyias, Top€ag Fewguawrig-Tewbepuiog.
2. University Frankfurt, Meteorological and Geophysical Institute.
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2. LYAAOTH KAI EIEEEPT'AXIA AEAOMENQN

Ty pehém mg prpooeioptis dpaomotdmrag e mepLoxrs Tov Bogeiov Awyaiov eyrotaotddnxe ot
mhaiowa ovvepyaoiag pe o Ivoutovto Tewguowig tou Mav/uiov g Pooyxpototns tov Mdio tou 1993 o
yue 4 xo6via éva dintvo and 11 oelopohoyixois otabpovs o8 Gha ta ynoud e meptoyiic. H yempetouni avmj
ROTAVOUY TOV OTaBU@Y RAMNPE TO REVE TTOV VI OYE OTNV TEQLOYN, AGY®w ammovaiog povipmy otadudy. Av kol
N péon andotaon Twv otadudy arnd tov Ayio Evotoduio, wg xeviomd otadpud tov duwtiou, fitav oyetind peyd-
An, 116 km, 10 8intvo €l)YE TV duvardtnta kotaypagiic oewopdy pe uéyebog M 21 Richter Adym g peyding
evauoBnotag twv opydvmv xou mg ouvexovs xatoypoprc. Etow xatayodgnxe évag pueydhog aoubudc mxpoost-
Opav. Zuvolxd vIToAOYIoTHOY OL E0TLAXO! TORARETQOL e peYdAn axgiBeia 1135 oelopdy %o €ywve duvomin
ROAUTEQN HEAETN TV YEWIOQPOAOYIXGIV %0LL GELGROTERTOVIRMY YUQOARTNOLOTIRDV TS Teoxiic (0. 1) (Barakou
T., et al. 1994).

Zxnina 1: Xdotng pixgooeiouxijs dpaornoiotyras Bogeiov Aryaiov xar yvgw megioydv mov xaraypdgnxe axd
10 dixtvo NASN (ZenréuPoios 1993- Acxéuporos 1994).
Fig.1: Map of the microearthquakes activity in the North Aegean sea and around region from the NASN network
(September 1993 — December 1994).

H naraypaen twv dedouévav ywvétav oe avoroywrr popgr. H amorwmdiromoinon xar v eneEepyaocio tav
dedopgvav €ywve amd pia ewduni povada amopoyyroedvNong xat pa oen] viroloylomij povdada emeEeo-
yaoiog ewduig xataoxrevrc. Katd mv eneEepyaoio xd0e avahoywd ofpa petatoémeton oe ymeiomd. Metd
™mv ohoxMjpwon g emeEepyaoiag xal g opadonomons Ghwv Twv dedopévay €yve o VITOAOYLOUGS TOV -
OTLOXADV TOQAUETRWV UE T XENOLOTOMon Tov mpoyedupatos HYPO71 (Lee and Lahr, 1972) #ou evég povré-
hov Toxumitwv. Emewd] n wepioxii pehétng xohimrer £va tohd peyGho xhoo, XoNouuomonifnray, Soxpaotind,
Gha ToL pOVTELQ TOXVTIHTOV OV Elxav TEOTaBE! 0TO TEEAOGY YLoL T CUYHERQUUEVN TEQLOYT] (AeMjumaong 1981,
Havoyuwtémoviog 1984, Iavayiwtémovhog xow Moamatdxog 1985. Tehxdg xonopomouidnxe o oxéhovbo po-
vtého (mdyog otpddpartog (km)/rayvmra (km/sec) 0-0,9/2, 0,9-1,6/2,76, 1,6-2,6/4,36, 2,6-4,0/5,20, 4,0-12,0/5,80,
12-18,5/6,50, 18,5-31/6,8, 31-40,0/7,9,>40,0/8,0. H twij tov Aéyov Vp/Vs mov xonowpomoridnue rtav 1,78.
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3. AIIOTEAEEMATA KAI ZYMIIEPAZMATA

1o mhaloe LEAETNG TV OELOUOTERTOVIXMV YUQUXTNOLOTIXMY Tov Bogeiov Awyaiov éyive Siepevivion g
OLPUTTEQLPOQAS TV TexToVIHGY Aeravdv xat fuBLopdtwv T mepLoyrc PAoEL TS ¥wEIXS dlaomopds TV pi-
XQOOELOUWV IOV RATOYQAPNRAV ROTA TO XEOVIXG Stdotnua Tov 15 TedTtmv pnvdv Aettovpyiag Tou Siriov xol
TV PNYAVIOR@V YEveong owtav. o kalitepa amoteléopata €yve oUYXROLON TWV OTOLEIWY QUTAOV e Ta de-
dougva oV VIHEYAV ATG TOVS LOYVEOTS CELOROUS oL €yvav oty dexaetia Tov oyddvra. (Jackson, J. et al.
1982b, Kiratzi, A, et al., 1991b, Taymaz, T., et al. 1991a).

An6 ) SL00TOQA TWV ETAREVIQMV TOV WRQOCELOPMY (0. 1) @aivetan 1 Tapeog Tov Bogeiov Avyaiov, 1
ONUAVTLLOTEEN AErAVY, EVEQYOTOMUEVY. ZT0 dutind meplidpLo g Tdgppov, oty Tdgeo Twv Bopesinv Zmopd-
dwv, empepouddvovion to avagpepBévia xanw amd dhhoug epevvntég (Pavlides et al., 1990) xaw wabopiovron
ovotjuota xavovirdv diaperEewv BA-NA dieviBuvong deEidatpoga nabig rar BA-NA dievibuvong 0plotepd-
otpoga. Ilapamnevbnrav exiong xow TAAYLOOVAOTEOPES OLEENEELS, TTOV OPEILOVTIOL 0TV OUYXQOUOT TOV
yivetauw peta&i mg nrepwtikts EMddag xot tov Avyaiov. H tdgoog tmv Enopddwy Poioxetal vd myv enidoo-
on epelxvoTrav duvduewyv mov dpovv o do dievBivoeic BA-NA xal BA-NA.

Notiwg ™mg yepoovicov Zibmviag, 0to voTio meptfdplo g Tdgpeou tov Bopeiov Avyaiov éywvav dvo woyv-
ool oewopol v 18" Iavovapiov 1982 zow v 6" Avyovotov tou 1983. (Rocca et al., 1985) Ot petaoelomrég
axolovdieg Twv 60 auTdy OELOUWDV, ®RAANPOY TO peYOAiTEQO PEQOS TNG TAPEOY pe wa SievBuvon ABA-ANA.
Xopontmoouxd avtig g diaomoedg elval 1 Taovsia eveg oelopurot xevot NA tov peydhou ogopol Tou
1982 =oun vomua tov #éhmov g Kaoodvdpag. To xevs autd, Gmmg €delEe naL 1 SLOTTOQE TV MXQOTELOUGY TOU
duntiov Tov Bopeiov aryaiov, ovveyiler va vpiotatar péxot orjuepa pe BA-NA SievBuvon. Melhoviird. (cwg
%heioet. Ov MIOELG TV PNovIoUdY YEVEONS TWV UXQOCELOUMY B ®aL 1 SLoomoed Twv emrEvipmv Sei-
XVouv Ot £xouv evepyomomOel xaw Ta dvo Tujpata g TdgEov (BERELo ®at VOTLO) alhd meQLOCGTEQO EVEQYD
elvau To VOTLO TEQLOMELO TS TAPEOV.

H meproy BBA g Anjuvov eivar pia teproyn petdfaons petalt g tdpeou tov TApou ot g Tdpeou
TV Zmoeddwv. Exatépmbev autig g meployris mou ta tehevtaia 10 xo6via epgaviCeton evepyy, magornoou-

Zyrjua 2: Avoers unyavioudv yéveons oetoudv tov Bogeiov Aryaiov xar g eveUTegns megLoxfs mov vmoAoyi-
oTNRAY A0 TIS #ATAYEAPES TOV OtxTvov NASN 70 y00vind didornua Zenréuforos 1993 — Acxsuporog 1994.
Fig.2: Fault plane solutions for earthquakes in and around North Aegean sea which are recorded by NASN net
and for the period September 1993 — December 1994.

V  Zeguoroyixoi Zrabuoi (Seismic Stations)
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vion Sragogomorjoels. Elvaw  6€on omy omoia 1 tdgpoog tov Bopeiov Avyaiov allder dietBuvon xon omd
ABA-ANA mov givor otov ®6hmo tov 2dpou yivetor BA-NA oy tdgeo tov Emopddnv epgavitovrag pia
Ppaidot| pooei mpog to NA (Aemjpmaong N. 1981). O oyenuxés xuvijoeig uetal twv duappriEewv mou megt-
Barrovv v tdgppo tov Bopeiov Avyaiov, €xovv oav amotéeopo v didvotEn g Tdpeov. ZTo dutird owtd
7teELOMELO ™S TdpEoU Tou Bopeiov Aryaiov oL vitdeyovoeg eVOEIEELS (EmLpaVELaRES EXINADOELS, MITELS unyo-
VIOU@Y YEVEONS) EVIOYTVOUV TV GItoym GTL 1 TAPEOG ®aL xotd OUVERELD TO Ofypa T Bépetag Avartohiag, dev
ovveyiter omv nretpotxy EAGda. O duaymoroude de tov piiypnartog g Avatoiiag oto tpog g Avtikrc M-
204G Aotag, og TRELS ®AADOVG, OUVNYOEEL VTTEQ aTHGS TG AITOYNS.

Nétia g tdgppov Tov Bopeiov Avyaiov xat oxeddv mapdAANAQ pue autiv eXTEIVETOL 1) TAPEOS TS Z®VEOU.
O pxpooeglopol Tov €ytvay oty TdgpEo oty TEQLopitovtal oty mepLoxy Tov Ayiov Evotpatiov, oto avotoht-
%6 TWUaL TOU VOTioU TTEQLOEIOV TS TAPEOV KOl ROTA UHXOG TV OXTWV THS ZxUpov dnhadr oto dutxd mepldd-
010 g Tdpeov (oy.1). O cewopdg oug 19 PePpovapiov 1968 £yive NA tou Ayiov Evorpariov, fopeing tov
Bopeiov mepBwEiov g TdpEov g ZrUEou evegyomolvtas ddponEn opldvriag oriobnong deEidatpogn,
SevBuvons BA-NA. (AeMjumaong, N., Agaxdmovhog, L., 1974). Tdieg MioELS pnyoviopav YEveons OELop@v (0).2)
Sivouv o oL JUAQOOELOPOL TOV xatoyedenxav ol To dixtuo tov Bopeiov Avyaiov. Exatépwbdev g Oéoewg
TOU ETUREVTQOV TOU ®UQiov ogLopoy €ywvav dvo peydol petaoeiapoi (20/2° won 10/3™ 1968) na elvar eurouviig
N Ttoovaio oglourav xevadv BA xaw NA tou ®vpiov 0e1opot petafl TV PeETaoEoxdY axolovdLay.

IMapaTnE@VTAg 0TO XMHEO TLS OECELS TV TELOWAMDV KEVEV TOV UETATELOIKDY AROAOVOLDY TWV CELOUGY TOV
1968 %o ouyrEIvovTog AUTES PE TIS AVTIOTOLYES TOV OELoUoU Tov 1982 (0%.3) PAémoupe 6L Ta oeLoprd *evd NA
TV ®UOLWYV OELOUGV Boloxovron xotd uixog dEova dievBuvong BA-NA. An6 ) S10mopd Twv ETKEVIQOY TOV
HXQOCELOUMDV IOV RaToryodgnxay amd to dixtvo tov Bopeiov Avyaiov to yooviré didompua Zemtéuporog 1993
— Aexépporog 1994 (oy.1), paivetar 6t Ta oetomrd xevd NA twv »vplwv oelopdv ouveyiCovv va vadoyouv
axOuN ®oL OUEQQL.

To vétio meQLBiELo ™G TdgEor TS Zrigov evepyomounitnue tov Aexéuporo tov 1981 pe dvo woyvpoitg
OELOPOUG ameELeVOEQWVOVTOG peyGAo mood oewoprg evépyetog (ox.4). H dtaomopd twv emixévigmy Tav peta-
CELOU@V QUTAOV TV dU0 OELON@V epgpovitetal ouvexs o° 6ho TS TO P0G ®OL Yo PEYAAO XQ0ViXd didotnua
rolvmrovrog 8o dievBivoels, pio xipre BA-NA notd wixog tov votiov meptbwpiov g tdeeov Tng Zxrvpov
nou pio devtepevovoa BA-NA mopdAnkn moog Tig axtés g Zxvgov. O dievBivoelg avtég emPefardvovrar
%O o6 TG MVOELS TWV UNYOVIOPWDV YEVEONS TV OELOPMV, 0OLOBETOVV TOL TEQLOWDELA TNG TAPEOV KL TTQORAAOUV
pio. 0QLOTEQGOTEOWY TEQLOTEOPT TV TUNUdTWV Tov Boiorovior ueta€l Twv onEryevdv Cwvadv tov Ayiov Ev-
0TEATIOV XAL TOU VOT{OU TEQLOWEIOV TS TdpEOL TS ZxUpov (0Y.2).

Bopeiwg g A€ofovu o1 unyaviopoi YEVEonS TV PrQOOELoN®V €deEav TV TEoVoia TAAYLOaVACTEOENS
duaponEng ABA-ANA dievBuvon. H dudponEn ovni oe ouvdvoopd pe tig xavovirég drapenEeis €xeL oav amo-
TENEOPQ TNV EUPAVLOT OVOdRAV XivijoEwY oV TtepLoyt} owti. IThayioavdotpoges duappriEels dev Porjrape
010 duTKS TEQLOWELO TNG TAPEOU TG ZXVEOV, TTMGS EYLVE OTNV TAPEO TV ZToeddwv, ald votiodutindteQa
™G TdpEov g Zxrvgov 010 véTo Evpoird xéimo.

H SLa0mopd Tmv emREVIQWY TWV CELCUY, 0L MICELS TV IaVIOUDY YEVEOTS ROL OL TATIQOPOQRIES TTOU HOG
divouv oL OELOULXES TOPES IOV Eytvay OyedGY xABeTa oTLg xVPLES ALevBUVOELS Twv Tdpemwv Bopeiov Avyaiov xou
ZxHEOV, GUVNYOQEOUV Lo TV UTaEN PeYAAWY TTEQLOXWMY XwOIS LoyXvE1] OELouxt} dpaotnoidmra petakl twv dvo
Tapowv (0%.5). ANAad] VLAEYOVV TTEQLOXES ue TOAY puxen dpaotnoudmTa. ZuyreXQuuéva dev TooTnQOTE
oewopuxr] dpaomoidTnta votiwg e Tdgeov tov Bopeiov Atyaiov peta&l twv vijowv T'otvoa (Bépeieg Zmopd-
dec), Ayiov Evortpatiov xaw Afjuvov xaBdg xow avotoxd mg Afuvou petakd tav ynowwdv Tppoov xon Tevé-
dov xou avatohxdtego otov EAMjorovto péxyot tov Foovird motopus.

H nogationon ot evioydel TV Groym yuo TV ToQovoio VAXOU TTOU ATOPoV@VEL Tig dU0 TEQLOYES Kan
0pL00gTel RaMiTEQO TO TEXRTOVIXG pTAox. Iowg opeihetar otnv vraEn 1 oty dnpovpyia evdg droihov BA-NA
dLevBuvong mov evdvel TV Tagpeo Tov Bopeiov Avyaiov pe Ty tdeeo g Zxvpov. Zug B€0elg auvtég éxovv
mapatnenBel xow Ta d00 OELouKA REVE.

Zvoyeritovrag Ty Tdgeo Tov Bopeiov Aryaiov xaw v TdgQo g ZxUou ue To tiypa T Bépetag Avarto-
Mog mopatneovpe 6t To avatolxd TeQLO®ELO TS Tdgpeov Tov Bopeiov Aryaiov otov ®GArto Tov Zdgov eivan
dueoa ovvdedepévo pe Tov Bopeto xAddo tov prypatos s Bépetog Avatoriog, mov petd Tn Bdlacoa tov
Moappod draoyiCer v xepodvnoo g KalhimoAng yio va e1oéABer telnd oto Avyaio (oy.5).

O Boperog ®hadog eivar TEQLOOGTEQO EVEQYSS ol Tovg do GAAOVS ool 0° aUTGV ameAeVOEQWVETAL TO
ueyoAUiTEQO TOO0OTS NG OELoMXTG EVEQYELaS. Ev tovtolg elval XooaxtneLtotiry 1 amovoic OELOPMY ToL TEAED-
Tata 35 xpovia oy xepodvnoo g Kaihimolng, dnhady omy xepoaio exéxtaon tov pijypotog g Bopetog
Avatoliog xou 1 €viovn oelopuxt] dpaomotdtta exatépmBey auTig TS mteptoxrc (2dpog, Ipomovtida). Iowg
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Zyriua 3: Xdotng diaomogds emxEVIQwY TG ueTaoEIOuIXIS axolovBias Tov agonov s 18" Iavovagiov 1982
oty Tdggo tov Zmogddwv (4,0 £ M £ 6,4 18/1/1982 —6/8/1983).

Fig.3: Aftershock distribution of the earthquake of the 1982, January 18, in the Sporades trench (4,0 £ M £ 6,4

18/1/1982 -6/8/1983).

0 0QELVAG GY®0g 0T XeE06VNO0 T Kahlimohng va epmodiCel T Hetavaotevon OeLopudy uxpol peyéove and
TO VATOMXA TOG T dUTLXA.

210 avoroMnd TeQLBWELO TG TAPEOL TS Zripov dev paivetar vo €xeL OAOXANEWOEL 1 StdvolEn, ovte eival
oarig 1 oUvdeor tng pe Tov pecaio 1 tov véro xhddo tou priypatog g Bépelag Avatohiag (oy.5).

O peoaiog ®¥hddog mov exteivetan petakl Twv megloxdv s Mixpdg Aotas: TxévBe (Geyve), Tuephin
(Gemlik), Mmavtippo (Bandirma) xouw Mroigopitg (Bayramic) xataliyer omv Aviyoveio (Ezine) xau eoyw-
el 010 Aryaio wEis Vo paiveTaL EVRELVAG 1) COVEDT] TOV RE TNV TAPQEO TG ZxiEov. Ot MICELS TV PNYOVIoUOY
YEVEQNG TV WHQOCELONWY XOOWE %o OL OELOMRES TOES Tov Eytvay BBA g Aéofou pe dietdbuvon B-N dei-
Xvouv 6u o peoaiog xAddog Tov piyparog g Bépelag Avatoliog, tou tagotneeitow omv Mirgd Acio. cuveyi-
Cetou yro Alyo péoo oto Avyaio wg xovovirt deEldotpogn dudeentn, BA-NA Sievifuvong, pe mhdyLo ouviotioo.
#ivnong (ox.5). Iowg perhovuxd va evobdel ue Tg onEryeveig Ldveg ™mg Tdgpeov te Zxtgov.

O vériog #hddog exteiveton petaky tov meptoxdv l'evioexip (Yenisehir), Keparndta (M. Kemalpasa), Txiov-
vev (Gonen) xau xatadiyer otov x6Ao Tov Adpapvttiov (Edremit),6mov axohovBodvrog pio StevBuvon mopdh-
Ann tou ogewvol Syxov g Tong omv Mixpd Acic ewoymwpei oto Avyaio. H 81aomopd twv emu#évipny Twv
HrQOCELopGV (oxripata 1 #ar 5) ®xow ov MIOELS TV uXoviopdy Toug yéveans (0y.2), delyvouv St duoppviEelg
BA-NA $1e16uvong oty mteguoyij Tov axpwmeiov Mrausnd, oto dutns dreo Tov ®6Aov tov Adpoputriov,
euroditovv v eioodo Tov votiov xAddov oto Aryaio Snuoveydvrag uie nutdeeo. ITag’ dha avtd Suwe ot
SLoperEeLs oV 0p10BETOVV TO BGPELO RO TO VETLO TEQLOWELO TNS TAPEO TS ZHPOV POLGLOUY VO OTTOTEAOUY
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Zyjua 4: Xderns 0taomoeds emnEvIgy TV UETAOELOUIXGY axolovOiay Twv octoudv s 19 xaw 27
Aexeupoiov 1981 ornv Tdpgo g Zxvgov (4,0 SM <7,2 19/12/1981 -18/1/1982).
Fig.4: Aftershock distribution of the 1981, Dec. 19", and 27" main shocks in Skyros trench (4,0 <M <7,2 19/12/
1981 -18/1/1982).

TG TEOEUTAOELS TV dV0 voTbtepmv ¥AAdwY. H SLo0m00d TV EmREVIQWV TOV IRQOTELCUDV TTOV ROTOYQAPN-
%O, 1 YOOI RaTavopj TS oelouxts axolovBiag Twv oewopwv tov Agxepfoiov 1981 naw M fubopetpia g
TapEOoV TG ZrUEov, 0dNYOUV 010 CUPTEQAOU. GTL dEV TRETEL VoL EXEL OMOXANQWOEL 1 TEOG TOL avartoAxd Sud-
VOLEN ™G TAgQEOV.

‘Onwg €de1Eav oL MIOELS TWV PNXOVIOUDV YEVEONGS TWV IWXQOCELOUMY OL XIVHOELS TV ENELYEVAEV TOvav,
OTLG PEYAAES noEoAoYEg dopég Tov Bopeiov Aryaiov, xaBwg xar otovg ®Addoug tou priyparog g Bopetag
Avatoliog, TEoXaAOUY #VEING CQLOTEQOOTRORES HIVIOELS OTa. TERAYN oL Boloxovral peta&d Toug. Z'0pLopE-
VEG TEQUTTWOELS TTARATNQOVVTOL ROTA TOTOUG Kt dEELOOTQOPES TTEQLOTROPES.

Mia dihn eproxrj 6mov dev €xeL maatnenOet oswourr} dpaomerdtnta eivar A-NA twv Wapdv. H teproxm
ot Boloreton peta&y Aéopov, Xiov xow Zxvoov.

IMpoonaBdvrog va xabopicovpe TeEXTOVIRG TEUDYN 0OLLOVUE TaV KUELO QUTS TTOU TO BORELO KO TO VOTLO
G100 ToV 0QLoBETETOL 0TS TNV TAYEO TOoV Bopeiov Aryaiov xow mv tdeo g Exigov aviiotorya (0).5). Zta
A% VTV TOV TEPAXOVS EYLVOLY TECOEQLS OELOUOL EEXVAIVTOC OUT6 TO VOTLO TUIOL KOl ROTOATYOVTOS 0T0 BO-
€10 TP péow evog draihov BA-NA dieviBuvong ot dutinr] theved avtoy Tov Tepdyovs oxohovBmvtog pio
deErdarpogn dradpow. Ou oelomxrés axorovBieg tov Aexepppiov 1981 (oy.4), e 18™ Iavovapiov 1982 xon g
6™ Avyovotov 1983 eivan otevd ouvdedepéves. O oeLlopol autol 0pLoBETOTY €va TEXTOVIRG UTAoX PeToEU g
TdpEov Tov Bopeiov Avyaiov xan g tdgeov g Zxvpov. To votodutnd dxpo opitetol pe v magovoio
oelopav 1o de fopetoavorolxd dev eivan cagés. To onpeio ovvdvinong ™ms BA mhevpds ratahiyer omy ®o-
wity g Tdgpeov Tov Bopeiov Aryaiov and ta ABA-ANA og BA-NA. Eivau dnhadn éva onpeio dpbowong érov
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Zyripa 5: Xdotns pixgooeiouxijs dpaornototnras Bogeiov Atyaiov xar yigw megioxdv, mov xarayodgnxe ard
10 0intvo NASN (Zentéuporos 1993 — Aexuforos 1994) xar drapdvera ue tig mporewvaueves onéyeveis faveg,
TIS TEQLOTQOPES TWV TEUAYWY XAl TA TAQATHEOVUEVA oetouixd %evd (K).

Fig.5: Map of microearthquake activity in and around North Aegean sea recorded by NASN (Sept. 1993 — Dec.
1994) and the suggesting rupture zones, the rotation blocks and the observed seismic gaps (K).

yiveTow 0 SLo(wELONGs g o dU0 MAHEOTEQES TAPEOUS. ZTO TEUAYOS OUTO TTOV HOLGLEL pe TEOmELI0 e v
HEYAAn BAaom mEOg Ta BOQEL, EXTOS TWV LOEPOAOYIRADV SOPWDV TOV TO 0QLOBETOVY BApELa RaL VOTLLL, TEEQLAOUPG-
vovtol xau o vrowd Ajuvog xar “Ayrog Evotpdtiog. Avtind g Arjuvou xon tov Ayiov Evotpatiov péxol mv
AASvvNoo dev moatneovvToL oEloxES eoties. O oelopdg tov Ayiov Evotpatiov otig 19 @efoovapiov 1968,
mov £8woe pia deEtdotpogpn dudenEn oolldvtiog ohiobnong napdhinin meog Tig faoels Tov voBeTinol Toa-
meliov powdter vo mpoomadel va 1o yweioel oe do dAho prdtega Tepdyn. MetaEd autdv Twv ToLbY diapot-
EewVv TaQATNQOUVTOL 0QLOTEQGOTQOWES TTEQLOTROPES, GTTWS ROl AVUTOMKGTEQD 0TV Minpd Acio pneta&l Tomv
®hadwv Tov priypatos g Bopetag Avatoriog. To tépoyos outd epupavitetor uThOXAQLOUEVO OTA AVATOAMXE
amd éva dAAo oto omoio emxpatet ogwowrn novyic. H Tupoog, n Tévedog naw 0 EAMjomovtog avixrouvy ¢ avtd
TO QOELOIMHO TEUOYOG, EVH) TO BOOELO XAl TO VOTLO (KOO TOV 0QLOBETOTVVTOL Ot TNV TAPEO TOU ZAQOU KL TOV
peoato ®hddo Tov piynotog s Bépeiag AvatohMog avtiotorya. Nétia the Tdgpeou e xipov dev mapatoei-
TaL oELoprt} dpaotnoldmra.
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ENOPT'ANEX KAI YITAIGPIEX ITAPATHPHXEIX
I'TA TON KAGOPIEMO THX XEIZTMOI'ONOY AOMHX TOY XEIXMOY
THX 7HX XEIITEMBPIOY 1999 YTHN AGHNA®
I. A. IAIIAAOIIOYAOL', A.TKANAZ', E. IAYAIAHE

ZYNOWH

Av nou €xouvv mpoypatomom el ToATOIRIAES TAEOTNENOELS Yo T MEAETN Tov ogtopov g 7-9-1999 otv
ABnMva, dev VITAQYEL TOOS TO ARGV OPOYVWUICL HETAED TV ETLOTNUOVOV YLOL TO TTOLA NTOV 1] OELOROYSVOGS dopn.
T v exihuon ovtot Tov TNTiHoTog TaEATIOEVTOL OELOUOYQUPIXES NETOHOELS X0 UOXQOOELOULRES HOL YEW®-
Loywég mapatnenoels vaiBov. Ot unxaviopol YEVEONS %Ol OL ETUKEVTOLXOL TQOTILOQLOPOL TOU KVQLOV OFL-
OpOU oL TV UETATELOUAV deV agiivouy augifolio Gt n dideenEn ritay xavovixii ue ABA-ANA dietiBuvon o
xAton mpog to NA. Ou mapatnerioeis vraifpov deilyvouv 6Tl Ta péva yvmotd o1y pata Tov €X0UV To YEMRETOLRA
YOQAXTNOLOTLRA TTOU AVTOITOXQIVOVTaL OTa OELopoyeaprd dedopéva eival Tov Oplaciov IMediov xar g Pu-
Mgc. YroompiCovue 61t to oriypa tg @ulijc mbavdtata ometehéoe T oglopnoySvo doprj yuotl eivor evepyd, ot
REYLOTES PAAPES RO OL KUQLES EQQUPIHES TAQOUOQPWDOELS TaQATNENONKAY OTO emtxQepduevo tépoyog (hang-
ing-wall domain) xouw TAnGloV TOV EMPAVELAROT TOV (YVOUS, X0 EMITAEOV TOQOTNETONKE LBV CUVOELTULXY
petaxivnon 3-6 cm . AvtiBeta, 10 efjypo Ttov Opouaciov ITediov dev €xel ravéva amd autd Ta yvweiopuoto.
Eniong, and tig vndoyovoes taatneroels dev mpoximtel 6Tl (owg evepyomoniOnxe €va «Tughd priypo .

ABSTRACT

The earthquake of 7 Sept. 1999 (Ms= 5.9) that struck the metropolitan area of Athens, occurred only at a
distance of "18 NW from the historical center of the city and has been the most destructive shock in modern
history of Greece. Therefore, it is of great importance to identify the seismogenic structure. Focal mechanisms
of the main shock as well as the lateral and vertical distributions of the aftershocks , determined by several
institutes, are consistent in that the main shock was associated with a normal faulting striking WNE-ESE and
dipping SW. The only geological faults known in the area to have the geometrical characteristics that are com-
patible with the seismographic results are the fault of Thriassion Pedion and the Fili fault. We support that the
Fili fault, striking 110° — 150° N at an observable length of 8-10 Km, has been very probably the seismogenic
structure of the Athens earthquake because ( i) it proved to be an active fault as revealed by the striations we
observed on several segments of the fault mirror, ( ii) the meizoseismal region as well as the most important
ground failures, like local small-scale landslides and rock-falls, all are located on the hanging-wall domain and
very close to the surface trace of the fault as it is theoretically expected (e.g. Oglesby et al., 2000), ( iii) we
observed a possibly co-seismic displacement by 3-6 cm of the SW (hanging-wall) segment towards SW . On the
contrary, the fault of Thriassion Pedion is recognizable in satellite images but in the field it is evident only as a
series of alluvium cones which is an evidence of a possibly inactive structure. Moreover, the meizoseismal area
and the ground failures observed in association with the Athens earthquake are located in its foot-wall, that is in
the domain where strong motion should not expected to occur. In addition, if that fault was the seismogenic one
then the earthquake focus would fit the fault geometry only if it was shifted at least 15 km southwestwards. The
last possibility that the Athens earthquake was associated with a blind fault is not supported by any kind of
instrumental or field evidence.

AEEEIX KAEIAIA: oewopds, Abrva 1999, oewopoydvog doun
KEY WORDS: earthquake, Athens 1999, seismogenic structure

* INSTRUMENTAL AND FIELD OBSERVATIONS FOR THE DETERMINATION OF THE SEISMOGENIC STRUCTURE OF
THE 7 SEPTEMBER 1999 ATHENS EARTHQUAKE

1. Tewduvouxo Ivotrtovro, EBviné Aotepooroneio Adnvav, T.0. 200 48, 118 10 Abrva

2. Twijpa Tewhoyiag, A.JL.O. 54 006 Oecoahovirn
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1. EIZAI'QTH

O oewopdg g ng Zemrepfoiov tov 1999, peyéBovg Ms = 5.9 olipgpava pe to Feoduvauxs Ivoutovto tov
E.A.A. »ou 1o Egyaonijpro T'ewguowiic tov AILG. zoaw Mw = 5.9 olpgwva pe diebvy oelopoyoagund ®évioa,
gywve oug 11: 56:50.5 GMT ( 14: 56: 50.5 tomunrj ddpar). H emavompoodioguobeioa eotic amd tovg Papadopoulos
etal. (1999, 2000, 2001) €xet ovvretaypéves 38,08°N /23,58°E xou fdBoc 17 km , Snhadn n emnevrowy andota-
on tov EBvinot Aotepooromeiov oto 1otopind #€vrpo s Advjvag eivar A ~ 18 km (Zyrjua 1). Ov Papadimitriou
et al. (2000) tpoodiLéoLo0 TAQATA OO ETIXEVTOO CAA wrpdTeQo eotiaxd Bdbog ( ~ 8 km). Autdg o oewopdg
VIHEe 0 WO ONPOVTIKRGS 0T VEGTEQY LOTOQIO TG XWEUS PG Y TEELS Adyoug : (1) elval o mpwtog mov
BeParwpéva €ywve pe 1600 peydro péyeBog vow o€ TG00 PnEY aTGoTaoN amtd TO LOTOELRG ®EVTEO TS Abivag ,
AOXOAGTOVTOG PiCt VEO OELOUIRY TINYY) PECOL OTAL GOLEL TOVU PNTEOTOALTIXOU HEVTQOU TG YWoos , ( 2) elvar o
TOWTOG 0T UOXQEA{MVO LOTORI0L 7OV YVwiLovpe Gt mpoxrdieoe Bipata péca ota GELe TOU UNTEOTOMTIROY
%x€vrpov, now ( 3) elvar amwd toug mo PAaPepovs oelopols TS vedTEENS LoTolog TS Xbeas , dedouévou Gt
npoxdheoe 143 BUpora now eXATOVTIAOES TOAVROTIES, peydhes 1 uétoleg PAapes oe mepimov 65.000 xtipua o 55
dnjpoug xau dpeoy owovourxy PGP mou vrepfaiver to 1,2 towg dpayués .

TNt Tovg AGyoug avtovs eivon EALQETIRA ONUOVTIXG VO VTTOAOYLOTEL TO OELOUIRG SUVOUHG TS GELOROYGVOU
doprig xow 0 peMAOVTIIRGS OELoULRGS ®ivOUVOGS Tov ouventdyeton. Emewdn , duwg , mpog 1o mapdv dev vrdoyet
opoyvopia yie 1o wod vieEe N oelopoyovos dowrj, oty mapovoo epyacia eEetdlovpe eldindtepa to Oua
ot PactlopevolL oe EVOQYQVO OELOUOYQAPLRG OESOUEVH, OF UOKQOOEIOUHES KO YEWAOYIRES VTaiBoLES TToi-
QUTNONHOELS HOL OTY CUVOUAOUEVY EQUNVEIX TOVG.

2. ENOPTANEL LEIZMOI'PA®IKEY INAPATHPHIEIL
2.1 MHXANIZMOZ 'ENEZHZX TOY KYPIOY ZEIZMOY KAI TQN IZXYPQN METAZEIZMQN TOY

O pnyaviopot Yéveons mov zabopiomxay and Siedvii CELOUOYQAPIXA REVTOO QTG OXQLVES HOTAYQOPES
TOU ®UQLOV OELOUOT OPECMS PETA Tr YEVEDT] TOVU, BOIOROVIOL OF YEVIXY OUUQPMVIC PETAED TOUS ot VTOJELRVY-
ovv Tig eENg Mioeis ya Ta dvo kigua emtimeda (nodal planes, NP): NP1 ( duevBuvon/ xhion/ ohioOnon): 292° / 36°/
-99° (USGS), 271°/ 47°/ - 106° (Harvard), 294°/ 47°/ -83° (MEDNET), NP2 ( dtev8vvon/ xAion/ ohiobnon): 123°%/
55°/-84° (USGS), 114°/ 45°/-73° (Harvard), 104°/ 43° -97° (MEDNET). O Papadopoulos et al . (1999,2000)
®oBOQLoAY TOV PUNYOVIORO YEVEONS TOU ®UQLOU Oelopoy 1o 38 petaoeoudv tov pe ™ pébodo tmv mpdtwv
amoxhioewv Twv ®updtov P and xoatoyooagés eMhadixdv atadudy . O unyaviopds YEVEONS Tou ¥UQLOV OELOROT
(NP1: 293° / 51° / -90° , NP2: 113°/ 39°/ -90°) eivow mooGpotog He otV Tov TEOOOLOQIOTNXE QTG UORQLVES
HOTOYQOPES KO CUUPWVEL PE TOV PN AVIORS OV TEoadidptoay xan dAlol egevvnteg (mt.y. Louvari and Kiratzi,
2000, Papadimitriou et al., 2000). Zvverwg , 0 ®UQLOG OELOUSS TEOXAONKE 0TG RavovLrY StdEENEN pe dievBuv-
on ABA — ANA xow #hion 1 NA 1} BA xon pe notegyduevo 10 votrodutird 1 to fopetoavatolnd Tépayos ,
avtiotouya. [Tapdpotol Eival xot oL pNaVIOROL YEVEONS TWV LETACELOUMV.

2.2 TEQI'PAPIKH AIANOMH TQN EITIKENTPQN TQ2N METAZEIZMQN

To T'emduvourd Ivotitotto apéows HETd Tov ®VQLO OELOPO TOTOOETNOE OXTA OVOAOYLROUS POENTOUS OFL-
opoyedgpoug tirov Sprengnether MEG-800 eEomhopévoug pue xatandoupa oelopdpetoa fooyeiag mepiodou (
1 Hz) timov Teledyne S — 13. To oivoho awtdv twv 0pydvav pali ue Toug dUo POVIPOUS CELOPOYQAPIXOTS
otabpoig Twv ABnvav ko g Teviédng ovyredtnoay dixtvo déxa otabudv (Zxnipa 1) and Tig RoToyQapEs
TV omoiwv €ywve duvatds o mEoodoplopnds mepimov 800 peTaoelopdv péxot Ta téAn tov Oxtmpoiov Tov 1999,
pe eldxroto aQLBud €En pdoewv xupdrav xodeov. To poviého toxvtitwy mov epapudomxre anotelel elapod
TPOTOTTOMOY £xElvOL TOV dnpooievoay ot Papadimitriou et al. (1999) xou €xer ¢ €Exic: (Vp/h) : (4,80/ 0,0 ), (
5,40/4,0), (5,80/7,2) , (6,30/ 10,4), (6,5/ 15,0) nou (7,00/ 30, 0), 6mov Vp eivan n togydmra tov xupdtov P og km/
sec now h efvar 1o fdBog oe km.

H yewyooaguxi ®ow »otandQuen dtovoun Tov 0TV TWV UETOOELOUMY OOTEAET EvVal 0T T TTLO ONUOVTIRG.
2OITHOLOL YLo TOV XABOQLONG TG OELoROYSVoU didpenEng . ‘Opws, 1 avelaotxn avadiavopr Twv TAOEWV oY
TEOKOAEL O KVOLOG OELOPUGS €XEL WG OMOTEAEOUA T YEVEON UETOCELOMDY OF DO VEUTEQO O™ auTdv oV
%®aB0piCeL M ®HoLa SLAEENEN, *a YU autd M YeWYQoQWXY] EEGTAMON TV ETUXEVIQWY TOV GUVGAOL TV UETOOEL-
ouwv {owg dev maREYEL ATOAMITIE OVTLITROOMITEVTIXY ELvEVA TS dtdoenEng avtic. TV avtd , dieBvag yiveton
TAQOSERTO OTL 1) AVIWTQOOMITEVTIXATEQN EXAVA TEOXVTTEL OV ANHOTY VIGYN OL HETAOELOUOL PGVO TV OG-
TWV NUEQWY TG HETAOELOMLKT|S ovohouBias. To Zyjua 1 delyxver ) yewypopuxi) diovopn Twv emréVIQV Twv
98 UETACELOUGOY OV TROOALOQIoTHRAY ROTA TV aEXWKY] HETaoElomry] teptodo , dnhadr péxor xaw v 10y
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Zypijua 1. Eminevrgo Tov #0100 0610400 (00TEQL) %A1 EMiXEVTQQ TOY HETATELTUGY TOV TPATOV TOINUEQOV
(xvxdot) (dedouva and Papadopoluos et al., 2000). H vitia xat 1 fogeia yoauuri magiorovy anlomomusva Ta
orjyuara tov Ogudaiov HMediov xar tng Pviifs, avriotorya. IMedobery eneijynon: navoes eAreiypers = meroyés
uéyoroy rafov (Pvdij, A.. Aidora, Mevide and BA moog NA), Aevierf sy = wepLoxf onuavrixdv flapav

(Ogaxouaxedoves), Toiywvae = orabuoi avaloyixov duxrvov Tov Newdvvauixov Ivoritovrov.

Zemrepfolov tov 1999. Eivar moogaviis 1 Sudtan tov emnévigny oe Livn e meQinov eAlewrind OYNUCL LE
ueyoto dgova ABA — ANA SievBuvong pinovg mepiov 25 km.  Emhextuxy SudtaEn twv emrévipwy og GAheg
dievBivoeig dev mapamoeital, yeyoveg mou onpaiver 6T M xvpta SidoenEn ftav ABA — ANA dtevBuvong xou
ot oUte devtepoyevels dloeriEels ot dhhes Sievbivoelg vmigEav xatd Tig mEwTEC WEQES TNG UETACELOURIS
axohovBiag. Eniong, elvar moogaviis 1 ouyrévipmon tov emuéviguv oe 8o mepLoxEg, ™V SuTLrn xow Y ava-
ol , yeyoveg mou €xen 1idn emonpavOel and tovg Papadopoulos et al . (1999, 2000) amté TV mEOROTAERTIXY
agloAdynon g dtavopric Tov CUVGAOL TWV HETOOELOUMY TTOU TEOCBLORIOTNHAY OTTG TIS KATOYQAPES TOU QO-
ooy duxtdov. Tnv (dua mapamionon éxavav xau ow Tselentis and Zahradnik (2000) pe dedopévo o6 aveEdo-
TNTO POENTS JinTVO TOV RATEYQAYPE UETACELOROUS . AUTY 1) OUYREVTIQWON VITOdEVUEL GTL M dLdENEN Tou %U-
QLov O£LopoU mEEMEL var Eyive ot d0 nipla aoBevr edypata (barriers, cipgpmvo pe Tov opLoud twv Das xou
Aki, 1977) duaymoiEdpeva and oxeTnd mreov Gyxov wWoyved QEAYI. oy EUEVE GBQOVOTO XaTd, ™mv ®igLa
duapenEn. Magamhiolo elvon xauw 1 dmoyn wov Voulgaris et al. (2000) . Se xaraxdoven topy dievBuvong A-A
(Zxvina 2) €youv mEoPANBel oL £0TiEG TWV PETACELONGY TOV TEOTLOQITTNHAY %ATd TO TEWTO dexanpego ,
dnhadn péxol now mv 17m Zearepfoiov tov 1999, mporeluévou vo Slomotodei TuxSv EMEATOON TNG UETACELOL-
g dodong oe oxgom pe Tig mpdteg pépeg. H UmapEn Tmv 8160 CUYAEVIOHOEWY CELOIXGY ECTIGY OTO SUTIRG Ko
0t0 avatolxd Twina tg dideenEng eivan epgaviis pe capog HeYaliTEQO aQBRGS E0TLHY 0TO avaToMxd THua.
To ouvolxd prixog Tov peTaoELoINHOT XHEOL TapapéveL (0o pe megimov 25 km mov onpaivel Gt ot eEEMEN
s axorovbiog dev vmieEe aEidhoym Yewyougun] eréxntoom g petaceiomriic dodone. Ta eotiaxd Badn oye-
36V Tov oLUVELOU TV NETAOELONWY deV unepPaivel To BdOog Twv 17 km o vrohoyiotnxe Yo ToV ®UELO OELOPS
( Zxripa 3) wow avtd onpaiver 6t M xipia SLGEENEN EyLve and ®dTw TEOC TaL TaVW, STWC AXEUBGHS avapEVeTaL
OE TEQUITAIOELS RAVOVIXMV dLaEEWV.

3. MAKPOZEIZMIKEX KAI TEQAOTIKEX IIAPATHPHXIEIX
3.1 NEOTEKTONIKEX> ITAPATHPHZEIX

Ov vrtaibples yewhoywég magamenoels mov tpaypotomonjfnxray omy evpitepn OELOUGTANXTY) TTEQLOXT|
TIG TTQWTES LETA TOV KUQLO TELOUS NUEQES , OE TUVOVAONS e EEETAON SOQUPOQLLDY ELRGVAV (Ganas et al. 2001)
xow Yewhoyidv xagtdv (ITME , 1980) , €deiEav éu 800 eivou Tor wligua @fypota ou yapaxtnoilowy pe ™mv
ETMUPOVELORT] TOVS EpEvIoN Ty TtepLoyn. To modTto eivau To E1fypa Tov Bgudotov Tediov (1 Aonpomipyov) pe
dievBuvon mepimov ABA — ANA, %ai 10 devtego eivon To grjypa g Pulic mov Suardooeton Tepimou TOQAAAY-
A pe o eaiTo nou Bpeta atanvtd. Kawta 8o oriypata xhivouy mpog ta NA . A HOQQOTEXTOVIRY ATOYT TO
onyna Tov Opuaciov IMediov epgaviCeton pe ) pop oelRds xvwV arhovBlaxdv amoféoewy xwolc va Epa-
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viCel Tumxy emipdveta pypatog (kaBoégt), didovrag ET0L ™V eVIUT®ON 6Tt TEGXELTOL HAAAOY VIO TEXTOVIXY
doprj apéPang dpaomoidmrag. Aviibeta, To priypa g Puing, dievBuvong B110? — 1307 xaw xAiong 70? - 85?
NA epgpaviter o€ TOMES BEGELS HOQPOTERTOVIRES EMLPAVELES TUTUKES EVEQYMDV ONYUATWY, UE CUXVI| TV TTOQOV-
ol YOQOATNOLOTIXWY YOOUUWOEMY OAMOONONG, UE TOL TOQATAVM YEMUETOLXRE XOUQAXTNOLOTIRG, TTOU PAQTUQOVY
UETOULVIOELS O VEOTEXTOVIKO 1] KOl OF LOTOQLXS YQOVO.

Axoun, eivor aELOoNPEIWTO GTL TO VEOTEXRTOVIXG QY TNG d>v)\.ng optoBetel to fopetoavatTohzd PEQOG TG
Tdvng Twv UETOOELOUIV.

longitude
233 234 235 236 237 238 238

|+ NOAGI epicentres |

Zyrjua 2. Kataxoouen tourf Tov ueraoeiopixov yooov owevbuvvons A- A. Igofdilovrar ot eotieg Tov xvgLov
0100V (UEYAAOG %UXAOG) XAl TWV UETATEIOUGY TOV TQBTOV EXANUEQOD, IS TPOOdLOQIoTNXAY AIE TOUS
Papadopoulos et al. (2000, 2001).

3.2 TEQI'PAPIKH AIANOMH TQN BAABQN

An6 g TOQaTNENOELS TEHIOV TEORVITEL GTL 1) YEWYQOAPLXT] SLavOpT] TV PEYLOTMV POXQOCELOUXWY EVIG-
oewv ftav onpovtixd aovppeton (Zyrpa 1). Ou péywotes PrAdpes mogamenOnxav otov dEova duly - A.
ALdouo — Ayapvés (Mevid) , dmov 1 pexgooeouxij éviaon épBace tov fabud VIII, xaw tomxd tov IX, omv
®hipona MM. O dEovag avtdg €xer dievibuvon ABA — ANA mov eivow xou 1 dievBuvon e oelopuoyévou
LaEENENG, GG TEORVITEL OGS TOUG UNYXOVIOHOUS YEVEONS KO 0TS TN YEWYQAMIXY SLOVOUY TV EMKEVIQWV
TOV PETOOELOUMYV. ZtVv mpog 1o, ANA mpo€xtaom tov dEova autov, ong meproygs Addueg waw Metapdopwon,
N évraon dev veEPn Tov VII fabud, maod ng pepovopéves katapeeloels mov magatneitnxav tomxd . H
dua péyrom évraom mapatnEriBnxe xou otous Oganopaxedives , teQLoyrj Tov evioniLeton BoEElng TOv avato-
Mxot dxrpov Tov mopamdve dEova. Ze Gheg Tig VGAouteg TEQLOXES , AVEEQQTITIG TNG EMXEVIQIXYS QGoTa-
ong xow mg alipovBiaxric Toug TonoBETNong oe OYXEON pPE TN CELOMXY EOTIO, 1) HAXQOOELoIXY] §vioon dev
vreE€Pn tov VII fabud. Aev vrdoyet opgpiBolio 6t tomxol edapLrol Tapdyovies (0wg, 08 OQLOUEVES TTEQUTTH-
O€LS , EVIoYVOQY TOTXE TOV E80PLAS REABOOUS 0TS TEQLOYES TWV PEYLOTWV EVTIGOEMY. ‘Opwg, To.QOROLES Eda-
puiég ouvlrines (). Xxohop€s mEdopateg 0moBEoELs) EVIOTICOVTIaL OF TEQLOXES MAQOTEENG 1j (OMG EMKEVTQL-
wic andotaons , eviomioueves mord xovtd oty otio , 6nws 0 AomEGmUEYOS , 1 ota. NA awtrg, , 6rtwg 1
Elevoiva zow M Mayotvia , 6mwov 1 évraon dev vreépn tov fabud VI.

An6 to TOQOTEVW TEOXUTTEL 6TL 1) Yewypapunt] SidTaEn twv mepLoxdy dmov magatneinxe 1 uéylom
€vroom mEEnEL va QUM VEVOEL xVpiws 0md T KoEAXTNELOTIXA TG OELoMRS dLdpENENs. Al Tnv droym avt
elvon onpovuxd 6t n mhewdoerot Lhdvn Pukiis - A. Awooiov — Axapvdv Oyt pévo Baiver Ttopdhnia pue to
onypa e PuArg aAld now evTonileTon 0To RATEQXSUEVO TUIO QUTOU RO TTOAM) ROVTG, OTO ETLPOVELARS (VOGS
Tov prjyparos. H onpavixdmra avtg g tagationons ovinteiton mapoaxdto.

3.3. ZYNZEIZMIKEYX METAKINHZEIX KAI EAA®IKEY AXTOXIEX

O vaiBoLeg YEWAOYIXES TAQATNEOELS TTOV TOAYUATOTOLOUUE OUECWS UETA TOV HUQLO OELOUE TEQLEAQL-
Bav raw TV avaliimon empaveloxrc exdilmong Tov oeLopoYSvou efypRatog, SAadi| CUVOELoIRDY HETOXLVI]-
oewv %ot edapuuwv aotoytodv. O péves mMBAVES PETAXLVIOELS TTOV OUVOEGVTOL [E TOV KUQLO OELOUG ™S NG
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Zemrepfoiov tov 1999 mapatnEiOnrayv oe oplopéveg BEoels Tov priypatog ™ms Puviisc. H onuavuxdteon eivar
exelvn mov evromiomxe oto BA g Moviig tov Ayiov Kumpravot xat g uhig rat o andotaon mepimov 1 km
até oUTHY. ZUYREXQLUEVA, TTOQATNOT ONKE HETAXRIVIION TNE TAENS TV 3-6 cm %Ol 08 uNxog rEoTeQO Twv 100 m,
1tpog NA 1ou votiodutinot Tepdyovs, dMAadt] Tou ®oTeeyGUEVOU TEUAYOUS TOU QNYUOTOS, OTIWG ArQLBMS avaue-
VETOL TOOO OITO TNV VEOTEXTOVIXY] TOU CUYRERQLUEVOU OIYIOTOS GO0 %at atd TV arrodoy1j Tov evog atd ta dUo
%UL0L EMITEDQ TOV VTOSEMVIEL TAQONOLO. ueTarivon oty gotic. H petaxivnon avt eivon ogiaxt], dnhadn
dev epaviotnre oe PHEYGAO ufrog kot dev eiye ONUOVILRG A , 0w GAMOTE avapEVETaL oo T0 PETOLO
uéyebog tov oglopov. Evoumwoland eivor 6t madpoles TaAGTEQES IXQOUETOXIVIIOELS Epgavitovial TG00
oY OUYREXQWEVN BE0m Yo TeELOaGTEQO atd 1 km, 00 »row o€ avtiotovya wixn ot 0€on Kdotpo Puiris xon
Bopeia twv Avar Arociwy, oploBeTdvtag ovolaotizd 10 eveQys pnyra s Pulc yia mepitov 5-8 km. Ot peta-
Tomi{oeLg UTES lvan TUTKES CUVOELOWXES TS TAENG 6-12 cm %o 08 CUVIVAONG PE TO 0QUTO PIROG TOV PYHO-
T0¢ EOOdL0QICOVV avtioTouya PeYEDN Tahalooeloudy ™S TdENg M, =6.0 oluguva ue Tig oxoelg ueyeboug /
uetaxivnong twv Wells and Coppersmith ( 1994) xou Pavlides et al. ( 2001).

O edagunés aotoyies mov mapaTnEidnray eivar §00 rammyopudv: wxreYs »hporog roatoMadnoeLs ron
TOmRES RaTamTAOoELS MBwv. Ou BEoels £X0UV TEOOBLOQLOTEL e TN CUVOVAOREVT (01 0T TOTOYQAPLRWYV XOQTHDV
xnaw goontdv dextdv GPS Magellan axpifeiag 60-70 pétowv. Av zor 1 Ep@AvIoN TETOLWY aoToLdV eEaptdton
oNpoVTLRG oIt6 TOTLROVE TTORAYOVIES, SIS 0L POPPOAOYLRES ®AOELS Row O PabpSs SidPpwong Twv empaveLa-
ROV TETQOUATWYV, M TLO ONUOVTLRT] TQANETEOS TTov *aBoilelL ™y xUgia Tdvn TéTolwv eppavioewy eivon o
LoYVEGS £d0gnds roadaouds. H mhetovémra avtdv tov aotoyidv evroniCetol oty Ldvn tav péyotav fra-
Bov 1 minoiov avtrg. Eniong, mohd novid ota tpipote tov pvjypatog g Pulig dmov petoBnne n mbavoedg
OUVOELOWLKT] HETAXRIVNON, TapamEBnxav tomxés avamndnoeis AiBwv mov mpoopépovy €upean pagtupia du
1 ROTARGQUPN CUVLOTAOO TNE EQUPLRTIE ETLTAYUVONG TEEMEL VO TOOOEYYLOE TO 1g 0TS OUYRERQLUEVES BETELS.
Tapdpoia povopeva €xovv neprypapel oto mapeABov ot dhheg oswopoydves meptoyes g I'mg .

4. EPMHNEIA TQN AIIOTEAEZMATQN KAI ZYMIIEPAZMATA

Ta xipua omoTeAéopaTa oV TEORVITTOVY cuvoyilovrar ota eEig:

4.1. Oupnyoviopol yEveong Tov ®UpLov OELopoy  VtodeLxviouy 6t n dudoenEn ritav xavovixij, pe ABA - ANA
dievBuvon xau ue xhion 1 meog ta NA 1 mpog ta BA. TTagdpotor givar now ov unyaviopol yéveons g
TAELOVOTNTOS TV UETACELOUMYV.

4.2. Ta enirEVION TWV PETOOELOUWY TOV TRWTWV NUEQWV UETA TN YEVEDT] TOU ®HOLOV OELOPOU dLartdooovTaL Oe
nepimov eMewttirn Ldvn pe péyioto dEova devBuvong ABA — ANA . Emhextinn dudtakn emuévipny oe
GMeg devBuvoels dev apoTnEnOnxe.

4.3. Avo lval to QYHOTOL PE ETLPAVELORY EUPAVLON TOV B ptopovoo v CUVOEOVTOL [LE TOV XUQLO OELOUG.
To zavovixd pfypa g ®ukijg, ABA — ANA dieiBuvong, oploBetel tn fopeLoavarohxii TAeved g Lidvng
TWOV PETOOELOUMY HOL EUPAVITEL EVIUTTWOLORES EMUPAVELES OMOBNONG (RABEEQPTN) NE ENPAVELS YOOPPD-
OELG, TTOU TTROXAT|ONKOV 0TS TEXTOVLXT] LETARIVIION OE VEOTEXTOVLXRG %ol (0WS OF LoToEWrd Xe6vo. To p1y-
no Tov Bgudowov Iediov datdooeton oxedov mapdAinia pe to priypa g Puviig, eivon epgpaveg oe
0pUPOEWHES EVROVES , GANG LORQPOTERTOVIRG EpaVICETOL NGVO PE T poEpY oELRdg alhovBraxdy prmdi-
WV XWEIS eppavy] empdvela oAionong , didovrag mv evrinwon avevepyol priypuarog.

4.4. Ou péyoteg Prdapeg, fabuov VIII xow tomxd IX , mopaterfnxav ot Cdvn Puhis — A. Awooiwv —
Ayxapvav mov paivel togdhnha pue to piype g Pukig row EVIOTITETOL OTO RUTEQYKGUEVO TPHRCL TOL ROL
%OVTQ OTO ETLPAVELAUS TOU {)YVOG.

4.5. Ze oplop€veg BEoelg Tov priypartog g duhig moatefnxre mBavdg ouvoeloprY, oglaxt petaxivnom
TOU HUTEQYCUEVOY TEUGOVS natd 3-6 cm. Zug (dieg B€oerg mapampenoaue emiong avammdosis AMBwv,
YEYOVOGS OV LITOINAMVEL OTL 1] RATAROQUEPY CUVLOTWON TNG OELCIKIG ETLTAYVVONG TEOOEYYLOE T0 1g,
Srwg £xeL TOQaTNENOEL O OE TEQLTTWOELS OELOUGV 0 GAAES TTEQLOYES TOV TAavrjTn (t.X. BA. Bouchon et
al., 2000 yia oUvVTOUN OVOOHRGTINOT RO VEEC TOQATNEVOELS). AUOUY), TOTAES WHQORUTOMOOOELS KO %Ol
TOTTWOOE LS TaEATNEBN®aV ®VElg oY TAELOoELOT CAdvn.

Ta TeQOTAVE® ATOTEAEOPATA EQUNVEVOVTOL TTOAD travomomTixd av dexBovpe 6t To eryua tng Puhis ame-
TENEOE T} CELOROYGVO dopy| Tou OELopoy g Tng ZemrepuPolov 1999, droyn mov Yo Wt poed dratumwonre
and Toug Pavlides et al. (1999). ITpdyuatt, 1 YE@RETQIO TOV ROl 1] RIVIPATLKY TOU OUPPWVOUY amtdiuta 1600 pe
10 va amd To. 80 ®UpLa ENimeda TOV VTOSELUVIOUV OL UNYOVIOROL YEVEOTG TOU XULOV OELoU0Y, dnhodn exeivo
ov TEOPAEREL peTaxivion 1Eog Ta NA 1ov votodutirot Tepdyovg e dudeonEng, 600 xat pue ™ yempetia g
UETOOELOWRNG ETLpavelag . Emmhéov , and ) veotextoviny avdluon mtpoéxuype Gtito ofypa s Pulijs mba-
vétato eveQyomojinxe o€ TEAOQPATO YEWAOYLXG 1] RO LOTOEWG XEAVO, dnhadr| Gt eival evepys xau eixe 1O
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duvapund Yo yéveon oglopov, 6mmg outdg g ng Zemtepfoiov 1999.  H pn epgpdvion tumiris , ETLQOvELD-
%1|G CUVOELOUATG UETORIVIIONG OLTLOAOYETOL TOMITOG 0Tt TO PETELO PEYEBOC TOU OELOHOU oL DEV UELDVEL TNV
EMLYELONUOTOAOY (O VTTEQ TG EVEQYOTOIMONG Tov Pfypatog g Puliic. EEdAlov, n opraxny petanivnon mov mo-
QaTNOONKE, EXELTO YEMUETOIRA ROL RIVNUOTLRA (AQOKTNOLOTLXA TTOU TRoBAEmOVTOL av deXBOTVpE OTL TO P1ypRaL
™mg Puhiis evepyomowBnxe pe to oelopd. Emmhéov to idto prjypa elvat To pévo oty TEQLOYT] OV TUQOVOLALEL
TUTHG, (OQUXTNOLOTIXG EVEQYOU ONYRATOS. ZUVIEETOL EMIONG UE TIS TEQLOOOTEQES EQUPLRES TUQAUOQPWOELS
(TrdoeLs Podywv, edapurés duapnEels, avamndijoeis MOBwv, ®Th.) 08 TOCOOTS ROl O EVTOOT. ZUUPOVO, LE TOUS
Tselentis and Zahradnik (2000) , 1 toutj Tov emTEdOL TOV PNYUATOS , TTOV KABOPITETUL ATTO TOVG HETACELOROUG
7oV oL (dLoL xatéypopav pe aveEdomTo Qoentd dixTvo, ue TV EMPAVELR TG NS CUNUTITTEL UE TO ETLPAVELD-
%0 (xvog Tov Priypotog tg Pukic. Avté mpoxumteL ®an atd Ty topn dtevBuvong B — N (Zyfjua 3) oy omoia
€xouv TEOPANOEL oL EOTIES TWV PETOOELONMY TOV TEOTdLoRloMKRaY amtd To Tewduvourd Ivotitovto. Axdun,
amote éopato ovpforopetouniic avdivong ( Kontoes et al. 2000) cuvvnyopotv vrép tov 6t to prypo tg Puhiig
ouvdgetan pe To oELops s Abrvag tov 1999.

H amodoyn 6w 1o priypa g Puivg 1tav 1 0elonoyévog dopr) onuaiver 6tL 0To voTlodutird TEPA)OS , o
elval 10 EMXQEPAUEVO (ROTEQYOUEVO) , ®ow WOLATEQO TTANCTOV TOV EMPOAVELAROU (XVOUS TOV, OVOUEVATAY VO,
moatENOel 1) LoyvedteEn edapurr} xivnon. Ipdyuot, ToQATNEOELS O GAAES OELONOYOVES TTEQLOXES TS I'ng
odjynoav oto armotéheopna 6Tl 0To emRQENGUEVO TER0G (hanging wall) pnypdtwy ohioBnong ratd mv #hion
(dip-slip) , zow WOlaitega ®OVIA OTO EMPAVELARS (XVOG TOU ENYUOTOS , M £dapuky »ivnon elivar onpovird
evioyvuévn o’ 6t oto otaBed tépayos (foot wall) (ww.x. Abrahamson and Somerville 1996, Allen et al. 1998).
IMapateioels and TEONYOUUEVOUS OELONOUS TOU OUVOIEB ROy ne xavovird pfypato otov EMadud xeo,
omwg ot oewopoi g Muydoviag Aexdvng (1978), s Mayvnoiog (1980), twv Alxvovidwv (1981) , tng Kakapd-
tag (1986), g Koldvng —Toepevav (1995) xaw tov Avyiov (1995) , delxvouv 6t xotd »ovévo ov péylotes Ad-
Beg evromiCovtal 0TO KROTEQYOUEVO TEUAYOS TOU RAVOVIROU ONYUOTOS, YEYOVOS OV €UUECO TOQOTEUTEL OTO
nmapandve amotéheoua. To (do evioyveton kot Bemonund amd To amoteAEopaTta TS aLOUNTLX|S TEOCONOL-
WONG TNG OELOWRNS ®rivong  mov dpooievoay mpdopato ot Oglesby et al. (2000).

Latitude (degrees North)
38.00 38.05 38.10 38.15 38.20

Depth

| + NOAGI Epicentres |

Zytjua 3. Onwg to Zxijua 2 ot dievvvon B -N, dndadr megimov xdbeta oto gijyua s Puiijs Tov omoiov i
ovvExELa TS emupavelaxtjs eupdvions o€ fdBog eivar voletue xar ovuPoliGeTar ue Ty dwaxexouusvy yoauur.

Agxouevol autd To HOVTEAD TG AOUURETENG dLOVOUNGS TG LOYXVETS OELOULRNIG RIVNONG , UTOQOUNE VOL EQUY-
vevooupe xweig duoxoliae Tov evtomons mg mAeldoelomg Lovng, aAd ®ow TG TAELOVOTNTOS TOV EQQPIREV
QOTOYUDY, OTO KOTEQKOUEVO TUIHUC TOV ONYHaTog TS PUAC , ®OVTA OTO EMLPOVELORS (XVOS Ko TAQAMNAQ pe
owt6. Twa toug avtiBetoug Adyoug dev uroel va umootneuBei 6t 0 ®UELOg OELOUGS CUVOETAL UE EVEQYOTOINON
Tov Efjyparog Tov Oplaciov IMediov. Tlpdynat, N Theldoewot) meQLoyr PBOIORETAL OTO AVEQYOUEVO TERAYOS
atol Tov Eriypatos (Zxrua 1), dnhadi exei 6mov Ba avapevétav n ooy xivnon vo eivar petopévn. EEGA-
Mov, dev €xouv Poebel evdeiEelg 6TL o Efypo aVTS elvon eveQYs, OUTE GUVOELOWLXY] HETORIVION RO EQAPIRES
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a0Toyleg eppaviomxray oty TEQLOYN Tov eEattiag Tov aelopol g 7 - 9- 1999. Axdun, av to erypa owtd rav
exelvo mov evepyomouiOnxe , Tote 1 0Tl TOV OgLoUOU, Peroxduevn ot fdbog 10-17 km Oa €mpeme vo, foloneTan
2ATA TOA) VOTLOTEQX HOTE VO CUPPWVEL e TNV 1Rog Tae NA #hion tov grjynatog, Aapfavouévov emmhéov vmd-
Ym St yovio xhiong pewdveton pe 1o fabog.

Amopével N eEETaom TG TEQIMTWONG O TELOUGS VO CUVOEETAL PE RATOLO «TUPAS QYypa» , dnhadl ywels
EMUPOVELORY LOQPOTEXTOVIXY EXIAWON. T vt TNV TEQITTWON , RO ELOROTEQQ AV TO PHYNo BoioreTan o€
Pdabog peyarvtepo tov 1 km, ovpgpwvo pe ta arotehéopato Twv tgocopowwosmy twv Oglesby et al. (2000) dev
glval duvatov va vtdEel onuovaxy exidQa0N 0TV EMLPAVELX , RO CUVETHS OEV QUTLOAOYOUVTAL EUROAD OAES
EXEIVEGS OL TAQUTNEYOELS TTOV PLOQTUEOUY TTOA LoYUE0 €S0 ®QadAOUS OtV TAELGoELoT eQLoyy. EmmAgoy,
eV VIAEYOVV GAANG ROTNYOQIOS TAQATNENOELS TTOU VO TUVIYOQOUY UTEQR TNG AtodoyNS VOGS «Tu@hol ofyua-
TOG» , O EPEARVOTING TTEQLRAALOY (RaVOVIXA Q1 YHATA) Kol O TG00 XY améotaon PeTaty do veotexTovL-
ROV ONYRATWY, TTOV VO CUVIEETOL YEVETIRA UE TOV OELOUO ™S 7 — 9 — 1999. O Sp0g “tuphd prjyna” eivon roTah-
AAOTEQOG YLOL TEQLOYES CUNTILEOTIXOU VEOTERTOVIXOU Tediov (Yeats 1986), ®vuplwg O€ TUQNVEG EVEQYWV OVTL-
2AMVOV OV OEV ETMTOETOVY TNV EMLPAVELORY EXONAMON TV ENYUATOV.
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IMPLICATIONS OF PALEOSEISMOLOGY IN SEISMIC HAZARD ANALYSIS
IN NW CRETE AND KYTHIRA STRAIT (GREECE)
C. ANDREOU', V. MOUSLOPOULOU', I. FOUNTOULIS', K. ATAKAN’

ABSTRACT

The scope of this paper is to study how geological data contribute to hazard analysis and the extent to which
they can be incorporated in the existing hazard models. For this reason the study area was divided into area
source zones and the paleoseismological data collected and studied on the Kera fault zone, in Chania, Crete,
were taken into account. The seismic hazard was calculated with CRISIS99, using a combination of the Poissonian
and the characteristic earthquake model. The data from the Kera fault affect slightly the calculation of seismic
hazard. It is suggested that more paleoseismological data and a good attenuation relationship for the area,
would lead to the development of hazard models capable to incorporate geological information and it would
improve the quality of seismic hazard analysis.

KEY WORDS: Hazard analysis, paleoseismology, active fault, Poissonian distribution, characteristic earthquake.

1LINTRODUCTION

The work presented in this paper concerns an effort to incorporate paleoseismological data in seismic haz-
ard analysis. The study area includes western Crete and Kythira strait (Fig.1). It is particularly interesting be-
cause it is located adjacent to the trench of the Hellenic arc-trench system. The island of Crete is located exactly
where the arc changes direction from NW-SE, on the western side, to NE-SW in the east. Tectonic data such as
slip rate, recurrence interval, elapsed time, displacement per event and fault geometry contribute to hazard
analysis through various hazard models. The contribution of paleoseismic data to hazard analysis and to
neotectonic research varies in importance within different tectonic environments and depending on the model
used. In this paper, geological information derived from the investigation of an active fault studied by
Mouslopoulou et al., (2000) was used to estimate the maximum magnitude and recurrence interval from field
measurements and earthquake age respectively.

2.DATA USED

a) Earthquake catalogue

Seismicity data are the basis of a seismic hazard analysis, although it covers very short time periods when
compared to geological data. This study is based on a catalogue provided and compiled from the Geodynamic
Institute of the National Observatory of Athens. The compilation is based on the following catalogues:

From 1901 until 1963, the catalogue by Macropoulos and Burton (1981) is used, and magnitudes are esti-
mated as Ms.

From 1964 until 1999 the catalogue comprises of the instrumental records from the National Observatory of
Athens. All magnitudes were already converted to Ms, so, there was no need for further convertion in the
context of this study.

The historical catalogue by Papadopoulos and Vassilopoulou (1998), is also taken into account.

The use of Ms magnitude is justified for the purpose of this analysis as the range of magnitudes used (4.5-
7.4) is well represented by Ms scale. Ms saturates at about 7.0.

The catalogue comprises of 24.563 events in the area: 34.00'1-38.00"IN and 20.00°1-28.00°IE. The maximum
magnitude for the entire catalogue (in this region) is 7.4 and the minimum around 3.0. The reliability of the
source parameters defined by the Geodynamic institute of Athens, has been improved considerably during the

1. University of Athens, Faculty of Geology Dept of Dynamic Tectonic Applied Geology, Panepistimiopolis Zografou 157 84 Athens, Greece
(fountoulis@geol.uoa.gr)
2. Institute of Solid Earth Physics, Univ. of Bergen, Norway (Kuvvet.Atakan@ifjf.uib.no)

- 1465 -


mailto:fountoulis@geol.uoa.gr
mailto:Kuwet.Atakan@ifjf.uib.no

present decade. During the last 15 years, earthquakes are located with a horizontal accuracy of 15-20 km, when
there is no important azimuthal gap. Focal depth is defined with an accuracy of +20km. In the area of study, the
error is likely to be greater, because of the large azimuthal gap of the seismic network and the complicated
structure which results in various ways of absorption and geometrical spreading along different paths (Andreou,
2000).

Fig.1: The study area, including the epicentres of the complete part of the catalogue, the active faults (Lyberis,

o depth<30km
m 30<depth<7Q} :
e depth>70km |5 *° . €

Angelier et al., 1992), the area sources, and the polygone for which, hazard is calculated.

b) paleoseismological investigation on the kera fault zone

The results of the study on the Kera fault zone (Mouslopoulou V. et al. 2000) provided the basis for the
definition of recurrence intervals and slip rate in hazard analysis. The fault zone is located close to the village of
Kera, southeast of Kastelli. The Kera fault represents the Skm long middle segment of a N-S orientated fault
system, which reaches a total of 30 km. The strike of the fault is 036"'T-045°1 N, the dip is 70°I-78'I NW and the
slip is 20°-24° WNW. For the three most recent events that were identified, the estimation of the initial scarp
height and maximum magnitudes are presented in the table below:

Table 1: The “initial scarp height” for the Kera fault (Mouslopoulou V. et al 2000).

EVENT “initial scarp | Maximum magnitude
height”

1 2.4 m 6.8 M

2 3.4 m T M

3 0.5 m 6.4 M

The total initial scarp height measured is 6.3m. The scarp height can approximate the displacement on the
fault scarp. Assuming that the last 3 events happened in Holocene, an average slip rate of 0.63mm/year is esti-
mated. Based on these results, a mean recurrence interval of 10.000:3= ~3.300 years can be calculated for these
three events.

In hazard analysis, a recurrence interval of 3.000 years was assumed for a characteristic earthquake of mag-
nitude 6.5 (see table 7.2). The mom_slip program (H. Bungum, pers. com.) provides a way to evaluate this
recurrence period, given the slip rate of 0.63mm/yr.
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¢) The distribution of active faults

The distribution of active faults in the area of interest, both on land and offshore, is taken from Lyberis,
Angelier et al (1982). The identification of active faults is mainly based on a detailed bathymetry map.

3. METHOD OF APPROACH

a) Processing the earthquake catalogue

The completeness of this catalogue has been checked with SEISAN (Havskov, 1999) program and with
magnitude-frequency diagrams. The results of the completeness analysis are presented in table 2

Table 2: Results of completeness analysis

Range of Complete since the
Magnitudes year

Ms >4.0 1978

Ms >4.5 1964

Ms >5.0 1950

Ms >6.0 1910

The area of interest for the hazard analysis is: 35.00 — 37.00 N and 22.00 — 24.00 E.
The complete part of the catalogue in this area comprises of 332 events (1964-1999) of magnitude Ms>4.5.

b) Definition of lower and upper bound magnitudes

e The minimum magnitude assigned to all sources is 4.5 i.e.: the threshold magnitude above which the cata-
logue is considered complete.

e Max. magnitudes are estimated for each zone, using the regression by Wells and Coppersmith (1994), which
yields the equation M=5.08+1.16*log(SRL) and measuring the fault lengths from Lyberis and Angelier
(1982).

Table 3: The maximum magnitude derived from the historical catalogue and from the empirical relationship by
Wells and Coppersmith (1994).

Seismic Mmax Mmax (Ms) Maximum Mmax (Mw)

Source (Ms) from fault Wells &
observed | Historical Length Coppersmith

catalogue (km) (1994)

W.Crete 6.6 6.8 44 7

zone

Antikythira

zone 5 6.85+ 0.65 28 6.7

Kythira 6.1 50 7.0

zone

Outer zone 6.1 8.39% 0.2 28 6.7

¢) Identification of seismic source zones

A seismic source zone is defined as a seismically homogeneous area, in which every point within the source
zone is assumed to have the same probability of being the epicentre of a future earthquake. The identification of
sources is done using both geological and seismological criteria and it is based on the following basic principles.
e The zones should be extended outside the polygon in which hazard is computed in order to cover all areas

where seismicity can have influence on the seismic hazard, which normally means 200-300 km around the

sites.

They should be defined as areas with homogeneous seismic characteristics.

The existence of a boundary is decided based on the most dominant tectonic or seismic features, taking into

account the location uncertainty of the earthquakes as well as the uncertainties of the fault location —espe-

cially offshore. In this case the en-echelon arrangement of the offshore faults, in Kythira strait was the basis
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of defining the Kythira and Antikythira area sources.

e Zonation should allow for differences in focal depth. In this case, two zones defined as dipping planes,
account only for the deepest earthquakes, which are related to subduction.

e For the areas where there is no mapping of faults, 3 background zones are defined to model the earthquakes
of these areas.

The zones 1-7 include events shallower than 30 km, which are not related to the subduction. The mean depth
used for these zones is 15 Km since the resolution in the depth of the epicentres does not permit to assign
different depth to each zone. Zones 8 and 9 include the deeper earthquakes that are probably related to the
subduction. The depth distribution of the earthquakes indicates that the depth increases towards NE direction.
However the subduction zone cannot be clearly identified.

The zones 1-9 are referred to as (Fig.1):Zone 1: W. Crete, Zone 2: Antikythira Zone 3:Kythira, zone 4:outer
zone, Zone 5- background-1, zone 6: background-2, Zone 7: background-3, Zone 8:subduction-1, zone 9:sub-
duction-2.

¢) Attenuation relationship

Many relationships were initially considered but the ones chosen for the purposes of this paper the attenua-
tion relationship used are Theodoulides and Papazahos (1992) and Sadigh (1997). Theodoulides and Papazahos
(1992) was preferred because it is partly based on Greek data. Sadigh’s relationship is derived for a seismotectonic
environment very different than that of the study area (strike-slip and reverse faults). However, it is chosen for
this paper because it is the one used in the assessment of earthquake hazard in Turkey and neighbouring re-
gions-including Greece- which is conducted in connection with the Global Seismic Hazard Assessment pro-
gramme (GSHAP). Ideally, in order to judge and compare properly all relations and chose the “best”, one
should know the data on which each one is based.

d) Input models

The assessment of seismic hazard was made, using different models and different attenuation laws, in order
to compare the results. In all models, the hazard is computed for the polygon shown in Fig.1. This polygon
encloses the area where both mapped faults and earthquake records exist. The sites of Kastelli and Chania,
which are very important in this study since they consist the most densely populated towns in the area, are
included in this polygon, as well as the islands of Kythira and Antikythira.

e model 1- Poisonnian: All 9 area sources are included in this model. The parameters required in CRISIS99

for the Poissonian model are shown in Table 4.

e model 2- Characteristic earthquake model: The parameters required for the characteristic earthquake model
in CRISIS99 (Ordaz, 1991) are presented in table5

The time elapsed since the last occurrence is chosen as a conservative rough assumption. In the historical
catalogue of Papadopoulos and Vassilopoulou (1998) for Western Crete and Kythira strait, there is no event
that could be directly connected to Kera fault. This might be an indication that the elapsed time since the last
event is large because the catalogue is including earthquakes since antiquity (A.D. 365). However, the possibility
that large historical events in the area still remain unknown should not be excluded. D(N) and F(N) are param-
eters defining the expected magnitude as a function of time, as in the slip-predictable model. The standard
deviation is that of Wells and Coppersmith (1994).

Table 6 summarises the models described above.

e) mom_slip program: fault activi m slip-rates

Hilmar Bungum (pers. com.) has refined and in some extend developed some utility programs which are
very useful in quantifying earthquake activity on faults with sensitivity tests.

Table 7 shows the parameters used in this program and the values defined for the hazard analysis of this
study.
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Table 4: Parameters for the Poissonian model

Seismic events | Frequency Depth | Bvalue | Mmin Mmax
Source since (events/ye | avera | fixed (calculated
1964 ar) ge and
(km) selected)
1.W.Crete 18 0.510 ~15 1.00 4.5 7.0
zone
2.Antikythira 15 0.428 ~15 1.00 4.5 6.7
zone
3.Kythira 29 0.828 «~15 1.00 4.5 7.0
zone
4. outer zone 53 1.514 ~15 1.00 4.5 6.7
5.backgroundl 55 1.500 ~15 1.00 4.5 7.0
6 .background2 44 1.200 ~15 1.00 4.5 6.5
7.background3 113 3.228 ~15 1.00 4.5 7.0
8.subductionl 21 0.600 0-35 1.00 4.5 7.0
9.subduction2 33 0.942 35- 1.00 4.5 7.0
299
Table 5: Parameters for the characteristic earthquake model
Seism. | Return Time D(N) | F(N) | Standard Minimum Maximum
Source |period elapsed deviation |possible magnitude
between since the of the magnitude of
characte- | last magnitude of characteri
ristic occurrence of characteri | stic
earth- of a characteri | stic earthquake
quakes characteri stic earthquake
stic earthquake
earthquake
Kera 3000 2800 6.5 0.0 0.28 6.5 7.0
fault
line
Table 6: Summary of the input models
PARAMETERS
MODEL Attenuation model Sources Earthquake
occurrence process
la Papazachos & [ All area-sources
Theodoulides Poissonian
(1992)
1b Sadigh (1997) All area-sources Poissonian
2a Papazachos and | A1l area-sources | Poissonian and
Theodoulides and Kera fault- | characteristic
(1992) line earthquake
2b Sadigh (1997) All area-sources | Poissonian and
and Kera fault- | characteristic
line earthquake

The program runs for a reference magnitude of 4.5 and the result is that a return period of 3.000 years for a
6.6 magnitude is required to produce the slip rate of 0.63mm/years.
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Table 7: The input parameters of the mom_slip program

RARAMETER VALUES
Slip rate (mm/yr) 0.63
Fault length range: | 5.00 50.00 2.50
min/max/increment (km)
b-value in log(N)=a-bM 0.60 (common for faults)
Reference magnitude for N-value | 4.50
calculation
Magnitude type (1:Mw, 2:Ms, 3:User |2
defined)

Fault area / maximum mag. relation: | -3.49 0.91
log (Af) =a+b*Mmax
Slip / fault length (aspect) ratio 0.600E-04

Fault length / width factor (a) 1.5 (30:20)

Shear modulus () 0.330E+12 (average
crustal value)

4. RESULTS

For all the models, a map is produced showing the values of Peak ground acceleration for a return period of
475 years (Fig 2). The table below shows the P.G.A. values for the sites of Kastelli and Chania.

Table 8: Summary of the results for the sites of Kastelli and Chania

Peak Ground Acceleration (475
years) cm/sec’

Model | Model Model Model

la 1b 2a 2b
Kastelli | 465 300 470 310
Chania 420 290 420 290

5. DISCUSSION AND CONCLUSIONS

Geological data were incorporated in this study through the following ways:

a) Rupture length-magnitude relationships were used to infer the maximum magnitude, which was used as an
input to hazard assessment (Table 3)

b) The recurrence interval for the characteristic earthquake model was calculated from the cumulative slip on
the Trenches investigated on the Kera fault. Estimations yielded a recurrence interval of approximately 3000
years for a characteristic earthquake of magnitude 6.5.

The results of the different models used as an input to hazard assessments lead us to the conclusion that the
extent to which geological information contributes to the assessment of hazard in an area depends on the quan-
tity and quality of data collected and also on the means (the model) by which the data are interpreted. The use
of Poissonian model, although many authors consider it, as the most reliable existing model, does not leave
much space for fault specific assessments. The use of characteristic earthquake model is far more fault-specific
but it is based on a concept, which has been subjected to extensive debate and on restricted data.

In this study, the paleoseismological data were incorporated through a combination of the Poissonian and
the characteristic earthquake model. The reason for doing so, is to be able to use the fault lines instead of area
sources and at the same time take into consideration the subduction by including two dipping planes (area-
sources) with the average dip of the Benioff zone in the area. Of course, in this case, the results reflect the
drawbacks of both models but the combination of models is an approach used by many authors (Youngs and
Coppersmith, 1985). If the hypothesis of a seismic gap is valid (e.g. Wyss 1980,1981), Poissonian model would
lead to an underestimation of hazard in the area of Kythira strait. The information derived on the Kera fault,
increased the hazard in Kastelli by 5-10 gal. Apparently, if more seismological data, from other active faults in
the area were available their influence to the final result would be even greater.
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Fig 2: Hazard maps for models la, 1b, 2a, 2b respectively. The resulting curves show Peak Ground Acceleration
calculated with Sadigh (1997) relationship for a return period of 475 years. The curve intervals are 10 gal

The characteristic earthquake model is the only widely used model, which permits the incorporation of
geological data. However, in this study, it would require data from many other active faults. Andreou (2000)
extrapolated the results on the Kera fault to all the active faults in the area and applied the characteristic earth-
quake model. The results yielded were unreasonably high, a fact which reflected the lack of data and not the
inefficiency of the model. Although the absolute values were obviously overestimated, they could indicate the
different distribution of values when using this model. The use of more geological and paleoseismological infor-
mation on the area would be required so that the results of these models would give a reliable estimation of the
hazard on the area.

The Poissonian and the characteristic earthquake models are the most widely used but not the only existing
ways of approaching hazard analyses. Scientists have proposed various fault behaviour and eathquake recur-
rence models as well as different ways of approaches in order to improve future hazard analyses. Which of all the
proposed distributions, fault behaviour models and different approaches is appropriate for earthquake recur-
rence or whether different types of faults obey different distributions is still uncertain and should be addressed
in the future in more detail. In order to address this problem, collection of additional paleoseismological data is
required in collaboration with neotectonic studies. The acquisition of more such data in the future would permit
a better evaluation of the various models proposed and could lead to the creation of a behavioural model which
will incorporate geological data in a reliable way that can be used in future seismic hazard estimations.

The absolute values of ground motion depend on the attenuation relationship, regardless of the model used.
The relationships used in this study yielded very different results. None of these relations is based on data from
the study area. The results derived with Papazachos and Theodoulides (1992) relationship are considered the
most reliable among those used because the relationship is partly based on data from Greece. However, this
relationship, too, accounts for the subduction using data from Japan and Alaska. The seismotectonic and crustal
structure uniqueness of the study area illustrates the need to acquire a relationship with near-field strong mo-
tion data coming from this area.
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APPLICATION OF NEW SEISMIC INTERPRETATION FOR EXPLORATION
OF CARBONATE TRAPS IN WESTERN ALBANIA
V. BARE', V. BARE', V. NGRESI', L. NGRESI', S. NAZAJ', M. BAKO'

ABSTRACT

The area under studying is situated in the western part of Albania. A number of oilfields within the orogene
have been found over the platform. There are analysed a lot of different cases of trapping in carbonate struc-
tures.

Application of SeisWork2D is a powerful interpretative tool, that gives us new insight into the subsurface.
Subtle details that would be hidden on paper section are revealed on the screen, thanks to color, high-resolution
graphics and a wide variety of display options.

Gathered and analysed data consist of exploration and development wells, seismic lines, logs, well testing,
geochemical and petrophysical analyses. Some types of the traps are demonstrated practically and are pre-
scribed in conformity with incontestable the facts data. The paper intent to explain main geological factors that
influenced in trap formation in carbonate reservoirs and the characteristics of seismic facies on carbonate. The
experience shows that it is difficult to explore the traps in a complicated geological framework, where a complex
of the geological phenomena’s are interfered

KEY WORDS: Orogene, Seismic lines, Trap, Thrust belts, Anticline belts, Tectonic blocks, SeisWork2D Seis-
mic facies.

FACTORS THAT DETERMINE TRAP FORMATIONS IN THRUST BELTS.

Thrust belts are structurally complex with attendant seismic imaging problems

Exploration experience in Albania, show that, Oil bearing problems in carbonate structures can be clarifies,
through trapping. Trap formation on carbonate reservoirs is strictly connected with deformation history, ero-
sion, unconformity and other geological phenomenon. Folding is the most important factor on trap formation.
Carbonate folding was intensive in Western Albania. Fig. 1

In anticline belts are formed structural traps with a large massive volume of carbonate depositions.

Massive structural traps formed beginning from Late Oligocene to Lower Miocene. It’s main phase of the
trap formation.

Later the new geological conditions, leads to the reformation of the previous traps and creation of the other
types of traps. These new geological conditions are:

Seal of the flysch deposits and a part of carbonate section were eroded.

Changing of the structural plane, caused re-migration.

Hydrodynamic situation affected to one or more screening opportunities: Transgressive laying of the
Neogene deposits-over some carbonate structures, influenced on stratigraphic trap formation, see seismic line
(Fig. 2,.).

Compressive regime and further over thrusting during Neogene’s, of the carbonate core anticlines, led to
fault-limited blocks.

Trapping history on carbonate structures involve two main stages:

First, It is anticline structure formation and Second, the further deformation-reformation.

Trap formation timing during second stage is in conformity with reservoir characteristics and hydrodynamic
barrier formation. Trapping and Oil accumulation on top of carbonate eroded surface made possible due to
equivalence of potential energy (bottom water potential and floating force) with above lateral pressure of infil-
tration water. Oil, being in contact with circulation water, has been biodegraded. It has high density and high
pressures gradient of primary immigration.

More important is hydrodynamic trap on Southern Periclinale (Visoka) of the Patos-Verbas anticline.
Tortonian deposits lie with unconformity over carbonate Fig 2. Trapping realised due to these factors:

1. Oil & Gas Institute, Geophysicist, Geophysical Department, Fier, Albania
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Fig. 2. Seismic line I-I across Patos-Verbasi area

Top carbonate extends with low angle Southward.

Very high Oil density (0.998-1.01 gr/cm3) and viscosity.

Carbonate-Molasses contacts consist less permeable.

Water circulation from outcrop into carbonate.

In conformity to the predominance factors, there created combined traps as follows:

Hydrodynamic-lithologic, hydrodynamic-Stratigraphic merely hydrodynamic, or lithologic-geochemical tec-
tonic block trapping is less spread. It can find only in very complicated geological situation. All the traps related
to carbonate reservoirs classified in three groups: massive, combined and tectonic ones.

The first one has structural closure and flysch seal. This type is evidenced encountering carbonate anti-
clines of Gorishti, Ballshi, Amonica, Saranda etc seismic line Fig. 3, 4.

The second group is dependent on interference of structural-stratigraphic and hydrodynamic factors. They
are verified on different part of Patos-Verbasi structure. Their characteristic is generally titled oil-Water Con-
tact seismic line Fig. 2.

Fig. 3. Seismic line II-1I across Amonica area
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Fig. 4. Seismic line III-III across Saranda area

CHARACTERISTICS OF SEISMIC FACIES BELONG TO OROGENE CARBONATES.

The characteristics of seismic facies for the carbonate section of orogene in the Ionian zone fig. 1,2,3
already are studied.

We have realized internal geometry and external form of seismic facies units, than have combined reflection
continuity amplitude and frequency. From our interpretations results the follow characteristics for orogene
carbonates: Strong reflections with high amplitude, good continuity with 2-3 phases relatively low frequency
about 30Hz, associated by transparent facies above and under the horizon.

In general, for the Ionian zone the top limestone is associated with two other strong distinguishable reflec-
tions that are nearly parallel with top of limestone. These horizons belong to the Cretaceous-Jurassic section.
More down these horizons predominate a free and chaotic facies. It is characteristic for dolomite deposits of
Triassic and perhaps by the presence of the evaporated section in the Lower part of the carbonate section.

CHARACTERISTICS OF THE SEISMIC FACIES OF THE PLATFORM CARBONATES

The top limestone of the platform as we can see from (Fig. 5) is represented by a strong reflection, high
amplitude with good continuity and a low frequency (somewhat lower compared

Fig. 5. Seismic line IV-1V, across platform carbonates
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To the top limestone of the orogene, again horizon from the top limestone is associated with transparent
facies only above it. Under this horizon more discontinuous reflections with high amplitude and free noise, are
clearly seen, in seismic (Fig. 5.)

Their internal patterns are sigmoid, sigmoid-oblique hummocky and hummocky clinoform.

It is necessary to say differently to the orogene, the other reflection horizons within the carbonate section
are not present. This is a distinguishable feature, which is verified in the known zone of the platform in the south
part of offshore Albania.

CONCLUSIONS

In conclusion of the analysis for the geological-geophysical information it can state:

SeisWork2D is powerful interpretative tool for the traps explorations in carbonate.

The main factors of the trapping on carbonate reservoirs in Albania are tectonic, lithologo-stratigraphic and
hydrodynamic.

Traps exist not only in classic anticline structures, but they can find and on other complicated situation too.

Combined traps are formed due to interference of different geological pheromones: as erosion, change of
structural plane, transgression, lithological changes, oil biodegradation etc.

Main stage of the trap formation is Lower Miocene period. During Pliocene-Pleistocene are formed and
reformed new traps, according to the predominance of above-mentioned factors.

Traps tracing in perspective zones of Albania ask detailed analyse of geodynamic and stratigraphic factors.

Our interpretation is based on facies analyses and consequently have interpret continuity of the platform, as
a very important object (target) for exploration
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GEOLOGICAL CONSTRUCTION OF SOUTHERN PART OF IONIAN ZONE BASED
ON INTERPRETATION OF SEISMIC DATA
V. BARE , P. BAKO', V. NGRESI', V. BARE, L. NGRESI', M. BAKO'

ABSTRACT

The Ionian zone is the main object of seismic interpretation for a long time. Within this framework, we shall
analyze the new seismic intrpretation methods used in oil and gas exploration in the western part of Ionian zone.

The Ionian zone is very complex involving certain tectonic faults. In the central part, we can see the duplex
tectonic style. Anticline belts from east to west can be interpreted.The Ionian zone comprises three anticline
belts:Berati belt, Kurveleshi belt and Cika belt.

By application of SeisWork2D in the eastern part of the belt, we have evidenced some perscpective struc-
tures, meanwhile in the western part, the seismic quality is very chaotic. Kurveleshi belt is constructed by struc-
tures of various forms and dimensions associated with developed tectonics up to thrusting. Cika anticline belt is
constructed mainly by prolonged structures of considerable dimensions associated with evaporate outcrops as in
Xara, Fterra, Cika etc.

KEYWORDS: Ionian zone, tectonic belts, thrust, SeisWork2D, seismic sections, seismic interpretation, tec-
tonic fault, duplex tectonic style

INTRODUCTION

Due to its geographical position, Albania makes up a geological point so complicated as much as interesting
for oil and gas exploration.

The quality of seismic data in thrust areas can be improved with the best integration of seismic and geologi-
cal data and the use of new technology for seismic interpretation.

From Albania tectonic map (Fig. 1) we can see some thrust tectonic zones, which are structurally complex
with attendant seismic imaging problems.

A thrust is a low angle reverse fault, commonly dipping less than 30". Variations in the mechanical properties
of the deforming sequence at the base of a thrust unit exert a profound influence on thrust shape.

In the first period, interpretation was performed on paper sections by hand and the prepared structural
maps have given useful contribution in imaging of geological features and the main tectonic characteristics of
the areas. The discovery of oil and gas fields such as Cakran, Amonice, Divjake, and Panaja (ref. 1) are related
with this period.

Application of the SeisWork2D as a powerful interpretative tool gives us new insight into the subsurface.
This new method is able to predict the subtle details that would be otherwise hidden on paper sections and can
reveal on screen, thanks to color, high resolutions graphics and a wide variety of display options. Due to the
interpretation we have tied outcrop information to seismic sections, acquiring both sets of data simultaneously
in the field. However, the scale of structures seen at outcrop may be an order of magnitude smaller than those
resolved on seismic sections. We will describe the effect of new seismic interpretation according to the thrust
belts of the Ionian Zone.

This paper is presented to show the supremacy of workstation interpretation applications in an effort to
evidence subtle details.

THE IONIAN ZONE

The Ionian zone occupies the southwestern part of Albania with SE-NW axis (Fig. 1) and comprises three
anticlines belts:
A. Berati anticline belt, in the eastern margin of the zone
B. Kurveleshi anticline belt, in the central part of the zone and seismic, has made it possible to spatially map the
carbonates.

1. Oil & Gas Institute, Geophysical Department, Geophysicist, Fier, Albania
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C. Cika anticline belt, which represents the western edge of the Ionian zone.
Fig. 1. Tectonic zones, geologic and seismic line location western Albania

A. The Berati anticline Belt
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The seismic work acquisition on this belt is performed in different times and by different techniques. The
seismic situation in the time sections is very complicated and for the top of limestone, only some separated
reflections in certain lines are recorded. Seismic work in this belt has been of lower effectiveness (seismic line I-
I Fig. 2) especially in its central and western parts, probably because limestones in this zone are deep and faulted
(ref. 3).

This conclusion is well supported by the different wells drilled in Sqepur-Bistrovica area. In the eastern part
of the belt, the Kucova and Qereshniku structures are clearly depicted by the seismic line. We can see clearly in
Fig. 2 the Kucova structure and the eastern flank of Qereshniku. As we mentioned, the western part is chaotic.

In conclusion, according to the seismic work, limestones in the central part are markedly broken.
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Fig. 2. Seismic line I-I across Berati belt
B. Kurveleshi anticline belt

All our conclusions refer mainly to carbonate formation, because those for the flysch, based on numerous
facts,produced wrong conclusions(ref. 2).

In Fig. 3, seismic line II-II is shown which crosses the Ionian zone and from west to east we can see clearly
the limestone thrusts and prospective structures for exploration.

The Ionian zone is very complicated by some tectonic faults. In the central part we can see the duplex
tectonic style. Anticline belts form east to west can be interpreted.

The Kurveleshi belt is constructed by structures of various forms and dimensions associated with developed
tectonics up to thrusting of 5-10 km horizontal displacement.

In Fig. 4, we can see the geological model derived from seismic lines across the Ionian zone, in the west of its
structures as well as in eastern flanks associated with diapiric eruptions.

Fig. 3. Seismic line II-II across the Ionian zone

C. Cika anticline belt

Cika anticline belt is constructed mainly by prolonged structures in considerable dimensions associated with
evaporate outcrops as in Xara, Fterra, Cika etc. Seismic works in this belt, date back to the start of exploration
in Albania and still continue today. Earlier techniques for field acquisation have been those of one fold cover-
age, which continuously are improved, switching in the last years to multiple fold coverage.

The seismic exploration has been effective. A monocline flank in Vlora, seismic line III-III Fig.5, is clearly
recorded.

In conclusion for the Ionian zone, the seismic contribution is effective in distinguishing the covered target.

By using seismic data, the structural maps are prepared, which gave useful contribution to the discovery of
oil and gas fields and the orientation of exploration. Besides, with the structural interpretation by seismic data
today, are able to resolve some specific duties.
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Fig. 4. Geological model of above seismic line

Fig. 5. Seismic line III-11I across Cika belt

RELATION BETWEEN TECTONIC ZONES AND THRUST BELTS

The Kruja Zone thrusts over the Ionian zone. The belts in the Ionian zone are thrust to one other; every belt
is one thrust sheet. The Berati belt, which is the eastern part, represents an out-of-sequence sheet(ref. 4).

The relation between Ionian and Sazani zones differs in various areas. In the south of the Ionian zone
(Llogara area) eastern flank of the Sazani is tectonized creating uplift blocks, which collide with the Ionian zone,
where it would be deep and underlying. Under the structural uplift of Cika belt the platform slope must continue
with its respective change towards the basin.

Further in Sazani-Vlora parallel we can see the plunge of the platform slope, Fig.6

The space of platform slope is already extended and relatively little tectonized to pass into the most northern
sector of Fieri parallel, which is actually a gentle, wide and deep slope, Fig 3., 4.

Considering the above, the complication is very high towards Southern External Albanides, it causes the
Sazani zone to present an interesting settling over thrusting to Ionian zone, where as it is shown in the northern
part, the Sazani zone underlies the Ionian zone.

From the viewpoint of its development history, this sector belongs to the platform slope due to very active
tectonics.
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CONCLUSIONS

In conclusion for the Ionian zone, the seismic exploration is effective in distinguishing the covered target

Application of the SeisWork2D as a powerful interpretative tool gives us new insight into the subsurface.

The Ionian zone is characterized by an intensive thrusting and diapers eruptions. The belts in the Tonian
zone are thrust over one other; every belt is one thrust sheet.

The Berati belt, which is the eastern part, represents an out-of-sequence sheet.

The Kurveleshi belt which is the main productive one is constructed by structures of various forms and
dimensions associated with developed tectonics up to thrusting of 5-10 km horizontal displacement.
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AN ALTERNATIVE BAYESIAN STATISTICS FOR PROBABILISTIC EARTHQUAKE
PREDICTION IN MEXICO, CENTRAL AND SOUTH AMERICA

0.CH. GALANIS', T.M. TSAPANOS', G.A. PAPADOPOULOS” AND A.A. KIRATZI'

ABSTRACT

The probabilities of occurrence of strong (M>6.5) earthquakes, in the seismically active regions of Mexico,
central and south America, are estimated. The straightforward approach of Bayes statistics is applied in order to
search for the inter-arrival times of strong earthquakes in predefined seismic zones of the above referred re-
gions. The method introduced allows to determine the uncertainties involved, which are expressed as percent-
ages of the earthquake mean return period. The determination in this way is very efficient because one may
calculate uncertainties on the same time scale. It is also shown that the final maximum Bayesian probabilities of
the inter-arrival times in the several seismic zones are dependent on the data set used and particularly on its time
length. Comparisons between the predicted and the real time of earthquake occurrences are finally made in
order to evaluate the correlation between them.

IZYNOWH

Extiudvron oL mbavomreg YEveons Loxvedv (M=6.5) oelopav oTig GELouXd EVEQYES TTEQLOXES ToU MeEwxov,
™G REVIOWXTIG HaL TNG VOTLag Apepuriic. H evBeia mpoogyyion tg otatiotxiig Bayes eqapudtetal pe onomd mv
EUQEON T®WV EVOLAUETWYV XOOVWV LOYUQWY OELOUWV OF TOOXAOOQLOUEVES OELOWARES CWVES TV TROAVOPEQDELOWV
aeployv. H pébodog mov elodyetal emTOEMEL TOV TEOOOLOQLONG TV EUTAEXOUEVWV offefaroTitwv, oL omoieg
EXQEALOVTOL WG TOOOOTA TNG HEONG TEQLGAOU ETAVAMYNS TV OELoPGV. O TEOOdLOPLOUSS UE OWTS TOV TEOTO
elvan oAU amoteleopatindg eneldri ov afefatdTeS PITOQOUV VO VTTOAOYLOTOUV OtV (dLor Xoovixn ®Afpoxa.
Eniong deiyveton 61t oL teMnég péyioteg mbavomnreg tmv evilapéonv xoévwy, ®otd Bayes, eEagtdvrol and to
dedopgva vou eldGTEQE. aTtd TN YEOVIXY Toug didoxela. Telxd, yivoviaw ovyxpioeic uetall Twv mpoPlemonusvov
RO TV TQOYUATIXWDV XOOVWV YEVEONG, PE OROTO Vo EXTUNOEL 1 ovoyETion petaEy Toug.

KEY WORDS: Bayes approach, probabilistic prediction, inter-arrival times, Mexico, south and north America.

1.INTRODUCTION AND DATA USED

The theory of Bayesian probability has been extensively used in the past to approach seismological problems
mainly to determine conditional probabilities of earthquake occurrences. Campbell (1982, 1983) proposed a
Bayesian extreme value distribution of earthquake occurrence to evaluate the seismic hazard along San Jacinto
fault. A similar procedure has been applied by Stavrakakis and Tselentis (1987), for a probabilistic prediction of
strong earthquakes in Greece.

Ferraes (1985; 1986) used a Bayesian analysis to predict the inter-arrival times for strong earthquakes along
the Hellenic arc, as well as for Mexico. An alternative view of Ferraes research was presented by Papadopoulos
(1987), for the occurrence of large shocks in the east and west segments of the Hellenic arc. Stavrakakis and
Drakopoulos (1995) adopted the Bayesian extreme value distribution of earthquake occurrence in order to
estimate the seismic hazard in some seismogenic zones in Greece and the surrounding area.

The examined regions were divided in thirteen seismic zones or seismic sources according to zoning pro-
posed primarily by Papadimitriou (1993), Papazachos et al. (1997) and Cernadas et al. (1998). Given that a large
number of events is needed to avoid instability in the applied method, we modified slightly the seismic zoning
proposed by the above mentioned authors by using as criterion the spatial clusters of the earthquakes epicenters.
The zones and epicenters of shallow events finally adopted are depicted in figure (1).

For the purpose of the present research, shallow (h>60 Km), mainshocks of magnitude M>6.5 that occurred

1. Aristotle University of Thessaloniki, School of Geology, Geophysical Laboratory, 54006 Thessaloniki, Greece.
2. National Observatory of Athens, Institute of Geodynamics, 11810 Athens, Greece.
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in the time interval from 1900 to 1996 inclusive are considered. This earthquakes are extracted from the catalog
constructed by Tsapanos et al. (1990). This catalog was improved by considering: a) the magnitudes listed by
Pacheco and Sykes (1992) and b)the revised world seismicity catalog given by Pirez (1999).

The exclusion of foreshocks and aftershocks was made by the following criteria (Acharya 1979): All events
that occurred 40 days before the main event (Jones and Molnar, 1979) in a radius of L=10"5"% were consid-
ered as foreshocks, where My is the surface magnitude of the main event. All events that occurred 365 days after
the main shock (Tajima and Kanamori, 1985) were considered as aftershocks.

2. METHOD APPLIED

In the method applied here, introduced by Papadopoulos (1987) the inter-arrival times for each zone were
extracted from the catalogue of main shocks. Assigning a prior probability to each inter-arrival time and assum-
ing an exponential distribution of inter-arrival times, as one would expect from the random (Poissonian) model,
we get that the prior probability is:

P’'(T,)=1-exp (-AT)) (1)
Where A, the mean rate of earthquake occurrences, calculated directly by:
il

S /n @

j=1

A=

El

As the Poisson distribution is assumed for the main shock time distribution, the likelihood function f(Tj) is
the probability of only one event occurrence in a given inter-arrival time, that is:

£ (‘I;) = )\Tjexp (—)\Tj) 3)
Then, the posterior probability can be calculated by the Bayes’ theorem:

P"(T)= f—exp (-a1)] rTexp (AT

J

i [1 —exp (—}\'g)] [)\Tjexp (=AT, )] @

=1

For each seismic zone the three inter-arrival times with the highest posterior probability are selected and
they are added to the occurrence time of the last event, E , in the main shock catalogue. Thus, the three most
likely times of occurrence for the next event, E_, , are estimated.

The results of this method are summarized in Table (1). In the first three columns the zone code number, the
number of events used and the mean rate of event occurrence, A, are listed. In the fourth column the three most
probable inter-arrival times are demonstrated, while in the fifth column presents the corresponding posterior
Bayesian probabilities P”. It can be shown (Ferraes, 1985; 1986) that P” is a measure of the probability that T will
be included in a small range around the point Tj. In the last column there are the three estimated times of
occurrence of the next event in the zone that correspond to the inter-arrival times in the fourth column.

TABLE 1. Results of the alternative Bayesian procedure. The three most probable inter-arrival times and their
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FIGURE 1. Seismic zonation adopted by the present work. Circles denote main shocks used
(after Galanis, 2001).
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corresponding probabilities are presented for each zone.

Number )
of Inter- Posterior Estimated time
events arrival Bayesian of occurrence
zZone (n) A time (T) Probability P” of Enun

Zone 1 20 0.1985 6.8713 0.0885 2002, Aug 24
6.5476 0.0879 2002, Apr 28

6.3775 0.0874 2002, Feb 25

Zone 2 19 0.1875 8.2233 0.0898 2003, Dec 5
6.8830 0.0878 2002, Aug 3
10.0372 0.0859 2005, Sep 28

Zone 3 14 0.1889 7.7058 0.1277 1990, Oct 8
S 9931 0.1213 1989, Jan 21

10.2287 0.1174 1993, Apr 17

Zone 4 13 0.1319 11.0031 0.1398 2004, Sep 12
10.2103 0.1392 2003, Nov 26
10.0119 0.1388 2003, Sep 15

Zone 5 25 0.2453 5. 61972 0.0800 2001, Nov 14
5.0442 0.0784 2001, Mar 21

3.8056 0.0685 1999, Dec 24

Zone 6 13 0.1321 11.5903 0.1363 2002, Nov 25
8.8300 0.1314 2000, Feb 21

8.0192 0.1260 1999, May 1
Zone 7 18 0.2172 7.1004 Q.1289 1990, May 10
7.3832 0.1281 1990, Aug 22
5.7395 0.1269 1988, Dec 30

Zone 8 13 0.1352 9.6995 0.1705 2002, Jul 1
8.1548 0+1615 2000, Dec 14
15:3555 0.1504 2008, Feb 26

Zone 9 19 0.1900 7.5813 0.0862 2003, May 4
7.2331 0.0860 2002, Dec 27

8.5748 0.0850 2004, May 1
Zone 10 2 0.2402 6.2902 0.0848 2003, Feb 26
5.5924 0.0846 2002, Jun 17
4.8781 0.0818 2001, Sep 29
Zone 11 22 0.2291 6.9591 0.0753 2002, Jul 16
7.2197 0.0747 2002, Oct 19

5.1695 0.0734 2000, Oect 1

Zone 12 13 0.1391 11.0361 0.1342 2003, Dec 11
12.0514 0.1318 2004, Dec 17
7.7329 0.1250 2000, Aug 22

Zone 13 9 0.4104 12.5114 0.2675 1987, Nov 14
13.7913 0.2541 1989, Feb 25

5.8223 0.2186 1981, Mar 8
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3. RESULTS AND CONCLUSIONS

In order to test the reliability of the method it was used to reproduce the occurrence time of the last event in
each zone. For this purpose, in each zone all the main events but the last one, E_, were used as data for the
application of the two methods.

The results of the test are summarized in Table (2). In the first two columns there are the names of the zones
and the average inter-arrival time. In the next three columns one may find the three most likely estimations
obtained. The sixth column shows the date obtained by adding the average inter-arrival time to the time of event
E_,, which is an independent non-probabilistic estimation that can be compared to the estimations made by the
method. The last column presents the actual time of occurrence, that is the date of the last event, En, introduced
in the catalogue.

TABLE 2. Estimated times of occurrence according to the alternative Bayesian procedure. Three times of
occurrence are estimated for each zone. These times are compared to the time that corresponds to the mean return
period as well as the actual time of occurrence.

Time of
Average En-1 Actual
inter- Estimated Estimated Estimated event time of
arrival time of time of time of plus occurrence

time occurrence oOCcCurrence occurrence average of E,

Zone (T) 1 2 3 T event
Zone 1 4.98 1996.53 1996.21 1996.04 1994.64 1995.77
Zone 2 5.82 2002.04 2003.85 2000.70 1999.64 1995.70
Zone 3 5.39 1986.62 1984.91 1989.14 1984.30 1983.93
Zone 4 6.15 1980.34 1980.54 1981.33 1976.47 1993.69
Zone 5 4.10 1998.37 1997.71 1996.48 1996.77 1996.17
Zone 6 8.16 2001.82 2005.09 1999.06 1998.39 1991.31
Zone 7 4.85 1989.73 1990.02 1988.37 1987.49 1983.26
Zone 8 7.98 2001.58 2007.24 2000.04 1999.87 1992.80
Zone 9 5.07 1994.41 1994.76 1993.57 1992.25 1995.76
Zone 10 4.34 2002.43 2001.73 2001.02 2000.48 1996.86
Zone 11 4,23 1993.79 1995.84 1996.39 1992.86 1995.58
Zone 12 7.14 1996.21 1997.23 1992.63 1992.32 1992.91
Zone 13 7.92 1987.14 1988.42 1994.47 1982.55 1975.36

The four predicted occurrence times and the occurrence times of the actual events, En, are compared. This

is illustrated in Table (3). The inconsistency is expressed as a percentage of the average inter-arrival time, T, for
each zone. This allows comparisons between the accuracy of the estimations in different zones with different
occurrence rates.

The average errors involved are slightly smaller than the mean inter-arrival times. However, the error stand-
ard deviations (SD’s) are rather high being as a rule on the same order with the corresponding errors. It must
also be noted that in most cases the actual events occur before the time predicted by the first method

Finally, the errors are plotted against the size of the sample of each zone. This is demonstrated in figure (2).
The errors are plotted as data points, with error on the vertical axis and number of observations on the horizon-
tal axis. Linear regression is applied in each of the four different data sets of the figure. Numbers 1, 2 and 3
denote the first, second and third prediction of the alternative Bayesian approach. Number 4 denotes the pre-
diction of the mean return period. The coefficients of determination are numbered similarly and they appear in
the top right hand corner. The coefficient of determination is the square of the correlation coefficient.

The slopes of the least squares lines are shown in Table (4). Because it is necessary for the lines’ slopes (in
fig. 2) to be negative, three upper confidence limits for the slopes were also computed. It is observed that the
third estimated time of occurrence is more consistent than the other two. This means that at least three estima-
tions are needed when applying this method.

The upper confidence limits for the slope are negative for all confidence levels, with one exception. The high
significance of the slope of the lines manifests that this is negative.

Comparisons made to show how significant are the obtained results, that is the predicted times of the next
earthquake occurrences, lead to the following conclusions.
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TABLE 3. Errors of the method. The errors are expressed as percentages of the mean return period of each zone.

Error in
Error in Error in Error in last event
estimated time estimated time estimated time plus average
Zone of occurrence 1 of occurrence 2 of occurrence 3 T
Zone 1 15.26 8.76 5.35 22.76
Zone 2 108.81 139.96 85.79 67.57
Zone 3 49.93 18.14 96.74 6.93
Zone 4 217.30 214.07 201.17 280.22
Zone 5 53.43 37 «+51 7«32 14.54
Zone 6 128.88 168.89 95.05 86.84
Zone 7 133.48 139.31 105.45 87.21
Zone 8 110.06 180.90 90.72 88.59
Zone 9 26.47 19.60 43.14 69.18
Zone 10 128.13 112.07 95.63 83.34
Zone 11 42.25 6.17 19.20 64.34
Zone 12 46.26 60.48 3.92 8.29
Zone 13 148.74 164.89 241.21 90.83
Average 86.36 90.77 77.91 69.33
St Dev. 59.10 75.00 72.87 69.87
Errors of
Alternative Bayesian Approach
350 :
R,%=0.2244 R;’=0.4403 ® time 1
= 300 5 i 2
=] = —_
.E o ) R,"=0.3318 R, =0.1033 T
£ 200 4
52 2 i Atime 3
ol =1
== 150
g
O mean
g 100 il
250 e
0
5 25
number of observations

FIGURE 2. Errors of the alternative Bayesian approach. Lines 1,2 and 3 are the least squares lines of the errors
of the first, second and third most probable times (denoted by closed circles, squares and triangles respectively).
Dotted line 4 is the least square line of the errors of the non-probabilistic calculation described (denoted by open
circles).
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TABLE 4. Slopes of the lines of figure (2) and their upper confidence limits, for confidence levels of 80%, 90%

and 95%.
Least Slope of Upper confidence limits
squares least 80% 90% 95%
line squares line
1 -6.0173 -3.0639 -1.4181 0.0407
2 -9.2859 -5.8070 -3.8683 -2.1500
3 ~10.3936 =7.3000 -5.5760 -4.0480
4 -4.8269 -1.0726 1.0195 2.8739

Linear regression (fig. 2) verifies the hypothesis that in the application of the method, the errors depend on
the sample size. Namely, the larger the sample, the smaller the error. This is also true of the simplistic approach
of adding the average inter-arrival time to the occurrence time of the last event (number 4 in fig. 2).

The method is consistent. The dependence of the error on the size of the sample is strong, as can be seen by
the slopes in the trendlines. The slopes obtained by the method are clearly negative. The consistency of the
simplistic, non-probabilistic calculation is lower then the consistency of the alternative Bayesian approach.

It was proved that in the application of the method it is important to examine not only one but at least three
values of probable inter-arrival time. The results implied that even the third most likely inter-arrival time is as
consistent as the first and the second and it can not be ignored.

Finally it is concluded that the method (Papadopoulos 1987) is both consistent and significant.

REFERENCES

ACHARYA, H.K. (1979). Regional variations in the rupture-length magnitude relationships and their dynamical
significance. Bull. Seismol. Soc. Am., 69, 2063-2084.

CAMPBELL, K.W. (1982). Bayesian analysis of extreme Earthquake occurrences. Part 1. Probabilistic hazard
model, Bull. Seismol. Soc. Am., 72, 1689-1705.

CAMPBELL, K.W. (1983). Bayesian analysis of extreme Earthquake occurrences. Part II. Application to the San
Jacinto fault zone of Southern California, Bull. Seismol. Soc. Am., 73, 1099-1115.

CERNADAS, D., OSELLA, A. and SABBIONE, N. (1998). Self similarity in the seismicity of the South Ameri-
can subduction zones, Pageoph, 152, 57-73.

FERRAES, S.G. (1985). The Bayesian probabilistic prediction of strong earthquakes in the Hellenic Arc,
Tectonophysics, 11, 339-354.

FERRAES, S.G. (1986). Bayes theorem and the probabilistic prediction of inter-arrival times from strong earth-
quakes felt in Mexico City, J. Phys. Earth, 34, 71-83.

GALANIS, O.CH. (2001). Probabilistic estimation of seismicity of the regions of Mexico, central and south
America using the Bayes statistics, Msc Dissertation (in Greek), Univ. of Thesaaloniki, 97 pp.

JONES, L.M. and MOLNAR, P. (1979). Some characteristics of foreshocks and their possible relationship to
earthquake prediction and premonitory slip of faults, J. Geophys. Res., 84(B7), 3596-3608.

PACHECO, J. and SYKES, L.R. (1992). Seismic moment catalog of large shallow earthquakes, 1900 to 1989,
Bull. Seism. Soc. Am., 82, 1306-1349.

PAPADIMITRIOU, E.E. (1993). Long-term Earthquake Prediction along the Western Coast of South and Central
America Based on a Time Predictable Model, Pageoph, 140, 301-316.

PAPADOPOULOS, G.A. (1987). An Alternative view of the Bayesian probabilistic prediction of strong shocks in
the Hellenic Arc, Tectonophysics, 132, 311-320.

PAPAZACHOS B.C., PAPADIMITRIOU, E.E., KARAKAISIS, G.F. and PANAGIOTOPOULOS D.G. (1997).
Long-term Earthquake Prediction in the Circum-Pacific Convergent Belt, Pageoph, 149, 173-217.

PEREZ, O. (1999). Revised world seismicity catalog (1950-1997) for strong (Ms>6)shallow (h<70 km) earth-
quakes, Bull. Seismol. Soc. Am., 89, 335-341.

STAVRAKAKIS, G.N. and DRAKOPOULQOS, J. (1995). Bayesian Probabilities of Earthquake Occurrences in
Greece and Surrounding Areas, Pageoph, 144, 307-319.

STAVRAKAKIS, G.N. and TSELENTIS, G.A. (1987). Bayesian Probabilistic Prediction of Strong Earthquakes
in the main seismogenic zones of Greece, Boll. Geof. Teor. Appl., 29, 51-63.

TAJIMA, F. and KANAMORI, H. (1985). Global survey of aftershock area expansion patterns, Phys. Earth Planet.
Inter., 40, 77-134.

TSAPANOS, T.M., SCORDILIS, E.M. and PAPAZACHOS, B.C. (1990). A global catalogue of strong (M>5.5)
earthquakes during the time period 1897-1985, Public. of Geophysical Lab., Univ. Of Thessaloniki, 90pp.

- 1491 -






Acehtio Tng EAAnVIKAS ewAoyikig Eraipiag, Top. XXXIV/4, 1493-1501, 2001 Bulletin of the Geological Society of Greece, Vol. XXXIV/4, 1493-1501, 2001
NpokTikG 9ou AieBvoug Zuvedpiou, ABrva, Zentépppiog 2001 Proceedings of the 9th International Congress, Athens, September 2001

THE INTERPRETATION OF SEISMIC FACIES IN THE MOLASSIC DEPOSITION
OF PREADRIATIC FOREDEEP
A. GJIKA', S. GURI', M. GURI’, M. GJIKA', E. TRIFONT'

ABSTRACT

The purpose of this article is to illustrate the principles of seismic facie analysis used in the interpretation of
sedimentary rocks, in siliciclastic deposits, especially in molassic one.

The recognition and definition of a seismic facies and the analysis of its vertical evolution (facies associa-
tions) lead to an environmental interpretation, which can give useful information on both sedimentary facies
and reservoir characteristics. '

With this aim, the major depositional systems, from continental to deep marine, and the depositional ele-
ments in which they can be subdivided, will be briefly overviewed in terms of extension, geometry, continuity and
lateral variations.

For each of these systems, it is pointed out, the major physical active processes during the deposition, the
resulting sedimentary structures and their vertical and lateral evolution.

The comparison between the environmental interpretation derived from bottom cores, well - logs and that
derived from the current depositional models, is used to predict the nature and distribution of reservoir and
sealing rocks.

KEY WORDS: depositional sequence, seismic facies, reflection terminations, sequence boundary, system tracts,
reflection configuration ratio, sea level changes, molassic, PreAdriatic foredeep.

INTRODUCTION

The aim of this paper is to present an analysis of seismic facie of siliciclastic deposits, especially the molasses
ones, in PreAdriatic foredeep.

The seismic facies analyses is a new approach and many of phenomena are already better explained. Many
paleogeographycal and structural studies, in this region have been performed,(Guri S., Gjika A., 1989), but
using applied seismic facies analyses method the facies and paleoenvironments geometry have been performed
and very often gives, especially on molassic deposits, possible predictions on reservoirs quality. All indicators
data of multidiscipline (seismic, paleontology, sedimentology, etc.) are integrated.

Based on deep processing seismic lines, by interpreting the reflection terminations (downlap, onlap, toplap,
erosional truncation, apparent truncation ect.), (AAPG, Memoir - 26), it is attained to identify:
¢ The sequence boundary of basal surface type (Sb, or Sb,)
¢ The boundary surfaces such as downlap, transgression and flooding ones
¢ System tracts and seismic facie within siliciclastic sequences
In each sequence, it is analysed:

The eustasy (sea level changes)

. The reflection configuration, such as sheet, hummocky, oblic, sigmoid, parallel to sub parallel, divergent ect.
Main facies and paleoenvironments

Due to baselap + toplap / reflection configuration ratio, a certain numbers of seismic facie maps are compiled.

oo

THE GEOLOGICAL SETTING

The periAdriatic foredeep is a well studied region from the geological point of view, where the contribution
of seismic facies analyses is of great importance. In stratigraphic aspect, it originates since Serravalian, and it is
represented by a premolassic and a molassic facie. (Arapi M., et al, 1994)

South Adriatic basin and Ionian one take part in the geological constitution of the study area, where the

1. Oil and Gas Institute, Lagja 1 Maj, Fier, ALBANIA
2. Albanian Geological Survey, Tirana, ALBANIA
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PreAdriatic foredeep is in concordance with these basins, but in discordance and transgressive in their borders.
(Fig. 1). It is formed in a compressional regime.

SEQUENTIAL STRATIGRAPHY
CRITERIA OF CORRELATION

The correlation of depositional units is based on the combination of seismic data with biostratigraphical
one. In local correlation, the well - logs are used, too.

In a regional context, the microfacies and biozones, seismic facies and reflection termination have been used
as a criterion in the evaluation of sequence boundaries, downlap surfaces, transgression surfaces and maximum
flooding.

By means of seismic facies parameters it is attained to be individualized the genetic units, such as depositional
sequences and system tracts.

In molassic formation, ten sequences of third and forth order are individualized, which correspond to the
base of stages or respectively to the biozone‘s bases. It happens to be more than two or three sequences in one
stage, as in Tortonian, lower Pliocene and Quaternary. (Fig. 2)

Based on numerous seismic data and many well - logs, these sequences compound the most recognizable
ones. (Dhimulla I., et al, 1989)

SERRAVALIAN SEQUENCE

In the eastern part of the PAF, near the front of the orogen, the chaotic and the reflections free one are the
most characteristic internal reflection patterns, whereas the high continuity and low amplitude reflection is
observed westward.

The model ¢ — ¢/ p (¢ — ¢ the concordance in the upper and lower parts of the sequence, p — the parallel
internal reflection configuration) is the main seismic facie of this sequence, but it is also present another seismic
facie according to the model onlap — toplap / sigmoid — progradational internal reflection configuration.

It is also observed:
¢ The presence of primary sedimentary structures, such as flute cast, groove cast, ball and pillow structure, clay
balls, immature minerals.

A sedimentation bathymetry, from ecological point of view of 700 — 800 m

A poor well sorted and graded bedding sandstones with a low matrix — grains ratio

A marine offlap and marine onlap

A shale prone facie intercalated with channel or thin capricious sandstones

By integrating the above-mentioned data, we draw the conclusion that the sedimentation is controlled by
turbidite currents. The basin and slope fans of lowstand system tracts predominate in this sequence.(Fig. 3)

* & o o

TORTONIAN SEQUENCES

Two sequences of third order are identified in this stage. A parallel to sub parallel internal reflection con-
figuration is the main feature of the seismic facie in Tortonian basin borders, on the over thrusted zones.

In this part, in whole the seismic lines, onlap and toplap reflection termination is encountered on the base
and below the top of sequence boundary. The most common characteristic of reflection is the high continuity
and high amplitude. In the cases of deltaic sedimentation, a low continuity and moderate amplitude is present.

A divergent to oblique - sigmoid complex reflection configuration, or slope front fill are distinguished west-
ward, where a moderate to high continuity and high amplitude characterize the morphology beyond the shelf
edge.

Toward the depocenter, there are generally separated the mounded external reflection forms with variable
continuity and amplitude, somewhere else with drape external reflection form accompanied by high continuity
and low to moderate amplitude.

Together with the multidisciplinary data, such as:
¢ The presence of considerable sandstones just in the base of sequence
¢ The sedimentary package onlaping toward the slope in the east

Is done possible to be individualized the slope and basin floor fans.

The second sequence of Tortonian has the same features, but the facies itself migrate toward the depocenter.
Besides this, the geometry of fan system (outer, middle and inner parts), as well as the deltaic sedimentation are
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identified and shaped based on the well data and seismic facies. (Guri S., Gjika A. 1992)
As a result, in the Tortonian sequences, the lowstand and highstand system tracts for the northern part of
PAF onshore and the lowstand and transgressive system tracts for the southern part are distinguished.

MESSINIANE SEQUENCE

It corresponds with Messinian stage or G. Conomiozea biozones. The lower boundary of this sequence is of
Sb, type, as it is evidenced by:
¢ The reflection termination, as marine and coastal onlap
¢ Erosional truncation under it
¢ The exposure of the majority part of the shelf

A basin flore fan with external reflection configuration as a mound, and compounded of many sandstones
bodies is observed and contoured.

A diversity seismic facie is laterally developing from east to west, or from basin margins to the depocenter of
the basin. (Fig. 4)

THE ONLAP AND TOPLAP REFLECTIONS TERMINATION ARE ENCOUNTERED ON THE BASE
AND UNDER THE TOP OF SEQUENCE BOUNDARY. THE MOST COMMON CHARACTERISTIC OF
REFLECTION IS THE HIGH CONTINUITY AND HIGH AMPLITUDE, WHICH ARE PRESENTED AS
PARALLEL TO DIVERGENT. THE SEISMIC FACIE PARAMETERS RATIO, COMBINED WITH THE
PALEOGEOGRAPHICAL MAPS, IN THIS CASE INDICATES SHELF CONDITION SEDIMENTATION.

Another type of seismic facie, such as oblique — sigmoid complex reflection configuration, or slope front fill
is distinguished westward, from a moderate to high continuity and amplitude, which characterizes the morphol-
ogy beyond the shelf edge. (seismic line 17/89 fig.3)

Toward the depocenter, there are generally separated the mounded external reflection forms with variable
continuity and amplitude, somewhere else with drape external reflection form accompanied by high continuity
and low to moderate amplitude.

Hereon, all the system tracts of a depositional sequence, including the late highstand are preserved and
encountered.

This is depicted by the seismic facies interpretation, as well.

PLIOCENE SEQUENCES

This sequence occurs immediately after a rapid falling of the sea level at the end of upper Miocene.

It is proved by encountering a sequence boundary of Sb1 type, on the over thrusting zones, where this boundary
surface is onlapped and toplapped by seismic reflection groups.

In the onshore of the PAF, the transgressive and highstand system tracts are represented. The lowstand is
thought to be developed in the Albania offshore.

Parallel to sub parallel reflection going to divergent one have been distinguished more westward than the
former sequence.

A retrogradational facie is distinguished in the Albania onshore over the orogen and a progradational one
(oblique and sigmoid one) is encountered near the seacoast.

We come across the same seismic facie parameters ratio, with the exception that they represent a sedimen-
tary facie always in a more restricted basin, westwards.

QUATERNARY SEQUENCES
THE FIRST SEQUENCE

This sequence took place soon after the sea level fall at the end of upper Pliocene, as it is presented in the
global sea level changes Charts, too.

In our basin, it is confirmed by evidencing a sequence boundary of Sb1 type, near Karavasta lagoon, where
this boundary surface is onlapped and toplapped by seismic reflections groups.

This boundary belongs to a new sequence. The Quaternary base is correlated through regional seismic lines
of Albanian offshore with the accepted Quaternary base of Italian offshore. (Fig. 5)

A progradational facie (oblique and sigmoid one) is encountered in the middle of Adriatic Sea, in concord-
ance with the slope morphology.
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Together with some other data, it is resulted that the first Quaternary sedimentation belongs to lowstand
system tracts.

Then, we come across in the Albanian onshore (seismic line 192/89) the transgressive and highstand system
tracts “expressed” by a distinctive unconformity near the sea coast (in the western side of the neogenic anticline
structures).

An aggradational facie accompanied by strong and continuous seismic reflections must indicate shelf condi-
tion sedimentation of highstand system tracts.

THE SECOND SEQUENCE

The second depositional sequence took place 800 thousand years ago. Its boundary surface is encountered
in both sides of Quaternary basin (offshore seismic lines), where onlapped reflection terminations are observed.

The nature of reflections and their geometry indicates an inner shelf sedimentation (Albania onshore) and
an outer shelf to basin sedimentation (Albania-Italian offshore).

Parts of transgressive and highstand system tracts, with predominant fluvial processes, can be interpreted in
the study area. The sedimentary environments (alluvial plain, deltaic plain, lagoon, marshes, delta fronts) mi-
grate westward to younger stratigraphic levels.

THE THIRD SEQUENCE

The third sequence belongs to Holocene and has just taken place with its sediments not farther than 0.05
million years ago. It’s no evidence of the lowstand system tract away in offshore, but we can deal with that of
highstand in our study area. The presence of fluvial processes is typical, and better preserved than in the older
sequences.

CONCLUSION

1. The depositional sequences belong generally to type — 1, with Sb, basal boundary and rarely of Sb, type.

2. The lowstand system tracts is more preserved, but the highstand took place almost in the whole depositional
sequences and it is dominant in the younger ones (since Tortonian onwards).

3. A reliable and a resistible correlation of genetically related units according to chronostratigraphic signifi-
cance is obtained.

4. Through seismic facie parameters, sedimentary environments with their respective facie are evaluated.

5. The unconformities of each sequence are encountered in the sedimentary basin extremities, which migrate on
younger time toward the depocenter.

6. The geometry of fan system (outer, middle and inner parts), as well as the deltaic sedimentation are identified
and shaped due to the drilled well and seismic facie.
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Seismic facie Map of upper Miocene in PreAdriatic Foredeep
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Seismic facie Map of Quaternary Deposits in PreAdriatic Depression
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THE CONTRIBUTION OF THE SEISMIC TO THE STUDY OF THE TECTONIC
STYLE OF THE SELENICA-AMANTIA REGION, ALBANIA

K. JANO', N. RAKIPL, A. PIPERL, F. QYRANA' AND E. JANO'

ABSTRACT

The study area is located in the sourthen part of Albania. The paper presents the geological - geophysical
interpretation of the Selenica - Amantia area.

It represents the central part of the Jonian Unit, from the tectonic point of view. This area is characterised
by an intensive tectonic activity and by presence of some source rocks in Mesosoic carbonate section. It repre-
sents one of the most perspective zone and exploration opportunities.

In the paper is treated meanly seismic velosity model as a very important tool for interpretation of geological
framework of the area. During the work we had present many geological data as deep wells, surface geology,
seismic and gravimetry data.

Reprocessing of the seismic lines with updata programs helped us to improve interpretation and identifiding
the most important prospects.

KEY WORDS: Ionian zone, Albania, Selenica—Amantia, Bolena—Amantia, Kocul, Amonica ECT.

1. INTRODUCTION

Authors of this paper would like to present a new tectonic model of the area. It is important not only to
evidence new prospects on the area, but to identify some anticline lines, which countine on the south toward
Greece. For this purpose are used conclusions of velosity gradient modeling based on horisontal and vertical
gradients. In the study area are drilled a lot of exploration wells, where are performed seismologs, which helped
very much for velosity modeling.

2. TECTONIC STYLE AND SEISMIC DATA INTERPRETATION

The selenica - Amantia area takes part in Kurveleshi anticline chain of the Jonian Unit.Figure 1

It is between Ballsh - Kremenara anticline chain to the East and Cika belt to the west. Figure 2.

The seismic lines are of 1980-1990 years and with “2D” registration. Based on their interpretation three
strong reflection levels are distinguished going from the west to the east:

The first one is registrated in the western part (0.5-1.0) sec. and is very clear corelated with the outcroped
limestone.

The second reflection is registered in 0.4-1.5 sec and belogs to Selenica-Kocul-Amantia anticline carbonate
structures.

The third reflection (0,5-1.4) sec is corelated through a tectonic foult with the Kremenara structure outcroped
to the eastern part.

Corelation of these reflections to the north-south direction it was possible to draw the western and eastern
foults of the Selenica-Amantia anticlinal chain.

Because of the big overthrusting of the eastern structures and dippening of the eroded surface from the
north to the south the velocity gradient changes to the all directions.

There are evidenced some characteristics of the tectonic style, which are common for the Jonian Unit. The
study area represents a linear anticline chain, with highest part on the top of Selenica anticline.

The top of carbonate structures is eroded and jounger deposits overly transgressively, as they Messinian-
Pliocene in Selenica and Burdigalian in Amonica.

1. Oil and Gas Institute Fier, ALBANIA
2. SERCOM Fier, ALBANIA
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Fig. 3 The supposed geological overthrusting model previous the seismic works

Geological and seismic data show existing a fault system, in conformity with surface geology. Carrying of the
seismic works in the area, were based on a simple geological model.Figure3. Gravimetry data indicate a positive
anomaly extended Southwest - Northeast direction. Well and seismic data interpretation evidences some cross
tectonic faults, having place since the oldest geological periods. Seismic lines have strong reflections on the top
of carbonates, which contributes considerably on evidence of anticlines, faults, sinclines and eroded surfaces.
Figure.4

In the very complicated geological situation and overthrusts, an important role have had define of the veloc-
ity gradient. It changes not only verticaly, but and horizontaly.
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Fig. 4 The seismic model helped for the construction of a better geological model

There are defined Mollase deposits velocity, flysch velocity and Carbonate one. On the overthrust zones, it
was very important to keep present velocity of the overthrust Carbonate section. So, geological framework of
the area is more complicated then was presented in the previous studies.

The main characteristic of the tectonic style is overthrust of the carbonate structures toward west and some
backthrusts formed in their Eastern flank. This phenomenon is encountered in Kocul, and Amonica zone, be-
cause of overthrust of Kremenara anticline toward west.

Toward South influence of eastern carbonate anticlines is decreasing and for that reason underlined anti-
cline are reflected clearly. Therefore, it was easer for seismic reflection correlation and integration of the other
factic data. Step by step it was made possible to “draw” a tectonic and structural configuration in the depth,
which is more acceptable according to the plate tectonic theory. On this result helped and existing oil fields
which configuration served as a “real” model of the anticline structures. Structural model represented on the
base of the seismic interpretation and velocity gradients helps us for prognosis of new carbonate anticlines.

3. CONCLUSIONS

Western thrusting and backthrust features Eastward are characteristics already known for the structures of
this region, which make the geological model more complex.

The Eocene unconformity on the top structure shows the earliest phase of the compression regime in the
Ionian zone.

The recognition of the exact value of the lateral change gradient of the seismic velocity, gives a good contri-
bution for the interpretation of geological setting under tectonic over thrusting and within normal carbonate
section.
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QUANTITATIVE EVALUATION OF THE SEISMICITY IN SEISMOGENIC
SOURCES OF THE CIRCUM PACIFIC RIM
G.CH. KORAVOS', T.M. TSAPANOS', P.M. HATZIDIMITRIOU' AND C.A. PAPAIOANNOU’

ABSTRACT

A quantitative measurement of the seismicity is undertaken along the seismogenic sources of the south and

central America, as well as of Japan, Taiwan and Philippine islands. The mean return period, T , is considered
as measure of seismicity. For this purpose the whole process (method of mean value) and the part process (first
asymptotic distribution of Gumbel’s extreme values) techniques are adopted. The seismicity is evaluated for
both shallow and intermediate focal depth shocks which occurred in the examined sources. The a and b values of
the magnitude-frequency relationship are estimated for each source. The obtained results show that large well-
define zones of the mean return periods are dominated in the central and south America, while this is not so
strong in the areas of Japan, Taiwan and Philippine islands, which probably due to the different tectonic setting
of the areas (Tsapanos, 1990).

IZYNOWH

H oeiopindtnra twv OELOPOYEVAY TNYWV OTLG OTTOIES EXOVV XWELOTEL 1) neEVTOLRY ®ow voTiar Apeouxr, ) Iawvia,
N Toifav xow ov Prhamives, peretdron oy €Qyacio oty A TOCOTLXY] Amoyn. Zav PETEO OELOUXGTNTAG

Pewpribnxe N uéan mepiodog emavainyms, 7, twv oeopdv. OL péBodot Tou yonoworoniBnray rav dvo: n
n€Bodog ™G nEong Tuns xow 1 HEB0SOS TNG TEWTNG AOVUTTOTNG RATAVOUS TwV axpaiwv Tipnwy. EEetdomray
TG00 EMPAVELOROL GO0 KOl OELOPOL EVOLApPETOV BAOOVS TWV CELOROYEVAY TYWV. Ol YVWOTES TOQAUETQOL a ROl
b g ox€omg g ouxvETTOG RATAVOUNS TWV OELORMV VTTOAOYIOTNRAY Yo ®ABe aeiopoyevn mnyr. Boétnxe 6t
ot Tipég TG péomg meELodou enavainyng oxnpotiCovy peydhes Loives amd emnQUTOVOES TWNES OTNV REVIQLRY
ot vota Apegwrt], evadd aviifeto xdt avaloyo dev epgaviletar oty dAn mheved tou Ewonvirod xay
ovyrexpévo oy Iorwvio, omy Taifdav xou otg Pihiveg, wov mbavetata opeiletar 0TV dLAQOQETIXT
TEXTOVIXY] ovpmEQLpoEd tous (Tsapanos, 1990).

KEY WORDS: seimicity, mean return periods, Japan, Taiwan, Philippine, central and south America, method
of mean value (M.M.V.), Gumbel (GI).

1. INTRODUCTION AND METHOD APPLIED

Quantitative methods have been applied over the last decades to estimate the seismicity of an area. Com-
mon methods used in these analyzes are the whole (method of mean value-M.M.V.) and the part (G') processes.
One of the ways for characterizing the seismicity of a region is through the study of its magnitude distribution in
the time domain. The classical magnitude-frequency relationship suggested by Gutenberg and Richter (1944) is
still the most commonly used:

LogN, =a -bM 1)

where N, is the number of earthquakes greater or equal to M which occur in a region during a given time
period in relation to their magnitudes, M; and k is the number of years covered by the data sample. A large
number of studies based on the well known Gutenberg-Richter’s (whole process) parameters, a and b are
published (Gutenberg and Richter, 1954; Papazachos et al., 1987; Hatazidimitriou et al., 1994; Tsapanos and
Papazachos, 1998; Manakou and Tsapanos, 2000).

Alternatively, the first asymptotic distributions of extreme values of Gumbel (part process) have also proved

1. Aristotle University of Thessaloniki, School of Geology, Geophysical Laboratory, 54006 Thessaloniki, Greece.
2. LT.S.AK.,, P.O. Box 53 Foinikas, GR-55102 Thessaloniki, Greece.
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useful in evaluating the seismicity. The first asymptotic distribution of the extreme theory (Gumbel, 1958) is
defined by:

®'(M) =exp(exp(-a(M-u))), M>0 @

Several, out of many seismologists evaluated the seismicity through first asymptotic distribution which has
the advantage that it does not require analysis of the whole data set (Epstein and Lomnitz, 1966; Yegulalp and
Kuo, 1974; Makropoulos, 1978; Burton, 1979; Papaioannou, 1984; Tsapanos and Burton, 1991; Boomer et al.,
1998). Epstein and Lomnitz (1966) assuming a Poisson distribution for the number of earthquakes with magnitudes
exceeding zero in a year, found that the largest annual earthquake magnitude is distributed with the following
cumulative distribution function:

G(M)=exp[-aexp(-BM)], M>0 )

where G(M) is the probability that an earthquake magnitude is M or lesser in a year.
The expected time interval for occurrence of one earthquake with magnitude greater or equal to M is

defined as the mean return period, T (in years), which is given by:
a) whole process T = ;’ “4)

1
and b) part process T(M ) = 5
) part pr W= San ®)
where [1-®(M)] is the probability that an earthquake magnitude will be exceeded. The equations (4 and 5)
are used in order to compute the quantitative seismicity of the seismogenic sources in which Japan, Taiwan,
Philippine, central and south America are pre-divided (Papazachos et al., 1997). In figure (1) the seismogenic

sources and the epicenters of earthquakes considered for the present study are depicted.

2. THE DATA SET

The fundamental requirement of the earthquake catalogue used in such studies is that it ought to be com-
plete and homogeneous, that is, the data set must include all earthquakes of a certain time period with magnitudes
larger than a certain cut off value and the magnitudes must be in the same magnitude scale, respectively. Moreo-
ver the data used must be accurate and have a rather big number of events. In order to obtain data which fulfill
the predefined conditions we used all the available global catalogues (Tsapanos et al., 1990; Pacheco and Sykes,
1992; Abe 1994. In order to enrich our data set with more data the 1.S.C. bulletins considered, for the time span
1991-1996. The accuracy of each catalogue is given, and the homogeneity is fulfilled by the acceptance of the
surface magnitude (M,) scale. So we have to deal carefully with the completeness because the sample of each
source is not complete, due to various reasons. Several tests are performed to check the completeness of the
data, for several time periods, on the basis of the cumulative frequency distribution of the magnitude M, and the
cumulative time distribution of the number of earthquakes with magnitudes larger than a certain value (Tsapanos
and Papazachos, 1998). The completeness of some selected source is listed in Table (1), as an example. Our data
cover a time span of 103 years (1894-1996).

In order to increase the number of data used in each time period and extend the curve derived from equa-
tion (1) to lower magnitudes, the frequencies of the magnitude for which the sample is not complete have been
reduced to the interval of 103 years. In order to accomplish this procedure we follow the equation:

v, = vg i=1,2,3,4 (6)

where V is the number of earthquakes with magnitude M, which are observed during a time span of K, years
and V,, is the reduced number of the shocks for another time period K which is the total number of years for
which data are available (103 for our case).
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TABLE 1. The completeness obtained and used in order to evaluate the seismicity of the examined sources. The
completeness, of the corresponding sources of figure (2), is listed.

SA-7 J-5 PH-17 DCA
1899-1996, M27.0 1895-1996, M27.1 1903-1996, M27.0 1911-1996, M27.0
1963-1996, M>6.4 1930-1996, M26.7 1957-1996, M26.0 1937-1996, M>6.5
1980-1996, M25.5 1956-1996, M>6.0 1965-1996, M=25.5 1955-1996, M>6.0

1983-1996, M>5.5

Conditions are considered in order to check the reliability of the results. These are: a) the difference be-
tween the maximum and the minimum magnitude in the data set is greater than or equal to 1.4 (Papazachos,
1974); b) the number of [LogN-M]pairs must be S or larger (Hatzidimitriou et al., 1994) and c) missing years
(only for G' method) must be <25% of the total entries (Burton, 1979). In figure(2a)we plot the LogN against M
(through M.M.V), while in figure (2b) we plot (using the G' method) the Log(-InG) versus M, for some seismogenic
sources.

3. RESULTS AND DISCUSSION

We check first how sensitive are the b-values obtained by both methods. For this purpose we plot (fig. 3)
the difference between the b-values estimated by whole and part processes (M.M.V.- G) against the corre-
sponding seismogenic sources. The sources 1 to 41 belong to shallow shocks, while the rest sources represent the
intermediate events. Individual large differences are observed for some sources, but the mean, of all calculated
differences (separately shallow and intermediate), is negligible. Then we examined separately the b and the a
values deduced from M.M.V. and G' methods. In Figures 4 (a and b) we plot the b and the a values estimated
from G' against M.M.V. Circles represent the observations of the sources (both shallow and intermediate),
while with rhombus we illustrate the mean of b and a values with a step 0.1 and 0.5, respectively. As it is shown
in both figures the least square lines of the means of b and a coincided with the mean line Y=X. The dash line
shows the least square line of the individual observations. These lines (figs. 4a and 4b) show a trend that the
values derived by G' technique are underestimated in comparison with those obtained through the method of
the mean value.

We apply then the equations (5 and 6) in order to obtain the mean return periods of the seismogenic sources.
Aswe previously mentioned we used this quantity as a quantitative measure of seismicity. The results are grouped
in 4 categories. We computed the mean return periods for both magnitudes M>6.5 and M>7.5. The seismic
sources in which the examined areas (Central and South America, Japan-Taiwan and Philippine islands) are
divided, based on various criteria, taken from Papazachos et al. (1997). We believe that the shape of the
seismogenic sources does not influence much the obtained seismicity results. On the other hand, this can affect
the seismic hazard estimators. We observed (fig. 5a) that either for magnitude M>6.5 or M>7.5, from M.M.V.,

large zones of same estimates, which are clearer in central and south America with small T values (lower to 5
years), which means sources of high seismicity. On the other hand in Japan, Taiwan and Philippine islands (fig.

5b) we can inspect values of T within the interval (group) 5 to 10 years, although a number of exceptions exists.
Another observation for magnitudes M>7.5 in this area reveals that some of the sources are empty, which
means that either the largest observed magnitude is lower than 7.5, or this is due to the fact that for estimating

the value (7 or T(M)). We dealt with data coverage which are lesser than the return period of large earth-
quakes. Recurrence time of such large earthquakes ranges between 130-400 years (Rikitake, 1976; Nishenko,
1991; Scholz, 1994). We see that the observed pattern and particularly the one for erathquakes with magnitude
M>7.5, is in good aggreement with the results obtained by Tsapanos and Papazachos (1998). We then follow the
same procedure for the G' method. The general pattern for central and south America is almost the same in
comparison with M.M.V. Large zones (M>6.5) with values between 5 to 10 years covered almost the whole
south America, but also different groups (values lower than 5, 10 to 20 years, as well as lower than 35 years)

observed (fig.6a). Well-defined zones of same T (different from those evaluated before) are also formed when
we dealt with M>7.5. In figure (6b) the sources of Japan, Taiwan and Philippines are depicted. We can’t ob-

served any clear pattern for both magnitudes examined, M>6.5 and M>7.5. Sources of different T values are
mixed demonstrated in this way zones of low or/and high seismicity.
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Fig. 1. Geographical distribution of the epicenters of: a) shallow earthquakes in central and south America; b)
intermediate depth events in the same area; c) shallow earthquakes in Japan-Taiwan-Philippines; and d)
intermediate depth shocks in the same area. The borders of the sources are also depicted.
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Fig.2. The frequency-magnitude distribution for three sources of shallow and one of intermediate focal depths.
a)Gutenberg-Richter law (plot of LogN-M) and b) Gumbel (I) distribution [Log(-InG)-M].

Seismogenic Sources

1-8  SA 42-43 DSA
0.5— 9-13 CA 44 DCA
0.4 14-24 JAPAN 45-46 DJ
’ Aa ° 25-41 PH-TW 47-48 DTW-DPH
0.3
a 0.2 - 4 + 3
o +
~ 0.1+ 3 =] +
A A A O L3 ¢, On
? 0.0 & - *g—p 9% 4+t
3 A A o -]
5 0.1+ A A ° o g
= & L2 o
a -0.2 A o +
~0.3 oo
-0.4 —
-0.5—+rrrrr T T T T T T

2 4 6 81012141618202224262830323436384042444648
Seismogenic Sources
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PARAMETERS OF INTENSITY DISTRIBUTION IN THE 1ZMIT
AND DUZCE (TURKEY) EARTHQUAKES
E. L. LEKKAS'

ABSTRACT

On 17" August and 12" November 1999 the wider area of Izmit, Adapazari, Dézce and Bolu (Turkey) was
hit by two seismic shocks with magnitude M, = 7.4 and M, = 7.1, respectively. The earthquakes produced
surface ruptures over a distance of at least 150 km, as well as settlement, soil fissures, liquefaction, landslides,
tsunamis and subsidence. Damage and intensity evaluation followed the EMS  and EMS . The maximum
intensities approached XII in both earthquakes. Intensity maps show alignment parallel to the strike of the
seismic faults, with local variations due to geometry and kinematics of certain tectonic structures. Intensities

were considerably amplified locally by concomitant geodynamic phenomena.

KEY WORDS: EMS-1998, earthquake, Turkey, tectonic, site effect

1. INTRODUCTION

On 17 August, 03:01:37 local time, a severe earthquake occurred, with an epicenter at the southwestern
suburbs of Izmit town in Turkey. The earthquake magnitude was M, = 7,4 and the seismic source depth was
estimated at 15-17 km. Extensive damage was recorded along an E-W zone of about 100 km in length that
includes the towns of Adapazari, Izmit, Gglcok and Yalova. Heavy damage was also reported farther away, as in
Istanbul, Bursa, Eskisehir, Dézce, Bolu (Figure 1).

Almost three months later, on 12" November 1999, 19:57:21 local time another severe seismic event of
magnitude M, = 7.1 took place with epicentre about 90 km to the east of the former. The earthquake caused
significant damage along an E-W zone about 70 km long, which included Adapazari, Hendek, Dézce, Kaynasli,
Bolu and other population centres (Figure 1).

The surficial expression of the seismic fault and the manifestation of concomitant geodynamic effects largely
contributed to the damage at both events. The effects included soil fissures, liquefaction, landslides, settlement,
lateral spreading, coastline changes, tsunamis, and so on, as well as fires (LEKKAS et al., 1999). Additionally,
tectonic structures related to strike-slip deformation, such as pull apart basins, oversteps, en echelon arranged
fractures and so on, as well as the local geotechnical conditions and construction type, all played a part in the
manifestation and extent of damage.

The purpose of this paper is to determine the parameters that contributed qualitatively and quantitatively to
damage manifestation and intensity distribution during the earthquakes of 17" August and 12" November 1999.
The results come from both field observations and data elaboration at the laboratory.

2. SEISMIC FAULTS

The 17" August 1999 earthquake was centered in the outskirts of Izmit town. The earthquake was the result
of the reactivation of the North Anatolian Fault Zone, and particularly of a portion of it that was dormant in
previous seismic events of the 20™ century (STEIN et al., 1997). Before the earthquake, repeated GPS surveys
indicated an average creep displacement of 10-15 mm in this portion of the fault zone (ARMIJO et al., 1999,
STRAUB et al., 1997). Instrumental data indicate that the fault plane was almost vertical striking E-W with a
right-lateral strike-slip movement.

Field observations show that the surficial rupture was more than 90 km long (LEKKAS et al., 1999), vertical
with right-lateral displacement in excess of 5 meters, in good agreement with the instrumental data (Figure 1).
This seismic fault extends into the submarine area of Marmara bay and west of Gglcdk.

The 12" November 1999 earthquake, the epicenter of which was south of Ddzce, occurred at the eastern end
of the previously activated segment of the NAFZ (Figure 1). Also, this section remained dormant in other

1. Dept. of Geology, Panepistimioupoli, 15784 Athens, Greece
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earthquakes of our century. Instrumental data show that the fault plane is almost vertical, strikes E-W and is
characterized by a right-lateral slip. Field data showed that the seismic rupture surface is vertical and more than
40 km long and the horizontal offset locally exceeded 4.5 meters.

The two activated fault segments of the NAFZ caused impressive displacements of rows of trees, fences,
roads, pavements and canals, which allowed determination of the geometric and kinematic characteristics of the
seismic fault on each section of it. The geometry and kinematics varied locally along the deformation zone; these
local variations are attributed to the mode of fracture, the stress field and the occurrence of heterogeneous
media -particularly the differential performance of geological formations.

Such variations usually appear along strike-slip faults and are strongly related to oversteps, en echelon struc-
tures, flower structures, micro (a few tens of m) and macro (several hundreds of m to a few km) pull-apart basins
(AYDIN & NUR 1982, HARDING 1985, LADE & COLE 1984, MANN et al., 1983, and others) and are held
responsible for local differentiation in damage manifestation and intensity distribution (Figs. 1, 2).

3. CONCOMITANT GEODYNAMIC PHENOMENA

During the earthquakes of 17™ August and 12" November 1999 a number of geodynamic phenomena
(LEKKAS et al., 1999) took place in the broader epicentral area (Figure 1). These phenomena are not only of
academic interest, as they aggravated the impact, amplified the intensities, and contributed to intensity differen-
tiation from place to place either in the meizoseismal area or at longer distances. These effects are briefly
described below:

e Soil fissures. Soil fissures were reported in many places that loose recent sediments occur. The most charac-
teristic ones were described around Sapanca lake, along the coastal zone among Golcdk, Degirmendere and
Yalova, in Dézce and Kaynasli.

® Liquefaction. It was recorded in the plain area around Sapanca lake, in Adapazari, as well as in the coastal
area of Gglcok-Degirmendere-Yalova and in the region of Eften lake.

® Landslides. Despite the high magnitude of the 17" August 1999 earthquake, few landslides occurred in the
epicentral area. Only few and restricted rockfalls took place along several very steep slopes built of highly
fractured rocky formations.

e Settlement. It appeared in many places of the epicentral area, mainly where recent loose formations crop
out. Lateral spreading and soil fissures were also present, resulting from the differential settlement of the
upper geological strata, as was the case in the neighbouring area of Adapazari and around the lakes of
Sapanca and Eften.

e Tsunamis. The 17" August earthquake generated a tidal wave, which affected the coastal region of Marmara
bay, mainly the Gglcdk-Yalova area. The submergence of Gglcdk-Degirmendere coastal area is believed to
have amplified the influence of the tsunami, the height of which was approximately 4 meters.

e Subsidence. The earthquakes of 17" August and 12" November 1999 produced right-lateral displacements
or slip on surface ruptures over a distance of at least 130 km and were nucleated at a depth of 15-17 km. The
fault rupture was very often characterised by en echelon, R, R” and P shear structures, and so on. These
structures caused subsidence, uplift and rotation on micro and macroscale. The submergence of many coastal
areas was the result of pull apart basin formation. The most representative example is the extended subsid-
ence that occurred in the eastern part of Gplcdk. The subsidence of the coast near Geplcdk caused a maxi-
mum submergence about 3.5 m.

The submergence of some regions as well as the manifestation of concomitant geodynamic phenomena are
particular cases that aggravated the severity of the earthquake in urban areas. In these cases the augmentation
of intensities is not solely or directly attributed to seismic shaking itself.

4. INTENSITY EVALUATION-GEOGRAPHIC DISTRIBUTION

Intensity evaluation of the affected area employed the European Macroseismic Scale (EMS-1992) and the
updated EMS-1998 (Grdnthal, ed. 1993, 1998).

Intensity evaluation was primarily based on damage recordings assessment that contributed to the compila-
tion of an intensity map of the affected area for each seismic event separately (17" August 1999 and 12" Novem-
ber 1999 earthquakes), wherever possible. Additionally, recordings of other effects (not only construction dam-
age) were taken into account in the final evaluation, according to the given guidelines (Grénthal ed. 1993, 1998).
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In order to elaborate damage data, areas with dimensions of about 500x500m were considered as the basic units,
each one corresponding to a few urban blocks. Airphotos and satellite data were indispensable, particularly in
areas that were razed and almost all of the buildings collapsed (e.g. Adapazari, Geplcdk, Kaynasli).

After evaluation of data recordings, an intensity map was obtained according to the EMS-1998, as depicted
in figure 2. The intensity evaluation was done separately for each earthquake, when it was possible. The map
shows that:

® The maximum intensities exceeded I, ., =XI and locally reached XII (Figure 3) for both seismic events of
17" August and 12" November 1999. During the first earthquake, maximum intensities occurred in the coastal
area of Gglcok, in Degirmendere, in Yalova and in Adapazari (Figs. 4, 5). Particularly, total collapse of the
constructions occurred in the coastal area of Ggledk, due to the submergence of the region into the Marmara
sea. Constructions were not only affected by seismic loading but also by subsidence, tsunamis, lateral spread-
ing and liquefaction. A similar picture was present in the coastal region of Degirmendere. On the other
hand, the situation was better in parts of Yalova, because only liquefaction, soil fissures and lateral spreading
took place. Parts of Adapazari town were devastated and all buildings collapsed. These sites were dominated
by soil fissures, liquefaction, effects of “sedimentary basin” and “basin edge” effects and so on (Kawase 1996,
Lekkas 2000b), which played a significant part in intensity distribution. In Adapazari, tens of buildings sank
into the ground, toppled, were partially overturned or collapsed because the soil beneath them liquefied and
weakened the foundations (Figure 3). On the contrary, damage was lighter in areas of the town where none
of the above phenomena occurred. Intensities that exceeded I, . =XI degree were recorded after the 12*
November 1999 earthquake in a portion of Kaynasli, which collapsed thoroughly due to the surface impact of
a zone of seismic fissures in the form of a negative flower structure (Lade & Cole 1984, Harding 1985), and
also due to settlement, lateral spreading and liquefaction.

® 1.0 = X intensities were present in a wider area that formed two elongated zones in both seismic events.
Specifically after the 17" August earthquake, X intensities occurred in an E-W zone that began at Yalova
(Figs. 6), was found again at Gglcdk, passed through Izmit and stopped in Sapanca lake. The zone reap-
peared in Adapazari and terminated east of the town. The width of the zone ranged from 100m to 200m.
After the 12" November 1999 earthquake, Ivses = X contours were arranged in a similar E-W trending
zone, which covered the areas of Hendek, Dézce, Kaynasli and was up to 800m wide at places. The exact
estimation of the intensities that were attributed to the second earthquake was quite hard to make (12"
November 1999) in the area between Adapazari-Ddzce, because constructions had already been damaged by
the earthquake of 17" August 1999. In this case, the cumulative effect of both earthquakes was estimated,
incorporating the damage from both earthquakes. In Dézce, about 30% of the damage is attributed to the
first earthquake (17" August) and 70% to the second earthquake (12" November). This estimate regards
only the structural elements of reinforced concrete constructions. It was found that the first earthquake
exhibited maximum intensities that reached I =VIII in an E-W zone at Ddzce area, while after the sec-

EMS98
ond earthquake intensities exceeded I =X and locally approached XI. This may be attributed to the fact

EMS98

that the resistance of the constructions had already been weakened by the first earthquake.

Fig. 3 Representative view of a portion of Adapazari Fig. 4 Reinforced concrete frame structure that
that suffered total damage (I, ., = XII) after the 1 7" collapsed in Gelcok town (damage degree 5).
August earthquake.
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Lvs.os = IX contours covered a wider E-W zone after each earthquake. This intensity zone coincides with the
deformation zone, and is wider where pull apart basins, oversteps, flower structures and other strike-slip
deformation features occurred.

® [, = VIlintensities also developed in an E-W zone after each earthquake. The arrangement of these
intensity contours is not so linear as of the high intensity ones. In this case, intensities seem to have been
significantly controlled by site effects or by remarkably poor performance of constructions. More specifi-
cally, the distribution of VIII contours depended on the foundation soil response and mainly on the amplifi-
cation of seismic waves when, for example, loose thin surficial formations overlay the alpine basement. It

also depended on the alpine basement geometry that controls the seismic energy propagation.

W M g

Fig. 5 Reinforced concrete frame structure that Fig. 6 Reinforced concrete frame structure in Yalova

sustained collapse of ground floor in the area of that displayed first story column-hinge deformation,
Gelcok -Degirmendere (damage degree 5). but did not collapse (damage degree 4).

5. CONCLUSIONS

The earthquakes of 17" August and 12" November 1999 that hit Turkey and caused thousands of fatalities
and widespread damage were attributed to the successive reactivation of two parts of the North Anatolian Fault
Zone; these segments had not slipped before in the 20™ century. The overall rupture could be traced for a
distance of 150 km. The fault rupture was accompanied by pull-apart basins, oversteps, en echelon arranged
fractures, flower structures and other strike-slip related features both on a small and large scale.

Damage recording and intensity evaluation were made according to the EMS-1992 and to the updated EMS-
1998, soon after both seismic events in the affected area.

Based on already mentioned data, intensities exceeded I, . =XI and even approximated XII in many urban
blocks. X intensities occupied extended regions, whereas much wider areas displayed IX and VIII intensities.
This was the lower limit of our intensity evaluation, as lower intensities occupied vast areas and the amount of
data was overwhelming.

All intensity contours but mainly the I, . 3 X, developed in an E-W orientation, which coincides with the
fault strike. Intensity contours follow, and become broader at strike-slip deformation structures as micro- and
macro-pull apart basins, flower structures and so forth. On the contrary, when the fault ruptured linearly, with-
out these accompanying structures, intensity contours developed in an E-W elongated zone of significantly
small width.

Moreover, intensity distribution directly depended on the concomitant geodynamic phenomena, namely
liquefaction, uplift, subsidence, settlement, lateral spreading and so on. Therefore, earthquake vibration was
not solely responsible for damage occurrence but it is also the concomitant geodynamic phenomena that must
be seriously considered in the future. EMS-1992 and the updated EMS-1998 scales do not incorporate such
phenomena due to the rarity of actualistic models.

In the wider area of Adapazari-Dézce that was hit by both earthquakes (17" August and 12 November
1999), it was difficult to assess separately the participation of each seismic event in damage manifestation and,
thus, in intensity estimation. Intensity evaluation, in this area was approximated and is based on data and re-
cordings collected mainly after the first earthquake, but also after the second one. So, it is apparent that in this
area the recorded intensities do not correspond to the damage caused by the second event only, since the first
earthquake had already seriously damaged constructions.
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The recorded intensities were distributed similarly on both fault blocks as a consequence of the predomi-
nant horizontal movement of the NAFZ. On the contrary, intensities vary significantly on the two blocks of a
rupture in the case of reverse or normal faulting (hanging wall and footwall) (Lekkas, 2000a).
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THE 1999 EARTHQUAKE ACTIVITY IN I1ZMIT,
NW TURKEY AN OPPORTUNITY FOR THE STUDY
OF ACTUALISTIC STRIKE-SLIP RELATED TECTONIC FORMS
E.L.LLEKKAS'

ABSTRACT

The 1999 earthquake activity in the area of Izmit — Bolu, Turkey, which included two major shocks, on the
17" Aug. and 12" Nov. 1999, was caused by the reactivation of fault segments that belong to NAFZ. Field
research was focused on fault geometry and slip characteristics, and allowed us to distinguish seven successive
right-stepping reactivated segments and the related oversteps. Investigations showed that there is good match
between the observed structures and those produced by experimental modelling. Finally, an estimation is made
as to the percentage of seismic and aseismic slip on the reactivated segment of the fault zone.

KEY WORDS: Izmit, earthquake, strike slip, fault

1. INTRODUCTION

On August 17, 1999 (03:01:37 local time), a major earthquake hit NW Turkey. The epicentre was located at
40.702N, 29.987E (USGS), the magnitude was Mw=7.4 and the focal depth was h=15-17 km (USGS). The
earthquake caused considerable damage to numerous population centres including Adapazari, Izmit, Gelcok
and Yalova, all lying along an E-W axis. The main bulk of damage was within a 140 by 15 km zone, which also
included the surficial occurrence of the seismic fault, which belongs to the NAFZ (Fig. 1).

About three months later, on 12 November 1999 (19:57:21 local time), the area was hit anew by a Mw=7.1
earthquake (h=10 km), located at 40.768N, 31.148E (USGS), approximately 100 km east of the August shock.
The towns of Bolu, Dézce, Hendek, Ceplyaka and Adapazari, among others, were severely damaged. All of them
lay on a E-W trending zone, 80 km long and 10 km wide. That zone also hosted the surficial occurrence of the
seismic fault, located on the eastward prolongation of the 17 August rupture.

Both earthquakes were accompanied by a suite of earthquake-related effects such as lateral spreading, soil
fractures, liquefaction, settlement, coastline change, tsunamis and so on. On top of all these, the fires that broke
out completed the picture of devastation (LEKKAS et al., 1999).

The 150 kilometres of surficial faulting in the Izmit and Dézce earthquakes gave us the chance to study the
real-time deformation in strike-slip zones. This is a rare opportunity because the study of strike-slip deforma-
tions is mainly based either on laboratory, analogue or numerical experiments (MANN et al. 1983, SYLVESTER
1988, etc.), or on the examination of tectonic structures formed in the geological past (Fig. 2).

In the following sections we shall give first a brief outline of the regional seismotectonic — geodynamic
setting; the earthquake faults and related events will also be presented. Next, we shall focus on the reactivated
fault segments

2. GEODYNAMIC SETTING - GENERAL DESCRIPTION OF SEISMIC FAULTS

The Middle East region corresponds roughly to the Arabian Plate, which moves northwards, towards the
Eurasian Plate, squeezing out and to the west the Anatolian Plate, while a portion of eastern Turkey, Armenia,
Azerbaijan and northern Iran are driven eastwards (Oral 1994, Reilinger et al. 1997). The westward extrusion of
the Anatolian Plate is mainly accommodated through the NAFZ, which has a mean E-W trend, running from
Armenia to the Sea of Marmara. It is a 1*-order tectonic structure within the Eurasian Plate (Ambraseys 1970,
Sengor 1979, Sengor et al. 1985, Barka et al. 1984, Barka 1992). The right-lateral strike-slip motion of the NAFZ
has given birth to a series of major earthquakes, many of them exceeding magnitude 7 (Barka 1996, Barka et al.
1988). Ten such large earthquakes have occurred since 1939 (Fig. 1), causing considerable damage to the popu-
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Fig. 1 Tectonic sketch map to show the parts of the NAFZ reactivated since 1939 (heavy lines), according to Stein
et al. (1997). The Bolu, Dozce, Adapazari, Sapanca, Izmit and Yalova segments (dotted lines) ruptured in the 17
August and 12 November 1999 earthquakes.
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Fig. 2 The traces of the segments reactivated in the 17 August and 12 November 1999 earthquakes.
and associated structures. Finally, a comparison between our observations and the results of previous studies will
be attempted.

lation centres lying on fault traces (Stein et al., 1997).

The existence of the NAFZ is also evident in the modification it has caused on the relief and drainage
(Chorowicz et al., 1999). Strike-slip deformation has created, among others, a series of depressions, or pull-
apart basins, such as the Sapanca and Izmit lakes; another example is the Sea of Marmara (Wong et al. 1995,
Armijo et al. 1999) which, according to more recent research, is characterized as an escape basin with co-linear
symmetrical flower structures above a single buried master fault (Aksu et al., 2000).

The part of the NAFZ that gave rise to the 17 August 1999 earthquake had not ruptured in the 20® century
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(Stein et al., 1997). GPS surveys had detected aseismic movement on this part, in the order of 10-15 mm/yr
(Straub et al. 1997, Armijo et al. 1999). It has also been suggested that earthquake fractures were produced in
the 1719 and 1754 earthquakes that were located in the same area. USGS has reported that the rupture plane
was almost vertical, oriented E-W and the slip vector was right-lateral (NP1: strike 92, dip 68, slip 178; NP2:
strike 183, dip 88, slip 22).

Field reconnaissance and mapping showed that the surface faulting occurred between Lake Eften and Glcdk,
for an overall distance of 100 km; the maximum observed offset was locally more than 5 m. Additionally, there
is evidence that faulting continued offshore to the west of Gglcdk and in the Sea of Marmara, for another 50 km
(Youd et al., 1999).

The epicentre of the 12 November 1999 earthquake was located south of Dézce. The shock was also caused
by a part of the NAFZ that had not ruptured in the 20™ century (Stein et al., 1997). GPS measurements have also
found a 10-15 mm/year aseismic movement on this part of the fault (Straub et al. 1997, Armijo et al. 1999). The
focal mechanism solution calculated by the USGS gave an E-W trending rupture plane with steep southerly dip
(NP1: strike 265, dip 65, slip -158; NP2: strike 166, dip 70, slip -27).

Post-earthquake field mapping showed that surface faulting occurred between Lake Eften in the west and
Kaynasli-Bolu in the east, for a distance of over 50 km and a maximum right-lateral offset that exceeded locally
4.5m.

3. DETAILED DESCRIPTION OF FAULT SEGMENTS

The reactivated fault zone in the 17 August earthquake was 100 km long; about 50 km less was the rupture
caused by the 12 November shock, which means that a total of 150 km were affected by surficial faulting onshore
(Fig. 2), while within the Sea of Marmara faulting may have continued for a few km (Youd et al., 1999).

The surficial ruptures are distinguished in segments, which are characterized by their own geometry and
kinematics (Fig. 2, 3). Our description is based on field observations along the seismic fault as well as on other
papers (AWATA et al., EMRE et al. 2000).

Yalova segment. It is located within the Sea of Marmara (Youd et al., 1999). Its strike is N70°-80°E, parallel
to the coastline, which is probably cut by the fault NE of Yalova. At this particular site, there are abundant soil
fractures and lateral spreading in the formations that outcrop on the coastal zone, giving rise to ENE-WSW
(N70°-80°E) gaps that display horizontal (right-lateral) offset that does not exceed 15 cm. It cannot be con-
firmed, however, whether these cracks are dynamically related to the Yalova segment or have resulted from
seismic shaking. At any rate, the Yalova segment is estimated to be more than 25 km long.

Degirmendere segment. The occurrence of this segment is more certain than of the previous one, since it
marks several parts of the coastline between Karamursel and Golcdk. Its overall strike is N75°-85°E and its
length is approximately 20 km. Coseismic slip amounted to 20 cm. The separation distance between this segment
and the Yalova one is 4 km, with the Karamursel overstep developing between these two segments.

Karamursel overstep. A 16 by 4 km pull-apart basin has formed within this extensional overstep. However, its
occurrence within the Sea of Marmara obstructed further more detailed observation.

Izmit segment. It has a general E-W trend, a length of 27 km, and stretches between Geglcdk in the west and
Lake Sapanca in the east. At its western end, close to Gglcdk (Ford factory) there is a N45°W, 2 km long
surficial trace with 2.3 m vertical throw (NE side down) and 1.7 m of dextral offset. Towards the east and for the
next 4 km, fault strike is N85°E and strike-slip offset reaches 2.8 m. The fault then enters the sea, to be found
again south of Izmit at the eastern flank of the gulf; at this location the strike-slip offset reaches its maximum
value of 4.6 m and the trend is N85°-90°E, with minor only deviations. The segment can be traced up to Lake
Sapanca and its continuation within the lake is deemed highly possible.

Gelcok overstep. A second releasing overstep with the northern part of it lying under sea level, between the
Izmit and Artiflye segments. Its length is “ 6 km and its width is * 2 km.

Artiflye segment. It can be traced from the southern coast of Lake Sapanca up to Akyazi, where the fault trace
splays into numerous minor sub-parallel to each other fractures. It maintains a more or less constant E-W trend
for a total length of 37 km. Throughout its length the right-lateral component is predominant, amounting to 5.2
m, while the vertical offset rarely exceeds 20-40 cm. This segment can be distinguished into two constituent
faults: the western one displays the maximum, 5.2 m horizontal offset, accompanied by several en echelon frac-
tures; and the eastern one, with smaller displacement (>4 m). Towards the east, the displacement decreases and
the fault trace breaks up into 5 en echelon fractures with gradually decreasing throw. Note also that a gap exists
between the termination of this segment and the adjacent one in the east (Hendek segment).
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Sapanca overstep. It develops between the Izmit and Artiflye segments. This transform-parallel strike-slip
basin has a length (overlap distance) of 8 km and a width (separation) of 2.5 km.

Hendek segment. 1t has a length of "35 km and an initial N80°E trend at its western part, bending eastwards
to N60°E. It is traced from Akyazi up to Lake Eften, where it forms the northern flank of the lake. It displays a
certain variety in its kinematic characteristics: at the western, N70-80°E trending part, the right-lateral compo-
nent amounts to 2.6 m and the vertical one does not exceed 0.5 m. At the eastern part, the horizontal offset
gradually decreases and the vertical throw reaches 0.5 m, with the southern block downthrown.

Eften overstep. It corresponds roughly to Lake Eften, developing between the Hendek and Serif segments
that overlap for 13 km, being offset by 1-5 km.

Serif segment. It was reactivated in the 12 November earthquake. Its length is 33 km and strikes N85°-90°E.
The strike-slip offset in this segment reaches up to 4.6 m, while locally we measured 0.6 m of vertical throw. Its
western part must have also moved in the 17 August event, with a right-lateral offset of less than 0.5 m.

Kaynasli segment. 1t is the easternmost fault reactivated in the 12 November earthquake. It stretches be-
tween the town of Kaynasli up to Bolu and is characterized by predominant dextral strike-slip offset (maximum
observed: 2.8 m) and secondary dip-slip (max: 0.5 m). Its length is 17 km and has a mean E-W trend. This
segment is also characterized by the existence of a broad deformation zone, especially at the locations where it
cuts loose surface deposits. At these sites, the width of the deformation zones, which include suites of sub-
parallel to each other minor fractures, is up to 200 m. Its throw steadily decreases towards the E.

The distinction of the segments that ruptured in the 1999 earthquakes is an approach towards the deforma-
tion along the NAFZ on the macro-scale; and this has shown that the mean trend of these segments was E-W
and their average length was 40 km. The maximum strike-slip displacement (Fig. 3) was more than 5 m, but it
was significantly smaller on the NW-SE or NE-SW trending parts, where dip-slip component reached its maxi-
mum value ("1.5 m). The distinction of the surficial traces is also in good accordance with the observed
displacements, which invariably decrease towards the edges of the mapped surficial fault traces.

All segments are consistently right-stepping and the pull-apart basins that have developed have a W/L ratio
of 1/3 to 1/4, a figure indicative of a mature stage of strike-slip deformation (Mann et al., 1983).

It should also be noted that there is another branch of the NAFZ in the area, lying to the south of the
reactivated segments, passing from Mudurnu. This arc-shaped branch that meets the reactivated fault between
Artiflye and Bolu (Fig. 3) remained dormant in the 1999 earthquakes although it was activated in 1967 (Ambraseys
& Zatopec, 1969).

4. DISCUSSION - CONCLUSIONS

The 1999 earthquake activity in NW Turkey, which culminated in the two major shocks of 17 August and 12
November (Izmit and Ddzce earthquakes), was caused by the reactivation of two consecutive parts of the NAFZ
that had not ruptured in the 20" century; however these segments were expected to break (Stein et al., 1997).
This reactivation produced surficial faulting for over 150 km. The sense of slip was predominantly strike-slip
(dextral) and locally exceeded 5 m, while the mean trend was E-W. The data collected from the observations are
in good accordance with the instrumental recordings and focal mechanism solutions which, in turn, comply with
the kinematic and dynamic setting that controls the NAFZ. Certain deviations in the geometry and kinematics
of some fault segments are due to localized transtension or transpression. Additionally, it seems that the 12
November earthquake was caused by the 17 August event, which triggered the adjacent eastern non-reactivated
part of the fault zone. It should be also noted that the Mudurnu branch, which lies south of the reactivated
segments and had ruptured in the 1967 event, was not reactivated in the 1999 activity (Fig. 2, 3).

Observations showed that the overall 150 km of surficial faulting can be broken into seven right-stepping
segments. This distinction is in good accordance with the observed slip distribution (Fig. 3).

The W/L ratio of the oversteps is in the range of 1/3 to 1/4. This is indicative of strike-slip deformation that
has reached a mature stage and has formed pull-aparts that were either well-defined and bounded on all sides by
faults (i.e Goledk pull-apart basin) or were of transform-parallel type (e.g Lake Sapanca).

The onset of strike-slip deformation is placed at 5 Ma BP (Armijo et al., 1999). The finite deformation has
reached a mature stage and this is confirmed by the comparison of the W/L ratio of the pull-apart basins (W/L=
1/3 to 1/4) with the existing from literature models (Aydin & Nur, 1982). In addition, the overall strike-slip
displacement is more or less equal to the length of the Sapanca pull-apart basin, which is 16 km. The average
annual displacement is thus estimated at 32 mm/yr (16 km/ S Ma), which is at least double the figure estimated
by GPS measurements (Straub et al. 1997, Armijo et al. 1999). It seems that the 10-15 mm/yr correspond to the
aseismic movement and the ‘extra’ 10-20 mm/yr are accommodated by seismic slip.
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Taking into account that the last (prior to 1999) reported surface faulting at this part of the NAFZ was in the
events of 1719 and 1754, we can estimate that in this 250+ year interval the cumulative residual deformation
that had not been accommodated by creep was between 2.5 — 5 m (10-20 mm/year). This figure matches the
mean displacement measured along the reactivated parts of the NAFZ.

The amount of subsidence within the Sapanca pull-apart can be approximated (Sylvester, 1988) and this
should be more or less equal to the offset length, which is 5 km. Of course, this value reflects the displacement of
the substratum formations and not the picture we get from the local morphology: sediments have accumulated
in depressions and ridges have been eroded, which tends to eliminated the surficial expression of the actual
tectonic displacement.

On the macro-scale and regardless the localized deviations, caused by secondary factors, it is the existence of
the seven consecutive segments that has controlled coseismic deformation. These segments must meet the mas-
ter fault at a depth of 2-5 km, which is inferred from the overall width of the deformation zone (Sylvester, 1988).

REFERENCES

AKSU A., CALON T. & HISCOTT R. 2000. Anatomy of the North Anatolian Fault Zone in the Marmara Sea,
Western Turkey: extensional basins above a continental transform. GSA Today, Publ. Geol. Soc. America, 10,
6, 3-7.

AMBRASEYS, N. 1970. Some characteristic features of the North Anatolian Fault Zone. Tectonophysics, 9, 143-
165.

AMBRASEYS N. & ZATOPEC A. 1969. The Muduryu Valley, Western Anatolia, Turkey earthquake of 22 July
1967. Bull. Seismological Society of America, 59, 521-589.

ARMIJO R., MEYER B., HUBERT A. & BARKA A. 1999. Westward propagation of the North Anatolian fault
into the northern Aegean Sea: Timing and kinematics. Geology, 27, 3, 267-270.

AWATA Y, YOSHIOKA T., EMRE O., DUMAN T.Y, DOGAN A. & TSUKUDA E. 2000. Segment structures of
the surface ruptures associated with the August 17, 1999 Izmit earthquake, Turkey. XX VII General Assembly
of the European Seismological Commission (ESC), 149-153, Lisbon.

AYDIN A. & NUR A. 1982. Evolution of pull-apart basins and their scale independence. Tectonics, 1, 91-105.

BARKA, A. 1992. The North Anatolian Fault Zone. Annales Tectonicae, 6, 164-195.

Barka, A.: 1996, Slip distribution along the North Anatolian fault associated with the large earthquakes of the
period 1939-1967. Bull. Seism. Soc. Am., 86, 1238-1254.

BARKA A.A., Hancock PL. & Robertson A.M.F. 1984. Neotectonic deformation patterns in the convex-north-
wards arc of the North Anatolian Fault zone. In: Dixon, J.F. (Ed.) The Geological Evolution of the Eastern
Mediterranean. Geological Society of London, Special Publication, 17, 763-774.

BARKA A.A. & KADINSKY-CADE K. 1988. Strike-slip fault geometry in Turkey and its influence on earth-
quake activity. Tectonics, 7, 663-684.

CHOROWICZ J., DHONT D. & GUNDOGDU N. 1999. Neotectonics in the eastern North Anatolian fault region
(Turkey) advocates crustal extension: mapping from SAR ERS imagery and Digital Elevation Model. Journal
of Structural Geology, 21, 511-532.

EMRE O., DUMAN Y., AWATA Y., DOGAN A. & OZALP S. (2000). XX VII General Assembly of the European
Seismological Commission (ESC), 247-251, Lisbon.

LEKKAS A., DANDOULAKI 1., IOANNIDES E., LALECHOS S. & KIRIAZIS A. 1999. Izmit earthquake,
Turkey 1999. Seismotectonic settings — Earthquake and Ground motion characteristics — Geodynamic phe-
nomena — Damage typology and distribution. 13th Hellenic Concrete Conference, Special Issue, Rethimno.

MANN P,, HAMPTON M.R., BRADLEY D.C & BURKE K. 1983. Development of pull-apart basins. Journal of
Geology, 91, 529-554.

ORAL, M.B. 1994. Global Positioning System (GPS) Measurements in Turkey (1988-1992): Kinematics of the
Africa-Arabia-Eurasia Plate Collision Zone. Ph. D. Thesis, 344pp., Mass. Inst. Tech.

REILINGER R.E., McCLUSKY S.C., ORAL M.B., KING R.W., TOKSOZ M.N., BARKA A A., KINIK I., LENK
0. & SANLI 1. 1997. Global Positioning System measurements of present-day crustal movements in the
Arabia-Africa-Eurasia plate collision zone. Journal of Geophysical Research, 102, 9983-9999.

SENGOR, A. 1979. The North Anatolian transform fault: its age, offset and tectonic significance. Journal of the
Geological Society of London, 136, 269-282.

SENGOR A.M.C., GORUR N. & SAROGLU F. 1985. Strike-slip faulting and related basin formation in zones of
tectonic escape: Turkey as a case study. In: Biddle, K.T. & Christie-Blick, N., eds., Strike-slip deformation,

- 1528 -



basin formation and sedimentation, Spec. Publ. Soc. Econ, Paleont. Miner., Tulsa, 37, 227-264.

STEIN R., BARKA A. & DIETERICH H. 1997. Progressive failure on the North Anatolian fault since 1939 by
earthquake stress triggering. Geophysical Journal International, 128, 594-604.

STRAUB C., KAHLE H.G. & SCHINDLER C. 1997. GPS and geological estimates of the tectonic activity in the
Marmara Sea region, NW Anatolia. Journal of Geophysical Research, 102, 27587-27601.

SYLVESTER, A.G. 1988. Strike-slip faults. Bull. Geol. Soc. Am., 100, 1666-1703.

WONG H.K., LUDMANN T., ULUG A. & GORUR N. 1995. The Sea of Marmara: A plate boundary sea in an
escape tectonic regime. Tectonophysics, 244, 231-250.

YOUD T., ASCHHEIM M., BASOZ N., GULKAN,P, IMBSEN R.A., JOHNSON G.S., LOVE J.,, MANDER
J.B., MITCHELL W., SEZEN H., SOZEN M., SWAN F. & YANEYV, P. 1999. The Izmit (Kocaeli), Turkey
Earthquake of August 17, 1999. EERI Special Earthquake Report, October 1999, 1-12.

- 1529 -






AehTio Tng EAAnVIKIS Mewhoyikiig Evaipiag, Top. XXXIV/4, 1531-1537, 2001 Bulletin of the Geological Society of Greece, Vol. XXXIV/4, 1531-1537, 2001
MpaxTikd 9ou AieBvoug Zuvedpiou, ABriva, Zentépppiog 2001 Proceedings of the 9th International Congress, Athens, September 2001

PALEOSEISMOLOGICAL INVESTIGATONS ALONG THE KERA FAULT ZONE,
WESTERN CRETE: IMPLICATIONS FOR SEISMIC HAZARD ASSESSMENT
V. MOUSLOPOULOU', C. ANDREOU', K. ATAKAN’, I. FOUNTOULIS'

ABSTRACT

The island of Crete is the principal landmass in the Aegean arc system. Collision of the Euroasian plate in
the north and the African plate in the south gives rise to the subduction related deformation along the Hellenic
arc. As a result of the complex deformation, the area is characterized by high seismic activity. Paleoseismic
investigations performed along the Kera fault scarp, which is part of a N-S oriented fault system along the
Spatha peninsula (NW-Crete), show clear evidence of repeated normal faulting events. Five distinct episodes of
faulting are observed. The first two are probably of Middle-Miocene or younger age representing older tectonic
episodes, whereas the last three indicate co-seismic displacements most likely during the Pleistocene and
Holocene. This is in good agreement with the previous estimates of Holocene average slip rate and the recur-
rence time estimate of large earthquakes in the order of ca. Imm/yr and 3000yrs, respectively. The Kera fault
represents a NE-SW oriented bend in a N-S fault system and therefore has a minor left-lateral strike-slip com-
ponent. During the 1980’s at least three earthquakes could be associated with the Kera fault. More recently, in
1999, there were three small (with magnitudes between 3.0-4.5) offshore events that are probably associated
with the same fault system in the offshore extension (to the north) of the N-S oriented faults along the Spatha
peninsula. The existence of these earthquakes as well as the recent paleoseismic results clearly demonstrates the
need of revising the seismic hazard assessment of the area. The length of the N-S oriented fault system, where
the Kera fault represents the middle segment, reaches to a total of 30 km., and is capable of generating an
earthquake of magnitude in the range 6.0-6.7. Such a (shallow) earthquake occurring at a short distance to the
densely populated north-western coast of Crete is likely to have significant consequences.

KEY WORDS: Palaeoseismology, active fault, colluvial wedge, earthquake event.

1. INTRODUCTION

Crete is the main island in the Aegean arc system (Hellenic arc), which lies at the southern margin of the
Aegean continental block. The Hellenic arc is a convergent zone associated with northward subduction of the
African plate beneath the Aegean (Fig. 1). The western part of Crete is located in one of the tectonically and
seismically most active areas of the Africa-Eurasia collision zone.

The study area is a complex multi-fractured neotectonic macrostructure, which is characterized by the pres-
ence of large grabens and horsts bounded by wide fault zones, trending approximately N-S. Inside these first-
order neotectonic macrostructures a considerable number of small order structures are present (Fig.2).

Western Crete is dominated by extensional tectonics as expressed by the N-S oriented normal faults on the
northwestern part of the island (Fig.2). The deep-seated compressional tectonics is not in contradiction with the
extensional features observed on shallow structures on the upper plate. The extensional structures (local de-
pressions/basins, normal faults) which are present in the area, may be of secondary origin of an almost
transtensional or transpressional field (Pavlakis, 1993). Many geophysical, geological and paleomagnetic inves-
tigations were conducted in the south Aegean, dealing with the crustal structure and the seismic hazard of the
Cretan segment (Papadopoulos and Kijko, 1991, Knapmeyer and Hans-Peter Harjes 2000, Manakou and
Tsapanos, 2000). Mariolakos & Papanikolaou (1987), claim that the deformation pattern of the area is not only
a result of axial extension but also a result of simple shear and torsion The peninsula of Spatha behaves as a
tectonic dipole, which is rotating round an almost horizontal N-S axis towards east. The peninsula of Gramvousa
behaves also as a tectonic dipole consisting of two blocks separated by the old, almost E-W oriented, set of
faults. The north block is moving westward whereas the south segment is moving eastward. The uplifted and
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Fig.1: Present geodynamic setting of the Hellenic arc and the relevant displacements (cm/a) of Crete and Africa
in relation to the stable Europe. The study area on Crete is shaded. (after Papanikolaou, 1999).
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Fig.2: Simplified map showing the major fault zones on the island of Crete.

submerged shorelines, observed at the edges of this dipole confirm this picture (Pirazzoli et al, 1982). As a result
of a complex deformation, the area is characterized by high seismic activity. Both historic and recent earthquake
data indicate that the N-S oriented extensional faults are active (Fig. 3).

2. PALAEOSEISMOLOGY OF THE KERA FAULT

The paleoseismological investigations were performed on two trenches which were excavated on the Kera
fault zone (the work on the third trench didn’t progress due to limited preservation of its units). Kera fault
represents a NE-SW oriented bend in a N-S normal fault system along the Spatha peninsula and therefore has a
minor left lateral strike slip component, which is compatible with pure E-W extension (strike: 036°NE, dip:
70°NW and rake: 20° SW) (Fig. 3).

- 1532 -



SPATHA N

A

Segment

- Subsidence
* Trenches
@® Epicenters

Fig. 3: Map showing the three segments of the active fault zone. Kera fault represents the shorter segment in the
middle of the map, with a NE-SW orientation. The ascendent and descendent movements on Gramvousa penin-
sula are shown. Recent earthquake activity is also noted (NOA, 1964-1999, M>4.5) (after Mouslopoulou, 1999).

The fault scarp was studied and seven different units were identified on both trenches. The reconstruction of
the geological history was based mainly on the evidences derived from the logging of the two trenches. Fig.4
shows the interpreted log in one of these trenches.

On the Kera fault scarp, due to temporal and financial limitations, no dating techniques have been per-
formed. The analysis, which was based on the deposition of the colluvial wedge sediments, provided us with
some relative ages. It showed that the fault has been reactivated many times in the past, as early as upper
Cretaceous. At least five tectonic events (normal faulting with some minor oblique component) were recognized
on the two trenches along the Kera fault. The two first tectonic episodes represent a very old period of deforma-
tion since they occurred in a time span of upper Cretaceous — upper Miocene. The two breccias observed on the
fault surface today, are the cumulative result of a series of tectonic episodes, which took place during this older
period. It is obvious that these two breccias represent a series of deformational episodes rather than individuals
earthquakes.

as individual paleoearthquakes with distinct co-seis
SE NW

Trench #1

Fig.4: On the top of the figure the trench log section with the seven identified sedimentary units is shown (see text
Sor description of the units). On the left picture showing, the field location of the Trench #1.
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mic displacements as indicated from the deformed colluvial wedges. The fact that the colluvial wedges, derived
from the fault scarp, are still unconsolidated indicates that these last three events occurred most likely in Qua-
ternary. The last event may have occurred even in Holocene period, since there is still a fresh scarp visible on the
fault surface.

Following there is a short description of the retrodeformation based on the interpretations made on the

trenches (see Figs. 4, 5).

e (A) Marine (carbonate) sedimentation took place in Upper Cretaceous. Prefaulting stratigraphy.

e (B) At this stage a general uplift resulted in the regression of the sea and the local revelation and subsequent
erosion of the carbonate platform. The first tectonic episode took place during the upper Cretaceous-middle
Miocene. On the sketch B of Figure 5 is shown the fresh scarp, representing the first tectonic episode.
Oligomictic breccia is formed at this stage with unknown thickness.

e (C) Erosion and subsequent degradation of the fault scarp took place. At the same time, at the neighborhood
of the fault zone, the sea transgressed and marly marine sedimentation is commenced off-shore (middle
Miocene).

e (D) The second tectonic episode (middle Miocene-late Miocene) created a free face in the limestones (unit
0). At that stage, the younger polymictic breccia is formed, consisted both of carbonate and marly material.
Its thickness is approximately 15-20 cm. Clear slickensides are observed on the fault slip surface (70/036).

e (E) After the formation of the previous fault scarp, the first colluvial wedge is deposited. It is mainly com-
posed of carbonate and marly material. This wedge corresponds to the defined units 2&3 that have been
recognized during the logging of the trenches. The time that has elapsed between the formation of the first,
oligomictic breccia (first tectonic episode), and the following third earthquake, may be as large as 55 Ma.

e (F) Third faulting event (interpreted as a paleoearthquake) took place during the post-Miocene period and
created a new free face in the limestones (unit 0), and a new basal tension fissure into which the earlier
colluvial wedge is drooped. A small-displacement antithetic faulting, formed in unconsolidated sediments,
should have occurred during this stage.

e (G) The previous fault scarp was weathered and erosional processes started to degrade. Second colluvial
wedge was formed. This wedge is mainly composed of limestone and marly material and corresponds to the
defined unit 4 (conglomerate) shown in the trenching.

e (H) Fourth faulting event (interpreted as a paleoearthquake), which should have taken place at the Pleistocene
or even Holocene geological period, created a new free face in the limestone unit and a new basal tension
fissure into which the earlier colluvial wedge is deposited. At this stage, there are also indications (changes of
the clasts size) that antithetic faulting took place.

e (I) Erosion and subsequent degradation of the fault scarp occurred after the forth event. Deposition of the
third colluvial wedge took place, which buried the earlier two wedges. Later on, this colluvial wedge propa-
gated out onto the downthrown block. It is composed of material derived from the limestones (unit 0), the
marls (unit 1) and the conglomerates (unit 4), and corresponds to unit 5.

e (J) Fifth faulting event (interpreted as a paleoearthquake) took place and, for once more, a new fresh scarp
was formed on the limestones. At the same time, small displacement antithetic faulting occurred, creating
disturbances to the clasts of the units, all along the slip surface.

e (K) Present day situation of the trench is indicated. Deposition of the forth colluvial wedge is overlying the
previous ones. This last wedge corresponds to the defined unit 6 (fine conglomerate clasts) and appears as a
small outcrop. After the fourth faulting event the scarp became relatively stable. During this stability a soil
would form on the colluvium. Indeed, a thin dark-colour soil cover is formed at the top of all the units and
corresponds to the defined unit 7.

Concerning the fresh scarp that exists on the surface, two alternative interpretations may be given: either it
is the result of the fifth faulting event, which has not been completely smoothed by the erosion, or this is the
result of the most recent earthquake (a sixth one). Existing data does not allow reaching to a conclusion.

In order to estimate the paleoearthquake size, we have used the fault’s length. Assuming the surface rup-
ture, only along the length of the Kera fault segment (Fig.3) and using the Wells and Coppersmith (1994)
relation M=5.08+1.16*log(SRL), the minimum magnitude estimated is M 5.9 (+0.2).Since the Kera fault con-
sists an intermediate segment of a broader fault zone it may tectonically interact with the segments that sur-
round it (in spite the fact that the segments 1 and 3 have no indications of recent reactivation). Thus, if we
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Fig 5: Retrodeformation of the Kera fault zone (schematic, not in scale): A. Upper Cretaceous carbonate marine
sedimentation. B. First tectonic episode. Formation of the Oligomictic breccia. C. Erosion of the fault scarp.
Transgression and marly sedimentation (middle Miocene). D. Second tectonic episode. Formation of the
polymictic breccia. E. Deposition of the first colluvial wedge. F. Third faulting event (post-Miocene time)
(seismic event 3). G. Erosion and degradation of the fault scarp. Deposition of the second colluvial wedge. H.
Fourth faulting event (Quaternary) (seismic event 4). I. Erosion of the fault scarp causes the deposition of the
third colluvial wedge. J. Fifth faulting event (Quaternary) (seismic event 5). K. Deposition of the fourth colluvial
wedge and formation of a thin soil horizon.
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assume the rupture along the 1% and 2™ segments together (13 km), we come up with a minimum magnitude in
the order of M 6.3 (x£0.1). Assuming the length of the 2™ and 3" segments together (21 km), we come up with a
minimum magnitude in the order of M 6.6 (+0.08). Finally assuming that the entire, 30 km long, N-S orientated
fault system (segments 1+2+3) was ruptured simultaneously through a single earthquake, then, a magnitude of
up to 6.7 (+0.05) may have occurred in the area.

3. DISCUSSION - CONCLUSIONS

The tectonic setting on which Kera fault system lays, is probably far more complicated than a simple axial E-
W extensional regime. It is also likely that this extension is a local superficial phenomenon, deriving from an
almost, deep in the crust, transpressional field, and hence the N-S oriented extensional structures observed on
western Crete could be regarded as of secondary origin.

Taking into account the observed fault pattern we can correlate it with the recent seismicity of the area.
There are, indeed, earthquakes occurred in the vicinity of the Kera fault during the last decades. More specifi-
cally, during the 80’s three earthquakes could be associated with the Kera fault (1980, 1987, 1988-with magnitudes
between 4.5-5.2) (Fig. 3) whereas, early 1999, there were three small (3.0<M<4.5) offshore events that are
probably associated with the same fault system in the offshore extension (to the north) of the N-S oriented faults
along the Spatha peninsula. Moreover, historical documents reveal at least five earthquake events felt in the
broader area of Crete from the antiquity until 1910. The magnitudes of these earthquakes were >6.0 (Andreou,
2000). From these inferences it is obvious that the study area is located in a tectonic setting, which is capable of
generating earthquakes of significant magnitudes.

Taking into account all the above inferences, the following conclusions can be made:

1. Kera fault zone show clear evidence of repeated normal faulting events. At least 5 reactivations have been
observed on the Kera fault scarp since the time of its formation.

2. It is likely that some of those reactivations occurred in Holocene. There are five strong events that have
occurred during the last two millenniums. The last event on the Kera fault may be associated with some of
the historic earthquakes.

3. Although there are not direct evidences of recent reactivation along the 1% and 3* segments, it, definitely,
cannot be excluded the possibility of combined reactivation of all, three, of them. So, the 30 km long N-S
oriented fault system along Spatha peninsula is capable of generating an earthquake of magnitude in the
range 6.0-6.7.

Thus, it is evident that in the area of western Crete, seismic activity continues until the present day. Such a
shallow earthquake occurring at a short distance to the densely populated northwest coast of Crete is likely to
have significant consequences.

Summarizing this study, the following recommendations can be made:

The recent earthquake activity on western Crete and the evidences derived from the study area, manifest
that the N-S oriented fault system is active. Assuming that the last large earthquake event on Kera fault zone
occurred in Holocene and taking into account the recurrence time of 3000yr (Armijo et al., 1992), it becomes
obvious that a more careful assessment of the seismic hazard potential of the region is required.

The conclusions drawn in this study are based on observations derived from a limited study area. In order to
improve the understanding of the active tectonics in the area, a more detailed investigation, both on the Kera
fault as well as other potentially active faults needs to be carried out in the future. Moreover, the fact that the
island of Crete is densely populated, strengthens the argument stated above.

Acknowledgments: This study was partly supported by the Norwegian Research Council and the Mathemat-
ics and Natural Sciences faculty of the University of Bergen.
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POSSIBLE TRIGGERING OF STRONG EARTHQUAKES IN A SEISMIC
SEQUENCE DUE TO COULOMB STRESS CHANGES GENERATED BY THE
OCCURRENCE OF PREVIOUS STRONG SHOCKS
E. E. PAPADIMITRIOU', V. G. KARAKOSTAS' AND A. B. BABA'

ABSTRACT

Coulomb stress changes (ACF F )were calculated assuming that earthquakes can be modelled as static dislo-

cations in an elastic half-space, and taking into account the coseismic slip in strong earthquakes. The stress
change calculations were performed for strike, dip, and rake appropriate to the strong events considered. We
evaluate if these chosen earthquakes brought a given strong subsequent event closer to, or farther from, failure.
It was found that each of the subsequent strong events occurred in regions of increased calculated Coulomb
stress before their occurrence. Moreover, the majority of smaller aftershocks also were located in areas of posi-

tive ACFF . This indicates the probable triggering of the latter events, the foci of which are situated at nearby
faults or fault segments.

KEY WORDS: seismic sequences; static stress changes; triggering.

1. INTRODUCTION

The broader Aegean area has experienced many destructive earthquakes as indicated from both instrumen-
tal data and historical information, some of them occurring very close in time. It is then of interest to examine if
the stress changes associated with the occurrence of each one of them can advance the time of occurrence, i.e.,
to trigger subsequent ones. Earthquakes in a sequence generally are not independent (Scholz, 1990). Each one
is affected by both tectonic loading and stress changes caused by prior events, especially by either great earth-
quakes or other shocks that occur nearby. From this point of view, the state of stress is studied.

Strong earthquakes that appeared to occur close in time indicate possible triggering of the following events
by the previous one in the chain. Such observations have led several authors in the last decade to highlight the
importance of fault interactions on the basis of physical models. Considerable research has been performed on
earthquake triggering or delay due to changes in stress and this topic has been extensively discussed (e. g. Harris,
1998 and references therein). The points faced by researchers concern the possible triggering of subsequent
earthquakes by earthquake-induced static or dynamic stress changes. The advantage of using changes in stress is
that oftentimes, absolute values of stress are not known but stress change values can be calculated fairly readily
from information about the geometry and slip direction of an earthquake rupture.

Coulomb stress change theory has been successfully applied to situations where faults were relaxed, the
result of a negative change in Coulomb failure stress,. For cases where a fault is relaxed, or put into a stress
shadow (Harris and Simpson, 1993, 1996; Deng and Sykes, 1997a,b), one can perform simple determinations of

the approximate time that it should take for long-term tectonic loading to recover the static stress ACFS <0
change. The Coulomb failure stress changes caused by main shock rupture effectively explain the aftershock
distributions for the earthquakes studied, with some of the more distant events apparently being triggered by
stress changes as low as 0.1 bar (Reasenberg and Simpson, 1992).

Portions of the San Andreas Fault were advanced about a decade in the cycle of great earthquakes by the
1992 Landers sequence of (Jaumt and Sykes, 1992). Not only do aftershocks appear to be triggered by such stress
changes, but moderate seismicity prior to the Landers earthquake increased the potential for failure along most
of the future Landers rupture zone, perhaps controlling the location of the later rupture (King et al., 1994). Such
calculations for Southern California by Deng and Sykes (1997a, b) determine the distribution of large shocks of
the past 185 years, moderate-sized shocks of the past few decades, and small and microearthquakes for the

1. Department of Geophysics, School of Geology, Aristotle University of Thessaloniki, GR54006 Thessaloniki, Greece
e-mail: ritsa@geo.auth.gr, vkarak@geo.auth.gr, baba@lemnos.geo.auth.gr
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shorter time period for which they and their mechanisms are available.

In the present paper, we seek for possible triggering by calculating stress changes and applied these calcula-
tions to the study of earthquake interactions. For this reason, the coseismic stress changes associated with the
occurrence of strong events, the first in the sequence are taken into account, following the procedure of Deng
and Sykes (1997a). The present study covers the time interval 1976-2000, during which information on fault
plane solutions of the stronger events (M>5.5) is available, since they are routinely analysed and distributed.

2. METHODOLOGY

The method used by Deng and Sykes (1997a) and applied by them to southern California was used in the
present study. They consider stress to be a tensor quantity that varies in time and space and to be transmitted
elastically, with the Earth approximated as a homogeneous half-space. Changes in stress associated with large
earthquakes are calculated by putting certain coseismic displacements on ruptured fault segments in the elastic
half-space and adding the changes in the components of the stress tensor together as they occur in time. Stress
changes associated with both the virtual dislocations and actual earthquake displacements are calculated using
a dislocation model of a planar fault surface, ¥, , embedded in a homogeneous semi-infinite elastic medium, i.
e., a half-space with zero traction on the Earth’s surface. Steketee (1958) showed that the displacement field

Uy (jct component of w) in a semi-infinite elastic medium for an arbitrary uniform dislocation, U , across a

surface, ¥, can be determined from:

U,
8

U, = ”w'; v;dZ 1)
z

where 1 is the shear modulus, U are the direction cosines of the normal to the dislocation surface, U is

k . , .
the jth component of U , and Wy are six sets of Green’s functions.

The displacements and strain fields caused by finite rectangular sources are obtained by integrating (1)

(Okada, 1992; G. Converse, U. S. Geological Survey, unpublished report, 1973). The elastic stress Sy is calcu-

lated from strain €y using Hooke’s law for an isotropic medium

Sy = 2pv6

y 1-2v i €k +2pey (2)

where v is Poisson’s ratio, and ij is the Kronecker delta.

Earthquakes occur when the stress exceeds the strength of the fault. The closeness to failure was quantified
using the change in Coulomb failure function (ACFF ) (modified from Scholz, (1990)). It depends on both
changes in shear stress At and normal stress Ao

ACFF = At+u' Ac (3)
Here W' is the apparent coefficient of friction. Both At and Ag are calculated for a fault plane at the

observing (field) point from the stress tensor described by (2). Change in shear stress At is positive for increas-

ing shear stress in the direction of relative slip on the observing fault; Ag is positive for increasing tensional
normal stress. When compressional normal stress on a fault plane decreases, the static friction across the fault
plane also decreases. Both positive At and Ao move a fault toward failure; negative At and Ao move it away

from failure. A positive value of ACFF for a particular fault denotes movement of that fault toward failure
(that is, the likelihood that it will rupture in an earthquake is increased).

The advantage of using changes in stress is that oftentimes, absolute values of stress are not known but values of
stress change can be calculated fairly readily from information about the geometry and slip direction of an earthquake
rupture. The exact details of geometry and slip also become less important the farther one goes from the rupture.
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3. FOCAL PARAMETERS OF STRONG EVENTS

Table 1 gives information on the fault plane solutions of earthquakes with M>6.5 that occurred in the study
area during 1976-2000. This is the time interval for which reliable fault plane solutions are routinely processed
and distributed by Harvard University. We evaluate in the following if either the generation of these events
triggered the occurrence of subsequent strong events, or if they have been triggered by previous strong events.
To proceed in this evaluation, information on the fault plane solutions of the related strong events is needed.
Since for events 1, 8 and 12 of this table no information exists on fault plane solutions of strong events that
occurred nearby, such examination is not feasible.

Table 1. Source parameters of large (M>6.5) earthquakes that occurred in the broader
Aegean area during 1976-2000.

Mechanism
DATE TIME Q°N A°g M Strike Dip Rake Ref
1 1976, May 11 00:59:18 37.40 20.40 6.5 327 12 90 1
2 1978, June 20 20:03:21 40.71 23.27 6.5 278 46 -70 2
3 1979, Apr. 15 06:19:41 42.09 19.21 7.1 317 15 90 3
4 1980, July 9 02:11:57 39.28 23.11 6.5 81 40 -90 4
5 1981, Feb. 24 20:53:37 38.22 22.92 6.7 264 42 -80 5
6 1981, Dec. 19 14:10:51 39.08 25.24 7.2 37 67 -166 6
7 1981, Dec. 27 17:39:13 38.80 24.92 6.5 216 79 175 5
8 1982, Jan. 18 19:27:25 39.78 24.50 7.0 233 62 -173 5
9 1983, Jan. 17 12:41:30 37.96 20.26 7.0 39 45 175 1
10 1983, Aug. 6 15:43:52 40.08 24.78 6.8 138 78 -1 7
11 1995, May 13 08:47:13 40.15 21.68 6.6 240 45 -101 9
12 1997, Nov. 18 13:07:53 37.58 20.57 6.6 8 31 162 7

1. Papadimitriou (1993), 2. Soufleris and Stewart (1981), 3. Baker et al. (1997), 4. Papazachos et al. (1983), 5.
Taymaz et al. (1991), 6. Papazachos et al. (1984), 7. Harvard solution.

Fault length and average displacement are two parameters necessary for the model application. Such infor-
mation is not available from geological field observations for the earthquakes studied. Rupture zones of several
strong earthquakes in Greece have been defined by the use of field observations of fault traces and by precise
location of clusters of aftershocks or other relatively small earthquakes. Such data have been already used
(Papazachos, 1989) to derive the following relations between the fault length, (in km), and mean displacement,

u (in cm), as a function of the moment magnitude M:

log L
log u

Il

0.51M -1.85
0.82M -3.71

“)
©®)

Therefore, these scaling laws were used to estimate the two parameters, L and u , which are necessary for
the application of the model (Table 2).

Table 2. Rupture models for strong earthquakes used for ACFF' computation.

L u M Mechanism

DATE TIME @ °N A°E (km) (cm) Strike Dip Rake
1978, May 23 23:34:11 40.70 23.29 10 11 5.8 265 40 -83
1979, Apr. 15 06:19:41 42.09 19.21 56 130 7.1 317 15 90
1980, July 9 02:11:57 39.28 23.11 26 42 6.5 81 40 -90
1981, Feb. 24 20:53:37 38.22 22.92 34 61 6.7 264 42 -80
1981, Dec. 19 14:10:51 39.08 25.24 66 156 7.2 37 67 -166
1983, Jan. 17 12:41:30 37.96 20.26 52 107 7.0 39 45 175
1983, Aug. 6 15:43:52 40.08 24.78 42 74 6.8 228 89 -168
1995, May 13 08:47:21 40.15 21.68 30 42 6.6 243 45 -97
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The depths of the larger (M>6.0) earthquakes that occurred in the broader Aegean region, for which reli-
able determination of the focal parameters exists based either on waveform inversion or recordings of local
seismic networks, range from 8 to 13 km. From studies of aftershock sequences for which reliable determination
of the aftershocks focal parameters also exists, it is evident that the majority of their foci are located in a
seismogenic layer extending from a depth of 3 to 15km, some of them reaching a depth of 20km. Although
precise depth determination does not exist for the smaller earthquakes that occurred in the study area, most of
them are calculated as shallower than 15km. By considering all of the above information, the depth of the
seismogenic layer in our calculations is taken to be in the range of 3-15km for all of the strong events we modeled.

1. STRESS CHANGES AND TRIGGERING OF SUBSEQUENT STRONG EVENTS

Stress changes, i.e., values of ACFF", are computed for the faulting type of the next stronger event in each
seismic sequence. The coseismic displacements in the eight strong earthquakes in the broader Aegean Sea
during 1976-2000 are computed in each case. The faults are simplified and approximated by rectangular shapes

with two edges parallel to the Earth’s surface. In each case, ACFF is calculated for a preferred fault plane
solution, the one of the next event whose triggering is inspected. The shear modulus and Poisson’s ratio are fixed

as 33 GPa and 0.25, respectively. The apparent coefficient of friction, y‘, is fixed as 0.4 in the calculations,

following Nalbant et al. (1998) who selected a value of 0.4, commenting that King et al. (1994) pointed out that
even substantial variations from such a value do not greatly alter the distribution of Coulomb stresses around a
fault. Deng and Sykes (1997a, b) extensively discussed this matter and found that their results were not very

sensitive to changes in [L'. Stein et al. (1997) indicated that in general, the changes in absolute values of ' are

not great.

Plate 1 shows the coseismic stress changes associated with the first strong event at a depth of 10 km. This
depth was chosen to be several kilometers above the locking depth in the model. In these plates, dark regions
denote negative changes in Coulomb stress and inferred decreased likelihood of fault rupture. These regions are
called stress shadows following the usage of Harris and Simpson (1993, 1996). Bright regions represent positive

ACFF and increased likelihood of rupture. The positive regions are called stress bright zones. It should be
mentioned that stress is a tensorial, not a scalar, quantity. Thus shadow zones and bright zones must be viewed
in the context of specific styles of fault slip, i.e., similar strike, dip, and rake. A particular location could be
situated in a shadow zone for NE trending strike-slip faults, while it could be located in a bright zone for other
styles of faulting. We will show that in each case the subsequent events occurred in bright zones, not in shadow
zones.

Earthquake of 1978 (Thessaloniki, N. Greece) Plate 1A shows the coseismic stress changes associated with
a strong (M =5.8) event that struck the area around the city of Thessaloniki, on May 23, 1978. Focal mechanism
solutions of the June 19 (M=5.3) event, and the main shock of this seismic sequence (June 20, 1978, M=6.5),

are also plotted in this figure. The mainshock is located in an area where the higher positive ACFF" values were
computed, while its foreshock in the borders between the bright and shadow zones.

Earthquake of 1979 (Monte Negro) The stress pattern due to the coseismic stress changes associated with the April 19,
1979 (M=7.1) main shock, along with the focal mechanism solutions of the two major earthquakes of that seismic sequence,
are plotted in Plate 1B. Both aftershocks are located in a bright zone created by the generation of the main shock.

Earthquake of 1980 (Magnesia, central Greece) A bright zone of ACFF was created by the generation of
the strong (M=6.5) mainshock of this seismic sequence at the western part, where the largest aftershock (M=6.1)
occurred some minutes later (Plate 1C). Whilst the second stronger aftershock (M=5.6) occurred inside the
shadow zone, probably at a barrier remained unbroken during the main rupture, about a month later, the third
stronger aftershock (M=5.3) occurred inside the western bright zone.

Earthquake of February 1981 (Alkyonides, Corinth Gulf) A strong earthquake of M=6.7 occurred in the
study area on February 24, 1981 followed just a few hours later by a strong aftershock (February 25, 1981; M6.5).

On March 4, 1981 a strong event (M=6.3) occurred at the eastern part, in an area where high positive ACFF'
values were computed due to the coseismic stress changes associated with the generation of the main shock (Plate
1D).

Earthquake of December 1981 (Northern Aegean) Plate 1E shows Coulomb stress changes associated with
the December 19, 1981, large (M=7.2) mainshock, along with focal mechanism solutions of the major earth-
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Plate 1. Coulomb stress changes due to the generation of strong events in the broader Aegean region during 1976-
2000. The stress pattern is calculated for the faulting type of the next strong event in the sequence. Changes are
denoted by color scale at bottom (in bars). Fault plane solutions are plotted as lower-hemisphere equal-area
projections. Coseismic Coulomb stress changes associated with: (A) the May 23, 1978 (M=5.8) event. (B) the
April 15, 1979 (M=7.1) Monte Negro main shock. (C) the July 9, 1980 (M=6.5) Magnesia main shock. (D) the
February 24, 1981 (M=6.7) Alkyonides main shock. (E) the December 19, 1981, (M=7.2) Northern Aegean
main shock. (F) the January 17, 1981 (M=7.0) Kefalonia main shock. (G) the August 6, 1983, (M=6.8)
Northern Aegean main shock. (H) the May 13, 1995 (M=6.6), Kozani main shock.

quakes of that seismic sequence. Both largest aftershocks occurred in a part of the created bright zone, where
high positive values of ACFF were computed.
Earthquake of January 1983 (Kefalonia, Ionian Islands) The strong main shock (M=7.0) of this seismic

sequence occurred on a dextral strike-slip fault (Scordilis et al., 1985). Plate 1F depicts the stress pattern after its
occurrence, calculated for the fault plane solution of March 23, 1981 earthquake. This later event occurred in an
area where values of positive ACFF are the highest. In the same plate all the available fault plane solutions of
the stronger events of this sequence are also shown. Three out of five of them occurred in stress-enhanced
zones.

Earthquake of August 1983 (Northern Aegean) This strong main shock occurred at a fault segment along
the North Aegean Trough. Coseismic stress changes associated with its occurrence (Plate 1G) probably trig-
gered the seismicity in the surrounding area. By asterisks the epicenters of aftershocks with M>4.5 that oc-
curred during September-November 1983 are denoted. It is worth noting that these epicenters are located either
inside or very close to the calculated boundaries between stress shadow and stress-enhanced zones.

Earthquake of 1995 (Kozani, Northern Greece) Plate 1H shows the coseismic stress changes associated
with this strong (M6.6) main shock. In the same plate the epicenters of precisely located aftershocks (Hatzfeld
et al., 1997) are also shown. The stress field is computed according to representative fault plane solution (94/56/
-42) of the events constituting the western cluster of aftershocks (Papazachos et al., 1998). It is evident that this

cluster occurred in a region with high values of positive ACFF" .

The above results show that static stress changes can lead to the identification of the location where the next
strong event of a seismic excitation will occur, as well as the location of off-fault aftershocks. The higher positive
ACFF values were calculated for these locations, where seismic activity occurs soon after (hours to days) the

strong event which gives rise to the triggering. A limitation of the model efficiency, also noted by Cocco et al.
(2000), concerns cases where some events occurred very close to the hypocenter of the main event, since rupture
process details are needed, which usually are not available. On the other hand, the model efficiency has been
proved in cases of nearby fault segments activation (Papadimitriou et al., 2001; among others).
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HISTORICAL EARTHQUAKES AND TSUNAMIS OF THE SOUTH IONIAN SEA
OCCURRING FROM 1591 TO 1837
G.A. PAPADOPOULOS' AND A. PLESSA'

ABSTRACT

We improve the historical earthquake catalogue of the south Ionian Sea by critically reviewing twelve earth-
quake events occurring in the time interval 1591-1837. For some of them we complete historical information
while for others we present information not taken into account in previous seismological studies. The proce-
dure of reevaluation concluded with significant results. For example, the 5 May 1622 earthquake in Zakynthos
, considered so far as a large destructive event, proved to have been only a felt event without any destructive
effects, while the strong shocks of 21 August 1591 and 28 October 1766 (O.S.) are new events in the seismologi-
cal literature. Tsunami phenomena reported in association with particular earthquakes also were reevaluated. It
is shown that the large earthquake of 29 December 1820 in Zakynthos was not followed by a destructive tsunami
flooding, as thought by previous authors, while evidence is presented that the sea-wave reportedly occurring in
the Corinth Gulf in association with an aftershock of the above earthquake on 6 January 1821 very likely was not
a tsunami but a storm surge that attacked the coast of Patras. The results obtained are of importance for the
seismic and tsunami hazards assessment in the Ionian Sea.

ZYNOWH

EnavaEioloyotvrol xortind dmdexa oetopol wov €ywvay oto véto Iovio ITéhayog oto dudompa 1591 — 1837
ot BENTLAVETAL O ROTAAOYOS LOTOQIRWV TELTUWV TG TEQLOYNS. Tl 0QLOUEVOUS CUUTANQE@VOVTOL OL LOTOQLRES
TANEOPOQIES, VA Yo MOV TEOOROWICOVTOL TTANQOYOEIES OV dev elxav ANQOEl VIGYN 0N CELOROAOYLRY
Buproyoapio péyor tpa. H emavagioldynon odjynoe oe onuavtxd amoteléopato. I mopdderypa, o oet-
ousg mg 5 -5 — 1622 om ZdaxvvBo, mov £0emwEEeTo PeYAAOg Kot ROTAOTROPLRGGS, omedelydn ST ftay pdvov
aoBNTos xwels dha aroteréopata. Ot oyveol oetopoi mg 21 —8 — 1591 zouw 28 — 10 - 1766 ( nuepounvieg ma.
nueporoyiov) eivar véou ot ogwoporoywnt] Bifhoyoagic. EnavaEioloynnxay roaw toouvdp wov €youvy avo-
peEBel dtL OVVEdEVOOV OQLOPEVOUS OELONOVG, OTtwg exeivog s 29 AexeuPotov 1820 ot ZdaxvvBo mov eve
TUOTEVGTAV GTL TEOXAAEDE LOYVEO, RATAOTEOPIXS BaAddaoio xipo anedelydn ot n AIAnpuuipa Tov TOV aroAov-
Onoe dev opehdtav oe Toouvdul arhd ot Booydrtwon. To ®iua IOV TEQLEQYWG EIYE TEQLYQUWEL GTL £YLVE OTOV
KopwvBioxd xohmo eEautiog Tov 1oyveoy petaocelopot mg 6 —1- 1821 oo Iévio, mpoxvmrtel T €ywve otV
ITdrpa mbavstata otg 9 — 1- 1821 eEautiog Bverhag naw Oyt ogwopov. To cupmepdopata eivar eEQQETIRA
XONOLA Yiet TOV AELGTLOTO TEOTDLOQLOUG TOCO0 TOU CELTULKOU RIVOTVOU GO0 ROt TOU #VOUVOU artd TOOUVApL 0T
[6vio.

KEY WORDS: historical phenomena, earthquakes, tsunamis, Ionian Sea, documentation, reevaluation.

1. INTRODUCTION

It is generally recognized that the instrumental period of seismicity is too short to represent the seismic cycle
of regions of even high seismic activity. Therefore, studies of seismicity, seismic hazard assessment and earth-
quake prediction very often suffer from the lack of statistically adequate samples of earthquake events. At-
tempts have been made to solve this problem by applying methods that accept incomplete earthquake files (e.g.
for an application in Greece see in Papadopoulos and Kijko ,1991) and by expanding files in longer time spans
with the study of pre-instrumental earthquakes.

The last years an effort started in the Institute of Geodynamics , National Observatory of Athens, for the
systematic study of pre-instrumental earthquakes of Greece (e.g. Papadopoulos 2000, Papadopoulos and
Vassilopoulou 2001). Here we study some earthquakes occurring in the south Ionian Sea from 1591 to 1837. On
the basis of a critical review we complete and , in some cases, we present new information not taken into account
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in previous seismological studies. This procedure concluded with results of significant importance for the deter-
mination of earthquake focal parameters, which in turn becomes of importance for the seismic hazard assess-
ment of the region. Tsunami phenomena that reportedly were associated with particular earthquakes were also
reevaluated. Earthquake epicentres and geographic explanations can be found in Figure 1. The time of occur-
rence estimated for some earthquakes takes into account that in that period night hours were considered to
start on 6 p.m.

2. STRONG EARTHQUAKES OF THE PERIOD 1591 - 1837: A CRITICAL REVIEW
2.1 REVISION OF ALREADY KNOWN EVENTS

1622: Earthquake in Zakynthos

In several studies confusion prevails since some authors attributed the effects of the 5 November 1633
Zakynthos earthquake to that of 5 May 1622 (e.g. Papazachos and Papazachou ,1989,1997) which in turn leads
to determination of erroneous focal parameters . Here we investigate the original sources about the 1622 event,
while the problem of confusion is analysed later, along with the examination of the 1633 case.

The author we were able to verify as the first to quote the 1622 earthquake is Chiotis (1849, p.29) who
reported on as follows: “5 May 1622, 4 hour at night, local, evidence coming from Varvias ”. No further informa-
tion is given about Varvias (Bagpfiag in Greek), who certainly was not the same person with Barbiani, because
the latter is also mentioned as a source of information for other earthquakes listed by Chiotis (1849). His notice
about the 1633 earthquake is: “5 November 1633 in Italy and Greece, evidence coming from p. 228 of the book of
orders”. It is noticeable that Chiotis (1849, p.25-26) made a remarkable distinction regarding the size of the two
earthquakes by taking into account Coronelli (1762) as far as the 1633 earthquake is concerned (see below).
The 1622 one was only “local” (Eyy@otos in Greek) while that of 1633 was felt in both Greece and Italy implying
a larger size. Barbiani and Barbiani (1864, p .14), reported that according to a note in the “Livre des prxts” “Le
5 mai 1622, jour de I’ ascension, ont eu lieu deux tremblements de terre qui durfrent un demi-quart d’ heure”. They
noticed that the reported duration of the shaking (demi-quart d’ heure) certainly is exaggerated but they ne-
glected to mention their source of information

We conclude that one shock, perhaps two, were felt in Zakynthos on the morning of 5 May 1622, and that
the earthquake did not cause any damage, ground failures or other important macroseismic effects. It is re-
markable that on 5 May 1622 at around 11a.m. a strong earthquake (Imax=VII — VIII) occurred in Slovenia
(Boschi et al. , 1997). One may not exclude the possibility that the Slovenia shock was felt in Zakynthos.

1633: Earthquake in Zakynthos

Girardi (1664) seems to be the first who reported on the earthquake of 5 November 1633. His passage,
reproduced by Bonito (1691, p. 763), reads as follows : “ 1633 : A 5 di Novembre nell’ isola del Zante fu un
fierissimo Terremoto, caddero molte Case con morte di molte persone. Sibisso il Promontorio di S. Sosti, rovinarono
alcune alte montagne, si apri in piu luoghi la terra, d’ onde uscirono flamme , e’ | mare grandemente gonsio con
grandissimo spavento di tutti. Il giorno seguente il Terremoto si f0 sentire in Mantova, Verona, ed Hostiglia. Era stato
ancora in Costantinopoli nel mese di Luglio un terribile Terremoto”. 1t is clear that on 5 November 1633 a large
earthquake occurred in Zakynthos causing the collapse of many houses and the death of many persons; the
promontory of St. Sosti ( ‘Aytos Zéorns in Greek) , located in the Laganas bay in south Zakynthos, was sub-
merged; moreover, high mountains failed, the ground opened in several places and flames were coming out ,
and the sea rose highly causing great fear to everyone. The next day an earthquake was felt in Mantova, Verona
and Hostiglia. Bonito (1691) also cited a similar short description presented by Riccioli (1669) (see also a foot
note made by A. Perrey in Barbiani and Barbiani ,1864, p. 14). The accounts of Chiotis (1849,1886) and Barbiani
and Barbiani (1864, p.14) on the 1633 earthquake were based on a short version of the Girardi’s (1664) descrip-
tion published by Coronelli (1762) who, however, reported that the Zakynthos earthquake was felt in Mantova
and in Verona ( Il se fut sentir i Mantoue et ¥ Virone). This point is of crucial importance since, in an attempt to
calculate the size of the 1633 earthquake in terms of the perceptibility radii, the result would strongly depend
upon the epicentral distances of shaken regions. Girardi’s (1664) information that in Mantova and Verona
another shock was felt the next day is likely more realistic, given the large distance between Zakynthos and those
cities of north Italy, although perceptibilitiy at such a distance could not be excluded. Magniati (1688) reported
on an earthquake that was felt in Mantova on 15 November 1633.

The publication of Katrames (1880) signifies the starting point of a misleading report that was followed by
later authors. In fact, he did not mention at all the 1633 event and erroneously attributed its effects to the 1622
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earthquake. The same mistake was made by Zoes (1893) who, however, included in his work the 1633 event.
Confusion about the effects of the 1622 and 1633 earthquakes was propagated even to modern seismological
studies, e.g. Papazachos and Papazachou (1989, 1997) considered that both earthquakes were large events with
similar macroseismic effects and estimated Richter magnitudes of 6.6 and 7.0, respectively. Lekkas et al. (1997)
mentioned the confusion about the 1622 and 1633 earthquakes and suggested that only one shock occurred ,
that of 1633, which certainly is not correct.

In conclusion, at all evidence the 5 November 1633 earthquake (1) was a large, destructive event causing
co-seismic phenomena in the Laganas bay , such as ground failures and tsunami triggering implying high inten-
sity (IX-X) in Zakynthos and large Richter magnitude (6.5%0.5), and (2) its effects were erroneously attributed
to the 1622 event.

1642 : Earthquake in Zakynthos

In his historical book, Konomos (1970, p.60) reproduced an anonymous chronicle reporting an earthquake
that occurred during the first days of January and certainly before 14 January 1642 (O.S.). In the seismological
literature the earthquake is mentioned by Lekkas et al. (1997). The chronicle reports that the shock caused
“great damage and threat for the human life” (ueyaiorarny Cyuiav xar xivdvvov s Lwijc ) and , therefore, we
estimate a maximum intensity of VI -VII .

1729 : Earthquake in Zakynthos

This is a well-known , damaging event that according to local documents (Barbiani and Barbiani, 1864) and
to Venetian archives (Albini et al. , 1994) occurred on 27 or 28 June 1729. Additional information about the
earthquake effects comes from the Faneromeni Code that although published by Marinos (1955) has not been
taken into account in the seismological literature: ... 1729 IovAiov 6, nuéoa Kvoiaxyj, eig tov vadv tys Yneoayi-
ag Ogotoxov ovoualouévns Paveowuévng. O uéyag oelouds omov Eywve eig tag 27 mepaouévov unvis lovviov
xau ot dAdot ooy axolovtijoav erdoaev 1600 10 xauTavEL TOV vaOU dotE exdlacay Tov aLdnEovY aTAVEOY
OOV HTOV E1G TRV #OQUEPNY xaL exarabéonioay Te x0AOVES amdvov EI5 TEC OTOIES REEUOVVTQL Oyt HOVOV TO
xovPovixdov alAdd xat oL XOUTAVES OAES UE PAVEQOY XIVTUVOY YA XQEUVIOTOVY JAQ XAl XATAOUVEOVY XaL TOV
"Aytov tovtov Naov... ” ( 1729 July 6, Sunday, in the Holy Mother’s church called Faneromeni. The great earth-
quake that occurred on the 27" of the last month and others that followed, shaken very much the bell-tower of the
church causing destruction of the iron cross on the top and tore the columns on which the canopy and the bells are
hanging on, with the clear danger of collapsing and pulling down the Holy Church...”). The Code also reports that
on 13 July 1729 people gathered in the church and by a majority of 86 out of 80 decided to contribute financially
to the reparation of the bell-tower.

From the Faneromeni Code it also results that serious damage was caused in the Faneromeni bell-tower
because of the earthquake of 14 February 1742 and possibly because of the well-known earthquake of 11 July
1767 that was destructive mainly in Cephalonia . All dates given in this section are in O.S.

1746 : Earthquake in Zakynthos

De Viazi (1891), Zoes (1893) and Konomos (1970) quote a short chronicle written on 25 January 1746,
indicating the occurrence of some earthquakes in Zakynthos. In the seismological literature, Lekkas et al.
(1997) and Spyropoulos (1997) were based on the above information and included in their lists an earthquake
occurring on that date. However, a careful reading of the chronicle makes clear that at least two remarkable
earthquakes with maximum intensity IV — V were felt on 24 January 1746 at around 15:00 the first, and on 25
January 1746 at around 03:00 the second. The overall earthquake activity lasted for at least one week . The
above dates are most probably in O.S.

1809 and 1810 : Earthquakes in Zakynthos

In the Faneromeni Code published by Marinos (1955) there is a section that has passed unnoticed by seis-
mologists : “1810, IovAiov 3, eic ZdxvvOov ev tw Nad tns Paveowuévis.....Eivar oxedov yodvos évag omou uag
exdéSare dla eTITQOTOVS %Al NUQAUEY TNV XOUUTA TOV XOUTAVAQIOV E5W QIO TOV TOMOV TNG %Al UETATOTIOUE-
YOU Qo TOV OELOUOV.....OL OeLouol omov eovvéPnoay tov amepaousvov urva lovviov éfAayav mepLoodtegov o
avTo xauTAVaQiov €15 TEOTOV 0oy Oev 0ideL AoV xaidv ujmws xat ue xdbs dAAov oeloudy, tépa udiiora
onov eivar ployepal xavoat (sic) Oev 170edev apaviobj xat o Otios Nads ” (1810, July 3, in the Faneromeni
Church, Zakynthos ..... It has passed nearly one year when you elected us as commissioners and we found the base of
the bell-tower replaced from its normal place due to the earthquake...... The earthquakes that occurred the last June
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damaged more the same bell-tower in such a way that makes it urgent since with any future earthquake , particularly
now with the hot weather , the whole church would disappear).

It becomes clear that about one year before July 1810, the bell-tower of Faneromeni was found damaged
because of an unidentified earthquake. However, on the basis of unpublished evidence given by Barbiani and
Mercati , Chiotis (1849, p. 26 and 30) reported on an earthquake occurring in Zakynthos on 2 June 1809
(possibly in O.S.) that caused ground fractures in the south river bank with an aperture equal to two fingeres;
sulphureous evaporations followed for the rest of the year. In fact, Barbiani and Barbiani (1864) published this
information which also was reproduced by others (Zoes, 1893, Lekkas et al. 1997 , Spyropoulos 1997). As a
consequence, the Faneromeni Code is cross-checked by independent sources. Moreover, the Faneromeni
Code is also consistent with the information that earthquakes occurred in Zakynthos on June (O.S.) 1810
causing more damage to the bell-tower. In fact, Zoes (1893) and Romas (1955) supplied informa-
tion from independent local archives that a strong shock occurring on 21/22 June 1810 caused collapse of houses
in the main town as well as in the villages of Zakynthos.

1820 : Tsunami ( ? ) in Zakynthos

On 29 December 1820 (N.S.) a destructive earthquake occurred in Zakynthos. A long number of authors
quoted this earthquake. Here we refer to Barbiani and Barbiani (1864), Montadon (1953), Konomos (1970) and
Zoras (1973) who reproduced and / or reviewed most of the existing original documents. On 6 January 1821 a
strong aftershock occurred. A slight sea disturbance and a sea-quake were reported in Zakynthos in association
with the first earthquake (Barbiani and Barbiani , 1864). Some authors, however, confused the stormy weather
prevailing at the time of the earthquake occurrence with a possible, destructive tsunami associating the earth-
quake. For example, Papazachos and Papazachou (1989, 1997) reported that “...6 people died and 29 were in-
jured. Two people were drown by the flood which followed” giving the impression that the earthquake and the
flooding were associated. They estimated a tsunami intensity of III + in a six-grade scale. However, from the
documentation cited by Barbiani and Barbiani (1864) and Konomos (1970), it becomes clear that flooding
following both the main shock of 29 December 1820 and its aftershock of 6 January 1821, as well as the reported
people to be drowned after the first event, were due to a heavy rainfall. A passage from Moutzan — Martinegou
(1956, p.50) , an information source never quoted so far in the seismological literature, is much illuminating
(dates in O.S.): “... ©p 17 Aex. tn vixra, omov eEnuéowve tov Ayiov Aiovvaiov, ...... axolovOnoev évag pofiepos
HaL TOOUEQDG OELOUDS, OOTIG EYRQEULOE TTOANOUS 0i%OVG O)tL VOV TTWYIXOVUS aAAd xar TAOVOLOVS , .....0ev §UEL-
vav Vo avtv Qovevuévor oL talaimwoor eyxdroixot (5w uovov wévre xou peguxol Aapouévor). ... Ty axdlov-
Bov vixta €xaue piav peyalwtdry Pooyr, omoU ECVVETIOE UEQIXOTS OIXIOKOVS , OTTOU eoVVETNEE xat EmviEey
éva avdpa xar uiav yvvaira... Ty 25 v quéoav tov Xowotov, axolovbnoey évas dAlog aeiouds, oyt téoov
UEYAAOS WOAY TOV TRWTOV, GAA” EYXQEUVIOE %Ol QUTOS OAYOVS 0XOUS XL EUTIVEVOEY EIC TAS YUXAS UEYAATEQOV
@oPov, an” o,t1 eixe xdun o medros... ” (“..on 17 Dec. at night, the down of St. Dionysio day ...... a frightful and
terrible earthquake happened which caused collapse of many houses not only poor but also reach ones, ......the miser-
able residents did not remained killed under the ruins ( but only five killed and some others injured)..... The next night
a great raining took place that draged along some small houses and drowned one man and one woman...On 25" the
Christmas day, another earthquake followed , not so large like the first one, but it also caused collapse of a few
houses and inspired greater fear in the people’s soul with respect to the first one... ”

We conclude that a minor sea-disturbance associated the earthquake of 29 December 1820 in Zakynthos
and that the destructive flood after the earthquake was accidentally due to stormy weather.

1821: Tsunami ( ? ) in Patras

The destructive sea-wave reportedly occurring on 6™ or 9" January 1821 in association with the 6 January
1821 aftershock remains a questionable event so far. In fact , much confusion can be found in previous cata-
logues regarding the time and place of its occurrence as well as of its nature. The first account found is that of
Pouqueville (1824, pp. 220-222) . He reported on the main shock occurring on 22 December 1820, which is an
erroneous writing of the correct date of 29 December 1820, and mentioned a destructive sea-wave occurring on
9 January 1821 and attacking the province of Achaia and at the same time the sea of Alkyons Gulf, which
occupies the east part of the Corinth Gulf.

Soutzo (1829) repeated in short the information given by Pouqueville (1824), including the date of 9 Janu-
ary 1821 for the sea-wave occurrence and the erroneous date of the 29 December 1820 earthquake. Mallet
(1855), although listed the 6 January 1821 shock, reproduced Soutzo (1829) as far as the sea-wave is concerned,
that is he also accepted 9 January 1821 as the date of the sea-wave occurrence. Documents reviewed by Barbiani
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and Barbiani (1864) and Montandon (1953) do not mention any sea disturbance in association with the 6
January 1821 earthquake. More recently, a long number of publications reported on a tsunami event adopting
this or that time and place of occurrence without, however, making attempts to examine original documenta-
tion.

The above review is indicative of the confusion regarding the 9 January 1821 tsunami event, and shows that
Pouqueville (1824) has been a source for subsequent authors. According to researchers quoted by Simopoulos
(1992), Pouqueville (1824) often mixed up real and fantastic events , made mistakes and concluded with super-
ficial evaluations. Besides, he was not in Greece during December 1820 and January 1821 and , therefore, his
information is taken by other written or oral sources which unfortunately are not cited in his book. Conse-
quently, we are facing with a description of unknown original sources, written by a writer of dubious reliability in
a text that certainly contains pieces of erroneous information. A plausible evaluation of the information sup-
plied by Pouqueville (1824) could be as follows:

Date of occurrence: There is no good reason to associate the 6 January 1821 earthquake with the sea- wave
of 9 January 1821, by assuming that the date of the latter is an erroneous writing of 6 January 1821. The date of
9 January 1821 could be accepted with less scepticism with respect to the date of 6 January 1821 as an alterna-
tive.

Place of occurrence: Pouqueville (1824) reported on the Gulf of Alkyons and the same time on the province
of Achaia as well as on that the wave attacked the ancient temple of Dimitra that modern people dedicated to St.
Andreas ( ... le temple antique de Ceres que les modernes ont conscre a St. Andre....) The temple is really located
in Patras, that is outside the Corinth Gulf. In addition, in another book Pouqueville (1826, p. 408) used the
reading “ le golfe des Alcyons  in such a way as to include at least the entire Corinth Gulf and possibly the Gulf
of Patras. Therefore, Patras could be accepted with some scepticism as the most likely place of occurrence of the
sea-wave of 9 January 1821.

Nature of the event: In Pouqueville’s (1824) description one may observe that the wave was associated with
thunders and a storm concluding with the appearance of a rainbow, which implies that the wave was rather a
storm surge than a real tsunami event.

1837 : Earthquake in Zakynthos

A shock was felt in Zakynthos and Cephalonia (Schmidt, 1867) and in Peloponnese ( Mourikis ,1934) on 3
August 1837(N.S.). From two short chronicles published by Konomos (1970) , and one of them by Zoes (1893),
it results that a strong shock occurred on 22 July 1837 (O.S.). Lekkas et al. (1997) included it in their list. From
a careful reading of the chronicles we concluded that the shock was felt at around 9 a.m. local time, that it caused
a local landslide or rockfalls and that the estimated maximum intensity is V - VL.

2.2 INFORMATION ABOUT EVENTS UNKNOWN IN THE SEISMOLOGICAL LITERATURE

1591 : Earthquake in Zakynthos

Konomos (1970, p.27) revealed a short chronicle which reads as follows: “ ....otag 21 Tov Avyovorov nuéoa
Sdpparo v avyrjy wow evyn o flioc Exaue xat €repog €vag ueyaidraros, ua xwols tnuia xauuia» ( .....on
dawn of Saturday 21 August before the sunrise, another great earthquake occurred but without damage). That
earthquake, possibly an aftershock of the well-known damaging earthquake of 14 April 1591 (O.S.), has not
been included so far in the seismological literature. A maximum intensity of IV in the town of Zakynthos is
estimated.

1766 : Earthquake in Zakynthos

Konomos (1970) revealed a short chronicle which reads as follows: “ 1766 Oxtwfpiov 28. Acvtépa Enueod-
VOVTAS TG 5 TS VUXTOS EXQUE TELOUOS UEYTAOS xau expdtele 1 #dETO amo Y da , xat agyivyoe mpdta Aiyo,
anpyaivovtas xpeoépovtas. Avaonxwbijrave ot dvBpwitol Taipvovtag ovyweeo), eTOE ave £1g TOL exxAnoies ...”
( 1766 October 28 (0O.S.) . On Monday when it was dawning, at 5 in the night a great earthquake occurred lasting one
quarter of an hour, and in the beginning it was slight and then became stronger. People were going to churches asking
for forgiveness). That earthquake has not been included so far in the seismological literature. A maximum inten-
sity of IV -V in the town of Zakynthos is estimated, while a local origin time of around 23:00 could be accepted
with some scepticism. If this is the case, then the date should be shifted to 27" October.

1816: Seaquake in South lonian Sea
Sieber (1817) reported that when he was sailing off SW Peloponnese suddenly the boat was shaken and
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another two shakes , less violent with respect to the first one, followed. He was told by the staff of the boat that
an earthquake occurred. From Sieber’s description we concluded that at all evidence the event occurred on the
28th December 1816.

" 21 22 23 39
Alcyons
Cefalonia % Gulf
1837
38 @ %
Zakynthos PELOPONNE
1810 ® 1633 SE

IONIAN S E

37 | A =
1816 @

58 36

21 22 23

Fig. 1. Epicentres of the earthquakes listed in Table 1 (solid circles). In most cases the data available were
inadequate for a reliable epicentre determination and, therefore, we indicate only the place of the maximum
intensity reported, which is the city of Zakynthos (square) with coordinates 37.78°N, 20.90°E (see also Table I).
Triangle indicates the city of Patras.

DETERMINATION OF EARTHQUAKE PARAMETERS

Table 1 summarizes the seismic parameters determined for the earthquakes examined in this paper. It is of
importance to note that for most of the events a reliable epicentral determination is impossible and, therefore,
only the place of maximum intensity felt is indicated. Also, we considered somehow risky to calculate Richter
magnitude restricting our calculation to only of maximum macroseismic intensity for each one of the events ,
with the exception of the 1633 shock whose Richter magnitude was considered to fall in the range 6.0-7.0 as the
macroseismic information implies (extensive destruction, important ground failures, tsunami). In most cases
times of occurrence and epicentral coordinates are roughly approximated as explained in Table 1. Only the
epicenter of the 1633 large earthquake is well determined (accuracy on the order of 10 km), since ground
failures described in historical documents were identified in the field (Papadopoulos, 1993; Papadopoulos and
Caputo, 2001 ) in St. Sostis of the Lagana Bay, south Zakynthos, which is the adopted epicentral area in the
present paper.

CONCLUSIONS

The reevaluation of historical seismicity in south Ionian Sea ( 1) showed that the 5 May 1622 event in Zakynthos
was only a felt shock and not a large, destructive earthquake as thought in the past, ( 2 ) revealed some
earthquake events unknown so far in the seismological literature, and ( 3 ) clarified that the flood following the
large earthquake of 29 December 1820 in Zakynthos was not due to a tsunami wave but to heavy raining , and
that the sea-wave reportedly occurring in Alkyons Gulf in association with the aftershock of 6 January 1821 was
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Table 1. Seismic parameters and remarks about the earthquakes analysed in the text. Dates are given either in
Old Style (0.S.) or in New Style (N.S.) according to the information supplied by the respective original docu-
ments. Time and epicentral coordinates in parenthesis indicate only rough approximation of the respective
parameter which is on the order of about * 1 hour for time and about 30 km for epicenters. When data inad-
equacy does not permit a reliable epicenter determination only the place of maximum intensity , that is the city
of Zakynthos, is indicated by an asterisk. Intensity is given in MM scale.

Year | Month | Day Hour 0N Ag I1(MM) Region Remarks
1591 |08 21(0.8.) (04:) 37.78*% | 20.90* | IV Zakynthos | strongly felt
aftershock
1622 | 05 05(N.S.) morning (7) | 37.78* | 20.90* | IV-V Zakynthos | moderate
shock
1633 | 11 05(N.S) 37.71 20.87 X-X Zakynthos | large,
(Richter destructive
magnitude
6.5+0.5)
1642 |01 Before 14 37.78* | 20.90* | VI-VII Zakynthos | damaging
(0.5)
1729 | 06 27(0.8.) morning 37.9) 1(209) |vil Zakynthos | destructive
1746 | 01 24(0.8.) (152 37.78* | 20.90* | IV-V Zakynthos | strongly felt
1746 | 01 25 (0.S) (03:) 37.78% | 20.90* | IV-V Zakynthos | strongly felt
1766 | 10 28 (0.S) dawning 37.78* | 20.90* | IV-V Zakynthos | strongly felt
1809 | 06 02 (0.S.) 37.78* | 20.90* | V-VI Zakynthos | strong
shock
1810 | 06 22 (NS0 | 00:30 (37.6) | (20.8) | VI-VIII | Zakynthos | destructive
1816 | 12 28 (N.S.) (129 (36.9) | (21.6) Pylos sea-quake
1837 | 07 22(0.8.) (09:) (38.0) | (21.0) |[V-VI Zakynthos | strong,
local
landslide

a storm surge occurring in the coast of Patras. The results are of significance for the seismic and tsunami hazard
assessment in the Tonian Sea because they imply important changes in the catalogues of strong earthquake and
tsunami events.
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THE KONITSA, EPIRUS-NW GREECE, JULY 26 (MS=5.4) AND AUGUST 5, 1996,
(MS=5.7) EARTHQUAKES SEQUENCE
D. PAPANASTASSIOU'

ABSTRACT

On August 5, 1996, at 22:46 GMT (August 6, 01:46 local time), a strong shallow earthquake of M =5.7
occurred at the area of Konitsa, Epirus-northwestern Greece. The earthquake caused significant damage in the
city of Konitsa as well as the neighbouring villages. In the same area on July 26, at 18:55 GMT (21:55 local time),
another strong earthquake of M =5.4 had occurred, mainly causing damage at the lower part of Konitsa.

In this study, data from seismological stations located in the broader area of NE Greece and neighbouring
countries were used in order to study the spatial and temporal characteristics of this earthquake sequence. Focal
mechanisms of the stronger shocks were also plotted. All the observations are combined, in order to obtain a
better understanding of the regional tectonics and its seismic activity.

KEY WORDS: carthquake sequence, seismicity, earthquake mechanisms, seismotectonics, Epirus, Western
Greece,

1. INTRODUCTION

The Epirus area is located along the northwestern margin of Greek mainland, at the border of the Aegean
and Apullian blocks, where collision occurs. Due to the important location that this area has to understand the
current deformation of Aegean, the tectonics and seismicity of the area is relatively well studied. However, the
historical seismicity of the area is not well known and our knowledge doesn’t go very far in the past. The instru-
mental seismicity (Makropoulos et al. 1989; Papanastassiou et al. 2001) is shown not to be as high as in other
nearby areas like the Ionian sea or the Gulf of Corinth. The seismicity in this area is concentrated along the
coast, while the mainland of Epirus seems to be free of earthquakes (Fig. 1).

The tectonic framework of the area is mainly compressive, so reverse faulting is observed along the
westernmost mainland of Epirus, while extensional tectonics are observed in the interior (Sorel 1989; Underhill
1989; Waters 1993; Hatzfeld et al. 1995; Baker et al. 1997). The transition between compression and extension,
however, is not precisely located as microearthquake surveys contacted in the area have shown a wide variety of
fault types and orientations which are not consistent with simple zones of shortening or extension (King et al.
1983; Kiratzi et al. 1987; Amorese 1993).

As the events of 26™ of July and 6™ of August 1996, are the strongest instrumentally recorded earthquakes in
this area, it was a great opportunity to study them and drew conclusions for the tectonics and seismicity of the
area.

In this work the results of the spatial and temporal distribution of the earthquake sequence are presented,
lasted from the beginning of July through the end of December of 1996. Data from seismological stations lo-
cated in the broader area of western Greece, southern Albania, and FYROM were used. Focal mechanisms of
the stronger events were also plotted.

The results suggest that this earthquake sequence can be correlated to the activation of the Konitsa normal
fault zone having a SW-NE direction and dipping to the NW.

2. GENERAL GEOLOGIC AND TECTONIC SETTING OF THE AREA

The geology and tectonics of Epirus have been carefully studied by different researchers like Aubouin (1959);
the “Institut Greque de Geologie et de Recherches Sous Sol-Institut Francais du Petrole” (1966); BP (1971);
Bousquet (1974); Anderson and Jackson (1987); Brooks et al. (1988); Underhill (1989); King et al. (1993).

The main topographic features of the area of Epirus, NW Greece, follow the Pindus mountain chain, having
a northwest - southeast strike. Subsequently, the area is characterized by the existence of a series of ridges,

1. Seismologist, Institute of Geodynamics, National Observatory of Athens, P.O. Box 20048, 11810 Athens, Greece.
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Figure 1. Background seismicity of the broader area of Epirus, for the period 1900-2000. Solid circles represent
the epicenters of the strongest events of the studied sequence.

which are composed of Mesozoic carbonates. This structure is the expression of large synclines and anticlines,
having a NNW-SSE direction, accompanied with several thrusts, and is the result of extensive compression
resulted in the shortening of the area by several tens of Kilometers. Characteristic for the area is the existence of
large strike slip faults, almost E-W direction, with horizontal throws of tenths of kilometers (Figure 2).

Moreover, N-S extension is taking place across normal fault zones, with mean E-W direction, which have
affected the limestone bedrock with vertical displacement of several hundreds of meters.

One of these normal fault zones is the Konitsa fault group (Doutsos & Koukouvelas 1998). Three faults
trending SW-NE, consist this group: the Sarantaporos fault in the northern part, the Konitsa fault in the middle
and the Aristi fault in the southern part. These faults are the southern bounds of three homonymous asymmetric
grabens. Konitsa fault is the biggest of all three having a length of almost 15km, a direction of N55° and a dip to
the NW. The southern last 3km are turning at a N15° direction. In the central part vertical displacement of
almost 1000m could be measured.

3. THE EARTHQUAKE SEQUENCE

The strong Konitsa earthquakes of July 26, August 6, 1996 and the resulted aftershock sequence occurred in
a mountainous area very close to Albania, as the borders are at a distance of 5 to 10Km. Although these shocks
are the strongest in this area and their study is of great importance, the deployment of a seismic array was very
difficult till impossible. In order to study these events, seismological data from Greek and Albanian stations as
well from FYROM, covering the period of the last 6 months of 1996, were used. The events were located using
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Figure 2. Tectonic sketch map of Epirus region (from Boussquet 1976). Circle includes the area of the Konitsa
normal fault.

a velocity model based on previous local seismological studies (King et al. 1983; Kiratzi et al. 1986; Amorese
1993) which has as follows: {layer width (km)/ Vp (km/sec)}: 0-4/5.0,4-10/5.5,10-20/6.0,20-30/6.8 and
> 35/8.0. For the Vp/Vs ratio the value 1.75 was used. The events were located by applying the HYPOELLIPSE
computer program (Lahr 1996).

183 events, of M1 3 2.5, were located at depths shallower than 15km and are plotted in figure 2. The source
parameters of these events are listed in the Appendix. The seismic activity was intense during the period end of
July — beginning of September. From different International centers, Harvard provided a CMT solution only for
the event of July 26. So in order to determine the focal mechanisms of the strongest of these events, polarities of
P-waves provided by the International Seismological Centre were used. The solutions of 3 well-constrained
mechanisms are determined showing normal faulting. These are presented in Table 1 and are plotted in Figure
3. In Table 1 the Harvard solution for the event of July 26 is also given, indicating that our solution is in good
accordance with that one.

Moreover a cross-section perpendicular to the fault trace was drawn (Fig. 4), as well as time-spatial distribu-
tion plots at directions along and perpendicular to the Konitsa fault (Fig. 5).
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TABLE 1

No DATE ORIGIN LAT LON DPT MAG PLANE 1 PLANE 2
TIME N° E° Km Ms AZM DIP RAKE AZM DIP RAKE
1 1996 JUL 26 18:55 40.03 20.63 9.3 5.4 247 46 -85 59 44 -95
2 1996 AUG 5 22:46 40.08 20.67 8.0 5.7 202 61 -78 358 31 -110
3 1996 AUG 20 01:26 40.11 20.70 8.7 5.3 251 58 -86 64 32 -96
Harvard solution for the event no 1
1996 JUL 26  18:55 39.92 20.77 150  53(Mw) 225 36 -79 32 54 -98

4. CONCLUTIONS

In this study, from the spatial distribution of well located earthquakes occurred in the area of Konitsa, NW
Greece, in the time period of the last 6 months of 1996, the determined focal mechanism of some of the strong-
est events and the local seismotectonic characteristics of the area, it is concluded that this sequence was caused
by the reactivation of a normal fault, having direction N 55° and dipping to the NW, which is in accordance with
the characteristics of the Konitsa fault.

Concerning the relation of the spatial distribution of the aftershocks with the morphological surface traces
of the faults of the area, the shocks are located on the hanging wall of the Konitsa fault, north of the fault trace.

A cross section perpendicular to the fault trace was also drawn (Fig. 4). In this some interesting points of the
aftershock’s distribution in depth could be seen. The majority of the aftershocks are located in the depth range
of 2 to 10km. This observation is in accordance with previous studies, which have shown that the seismogenic
layer has a width of 15km. The aftershocks could be located north of a fault dipping to the NW with a dip of
about 55°-60° near the surface, which decreases, 45°-55° at depth. The seismic activity started at the greater
depths at about 10Km, earthquake of 26" of July, afterwards it expanded at shallower depths, 8km. The late
aftershock on November 14 had a depth of only 5km.
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0 10
os 39.7
39'720.4 20.6 20.8 ’

Figure 3. Map view of the well-located earthquakes. The main Jaults are also shown, Sar for Sarantaporos, Kon
Jor Konitsa and Ari for the Aristi faults after Doutsos and Koukouvelas (1998), as well as the determined fault
plane solutions. Their focal parameters are given in Table 1.
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The time - spatial distribution plots, at directions NE-SW, along the Konitsa fault trace and NW-SE perpen-
dicular to it (Fig. 5), show that the foreshock of the 26™ of July, followed by an intense activity which moved to
the NE, where the epicentre of the strong event of 5" of August occurred. After this event it expanded and lasted
as intense for a month. A late aftershock, November 14", occurred after a quiet period of 2 months.

Moreover the fault plane solutions of the most important events show normal faulting with characteristics

compatible with the local tectonics.
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Figure 4: Cross section perpendicular to the fault zone.
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Figure 5: Spatial distribution versus time of the earthquake sequence
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APENDIX

DATE ORIGIN TIME LAT  LON DPT MAG DATE ORIGINTIME LAT  LON DPT MAG
GMT N E Km M GMT N E Km Ml

1996 JUL 1 22 08 13.4 40.137 20.844 9.5 2.6 1996 AUG 7 18 52 38.7 40.123 20.625 6.1 2.9
1996 JUL 3 12 27 23.7 40.268 20.379 3.7 3.0 1996 AUG 7 19 49 57.6 40.102 20.635 58 2.9
1996 JUL 10 04 51 49.4 40.063 20.733 9.5 3.9 1996 AUG 7 20 53 20.6 39.812 20.661 5.7 2.4
1996 JUL 10 08 12 27.3 40.065 20.553 9.4 2.5 1996 AUG 7 21 33 4.9 39.996 20.736 6.1 2.3
1996 JUL 24 10 03 39.0 40.011 20.692 5.7 3.3 1996 AUG 8 02 29 38.7 39.995 20.553 83 2.9
1996 JUL 26 18 55 50.6 40.028 20.632 9.5 4.6 1996 AUG 8 02 50 46.7 39.996 20.654 5.2 2.9
1996 JUL 26 19 27 31.6 40.023 20.716 4.2 2.5 1996 AUG 8 06 12 21.5 40.133 20.663 5.0 2.7
1996 JUL 27 01 16 58.3 40.021 20.634 4.0 3.0 1996 AUG 8 07 32 15.6 40.123 20.707 6.4 2.8
1996 JUL 27 14 12 4.1 40.037 20.677 42 33 1996 AUG 8 09 54 4.0 40.200 20.579 5.7 2.6
1996 JUL 27 14 51 19.6 40.023 20.567 7.3 3.0 1996 AUG 8 11 32 10.2 39.937 20.719 55 2.7
1996 JUL 27 20 29 28.2 39.993 20.683 5.0 2.5 1996 AUG 8 18 33 41.5 40.048 20.680 6.3 2.9
1996 JUL 27 20 48 2.4 40.029 20.750 4.3 2.5 1996 AUG 9 04 20 41.4 39.960 20.649 2.7 2.5
1996 JUL 27 21 29 32.1 40.057 20.774 4.6 2.5 1996 AUG 9 08 11 23.6 39.994 20.618 6.6 2.7
1996 JUL 28 01 12 6.1 39.986 20.666 5.5 3.8 1996 AUG 1003 22 16.7 40.076 20.683 5.8 2.9
1996 JUL 28 04 47 39.2 40.036 20.664 3.5 3.0 1996 AUG 1005 55 41.2 40.031 20.631 55 29
1996 JUL 29 01 19 48.6 39.887 20.457 4.7 2.6 1996 AUG 1010 15 55.1 39.969 20.725 5.8 2.9
1996 JUL 29 02 57 37.9 40.124 20.777 39 29 1996 AUG 1023 25 31.1 39.910 20.887 4.8 2.6
1996 JUL 29 03 57 50.1 40.049 20.737 5.0 33 1996 AUG 1101 40 30.2 39.896 20.631 6.1 2.7
1996 JUL 30 16 48 33.7 40.110 20.748 6.4 3.0 1996 AUG 1102 51 14.7 39.989 20.644 63 2.4
1996 JUL 31 02 19 11.4 40.117 20.662 22 2.7 1996 AUG 1103 08 45.3 40.008 20.725 6.9 2.7
1996 JUL 31 02 47 59.6 40.109 20.712 5.1 2.5 1996 AUG 1104 21 5.4 40.033 20.645 10.1 2.3
1996 JUL 31 04 29 28.7 40.028 20.678 5.4 33 1996 AUG 1107 57 16.8 40.122 20.730 8.2 41
1996 JUL 31 14 00 20.6 40.104 20.584 4.5 2.7 1996 AUG 1108 14 29.7 39.988 20.712 6.6 2.7
1996 JUL 31 15 18 26.5 40.160 20.701 5.4 3.2 1996 AUG 1108 30 29.1 40.062 20.739 4.8 3.1
1996 JUL 31 20 33 17.3 40.024 20.568 3.5 2.9 1996 AUG 1109 24 57.6 40.002 20.658 5.6 3.0

\O OO0 Q0 00 00 00 00 00 N N I

1996 AUG 4 08 03 23.2 40.023 20.701 4.3 3.4 1996 AUG 1517 30 283 40.036 20.664 4.2 3.1
1996 AUG 4 10 08 49.5 40.041 20.695 6.6 3.8 1996 AUG 1605 02 33.8 40.021 20.687 6.7 2.8
1996 AUG 519. 00 56.8 39.997 20.664 5.8 2.9 1996 AUG 16 05 32 58.7 40.077 20.669 4.3 2.6
1996 AUG 5 22. 46. 35.8 39.886 20.685 5.6 2.9 1996 AUG 1609 57 89 40.102 20.719 5.1 2.6
1996 AUG 5 22 46 429 40.083 20.674 8.0 5.1 1996 AUG 1610 28 16.2 40.028 20.671 6.1 3.0

1996 AUG 1 20 19 45.8 39.886 20.874 85 28 1996 AUG 1113 16 23.2 39.994 20.584 53 2.7
1996 AUG 1 21 07 8.5 40.097 20.667 5.1 3.0 1996 AUG 1115 19 52.0 40.060 20.653 11.5 2.8
1996 AUG 2 07 00 12.4 40.065 20.672 85 2.8 1996 AUG 1120 39 21.1 40.007 20.677 8.1 3.1
1996 AUG 2 19 14 39.2 39.887 20.599 13.8 3.0 1996 AUG 1121 00 27.3 40.078 20.625 6.1 2.9
1996 AUG 2 21 56 53.7 40.016 20.706 5.3 3.0 1996 AUG 1121 03 09.3 39.996 20.587 7.7 2.9
1996 AUG 3 02 30 31.8 39.961 20.754 7.2 29 1996 AUG 12 04 36 47.0 40.021 20.665 6.1 2.9
1996 AUG 3 08 24 14.4 40.157 20.619 6.5 2.8 1999 AUG 1123 59 19.9 39.847 20.698 5.8 3.0
1996 AUG 3 13 20 12.3 40.010 20.735 5.6 3.0 1996 AUG 1503 30 23.1 39.956 20.711 59 2.8

4

4

1996 AUG 5 23 58 479 40.032 20.726 7.5 3.3 1996 AUG 1701 49 42.0 40.016 20.724 4.6 2.9
1996 AUG 6 02 43 3.0 40.015 20.721 6.4 3.2 1996 AUG 1803 23 44.8 39.923 20.527 4.5 23
1996 AUG 6 05 13 53.4 40.080 20.696 3.9 3.5 1996 AUG 1803 35 21.5 39.980 20.559 103 2.9
1996 AUG 6 05 37 20.5 40.166 20.710 5.1 3.1 1996 AUG 1805 26 37.7 39.988 20.554 6.5 3.2
1996 AUG 6 06 19 8.2 40.105 20.696 6.0 3.6 1996 AUG 18 06 44 26.1 40.084 20.549 33 33
1996 AUG 6 07 49 .1 40.129 20.683 4.7 2.7 1996 AUG 18 07 05 37.7 40.032 20.621 5.3 3.0
1996 AUG 6 08 03 31.4 40.160 20.664 6.1 3.2 1996 AUG 18 08 05 53.5 40.088 20.598 4.8 2.9
1996 AUG 6 10 03 26.8 39.967 20.697 5.5 2.8 1996 AUG 1809 08 04.3 40.116 20476 5.6 2.9
1996 AUG 6 13 29 10.7 39.805 20.684 5.8 2.0 1996 AUG 18 13 48 19.5 40.097 20.558 5.6 2.9
1996 AUG 6 18 24 14.0 39.972 20.718 7.4 25 1996 AUG 1816 57 59.5 40.060 20.552 3.0 2.8
1996 AUG 7 01 13 29.7 39.893 20.591 8.6 3.0 1996 AUG2001 26 50.7 40.110 20.699 8.7 5.1
1996 AUG 7 13 56 22.4 39.973 20.690 9.2 2.7 1996 AUG 2005 48 21.2 40.005 20.663 5.7 3.3
1996 AUG 7 14 16 18.6 40.043 20.722 53 3.0 1996 AUG 2006 05 25.8 40.109 20.820 8.8 2.5
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DATE

1996 AUG 20 06
1996 AUG 20 17
1996 AUG 20 17
1996 AUG 21 07
1996 AUG 23 00
1996 AUG 23 01
1996 AUG 23 09
1996 AUG 23 17
1996 AUG 23 19
1996 AUG 24 04
1996 AUG 24 08
1996 AUG 24 15
1996 AUG 26 02
1996 AUG 26 20
1996 AUG 28 04
1996 AUG 28 10
1996 AUG 29 02
1996 AUG 29 02
1996 AUG 29 03
1996 AUG 30 18
1996 SEP 1 06
1996 SEP 1 06
1996 SEP 1 06
1996 SEP 1 07
1996 SEP 1 07
1996 SEP 1 07
1996 SEP 18
1996 SEP 1 21
1996 SEP 1 21
1996 SEP 1 21
1996 SEP 15
1996 SEP 10
1996 SEP 12
1996 SEP 19
1996 SEP 3 21
1996 SEP 4 08
1996 SEP 6 13
1996 SEP 7 19
1996 SEP 8 11
1996 SEP 11 11
1996 SEP 11 12

W W W W N = = e e e e R s

50
02
36
10
25
55
54
53
42
34
23
14
12
55
06
08
28
32
47
41
36
54
56
10
12
41
10
15
40
55
05
10
29
02
05
17
47
39
20
06
55

13.4
13.7
45.2
36.0

5.5
22.1

7.4
57.9

9.0
07.3
24.5
40.1
21.7
439
52.7
31.0
48.6
13.8
51.2
22.8
479

7.8
134
435

7.0
46.1
33.8
26.2

6.5
47.0
03.9
59.7
44.7
59.1
39.2
244
32.9
327

22
57.6
445

ORIGIN TIME  LAT
GMT

N

39.900
39.977
39.997
40.001
40.050
39.846
39.966
40.217
40.211
40.087
40.094
40.013
39.801
40.041
39.875
39.940
40.027
39.994
40.017
40.026
40.090
39.896
40.078
40.088
39.831
40.086
40.107
40.130
39.933
39.881
39.995
40.098
40.114
40.148
39.972
40.056
39.999
40.022
40.010
40.123
39.977

LON DPT MAG
E Km Ml

20.564
20.612
20.584
20.779
20.822
20.732
20.696
20.678
20.719
20.665
20.705
20.573
20.714
20.674
20.645
20.674
20.596
20.681
20.604
20.722
20.613
20.746
20.674
20.694
20.751
20.716
20.679
20.688
20.626
20.674
20.587
20.761
20.812
20.756
20.666
20.596
20.678
20.703
20.573
20.724
20.765

T
6.6
7.7
6.2
5.1
5.7
48
5.8
5.8
7.3
5.7
Td
9.6
7.0
54
7.5
6.1
5.1
49
6.5
5.6
4.7
72
58
54
5.4
58
5.0
4.8
5.4
6.6
4.8
6.7
7.1
5.0
5.4
6.3
5.0
5.8
6.1
7.0

2.6
3.0
29
3.2
2.6
2.5
29
33
34
2.9
3.1
27
2.6
24
29
3.5
2.7
29
31
29
2.7
2.6
29
2.9
25
3.8
29
3.9
2.9
27
29
2.9
23
24
3.1
3.0
4.4
33
3.9
29
2.7

DATE

1996 SEP 14
1996 SEP 26
1996 OCT 5
1996 OCT 8
1996 OCT 8 22
1996 OCT 9 07
1996 OCT 10 15
1996 OCT 16 20
1996 OCT 23 02
1996 NOV 2 00
1996 NOV -2 10
1996 NOV 2 21
1996 NOV 3 15
1996 NOV 4 08
1996 NOV 14 03
1996 NOV 14 03
1996 NOV 14 03
1996 NOV 14 04
1996 NOV 14 14
1996 NOV 14 15

13
12
13
22

GMT

36
31
12
41
49
39
18
48
4
11
39
13
09
57
03
16
38
31
14
28

1996 NOV 14 1553 5

1996 NOV 15 22
1996 NOV 16 14
1996 NOV 18 16
1996 NOV 19 04
1996 NOV 21 13
1996 NOV 22 14
1996 NOV 22 14
1996 NOV 22 21
1996 NOV 24 04
1996 NOV 24 04
1996 NOV 27 04
1996 NOV 29 00
1996 NOV 29 04
1996 NOV 30 21
1996 DEC 5 00
1996 DEC 7 17
1996 DEC 14 07
1996 DEC 17 23
1996 DEC 23 15
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06
12
21
22
27
20
24
05
10
28
18
44
31
01
11
59
22
10
47

44.5
49.9
543
38.5
17.8
45.6
16.8
13.1
423
43.6
34.7
21.8
54.4
36.7
37.6
26.8
43.3
59.7
56.1

8.3

9.1

2.5
00.1
25.8
479
19.9
24.0
18.0
47.2
54.6
338
42.5
57.9
59.4
04.1
05.3
53.1
59.1
59.5
38.1

ORIGIN TIME = LAT

N

39.901
40.092
39.843
40.045
40.065
40.065
40.031
40.015
39.912
40.019
39.851
39.956
40.053
39.957
40.061
40.094
39.966
40.006
40.201
40.043
39.938
40.013
39.968
39.978
39.991
40.101
40.008
39.996
40.101
39.967
39.971
40.006
39.896
39.887
39.889
39.996
39.932
40.008
39.818
39.816

LON DPT MAG
E Km Ml

20.566
20.816
20.655
20.556
20.668
20.698
20.804
20.553
20.567
20.659
20.825
20.762
20.664
20.608
20.637
20.558
20.639
20.698
20.564
20.642
20.688
20.649
20.706
20.804
20.641
20.489
20.429
20.669
20.761
20.496
20.458
20.479
20.703
20.648
20.497
20.699
20.750
20.579
20.684
20.528

4.8
9.0
6.4
5.3
6.5
4.8
55
7.1
8.6
5.8
7.6
5.8
7.1
5.6
4.6
6.1
72
33
6.5
4.9
6.5
|
6.1
6.6
5.8
4.9
6.8
43
8.6
5.7
5.6
6.1
1.3
35
5.5
4.8
37
4.9
6.6
53

2.8
4.3
29
3.1
3.1
2.9
3:9
29
3.0
3.8
2.8
3.2
2.9
3.0
4.8
4.0
33
29
4.1
3.0
3.1
2.8
3.2
34
3.1
32
3.1
2.6
4.0
31
3.1
2.7
3.1
3.4
2.8
2.8
3.0
2.6
31
2.8
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A REVISED CATALOGUE OF EARTHQUAKES IN THE BROADER AREA OF
GREECE FOR THE PERIOD 1950-2000
D. PAPANASTASSIOU', J. LATOUSSAKIS' AND G.STAVRAKAKIS'

ABSTRACT

An earthquake catalogue for Greece and the surrounding areas for the time period 1950 — 2000, is pre-
sented. This catalogue contains more than 59,000 earthquakes recorded and located by the seismological net-
work of the Institute of Geodynamics, National Observatory of Athens. The accuracy of the determinations of
the source parameters as well as the completeness of the catalogue have been improved significantly, but they
vary according to the period of observation as both depend on the number and quality of the seismological
stations consisting the network.

This revised catalogue is listed on the Worldwide Web Page http//www.gein.noa.gr, of the Institute of
Geodynamics.

KEY WORDS: earthquake catalogue, local magnitude, earthquake source parameters, Greece.

1. INTRODUCTION

The Institute of Geodynamics, National Observatory of Athens, (IG-NOA) is one of the oldest Institutes in
Greece, operating continuously since 1893. At that time the first seismograph installed in Greece while in 1897
the first seismological network of mechanical type started to operate. However 1964, is considered as the most
important date. From that year, electromagnetic type satellite stations started to set up, so systematic and de-
tailed seismic observations were continuously performed. In 1973, 13 satellite stations were in operation; in 1983
the network became telemetric, in 1988 started its” expansion with 14 more satellite stations and in 1994 the
majority of the stations became digital. Since 1964 the initial network grew in size and extent so that today
consists of 29 telemetric stations covering almost the whole country (Figure 1). Moreover from 1999, 7 telemet-
ric stations belonging to OASP are connected with the seismological network of the IG-NOA. The detectability
of the modern network enables accurate determination of earthquake focal parameters with MI>4,0 for the
whole area of Greece (Papanastassiou 1989), while for some areas the threshold magnitude is lower.

The data collected from all the stations, corresponding to earthquakes occurring in the territory of Greece
and the bordering areas, are analysed in detail. The results are presented in seismological bulletins. So from
1896 till 1936, these appear in the “Annales de 'Observatoire National d’Athenes”, from 1936 till 1946 the
observations are not systematically published and from 1950 till now are listed in the monthly bulletins of the
Institute.

These bulletins are distributed regularly all over the world, at several Seismological Centres and Universi-
ties, as well as at different National Centres, Universities, Organizations and Libraries.

The catalogue covers the area limited to latitudes 34°N to 42°N and longitudes 19°E to 29°E north of the
38°E parallel. South of the 38°E parallel, in order to cover the Dodecanese Islands, it extends till the 30°E
longitude.

This catalogue is the first step of a project that IG-NOA has initiated, in order to relocate more accurately
all the earthquakes recorded by its instruments during the period 1900 to 2000. Our ultimate goal is to produce
a comprehensive and accurate catalogue for the seismicity of Greece and the adjacent areas spanning the 20"
century.

2. DATA AND METHOD OF ANALYSIS

The data collected from all the stations, are analysed daily by the staff of IG-NOA, in detail. This means that
all the necessary parameters, like the arrival times of P and S-waves and latter phases, are measured accurately
in order to calculate the earthquake source parameters, which are the coordinates of the epicentre, the focal

1. Seismologist, Institute of Geodynamics, National Observatory of Athens, P.O. Box 20048, 11810 Athens, Greece.
- 1563 -


http://www.gein.noa.gr

26° 28° 30!
Figure 1. The seismological stations of IG-NOA.

depth and the origin time.

During the period 1964 — 1982 the determination of the source parameters was carried out manually, by
using appropriate travel time curves according to the crustal model of Herrin et al. (1968). In 1983 for accurate
calculation of the source parameters, a computer program started to use, Hypo 71-Revised (Lee and Lahr
1975). As input in this program the velocity model given in Table 1 and the Vp/Vs = 1,73 ratio are used.

" From the installation of the mechanical type seismographs in the station of Athens, surface magnitude (Ms)
for the strong events is calculated from these instruments.Figure 2. Spatial distribution of 632 located earth-
quakes during the period 1950 —2000 and having M1>5.0.

Since 1967, local magnitude (M) is routinely determined on the Richter scale from the maxima trace ampli-
tudes recorded by the existing in IG-NOA, unique in Greece standard Wood - Anderson torsion seismograph.
Since 1990 average duration magnitude (Md) corresponding to Ml is also computed for shallow earthquakes.

In order to provide a uniform catalogue for the period 1950-2000, firstly all the earthquakes of the period
1964-1982 were processed one by one, by using the crustal model of Herrin et al. (1968), and the Hypo 71-
Revised computer program, Lee and Lahr (1975). Their local magnitudes were also checked. Moreover the
parameters of the earthquakes of the period 1950-1964 were checked carefully and finally included in the cata-
logue.

TABLE 1
Layer width (km) Vp (km/sec)}:
0 - 15 6.0
15 - 40 6.75
> 40 8.05

In the presented revised catalogue, 59,467 events are included, covering the period 1950-2000. From them
632 have Ml > 5.0 and are plotted in figure 2. Their spatial distribution delineates the main tectonic features of
the broader area of Aegean.

Figure 3, shows the annual number of the located events in relation with the existing seismological stations.
The fluctuation, that is observed, could be associated also with the seismicity rate. This is also seen in figure 4,
where is plotted the annual number of the located events with M1>4.5.
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Figure 2. Spatial distribution of 632 located earthquakes during the period 1950 —2000 and having MI>5.0.
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Figure 3. Annual number of the located events plotted versus the number of the existing seismological stations.

3. FUTURE PLANS
Our future plans are:
e to finish the calculation of duration (Md) magnitudes for all the earthquakes of the period 1964-1990. This

work will permit to assign magnitudes to a greater number of earthquakes.
e by using modern tomographic techniques, to find a more accurate velocity model appropriate for the whole

area of Greece.
e having this accurate velocity model will be able to re-calculate the source parameters of all the earthquakes

of the period 1964-2000.
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RECENT MICRO-EARTHQUAKE ACTIVITY AT NORTHERN EVOIKOS GULF,
CENTRAL GREECE
D. PAPANASTASSIOUI, G. STAVRAKAKIS' AND D. MAKARIS'

ABSTRACT

During the last 4 months of 1999, the Institute of Geodynamics, of the National Observatory of Athens,
deployed in the area of north Evoikos gulf, a local seismic network of 5 digital stations equipped with sensitive 3-
components seismometers. The recorded micro-earthquakes, located in the upper part of the crust, show that
there is significant seismic activity in the area of northern Evoikos gulf. This activity could be correlated not only
with the main faults of the area, which are the Atalanti fault and the fault running parallel to the coasts of Evia
island but also with other faults which are assumed to be, till now, less active or not so important.

KEY WORDS: Microearthqakes, Seismotectonics, north Evoikos gulf, Atalanti fault.

1. INTRODUCTION

The northern Evoikos Gulf, Central Greece, a NW-SE trending graben separating North Evia island from
Central Greece, is one of the most active tectonic areas of continental Greece. Several major normal faults
bound the high relief along both coasts. Concerning the seismic activity, it is also intense, since ancient times.

Although its interesting tectonic and seismic features this area didn’t receive the scientific attention as other
neighbouring areas, the Gulf of Corinth for example. Recently, the new concepts of the prolongation of the
Anatolia fault system into the Aegean Sea and its connection with the big tectonic grabens of continental Greece,
like the north Aegean trough, the Evoikos and the Corinth gulfs, (Armijo et al. 1996), have triggered several
studies for detailed fault mapping, monitoring of micro-earthquake activity, determining deformation rates, etc.

Following these ideas the Institute of Geodynamics of the Observatory of Athens (IG-NOA), performed a
seismic experiment in the area by deploying a sensitive temporary seismic network of 5 digital, 3-components
stations, in order to monitor and study the microearthquake activity at northern Evoikos gulf and to correlate it
with the existing faults of the area. This network was operated for the period of the last 4 months of 1999.

In the present paper results are presented of the spatial distribution of the recorded microearthquakes and
the focal mechanisms of some of them. Focal mechanisms of some older large earthquakes are also plotted.
Finally, all the observations are combined, in order to obtain a better understanding of the regional tectonics
and its seismic activity.

2. TECTONICS AND SEISMICITY OF THE AREA

The northern Evoikos Gulf, a 100km long, NW-SE trending graben separating North Evia island from Cen-
tral Greece, is one of the most active tectonic areas of continental Greece. Various scientists have studied the
geology and the morphotectonic-neotectonic characteristics of the area in the past (Philip 1974; Lemeille 1977;
Rondoyianni 1984; Mercier et al. 1989; Roberts and Jackson 1991; Collier et al. 1994; Eliet and Gawthorpe
1995; Ganas 1997). Several major normal fault zones, in a step-like arrangement, bound the high relief along the
southern coast striking WNW-ESE and dipping to the north (Fig.1). These fault zones are the Sperchios and
Thermopylae on the north-west, the Kammena Vourla—Agios Konstantinos-Arkitsa at the center and the Atalanti
on the south-east. At the easternmost end of this fault system, the Malesina fault is located, which has a NE-SW
direction and dips towards NW. Inland, towards the west there are other normal fault zones, the most important
being those of Parnassos and Kallidromo. On the northern side, the situation is simpler. There exists a major
antithetic normal fault zone, running almost off-shore, parallel to the coast of the Evia, dipping to the south.
These large normal faults cut and displace not only rocks of Mesozoic and Tertiary age but also younger sediments
of Plio-Pleistocene age.

1. Seismologist, Institute of Geodynamics, National Observatory of Athens, P.O. Box 20048, 11810 Athens, Greece.
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Figure 1. Simplified tectonic map of the area.

Morphotectonic investigations showed that the coastal environment has undergone significant changes which
can be recognized in the form of raised terraces, raised or submerged beachrocks and marine notches, while on
the lowlands tsunami deposits are found as well as alternations of marine and terrestrial sediments (Cundy et al.
2000; Papanastassiou et al. 2000).

Historical sources and archaeological findings prove, that this area has been affected by a number of cata-
strophic earthquakes since ancient times, the most important of them being those of 426BC, 105AD, 551, 20 and
27 of April 1894 (Oldfather 1916; Galanopoulos 1960; Karnik 1971; Bousquet and Pechoux 1977; Ambraseys
and Jackson 1990; Guidoboni 1994; Papazachos and Papazachou 1997). The last two shocks affected the area
from Agios Konstantinos to the northwest till Larymna to the southeast. For these events there are several
reports for the causalities and the consequences to the natural environment and the tsunami wave that inun-
dated the coastal areas (Skouphos 1894; Mitsopoulos 1895; Papavasiliou 1894a, b). From these reports it is
concluded that the Atalanti fault was the causative one, although there were different views about the length of
the rupture and the vertical displacement. Recent work, re-evaluating these earthquakes (Pantosti et al. 2001),

S G S
39.0 ; 1 A N @ 39.0

O M= 7.0

O M=60
O M=50

Figure 2. Background seismicity of the broader area of north Evoikos gulf, for the period 1900-2000. The fault
plane solutions for the strong past earthquakes, computed in this study, are also plotted.
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showed that the first event of the 20" of April could be caused by the activation of the Malesina fault, which in
turns activated the Atalanti fault during the second earthquake of 27" of April.

According to recent work (Papanastassiou et al. 2001), which recompiled the seismological archives of the
IG-NOA, other information (Makropoulos et al. 1989) and local seismicity studies (Lagios et al. 1985; Burton et
al. 1995) it is shown that the instrumental seismicity of the northen Evoikos gulf is not as high as in other nearby
areas like the Gulf of Corinth or the Sporades basin. This area seems to be almost free of seismicity (Fig. 2).

The few seismic studies, as well as the low level of seismicity in this area, also result to a lack of available
focal mechanisms for strong earthquakes. In order to overcome this need, the bulletins of the International
Seismological Centre (ISC) were checked to find past strong earthquakes with sufficient P-wave polarities. By
this search, 4 new mechanisms, for earthquakes located in the broader area of northern Evoikos gulf, were
plotted. Their parameters are given in Table 1. The focal mechanisms correspond not only to normal faulting,
which is in agreement with the local tectonics, but also to reverse faulting.

TABLE 1
DATE ORIGIN LAT LON DPT MAG PLANE 1 PLANE 2
TIME N E Km AZM DIP RAKE AZM DIP RAKE
1974 NOV 14 13:22  38.50  23.08 27 5.0 110 55 50 345 51 132
1974 NOV 14 15:29 3850  23.15 35 5.0 160 15 -20 269 84 -104
1986 JUN 6 15:34 3870 2299 32 4.0 160 65 120 286 38 43
1988 JUL 12 02:26 38.75  23.45 18 4.7 115 65 10 20 80 154

3. MICROEARTHQUAKE ACTIVITY

IG-NOA, in order to record the microearthquake activity deployed a portable seismic network, composed of
5 Reftek digital stations equipped with 3-components Lenartz seismometers. The instruments were installed at
Kammena Vourla, Atalanti and Malesina at Central Greece, Aidipsos and Limni at Evia. The microseismic
activity was continuously monitored, from the beginning of September 1999 through the end of December 1999,
and several hundreds of events of M, >>1.0 were recorded.

The network provided a satisfactory coverage of the area of north Evoikos Gulf and allowed for well re-
solved hypocenters. Although in the recordings there was a noise from the numerous aftershocks of the 7
September 1999, Parnitha earthquake, more than 500 events, having at least four (4) P-wave and three (3) S-
wave readings, were selected. The events were located by using a velocity model based on local studies (Makris
et al. 2000) and is given in Table 3. The Vp/Vs ratio was estimated from Wadati diagrams and was found to be
1.78 £+ 0.02. The HYPOCENTER, (Lienert 1994) computer program was used to locate the events, which are
plotted in figure 3. The obtained solutions had standard errors less than 0.3sec for RMS, 1.5km and 2Km for the
horizontal direction (ERH) and depth (ERZ) respectively.

The earthquakes in the study area are located at depths shallower than 15km. Their spatial distribution
shows that are not regularly located in the area of north Evoikos gulf. Two clusters of activity are clearly ob-
served, one at the southern end of the gulf, area of Skorponeri bay and the other one, north of Malesina penin-
sula. The southern cluster is denser, well defined and occupies a bigger area while the northern one shows a
diffused spatial distribution. Diffuse seismicity is also observed at the northern part of Evia island. Is pointed out
that, as the Scorponeri cluster is located outside the area covered by the local network, these events could be a
little bit misplaced. However, the small values of the locations errors permit to conclude, that the distribution
given in figure 3, is not far from the actual one.

Polarities of P-waves and the program FPFIT (Reasenberg and Oppenheimer 1985) were also used to plot
focal mechanisms for some of the recorded earthquakes (Fig. 3). Their parameters are listed in Table 2, showing
normal faulting, in accordance with the local tectonic regime.

- 1569 -



TABLE 2

No DATE ORIGIN LAT LON DPT MAG PLANE 1 PLANE 2
TIME N E Km AZM DIP RAKE AZM DIP RAKE
1 1999 NOV 2 03:50 38.92 23.10 73 1.6 315 60 -120 184 41 -49
2 1999 NOV 7 07:21 3873 23.12 7.6 1.3 30 40 -120 247 56 -67
3 1999 NOV 30 00:03 38.61 23.22 10.3 1.4 85 40 -70 290 52 -106
4 1999 NOV 30 22:00 38.71 22.84 6.4 1.5 265 45 -110 57 48 =71
5 1999 DEC 12 23:55 38.72 23.37 3.5 1.0 145 45 -100 310 45 -80
TABLE 3
LAYER WIDTH (km) Vp (km/sec)
0 -4 4.8
4 - 17 5.4
7 - 10 5.8
10 - 15 6.3
15 - 30 6.5
> 30 7.0
O M=30
o M=20
o
0
sl o 4389
o
38.4 38.4
22.5

Figure 3. Map view of the well-located microearthquakes. The determined fault plane solutions are also shown.
Their focal parameters are given in Table 2. Filled triangles give the position of the stations of the local seismo-
logical network. The main faults are also shown.

4. DISCUSSION - CONCLUTIONS

Main target of this work was to examine the seismic activity of the faults existing in the area of north Evoikos
gulf. So, its of great importance to correlate and find any relation between the spatial distribution of the located
microearthquakes with the morphological surface traces of the faults of the area.

The spatial distribution of the located microearthquakes shows that are not regularly located in the area of
north Evoikos gulf, as two clusters of activity could be clearly observed. The first one is located at the southern
end of the gulf, area of Skorponeri bay and the other one, north of Malesina peninsula.

Scorponeri bay, is the southern-east end of the Atalanti fault. The southern cluster is located north of the
fault trace, on the hanging wall of the Atalanti fault. At this area, besides this fault there are also the Paralimni
and the Pavlos fault zones, having a WSW-ENE direction and a dip towards SE being almost perpendicular to
Atalanti fault, which are possible control the termination of it. So this cluster is located in the junction of these
fault zones and could not be correlated with a specific fault. The cluster north of Malesina could not clearly be
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correlated with one of the faults of the area, the Atalanti, the Malesina or the fault that bounds the coasts of Evia
island. However the number 2 plotted focal mechanism of a microearthquake belonging to this cluster, could be
easily correlated with the Malesina fault. However this is not enough to draw accurate conclusions about the
seismic activity of this fault. The focal mechanisms no 3,4 and 5 could be related with the main fault zones of
central Greece and the coast of Evia island respectively.

Furthermore the plotted focal mechanisms of the past strong earthquakes of the area, table 1, didn’t give any
help to distinguish the active faults. Unlikely some of them show reverse faulting and as their depths are not so
shallow these could be related with structures located at depth.

Recently Makris et al. (2000) conducted in the same area deep seismic sounding, and operated a large local
network consisting of 24 stations for a period of 50 days. They also recorded significant microearthquake activity
in this area of northern Evoikos gul.

The results of these independent works show that in this area seismic stress is released not with strong
quakes but with intense microearthquake activity, which is not recorded by the operating seismic networks.

It is important to add that usually the seismicity recorded by a local network operated for a short time
period, does not reflect the permanent characteristics of the area. However, in the case of north Evoikos the
similar results of the two aforementioned networks, prove the rightness of the results.

Continuous monitoring of the micro-seismicity of the area with a dense local array and precise deformation
measurements by GPS are needed. The obtained results will permit to understand the seismicity pattern, the
activity of the faults, the distribution of strain, the way that the energy is released and how the motion from
Anatolia is transferred to this area and to other areas of the Greek mainland.
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A METHOD FOR ESTIMATING THE ORIGIN TIME
OF AN ENSUING MAINSHOCK BY OBSERVATIONS
OF PRESHOCK CRUSTAL SEISMIC DEFORMATION

B.C.PAPAZACHOSI, G.F.KARAKAISISl, C.B.PAPAZACHOSI, E.M.SCORDILIS' AND A.S.SAVVAIDIS'

ABSTRACT

Observations on accelerating crustal deformation due to the generation of intermediate magnitude preshocks
in the Aegean area are used to propose a method for prediction of the origin time of an ensuing mainshock. The
method is based on a precursory seismic excitation that occurs in the preshock region at a time correlated to the
origin time of the oncoming mainshock. The uncertainty in this prediction is of the order of + 1.5 years with
relatively high confidence ("90%).

KEYWORDS: Accelerating seismic deformation, earthquake prediction, precursory excitation, Aegean area

1. INTRODUCTION

Observations on accelerating seismicity before large earthquakes have started several decades ago and con-
tinued with increasing frequency during the last two decades (Gutenberg and Richter, 1954; Tocher, 1959; Mogi,
1969; Ellsworth et al., 1981; Raleigh et al., 1982; Sykes and Jaume, 1990; Knopoff et al., 1996). Attempts to give
a physical interpretation to this phenomenon led to the scientific hypothesis that the process of generation of
accelerating preshock seismicity is a critical phenomenon and the mainshock is a critical point (Sornette and
Sornette, 1990; Andersen et al., 1997). This accelerating seismicity is due to the generation of intermediate
magnitude shocks (preshocks) and for this reason, measures of crustal deformation (Benioff strain, seismic
energy, seismic moment) have been used. Thus, Bufe and Varnes (1993) used the cumulative Benioff strain,
S(t), as a measure of preshock seismicity at time, t, defined as:

n(t)

NOEDW A )

where E| is the seismic energy of the ith preshock and n(t) is the number of events at time t. To fit the time
variation of the cumulative Benioff strain they proposed a relation of the form:

St)=A+B{, —t)" (2)

where t_is the origin time of the mainshock and A, B, m are parameters which can be calculated by the
available data. Bowman et al. (1998) applied an algorithm to identify circular regions approaching criticality
along the San Andreas fault system since 1950 by minimizing a curvature parameter, C, which quantifies the
degree of acceleration of the Benioff strain. This parameter was defined as a ratio of the root mean square error
of the power law fit (relation 2) to the corresponding linear fit error.

Some observations on accelerating seismicity before strong earthquakes in Greece have been made during
the last two decades (Papadopoulos, 1986; Karakaisis et al., 1991; Tzannis et al., 2000). Very recently a system-
atic work on the accelerating seismic crustal deformation (Benioff strain) in the Aegean area has started
(Papazachos and Papazachos, 2000a,b). This work has led to the determination of additional properties of the
critical earthquake model and to the formation of an algorithm for identification of elliptical critical regions
where accelerating seismic deformation takes place. Evidence has been also come out from this work that accel-
erating seismic deformation can be useful in intermediate term earthquake prediction. In the present work data
of such deformation in the Aegean area (34°N - 43°N, 19°E - 30°E) are used to further understand this physical
process and to show that a recognizable change (seismic excitation) in the behavior of the time variation of the
cumulative Benioff strain can be considered as a precursory phenomenon which can be used to estimate the
origin time of an ensuing mainshock that follows accelerating deformation.

1. Geophysical Laboratory, Aristotle University, GR-54006, Thessaloniki, GREECE
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2. BACKGROUND AND DATA

Papazachos and Papazachos (2000a,b) determined several relations for the parameters of the critical earth-
quake model. Thus, the values of the curvature parameter, C, and of the parameter m of relation (2) must be
both smaller than 0.7, that is,

Cc(0.7, m(0.7 3)
The radius, R (in km), of the circle with area equal to the elliptical preshock region is given by the relation:
logR =0.41M —-0.64 “4)

where M is the moment magnitude of the main shock, while the duration, t (in years), of a preshock se-
quence is given by the relation:

logt, =5.81-0.75log s, 5)

where s_is the long term rate of the Benioff strain (in Joule'” per year and per 10,000km?) in the preshock
region. The following relations hold for the parameters A and B of formula (2):

A=S.1, (6)

log B=0.64M +3.27 @)
where S_(in Joule'? /yr) is the rate of the Benioff strain in the whole preshock region. The magnitude of the
mainshock is related to the mean magnitude of the three largest preshocks, M, by the relation:

M =085M, +1.52 ®)

Relations (2, 3, 4, 5, 6, 7, 8) form the background for the method proposed in the present paper. Equations
(4) and (5) are the main scaling (fractal) equations defining the space and time-scale of the accelerated defor-
mation phenomenon. Both equations, as well as the model equation (2), are supported by theoretical considera-
tions, e.g. equation (5) simply implies that larger average deformation (i.e. seismicity) rates will sooner lead to
criticality. On the other hand, relation (3) defining the detection limits of the accelerated deformation process,
as well as equations (6), (7) and (8) are based on more or less empirical observations describing regularities and
patterns of the accelerated deformation behavior.

The data used for this purpose have been taken from a catalog of earthquakes that occurred in the Aegean
area (Papazachos et al., 2000). The earthquakes for which data are used in this paper form the following three
complete data sets: 1911-1949 with M?35.0, 1950-1964 with M?34.5, 1965-2000 with M34.3. The standard errors in
the epicenters are less than 25km, while all magnitudes are equivalent moment magnitudes with standard errors
of the order of 0.3. The formula:

logE =1.5M +4.7 )

has been used to calculate the seismic energy (in Joule) from the moment magnitude (Papazachos and
Papazachos 2000a) and then the Benioff strain is calculated by relation (1).

13’

3. IDENTIFICATION TIME

Accelerating seismic deformation with the properties defined by relations (2, 3, 4, 5, 6, 7, 8) cannot be
identified up to a certain time, t, before the expected main shock which can be called “identification time”. We
calculated the identification time for preshock sequences of 54 strong (M?36.0) shallow mainshocks occurred in
the Aegean area. The time-lapse between the identification time and the origin time of the corresponding
mainshocks vary between 1.2 years and 8.3 years with a mean equal to 3.7 years and a standard deviation equal
to 1.6 years. It was observed that the logarithm of this difference is a linear function of the logarithm of the rate,
s, of the Benioff strain in the corresponding preshock region. Least squares give a slope equal to 0.8 for this
relation, which is almost identical to the slope of the corresponding relation for the whole duration, t of the
sequence (relation 5). Thus, adopting a slope equal to 0.75 for the present case the following relation results:

log(t, —t,)=5.04-0.75logs, , 0 =0.15 (10)
From this and equation (5) we find that:
t,—t,=(0.17£0.06), (11)

That is, the difference between the identification time and the origin time of the mainshock is about seven-
teen per cent of the whole duration of the preshock sequence.
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Relations (10, 11) can be used to estimate the origin time of an oncoming mainshock. To do this, however,
the identification time must be known. Furthermore, the uncertainties in the calculated origin time, t;, by these
relations are rather high. For this reason other procedures must be used for a more accurate prediction of the
origin time of an ensuing mainshock. Such procedure is examined in the next section.

4. PROCEDURE FOLLOWED

The events used for the presented procedure include all very strong mainshocks (M36.5) that occurred in the
Aegean area since 1940 and all strong mainshocks (6.0£M£6.4), which occurred in this area since 1970 (a total of
32 mainshocks). Information on these events is presented in Table (1). Properties of the relation T, _ f(T )
between assumed origin times, T , of an oncoming mainshock and the corresponding calculated identification
times, T, during the last period of its preshock sequence are used here to determine its real origin time, t_. It
must be pointed out that in the algorithm applied to identify the elliptical preshock region and make these
calculations the time of observation is always considered equal to T.. That is, the real data used in the calcula-
tions concern only shocks (preshocks) which occur up to the time T, and the S(t) is linearly extrapolated up to
the assumed origin time, T . Observations show that the relation T, _ f(T,) has several forms which depend on the
behavior of the seismic activity in the preshock region.

The simplest form of T, _ f(T) is that in which T, is almost constant, that is, T, does not depend on T and the
T, - T, graph is a straight line almost parallel to the T, axis. Such behavior of this function is expected when the
initiation of the last phase of the accelerated deformation period is clearly identified, whatever the possible
value of T which is assumed. In these cases t is equal to the constant T, value and it can be used in relations (10,
11) to calculate t . Observations show, however, that such cases (with constant T,) are rather rare, since only two
such cases have been identified.

In several cases the T,=f(T ) graph is formed by two parts separated by a abrupt increase (jump) of T, at a
certain time T =T _ which is close to the origin time of the main shock (Tpr»tc). For 12 cases a single, large jump
was identified. Comparison of the predicted, tc', with the observed, t, origin time for these cases resulted in an
average difference practically equal to zero with a standard deviation of 0.88 years for the difference tc-tc'. This
jump of T, can be attributed to a seismic excitation (e.g. earthquake swarm, etc.) which occurs at a certain time
T, which corresponds to Tcszr’ that is, to an abrupt increase of the deformation rate, s, which leads to such
increase of T, according to relation (10). This is strongly supported by the fact that this increase of T, is usually
associated with changes of the other parameters, expected to be affected by seismic excitation. Such changes are
the increase of the frequency of the number of preshocks, n, as well as the decrease of the curvature parameter,
C, parameter m, and the difference, t ,, between the mean origin time of the three largest preshocks and the
origin time of the mainshock. The decrease of C and m is explained by the additional deviation from linearity of
S(t) caused by the seismic excitation, while the decrease of t , is clearly due to the occurrence of at least one of
the three largest preshocks during this seismic excitation. The study of the same 12 cases showed that largest
expected changes in these four quantities exhibit a very good correlation with the T values, both in their posi-
tion, as well as their values (increase for n, decrease for C, M and t ,).

In many cases (preshock sequences) the T-T_ graph is not simple but includes more than one jumps of T,. In
these cases we have tested if the precursory seismic excitation can still be recognized using the observed changes
of all five parameters mentioned above (T,, n, C, m, t ,), given that the latter four correlate very well with the T,
change. For this reason the rate of change with time of each one of these five parameters (positive for T, n and
negative for C, m, t ) were used as a measure of the seismic excitation. Considering the relative rate for each
parameter (e.g. its ratio to the maximum absolute value observed during the whole period examined) a measure
of the seismic excitation expressed in terms of all these five ratios (ri, £,T,T ., rl) was calculated for the complete
examined period. The average of the five relative values (considering the appropriate signs for the r, r_, r,
ratios) was considered as such measure and was called Preshock Excitation Indicator (PEI). Its values vary be-
tween 0 and 1 for relative increase of the precursory seismic activity (with respect to the activity predicted by
relation 2) and between 0 and -1 for relative decrease of this activity (seismic quiescence). Since it was found
that the PEI(T)) function takes its maximum value at T =T (for cases with clear abrupt increase of the T,-T,
curve) it can be expected that it is very helpful for defining the origin time of an oncoming mainshock, also in the
cases when the T-T_ graph includes more than one jumps of T,. Indeed, the average PEI value was found equal
to 0.48 with a standard deviation of 0.28, clearly indicating a high, statistically significant positive change, differ-
ent from zero. A change of the slope of the T,=f(T ) graph usually occurs at T,=T,, which might also be helpful
for defining Tpr. Observations show that this precursory seismic excitation occurs at a time T, which is close to
the identification time t, (T t). Therefore, this technique also gives the possibility for the estimation of the

- 1575 -



Table 1. Information on the 32 events used in the present study. The last two columns denote the observed (T, )
and predicted ( Tp ) origin times (in yrs) Jor each event.

_ Tobs Tor

1 1947 10 06 36.96 21.68 7.0 1947.77 1948.51
2 1948 02 09 35.50 27.20 7.1 1948.11 1949.11
3 1952 12 17 34.40 24.50 7.0 1952.53 1952.90
4 1953 03 18 40.02 27.53 7.4 1953.22 1952.46
5 1953 08 12 38.10 20.60 7.2 1953.62 1954.36
6 1954 04 30 39.28 22.29 7.0 1954.33 1955.08
7 1955 07 16 37.55 27.05 6.9 1955.54 1956.04
8 1956 07 09 36.64 25.96 7.5 1956.53 1956.02
9 1957 04 25 36.50 28.60 7.2 1957.35 1956.32
10 1960 05 26 40.63 20.65 6.5 1960.41 1961.65
11 1968 02 19 39.50 25.00 7.1 1968.14 1966.63
12 1970 03 28 39.16 29.42 7.1 1970.24 1970.99
13 1972 05 04 35.10 23.60 6.5 1972.34 1971.09
14 1975 03 27 40.40 26.10 6.6 1975.24 1975.48
15 1976 05 11 37.40 20.40 6.5 1976.36 1977.36
16 1978 06 20 40.61 23.27 6.5 1978.84 1978.84
17 1979 04 15 41.97 19.00 7.1 1979.29 1978.79
18 1980 07 09 39.27 22.83 6.5 1980.53 1980.77
19 1981 02 24 38.07 23.00 6.7 1981.15 1981.90
20 1981 12 19 39.00 25.26 7.2 1981.97 1980.47
21 1983 01 17 38.10 20.20 7.0 1983.05 1981.54
22 1983 07 05 40.30 27.20 6.4 1983.51 1983.51
23 1986 09 13 37.05 22.11 6.0 1986.70 1986.95
24 1988 10 16 37.91 21.06 6.0 1988.79 1989.79
25 1990 12 21 40.92 22.36 6.0 1990.98 1990.22
26 1992 04 30 35.10 26.60 6.1 1992.33 1991.08
27 1992 11 06 38.16 27.05 6.2 1992.88 1993.13
28 1994 09 01 41.15 21.20 6.1 1994.67 1993.16
29 1995 05 13 40.16 21.67 6.6 1995.37 1994.61
30 1995 06 15 38.37 29.15 6.4 1995.46 1996.20
31 1997 10 13 36.45 22.16 6.4 1997.79 1996.03
32 1997 11 18 37.58 20.57 6.6 1997.88 1997.13

identification time, t, and its use in relations (10,11) for an alternative estimation of the origin time of an ensu-
ing mainshock and an independent test of the results obtained by the above-described method.

5. DISCUSSION

Attempts to calculate the origin time, t, of an oncoming mainshock by direct application of relation (2) do
not give satisfactory results because this calculation is very sensitive to errors introduced in the parameters of
this relation. For this reason, other methods have been applied for estimation of t . The method proposed in the
present paper is also based on the critical earthquake concept and on the accelerating seismic deformation but
also makes use of the precursory seismic excitation that occurs in the preshock (critical) region in excess of the
accelerating activity predicted by relation (2). This additional seismic excitation can be a swarm of shocks or a
normal seismic sequence consisting of a mainshock (smaller than the expected one) and its aftershocks and
foreshocks. Information on swarms of shocks has also been used by other researchers for earthquake prediction
purposes (Evison and Rhoades, 1997). The concept of additional seismic excitation before the mainshock may
initially appear to be contradicting the model described by equation (2). However, it is known that variations due
to excitations, swarms, etc. are expected with respect to the model of equation (2), and in some cases specific
modeling (e.g. log-periodic, see Sornette and Sammis, 1995) can be made for these variations. In the present
work we have demonstrated that the last such major excitation before the mainshock is: a) responsible for the
identification of the accelerated deformation phenomenon (using the criteria of equation 3) and, b) occurs at a
predefined time (equations 10, 11) which can be used in the manner shown in figure (1) to identify the probable
mainshock origin time.

There are, however, some important questions with respect to the method described above for the predic-
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Figure (1) shows an example of a T-T, a t -T and a C-T, graph for the 13.08.1953, M=7.4, 40.0°N, 27.5°E
earthquake, where the origin time, t , of this shock is also indicated by an arrow. It is observed that an abrupt
increase of T and decrease of t , and C occur for TE=TW=1951.7I. It corresponds to T,=1947.57 which is the
time when this precursory phenomenon (seismic excitation) took place. We should point out that C does not
decrease (as expected) as we get closer to the mainshock time, T , because we allow T to vary and take several
values that are “candidates” for the “real” mainshock occurrence times, t .

Figure 1.- Variation: (a) of the calculated identification time, T, (b) of the mean difference of the three largest
preshocks, t,, and (c) of the curvature parameter, C, with the assumed origin time, T, for the mainshock of
18.03.1953 M=7.4. t_is the real origin time of this earthquake. An increase of T, associated with a change of the
slope of the T-T_graph and with decrease of t,, and C is observed at T,=1947.57 when a precursory seismic
excitation took place.

tion of t . One such question is whether this precursory excitation appears before all mainshocks or not. Another
question concerns the uncertainties (errors) involved in the predicted by this method origin time of an oncoming
mainshock. For this purpose the method has been applied to retrospectively predict the origin time of all very
strong mainshocks (M36.5) that occurred in the Aegean area since 1940 and of all strong mainshocks (6.0£M£6.4),
which occurred in this area since 1970 (a total of 32 mainshocks). A period of five years was selected to be
investigated for each mainshock (three years before and two years after) and the preshock excitation indicator
was calculated in steps of three months.

These data showed that in 30 out of 32 cases one or more precursory seismic excitation has been observed.
For each studied case the PEI has been calculated in order to identify the appropriate excitation. It was found
that the calculated maximum values of PEI vary between 0.22 and 1.0 with an average equal to 0.63 and a
standard deviation equal to 0.19. That is, the precursory phenomenon appears in about 94% of the cases and the
method described above (T-T, graph, etc.) can be applied. In the other two cases such precursory excitation has
not been observed and the T-T_ graph is a straight line parallel to the T, axis. In these two cases t_has been
calculated by application of relations (10,11) since t, is equal to the constant T, value in this graph.
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The 12 cases with a single abrupt T-T change show an almost zero bias with a standard deviation of 0.88
years. When all 30 cases are considered and if we use PEI to define the Tpr we found a similar almost zero bias
and a very slightly higher standard deviation of 0.93. Therefore, this index can be used even in cases with multi-
ple T-T, jumps and is able to identify TPr ('T,) with a high accuracy. If we take into account that a random
distribution of this difference for the five years period examined has an equivalent standard deviation much
larger (0=1.39 years), the obtained result (6=0.93 years) suggests that this estimate is statistically quite signifi-
cant. We can, therefore, conclude that the origin time of an oncoming mainshock can be calculated with an
uncertainty +1.5 years by this method and a high confidence ("90%).

The method described in this paper has been applied to preshock sequences already occurred for which the
epicenter coordinates and magnitudes of their mainshocks were known and used in this procedure. It will be of
interest to apply this method to earthquakes for which the epicenter coordinates and magnitudes have also to be
predicted. Such work is already carried out. Preliminary results show that the typical error in the predicted time
of an expected earthquake is of the same order, that is =1 year (very close to the value of 0.93 years estimated
here), while the errors in its predicted magnitude is 0.4 and its predicted epicenter is less than 100km.

It is clear that the method proposed in the present paper identifies the critical time, that is the time that the
whole phenomenon enters a critical state, which (in principle) does not necessarily coincide with the origin time
of the mainshock, as the mainshock might delay to occur or may even never occur. On the other hand, in all the
examined cases we have previously examined there was no case where delay in the main event occurrence was
observed after entering the critical state. Therefore, the critical time identified in the present paper is identical
with the origin time of the forthcoming event, provided that the event will occur.
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THE ATHENS 1999 MAINSHOCK (M,,=5.9) AND THE EVOLUTION
OF ITS AFTERSHOCK SEQUENCE
C.B. PAPAZACHOS', B.G. KARAKOSTAS', G.F. KARAKAISIS' AND CH.A. PAPAIOANNOU’

ABSTRACT

The spatial distribution of the aftershocks that followed the September 1999 mainshock (M,=5.9), which
caused severe damage and loss of life in the nearby city of Athens, is examined in the present work. P and S
arrivals of seismic waves recorded by the permanent seismic network as well as by a number of digital seismo-
graphs and accelerographs, which had been deployed in the broader epicentral area shortly after the mainshock
occurrence, were used for the determination of the focal parameters of the mainshock and its aftershocks. The
spatial distribution of the aftershocks led to the recognition of the fault, which produced the September mainshock,
while certain features of the rupture process may be deduced on the basis of their spatiotemporal variation.

KEY WORDS: Aftershock sequence, spatial and temporal aftershock distribution, normal faulting

1. FOCAL PAPAMETERS OF THE SEPTEMBER 7, 1999 (M =5.9) ATHENS MAINSHOCK
w

The determination of the focal parameters of the mainshock was based on all the available P- and S- wave
arrivals recorded at relatively small epicentral distances (P ) by instruments of the permanent seismic and strong
motion networks of Greece. In addition, several S-P times determined from digital strong motion records were
also taken into account. Four P arrivals, three S arrivals and eleven S-P arrivals were finally used for the mainshock
hypocenter determination. The velocity model adopted (Table 1) is based in previous 3-D models, which are
valid for the broader Aegean area (Papazachos and Nolet, 1997), with the addition of low-velocity layers for the
uppermost crust, in agreement with recent results concerning the studied area (Tselentis and Zahradnik, 2000).

Table 1. Velocity model adopted for the mainshock It ha_S to be noted FhOUgh, that this model is not
focal parameters determination. neces.szfm.ly represent.atlve of the cru§tal structure in
the vicinity of the epicentral area, as it will be shown

Depth (km) | Vy(km/s) | Vs (km/s) later. However, it was considered as appropriate for
0 3.0 1.69 the broader area of interest, despite the fact that no
0.9 5.5 3.09 specific station corrections for the P and S waves were
6 6.0 Sad T available for the sites of the recordging insgtruments.

. =t Sy B8 The mainshock focal parameters were determined
e T:3 1.34 by using the HYPOINVERSE Y2K computer code

(Lahr, 1999). The mainshock occurred on September
7, 1999 (11:56:51.4 GMT) with epicentral coordinates
cpN=38.059°, }\E=23.571° and a focal depth “14.5km. The
RMS, ERH and ERZ errors are 0.3 sec, 1.7 Km and
2.3 Km respectively, while the maximum azimuthal gap
is of the order of 75°. Figure 1 shows the determined
epicenter of the mainshock along with its fault plane
solution deduced by Harvard (strike=114°, dip=45°,
rake=-73°), which suggests an almost normal fault

38" 30"

38° 00

Figure 1. Epicenter of the Athens 1999/9/7, M =5.9
mainshock. Squares denote stations with P_or S

. . X g
arrivals, while triangles denote stations with P-S,
traveltimes.

23° 00 23" 30’ 24" 00'
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Figure 2. Temporary installation sites (squares) of the seismographs deployed by the Dept. of Geophysics of the
Thessaloniki Univ. The main event epicenter and fault plane solution are also shown.

striking WNW-ESE, in agreement with the predominant stress field in the back-arc Aegean area (Papazachos
and Kiratzi, 1996).

2. DEPLOYMENT OF PORTABLE INSTRUMENTS IN THE EPICENTRAL AREA

The first portable seismographs (REFTEK) of the Department of Geophysics were installed at the epicen-
tral area two days after the mainshock. Shortly after the preliminary hypocentral determination of the first few
aftershocks, which roughly defined the epicentral area, some of the instruments were deployed at new recording
sites in order to achieve a better azimuthal coverage with respect to this area. This task inevitably led to the
installation of several instruments at sites with relatively high noise level. The final configuration of the tempo-
rary network is shown in figure 2, where the installation sites are denoted by squares.

3. DATA ANALYSIS

During the period 11-24 September 1999, when the network was fully operational, 1251 earthquakes were
recorded by at least four stations. Their focal parameters were initially determined by the HYPOINVERSE
Y2K code (Lahr, 1999), using the velocity model of Table 1. Focal parameters for several relatively strong
events, which occurred until October 18, 1999, for which strong motion data had been acquired, were also

determined.

Table 2. Final velocity model determined for the In order to refine the hypocentral distribution,
aftershock area, adopted for the relocation of the which could clearly be improved by a better velocity
aftershock sequence. model and appropriate station corrections, we applied

Depth (km) | V; (km/s) | Vs (km/s) ‘the joint-inversion of travel times for the simultane-
0 5.08 2.85 ous determination of 1-D velocity model and

1 5.24 2.94 hypocentral locations. The inversion was performed

2 5.53 3.11 using two independent programs, namely VELEST
5.5 6.23 3.50 (Kissling et al., 1995) and a non-linear inversion code

8 6.28 3.64 (TOMOMEM) by Papazachos and Nolet (1997). Both
10:5 6:51 3./66 programs gave very similar results. For the velocity

model determination only 204 events that had been

recorded by almost all stations were used, since such events have a negligible effect on the final velocity model.

Moreover, appropriate station corrections were estimated from the travel-time inversion process. The final
velocity model, which was used for the aftershock relocation is shown in Table 2.

For the study of the main characteristics of the aftershock sequence only high quality relocated aftershocks
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have been used. For this reason, only events with at least 7 arrivals, RMS less than 0.25sec and hypocentral error
less than 2km have been accepted. The fulfillment of the previous criteria resulted in a final data set of 756
aftershocks, which are studied in the next section.

4. SPATIAL DISTRIBUTION OF THE AFTERSHOCK SEQUENCE

In figure 3a the epicenters of the 756 aftershocks, which have been reliably determined, are presented. The
epicenters are located mainly at the central and eastern Thriasion area, between the mountain of Aegaleo, south
of mount Parnis and east of the town of Mandra. The determined mainshock epicenter is located close to the
Elefsina bay, at the southwesternmost border of the aftershock sequence. The epicenter distribution clearly
shows a high concentration of the aftershock activity between the mountains Aegaleo and Parnis, which can be
considered as a strong barrier of the rupture zone, where most of the aftershock activity was concentrated.
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Figure 3. Aftershocks (grey circles) and main event
(large open circle) of the 1999/9/7 event. Squares
denote stations of the aftershock network, while
triangles denote strong motion instruments.

Figure 4. Aftershocks (open circles) which occurred on
the 15" and 16" of September (until 15:00) and
aftershocks after the 16" of Septembet (15:00) (grey
circles). The main event of the 1999/9/7 event is shown
with a large open circle. Notice the activation of
secondary faults, south of the main fault plane.

The spatial distribution of the aftershocks is also seen in figure 3b where the aftershock hypocenters are
projected along a N30°E trending vertical plane, using the point (38.1°N, 23.7°E) as a reference point. The
selected projection direction is based on the fault-plane solution, as well as on the results of the analysis pre-
sented later. Most of the events have taken place along a SW dipping zone (average slope “45°), towards the
Elefsina bay. The main event is located at the deepest section of this zone, although its focal depth seems to be
overestimated, as the mainshock is located deeper than its deepest aftershocks ("12km), probably due to the
poor quality of the regional phase data.

In order to study the spatial distribution of the events, we studied the temporal variation of the seismicity. In
general, the aftershock activity seems to deviate from the main fault towards the SW until the noon of 16™ of
September. This activation of secondary faults in the hanging wall of the fault is clearly seen in figure 4, where
the epicenter distribution for the period 15-24 September is shown. Epicenters between the 15" and the 16™ of
September (until 15:00) are denoted with open circles, while epicenters after the 16" of September (15:00) are
denoted with gray circles. Two separate and clearly distinguishable rupture zones are recognized. As we get
closer to the noon of 16" September, the seismicity migrated closer to the main fault, where it remains thereaf-
ter. This migration is not a result of e.g. problematic locations, etc. since the monitoring network had its final
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Figure 5. Aftershocks of the Menidi-Liosia-
Thrakomakedones area, showing secondary fault
activation.
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Figure 7. Aftershocks delineating the main fault plane.
A typical aftershock fault plane solution, similar to that
of the main event is also shown. Open circles in (a) and
triangles in (b) denote surface fault traces, located
approximately at the surface fault projection.
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Figure 6. Fault plane solutions determined for selected
aftershocks of the Athens sequence. The main event
Harvard CMT solution is also plotted, showing a very
good agreement between the main event and the
aftershocks faulting pattern.

configuration after the noon of the 15" of September,
24 hours before the observed change of seismicity pat-
tern.

The aftershock epicenters which occurred after the
noon of the 16™ of September delineate a narrow SW
dipping rupture zone with a dipping angle of 47°, which
is in excellent agreement with the fault-plane solutions
and which practically describes the main fault zone.
However, it should be noted that several other minor
faults had also been activated at the same time. An
example is shown in figure 5a where separate seismicity
activation is seen in the Menidi-Thrakomakedones
area. Figure 5b shows a N120°E section (normal to the
previous ones), which clearly shows a second SE dip-
ping fault at the eastern border of the Parnis moun-
tain, in very good agreement with the fault plane solu-
tion of largest aftershock in this area (3 October,
M=4.0), also shown in figure 5a. In the same area,
Kontoes et al. (2000) on the basis of interferometer
data have suggested the existence of a smaller main-
fault segment, corresponding to a M =5.2 event.
Strong motion data (Theodulidis et al., 2000) do not
show evidence for a double or multiple rupture. How-
ever, the occurrence of several strong aftershocks af-
ter the main event along this fault segment can prob-
ably explain the high aftershock concentration, as well
as the interferometer data.

Figure 6 shows the fault plane solutions determined
using more than 5 first motion patterns obtained by
the aftershock network. The small number of record-
ing stations, as well as the high noise level at several
stations did not allow the computation of a large
number of fault plane solutions for the aftershock se-
quence. In general, the determined fault plane solu-
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tions show normal faulting with an average azimuth of 100-130°, which is excellent agreement with the azimuth
of 115° of the Harvard solution for the main event, as well as aftershock sequence strike determined in this study.

5. AFTERSHOCK SEQUENCE AND THE MAIN FAULT PLANE OF THE ATHENS EVENT - DISCUS-
SION

Figure 7a shows the most accurate epicenters of the aftershock sequence that correspond to the main fault.
The epicenters define a WNW-ENE trending fault zone, which is delineated by a solid line. The zone length is
18km, in very good agreement with the predicted length of 15km based on the event magnitude (M,,=5.9) using
the relation of Papazachos and Papazachou (1997), as well as from results based on waveform modeling (e.g.
Papadimitriou et al., 2000; Tselentis and Zahdradnik, 2000). The mainshock epicenter position is at the deepest
central section of the fault, similarly to many other events in the broader Aegean area (e.g. Kozani 1995 se-
quence, Papazachos et al., 1998). Most aftershocks are found on the eastern fault segment (closer to Athens)
that, if accurate due to the uneven network distribution, permits the determination of high- and low-slip fault
segments during the main rupture.

The direction of the aftershock sequence ("120°) is in very good agreement with the surface ruptures at the
Parnis mountain area, which are presented in figure 7a with open circles. A similar fault strike has been deter-
mined by the Harvard CMT solution. Almost all events have occurred between the depths of 4-12km, along a
zone which dips at an angle of "45-50°, towards the Elefsina bay. The main event hypocentral depth estimated
here is probably slightly overestimated, as can be inferred by the maximum aftershock depth, which is probably
due to the limited amount of regional P_and Sg phase data. In any case, the hypocenter corresponds to the
initiation rupture point, while the center of energy release has been shown to occur at the depth of “8km
(Papadimitriou et al., 2000; Tselentis and Zahdradnik, 2000, Theodulidis et al., 2000). Therefore, the rupture
must have started from the depth of "12km and propagated upwards up to the depth of 4km, where it stopped.

The results obtained in the present study are in good agreement with previous results about the aftershock
sequence of the Athens event. The aftershock distribution determined in the present work is clearly delineating
the main fault, in comparison with the results of other previous studies (e.g. Papadopoulos et al., 2000), which
show a very poor control of focal depths and description of the fault plane, probably due to the use of analog
recordings. Furthermore, the obtained results are show an excellent correlation with the results of Voulgaris et
al. (2000), both in the aftershock distribution, as well as in their density along the fault. In addition, in the
present study we were able to map secondary faults (see figure 4 and 5) that were activated during the aftershock
sequence.

A lot of discussion has taken place concerning the active tectonic fault to which this event should be attrib-
uted. Papadopoulos et al. (2000) have suggested that the rupture zone lies on the possible Fyli fault, already
identified by Galanopoulos (1967), which runs parallel and to the north of the major Thriasion basin fault. This
can also be seen in figure 8 where the aftershock epicenters have been aligned along the possible fault plane
continuation towards the surface, showing a very good correlation with the possible Fyli fault. However, we
believe that such a correlation is slightly exaggerated as all seismic activity is confined at depths larger than 4km.
Therefore, the identified fault is a typical “hidden” fault with no surface projection, similarly to many other
similar magnitude events in Greece (e.g. Patras, 1993; Kozani, 1995). In these cases it is not only difficult but
also quite risky to attempt a correlation of the “hidden” seismic fault with surface fault traces, as there is no clear
way to extrapolate the fault trace towards the surface, since the fault might be either planar or listric as has been
shown to apply for many faults at basin borders. As can be seen (e.g. from figure 4) one could easily extrapolate
the hypocentral distribution towards the surface in a listric sense, as with many observed neotectonic faults
which are sub-vertical at the surface, so that it reaches the surface slightly north of station PKYR, therefore
coinciding with the Thriasion and not the Fyli fault. Similar conclusions have been pointed out by other re-
searchers (Voulgaris et al., 2000), which also observed some along-strike variations of the fault dip. Further-
more, the identified surface displacements (Papadopoulos et al., 2000) along the area of the proposed Fyli fault
are too small to be clearly associated with the surface continuation of the fault. For these reasons, we believe
that there is no need to arbitrarily extrapolate the fault-plane towards the surface in order to correlate it with the
Fyli fault and that we should simply consider the Athens earthquake as an event which is due to a “hidden”
normal fault located between the depths of 4 and 12km.
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Figure 8. Projection of the main fault-plane aftershocks on a semi-transparent morphological background. The
projection is chosen in order to align the aftershock projections along the projected fault-plane surface. Notice
that the surface projection does not coincide with the Thriasion basin fault.
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DEFORMATION IN NISYROS VOLCANO (GREECE) USING DIFFERENTIAL
RADAR INTERFEROMETRY
IS. PARCHARIDIS' & E. LAGIOS'

ABSTRACT

Nisyros Volcano located at the southeastern Aegean Sea (Greece) has recently shown (1996-97) a high
seismic activity, associated with a significant deformation has determined by DGPS measurements. The deter-
mination of the overall deformztion of the island was also attempted by Differential Radar Interferometry
(DInSAR). The DInSAR analysis has been applied using the ERS-2 satellite data, covering the period 1996-
1999. The removal of the interferometric phase related to the topography has been done using an external high
resolution DEM. Two areas of the island show a good coherence, the southwestern and the eastern part. Almost
two interferometric fringes were respectively recognized and evaluated. These two zones coincide with the main
tectonic fractures of the island. The time separation and resolution, which consist important factors, for the
extraction of the effective information and the quality of the finally produced differential interferogram, seem
however that influence very slight its accuracy. The deformation outlined by the interferogram is compatible
with the existing differential GPS observations.

KEY WORDS: Space Application, Differential Interferometry SAR, Volcanic Deformation, Nisyros Island
(Greece).

1. INTRODUCTION

Volcano monitoring involves a variety of measurements and observations designed to detect changes at the
surface of a volcano that reflect increasing pressure and stresses caused by the movement of magma, or molten
rock, within or beneath it. An eruption occurs when magma rises from its source or from a storage reservoir and
finally reaches the Earth’s surface. As it rises, the magma fractures overlying rocks and parts of the volcano
deform as magma is approaching the surface and makes space for itself.

There are three primary sources of crustal deformation at volcanoes: (i) pressure changes in high-level
magma storage areas and conduits, (ii) magmatic intrusions and (iii) earthquakes. The most common model to
interpret crustal deformation caused by pressure changes in high-level magma chambers is the Mogi model
(Mogi 1958). Deformation associated with earthquakes and dike intrusions is not to be calculated using the
Mogi model. For such deformation Okada (1985) presented a model, which can easily implemented in a compu-
ter.

There is a number of different geodetic techniques to monitor crustal deformation with different results of
accuracy, the most important of which are: (i) Levelling, (ii) Tilt, (iii) Electronic Distance Measurements (EDM),
(iv) Strain and (v) Global Positioning System (GPS).

In the last decade, Synthetic Aperture Radar (SAR) Interferometry has been proven to be a powerful tech-
nique for the generation of Digital Elevation Models and the monitoring of small surface changes on large-scale
areas (Zebker and Goldstein 1986). Differential Interferometry (DInSAR) is the most interesting technique of
SAR Interferometry in the two-dimensional mapping of deformation with very high accuracy (mm to cm level).
The DInSAR technique allows the study of a wide range of surface deformations. Several applications mainly
related to natural hazards could be carried out using DInSAR such as:

e Seismic risk and event management (Massonnet et al. 1993; Ponte 1997; Hanssen et al. 1996; Wright et al.

1999; Baer et al. 1999; Tramondo et al. 1999)

e Volcano monitoring (Wadge et al. 1997; Massonnet et al. 1997; Vadon and Sigmudsson 1997; Kobayashi et

al. 1999)

e Subsidence risk (Avallone et al., 1999)

1. Space Applications Research Unit in Geosciences, Laboratory of Geophysics, National and Kapodistrian University of Athens,
Panepistimiopolis-Ilissia, Athens 157 84 (GR); e-mail: parchar@geol.uoa.gr, lagios@geol.uoa.gr
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e Landslides (Fruneau et al. 1996; Redice et al. 2000).

In this paper we present preliminary results, obtained in the framework of Geowarn E.U Project
(http:\www.geowarn.com), concerning the application of DInSAR technique to study the deformation at Nisyros
volcanic island.

2. INTRODUCTION TO SAR DIFFERENTIAL INTERFEROMETRY

SAR interferometry measures the phase difference between two images of the same area taken on two
different satellite passes (Fig. 1). This is generating the difference between the two phase-signals; then the
phase-difference of any point on the ground will have a value ranging from 0 to 360. These phase-differences in
the interferogram wrap around in cycles of 360 degrees and must be unwrapped to obtain the absolute phase.
To successfully operate the interferometric process, a correlation must exist in the surface properties between
the two image acquisitions. Coherence is a measure of the correlation between the two scenes used for the
interferometric computation. This term is affected by the computation parameters, the perpendicular baseline
(Bperp) and spatial changes (not displacement) — Fig. 1 -(Capes and Haynes 1996). The interferometric coher-

<S§;S,'>

V<S8, 8,"><8S, S, >

ence, v, is defined as the normalized complex cross-correlation of both complex signals S, and S,
Where <...> means the expectation value and * is the complex conjugation operator. The absolute value of
the coherence varies from 0 (low coherence) to 1 (high coherence). The coherence depends on: (i) the baseline,

ﬁ Repeat

Reference

acquisition

Figure 1. Geometry of the InSAR for a spheroidal Earth with no topography or deformation. B is the baseline
length; BW and B,m,, are the components of the baseline parallel and perpendicular to the line of site, between the
reference satellite and the ground (from Price and Sandwell, 1998).

(ii) the Doppler centroid and (iii) the additive noise on either signal or artifacts etc.

SAR interferometry (InSAR) is also used to estimate topographic heights. Differential interferometry
(DInSAR) is the method to detect surface displacement events by subtracting a first interferogram representing
the topography from a second interferogram representing the topography after the event causing the deforma-
tion (e.g. seismic event). Fringes related to common topography cancel each other, while the remaining fringes
represent the changes in topography presenting the observed deformation.

The following equation describes the relation between the phase W of the interferogram, the topographical
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elevation Az and the surface change 0Or in the sland range:

Where P is a point and P is a reference point, B is the baseline between the two orbits of the acquisition, R
is the slant range to the P, and q is the incidental angle. Generally, the following different methods for differen-
tial interferometry are applied:

i. Three-pass Differential Interferometry
ii. Two-pass Differential Interferometry:
iii. Four-pass Differential Interferometry:
For detecting and measuring surface displacements, the following conditions should be considered:
¢ The SAR scenes should be spatially repeated as closely as possible, temporally and physically.
The optimum baseline length (across-track separation) should be examined, between the two satellite posi-
tions, during the acquisition of the scenes (Zebker et al. 1994). The inaccuracy in the satellite orbit provides
the ideal condition in interferometry; there are however limits to the baseline length. For surface changes,
the baseline length estimate should be as short as possible (almost 0).

¢ The terrain changes, between the various satellite passes, should be examined because affect the phase infor-
mation, such as:

¢ Systematic phase effects caused by large-scale motion taken place between the acquisitions (e.g. in cases of
landslides).

¢ Phase effects caused by decorrelation of the phase contribution of scatters within the resolution cells, which
means that the radar-scattering characteristics, within each pixel, must remain similar in the time between
the passes. It is called temporal decorrelation, and it may be caused by rainfall, land use changes etc.

¢ Atmospheric effects (tropospheric and ionospheric) are another source of systematic error in surface dis-
placement estimates deduced from SAR interferometry (Hansen and Feijt, 1996).

3. GEOLOGICAL SETTING

Nisyros is a strato-volcano at the southeastern end of the Hellenic Volcanic Arc (HVA) (Davis 1968; Di
Paola 1974; Papanikolaou & Lekkas, 1990; Vougioukalakis 1993). The HVA is related to the northward subduc-
tion of the African Plate beneath the Aegean microplate. Most of the Nisyros Island is made of hyaloclastite,
lava flows and breccias, mostly of andesite composition. Pyroclastic deposits and volcanic domes of dacite com-
position overlay these rocks.

The numerous thermal springs occurring mainly along the northern coasts and the emissions of gasses within
the craters of the caldera, are the main volcanic activity of Nisyros during this century. According to Papanikolaou
and Lekkas (1991), four main fracture zones dissecting the volcano in triangular segments are identified (see
Fig. 1 in Lagios (2000)): (i) Zone F1 with direction NE-SW, (ii) Zone F2 with a direction NE-SW parallel to the
previous one, (iii) Zone F3 with a direction NW-SE and (iv) Zone F4 that corresponds to a narrow graben with
a direction of NNW-SSE.

In 1996, an earthquake activity started with earthquake magnitudes between M=4 and M=5 and continued
up to May 1998. About 30 houses were damaged in Mandraki in July of 1996, due to the reactivation of an older
fault, passing through the former little town. The scientific interest, relating to volcano monitoring observa-
tional techniques, such as the establishment of a GPS network, remeasured at least once per year (Lagios et al.
1998; Lagios 2000), yielding the deformation at the GPS stations was attracted by this seismic activity. However,
the study of ground deformation at a much larger scale is now feasible, through the DInSAR technique, which is
the main object of the present paper.

4. METHODOLOGY

Suitable interferometric pairs of SAR images have been selected after searching European’s Space Agency
FRINGE database to satisfy the technical parameters, such as the baseline and temporal separation. For select-
ing suitable data the following criteria have been used:

(i) Bp <100 m

(il) SAR acquisitions of the same season to avoid seasonal land use changes

(iii) Temporal separation including the period 1996 to 1997 (maximum of seismic activity).

Unfortunately only two SLC interferometric pairs were available (Table 1) with the appropriate baseline
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length and temporal separation. From these two interferometric pairs only the second one was processed (Fig.
2). After the inspection of the leader file, at the first interferogram, was found that the Cross track Doppler
frequency terms were of very high value (a value of 3724.097 Hz for the master scene, rather than a more
expected value of 237.996 Hz for the slave scene). Therefore, the only one suitable interferometric pair, which
was left for analysis, was the second one (Table 1). The Meteorological conditions for this interferogram
(precipitations, moisture of the air, wind) were also appropriate during the day of the acquisition, provided by
the Hellenic Meteorological Service. The only technical risk was related to possible inadequate image coher-
ence, mainly due to relatively long temporal separation (1120 days). The ambiguity height, which is the amount
of elevation change that produces one topographic fringe (Massonnet and Rabaute 1993), is high in both pairs
(Table 1). The higher the ambiguity height value, the lower the sensitivity to topography is.

. Elapsed Altitude
Iralti:irferometrlc gizzir Date ii;\i’i Date time Bp of
E (days) Ambiguity
1 10482 22/4/97 | 20502 | 23/3/99 700 -9 1046 m
2 5973 11/6/96 | 22005 6/7/99 1120 44 200 m
Table 1

The two-pass differential interferometry method (or DEM-elimination method) was applied. This method
employs two SAR images, producing thus one interferogram. To perform the differential one, another
interferogram has to be created or synthesized. The synthesized interferogram is generated from an existing
digital elevation model (DEM). The synthesized interferogram is then subtracted from the original interferogram,
thereby removing all fringes that relate to ground elevation, leaving only fringes that represent surface
displacements. The phase differences that remain as fringes in the differential interferogram are a result of
range changes of any displaced point on the ground from one interferogram to the next. In the differential
interferogram, each fringe is directly related to the radar wavelength (56 mm for ERS satellites) and represents
a displacement relative to the satellite of only half the above wavelength (28 mm).
The main steps of the interferometric processing include:
External DEM production.
¢ Coregistration analysis to validate the input master/slave interferometric pair for spatial and spectral over-
lap.
¢ Coregister the external DEM to Master at a sub-pixel level accuracy.
¢ Interferogram generation. Range and azimuth spectral filtering should be applied to reduce the decorrelation
of baseline and azimuth spectral shift. Flat Earth phase and optionally topographic phase should also be
subtracted. ’

¢ Phase-coherence imagery generation for evaluating the quality of interferogram for phase unwrapping and
random changes of land surface.

¢ Interferogram phase unwrap using up-to-date algorithms.

The above processing generates two InSAR geocoded images for the production of a differential interferogram
for deformation estimates. The differential interferogram (change map) and the coherence imagery will be
analyzed.

5. DATA PROCESSING

The differential interferometric SAR processing and analyses were based on the Atlantis software. At first
the DEM of the island was created with a resolution of 4m/pixel by digitizing the contour lines from the topo-
graphic 1:5,000 scale map. As a next step, the initial orbit state vectors have been taken from the Delft Institute
(NL) for Earth-Oriented Space Research (DEOS) for both scenes. DEOS precise ERS-2 orbits are based on the
DGM-E04 gravity field model and the SLR and OPR2 altimeter crossovers and normal points (Scharroo &
Visser 1998). In the coregistration step the master (11-6-96) and slave scene (6-7-99) were validated; a
coregistration refinement was also performed between the two scenes of bilinear polynomial order, and the
orbit/Earth geometric analysis was calculated. The input master scene and the external DEM were coregistered
by displayed the external DEM as a simulated SAR image by selecting 39 common control points. The finally
obtained RMS of the co-registration was 0.81 in the column direction and 0.88 in the row direction. After the
generation of a first (raw) interferogram, the flat Earth phase and topographic phase were subtracted. A phase
coherence map was created and the raw interferogram was enhanced.
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Figure 2. ERS-2 SLC subscenes of Nisyros Island. (a) Master-orbit N’ 5973 date 11-6-1996. (b) Slave-orbit N°
22005, date 6-7-1999 (azimuth spectral overlap 98%).

Finally, the enhanced interferogram was unwrapped using the Disk Masking algorithm (EVInSAR Manual
1999). This method applies circular or elliptical disks centered on phase residues and pixels of low coherence. A
number of unwrapping cycles have been performed, where the disks are enlarged in the first cycle, until no phase
unwrapping discontinuity was detected. Furthermore, some unwrapping errors occurring in the low coherence
areas were analyzed and repaired. The final differential interferometric image (Fig. 3) was a terrain corrected
image and projected in latitude/longitude using the orbit/Earth geometry.

During the processing procedure, the data were checked step by step and the related information, like mas-
ter and slave images spatial and spectral overlapping, baseline estimation, GCP’s and RMS of the co-registra-
tion, were recorded in a text file for further elaboration.

6. QUALITATIVE AND QUANTITATIVE RESULTS EVALUATION

Almost 2 fringes in the western part of the island and two fringes in the southwestern part could be recog-
nized in the final interferogram (Fig. 3). Every fringe is visualized as a cycle of gray levels intensities. The rest of
the image is covered by “rumor” or fringes related to the topography. Generally, the differential image is highly
depended on several factors, and as a consequence, the following should be considered in order to validate the
results:

1. The quality of the DEM: A high resolution DEM was used, as described above.

2. The RMS error of the co-registration of the external DEM: A high number of co-registration tie-points have
been used with an RMS error less than one pixel.

3. Quality of coherence: The temporal separation between the two acquisitions is relatively high (1120 days),
which could favour the temporal decorrelation. It is deduced from the coherence image that the southwest-
ern part of the island shows a fairly good coherence, the eastern part shows a medium coherence, while the
coherence is low to very low at the rest of the island. The areas showing good coherence image correspond to
Nikia rhyolites, Prophitis Helias dacites and lavas, while coherence is lost in the other rock-cover types, like
pyroclastics, pumice etc. Additionally, the typical volcanic landscape of the island forms steep slopes in the
caldera area, where the signal is not depicted by the satellite sensor (areas under shadow).

4. Possible atmospheric effects: Regarding effects due to changes in properties of the atmosphere, we can only
rely on generalizations; ionospheric anomalies should be of small size and lower tropospheric effects will be
related to weather or systematic change in moisture with height. This problem can be resolved by getting
weather radar images for the same area, create more than one interferogram and/or obtain geodetic infor-
mation. According to the Meteo Service, the weather was clear during the acquisition of the acquired scenes.
Regarding the qualitative evaluation of the final product, it represents a relatively homogeneous interferogram

with a number of fringe patterns in the areas of actual deformation and noise phase in the other areas. The

fringes in the southwestern and eastern part cannot be attributed to topography, because the relief from the
coastline to the to edge of the rim is about 600 m, and for this altitude-difference 3 fringes are needed according
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to the baseline, instead of the almost 2 presented in the interferogram. On the contrary, at the central southern
portion of the area, where the coherence is low, the existing fringes could be attributed to the topography.
The most significant information, which confirms that the fringes are real and related to surface displace-
ment is the existing Differential GPS data resulting from the remeasurement of the GPS network in Nisyros
(Lagios et at. 1998). These observations show a relative deformation of 13mm to 37mm (average error estimate
of less than Smm) in the horizontal, and 14(+/-5) mm to 45(+/-10) mm in the vertical direction, during the
period June-September 1997, which was even more increased to May 1998 (Lagios 2000).
Regarding the quantitative deformation, which is the estimation of the deformation towards the satellite
within a few millimeters (28 mm for each fringe), the following considerations should be taken into account:
1. Large groups of pixels have been moved in different directions (this maintains the back-scattering character-
istics of the area).

Figure 3. Differential Interferogram image (ERS-2, 11-6-96/6-7-99) of Nisyros Island (Magnitude & Phase).
One fringe is visualized as a cycle of gray levels intensities.

2. Distinct fringe patterns are observed in areas of fairly good coherence. The areas 1 and 2 (Fig. 2), included in
the black oval lines, correspond to fairly good coherence. The fringes in these areas correspond to surface
displacement in the slant range, during the period of the dates of acquisition of the two scenes. In the area 1
(Nikia rhyolites), two non-completed fringes could be recognized, while in area 2 (Prophitis Helias dacites)
there are two fringes. The two sites display different pattern of the fringe distribution and phase, which is
increasing from the inner part to the outer of the island in both cases. The third oval line (Fig. 2), at the NW
part of the island (corresponding to a medium to low coherence), shows one or two fringes. It is located in
Mandrakion village, an area where the reactivation of an older known fault caused damages in buildings.
There is, however in this case, an uncertainty to accept the marked fringes as actual deformation, due to the
low coherence prevailing in that area.

It is very difficult to relate the deformation of the interferogram to vertical or horizontal movements using
only the DInSAR data. Geodetic data (DGPS) and geological field observations are generally needed for com-
parison. After the confirmation of the type of displacement it should then be possible to define the quantity of
the deformation. In the eastern part of the island the fringes follow the morphology, while the phase is increas-
ing from the inner part to the outer. In the western part the fringes are less related to the morphology and the
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phase is increasing from the inner to the outer part, meaning that in both cases the deformation is higher at the
outer part. According to the Mogi’s model, this happens in the case of horizontal movement for the first four
kilometers in distance from the center of the volcano. Additionally, the eastern block seems to move towards
east, and the western one towards southwest. The displacement could be quantified; each fringe represents 28
mm of displacement along the line of sight (the range direction) of the radar beam. The western therefore part
would have been displaced about 60 mm, while the eastern part about 50 mm. These figures and the general
picture of deformation resulting from the DInSAR analysis seem to be compatible with the DGPS observations
(Lagios 2000) already existing in the island.
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SEISMIC POTENTIAL OF FAULTS IN THE GRANADA BASIN
(BETIC CORDILLERA, SPAIN)
PELAEZ MONTILLA, J.A.', SANZ DE GALDEANO, C." AND LEPEZ CASADO, C.’

ABSTRACT

A fault database has been created for the Granada basin (S Spain) concerning seismic potential in this area.
The fault lines have been entered as well as their geometry and displacement rate, when known from accumu-
lated displacement. Empirical relationships have been used between the length or surface of the faults and the
maximum magnitude that they can generate. No palaeoseismic recurrence intervals are known, nor palaeoseismic
estimates for displacements during earthquakes.

KEY WORDS: Seismic potential of faults, Granada basin, Betic Cordillera.

1. INTRODUCTION

The Granada basin is one of the most active seismic zones of the Iberian Peninsula, in terms of both the
number and size of earthquakes. Historically, some of the most destructive earthquakes in the Peninsula took
place in this region. Therefore, many studies have been made to calculate seismic hazard, making the informa-
tion in this zone one of the most complete and of the best quality in Spain.

In the present work, a database has been established to indicate the fundamental characteristics of the faults
in this region, both geological and in terms of seismic potential. This database is meant to serve future evalua-
tions of seismic hazard, as in other works (e.g. WGNCEP, 1996; CDC-DMG, 1996).

2. METHODOLOGY

The study began with the cartography of the set of faults known in the Granada basin, using the geological
maps of the region, though the fault lines have in many cases been corrected with our own data. The main
information that was added is indicated below.

Fault lines and total length. The location of each fault and their trace on the surface are needed in any
evaluation of seismic hazard, as well as in determining different derived geometric parameters, such as the total
fault length. Given that generally no other type of reliable information (seismic or palacoseismic) is available,
the total length of the fault determined from its trace is considered the greatest rupture capable of generating
the fault. Hence, this value is used to work with relationships between the length of the rupture and the magni-
tude.

The database was started with a set of 507 faults which are prone to generate earthquakes or potentially
active. Their distribution is shown in Figure 1.

Fault depth. In contrast to previous works in which similar efforts were made to study the seismic potential of
other areas, and where the lack of information makes it necessary to consider all the faults of equal depth, in the
present work, we seek to establish, if not the depth of each fault, at least a minimum value. In order to do so, we
used associated seismic data, seismic profiles and known geological data. The obtained estimates may have a
significant error.

From this value, together with the length and dip, we estimated a lower limit for the fault-plane surface,
which was also used to estimate the maximum magnitude that the fault could generate. The dip used was that
detected on the surface, but numerous faults in the Granada basin have listric geometry. This circunstance has
been taken into account in some cases.

Slip rate. To calculate this parameter, we considered the displacement, generally vertical, undergone by
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Figure 1. Distribution of the faults in the Granada basin and its surroundings, digitized for this work, which are
potentially active.

various reference levels. The most frequently used is that of Tortonian marine calcarenites deposited some 8
Myr and which now reach diverse heights in the basin. The estimate of this motion and the time involved gives
average values of the rate of the fault displacement. In some cases, the Pleistocene levels enable the determina-
tion of displacement values. In some cases, directly tectonic features (escarpment height) and geomorphological
characteristics provide estimates of slip rate of the fault blocks.

Maximum magnitude. To estimate the maximum magnitude that each fault is capable of generating we used
different relationships between the maximum magnitude and the length or surface area of the fault. It was also
possible to include these in the estimate of the maximum magnitude of the slip rate, as proposed in recent works.
In this way, we calculated several values that enable us to verify the consistency of the results.

We estimated the error of the maximum magnitude obtained. For this, given that the parameters appearing
in the different lineal relationships proposed are accompanied by their respective variance, simulations were
performed using the Monte Carlo method when determining the variance of the estimated result.

The relationships used were: first, that proposed by Wells & Coppersmith (1994) between the moment
magnitude (M) and the length of the surface rupture (/)

M, = a+ b-log(l) (1)
Also, we used the one proposed by these authors between the moment magnitude and the rupture area (4)
M, = a+ b-log(A) (2)

This latter relationship is statistically more robust than the former, in the sense that a greater number of
earthquakes was used to estimate the parameters and to establish the relationship, and as a result the errors
were slightly lower.

Finally, we also used the relation proposed by Anderson et al. (1996) between the moment magnitude, the
length of the surface slip and the slip rate v of the fault

M =a+ b-log(l) — ¢ -log(v) (©))

w
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With this relationship, since it includes the fault-slip rate, we attempt to improve the fit between M, and /,
reducing somewhat the maximum magnitude expected for faults with high slip rates.

Return period. 1t would be desirable to determine the return period for a given magnitude using the
palaeoseismic information by studying the displacements detected in the fault and taking into account the ep-
ochs on which these occurred, but in this region such information is scant.

To calculate the return period ¢, we used an approximation based on empirical relationships. The expression
used was

t =00 (4)

where v is the slip rate, known for at least the main faults in the region. This is determined from the displace-
ment detected in the fault during a given time interval, although in some cases it is not the current value for this
variable. The variable D is the average coseismic slip, which again would be useful to know in the fault from
palaeoseismicity (movement that has generated a certain earthquake in the fault). From the definition of seis-
mic moment (M)

M, =u-A-D (5)
wherep is the rigidity modulus an 4 the surface rupture, we can calculate the displacement D that caused an
earthquake with seismic moment M_, or, what is equivalent, we can use the known relationship of Hanks &

Kanamori (1979)
M, = 2logM - 10.7 (6)

w
to calculate the value of D that causes an earthquake of moment magnitude M, .

With a plot representing for a given fault the logarithm of the return period against the moment magnitude,

in all cases we find a straight line with a 3, slope (the inverse of the slope in the relationship between M, and

logM ) and where the ordinate at the origin is a function of the logarithm of the product A-v.
The slip rate, although having little influence on the maximum magnitude that a fault may generate, consid-
erably affects the change in the return of a given earthquake, since it will reach before the average coseismic slip.

3. RESULTS: FAULTS WITH THE HIGHEST SEISMIC POTENTIAL AND SLIP RATE

Table 1 shows the potentially most dangerous faults in the Granada basin. For each fault the type is indi-
cated as well as the total length of the surface line(!), depth (d), dip(d), fault-slip rate (v), maximum magnitude
capable of being generated together with its variance, period of return (¢) calculated/estimated for the magnitudes
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Figure 2. Return period (t) as a function of the moment magnitude (M,) for the faults in the Granada basin
where a smaller value of this variable has been obtained. The curves has been plotted up to the maximum
magnitude that the fault is able to produce.
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6.0 and 6.5 M, , and towns near the fault line.

Figure 2 shows the return period as a function of the magnitude for the faults in Table 1, in which a lower
value for this variable was found. Because of the lack of data for the slip rate in some faults, the return periods
could not be determined in those cases.

According to these results, the maximum magnitude expected is of the order of 6.9 M_in the case of the fault
called Iznalloz, which has a length of about 19 km. Many other faults could also generate magnitudes exceeding
6.0. However, the faults that present higher slip rates are, from north to south, those known as: Obuilar-Pinos
Puente, Pinos Puente, El Fargue-Jun, Granada, Belicena-Alhendvn, Dvlar, Padul, Padul-Dircal and Lanjaron.

4. CONCLUSIONS

The present work provides an assessment of different parameters of faults in the Granada basin related to
their seismic potential, although this evaluation has certainly some limitations. First, the existing network of
faults is not completely known, because there are faults that are not visible on the surface. Nevertheless, we
believe that the main faults are included in this work. Another limitation, discussed above, is that in general, we
do not know in depth the geometry of the faults, as well as their continuity or variation in dipping. The lack of
general palaeoseismic data hampers estimates of the return periods.

Overall, the final results show the average return periods that can be expected in the Granada basin, also
indicating the main faults that are currently active. These, from north to south are: Obuilar-Pinos Puente, Pinos
Puente, El Fargue-Jun, Granada, Belicena-Alhendvn, Dvlar, Padul, Padul-Dircal and Lanjaron. Many of these
faults could conceivably produce earthquakes with magnitudes exceeding 6.0 M, (I, = IX), though this is not
the expected scenario, as energy is dissipated in earthquakes of lower magnitude, as it appears to happen in the
Granada-Sierra Elvira area.
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STRUCTURAL AND NEOTECTONIC FEATURES OF THE PERIADRIATIC
DEPRESSION (ALBANIA) DETECTED BY SEISMIC INTERPRETATION

JANI SKRAMI

ABSTRACT

The Periadriatic Depression includes the western Lowland of Albania from Vlora to Ulqini.

The Periadriatic basin, formed after the main folding and thrusting of Ionian zone, is filled with molasse
deposits. The molasse formation building this Depression is made up by Middle Miocene up to Pliocene sediments.

The Periadriatic Depression extends on its eastern and southern bordes over folded and thrusted structures
of the Ionian and Kruja Zones.

The folding and thrusting of Periadriatic Depression is finally due to the Early Pleistocene compressional
phase that is evidenced by some important structural unconformities.

The Periadriatic Depression is built by some linear relatively narrow anticlines, superimposed over thrust or
backthrust faults, and wide synclines.

The Mio-Pliocene anticlinal folds generally do not outcrop with all their tectonic elements (flanks,periclines).

The positive structures of western coastal part are well expressed on the relief; so, the anticlines here build
hills while the synclines are buried under Holocene plains between them.

The structural and neotectonic features are evidenced in the seismic lines.

1. INTRODUCTION

This paper deals briefly with the contribution of seismic data in evidencing the neotectonic features on
Periadriatic Depression.

The author of this paper, working in the framework of his D.Sc.Thesis (in Albanian): “Neotectonic elements
on Periadriatic Depression deduced from seismic data”, as well as in preparation of the Neotectonic Map of
Albania in scale 1:200 000 (1995), sponsored by the Committee of Science and Technology of Albania, has
obtained many geological data from the interpretation of seismic lines carried out during the last decade. The
exploratoty seismics, discovering the deep structure of Periadriatic Depression, gives us a lot of geological infor-
mation. The entire morphology of Mio-Pliocene anticlinal and synclinal folds, part of which has been buried
under Quaternary deposits, as well as the tectonic faults have become evident by the seismic lines. There have
been observed thrust faults which complicate the flanks of anticlinal folds.

In this paper through different examples on seismic lines, we will show the types of logitudional faults,
detected in Periadriatic Depression and their origin.

The Mio-Pliocene anticlines in Periadriatic Depression are superimposed over thrust or backthrust faults.
Some of these faults represent the “flower” structures of “palm tree” type.

2. GEOLOGICAL SETTING

The Periadriatic Depression includes the western part of the External area of the Alpine folding, that are
called the Albanides and represent the geological structures that lie on the territory of Albania. They are located
between Hellenides in the South and Dinarides in the North, which together form the Dinaric branch of the
Mediterranean Alpine Belt. Albanides are divided in two paleogeographic zones: the Inner Albanides (that
consist of Korabi, Mirdita and Krasta-Cukali zones) and the Outer Albanides. The Outer Albanides include the
Albanian Sedimentary Basin (Kruja, Ionian and Sazani zone and Periadriatic Depression) with a thickness up to
15 km. (Frasheri A.,1996) (Fig.1)

The Preadriatic basin is located in the western part of Albania, from Vlora to Ulqini, it is formed since
Serravalian, subsequently to the main folding and thrusting of Ionian zone and is filled with molasse from Mid-
dle Miocene up to the end of Pliocene.

The seismic lines have evidenced that the Miocene molasses transgressively and with strong angular
unconformity overly Ionian and Kruja folded structures, mainly along the eastern and southern margins of
Periadriatic Depression (Aliaj, 1988,1994; Skrami J.& Aliaj Sh, 1995) (Fig. 3,4,6).
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These structural unconformities express the compressive phases that occured during Mio-Pliocene and Plio-
Quaternary boundary on Periadriatic Depression. The folding and thrusting of Periadriatic Depression is finally
due to the Early Pleistocene compressional phase. As the result of the last tectonic phase, the Quaternary
deposits horizontally overly with unconformity the folded Mio-Pliocene structures of the Periadriatic Depres-
sion (Skrami J.& Aliaj Sh, 1995).

The Preadriatic Depression is built by some Mio-Pliocene linear relatively narrow anticlines and wide synclines,
which from the west to the east are as follows: Povelna-Semani anticline (Fig.2,4,10), Karavasta syncline (Fig.2),
Panaja-Frakulla-Ardenica-Divjaka-Kryevidhi-DurrAsi anticline line (Fig.2,8,4,5,7,9,3), Myzeqe syncline
(Fig.2,4,5,7), Lushnja-Golem-Kavaja anticline line (Fig.2,7), Erzeni i PoshtAm syncline (Fig.2,3), Preza monocline
and Tirana syncline (Fig.3).

The Adriatic shoreline obliquely cut the northwestern prolongation of the Mio-Pliocene structures. These
structures in the seawaters are buried under the marine Quaternary deposits.

The Mio-Pliocene anticlines are superimposed over thrust or backthrust faults, detected by means of the
exploration seismic (Fig.2,3,4,5,7,8,9). Some of these faults represent the “flower” structures of “palm tree” type
(Fig.5,7,8) (Aliaj Sh.,1988; Skrami J. & Aliaj Sh.,1995).
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Fig.1. Tectonic map of Albania with the posistions of Fig. 2. Structural scheme for the Pliocene base.

seismic lines.
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3. THE NEOTECTONIC STRUCTURE ON PERIADRIATIC DEPRESSION
3.1. STRUCTURAL UNCONFORMITIES AND THE COMPRESSIVE PHASES DETERMINED BY THEM

Three main structural unconformities are well evidenced from the seismic data:

a.- The unconformity between the Mio-Pliocene molasses and underlying folded flyschs and carbonatic deposits
of Kruja, Ionian and Sazani zones.

The seismic lines of the Eastern and Southern part of the Periadriatic Depression (Tirana, Marinza and
Selenica areas) clearly show that the Miocene molasse overlies with strong unconformity and transgressively the
folded structures of Ionian and Kruja zones (Skrami J.,1999).

This structural unconformity testifies the pre-Serravalian (pre-molasse) compressional phase that has caused
the folding and thrusting of the External Ionian zone.

The Pliocene molasse transgressively overlies and with angular unconformity on the margins of Periadriatic
Depression the deposits of Kruja, Ionian and Sazani zone too (Fig. 3,4,5,6).

b.- The unconformity between the Pliocene molasse and the Miocene molasse.

The Pliocene molasse overlies with strong unconformity the Upper Miocene molasse in the eastern flank of
Myzeqe and Erzeni i Poshtem synclines. On the seismic lines of Durresi and Preza backthrusts is seen that the
Pliocene molasses transgressively overlies with slight unconformity the Upper Miocene molasse (Fig. 3,4,5).

On Povelna area this structural unconformity is more evident: in the seismic line the strong angular
unconformity between Pliocene and Miocene molasses is very well observed (Fig.4). It is verified from drilling
data.

The above-mentioned structural unconformity testify the compressional phase at Miocene-Pliocene bound-
ary, probably at the end of Late Miocene, the first one causing the slight deformation of Miocene molasses in
Preadriatic Depression, as well as the folding of Sazani zone.

¢.-The unconformity between the Quaternary deposits and the Pliocene molasse.

The Quaternary deposits are widely developed in the Periadriatic Depression they have a maximum thick-
ness of 150-200 m. onshore and are horizontally lying on Mio-Pliocene folded molasses

On the Durresi offshore seismic line it is very well seen that the marine Quaternary deposits horizontally
overlie the strongly folded Mio-Pliocene molasses (Fig. 11).

This unconformity testifies the Lower Pleistocene compressional phase, which has caused the final strong
deformation of Mio-Pliocene molasses in Preadriatic Depression.

Fig. 7. Seismic line in Divjaka - Lushja region. The
“flower” structure faults of “palm tree” type of
Fig. 6. Seismic line in southern part of Periadriatic Divjaka anticline, the thrust fault in Lushnje-Kavaja-
Depression the unconformity between Miocene Golem anticline line and the slight unconfornity
molasses and underlying folded flysch and carbonate between the Miocene molasse and the flysch deposits of

deposits of Ionian zone is shown. Ionian zone is shown.
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Here it is also well observed that the Durresi backthrust cuts even the marine Quaternary deposits, which
are deformed in accordance with the underlying top of Mio-Pliocene molasses. These data demonstrate that the
compressional deformations are still acting in present days, although not so strongly as before.

3.2. THE FOLDS

The folded structure of the Preadriatic Depression is due to two compressional phases: the one, weakest, at
Miocene-Pliocene boundary and the other, the strongest one, in Early Pleistocene.

As the result of the last tectonic phase, the Quaternary (marine or continental) deposits horizontally overlie
with unconformity the folded Mio-Pliocene structures of the Preadriatic Depression. The compressional defor-
mations are following up to the presentdays.

The Preadriatic Depression is built by some Mio-Pliocene linear relatively narrow anticlines and wide synclines,
which from the west to the east are as follows: Povelna-Semani anticline, Karavasta syncline, Panaja-Frakulla-
Ardenica-Divjaka-Kryevidhi-Durrhsi anticline line, Myzeqe syncline, Lushnja-Golem-Kavaja anticline line, Erzeni
i PoshtAm syncline, Preza monocline and Tirana syncline.

In (Fig.8), there is presented the anticlinal structure of Frakulla situated over a “flower” structure of faults,
among which the western overthrust is primary.

In Ardenica anticlinal structure (Fig.5), the primary fault is that which complicates its eastern flank, with a
western dip 60°-70°. It intersects the whole Pliocene thickness. In the western flank of Ardenica structures there
are observed some of small amplitude, with an eastern dip, which intersect only the deposits of Pliocene base
and a little bit above it, forming “flower” structure of fault.

The Adriatic shoreline obliquely cut the northern and northwestern prolongation of the Mio-Pliocene struc-
tures, which in the seawaters are buried under the marine, Quaternary deposits.

The positive structures of the western coastal part are well expressed on the relief, except the Povelna-
Semani anticline buried under Quaternary deposits (Fig.4); so, the anticlines build hills, while the synclines are
buried under Holocene plains between them.

The Mio-Pliocene anticlines are superimposed over thrust or backthrust faults, detected by means of the
exploration seismics. Some of these faults represent the “flower” structures of “palm tree” type.

1000

Fig. 9. Seismic line in Kryevidhi region. The backthrust fault in Kryevidhi anticline is shown.
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Fig. 11. Seismic line in Durresi offshore. The unconformity between the Quaternary deposits and the Pliocene
molasses and the backthrust fault are shown.

3.3. LONGITUDINAL FAULTS

The geological structure of the Periadriatic Depression is well known from the exploration seismics carried
out on its territory. The last years the exploratory seismic is also performed by foreign companies in Albanian
Adriatic and Ionian offshore.

Geologists on usually do not mark the faults on the geological maps of the Periadriatic Depression, because
they are not visible, on the surface. Generally, we must say that almost all the faults on the Periadriatic Depres-
sion are detected from the seismic data.

Below, through different examples in seismic lines, in Periadriatic Depression, we will show the main types
of longitudinal faults: thrusts and backthrusts, some of which are the “flower” structure faults of “palm tree”
type.

Along the Panaja-Durrhsi anticline line, over 100-km long, thrust and backthrust faults are evidenced.
“Flower” structures of “palm tree” type also observed. (Aliaj Sh.1988; Skrami J.et al,1994).

So, in Frakulla, Ardenica and Divjaka anticlines the “flower” structure of “palm tree” type are observed. As
they are very well seen on the seismic line, the “flower” structure faults cut all the section of Pliocene molasses
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up to the earth surface. The thrusts and backthrusts cut all the thickness of Miocene molasses, while the second-
ary minor faults cut only partially upper part of Mio-Pliocene molasses, as a rule(Fig.8,5,7). This is a direct
testimony for the post-Pliocene timing of the formation of the “flower” structure faults (Skrami J.et al.,1994).

In Frakulla and Divjaka anticlines the main fault is the eastdipping one of thrust type (Fig.8,7), whereas in
Ardenica and Kryevidhi anticlines, the main fault, a weastdipping one, is of backthrust type (Fig.4,5,9)

In Durresi anticline and Preza monocline, in seismic lines, they are not observed the “flower” structures of
fault but the backthrust fault type (Fig.3)

In seismic lines across the Frakulla-Durres anticline line, it is evidenced a remarkable difference in the
thickness of molasses deposits passing from one side to the other of the thrusts or the backthrusts (Skrami J &
Aliaj Sh., 1995). Miocene molasses deposits in Myzeqe syncline are around 1500 m. thick, while to the west of
Ardenica backthrust they are over 4000 m. thick (Fig.6). Almost the same thickness difference of Miocene
molasses is observed in Preza backthrust, passing from Tirana syncline in the east to the Preza monocline to the
west (Fig. 3).

The thickness of Pliocene molasses is around 1000 m. in Myzeqge syncline, while it is around 2000 m. in
Karavasta syncline, to the west of Ardenica backthrust (Fig.3,4,5,7)

These data demonstrate that the above-mentioned backthrusts (Ardenica and Preza) have functioned as
synsedimentary normal faults during the accumulation of Mio-Pliocene molasses (Aliaj Sh, 1988).

In “flower” structures, the main faults (thrust or backthrust ones) cut all the thickness of Mio-Pliocene
molasses, even the basement of the molasses depression, while the secondary minor faults only partially cut the
upper part of the Mio-Pliocene molasses, not reaching the earth surface, generally.

The above-mentioned data favor the interpretation that the inversion of synsedimentary normal faults into
thrusts or backthrusts is due to the post-Pliocene compressional phase. Thrusts or backthrusts are formed de-
pending respectively upon the eastdipping or westdipping planes of pre-existing synsedimentaty normal faults
(Skrami J & Aliaj Sh.,1995).

Generally we have to say that, all the faults, observed in the seismic lines on Preadriatic Depression, are
active in now-days.

4. CONCLUSIONS

According to the geological interpretation, the seismic data these structural and neotectonic features are
evidenced on Periadriatic Depression:

The Periadriatic Depression is located in the western part of the External area of the Alpine folding, is
formed since Serravalian, subsequently to the main folding and thrusting of the Ionian zone and is filled with
molasse from Middle Miocene up to the end of Pliocene
1- The Periadriatic Depression is built by some Mio-Pliocene wide synclines and linear relatively narrow anti-

clines, which are superimposed over thrust and backthrust faults, some of them present the “flower” struc-

tures of “palm tree” type.

2- The positive structures of the western coastal part are well expressed on the relief, the anticlines build hills,
while the synclines are buried under Holocene plains between them.

3- The Mio-Pliocene anticline folds do not outcrop with all their elements whereas the synclinal structures are
buried under Quaternary deposits.

The tectonic faults are especially unobservable by surface geology.

4- Three main structural unconformities and the compressive phases determined by them are evidenced in
seismic lines:

a.- The unconformity between the Mio-Pliocene molasses and underlying folded flyschs and carbonatic deposits
of Kruja, Ionian and Sazani zones.

This structural unconformity testifies the pre-Serravalian (pre-molasse) compressional phase that has caused

the folding and thrusting of the External Ionian zone.

b.- The unconformity between the Pliocene molasse and the Miocene molasse.

This structural unconformity testify the compressional phase at Miocene-Pliocene boundary, the first one

causing the slight deformation of Miocene molasses in Periadriatic Depression, as well as the folding of

Sazani zone.

c.- The unconformity between the Quaternary deposits and the Pliocene molasse.

This unconformity testifies the Lower Pleistocene compressional phase, which has caused the final strong

deformation of Mio-Pliocene molasses in Periadriatic Depression.
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The compressional deformations are following up to the present-days.
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THE MARKOV MODEL AS A PATTERN
FOR EARTHQUAKES RECURRENCE IN SOUTH AMERICA
T.M. TSAPANOS'

ABSTRACT

The well known stochastic model of the Markov chains is applied in south America, in order to search for
pattern of great earthquakes recurrence. The model defines a process in which successive state occupancies are
governed by the transition probabilities pij, of the Markov process and are presented as a transition matrix say P,
which has NxN dimensions. We considered as states in the present study the predefined seismic zones of south
America. Thus the visits from zone to zone, which is from state to state, carry with them the number of the zone
in which they occurred. If these visits are considered to be earthquake occurrences we can inspect their migra-
tion between the zones (states) and estimate their genesis in a statistical way, through the transition probabili-
ties. Attention is given in zones where very large earthquakes with Ms>7.8 have occurred. A pattern is revealed
which is suggested migration of these large shocks from south towards north. The use of Monte Carlo simulation
verify the defined pattern.

ZYNOWH

To otoyaotxd poviého twv Mapxoflavdv alvcidwv eQaouéoTre 0T VOTLO. AREQLXY] HE OROTO TNV
drepevivnon VraEng mbavol poviéhou yia Ty yéveon peydhwv oswopdv. To poviého Markov xaBopiter wa
drodueaoio Grov ot SLodoYIrES RATOMPELS TV RATAOTAOEWY E0QTAVTOL atd TLg BVt TES HETAPaong pij,
oV Magxofawvot poveéhov xou taovotdtovron ooy mivaxes petdfaong, m.x. P, ov omoiot €xovv NyN dwaotdoeis.
v nagovoa EQYasic OEWEOUNE OOV RATACTACELS TG TEORADOQLOUEVES OELORES CAVES TNG VOTLOG APEQLRYG.
Etou ou petofdoeis and Ladvn og Lavn, Oh. and ratdotaon oe ®atdotoon, HETAPEQEL TOV aELBus g Tovng
and ) omoia mponABe. Av Beworiooupe aUTég Tig UETAPATELS CaV YEVEDY OELOUOT UITOQOUNE EUXOAQ V.
TOQAKOAOVOOOVUE TNV HETAVACTEVONTWV OELOUMY HETOED TWV TWVEHV Raw VO EXTIUIICOVPE TNV TBavITHTO TNG
yévearis tovg péom twv mbavorjtwv petdfaons. Idwaitepn mpocoxy d6Onxe ot Ldveg Grmov €xouvv oupPel
ueyahotr oswopoi pe péyebog Mo27.8. Bpébnue dtu oL oglopoi avtoi ovpfaivouv axorovddviag va xwowrd
novtéro, SnA. Eextvoiv amd Tov viTo pe rotetBuvon to Boped. Télog xenotpomouiBnxe n néBodog mpocopoiwong
Monte Carlo yia va yiver 1 arodoyii Tou povtélov autoy.

KEY WORDS: Markov model, transition probabilities, south-north migration pattern, south America.

1. INTRODUCTION AND DATA USED

The most common model for earthquake occurrence is the Poisson one which assumes spatial and temporal
independence of all earthquakes including great events. For example the occurrence of one earthquake does not
affect the likelihood of a similar earthquake at the same location in the next time unit.

Among other models, Markov chain is an alternative probabilistic model of earthquake recurrence, with
various applications. The Markov process has a basic property which is the memory of one-step. According to
this property the probability of being in some state j at a future time is deduced from the knowledge of the state
i at an earlier time t and is-independent of the history of the process up to time t (Anagnos and Kiremidjian,
1988). Vere-Jones (1966) and Knopoff (1971) applied the continuous-time and continuous-state Markov proc-
ess to describe aftershock sequences as well as sequences of main events followed by aftershocks, respectively.
Vagliente (1973) proposed a two-state

Markov-chain for earthquake occurrence in specific time interval. Lomnitz-Adler (1983) used a simulation
of Markov model to give a simplified representation of the spatial distribution of earthquakes on adjacent
faults. In such formulation the energy or stress levels constitute the states of the process. Steps from one state to
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another imply the occurrence of earthquakes and are described by the transition probabilities (Anagnos and
Kiremidjian, 1988).

The time span covered in the present study is 1899-1992. For this purpose a catalogue of events was con-
structed taking into account the earthquakes listed in the catalogues of: a)Gutenberg and Richter (1954), b)
Rothe (1969) and c) the ISC bulletins from 1964 up to 1992. This catalogue is improved considering the magnitudes
given by Pacheco and Sykes (1992). The present study is restricted to strong (M=6.5) and shallow (h=60 km)
earthquakes. Often such earthquakes are responsible for heavy damages and casualties.

In the present study a methodological proposal is made in order to observe the spatial distribution of the
earthquakes in south America, searching in this way for a pattern for shocks recurrence. The pattern can easily
revealed following the transition probabilities obtained through the Markov process.

2. METHOD APPLIED

Markov models are useful in describing a unique type of dependence in a sequence of events. For these
models a state space E={1,2,3,...,N} is defined such that the state may corresponds to various quantities. This
process {X(t), t>0} describes the visits to these states which is the Markov-chains process. Anything can be
considered as a state in the Markov model, i.e. stress or energy release levels or magnitudes of earthquakes, etc.
In the present work as states are defined the seismic zones in which the investigated area is divided, following a
modified version of Papadimitriou (1993) zonation, and is coincided with the zones defined by Galanis (2001).
The zones which are considered are six. So we have 6 states.

Let pij be the probability that Markov process, which entered state i on its last transition, will enter state j on
the nest transition and is computed by the maximum likelihood estimators. The transition probabilities which
completely determine the Markov process must satisfy the following properties:

Pl_] 2 0 = 1,2,3,...N _’ = 132539---N (1)
N

and d.p=1 @
j=1

where N is the total number of states in a system.
Whenever the process enters a state i the likelihood that it will go to state j in the next step is determined
by the transition probability pij, which can be estimated by:
Py = 3 3
i 3)
where nij is the observed number of the transitions from state i to state j and nl is the observed number of
transitions from state i to all possible states.
The frequency of visits in every state and the transition probabilities between the states can be expressed
through the transition probability matrix. A frame work of a transition matrix (2x@) is presented below:

state 1 state 2 row total
state 1 n, n, n,
p 11 plZ
state 2 n, n, n,
le pZZ

In this matrix, the frequency of transitions in every state and the transition probabilities between the states,
are demonstrated. Symbols n ,...,n,, denotes frequency of visits in every state, while p, ,...,p,, are the corre-
sponding transition probabilities of visits from state i to state j and n, and n, represent the total number of visits
in every row.
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3. APPLICATION OF THE MODEL: A PATTERN FOR THE SPATIAL DISTRIBUTION OF THE EARTH-
QUAKES

The area of south America is one of the most seismically active regions of the world. It is bounded between
the latitudes 47°S-0° and longitudes 850-650W. The spatial distribution of earthquakes in the examined area and
the number of each zone (state) is depicted in Figure (1). The whole are has experienced severe and catastrophic
earthquakes (M=>7.8).Six of them (with M>7.8) occurred in the present century. Temporally they occurred in
1906 with M-8.0, in 1922 with M=8.1, in 1942 with M-8.0 and the largest of the present century in 1960 with
M=8.5. two events equal to 7.8 occurred in 1906 and 1985. The places (zones-states) of their occurrence are
illustrated in Figure (2).

The assumption made is that, if every one of the examined zones is considered to be a state in the Markov-
process, then every shock which occurs in each one of them will be characterized by the number of the zone.
Then we can check the spatial occurrence of strong earthquakes in a quantitative way because the visits (which
are considered as occurrence of earthquakes) from on state to another can be expressed through the transition
probabilities. The frequency of visits in every zone and the transition probabilities are presented in Table (1).

Table 1. Frequency of visits (earthquake occurrence) and the transition probabilities (in parenthesis) of strong
earthquakes (M2>6.5) occurrence in the zones of south America. The probability estimators are multiplied by 100.

1 2 3 4 5 6 row total
1 1(7.1) 1(7.1) 2(14.3) 4(28.6) 4(28.6) 2(14.3) 14
2 1(10.0) 1(10.0) 1(10.0) 3(30.0) 3(30.0) 1(10.0) 10
3 4(22.2) 1(5.5) 3(16.7) 3(16.7) 3(16.7) 4(22.2) 18
4 3(15.0) 3(15.0) 7(35.0) 2(10.0) 2(10.0) 3(15.0) 20
5 2(12.5) 3(18.8) 4(25.0) 3(18.8) 4(25.0) 16
6 3(16.7) 4(22.2) 2(11.1) 2(11.1) 2(11.1) 5(27.8) 18

A careful look in Table (1) shows that zones 1,2,3 have high transition probabilities for a north-south migra-
tion of earthquakes with M>6.5. This is in accordance to Kelleher’s (1972) observations, who suggested a north-
south migration in the same area. On the other hand zones 4,5,6 demonstrate a tendency for a south-north
migration. More clear observations are illustrated when we consider only large (M>7.0) earthquakes. In Ta-
ble(2) we tabulated the frequency of visits, as well as the transition probabilities in every zone.

Table 2. Frequency of visits (earthquake occurrence) and the transition probabilities (in parenthesis) of large
earthquakes (M27.0) occurrence in the zones of south America. The probability estimators are multiplied by 100.

1 2 3 4 5 6 row total
1 1(20.0) 2(40.0) 1(20.0) 1(20.0) 5
2 1(16.7) 2(33.3) 3(50.0) 6
3 1(12.5) 1(12.5) 2(25.0) 1(12.5) 3(37.5) 8
4 1(7.1) 2(14.3) 4(28.6) 2(14.3) 2(14.3) 3(21.4) 14
5 2(25.0) 3(37.5) 2(25.0) 1(12.5) 8
6 3(23.1) 4(30.7) 1(7.7) 1(7.7) 2(15.4) 2(15.4) 13

We can conclude from Table (2) that zone 1 (state 1) is most likely to move into zone 4, while zone 2 shows
a preference to visit zone 5. High transition probabilities are observed of the order of 40.0% and 50.0%, respec-
tively. High (37.5%) transition probability is shown when zone 3 moved to zone 6. Also probabilities less than
40% but still higher than others in the row are observed for the zones 4, 5 and 6. A transition probability (28.6%),
which is distinguished from the other ones, is demonstrated when zone 4 visits zone 3. Steps of zone 5 to zone 4
and of zone 6 to zone 2 are observed with high transition probabilities, which are 37.5% and 30.7%, respectively.
It is important that one and only one distinguish transition probability value corresponds to a particular visit, for
earthquakes with M>7.0.
We remind that, we seek for a pattern of spatial distribution of large (M>7.0) and very large (M>7.8) earth-
quakes in the area. The number of shocks having magnitudes M>7.8 is very limited for a Markov process modeling.
However, we can assume that the conclusions derived for earthquakes with M>7.0 are valid and for the largest
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events (M>7.8) as well. We also observed that the total number of the steps (visits) in Table (2) is not large
enough, 54 transitions are counted.

For these reasons the Monte Carlo simulation technique is applied. The essence of the Monte Carlo ap-
proach is very straightforward. Since the seismic source model describes as completely as possible, both spatially
and temporally, the way in which earthquakes occur in a region, it is a fairly straightforward matter to use the
model to generate synthetic i.e. random Markov’s chains trajectory, using the matrix of probabilities which we
have here obtained as an estimate from the real data. Although this is not a new method, it is very useful in cases
where the number of the data are poor. A sample with length of 10000 trials (the trial includes 54 time steps) is
considered for obtaining the synthetic transition matrix of the Markov model for the 54 earthquakes tabulated
with magnitudes M>7.0.

Table (3) is a synthetic matrix which presents the estimations through Monte Carlo realizations of the Markov
chain. This is the mean matrix of transition probabilities for 10000 trials. Every cell in this matrix contains a
reliable estimates of the probability of transition.

Table 3. A synthetic matrix (10000 steps) of transition probabilities for occurrence of earthquakes with M>7.0 in
the zones of south America. The probability estimators are presented.

1 2 3 4 5 6
1 0.1993 0.3992 0.2045 0.1970
2 0.1407 0.3389 0.5204
3 0.1277 0.1154 0.2497 0.1249 0.3824
4 0.0723 0.1441 0.2893 0.1334 0.1441 0.2166
5] 0.2589 0.3834 0.2303 0.1273
6 0.2330 0.3164 0.0755 0.0776 0.1556 0.1419

The synthetic outputs from Table (3) is in very good agreement with the obtained results from Table (2). They
indicated that the transition probabilities adopted for large earthquakes with magnitude M>7.0 are valid and there
is no dependence on the number of the steps, given that small number of steps are revealed in Table (2).

Now taking into account the transition probabilities of Table (2) and the occurrence of very large shocks
with M>7.8 (Fig. 2) in the six zones some interesting results can be derived. An earthquake with M=8.0 occurred
in 1906 in zone 5 (state 5, 330S-720W). According to Tables (2) the highest transition probability of 37.5%,
indicates a step towards zone 4 (state 4). The next earthquakes occurred in 1922 in zone 4 (state 4, 28.50S-
71.50W) and it is in accord to the probability of transition which appeared in Table (2). Visit from zone 4 (state
4) to zone 3 (state 3) shows transition probability of 28.6%, and this comes true with the earthquake of M=8.0
followed in 1942 in zone 3 (state 3, 14.50S-74.80W). We believe that, at this time, the pattern stopped going
northwards. Both picks of high probability 37.5% and 25.0% (Table 2) in the row, indicated a southwards
migration. Zone 3 (state 3) is most likely to move in zone 6 (state 6), with transitions probability of 37.5%,
where the earthquake of 1960 with M=8.5 (38.10S-73.30W) occurred. According to the transition probability
30.7% derived from Table (2 ) we expected the next earthquake occurrence in zone 2 (state 2), where in 1966 an
earthquake with magnitude M=7.8 (10.90S-78.80W) occurred. The trend of the pattern for northwards continu-
ation is again terminated. From zone 2 (state 2) there are high probability 50.0% (Table 2) for visiting zone 5
(state 5). We believe that the pattern for a south-north migration of earthquakes occurrence began again with
the genesis of earthquake in 1985 with M=7.8 in zone 5 (state 5, 33.10S-71.90W) which is in accord to the
obtained transition probability. Also Comte et. al. (1986) estimated the associated rupture lengths of older
events and concluded that the nearly constant repeat time for this zone is 83+7 years. Since the earthquake of
1906 the years (79) that passed for the generation of the earthquake of 1985 are into the interval of the repeat
time given by the last referred authors.

A test is made in order to check the validity of the results. The Markov process is applied in the data
covered the period 1961-1992; these are the events which occurred after the 1960 earthquake in zone 6. The data
set includes events with magnitude M>6.5. There is a transition probability of 66.7% that zone 6 will move to
zone 2. Then zone 2 with a transition probability of 50.0% steps towards zone 5. These agree with the pattern
estimated for the whole time period, as well.
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Fig. 1. Spatial distribution of the epicenters of the earthquakes used in the present study. The division of the
examined area into six zones (states) is also depicted

4. RESULTS AND CONCLUSIONS

A methodological proposal is presented in order to search for a spatial pattern of the earthquakes occur-
rence in South America. The Markov process is applied for this purpose and we define as states the six predeter-
mined zones in which South America is divided. The assumption is that if every one of these zones is a state in
the Markov process, then every shock which occurs in each one of them will be characterized by the number of
the zone. The found pattern suggests a migration of the large (M=>7.0) earthquakes in a south-north direction.
Because the number of the visits (steps) between the zones (states) are small (54) for these large earthquake
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Fig. 2. Sketch of the pattern found for the large earthquakes in south America. Solid arrows illustrate the south-
north direction of the pattern, while the dashed arrows show the restarting zone of the pattern. The years in which
the large earthquakes occurred are depicted in the corresponding zones.

magnitudes, the efficient Monte Carlo technique is adopted, in order to check the validity of the obtained re-
sults. A set of synthetic trials is applied, consisting of 10000 steps, respectively. Comparisons between the real
and the synthetic outputs manifested that the obtained transition probabilities are valid and the pattern holds
for earthquakes with M>7.0. The obtained results are in good agreement with the observations made for the six
earthquakes with M>7.8 which occurred in the whole area during the present century. The last of these earth-

- 1616 -



quakes occurred in 1985 (M=7.8) in zone 5 (state 5) and according the pattern there is a probability that the
next shock with M=>7.8 will occur in zone 4 (state 4) where the earthquake of 1922 with M=8.1 generated.
According Kelleher (1972) parts of this zone are probably under considerable tectonic strain, so the region
should be considered an area of relatively high seismic risk. The conditional probabilities for this region, assum-
ing a cycle of 104 years for the recurrence of the earthquake of 1922, was found to be ranged between 21%-24%
(Nishenko, 1985). The same author suggested that the event of 1922 is typical for the region and 600 to 1100 cm
is a reliable estimate of the displacement, while the corresponding repeat times range from 74 to 135 years for an
average of 104 years. According to the bulletins of USGS/NEIC an earthquake of MW=8.0 occurred in this
zone (23.340S-70.290W, focal depth 45 km) on July 30, 1995. As it was referred three people were killed and 630
homeless. The temporal difference from the event of 1922 is 74 years which is the lowest value of repeat time
interval which is suggested by Nishenko (1985). This could be considered as good test for the pattern’s existence
and it is obvious that the pattern "works", because the transition probability of Table (2) which is 37.5%, sug-
gested for a move from zone 5 to zone 4. The expected place in which the next earthquake (M=>7.8) will occur is
most probably zone 3. Kelleher (1972) defined in this zone, a gap south of Lima (about 12.5°-14.5° S) which
should be considered a region of relatively high earthquake risk, emphasized that no time estimate can be made
for the occurrence of future major earthquake. Based on the first successful "work" of the defined pattern and in
accordance with it we conclude that there is a reliable probability that the next earthquake with M>7.8 will
probably strike zone 3. The estimated transition probability (28.6%) derived from the Table (2) strongly sup-
port this conclusion. In view of the public importance of this statement it should be mentioned that, of course,
this estimate ignores the time parameter, which is needed for a most reliable earthquake prediction.
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BAYESIAN PROBABILITIES FOR OCCURRENCE OF LARGE EARTHQUAKES IN
THE SEISMOGENIC SOURCES OF JAPAN AND PHILLIPINE
DURING THE PERIOD 1998-2017
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ABSTRACT

The Bayesian statistics is adopted in 11 seismic sources of Japan and 14 of Philippine in order to estimate
the probabilities of occurrence of large future earthquakes, assuming that earthquakes occurrence follows the
Poisson distribution. The Bayesian approach applied represents the probability that a certain cut-off magnitude
(or larger) will exceed in a given time interval of 20 years, that is 1998-2017. This cut-off magnitude is chosen the
one with M=7.0 or greater. In this case we can consider these obtained probabilities as a seismic hazard presen-
tation. More over curves are produced which present the fluctuation of the seismic hazard between these seismic
sources. These graphs of varying probability are useful either for engineering or other practical purposes.

IZYNOWH

v perém auvni yivetol xoron g otanotikig Bayes pe oromd v extipnon twv mbavotitov yéveong
peEAOVTLRGV PEYOAWY OELOUWY, VioBETOVTOS TNV VII6BEOY GTL 0L OgLopoi axohovBovv xatavowyi Poisson. H
U€B0dOG OV XENOLUOTOLELTOL EXTLUG TNV TOAVSTNTA VTEQPRAONGS OELOPWDY PE RABOQLOREVO RaTWPAL peyEBoug
og ypovixd dudornua 20 gtddv, dnh. 1998-2017. Avto t0 roTweM emMAEYEL vo eivan To péyeBog peyaitego 1 ioo
Tov M=7.0. Ot mBavdmreg Tov eXTUONXAV PE TOV TEOTO QTS WITOEEL vo. BewEnBovv 6Tl TaEoVoLdLovy Ty
CELOULXOTNTO. ZTNV CUVEXELD PE T ATOTEAEOUOTA AUTA YOQACO0VTOL YOOUUES (RAUTUAES) TOV TapovaLdtouy
™MV SLaXVUAVON TNG CELORLRGTNTAS UETOED TWV TELOROYEVAV TNYDV TwV TEQLoxdv ¢ lamwviag raw twv
Dimivov. O YRa@IkEg AUTES TOQAOTATELS, OOV EPQOVITeTaL 1) pETABAMOUEVT CELOMASTNTA ECVOL TOANOTTAG
XONOLUES TOTO YLt BEWENTIXOUS GO0 %KAL YLOL TEAKTIXOVS OXOTOVG.

KEY WORDS: Bayesian probability, occurrence of earthquakes, seismic hazard curves, Japan, Phillipine.

INTRODUCTION AND DATA USED

Assuming the Poisson model Benjamin (1968) was the first who dealing with Baysian distribution for inves-
tigating the problem of earthquake occurrence. Mortgat and Shah (1979) presented a Bayesian model, for seis-
mic hazard mapping, taking into account the geometry of the faults in the investigated area. Later Campbell
(1982; 1983) suggested a Bayesian extreme value distribution of earthquake occurrence to asses the seismic
hazard along San Jacinto fault. A probabilistic prediction of strong earthquakes in the main fracture zones of
Greece is suggested by Stavrakakis and Tselentis (1987). They presented a seismic hazard curve which depicted
the expected year of earthquake occurrence with M >5.5 in the main fracture zones of Greece. The assessment
of earthquake hazard parameters in Greece was presented by Papadopoulos and Kijko (1991), while recently
Tsapanos (2000)estimated the seismic hazard parameters for various seismic regions in the circum-Pacific belt.

The main source for the present study is the catalogue compiled by Tsapanos et al. (1990). This catalogue is
updated in order by taking into account the information up to 1997 from the bulletins of I.S.C. This final cata-
logue is modified by considering the magnitudes given by Pacheco and Sykes (1992). The seismic areas of Japan
and Philippine are divided in seismogenic sources (Papazachos et. al., 1997)and we applied the method on these
pre-defined seismogenic sources, although slightly modifications are considered.

METHOD ESTIMATION OF THE PROBABILITIES

The applied method is based on the assumption of a Poisson distribution for the number of events #, that
occur in a time interval ¢. The probability function of the Poisson distribution is:

1. Aristotle University of Thessaloniki, School of Geology, Geophysical Laboratory, 54006 Thessaloniki, Greece.
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where the positive parameter | is the mean rate of earthquake occurrence.

Suppose that, in a given source, n,events occur and the time length of the catalogue is ¢, years. The likeli-
hood function is:

()\'t() )"0 e—lto

L(A) = P(ngy,ty \A) = o
o!

)]

It is well known that likelihood is the probability of the specific outcome to occur, that is the probability for
exactly n, earthquakes to occur in 7, years covered by the catalogue, as a function of the mean rate of occurrence
of events. We can also assume that the prior distribution 1, |’(1)is uniform. This is equivalent to stating that the
mean rate of occurrence can have any value, as long as it is not negative, with the same probability. From the
Bayesian theory its posterior distribution will be:

') =cf' MLA) (€)

where c is a constant such that the resulting function can be a probability density function, that is:

[rroa=1 @
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Because |’(l) is independent of 1, the factor k=cf(l) of equation (3) is constant, and the equation (4) is
rewritten as:
—At
. (At,) " e
A =kLA) =k ° (5)
n,!
This expression is normalized for k=¢,. Lets now consider that the posterior probability of n events occurring
in ¢ years. This will be the probability P(n,t\l) weighted in respect to the posterior distribution of I:

r o n -M ny —}‘JO
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Integration yields by Benjamin (1968):

N n+ngy)! (t/t)"
P (n,t)= | 0| B 7”977n+n +1 7
nng: (+t/ty)

The posterior probability of no events occurring in ¢ years, comes from eqn.(7):
PO,0)=(+1/ty) ™" 8)

So we derived that the probability of exceedance of a given magnitude, that is the probability of at least one
event occurring in ¢ years is:

PO,5)=1-(1+2/ty) " ©9)
which is the equation used to estimate the probabilities of exceedance of the magnitude 7.0 for the seismogenic
sources of Japan and Philippine and for the next 20 years.

RESULTS OF ANALYSIS

It is well known that both examined areas (Japan and Philippine) considered as seismically active regions.
Tsapanos and Burton (1991) ranked, Japan and Philippine, according to their seismic hazard in the first and the
third place, respectively among fifty most active countries of the world.

A probabilistic analysis was carried out (Papaioannou, et al., 1993)in order to predict the probabilities of
large future earthquakes in selected seismic zones of the world. This was based on the time dependent seismicity
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model and the results showed that both examined regions exhibited very high probability of occurrence of great
earthquakes with M>8.0 during the time period 1986-2006. Those very high probabilities were interpreted in
terms of the dimensions of the considered seismic zones.

Now we dealt with seismogenic sources which are clearly much smaller in comparison with the whole seis-
mic zones of Japan and Philippine. In Figure (1)the seismogenic sources and the earthquakes considered for the
present study of: a)Japan and b)Philippine, are depicted. In Table (1) the name of the seismogenic sources, the
number of mainshocks, n, with magnitude M>7.0, the length of the catalogue used L, and the exceedance
probability Prob for an earthquake occurrence with M>7.0 in next 20 years (1998-2017) are listed. The time
span of 20 years is adopted on the basis that probability computations are often more constant than they are for
shorter time intervals. A first inspection in Table (1) reveals that the method is dependent on the number of
events that generated in the past. This is because the prior distribution of the parameter 1 is uniform and conse-
quently the posterior distribution dependents on the number of the observed earthquakes.

Table 1. The probabilities of exceedance of large earthquakes occurrence for magnitudes M>7.0 in Japan and
Philippine during the time period 1998-2017. The probability estimators are multiplied by 100.

seismogenic source n, % Prob(%)
Japan 1 4 103 58.8
Japan 2 2 103 41.3
Japan 3 22 103 98.3
Japan 4 7 103 75.8
Japan 5 6 103 71.1
Japan 6 4 103 58.8
Japan 7 6 103 71.1
Japan 8 2 103 413
Japan 9 6 103 711
Japan 10 6 103 71.0
Japan 11 4 103 58.8
Japan 12 4 103 58.8
Philippine 1 2 103 41.3
Philippine 2 2 103 41.3
Philippine 3 2 103 41.3
Philippine 4 19 103 97.1
Philippine 5 1 103 29.9
Philippine 6 > 103 65.5
Philippine 7 8 103 79.8
Philippine 8 8 103 79.8
Philippine 9 8 103 79.8
Philippine 10 11 103 88.1
Philippine 11 7 103 75.8
Philippine 12 13 103 92.7
Philippine 13 2 103 413
Philippine 14 8 103 79.8

We observe (Table 1) that the largest probability (98%)is estimated for the 3rd seismogenic source of Japan.
All the other sources show probabilities of occurrence less than or equal to 75%. We also observe that 3
seismogenic sources of Philippine show very high probabilities of occurrence of great earthquakes during the
time period 1998-2017. These are the sources 4 (97%), 10 (88%) and 12 (92%). Next we apply the time depend-
ent seismicity model in order to check the validity of the data obtained through Bayes statistics. For computing
the probability, P, that the repeat time T of an earthquake of certain magnitude interval will occur in a seismogenic
source during the next Dt years, conditional to the t years that have elapsed since the last earthquake of this
magnitude in this source we applied the following formula:

fﬁft’)dz

P<T<t+At!T>t)=
ﬁ(r)dt
1

(10)
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if we assume that the Gaussian distribution of repeat times is the appropriate one and is given through the
equation:

n(t) = : ex [—l(t—T'"]
oJon P 2 pe (11)

where s is the standard deviation (Nishenko,1985; Papazachos, et al.,1987). The uncertainties of estimates
play a key role to the procedure and we have to give proper attention to their determination.

So the probabilities based on the time dependent model are estimated equal to 98.5% for the seismogenic
source 3 of Japan, while for the seismogenic sources 4, 10 and 12 of Philippine we obtained probabilities equal to
99.8% and 100% (both sources 10 and 12), respectively. These results show a great accordance to those obtained
through Bayes approach. The lowest probability (29.9%) for all the examined sources is estimated for the
seismogenic source 5 of Philippine. We divided the seismogenic sources in 4 categories. In those having very
high probability values (>80%), in those of high probability (>60% and <79%), in those of medium probability
(>40% and <59%) and those of low probability (<39%). In Figure (2)we present a probabilistic map based on
the above division. It is presents the probability that a certain source will be the place of a future earthquake with
M>7.0 during the time period 1998-2017.

The geographical distribution of the obtained Bayes probabilities are illustrated in Figure 3 (a and b). This
is dine by plotting the probabilities of exceedance as a function of the source number for Japan (fig. 3a) and
Philippine (fig. 3b)for the time period of 20 years. This can consider as a hazard curve and is very useful because
identify sources of special interest of earthquake occurrence.
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DISCUSSION AND CONCLUSIONS

Japan and Philippine are two areas of high seismicity and often both experienced of catastrophic earth-
quakes. For this reason the Bayesian probabilities for occurrence of large earthquakes (with M>7.0)in the
seismogenic sources of these areas during the time period 1998-2017 are estimated. The time span of 20 years is
adopted on the basis that probability computations are often more constant than they are for shorter time
intervals. Very high probabilities (>80% )are estimated for the seismogenic sources of Japan (3), as well as of
Philippine (4,10 and 12). The probabilities for these sources of special interest are also computed by the applica-
tion of the time dependent model of seismicity, which is based on the time lapse since the last earthquake of this
magnitude (M>7.0). The obtained results are in very good agreement with the ones computed by Bayes statis-
tics which is a rather Poissonian approach. We have to give special interest in the results of seismogenic source
4 of Philippine. Both Bayes statistics and the time dependent model show very high probabilities, 97.1% and
99.8%, respectively for earthquake occurrence (M>7.0) during the time span 1998-2017, given that the year of
the last occurrence of such earthquake magnitude was in 1986. The mean repeat time is estimated about 11
years. During September 1999 a catastrophic event with magnitude M =7.4 (N.E.I.C.-bulletins) occurred within
this source. So we can conclude that our results are reliable and came true by the genesis of this earthquake. A
map with well defined zones of probabilities for great earthquake occurrence in Japan and Philippine sources
during 1998-2017 is given.

We also present hazard curves as a function of the Bayes probabilities of the examined seismogenic sources.
This plot gives the ability of direct comparisons, in which source the hazard is higher or lesser during the time
period 1998-2017. This lead to the conclusion that these plots of varying probability are very useful allowing the
designation of priority sources for earthquake-resistant design.
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Fig. 2. Probability map of the occurrence of

i 25° shallow earthquakes with M 7.0 during the
1999/09/20 Mg=7.6 period 1998-2017 in the areas of Japan and
Philippine. Four probability intervals are
considered. Black arrows indicate the
| epicenters of the earthquakes a) M =7.6
is which occurred in September of 1999 in
Taiwan (Philippine-source 4) and the
probability of this source is estimated 97.1%
through Bayes statistics and 98.5 by the time-

10°

dependent model; and b) M _=6.5 which
80%>P=60% ’ s
5° ! o> v 5 occurred in March of 2001 in Japan (source
- 60%>P>40% 7). The probability for this source is estimated
" - v 71.1% by Bayes statistics, while the time-
P<d0% . dependent model yields 80.5%.
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SPATIAL DISTRIBUTION OF THE SEISMIC HAZARD PARAMETERS
IN THE SEISMOGENIC SOURCES OF JAPAN
T. M. TSAPANOS', G.CH. KORAVOS', C.I. PATSIA', D.TH. KOULARAS'

ABSTRACT

The seismicity parameters in the seismogenic zones of Japan are estimated by the application of two differ-
ent approaches. These are the maximum likelihood method as well as the Bayesian estimator is invoked in order
to check the validity of the results. Both methods allow us to estimate the maximum regional (possible) earth-

quake M max > the well known value B (b=ploge) which is the slope of the magnitude-frequency relation and

the mean activity rate ,{ of the seismic events. The present study is focused in the first two parameters search-

ing for any pattern on their geographical distribution through the sources of Japan. Two are the main assump-
tions adopted for both methods: 1) the seismic events are of Poissonian character and 2) the magnitude-fre-
quency law is governed by Gutenberg-Richter type. The methods allow to account the influence of uncertainties

of the earthquakes magnitude. Taking into account these properties we found that the values of M max ar¢

different and bigger than the observed M ;’;i . The estimated b-values show very low values in the seismogenic

sources 2 and 7. In comparison with other measurements from other authors these two sources suggested to be
areas with very high probability for an large earthquake occurrence.

IZYNOWH

Me mv gpappoyr] 800 dLagpopeTtnv TEOOEYYIOEWY EYLVE M EXTIUNON TOV TAQOUETOWY OELOUHOTNTOS OTLS
oelopoyeveis mnyég me Ianwviag. Ou uéBodor avtég eivar a)n péyiom mbovopdveia xon f) n otatiotxii Bayes.

AnpdStepec oL pEBodoL PToQovV va. EXTIMHoOVY To HéYLoTo duvaté uéyeBog Tov oswopod M mv oodtTa

max ’
oV B elvar ) ®xAion ™G xapmUAng TGS OXEONS TG CUCMEEVTIXIIG RATAVOUG TWV OELOUMY KoL TOV PECo Quiud

i TWV CELOUAY. TNV ToQOVOC EQYOOI0 ETUKEVIQWVOUNE TO EVOLAPEQOV OGS OTNV EXTIUNOT TV V0 TOWTOV

TOQAUETQWV EQEVVAVTAS YLOL TNV UTAEEN TLOAVOU ROVTEAOU TG YEWYQUPLXI|G TOUG RATAVOUTIG OTIG OELOUOYEVELG
meLoYEs T Ianmviag. Avo glval oL facinég vmoBéoels yio v omodoyri Twv pedddwv mov epapustovron: 1) 6t
oL oelopoi axorovBotv xatavoprj Poisson xau 2) 6t woxver o vopog Gutenber-Richter. O ué6odol emitpémovy

A

TOV UTOAOYLOPG TOU OQAARATOC Yio T HEYEDN Twv oelopdv. Tevind delxOnxne 6t ov tuéc M L Evan

ma:

¢ % ¢ ‘ P obs P ‘
S10poQETIXES HOo neYOAITEQES ATO TIS TOQOTNENUEVES TLIUES Mmax . Ov Tipég g TOQOUETQOV  TOV
vroroyioTNRaY PEEOMHRAY GTL elvan TOMS YOUNAES YL TLG OELOROYEVES Taveg 2 xaw 7. AuTO 08 GUVAUAOUS pE TG
TOQOTNONOELS GAWV EQEVVNTAV pag 0dNYOUV OTO OUPUTEQUONO OTL OTLS TEQLOXES QWTES eival TBavy 1) yéveon
UeYAAOU OELOUOU.

KEY WORDS: seismicity parameters, maximum likelihood, Bayesian approach, maximum possible magnitude,
b-values, Japan.

1. Aristotle University of Thessaloniki, School of Geology, Geophysical Laboratory, 54006 Thessaloniki, Greece.
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1. INTRODUCTION AND DATA USED

The available catalogues usually contain two different types of information. These consist of: a) the long
period (historical) earthquake that is the occurrence over a period of decades or hundreds of years and b) the
complete instrumental data for the seismicity of the present century. If we only use the complete (instrumental)
data which are available for relatively short periods of time it is difficult to describe a complete seismic active
cycle in the seismic hazard analysis.

In order to raise the reliability of the seismic hazard analysis, Kijko and Sellevoll (1989) introduced an
alternative method of maximum likelihood, which combines data with different precision (incomplete +complete).
The complete data allows the possibility to divide the catalogue into different time intervals of different time
lengths, each assume complete above a specific threshold magnitude. The computations of the method are

based on assumptions of the Poisson occurrence of main shocks in time with a mean activity rate 4 and the

doubly truncated Gutenberg-Richter distribution of earthquake magnitude.

Later Pisarenko and Lyubushin(1999) considered of a Bayesian estimator in order to estimate the seismic
hazard parameters in California and Italy. This is a straightforward procedure of estimating the maximum pos-
sible magnitude and the related parameters. In order to check the validity of the results obtained by the ap-
proach of Kijko and Sellevoll (1989), the Bayesian estimator of Pisarenko and Lyubushin (1998) applied.

The catalogue constructed by Tsapanos et al. (1990) spanning the time-period 1897-1985. This catalogue is
updated by taking into account the information up to 1996 from 1.S.C. bulletins. This original catalogue is modi-
fied in term of magnitudes by considering the magnitudes given by Pacheco and Sykes (1992). Data from 1894 to
1899 are extracted from Abe (1994) as well as from Abe and Noguchi (1983). So the time period covered in the
present study is 1894-1996. The time sub-periods for which the catalogue is complete and the corresponding
lower threshold magnitudes are: 1894-1996 with M>7.0; 1930-1996 with M>6.5; 19953-1996 with M>6.0; and
1966-1996 with M>5.5. These are derived on the basis of the cumulative time distribution of the number of
earthquakes with magnitudes larger than a certain value. In Figure (1) the data used for the present study, as
well as the 11 seimogenic sources in which Japan and the adjacent area is divided by Matsuda (1990), and
Papazachos et al. (1997).

125° 130° 135° 140° 145° 150°
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8.3>M>8.0
B : = ® 7.9>M>75]) |
't . & | @ 74xM>7.0 |30
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. * 59>M>5.5
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Fig.1. Geographical distribution of the epicenters of the shallow earthquakes and the examined seismogenic
sources for the broad area of Japan (modified by Papazachos et. al., 1997).
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2. THE METHOD APPLIED

Some basic theoretical considerations are given bellow. We assume the Poisson occurrence of earthquakes
with the activity rate 1 and the doubly truncated Gutenberg-Richter distribution F(x) of earthquake magnitude x.
The doubly truncated exponential distribution derived from Page (1968) can be written as:

w’ m,, <x<m_ a)

F(x)=Pr(X <x)=
() ( ) A]—Az min

where
A =exp(-Pm,,), A, =exp(-Pm,,, and A(x)=exp(—pBx)

while m__ is the maximum regional (possible) magnitude, m___is the threshold magnitude and f is a param-
eter which is related with b-parameter with b=floge. As we referred above we involved only with the instrumen-
tal (complete) part of the catalogue. So we can divided the complete catalogue into subcatalogues. Each one has
its own time period Ti and its completeness starting from a known threshold mi (i=1,2,...,s). The values

x; i",x,;' * ,j=12,..,n denote the lower and the upper bounds of the magnitudes. The symbols s and n, are

defined as the number of complete subcatalogues and the number of the events in each subcatalogue, respec-
tively. The likelihood function of q for each subcatalogue can be written as a product of two functions:

L(O/x)=Ly X L, (2)

where x, denotes the (n, X 2) matrix of magnitude values contained in subcatalogue i(i=1,2,...,s).
From the assumption that the earthquake magnitude x is a random variable distributed according to the
doubly truncated Gutenberg-Richter distribution (eqn. 1)it follows that the probability of an earthquake having

its magnitude between x™" and ™ is:

p(xmin’xmax) - (Amm _Amax)/(A" _Az) (3)
where

A™ =exp(Bx™), A™ =exp(—x"™), A, =exp(—Pm,,,),and A, =exp(—fm,) for 1=1,...,s
Relation (3) makes L, of the form:

L= constn pOg™, x;™) )
Jj=l
where const is a normalization factor independent of 6. The assumption that the number of earthquakes per
unit time is a Poisson random variable, provides:

L, =constexp(-v,T,)(v.T,)" 5)
where const is the normalizing factor:
v, =All-F(m,)] (6)

and A is the activity rate corresponding to the threshold magnitude m . <min(mi), i=0,...,s. This is the math-
ematical model of the two adopted methods and the equations describe above define the likelihood function of
parameters for each complete subcatalogue (see for details in Kijko and Sellevoll, 1989,1992; Pisarenko and
Lyubushin, 1999)

3. RESULTS AND DISCUSSION

According to Reiter (1990) the maximum regional earthquake magnitude which is the maximum possible
earthquake that could occur in a given time interval and tectonic regime and defines an upper bound to earth-
quake size determined by earthquake processes. This is primarily used in probabilistic analyses.

An effort is made to see if these maximum regional magnitudes are related with the observed ones. In Figure
(2) we plotted with black circles the M, _obtained by the method of Kijko and Sellevoll (1989), while open
circles represents the maximum regional magnitude deduced from Pisarenko and Lyubushin (1999). The line of
the best fit for the Kijko and Sellevoll (solid line) is of the same slope, as the same line of Pisarenko and Lyubushin
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(dashed line) with equations:

MES =0.1141.03M 2 (7)
and
MIE=0.05+1.03M 2 6))

where the correlation coefficient for these equations are R=0.92 and 0.97, respectively. This means that
the maximum observed and the maximum regional magnitudes are in close correlation, although both
maximum regional magnitudes are higher that the observed ones. The mean error of Kijko-Sellevoll’s
stimates is 0.212+0.07, while for Pisarenko-Lyubushin’s magnitudes the mean error is 0.178+0.05.

880 —
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Fig. 2. The maximum regional (possible) magnitude for the eleven seismogenic sources of Japan as it is obtained
Jrom Kijko and Sellevoll (1989)- black circles, and by Pisarenko and Lyubushin (1999)- open cicles.

In Figure (3) we have plotted all the available maximum magnitudes along the 11 seismogenic zones in
which the area of Japan is divided. Black circles and solid line represent the maximum observed magnitude,
while triangles and continues dashed line refer to Kijko-Sellevol results and rhombus and dot-dashed line depict
Pisareno-Lyubushin estimates. The first look on this plot shows that the conclusion previously derived, that the
maximum regional magnitudes are higher than the observed, is very clear here. Also the magnitudes obtained
from Kijko-Sellevoll’s method are higher even from those resulted by Pisarenko-Lyubushin’s approach. The
spatial distribution of all kinds of maximum magnitudes adopted in the present work illustrate low values in the
first source but in the next two sources the values are higher with the first minimum in source 4. Then the
magnitude values are higher in source 5,6,7, while we observed the second minimum in source 8. In source 9 we
obtained a maximum value and in 10 we see the last (third) minimum. In the last source (11)high values of
maximum regional magnitudes demonstrated. We want to notice here that the seismicity of source 4 for the
present century is one of the lowers in the examined area But if we took into account the large shock with

magnitude M gf;i =8.0 (Usami, 1996) which occurred in 1677 the maximum regional magnitude changed in:

M, =8.28+0.26 (kijko-Sellevoll) and M =8.12+0.13 (Pisarenko-Lyubushin. The advantage of the methods
used is revealed clearly in this example, otherwise this information will be lost and the seismicity estimation may
be underestimated.
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Fig. 3. The maximum magnitude for the 11 seismogenic sources of Japan: observed is represented by black
circles; regional (possible) is depicted by triangles (Kijko-Sellevoll’s approach), while by open circles this
magnitude obtained by Pisarenko-Lyubushin’s method is illustrated.

Tsapanos (2000) applied Kijko-Sellevoll’s approach and found for the whole Japan that M__ =8.69+0.60,
while the estimated b-value=0.92+0,02. Interesting illustration is observed in the spatial distribution of the b-
values (fig. 4) of Gutenberg-Richter relation, along the 11 seismogenic sources of Japan. These values are calcu-
lated from the estimated values of the seismic hazard parameter f. In this figure we defined by dark circle the b-
value derived from Kijko-Sellevoll’s method and with open triangle we present the b-values obtained by Pisarenko-
Lyubushin’s approach. Anomalously low b-values observed in sources 2 and 7 and this is inspected in the results
deduced by both methods applied. The value for source 2 of b=0.51+0.14 (Kijko-Sellevoll) and b=0.53+0.11
(Pisarenko-Lyubushin). The estimated b-value=0.58+0.13 for source 7(Kijko-Sellevoll) and b-value=0.5040.12
(Pisarenko-Lyubushin). Results deduced from inversion analysis of GPS data for northeast Japan (Miyazaki et
al ., 1998) show that the subducting velocity of the Pacific plate off Hokkaido deduced from the plate motion
model is 7.8 cm/yr. Based on these measurements and on the results derived by his team Ito et al. (2000) sug-
gested a strong interplate coupling which indicates strain accumulation for the next great interplate earthquake.
This place is coincide with the source 2. The low b-values found in the present study support the previous results,
for the next great interplate earthquake, obtained by different methods and different authors. Also Papazachos
et al. (1994) defined for this zone high probability for an earthquake occurrence with magnitude M>7.5 during
the period 1993-2002.
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Fig. 4. The b-values for the 11 seismogenic sources of Japan: black circles represent the values obtained by Kijko-
Sellevoll’s method, while the open triangles depict the values taken from Pisarenko-Lyubushin’s approach.
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The next very low b-values are observed in source 7. The coupling in this region is estimated (El-Fiky et al.,
1999)as a very strong (95%)one. The distribution of interseismic slip rate on the plate boundary between the
subducting Philippine sea plate and the continental plate in the southwest Japan is computed (Ito et al., 1999)
based on the displacement rates obtained from the an inversion analysis for continuous GPS data. The obtained
results from this research suggested that the deformation of this area does not behave like an elastic body but a
rigid body. Large crustal deformation in the area of source 7, were also estimated by Hashimoto and Jackson
(1993). All these measurements with the very low b-values estimated can lead us to the conclusion that this
source is of high risk for a large earthquake occurrence. Papazachos et al. (1994) estimated for this zone a
probability of 0.46 for an earthquake occurrence with magnitude M=7.8 during the period 1993-2002.

4. CONCLUSIONS

In the present study we apply two approaches in order to estimate the seismic hazard parameters in 11
seismogenic sources of Japan. The estimated parameters are the M, __which is the maximum regional (possible)
magnitude and the b-value obtained through the relationship b=ploge. The magnitudes M__ obtained through
Kijko and Sellevoll (1989) and Pisarenko and Lyubushin (1999) compared with the corresponding observed
M, and both found to be larger that the observed ones. The largest is the one obtained by Kijko and Sellevoll’s
approach. Special interest is given to the spatial distribution of the b-values. Significantly low b-values are
estimated for the seismogenic sources 2 and 7 which in comparison with other measurements from different
authors are suggested as zones of high risk and is concluded that both are places for the next large interplate
earthquake.
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SINGLE-SITE MAGNETOTELLURIC RESPONSE FUNCTIONS
USING B-ROBUST W-ESTIMATORS, WITH AN APPLICATION
TO EARTHQUAKE PREDICTION RESEARCH
A. TZANIS'

ABSTRACT

The accumulation of stress and strain is known to induce changes in the electrical
properties of rocks, which can be monitored for signs of earthquake preparation
processes. To this effect, the Magnetotelluric sounding method presents some unique
advantages. However, single-site MT data are notoriously susceptible to natural or
anthropogenic time-varying coherent noise, which may severely bias the response func-
tion estimators and degrade their repeatability, unless treated with dedicated processing
techniques. Such a technique is presented herein, involving the W-estimator with
random error weighting, followed by an iterative robustification scheme based on an
influence function approach. The algorithm is demonstrated on a set of severely
distorted data exhibiting a marginal distribution of outliers, and is shown to effec-
tively reduce the bias errors and the variance. It is also applied to the long-term
monitoring of crustal resistivity with MT response functions at a noisy site located
near Aerino village, SE Thessaly, Greece, achieving a sustainable repeatability threshold
of 10-20% and faring very well with respect to the data quoted from the international
literature.

KEY WORDS: Earthquake Prediction, Magnetotellurics, Impedance Tensor, Robust Estima-
tion, W-estimator.

1. INTRODUCTION

Earthquake preparation processes are thought to produce long and short term changes
in the electrical properties of rocks, for instance through the mechanisms described by
volume dilatancy models (Scholz, 1990; Myachkin et al., 1975). Electromagnetic (EM)
fields may sense such changes, thereby offering a means of searching for earthquake
premonitory phenomena. Active measurements with dc fields were frequently reported to
have detected precursory resistivity changes and a large body of literature may be
found in the reviews of Park et al., (1993) and Johnston, (1997). Passive measurements
of ELF-ULF Magnetotelluric (MT) fields are not as successful. A respectable volume of
earlier work has been reviewed by Beamish (1982) and Kharin (1982), but not much
progress has been made since, (for instance, see Johnston, 1997), with Ernst et al.,
(1993), Rozluski and Yukutake (1993) and Svetov et al., (1997) deserving attention.
With the exception of Svetov et al. (1997), not one of the references cited in the
international literature uses MT response functions, (namely the MT impedance tensor),
which have yet to find their place in the arsenal of earthquake prediction research.

The hold up is due to the susceptibility of ELF-ULF MT data to coherent natural and
anthropogenic noise, which may severely degrade the quality and long term stability of
the response functions. Natural noise derives from phenomena such as time-dependent
streaming and { potentials, nearby lightning etc. Anthropogenic noise derives from the
operation of electric and electronic devices. A balanced power distribution grid will
generate a fundamental at 50/60Hz and discrete higher order harmonics, easy to rid of.
An unstable grid, however, produces modulation and wide band interference, much harder
to deal with. Transient noise is generated by the switching of machines and may
propagate over long distances. It appears in the form of step functions, boxcar
functions, spiky or dispersed d-functions, damped quasi-sinusoids etc., debilitating a
broad-band spectrum. These types of noise may cause serious, even insurmountable
problems to single-site data and cannot be treated with standard methods, as will be
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seen below. Until very recently, even by using remote referencing systems to obtain
consistent and repeatable response functions, it has proved difficult to reduce errors
below several percent for good data and very much higher for poor data. Inasmuch as
precursory resistivity changes are expected (and are observed) to be only a few
percent, it is easy to see why progress has been slow.

Nevertheless, the MT fields are unique in their capacity to probe a broad depth
range with passive point measurements on the surface. Moreover, MT response functions
may be used to discriminate possible transient telluric precursors, by deconvolving
the induced from the total observed electric field, as in Arvidsson and Kulhanek,
(1993), or Tzanis, (1994). Last but not least, MT is a unique crustal sounding method,
with a wide range of academic and commercial applications. Therefore, it is compelling
to research for methods of improving the reliability and stability of the response
functions.

Noise reduction schemes for single-site data have been devised by several research-
ers. The earlier efforts included variants of the W-estimator (e.g. Jones et al., 1983;
Beamish, 1986). Later work concentrated on robust-resistant methods, (e.g. Egbert and
Booker, 1986; Chave et al., 1987; Larsen, 1989; Sutarno and Vozoff, 1991; Egbert and
Livelybrooks, 1996), using some form of the regression-M estimator. Of all these
approaches, the W-estimator is the simplest and most versatile and, as will be shown,
very powerful when combined with the right weighting schemes. Moreover, it can be
robustified to cope with data containing tailed marginal error distributions and
outliers. Such an algorithm has been developed by Tzanis (1988) and herein is adapted
to the frequency domain estimation of MT responses.

The algorithm is applied to the analysis of MT data from an earthquake prediction
experiment in SE Thessaly, Greece, involving long term observations of ULF natural
electromagnetic fields. This region exhibits moderate seismicity and considerable
earthquake hazard (e.g. Kouskouna, 1991). During the 20" century only, the area
experienced eight main sequences, with twelve shallow earthquakes having magnitudes M,
>6 (1905, 1911, 1930, 1941, 1954, 1955, 1957, 1980). Of these, all the post-1954
earthquakes occurred within the rectangle 22.5°E-23.3°E and 39°N-39.5°N in the periph-
ery of Volos, Velestino and Almyros cities. This area 1is characterised by rather
infrequent, albeit large earthquakes separated by decade-long periods of quiescence,
during which it might be possible to observe stress-and-strain induced changes in the
electric properties of rocks.

2. FREQUENCY DOMAIN MT RESPONSE FUNCTION ESTIMATION

The conventional approach to single-site frequency domain Magnetotelluric impedance
tensor estimation is based on the assumption of stochastic (Gaussian) time processes.
The horizontal electric and magnetic field components are measured simultaneously in
the time domain and in two, mutually orthogonal Cartesian frames. Following transfor-
mation into the frequency domain, the most common method for estimating the impedance
tensor elements ZU, i = x,y, is the least squares solution of the two-input one-output
linear system

E1=ZxxHx+ZinV+8x’ i=x,¥, £

by minimising the noise &, (Sims et al., 1971). This yields a system of two equations
in two unknowns,

* * *
EF=2 (8 Fj)+z (0 F;), i=x,y, j=x,y (2)
When F=H, the solution is biased downwards by noise in the auto-spectra of the
magnetic channels only. When F=E the solution is biased upwards by noise in the auto-

spectra of the electric channels only. The quality of the solution can be monitored by
means of the predicted coherence function

¥, =Mi/Ei, Mi=eixHx+eiyHy, i=x,vy, (3)

where M, represents the output electric field component predicted from the estimated
impedance elements e Clearly, 0 £ ¥ < 1, so that low values of the predicted coherence
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indicate a rejectable solution and high values an acceptable sclution. Given N spectral
realizations of E, E,, H,  and H at a frequency ®, it is necessary to provide at least
two limiting cases of noise content, namely a population {01} of stable, downwards
biased estimates and a population {Uu} of stable, upwards biased estimates. If the data
provides an adequate distribution of high predicted coherences, the bias errors reduce
to the magnitude of random errors. Each of {On) and {Un} are used to calculate the
expectation values <0,,> and <U,,> and variances AOiJ and AUH. The ‘true’ values of the
impedance tensor <> elements can, then, be estimated from the lower and upper bounds.
In the case of Gaussian (stationary) noise, straightforward averages of {Oﬁ) and {Uﬁ}
would suffice to provide the final unbiased elements. Unfortunately, the noise is
usually non-stationary and gquite often coherent across channels (multiple coherent
noise), evading the predicted coherence test, and introducing tailed marginal error
distributions and outliers, into {O,} and {U,}, thereby providing biased and oscillatory
estimates <e;>. In the following, I will first attempt clarify the concepts and then
explain the robust W-estimation procedures developed to deal with such noise.

At frequency ®, the N realizations of equation (1) can be cast into an over-
determined system of N equations in 2 unknowns, denoted by E =H Z. Alternatively, one
can arrange in a 2Nx2 matrix, N sub-systems of the form (2), generating an over-
determined system of 2N equations in 2 unknowns denoted by E =H, 2. Then, one seeks to
obtain a maximum likelihood estimate of Z by minimising an expression of the form

T p(r)=X (E -HZ)/0, n=1,2,..,mN

with m=1 or 2, where p(r) is a suitable loss function, r is the residual of the n*
observation and 6 is a normalising error scale factor. For instance, a loss function
p(r)=r?/2 leads to the minimization of the L, norm

3.r2=% (E-R3Z)?

and corresponds to the standard least squares (LS) solution. In the presence of
biasing non-Gaussian noise, we seek to define a maximum likelihood estimator (M-
estimator) of the location of Z, which must show minimal bias (B-robust) and minimal
change of variance (V-robust). This approach to M-estimation usually requires the
solution of a non-linear system of equations, but this can be avoided with iterative
procedures involving the so-called influence function W(r) and weight factors of the
form w(y(r)). The influence function is generically related to the loss function,
usually as Y(r)=p’(r)=dp(r)/dr. In general, one obtains an initial estimate e (0).
Then, looping over K iterations to convergence, one calculates the predicted output
M (k)=H (k)e(k), calculates r (k)=E (k)-M (k), wy(r (k)) and w(y(r))), modifies the
output as E_(k+1)=M (k)+w(y)r (k) and obtains new solutions e(k+l) and a new error
scale o(k+1l). The successive approximations e (k) are usually obtained with LS algo-
rithms. This is the regression-M estimation, for which one may seek details in Huber
(1981) and Hampel et al., (1986).

Now, let z=Z,, define any element, and Z=[Z, Z,,] any row of the tensor. The W-
estimator is defined as a weighted average <Z> of the observations

Z{N:Z,,2,,..,2,) = LW -Z -[(LW]l?,
with the weights depending on the observations according to W =W(Z -Z) and being func-
tions of the location of Z within the sample space. Therefore, the W-estimator satisfies
the equation

<z> = T W(Z -<Z>)Z - [XW(Z —<z>)]"
which can be modified to yield

0 = X W(Z —<Z>)-(Z -<2>)- [LW(Z —<2Z>)]"
implying that

0 = ¥ p(z,—<2>) with P’ (2, ~<Z>)= (2 —<2>) W(Z —<Z>),
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where p is just another expression for the general form of a loss function with the error
scale omitted, since <Z>=E{2(N)}. This means that the iterated W-estimator is a variant
of the M-type estimators of location. In fact it can be understood as a one-step
regression-M estimator and as such, it possesses the same influence function and asymp-
totic variance (Hampel et al., 1986).
In order to construct a B-robust W-estimator for MT response functions, consider the
loss and influence functions

r, |[rkg

(r) =
P &M- % ek

with weights w(xr)=y(r)/|r| and r,=0s, where s is the standard deviation of the uncon-
taminated error distribution and o is a real constant. This is a hybrid corresponding
to L, minimisation for the small residuals and L, minimisation for the larger ones. The
influence function is non-decreasing, which is a requirement for convergence to unique
estimates. The weight function w(r) is continuous and downweights outliers without
break points other than r . General convergence is guaranteed, provided that p(0)=0,
p’(r)>0 and 0< p(r) <1, (Huber, 1981).

Next, consider that one can always solve N systems of the form (2), to obtain
populations e (N: e ,e .., e ), each estimate in the population exactly satisfying one of
the N finite data realisations. This can be used to compute the successive approxima-
tions <e(k)> to E{Z(N)}, using the one-step W-estimator. Thus, it is not necessary to set
up and solve any large over-determined system and the robust W-estimation reduces to an
iterative re-weighted LS scheme as follows: 1) Obtain initial estimates of <e(0)> and of
the error scale 6(0). 2) Using equation (2), compute the predicted output M (k)=H <e(k)>
and the corresponding residual r_(k)=E (k)-M (k). 3) Modify the output as
M (k+1)=M (k)+w(r)-r_ (k). 4) Use the modified observations and equation (2)to compute N
estimates e (k+1). 5) Form the W-estimators

r’, | r Kk x \Mr):p'(r):

2, |rpr

= 8=

<e(k+1)> = X o (k+1)W (k+1)-[XW (k+1)]"*

for each element of ¢ and compute the new RMS error scale o(k+l), then iterate from 2
until convergence. The error scale can be computed as

o(k) = [(B(2N-4)) "X r (k)]

i.e. is a scaled RMS error with P<l1 so that the error scale will not be underestimated
during the successive iterations. Egbert and Booker (1986) give a method to obtain the
appropriate P for any choice of r;. The form of the weight factors W is also (and
apparently) important.
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Figure 1. An ensemble of :Dyx: impedance tensor elements (top) and their random errors (bottom).
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Figure 2. Left: The distribution of the original | yx: population illustrated in Figure 1. Right: The final distribution of the
processed ensemble, after application of the robust W-estimator (see Figure 3).

One obvious choice is to use the influence weight w(r), which has the functional form
W(r (k))=£(M (k)-H -e(k)) = f(H-[e (k)-e(k)])

and, therefore, is a genuine function of the location of e (k). This weight function

is very stable and will always ensure convergence.

3. EXAMPLES

It is quite apparent that the effectiveness of the W-estimator depends on the
choice of the weight function. The predicted coherence has often been used, (e.g. Jones
et al., 1983; Egbert and Livelybrooks, 1996), but I have found, that Pedersen’s (1982)
random error

1 (1 - vy2,,) (BE]) ; .
2 1.23 i1
€ F o 4 &, .8 1 =X,Y J1 = XY

v -4 g _ 733) (HH;) ! (4}

is very effective and quite robust (e.g. Tzanis 1988). In equation (4), Vv is the number
of degrees of freedom of the measured spectra, F is the 100a percentage point of an F
distribution with v-4 and 1 degrees of freedom and y,, is the coherency of H_and H . There
are very sparse references to the properties of the random errors and their usefulness.
The original study of Pedersen (1982), did not provide practical examples and to the best
of my knowledge, only Beamish (1986) and Tzanis and Beamish (1989), report their
implementation as weights, without giving details. Their efficiency however, is straight-
forward to demonstrate.

Figure 1 illustrates a population (|Oﬂ|) above a predicted coherence threshold of
0.8, contaminated by multiple-coherent non-Gaussian noise producing a heavily tailed
marginal error distribution (Figure 2, left). It is clear that some estimators may
display large deviations from the expectation values, but it is also quite apparent that
all the outliers are invariably associated with large random errors, usually due to the
high power of the noisy electric field. The population mean is <O >=79.58+i13.98 mv/
km-nT and a W-estimator with predicted coherence weighting does not fare better for
obvious reasons (only coherent estimates enter the population). The W-estimator with
random error weighting yields <O, >=68.28+i16.05 mV/km-nT and significantly reduces the
bias error. Thus, the random error emerges as a potentially useful diagnostic aid and
data processor.

Figure 3 shows the robust iterated W-estimator operating on a subset of the same
data series, (97 estimators of with predicted coherence above 0.85), setting
<0,,(0)>=68.28+112.05 and using for weights W (k)=w(r )=y(r)|r |?, r,=1.5 and B=0.45. The
algorithm stops automatically after the second decimal point is fixed, yielding
<0 _>=68.28+119.80. As can be seen, it eliminates the outliers and pushes the data
towards the expectation value, allowing the corrected population to yield stable (B-
robust) means with minimal variance (V-robust). Moreover, it converts the original
broad, skewed and tailed distribution, to almost Gaussian (Figure 2, right). It is
apparent that the estimate obtained by the iterated robust W-estimator did not improve
the starting value by a significant factor, a fact that confirms the power of random
error weighting.
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Figure 3. Application of the robust iterated W-estimator to the zZ, ensemble of Figure 1.

This algorithm will effectively downweight the influence of non-Gaussian noise,
provided that the population of noise-free data dominates the population of noisy
data. Its performance is a function of noise and data statistics, progressively
deteriorating as the probability of receiving noise waveforms increases, until break-
down when the noise is as likely as the data and can cloak the distribution of the
noise-free population beyond recognition and recovery. In this event, the treatment
must be case-specific. The robust methods cannot cope with continuous harmonic multi-
ple coherent noise, for obvious reasons. In conclusion, the robust W-estimator can
provide effective means of overcoming non-Gaussian noise and can be useful for the

long-term monitoring of time-dependence in the MT response functions.

AEREH)EMO

Figure 4. Location of the Aerino EMO and the tectonic lineaments in SE Thessaly, after Cratchley (1983).

4. APPLICATION TO EARTHQUAKE PREDICTION RESEARCH

The magnetotelluric data used in this study was recorded at a semi-permanent
Electromagnetic Observatory (EMO) located at an altitude of 210m and at co-ordinates
39°21.5°N and 22°45.2°E, near the village Aerino of Velestino county, SE Thessaly
(Figure 4). The station was located on the hanging wall of the Chalkodonio mountain
fault, above the seismogenic volume of the three Ms 6-6.8 events of 1957. Observations
were carried out with non-polarising solid solution Pb-PbCl2 electrodes and a 3-
component fluxgate magnetometer. The data was recorded with a dedicated automatic 7-
channel logging unit, equipped with 20-bit 8-06 digitisers and capacious disks, capable
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for extended autonomous operation. The observations were interrupted between August
and November 1994, due to a brush fire that crippled the electric field sensor system,
but fortunately leaving unscathed the other equipment, which was better protected. The
EMO operated normally until July 1995 when the logger malfunctioned and was decommissioned.

Response functions cannot be estimated at periods shorter than approx. 50s, due to
the low sensitivity of the magnetometer (resolution > 0.01nT), and the continuously
increasing noise levels from the expansion of Aerino village and nearby small agricul-
tural industries. The results for the longer periods are estimated over fortnight to
month long intervals and are presented in Figures 5a and 5b for two distinct periods
and in Figure 6 for the entire spectrum of the off-diagonal tensor elements Zxy and Zw.
In general, long term magnetotelluric crustal monitoring with response functions
repeatable to within 10-20% has been possible. As can be observed in Figure 5, the
shorter periods (higher frequencies) are estimated with better repeatability, within
approximately 10%, than the longer periods, (lower frequencies), which are estimated
with a repeatability of 15% or higher. These differences are attributed to the differ-
ent data and noise statistics at different parts of the spectrum but overall, the
technique performs very well compared to the results gquoted from the international
literature for single-site long period data, (e.g. Park et al., 1993; Johnston, 1997).
At any rate, the available data indicate that no systematic observable changes in the
deep (lower crustal) geoelectric structure have taken place during October 1993 - July
1995. Nevertheless, long period (>50s) data may well miss the better part of the
schizosphere, where major earthquakes nucleate (10-15 km). Shorter period observations
with sensitive induction coils are likely to provide more meaningful information on
processes occurring at depths comparable to the strongly deforming volumes of inter-
mediate - large earthquakes.
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Figure 5a. Time dependence of the MT impedance tensor at T=90s.
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Figure 5b. Time dependence of MT impedance tensor at T=5120s.
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SEISMOTECTONIC CHARACTERISTICS OF THE AREA OF WESTERN ATTICA
DERIVED FROM THE STUDY OF THE SEPTEMBER 7, 1999 ATHENS
EARTHQUAKE AFTERSHOCK SEQUENCE.

N. VOULGARIS', M. PIRLI', P. PAPADIMITRIOU', J. KASSARAS' AND K. MAKROPOULOS'

ABSTRACT

A detailed analysis of the aftershock sequence of the September 7, 1999 Athens earthquake was performed
in order to define the fault planes activated during this sequence and study the tectonic regime of the area.
Calculated fault plane solutions were verified by the composite solutions and the application of the principal
parameters method. The combined results indicate a uniform tectonic status in the western part of the aftershock
area, with normal faulting of WNW-ESE trend and an average dip of 60'I and a more complex one in the eastern
part, where the azimuths of the activated fault planes vary and a transverse antithetic fault is also active. This
variation could possibly imply a variation of the local stress field.

KEY WORDS: focal mechanisms; principal parameters method; eigenvalues; eigenvectors; Attica seismotectonic
regime.

1LINTRODUCTION

A strong earthquake of magnitude M =5.9 occurred in the vicinity of Athens on September 7, 1999. The
main shock, which was preceded by four foreshocks, took place at 11:56 GMT (14:56 local time). According to
the Seismological Laboratory of the Department of Geophysics and Geothermics of the University of Athens the
epicenter was located at 23°E 33.9” and 38°N 06.3’, while the focal depth was estimated to be 8 km. The focal
mechanism of the main shock represents normal faulting with a fault plane trending 105°N, and dipping 55°
(Papadimitriou et al, 2000; Papanastassiou et al, 2000; Tselentis and Zahradnik, 2000).

The main event was followed by a large number of aftershocks, which were recorded by a local, digital net-
work of 8 portable stations (Voulgaris et al., 2000), installed in the epicentral area by the Athens University
Seismological Laboratory the day after the main shock (figure 1), and remained in operation until December
1999. A total of 3261 of aftershocks were analyzed. The spatial distribution of the aftershock sequence (figure 1)
displays a WNW-ESE trend and a dense concentration of aftershocks at the eastern part of the aftershock area.
The focal depth distribution of the aftershocks, appears to be concentrated at a depth of 6-7 km, with only a few
events exceeding the depth of 11 km. Shallow events (depth<3km) appear also to be rare. These observations
can be verified from the four NNE-SSW cross sections of a width about 2 km (figure 2). In cross sections 1, 2, 3
the depth distribution of hypocenters indicates the geometry of the seismic fault plane. In cross section 4, the
image obtained is not as clear as in the former 3 and the existence of the transverse antithetic fault can be
inferred.

2. FAULT PLANE SOLUTIONS

Initially, as a first step for the seismotectonic analysis of the September 7, 1999 aftershock sequence, 1051
events were selected and their focal mechanism solution was calculated using P-wave first motion polarities. The
selection was based on the criteria of the number of available observations, which for the selected events was
greater than 6 and sufficient azimuthal coverage. Most of the 1051, well constrained, focal mechanism solutions
represent normal faulting (figure 3a), with only a small percentage of reverse and strike slip solutions. The
solutions indicate a fault plane with geometry very similar to the one described by the spatial distribution of the
aftershocks. However, rose diagrams of azimuth and dip orientation distribution, display a variety of fault plane
orientations. As far as the dip orientation is concerned, a wide range of values appears, nevertheless, the largest
concentration represents planes dipping westwards (figure 3b). A small number of eastwards dipping planes is
also present.

1. University of Athens, Faculty of Geology, Department of Geophysics-Geothermics, Panepistimiopolis, 157 84, Zographou.
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Fig.1: Schematic map of western Attica, showing the distribution of the aftershocks, the location of the epicenter
of the main shock (star) and the locations of the seismological stations. The two circles correspond to the two
sub-areas (see text). 1, 2, 3, 4: cross sections.

In addition, in order to verify the results obtained from the calculation of fault plane solutions for individual
aftershocks and taking into account their spatial and temporal distribution, 20 composite solutions for selected
groups of aftershocks were also calculated. These solutions when plotted on a tectonic map of the area (figure 4)
showed good agreement with some of the known faults in the area. They all represent normal faulting, although
variations regarding the azimuth of the nodal planes, especially at the eastern part, can be observed. These
solutions also verified, up to a certain degree, the individual focal mechanism solutions, in the sense that more
constrained solutions were provided. Nevertheless, the degree of validity of the obtained results was not entirely
satisfying yet, creating the need for further verification, by applying an alternative methodology, independent of
the number of first arrivals.

~ M
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Fig.2: Cross sections with NNE-SSW trend and width of 2km, displaying the distribution of the aftershocks by
depth.
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Fig.3: (a) Pie diagram of the types of focal mechanism solutions. (b) Rose diagrams for the azimuth and dip of
the fault plane.
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Fig.4: Schematic tectonic map of western Attica with the location of the main shock (star), the portable stations
(black circles) and 20 composite focal mechanism solutions.
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Hence, the method of principal parameters (Ebbling and Michelini, 1986; Michelini and Bolt, 1986;
Makropoulos et al, 1989) was selected in order to determine the orientation of the fault planes activated during
the aftershock sequence of the September 7, 1999 earthquake.

3. BRIEF DESCRIPTION OF THE PRINCIPAL PARAMETERS METHOD

The main assumptions and the step-by-step procedure of the method may be summarized as follows.

An earthquake sequence is assumed to consist of a large number of faults within an active seismic volume
embedded in the regional stress field. Each rupture causes a redistribution of the stress field and accumulation of
stress on the boundary of the rupture surface and on adjacent faults, where the next earthquake is on the average
expected to occur (Michelini and Bolt 1986). This progressive character of the model is supported by the obser-
vation that aftershocks are clustered in both space and time, suggesting that they are dependent of each other.

Therefore it is expected that the analysis of the spatial distribution of time successive events could get insight
into the mechanism involved, by providing additional information about the time and space evolution of the
rupturing system. Based on these assumptions and observations, the method consists of studying the spread, or
variance-covariance matrix, of successive sets of temporally arranged events, within the aftershock sequence.
This matrix may be regarded as defining the spatial ellipsoid, fitted through the foci, whose axes are the eigenvectors
of the matrix, with lengths equal to the square roots of the eigenvalues. The comparison of the successive princi-
pal components is next attempted, while certain criteria for the flattening of the ellipsoid are taken into account
in order to lead the comparison between successive coplanar ellipsoids.

The principal parameters of each group of coplanar ellipsoids are then averaged and projected on a lower
hemisphere equal-area projection. Finally the planes perpendicular to the direction of the average of the small-
est eigenvectors represent the planes that are the best fit of the foci.

More details about the step-by-step procedure can be found in Ebbling and Michelini (1986), Michelini and
Bolt (1986), Makropoulos et al (1989).

4. APPLICATION OF THE METHOD FOR THE ATHENS EARTHQUAKE AFTERSHOCK SEQUENCE

Initially, during a testing phase, the method was applied to the whole aftershock area. Following the proce-
dure described in Makropoulos et al (1989), a window width Q of 30 events was determined by testing for several
values of Q and constructing the diagram of the ratio of the intermediate and minimum eigenvalues (T/T,) as a
function of Q.

Following the evaluation of initial results for the whole aftershock sequence (fig. 5a), which indicated variabil-
ity in the distribution of the projections of the maximum and minimum eigenvectors, the aftershock area was di-
vided in two sub-areas, a western and an eastern one. The division was performed, taking into account the spatial
distribution of the aftershocks (figures 1 and 2), which seemed to imply the existence of two clusters as well as the
results obtained by the calculation of first motion polarities fault plane solutions and the composite solutions.

Fig.5: Lower hemisphere equal-area projection of the maximum (+) and minimum (A) eigenvectors (a) for the
whole aftershock area, (b) for the western sub-area and (c) for the eastern sub-area. '

Figure 5b displays the projection of the maximum and minimum eigenvectors for the western sub-area, which
is characterized by a highly clustered distribution of the projected vectors. In figure 5c, on the other hand, which
corresponds to the eastern sub-area, the projected values appear to be less concentrated occupying a large part of
the projection area.
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The projections of the average of successive coplanar ellipsoids (figure 6a), which represent the results for
the western sub-area, display a considerable degree of similarity. All of them corresponded to fault planes of
azimuth between 110°+20°, with an average dip of 55° to 60°. These parameters are in very good agreement
with those calculated for the September 7, 1999 main shock as well as the individual and composite fault plane
solutions calculated for events in this cluster.

gIededddady
SLOCOOOOCCOOC
SiSleiSieS S iSISIS|e)
Ssaoaodeddad
SOSIS8ISIIS
TESECCOCCTO
COCO0CCS OO
JO :

Fig.6: Lower hemisphere equal-area projection of the average of successive coplanar ellipsoids for the western (a)
and eastern (b) sub-area. (a) Number 12, 13, 25 and 30 have been omitted as they consisted of one plane only.
(b) Same for number 1, 22, 32 and 37.

In the eastern sub-area (figure 6b) the results indicate a greater variety of azimuths and dips for the activated
fault planes, compared to the ones of the western sub-area. Moreover, apart from the solutions of similar type to
that of the western cluster (e.g. solutions 3, 4, 5, 6, 7 etc), a second group of solutions characterized by different
azimuth and dip direction (solutions 8, 9, 11, 18, 26, 28) is also evident supporting the activation of a transverse
antithetic fault during the evolution of the aftershock sequence. Additional types of solutions (e.g. 2, 14) indicate
that several secondary faults were also activated during the course of the aftershock sequence in the eastern part
of the area.

5. DISCUSSION AND CONCLUSIONS

Statistical analysis performed on the results of the principal parameters method for both clusters (figure 7),
weighted according to the number of successive coplanar ellipsoids of each solution (figure 6), confirmed the
azimuth and dip uniformity of the western cluster, compared to the eastern cluster. The azimuth distribution
rose diagrams for both clusters (figure 7a,d) indicate a small southwards rotation of the mean orientation of the
fault plane in the eastern cluster. Moreover, in figure 7d the activation of a transverse antithetic fault, trending
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N60°E, is confirmed. An increase of the mean dip of the calculated fault planes can be observed in the western
cluster (figure 7b,c), where the dip distribution appears to be more constrained.

West Cluster Dip

West Cluster Azimuth East Cluster Azimuth
N

Fig.7: Rose diagrams for the weighted azimuth and dip distribution, according to the number of coplanar
ellipsoids contained in each solution, of the suggested activated fault planes for the western and eastern sub-
areas.

Evaluation of the reliability of the results obtained from the application of the principal parameters method
for the September 7, 1999 M=5.9 aftershock sequence, as expressed by the number of coplanar ellipsoids per
solution, indicates that the volume and quality of available data represent key factors for the success of the
analysis (Ebbling and Michelini, 1986; Michelini and Bolt, 1986; Makropoulos et al, 1989). Furthermore, com-
parison with the solutions derived from the P-wave first motion polarity method and the composite focal mecha-
nisms confirms the accuracy and validity of these results.

Concerning the activated fault planes, the image obtained in the four cross sections of figure 2, is also veri-
fied, as the easternmost of them fails to display a clearly shaped fault plane and the existence of a transverse
antithetic fault is interrupting the linearity of the hypocenter distribution, observed in the former three cross
sections. '

These observations suggest a possible variation of the general E-W direction of the extensional seismotectonic
regime in the area (Delibasis et al, 2000), which could be attributed to transpressional effects created by the
presence of a tectonic boundary trending NE-SW to the east, in the vicinity of the convergence of Mount Parnitha
with Mount Aegaleon (Mariolakos and Fountoulis, 2000). The former is expressed by the appearance of normal
fault planes with uniform azimuth and dip, whereas the second is represented by the variety of activated fault
planes and mechanism solution types.
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